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ABSTRACT

Bacterial responses to DNA damage are highly conserved. One system, the SOS response, involves the
co-ordinately induced expression of over 20 unlinked genes. The RecA protein plays a central role in the
regulation of this response via its interaction with a repressor protein, LexA. The recA gene of
Mycobacterium tuberculosis has previously been cloned and sequenced (Davis et al, 1991) and a LexA
homologue has recently been identified (Movahedzadeh, 1996). The intracellular lifestyle of pathogenic
mycobacteria constantly exposes them to hostile agents such as hydrogen peroxide. Consequently, the
response of mycobacteria to DNA damage is of great interest. In this study the basal levels of RecA
protein were shown to be elevated in M. microti and M. smegmatis compared to those found in

M. tuberculosis, M. bovis BCG and a wide range of both saprophytic and pathogenic mycobacteria.
Expression of this protein was shown to be inducible in both M. smegmatis and M. tuberculosis in
response to DNA damaging agents, although the kinetics of induction were quite different. A reduction in
the levels of LexA following treatment of M. smegmatis, M. tuberculosis and M. microti with a DNA
damaging agent, probably as a result of LexA cleavage, provided further corroboratory evidence to
suggest that the essential regulatory elements of the SOS response may have been conserved. There was
no evidence of RecA induction in M. microti. Sequencing of the M. microti recA gene and 700bp of
upstream sequence revealed a high degree of homology with equivalent sequences in M tuberculosis;
including a putative LexA binding site. M. microti recA was shown to be inducible in M. smegmatis
mc?155 in response to DNA damage using a transcriptional fusion of the putative regulatory elements of
this gene to the reporter gene chloramphenicol-acetyl transferase (CAT). Thus it appears that the kinetics
of induction are controlled at the level of the host cell; this was further investigated by studying the
interaction of purified mycobacterial LexA protein and M. microti cell-free extracts with the putative

LexA binding site.
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CAP- Catabolite activator protein

CAT- Chloramphenicol acetyltransferase
CFUs- Colony forming units

DAB- Di-aminobenzidene

dATP- Deoxyadenosine 5’-triphosphate
dCTP- Deoxycytidine 5’-triphosphate
dGTP- Deoxyguanosine 5’-triphosphate
DIG- Digoxigenin

DMSO- Dimethy! sulphoxide

dsDNA- Double stranded deoxyribonucleic acid
DTNB- Di-thionitrobenzidene

dTTP- Deoxythymidine 5’-triphosphate
EDTA- Ethylenediaminetetraacetic acid
HR- Homologous recombination
IPTG- Isopropyl-B-D-thiogalactopyranoside
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IS- Insertion elements

kb- Kilo-base

kDa- Kilo-dalton

LPR- Long patch repair

MAC- Mycobacterium avium complex

MDMR- Methyl directed mismatch repair

mRNA- Messenger ribonucleic acid
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OD- Optical density
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PCR- Polymerase chain reaction

PEG- Polyethylene glycol
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SPR- Short patch repair

SSB- Single strand binding proteins
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1.0 INTRODUCTION

1.1 The Mycobacteria

Lehmann and Neumann (1896) first established the generic name Mycobacterium to describe the tubercle
and leprosy bacilli, both of which are pathogenic to man. It now encompasses over 50 approved species,

the majority of which are not deleterious to man.

1.1.1 Characteristics

Mycobacteria are aerobic, acid-alcohol fast actinomycetes that are morphologically small curved or
straight rods. They are biologically part of the Gram-positive group but have some distinctive features,
notably with respect to the composition of their cell wall. All bacteria possess peptidoglycan, a cross-
linked polymer of sugars and amino acids. However, the molecules attached to or associated with this
polymer are predominantly lipids in mycobacteria as opposed to the proteins and polysaccharides of other
bacteria. In general, the mycobacterial cell wall is composed of galactose, arabinose, meso-
diaminopimelic acid and straight chain fatty acids as well as long chain mycolic acids, the size and
structure of which is characteristic of this genus (Goodfellow and Wayne, 1982; Hinrikson and Pfyffer,
1994; Brennan and Nikaido, 1995). Mycobacteria, in common with other actinomycetes such as
Streptomyces, have a high genomic G+C content which varies from 62-70%, with the exception of
Mycobacterium leprae which has a G+C content of 56% (Goodfellow and Wayne, 1982; Imaeda e? al,
1982; Clark-Curtiss et al, 1985). Genomic size determinations revealed that most mycobacteria have
large genomes (3.0—4.5 x 10° daltons) compared to other prokaryotes (E. coli 2.5 x 10°daltons; Clark-
Curtiss et al, 1985; McFadden et al, 1987a). Classification within the genus is dependent upon their
growth characteristics under optimal conditions iz vitro, with members being either rapid or slow
growers. Rapid growers yield visible colonies in 2-7 days; slow growers require 2-6 weeks. Growth of M.
leprae in vitro has not been demonstrated. However, the discovery that the nine-banded armadillo
(Dasypus novemcinctus Linnaeus) and mouse footpads are susceptible to infection has provided a

successful, if slow, method for in vivo propagation of this mycobacterium.

1.1.2 Mycobacterial pathogens: a re-emerging problem

Mycobacteria were among the first bacteria to be associated with human disease. Mycobacterium leprae
(Hansens’ bacillus) was identified by Hansen (1874) as the causative agent of leprosy and
Mycobacterium tuberculosis was identified by Koch (1882) as that of tuberculosis. Despite major
advances in diagnosis, treatment and prevention the magnitude of the TB and leprosy problem is still

enormous from a global perspective.

15



The global figure for the prevalence of leprosy is an estimated 5.5 million people, with 20—30% of cases
resulting in deformity and subsequent social stigmatisation (Nordeen et al, 1992). Effective
chemotherapy exists, but medical supervision and patient compliance are problematical since the disease
is common in areas remote from medical supervision. A specific vaccine for leprosy does not yet exist,

although preliminary trials with BCG have had limited success.

Archaeological evidence alludes to the existence of tuberculosis in the Western Hemisphere for millenia.
Historians have established the existence of TB during the period 4000 to 2000 B.C following the
discovery of mummies with tuberculosis of the bone, characterised by vertebral fusion and deformity of
the spine, known as Pott’s disease (Bloom and Murray, 1992). It has been postulated that TB occurred as
an endemic disease among animals, the causative agent being M. bovis, long before it affected humans. It
is thought to have remained an unimportant disease among humans until the early 1600’s when the
disease spread with increasing population density and the penchant of Europeans to travel to and colonise
distant continents (Steele and Ranney, 1958; Daniel et al, 1994). Determination of the infectious
aetiology of TB and, therefore, an effective treatment were slow in coming. However, with the arrival of
the twentieth century came the development of an effective vaccine, BCG (Sakula, 1983). The
subsequent introduction of antibiotics such as isoniazid, streptomycin and, more recently, rifampicin

formed the basis of an effective chemotherapy that dramatically reduced mortality from TB.

The BCG (Bacille Calmette Guerin) vaccine, an attenuated strain of M. bovis, is currently the most
widely used vaccine in the world. It is relatively stable and inexpensive, and a single inoculation can
provide long lasting sensitisation. It has the potential for being a useful vehicle for delivering protective
antigens against multiple pathogens and has powerful adjuvant properties, being able to stimulate both
humoral and cell-mediated immunity with minimal serious side effects. In addition, although
predominately a vaccine against TB, it has been shown to provide protection against leprosy in trials and
observational studies in Asia, Africa and Latin America (Fine and Rodrigues, 1990). Despite the wide
usage and the aforementioned advantages of BCG it remains the most controversial of all currently used
vaccines, as its protective efficacy has varied in different parts of the world and its impact on tuberculosis

world-wide remains unclear (Bloom and Fine, 1994; Horwitz et al, 1995).

In the 1950°s it was recognised that non-tuberculous mycobacteria (NTM) were emerging as pathogens
deleterious to man. Opportunistic pathogens such as the M. avium-intracellulare complex (MAC) and M.
xenopi, which are common within the environment, were shown to be the cause of rare pulmonary
disease. Recent interest in these organisms has renewed following the advent of the human
immunodeficiency virus (HIV); it has been estimated that they are responsible for 3% of HIV-related
deaths (Horsburgh, 1991; Jiva et al, 1997). Furthermore, species such as M. marinum and M. ulcerans
cause self-limiting granulomas and progressive malignant ulcers of the skin respectively, and
Mycobacterium paratuberculosis, the causative agent of Johne’s disease in cattle and sheep (Chiodini ez

al, 1984a) has been implicated in the aetiology of Crohn’s disease in man (Chiodini et al, 1984b;
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McFadden et al, 1987b). However, there is still a great deal of controversy on this subject (Chiodini,
1989; Elsaghier et al, 1992). Few vertebrates are immune to mycobacterial infection but perhaps more
worrying is the knowledge that some mycobacteria, such as M. bovis and M. avium, can be transmitted

between different host species.

As little as twenty years ago TB was thought to be a disease on the decline. However, an alarming
resurgence has occurred. It has been estimated that 1.7 billion people, about one third of the world’s
population, are now asymptomatically infected with M. tuberculosis. There are approximately 10 million
case of tuberculosis world-wide with an annual mortality rate of 3 million (Murray et al, 1990; Kochi,
1991). Many of these infected people reside in developing countries where famine, war and natural
disasters create large populations of displaced, malnourished people. Attention has again focused on this
ancient disease due to the failure of the BCG vaccine to afford significant global protection (Bloom and
Fine, 1994), the spectre of multi-drug resistance strains, and the pernicious combination of infection with
M. tuberculosis and the human immunodeficiency virus, HIV (Bloom and Murray, 1992; Narain et a/,

1992).

1.2 Molecular biology of mycobacteria: current knowledge and progress

During the past century, major insights into the cellular immunology, physiology and biochemistry of
mycobacteria have increased our understanding of the pathology of TB and its impact upon the immune
system, though our knowledge is still incomplete (Bloom and Murray, 1994; Horwitz et al. 1995;
Ottenhof and Mutis, 1995; Ortalo-Magne et al, 1995). In other bacteria genetic analysis has provided a
powerful tool for the elucidation of fundamental biological systems. However, success in using molecular
genetics to unravel the complexities of the intricate host-pathogen relationship in mycobacteria has been
hampered. The predominant obstacles include the slow generation time of species such as M. tuberculosis
(18-24 hours) and the hydrophobic nature of mycobacteria, which leaves them prone to clumping during
culture. This makes it difficult to obtain individual cells for genetic analysis. The lack of known genetic
exchange between mycobacteria, and the small number of identifiable mycobacterial markers that could
be exploited for the development of genetic tools have added to the problem (Shinnick et al, 1995). A
significant amount of progress has been made in the past ten years despite this delay in the application of
molecular biology techniques. It is anticipated that the use of recombinant DNA technology will aid in
elucidation of the mechanisms of mycobacterial pathogenesis and immunity as we strive to develop more

effective vaccine and treatment regimens.

1.2.1 Bacterial cloning hosts for expression of mycobacterial genes: gene expression in a

heterologous background

Due to the lack of systems available for the direct manipulation of mycobacterial genes, Escherichia coli

was initially used as a cloning host. Utilisation of this genus was advantageous because of the wealth of
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genetic knowledge and procedures available for this bacterium. Genomic libraries for M. tuberculosis, M.
bovis BCG and M. leprae were constructed in E. coli using both plasmid and phage expression vectors,
(Clark-Curtiss ef al, 1985; Young et al, 1985a; 1985b; Jacobs et al 1986b; Rivoire ef al, 1994). The
development of recombinant DNA systems for the expression of mycobacterial genes in E. coli
represents a significant advance in the study of defined antigenic molecules. Over 50 mycobacterial
antigens have been characterised using this methodology, several of which have been identified as
proteins with important functions (Young et al, 1991; 1992). However, there are inherent limitations

associated with the use of E. coli as a cloning host.

Thole et al (1985) demonstrated that only a small number of M. bovis BCG promoters were active in E.
coli. Similarly, Clark-Curtiss et al (1985) demonstrated that mycobacterial DNA could be expressed
under the control of an E. coli promoter but mycobacterial promoters were either poorly recognised or
not recognised at all by the E. coli transcription machinery. This observation made investigations into the
expression and regulation of mycobacterial genes difficult. More recently, additional evidence has
accumulated which suggests that some post-translational modifications of mycobacterial proteins do not

occur in E. coli, thereby altering the properties of the expressed antigen (Garbe et al, 1993).

An alternative host that would express mycobacterial genes without the need for a foreign promoter was
required. Bibb and Cohen (1982) had previously investigated gene expression in Streptomyces, which are
also Gram-positive actinomycetes that have a high genomic G+C content (73%). They demonstrated that
S. lividans recognised promoters from several bacterial genera including E. coli, Bacillus licheniformis
and Serratia marcesans suggesting that Streptomyces were versatile in their ability to recognise
heterologous promoters. Furthermore, Westpheling et al (1985) identified two forms of RNA polymerase
with alternative sigma factors, which were implicated in the transcription of different promoter classes.
Investigations with M. tuberculosis, M. bovis BCG and M. leprae DNA (Kieser et al, 1986; Lamb et al,
1986) demonstrated that many genes from these species could be expressed from their own promoters in

S. lividans.

1.2.2 Mycobacteria as cloning hosts: gene expression in a homologous background

The limitations inherent with using E. coli as a cloning host for mycobacterial DNA have been discussed
above. Although alternative hosts such as Streptomyces remain viable alternatives, the most efficient
means of investigating mycobacterial expression and regulation is in a homologous background. The use
of non-pathogenic strains such as M. smegmatis and M. bovis BCG as cloning hosts for DNA from
virulent strains would minimise the problems inherent in handling pathogenic mycobacteria. However,
the full promise of recombinant technology for the genetic analysis of mycobacteria could only be
achieved by the development of techniques promoting the stable introduction of recombinant molecules
into mycobacterial cells. Despite many attempts over the years by many people it initially remained an

elusive goal. Several contributing barriers were hypothesised, namely: the difficulty of introducing DNA
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through the lipid cell wall, restriction of foreign DNA, unstable replication or maintenance of a plasmid
introduced into the mycobacterial environment, and the failure to express a selectable marker gene. Any
combination of these could have been responsible for the initial lack of success. The following

paragraphs chronicle the progress of recombinant DNA technology in mycobacteria.

1.2.2.1 Mycobacteriophage and shuttle-phasmids

Within a suitable host bacteriophages will selectively redirect the focus of the cell into expressing their
proteins, replicating their genome and directing the synthesis of a complex macromolecular virion.
Historically they have proved invaluable as experimental tools aiding in elucidation of the nature of
bacterial mutation and also in defining systems of recombination, gene expression and regulation. First
described in 1947, mycobacteriophages were instrumental in determining whether any of the
hypothesised barriers to transformation did indeed contribute to the lack of success. They enabled the
process of transformation to be dissected into a number of discrete steps: DNA entry, avoidance of
mycobacterial restriction systems, and the stable integration of foreign DNA. This systematic evaluation
eventually led to a successful transformation methodology. In recent years they have played key roles in
the development of novel cloning vectors enabling the more classical genetic approach to be superseded

by recombinant DNA techniques (reviewed by Hatfull and Jacobs, 1994).

Development of shuttle-phasmid technology was a significant breakthrough enabling the introduction of
recombinant DNA into fast and slow growing mycobacteria. Phasmids are hybrid molecules that replicate
as a plasmid in E. coli and as a bacteriophage in mycobacteria. These modified phage vectors were
constructed by insertion of an E. coli cosmid-cloning vector into the mycobacteriophage genome.
Plasmid DNA was extracted from E. coli and transfected into M. smegmatis protoplasts, which lack a
complete cell wall, where mycobacteriophage genes were expressed and lytic growth initiated. After
lysis, mycobacteriophage packaged shuttle-phasmids were efficiently introduced into a broad range of

mycobacteria (Jacobs et al, 1987).

Snapper et al (1988) extended the shuttle-phasmid cloning strategy by applying the same methodology to
develop vectors based on the temperate mycobacteriophage L1, which is able to form stable lysogens by
chromosome integration in M. smegmatis. These authors can also be credited with the expression of the
first selectable marker in mycobacteria, achieved by insertion of a cartridge conferring kanamycin
resistance into a unique restriction site within the L1 shuttle-phasmid vector. Further improvements in the
versatility and capacity of the phage based cloning system were achieved by Lee et al (1991; 1993) when
the minimum sequences necessary for site specific integration into the mycobacterial chromosome were
identified and incorporated into plasmid vectors. Pascopella et al (1994) used these integrating vectors to
identify a genomic fragment associated with virulence in M. tuberculosis H37Rv. These vectors have
potential as powerful tools for the construction of recombinant BCG vaccines expressing a novel

protective repertoire.

19



1.2.2.2 Mycobacterial plasmids and shuttle vector technology

Progress towards the identification of naturally occurring plasmids in this genus was made only a decade
ago, despite the fact that mycobacteria are among the oldest known microorganisms. It is interesting to
note that there is no strong evidence for the occurrence of plasmids in M. tuberculosis, M. bovis BCG or
M. smegmatis. However, plasmids are common in the M. avium complex (MAC) and have also been
found in M. scrofulaceum, M. intracellulare and M. fortuitum (Crawford and Bates, 1979; 1986; Hull et
al, 1984; Franzblau et al, 1986, Meisner and Falkinham, 1986; Goto et al, 1991). The best characterised
and possibly the most widely used plasmid replicon to date is that of the M. fortuitum plasmid pAL5000
(Labidi et al, 1984; 1985; 1992), the native function of which, as is true for the majority of mycobacterial
plasmids, is unknown. Identification of naturally occurring mycobacterial plasmids was important
because of the possibility that they may encode factors involved in drug resistance and virulence as well

as their central role in recombinant DNA technology.

Exploitation of these important genetic tools was initially thwarted, specifically in slow growers such as
M. tuberculosis, by the lack of an efficient transformation method. The structure of the cell wall and their
slow growth combined to present a formidable barrier. Transformation in cell wall deficient M.
smegmatis (spheroplasts or protoplasts) could be accomplished with comparative ease using polyethylene
glycol (PEG) but the usefulness of this technology was limited due to the failure in regenerating viable
bacilli. Crucial achievements in the molecular biology of this genus were the exploitation by Snapper et
al (1988) of electroporation, a technique which vastly improved the transformation of mycobacteria, and
the subsequent isolation of a high frequency transformation mutant of M. smegmatis, i.e. M. smegmatis

mc?155 (Snapper et al, 1990). Our ability to express genes in mycobacteria is now vastly improved.

A variety of plasmid replicons based on pAL5000 have been combined with E. coli plasmid replicative
origins to fashion E. coli-mycobacteria shuttle vectors. These are capable of extrachromosomal
replication in E. coli and mycobacteria (Ranes et al, 1990; Stover et al, 1991; Hinshelwood ez al, 1992;
Jain et al, 1997). Operon fusions in E. coli-mycobacteria shuttle vectors have been used to study gene
expression in mycobacteria, for example, focusing on “environmentally-active” promoters within
macrophages (Dhandayuthapani et al, 1995). This technique has also provided a convenient method for
the isolation of new mycobacterial promoters as well as providing insights into the specificity of the RNA
polymerases of M. smegmatis and M. bovis BCG (Timm et al, 1994). Other shuttle plasmids not based on
M. fortuitum pAL5000 include pYT72/pYT92, a derivative of the M. scrofulaceum plasmid pMSC262
(Goto et al, 1991), and derivatives of plasmid RSF1010 (Hermans et al, 1991) and pNG2 (Radford and

Hodgson, 1991) which contain non-mycobacterial, broad host range replicons.

A technique for the rapid analysis of plasmid DNA from mycobacterial transformants exploited the
inherent ability of shuttle plasmids to replicate in two distantly related bacterial species and the

propensity for DNA molecules to be admitted or released from a cell subjected to electroporation.
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Recombinant mycobacterial colonies mixed with electro-competent E. coli and subjected to a single
electric pulse aided in the rapid isolation of recombinant mycobacterial DNA from E. coli in half the time
that would otherwise be required for isolation from the host mycobacterial species (Baulard et al, 1992).
More recently, further advances have been made toward increasing the transformation efficiency of slow
growers such as M. tuberculosis and M. bovis by electroporation at elevated temperatures (Wards and

Collins, 1996).

1.2.2.3 Insertion elements and transposons

Insertion (IS) elements and transposons are discrete DNA fragments able to move from one site in a DNA
molecule to another independent of host recombination functions. These mobile genetic elements have
been isolated in most organisms that have been examined so far and are useful genetic tools for
insertional mutagenesis. The first example of an IS element found in mycobacteria was IS900 in M.
paratuberculosis, discovered while researchers were looking for strain-specific probes by differential
hybridisation (Green et al, 1989). They have since been discovered in several mycobacterial species and
include IS6110 and IS1081, specific to the M. tuberculosis complex (Thierry et al, 1990a; van Soolingen
et al, 1992) and IS 902 of M. avium (Moss et al, 1992). The species specificity evident for such elements
as IS900 and IS6110 has been exploited for strain differentiation using a novel typing method. An
alternative assay method for strain differentiation of mycobacteria in clinical samples has been
demonstrated by the combined use of restriction fragment length polymorphism’s (RFLP’s), IS specific
probes and the polymerase chain reaction (McFadden et a/, 1987; Thierry et al, 1990b; Eisenach et al,
1990;van Soolingen ef al, 1992; Groenen et al, 1993).

The development of integrative vectors for insertional mutagenesis was an important goal as it would
provide the basic framework for the construction of new vaccines and aid in the investigation of virulence
genes as well as defining new drugs able to inhibit their synthesis (McAdam et al, 1994). Transposon
mutagenesis is one of the most powerful methods of mutagenesis. It involves using a mobile element to
disrupt genes randomly in the chromosome upon transposition. The first transposition events in M.
smegmatis were reported using Tn610 (Martin ef al, 1990) and transposons engineered from IS900 and
IS986 (England et al, 1991; Fomukong and Dale, 1993). Transposition in BCG has been reported using a
transposon constructed from IS1096 (Cirillo et al, 1991; McAdam et al, 1995). However, until recently
the only successful methods reported for the successful isolation of auxotrophic mutants of M.
tuberculosis were allelic exchange (Balasubramanian ef a/, 1996) and illegitimate recombination
(Kalpana et al, 1991). Efficient transposon mutagenesis in M. tuberculosis has been limited by the
inefficiency of the delivery systems. More recently, a successful approach used to deliver transposons
into M. smegmatis, which exploited the use of a conditionally replicating vector able to replicate at 30°C
but not at 37°C (Guilhot et al, 1994), has been adapted to generate transposon libraries of M. tuberculosis
mutants. Bardarov et al (1997) constructed a conditionally replicating shuttle phasmid in
mycobacteriophages D29 and TM4 using an E. coli cosmid vector, carrying Tn10(kan) or Tn5367,

inserted into a non-essential region of the phage genome. Infection of mycobacteria at the non-permissive
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temperature resulted in highly efficient transposon delivery to the entire population. A second successful
approach exploited a replicative delivery vector that is efficiently lost under specific conditions. Pelicic et
al (1997) used the counterselective properties of the sacB gene (Pelicic et al, 1996) and a mycobacterial
thermosensitive origin of replication to successfully deliver derivatives of IS1096 into the M. tuberculosis

and M. bovis BCG genome.

1.2.3 Expression of foreign genes in mycobacteria

The initial objective for the expression of foreign genes in mycobacteria was the development of a
recombinant BCG vaccine delivery system for heterologous antigens. Primary candidates for the
construction of expression vectors were the promoters of the stress-regulated proteins. These were chosen
to drive the expression of foreign genes in mycobacteria because their expression was observed under all
growth conditions and their sequences were among the first available (Young et al 1985; Shinnick et al,
1987; Dellagostin et al, 1993). Other successful examples include the promoter of the alpha antigen of M.
kansasii, used to express an epitope of the HIV-1 gag p17 as a fusion protein, and a promoter sequence
isolated from M. paratuberculosis (P ) used to express lacZ in M. bovis BCG (Matsuo et al, 1990;
Murray et al, 1992). More recently, sequences encoding the 19kDa-lipoprotein promoter and a signal

peptide from M. tuberculosis have been isolated and used by Stover et al (1993) in M. bovis BCG.

Development of the shuttle plasmid technology was a significant step in enabling the expression of
foreign genes in mycobacteria, but these plasmids are often unstable in non-selective media. Genes
encoding resistance to antibiotics are typically used to select for transformants in other bacteria but the
potential for antibiotic selection of mycobacterial transformants is limited. Cell surface glycolipids are
thought to be responsible for the impermeability of many commonly used antibiotics, and mycobacteria
are naturally resistant to f3-lactams such as ampicillin. Resistance to kanamycin is a commonly used
marker in M. tuberculosis, M. smegmatis and M. bovis; M. smegmatis mc*155 is very sensitive to this
antibiotic at low concentrations (Snapper et al, 1988; Ranes et al, 1990; Goto et al, 1991; Hermans et al,
1991). Chloramphenicol is another commonly used marker although its spontaneous mutation rate makes
it less attractive for direct selection and it is often used in conjunction with other resistance genes
(Snapper et al, 1990). Hygromycin has also been used with both fast and slow growers (Radford and
Hodgson, 1991) and has been reported to be more efficient than selection based on kanamycin resistance

(Garbe et al, 1994).

Foreign genes have been stably integrated into the chromosome thereby negating the need for continual
selection, an obvious advantage in animal model systems. Integration has been achieved by site-specific
recombination using the integration system of the mycobacteriophage L5 (Stover et al, 1991; Pascopella
et al, 1994), DNA transposition (England et al, 1991) and by homologous recombination, although
predominantly in fast growers (Husson et al, 1990). The recalcitrance of slow growers such as M.
tuberculosis and M. bovis BCG to undergo homologous recombination (discussed in more detail below)

has impeded allelic exchange for mutational analysis in these species. However, current gene replacement
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technology should be invaluable for investigation into the mechanism of drug action and resistance as

well as mycobacterial pathology.

1.3 Gene regulation

Gene expression in prokaryotes has to be controlled in a precise fashion to maximise the metabolic
efficiency, this is particularly important for co-ordination of the expression of multi-gene pathways. From
DNA to final protein product there is a multi-step pathway incorporating transcription, RNA processing
and translation. Regulation of gene expression can be achieved at any stage. Transcription by DNA-
dependent RNA polymerases is a cyclic process composed of four steps: promoter binding and activation,
RNA chain initiation and promoter escape (Krummel and Chamberlin, 1989), RNA transcript elongation
and RNA transcript termination. Transcriptional control is of paramount importance and will be
considered further in the context of RNA polymerase activity and the action of positive and negative
regulatory proteins. The reader is referred to general molecular biology texts and a review by Uptain et al

(1997) for a more comprehensive discussion of gene expression and its regulation.

1.3.1 Initiation of transcription is catalysed by RNA polymerase: A principal step in the

regulation of gene expression

Transcription begins with the interaction of RNA polymerase and a site-specific sequence termed the
promoter. RNA polymerase consists of a core protein (composed of two o chains, one f chain and one B’
chain) and a fifth dissociable subunit, sigma (o) (Chamberlin, 1982). The core protein has the ability to
synthesise RNA on a DNA template but cannot initiate at the promoter in the absence of the sigma (o)
subunit. The function of the sigma factor is to ensure that RNA polymerase binds specifically at a
promoter site (McClure, 1985; Helmann and Chamberlin, 1988) and, therefore, plays a key role in
determining promoter specificity. This is particularly obvious in B. subtilis, a Gram-positive bacterium
that possesses nine types of sigma factor used for gene expression at different stages of growth and
development (Haldenwang and Losick, 1980; Haldenwang et al, 1981; Losick et al, 1989; Haldenwang,
1995). Although E. coli do not undergo sporulation, it has been reported that they also possess multiple
sigma factors: ¢ °, 6™ (cV), 6 (6°), 6%, 67 (6¥), 6 (c®) and ¢". The ¢™ factor mediates promoter
recognition under normal conditions (Gralla, 1990; Collado-Vibes et al, 1991) whereas 6*2 and ¢
mediate the heat-shock or stress response (Grossman et al, 1984; Cowing ef al, 1985; Strauss ef al, 1987,
Erickson et al, 1987; 1989; Helmann and Chamberlin, 1988). Some genes are controlled by minor o
factors: the o> subunit recognises genes involved in nitrogen metabolism (Merrick, 1993), o*® is essential
for the expression of some stationary phase genes (Tanaka et al, 1993; 1995; Jishage et al, 1996), c**
mediates the expression of genes for motility and chemotaxis (Arnosti et al, 1989; Kundu et al, 1997) and
c" is involved in transcriptional regulation of the genes for extracytoplasmic functions (Angerer et al,

1995).
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In E. coli, the 6 ™ promoter has been extensively studied and is characterised by the consensus motifs
5’-TATAAT-3’ at-10 and 5’-TTGACA-3’ at -35 bases respectively from the transcription startsite.
Frequently, promoter sequences in other prokaryotes have a different consensus, which can be an
obstacle during heterologous gene expression. The sequence at -35 is the site of RNA polymerase
recognition and that at -10 the site of formation of a stable polymerase-DNA complex. A comparison of
known E. coli

o ™ promoters has shown that they all possess a similar, but not necessarily identical, sequence at these
two sites and there is generally a good correlation between promoter strength and the degree to which the
-10 and -35 elements agree with the consensus. The specificity of promoter recognition, and therefore
promoter strength, is affected by both the nature of the promoter and the nucleotide distance between the
-10 site, often termed the Pribnow box (Pribnow, 1975a), and the -35 site. In E. coli this distance is
usually 17-19 base pairs (Harley and Reynolds, 1987). Other potential regulatory factors affecting

initiation of transcription include ions, protein co-factors and DNA supercoiling (Mishra et al, 1990).

1.3.2 Regulatory proteins

Transcription initiation can be subject to either positive or negative regulation by the binding of a
regulatory protein at a specific site (the operator) which is adjacent to, or overlaps, the promoter.
Examples of negative regulation include repression of the lac operon by the lac repressor (reviewed by
Lewin, 1990a) and the action of LexA protein on damage inducible genes in E. coli, where binding of a
repressor prevents the expression of more than 20 unlinked genes (Little and Mount, 1982; Walker,
1984). Binding of these proteins to regions of dyad symmetry is a common feature of many prokaryotic
repressors (Brent and Ptashne, 1981; Anderson et al, 1985; Jordan and Pabo, 1988; Wolberger et al, 1988;
Cheo et al, 1991). An example of positive regulation can be found at the E. coli operon that codes for the
enzymes required for arabinose degradation. Arabinose binds to a protein, AraC, inducing a
conformational change that allows it to bind to DNA, which in turn stabilises the interaction of RNA
polymerase with the promoter. A second clearly defined example of positive regulation is described by
catabolite repression in E. coli where the catabolite activator protein (CAP) stimulates transcription of
proteins encoded by the lac operon. Binding of cAMP to CAP induces a conformational change in CAP
and concomitant binding to a site upstream of the promoter, thereby initiating transcription (de
Crombrugghe and Pastan, 1978). The exact mechanism by which this is achieved is not precisely clear
although it has been hypothesised that a stronger RNA polymerase binding site is exposed through
bending of the DNA (Liu-Johnson ef al, 1986; Gartenberg and Crothers, 1988).

1.3.3 Gene regulation in mycobacteria: Current knowledge and progress

Section 1.2.1 briefly discussed the lack of expression of mycobacterial genes from their own promoters in

a heterologous system, and this is further exemplified by the lack of complementation of a range of
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auxotrophic defects in E. coli by a mycobacterial cosmid library (Clark-Curtiss et al, 1985; Jacobs et al,
1986). This defect in expression is believed to be due to the difference in the transcriptional control
systems between two groups of organisms having a large variation in the G+C content of their DNA. In
his original model for binding of RNA polymerase to the Pribnow box, Pribnow (1975b) hypothesised
that the formation of a stable polymerase-DNA complex involved limited unwinding of the DNA around
the promoter region and that, thermodynamically, A-T base pairs “melt” more readily than G-C base
pairs. The concepts of his original model are still in effect today and may partially account for the lack of
expression of mycobacterial promoters within E. coli. Bibb and Cohen (1982) have demonstrated that a
comparable situation exists between E. coli and Streptomyces, which, in common with mycobacteria, are

Gram-positive actinomycetes that have a high genomic G+C content (73%).

The faijlure to express mycobacterial promoters in heterologous systems is not absolute, however. Thole
et al (1985) demonstrated that a small number of M. bovis BCG promoters were active in E. coli although
less efficiently than in their natural host. Further examples of mycobacterial genes expressed from their
own promoters in E. coli include the 65kD heat shock protein and the 16S rRNA gene of M. leprae
(Mehra et al, 1986, Sela and Clark-Curtiss, 1991), M. tuberculosis (Shinnick, 1987; Ji et al, 1994b) and
M. bovis BCG (Thole et al 1987; Suzuki et al, 1991). Biotin carrier proteins from several mycobacterial
species (Collins et al, 1987) and the M tuberculosis 38kD antigen (Anderson et al, 1988) have also been

successfully expressed from their own promoters in E. coli.

The nature of mycobacterial promoter sequences has received significantly more attention than other
potential gene regulation mechanisms largely due to the ease of computer analysis of DNA sequences and
the advent of recombinant techniques such as those described in section 1.2. However, analysis of these
studies requires caution because very little is known about the nature of mycobacterial promoters. A
positive result using recombinant techniques is not irrefutable evidence that it functions as a promoter in
its original context. Similarly, analysis of potential promoter sites by computer algorithm gives no
indication that the site concerned possesses promoter activity within the mycobacterial environment. This
situation is not helped by the sparseness of information on specific mycobacterial promoters and the fact

that few are active within E. coli (Dale and Patki, 1990).

Only a few mycobacterial promoters have been studied. These include: promoters for the 16S IRNA gene
of M. smegmatis (Ji et al, 1994b), M. tuberculosis (Ji et al, 1994a; Verma et al, 1994), M. bovis BCG
(Suzuki et al, 1991) and M. leprae (Sela and Clark-Curtiss, 1991); the bla gene of M. fortuitum (Timm et
al, 1994b); the cpn-60 gene of M. tuberculosis (Kong et al, 1993); the 65kDa and 85kDa antigen genes of
M. tuberculosis (Shinnick, 1987; Kremer et al, 1995); the rpsL promoter of M. smegmatis, M.
tuberculosis, M. bovis and M. leprae (Kenney and Churchward, 1996); the P, promoter from M.
paratuberculosis transposon IS900 (Murray ef al, 1992) and three promoters associated with the
transcription of the repressor-like gp71 protein of mycobacteriophage L5 (Nesbitt e al, 1995). A few of
these regions contain sequences that resemble the typical E. coli 6™ promoter but many belong to

specifically regulated genes and differ substantially.
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With the exception of the heat shock proteins, very little is known of how mycobacterial gene expression
may be modified by external conditions at the molecular level. Anderson et al (1990) demonstrated that
the 38kDa protein of M. tuberculosis may be induced by phosphate starvation and it has been suggested
that the 28kDa antigen of M. leprae may be iron regulated but further evidence in this area is not yet
available (Dale and Patki, 1990). Analysis of promoter function in vivo, particularly in pathogenic
mycobacteria, is of great importance; however, only a few of the nucleotides important in determining
promoter function have been identified (Nesbitt et al, 1995; Bashyam et al, 1996; Kenney and
Churchward, 1996). A greater understanding of the regulatory sequences involved in the expression of
virulence determinants may aid in the development of new vaccines and a more effective treatment
regimen. This may be facilitated by the system developed by Dellagostin ef al (1995) enabling the

assessment of promoter strength during in vivo growth of both M. leprae and M. tuberculosis.

Information on the nature of mycobacterial RNA polymerases is sparse. Very little information is
available regarding their precise nature, although an RNA polymerase and two sigma factors from M.
smegmatis have been characterised (Predich ez al, 1995). Investigations comparing RNA polymerases in
M. smegmatis and M. bovis BCG have suggested that they do not share the same specificity (Timm et al,
1994b), however, this is in direct contradiction to the more recent findings of Bashyam et al (1996).
These authors demonstrated that the efficiency and specificity of transcriptional regulation in M.
tuberculosis, M. smegmatis and M. bovis BCG were conserved. The discordance between these
observations may be accounted for by the fact that Timm et al (1994b) were using the promoters of
specifically regulated genes. There is a distinct lack of information describing the precise nature and

regulation of mycobacterial promoters; it is clear that further intensive investigation is required.

1.4 DNA damage in bacteria: a quick review

DNA damage is an inescapable aspect of life in the biosphere. The vast majority of both prokaryotes and
eukaryotes have had to contend with the effects of solar radiation since the beginning of evolution of life on
this planet. Furthermore, the primary structure of DNA is dynamic and subject to constant change as a result
of errors introduced during replication and recombination. Consequently, a system that maintains the

integrity of DNA is essential for survival in this hostile environment.

DNA damage can be classified into two general classes: alterations to the primary structure, and structural
distortions. The former class affects sequence only and includes a wide range of mutations which, since
replication is unaffected, can lead to heritable alterations in DNA. Examples include point mutations,
deletions, insertions, duplications and inversions (these can involve large pieces of DNA affecting multiple
genes). However, deletions, insertions and some point mutations frequently lead to the complete loss of
function of a genetic locus (i.e. a null mutation) and are often eliminated from the gene pool. Conversely
structural distortions, such as pyrimidine dimers formed following exposure of DNA to radiation at a

wavelength approaching its absorption maximum (260nm), present a physical impediment to replication.
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These dimers are bulky helix distorting lesions whose presence results in the obligatory arrest of replication.

(For a detailed review of these mutations the reader is referred to Friedberg ef al, 1995.)

1.5 DNA damage repair and tolerance systems in prokaryotes

There are two possible cellular responses to DNA damage: DNA repair or DNA damage tolerance. DNA
repair culminates in the restoration of normal base sequence and structure and is achieved by the direct
reversal of damage or excision of the damaged sequence. The second cellular response to DNA damage,
termed DNA damage tolerance, does not include removal of the primary damage to DNA and therefore, has
mutational potential. The latter cellular response is more relevant to the content of this thesis than DNA
repair and will be discussed in more detail after a rapid review of basic DNA repair mechanisms in
prokaryotes. For more detailed information on the following repair mechanisms both Lewin (1990b) and

Friedberg et al (1995) provide good general reviews.

1.5.1 DNA repair in prokaryotes

Direct reversal of DNA damage is rare. The best-characterised example is the photoreactivation of
pyrimidine dimers following exposure to ultra-violet (UV) light. A light dependent enzyme, a photolyase,
removes the offending intrastrand covalent bonds, thereby restoring structural integrity. Direct reversal of
DNA damage may be kinetically advantageous to a cell because it would, presumably, occur more rapidly
than multi-step biochemical pathways such as excision repair (see below). Furthermore, the process would
tend to be error free because of the high degree of specificity exhibited by such reactions. The types of DNA
damage repaired by direct reversal are limited; a more general repair mode is one in which the damaged
sequence is excised from the genome and covalent integrity restored by replication. This is termed excision
repair. The general nomenclature for excision repair distinguishes between the modes of recognition of the
damaged region, namely; base excision, nucleotide excision and mismatch repairs. These mechanisms vary

in their specificity but share the same general features, see figure 1.1.

Base excision repair: This is initiated by the action of a specific class of DNA repair enzymes called
DNA glycosylases which exclusively recognise a damaged, mispaired or inappropriate base, for example
uracil. Incision occurs by a two-step reaction involving the action of a DNA glycosylase and an AP
endonuclease (either apurinic or apyrimidinic) culminating in the release of the damaged, free base
(figure 1.1). The length of the incision is then extended by the action of an exonuclease and new

synthesis occurs to replace the missing nucleotides until covalent integrity is restored.

27



4DE44DF44DE444 4

?
!
!
GI!E GGGGGGGGGEGGG

vV 8 vV 8 8 8

4 E 4 4 E 44 E 4 4E 4

H
6
8 8 Voo vV 8 413J44D/J44D/J44DEA4
3
3
3
. 4 E 4 4E44DFA4A4E 4
< F
., .
|
F
. )
ADEA4A4ADFA44DE44DE 4
&
| | I K GB
14 5 I I 7
I #5" 7 !
! 5 6 L7



Nucleotide excision repair: This is a multi-step process, which culminates in the removal of damaged
bases from DNA as intact nucleotides rather than free bases. The general mode of repair is outlined in
figure 1.1. Damage is recognised, excised and new DNA synthesis initiated to restore covalent integrity.
There are two types of nucleotide excision repair distinguished on the basis of the length of heterogeneous
DNA repaired, i.e. short-patch (SPR) and long-patch repair (LPR). Both utilise a damage specific
endonuclease (UvrABC). They differ in that SPR is constitutive whereas LPR is induced and has an absolute
requirement for induction of the SOS response (see section 1.6.4). In E. coli, LPR correlates with a more
rapid recovery and increased survival following DNA damage and is associated with the ability to bypass
lesions at or near replication forks. In nucleotide excision repair the genes uvrA4, uvrB and uvrC code for the
components of an endonuclease that recognises the site of damage and cuts the flanking DNA. An enzyme
that possesses 5’ to 3’ exonuclease activity (in E. coli this is believed to be DNA polymerase I) then removes
the intervening sequence. DNA ligase forms a covalent bond to restore genetic integrity following synthesis
of new DNA, again by the action of DNA polymerase I, although DNA polymerase II or III can substitute

for it.

Mismatch repair: The molecular mechanisms of this repair mode are related to both base and nucleotide
excision repair. Mismatched base pairs can arise as a result of the formation of heteroduplex complexes as
part of a recombinational process (see section 1.6.1), replication errors or by, for example, deamination of 5-
methylcytosine converting a G'C pair to a G'T pair. The mispaired bases are normal constituents of DNA;
therefore enzyme scanning for a lesion or structural impediment is not sufficient for recognition and
subsequent removal. For mismatch repair to contribute to the genetic fidelity of DNA the correct base in the
mismatch must be distinguished from the incorrect base. In E. coli the best-characterised method for
distinguishing between the strands is methyl directed mismatch repair (MDMR). In this bacterium GATC
sites are targets for DAM methylase subsequent to replication. This reaction provides a means of targeting
repair to the unmethylated donor strand using the methylated strand as a template. If neither strand is
methylated then mismatch repair exhibits no preference. The general mechanism of MDMR involves the
action of the gene products of mutH, mutL and mutS (also members of the SOS regulatory network)
culminating in the generation of a nick in the DNA opposite a GATC hemi-methylated site. Helicase II, the
gene product of uvrD, leads to strand displacement followed by exonuclease activity and ultimately, removal
of the mispaired base. MDMR is synonymous with LPR (see nucleotide excision repair) as the signals
distinguishing strands are frequently a long way from the lesion, up to10°bp.

An alternative recognition mechanism, also well characterised in E. coli, involves methylation of the internal
C’s at CCA/TGG sites by DCM methylase and is termed very short patch repair. Interestingly, in
mycobacteria there is no detectable methylation at either GATC (Dam) or CCA/TGG (Dcm) sequences
(Hemavathy and Nagaraja, 1995).

There are many diverse types of base damage that have few chemical and structural features in common.

Their recognition by the excision repair machinery is not precisely understood. It has, however, been

suggested that the presence of many types of base damage that challenged cell survival during biological
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evolution provided selection for a general excision repair mode which would serve to identify and effect the

removal of multiple types of DNA damage.

1.5.2 DNA damage tolerance systems

Tolerance systems, synonymous with both post-replication and recombination repair in many texts, play an
important role in allowing cells to deal with unrepaired damage to their genome. In higher eukaryotic cells
tolerance systems are thought to play a significant role since a large genome makes complete repair unlikely.
In simplistic terms they allow damaged sequences to be replicated in the presence of a significant proportion
of errors. Prokaryotes have evolved a mechanism of dealing with both single strand (ss) and double strand
(ds) breaks in DNA utilising proteins that have an important role in the homologous recombination (HR) of
undamaged DNA (section 1.6.1). Additionally they possess a mechanism enabling them to process damaged
DNA, involving polymerisation across lesions, generally termed trans-lesion synthesis (section 1.6.5). In
contrast to homologous recombination, trans-lesion synthesis is a highly mutagenic process whose regulation
is closely linked to the SOS regulatory network (see below). In E.coli, tolerance systems have been
extensively analysed and are intimately related to the RecA protein which also regulates the complex SOS
regulatory network, whose gene products have been implicated in both nucleotide excision and mismatch

Tepair.

1.6 The RecA protein; a pivotal component of several cellular mechanisms

The RecA protein is ubiquitous among bacteria and exhibits dual activities, having both a regulatory and
mechanistic role. To date the sequences of more than sixty prokaryotic rec4 genes are available and have
been used as the basis for the construction of a phylogenetic tree (Miller and Kokjohn, 1990; Karlin et al,
1995; 1996). RecA is a key component of general homologous recombination and has also been implicated
in post-replication repair, mutagenesis and derepression of the proteins involved in both the SOS response
and induction of A prophage into the lytic cycle, see figure 1.2 (Roca & Cox, 1990; Miller & Kokjohn, 1990;
Cox, 1993; Kowalczykowski et al, 1994). It has been suggested that the occurrence of RecA depends, to a

degree, upon environment (Roca & Cox, 1990).

Among spirochetes it has been demonstrated that many free living species possess an inducible RecA while
some virulent parasitic species, which inhabit environments where they encounter less oxygen and UV light,
are among examples that lack detectable RecA. It is possible that the challenge to cell survival posed by
DNA damage and the ability of microbes to tolerate such damage and exploit certain ecosystems might
provide the strong selective pressure required to develop and maintain such a complex molecule (Cox, 1993;

Marias et al, 1996).
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A RecA protein monomer has a molecular weight of approximately 38kD and an alternating P strand-o helix
structure. In E. coli, the RecA protein monomer and polymer have been extensively analysed and the
functional domains associated with DNA binding and interaction with the LexA repressor have been
described (Cox et al, 1987; Miller and Kokjohn, 1990; Story et al, 1992; Karlin e? al, 1996; Rehrauer and
Kowalczykowski, 1996; Stasiak, 1996; Takahashi et al, 1996; Voloshin et al, 1996). Under physiological
conditions both single stranded DNA (ssDNA) and double stranded DNA (dsDNA) provide a scaffold for
the formation of a nucleoprotein filament. Filament formation is a rapid process, initially occurring on
ssDNA in the 5' to 3’ direction. The presence of single-strand binding (SSB) proteins aids the formation of
the nucleoprotein filament by removing the secondary structure of DNA. However, if bound to ssDNA prior
to RecA they can inhibit the initial “nucleation” event, which is the rate-limiting step of this reaction (Cohen
et al, 1983; Kowalczykowski, 1987; Cox, 1991). A major factor accounting for the low rate of nucleation on
dsDNA is the absolute requirement for underwound DNA. (Cox, 1991) A single stranded gap provides an
optimal nucleation site with extension occurring rapidly to incorporate adjoining duplex DNA. In the
following paragraphs the functions attributed to RecA are described; E. coli is used as the primary paradigm
because molecular mechanisms in this model have been extensively analysed and are generally the best

characterised.

1.6.1 Homologous recombination

The genetic exchange of homologous regions of DNA between two DNA molecules is called general or
homologous recombination (HR). The RecA protein is essential for this reaction, catalysing strand transfer
between homologous DNA molecules in an ATP-dependent manner via a complex, multi-step pathway.
There are other examples of recombination such as site-specific recombination, exemplified by the
integration of bacteriophage genes into the host genome (Snapper et al, 1988; Lee et al, 1991; 1993), and
transposition (Martin et al, 1990; Cirillo et al, 1991; England et al, 1991; McAdam et al, 1994; Bardarov et
al, 1997, Pelicic et al, 1997). The critical difference between these processes and HR is that the enzymes
involved act only on specific target sequences with a limited homology or, as with transposition, no
homology at all. For its mechanistic role in HR, RecA has an absolute requirement for a nucleotide
triphosphate and ssDNA, or a free 3’ end located within a region of homology. In its most simplistic form
HR involves binding of RecA protein to ssDNA, pairing of the RecA:ssDNA complex to dsDNA, alignment
and pairing of homologous sequences on the genome, and finally strand exchange, which can proceed for

several kilobases.

The precise molecular mechanisms are not understood with the same clarity as nucleotide excision repair,
although identification of the DNA binding domains of E. coli RecA has led to speculation about their role
in the search for homology (Baliga et al, 1995; Morimatsu and Horii, 1995; Podyminogin et al, 1995;
Yancey-Wrona and Camerini-Otreo, 1995; Kurumizaka et al, 1996; Stasiak, 1996; Takahashi et al, 1996;
Voloshin et al, 1996; Wittung et al, 1996; 1997). The active species in RecA mediated strand exchange is the

nucleoprotein filament (Howard-Flanders et al, 1984; Cox, 1993). Following formation, this promotes the
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search of a sister duplex for homologous contacts via the formation of a 3-stranded intermediate. Non-
covalent base pairing, via the formation of hydrogen bonds, then serves to align homologous sequences after
which strand transfer proceeds in the 5’ to 3’ direction relative to the ssSDNA. This process is termed synapsis
and culminates in the formation of a Holliday junction, see figure 1.3 (Kowalczykowski, 1987).

The RecF, RecO, RecR and single-strand binding (SSB) proteins are believed to facilitate the loading of
RecA onto ssDNA (Sawitzke and Stahl; 1992; Umezu et al, 1993) as well as participating at presynaptic
steps in recombination (Lloyd et al, 1988; Clark, 1991; Wang et al, 1993; Kowalczykowski et al, 1994).
The RecF, RecO and RecR proteins are thought to assist in the cleavage of LexA by aiding RecA
activation (Volkert and Hartke, 1984; Volkert et al, 1984; Walker, 1985), possibly by promoting the
preferential interaction of RecF with dSDNA containing ssDNA regions (i.e. gapped DNA; Griffin and
Kolodner, 1990; Hedge et al, 1996; Courcelle et al, 1997). In addition to their reported role in
recombination, the RecO and RecR proteins have been shown to alleviate the inhibitory effects of SSB
proteins on RecA catalysed joint molecule formation (Umezu ef al, 1993; Umezu and Kolodner, 1994).
Interestingly, the SSB proteins have been shown to have a positive role in the activation of RecA in
addition to their inhibitory effect (Vales et al, 1980; Whittier and Chase, 1981; Chase et al, 1983;
Lieberman and Witkin, 1983). The precise nature of this role remains unclear (Johnson, 1977,
Sevastopoulos et al, 1977; Meyer et al, 1982; Carlini and Porter, 1997) although SSB proteins have been
shown to participate in at least two steps of genetic recombination, i.e. strand assimilation and branch
migration (McEntee et al, 1980; West et al, 1982; Lieberman and Witkin, 1983). Subsequent to Holliday
junction formation, branch migration proceeds aided by the nucleolytic action of RuvA and RuvB. RuvB has
been identified as a DNA dependent ATPase, with RuvA serving to target RuvB to the Holliday junction
(Shiba et al, 1991; Iwasaki ef al, 1992; Parsons et al, 1992; Mandal ef al, 1993; West, 1994; Hiom and West,
1995). Branch migration mediated by a combination of these proteins with RecA is more energy efficient
than that promoted by RecA alone. At physiological temperatures spontaneous branch migration is slow,
will occur only over short distances and is inhibited by regions of non-homology. In contrast RecA mediated
branch migration (in conjunction with the RuvA, RuvB and SSB proteins) is rapid and can occur over
several kilobases as well as through DNA lesions and substantial regions of non-homology
(Kowalczykowski, 1987; Adams and West, 1995). Resolution can take place by reverse branch migration,
mediated by the action of RuvA and RuvB or RecG (Smith, 1994; Adams and West, 1995). Alternatively,
resolution can occur via cleavage of the Holliday junction, which is mediated by the endonuclease activity of
RuvC (Mandal ef al, 1993; West, 1994). Branch migration and the subsequent resolution of the Holliday

junction are termed post-synapsis.

Branch migration is an isoenergetic process that involves no net loss or gains of hydrogen bonds; the
precise role of ATP hydrolysis remains unclear since binding of ATP is essential for RecA mediated
strand transfer but ATP hydrolysis is not (Menetski et al, 1989; Rosselli and Stasiak, 1990). One
possibility is that it is required for RecA dissociation from the DNA substrates (Lindsley and Cox, 1990).
Alternatively, it may allow branch migration to proceed through regions of non-homology or DNA

lesions (Menetski et al, 1989; Rosselli and Stasiak, 1990; 1991; Shan et al, 1996) or render strand
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exchange unidirectional (Roca and Cox, 1990; Rosselli and Stasiak, 1990; Cox, 1991; Jain et al, 1994;
Shan et al, 1996). The mechanistic role of RecA in homologous recombination has been extensively
characterised. Its interaction with, and the role of other rec genes in recombination has been the subject of
further investigation (Smith, 1989). For example, the recE and recT genes code for exoVIII and RecT
respectively. These two proteins promote homologous pairing and strand exchange in reactions containing

linear duplex DNA and homologous, circular ssDNA as substrates (Kolodner et al, 1994).

Homologous recombination serves diverse biological roles: it allows the independent elimination of
unfavourable mutations, and reshuffling of favourable mutations without any deleterious effect on the alleles
with which they may be associated, an important factor in the generation of diversity. In the laboratory,
homologous recombination is an important genetic tool that can be used to create and characterise specific
mutations using the "gene knockout" technique, where a wild type gene is replaced by a mutated, non-

functional gene in order to study gene function (Capecchi, 1989).

1.6.2 Recombinational or post-replication repair

In E. coli, exposure to DNA damaging agents leads to a transient inhibition of DNA synthesis,
predominantly due to the effect of lesions on replication forks. Although the precise mechanistic basis of re-
initiation of replication has not been clearly defined there is an absolute requirement for RecA synthesis.
Two alternative molecular mechanisms that form the basis of re-initiation of replication on templates

containing blocks will be discussed: post-replicational repair and trans-lesion synthesis (see section 1.6.5).

Post-replicational repair does not instigate the removal of the DNA lesion and, therefore, does not constitute
“repair”; it is a mechanism for tolerance of damage to the genome. In this process, illustrated in figure 1.4,
DNA replication resumes downstream of the damage by an unknown mechanism leaving a gap in the
daughter strand opposite the lesion. RecA polymerises on the ssDNA in the gap to form a nucleoprotein
filament. The formation of such a filament is thought to activate RecA, leading to induction of the SOS
response (see below), as well as promoting homologous pairing and strand exchange with an undamaged
sister DNA molecule. Strand transfer past the lesion closes the gap in the recipient molecule, resulting in the

formation of a recombination intermediate (the Holliday junction).

Endonuclease cleavage across the point of strand exchange resolves the connection between the two sister
strands leaving DNA polymerases to fill the gap left in the parental strand. The mechanistic basis of this
post-replicational repair system, which efficiently deals with a lesion in "daughter” dsDNA, is identical to

that previously described for homologous recombination, illustrated in figure 1.3.
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1.6.3 Repair of double strand breaks

The repair of double strand breaks demonstrates an absolute requirement for RecA, RecBCD and a
homologous DNA duplex, see figure 1.5. RecBCD nuclease loads onto flush DNA ends and proceeds to
unwind the duplex molecule leading to the formation of a ssDNA loop that enlarges as it travels along the
DNA.

On reaching a correctly orientated Chi recombinational hotspot (5’-GCTGGTGG-3’, Taylor and Smith,
1995), RecBCD cleaves the strand with this sequence producing a long ssDNA region which acts as a
substrate for RecA (Smith, 1989; Cox and Lehman, 1987; Cox, 1991). Following strand exchange, repair
synthesis enlarges the “D-loop” from the donor dsDNA molecule. The subsequent cleavage of this displaced
strand allows it to pair with the gap in the recipient molecule leading to the formation of a molecule with two
recombinant joints. Resolution can take place either by reverse branch migration, mediated by the action of
RuvA and RuvB or RecG (Smith, 1994; Adams and West, 1995), or by cleavage of the Holliday junction
which is mediated by the endonuclease activity of RuvC (Mandal et al, 1993; Smith, 1994; West, 1994).

1.6.4 The SOS response: Physiological consequences and regulation

The SOS response is characterised by a defined set of physiological responses induced as a result of
exposure to agents or conditions that damage DNA or perturb replication. Among these responses are an
enhanced capacity for DNA repair, chromosome and phage mutagenesis, inhibition of cell division
(filamentation) and activation of a co-protease function of RecA. This results in the increased expression of
genes that form the basis of the extensively analysed SOS regulatory network (Gudas and Pardee, 1975;
Little and Mount, 1982; Walker, 1984; 1995). The status of the SOS response can generally be defined by
one of two extremes; fully repressed or fully induced, although in practice an intermediate state exists. In the
fully repressed state LexA acts as an upstream repressor of more than 20 genes, including rec4 and Jex4, by
binding to a specific DNA sequence (the operator) and repressing transcription (Brent and Ptashne, 1980;
1981; Little and Mount, 1982). It is apparent that many of these genes are expressed at low levels even in
this “repressed” state, which, in the case of rec4, is sufficient for its role in homologous recombination.
When the genome is damaged or replication impaired, an intracellular signal is generated and the SOS
response induced. The precise nature of this signal is unknown although possible candidates include
ssDNA (D’Ari, 1985; Sassanfar and Roberts, 1990; Higashitani ef al, 1995; Morel-Deville et al, 1996;
Shinagawa, 1996), ATP (Barbe et al, 1983; Guerrero et al, 1984; Thresher et al, 1988) and
deoxyribonucleotides (Phizicky and Roberts, 1981; Menetski and Kowalczykowski, 1989). It is believed
that binding of the RecA protein to ssDNA reversibly activates a co-protease function of RecA leading to the
autocatalytic cleavage of the LexA protein (Little, 1984) and concomitant de-repression of the genes at
which it binds (figure 1.6). The regions of ssDNA disappear as new DNA synthesis restores covalent
integrity to the genome. As a consequence, RecA returns to its non-activated state and LexA once again

represses expression of the genes of the SOS network.
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The sequence and structure of the E. coli LexA protein have been extensively analysed, it is a 202 amino
acid monomer (Horii et al, 1981b; Markham e al, 1981) containing two structurally defined domains
linked by a hinge region. The N-terminal domain (amino acids 1-84) is the DNA binding domain (Little
and Hill, 1985; Hurstel et al, 1986; Schnarr et al, 1991; Thliveris and Mount, 1992), while the
C-terminal domain is called the oligomerization domain (Schnarr et al, 1985; 1988). The SOS response is
activated upon proteolytic cleavage of the repressor into its two separate domains (Little, 1984) resulting
in a reduction in the specific affinity of LexA repressor for the operator (Bertrand-Burggraf et al, 1987,
Kim and Little, 1992). In addition to RecA-mediated cleavage in vivo, LexA cleavage has also been
demonstrated in vitro at physiological pH in the presence of RecA and two types of cofactor; ssDNA and
a nucleotide triphosphate such as dATP (Little et al, 1994), and at alkaline pH via a RecA independent
mechanism (Little, 1984). Cleavage of the E. coli LexA occurs at a specific peptide bond between Ala-84
and Gly-85, see figure 1.7 (Horii et al, 1981a). Further mechanistic studies have led to the identification
of two residues (Ser-119 and Lys-156) that are essential to the chemistry of cleavage (Slilaty and Little,
1987; Roland and Little, 1990). These residues and the flanking amino acids have been conserved in all
LexA proteins sequenced to date for example; Salmonella typhimurium, Erwinia carotovora,
Psuedomonas aeruginosa, Psuedomonas putida (Garriga et al, 1992), Providencia rettgeri, and
Aeromonas hydrophila (Riera and Barbe, 1993; 1995), Bacillus subtilis (Raymond-Denise and Guillen,
1991; 1992) and M. tuberculosis (Movahadzadeh et al, 1997a). Both the A prophage repressor and UmuD
(see section 1.6.5; Walker, 1995; Harmon et al, 1996; Peat et al, 1996; Rehrauer et al, 1996) are structurally
related to LexA and interact with RecA by a similar proteolytic mechanism leading to cleavage at a similar

bond.

Sequencing of the E. coli lexA gene (Horrii et al 1981a; 1981b; Markham et al, 1981) led to the
identification of an imperfect palindromic upstream of the transcription start site. The general consensus
TACTGT-(AT),~ACAGTA was also found upstream of most Gram-negative rec4 and all E. coli damage
inducible genes; the underlined bases were shown to be essential for LexA binding (Brent and Ptashne,
1981; Wertman and Mount, 1985; Ottleben et al, 1991; Schnarr et al, 1991; Umelo et al, 1996). The SOS
response in E. coli and B. subtilis are remarkably similar from both a phenotypic and regulatory standpoint
(Walker, 1984; Lovett et al, 1988; Sassanfar and Roberts, 1990; Wojciechowski et al, 1991; Raymond-
Denise and Guillen, 1991; 1992; Lovett et al, 1993; 1994). To elucidate the mechanisms of regulation in B.
subtilis Cheo et al (1991) cloned the promoter regions of several DNA damage inducible loci.

Comparison of the nucleotide sequences with the promoters of other genes associated with DNA repair
identified a different consensus sequence GAAC-N,-GTTC (termed a Cheo box) as the operator site and
deletion analysis confirmed the importance of this sequence in the regulation of DNA damage inducible
genes (Cheo et al, 1993). More recently, this motif has been identified in the rec4 promoter regions of
Leptospira biflexa (Stamm et al, 1995) and the Gram-positive bacteria: M. tuberculosis, M. leprae, M.
smegmatis, Staphylococcus aureus, Lactococcus lactis, Streptomyces lividans, Streptomyces ambofaciens,
Clostridium perfringens and Streptococcus pneumoniae. (Davis et al, 1991; 1994; Duwat et al, 1992; Bayles
et al, 1994; Nupbaumer and Wohlleben, 1994; Pearce et al, 1995; Aigle et al, 1997; Johnston et al, 1997;
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Papavinasasundaram ef al, 1997). Interestingly, no SOS-like or Cheo box motif has been identified in the
Gram-negative Helicobacter pylori (Thompson and Blaser, 1995) and a third consensus motif TTG-N, -
CAA has been identified upstream of the rec4 gene of three members of the Rhizobiaceae, namely:
Rhizobium etli, Rhizobium meliloti and Agrobacterium tumefaciens (Tapias et al, 1997). Furthermore the
sequence TTGT-N,;-ACAA has been shown to be essential for DNA-damage mediated induction of the

Rhodobacter capsulatas recA gene (Fernandez de Henestrosa et al, 1997).

Differential regulation of the SOS response enables the cell to utilise specific aspects of this inducible
network, for example nucleotide excision repair (specifically LPR), without committing to the fully-fledged
response. The extent to which a gene is expressed following induction of the SOS response is partially
dependent upon the degree to which the pools of LexA repressor have been decreased. Other important
factors affecting the degree of repression are operator strength, localisation of the operator relative to the
promoter and promoter strength (Schnarr ef al, 1991). Examples of genes that bind LexA weakly are uvrd,
uvrB, uvrC (a damage specific endonuclease in excision repair) and Jex4. These are de-repressed in response
to a weak inducing signal, whereas suld, umuC and umuD require a stronger inducing signal. The gene
product of sulA is an inhibitor of septation; expression leads to filamentation, which is a characteristic
physiological response to SOS induction in E. coli that can be fatal (Shinagawa, 1996). The gene products of
umuC and umuD have a role in trans-lesion synthesis, a highly mutagenic process that is de-repressed as a
“last-resort” (see below). Other factors critical to the degree of repression of the SOS response are the ability
of the LexA protein to dimerize, although it is not clear whether this is prior or subsequent to association
with the operator site (Thliveris and Mount, 1991; Kim and Little, 1992), and the number of operator sites
upstream of the damage inducible gene. The concentration range over which LexA will act as a repressor is
further reduced by the presence of multiple co-operative binding sites. For example, the E. coli lexA gene
has two operator sites and requires a smaller alteration in the concentration of LexA for de-repression than
recA, which has only a single operator site (Schnarr et al, 1991). Repression of lex4 by LexA has several
advantages; it allows differential regulation of the SOS response and ensures a rapid return to the repressed
state once the inducing signal is abolished (Brent, 1982). Furthermore, the weak affinity of LexA for its own
promoter compared to that of recA provides a buffering capacity by limiting the inducing signal.

The inducible response of prokaryotes to DNA damage has been studied extensively. It is apparent that most
bacteria possess an SOS regulatory network which has a significant number of factors in common with that
characterised for E. coli (Little and Mount, 1982; Walker, 1984). Examples include; Salmonella
typhimurium, Proteus mirabilis, Haemophilus influenzae, Caulobacter crescentus, Pseudomonas
aeruginosa, Aeromonas salmonicida, and Gram-positive bacteria Bacillus subtilis, Streptomyces
ambofaciens, Staphylococcus aureus, Streptococcus pyrogenes and Clostridium perfringens (Miller and
Kokjohn, 1990; Wojciechowski et al, 1991; Raymond-Denise and Guillen, 1992; Bayles et al, 1994; Tao et
al, 1995; Umelo et al, 1996; Aigle et al, 1997; Johnston et al, 1997). However, in Bacillus subtilis
filamentation is a rec4 independent phenomenon and induction of the SOS response is subject to additional
controls relating to the development of natural competence in this genus (Raymond-Denise and Guillen,

1992).
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1.6.5 SOS Mutagenesis

Bacteria such as E. coli are equipped with an array of DNA repair enzymes enabling them to deal with a
variety of lesions that may occur within the genome as a result of exposure to DNA damaging agents or
conditions that perturb DNA replication. However, a situation can arise whereby damage fails to be
processed by an error-free repair pathway and is instead processed by an error-prone pathway. This pathway
is called SOS mutagenesis and culminates in trans-lesion synthesis where replication passes through a lesion
in a continuous mode. This process is tightly regulated such that the “mutagenic” machinery is rapidly
disassembled, enduring long enough to permit continued DNA replication and survival but not to support

gratuitous mutagenesis (Walker, 1995; Woodgate and Levine, 1996).

The precise molecular mechanism of mutagenesis is unknown although the proteins involved have been
defined. Replication across the site of damage is achieved by the combined action of UmuD'C, RecA and
DNA polymerase III and results in the insertion of any base opposite the lesion (Rajagopalan et al, 1992).
The biochemical properties of the Umu proteins that permit trans-lesion synthesis are not known, but their
elaborate regulatory mechanisms have been extensively investigated. Regulation occurs at the transcriptional
level where the umu locus is very tightly repressed by LexA and consequently requires a large inducing
signal for its de-repression. Regulation also occurs at the post-translational level. UmuD, which is
structurally related to LexA, is functionally inactive until it undergoes RecA mediated cleavage to give
UmuD’ which can then combine with UmucC to catalyse trans-lesion synthesis (Walker, 1995; Frank e al,
1996; Peat et al, 1996, Woodgate and Levine, 1996). A further level of regulation is provided by the
preferential dimerization of UmuD’ with UmuD, which is inactive, over the dimerization of UmuD’ with
UmuD’, which is the species which interacts with UmuC (Battista et al, 1990; Jonczyk and Nowicka, 1996;
Woodgate and Levine, 1996).

1.7 RecA mediated responses in mycobacteria

Mycobacterial pathogens such as M. tuberculosis survive and replicate within macrophages, which are an
integral part of the host defence mechanism. This intracellular lifestyle constantly exposes them to hostile
agents such as hydrogen peroxide and reactive nitrogen intermediates. Consequently, there is great interest in
determining the response of mycobacteria to DNA damage and its relevance to pathogenesis. This interest

has increased since the identification by Davis et al (1991) of the M. tuberculosis recA gene.
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1.7.1 A novel post-translational modification for the M. tuberculosis RecA protein

RecA is ubiquitous among prokaryotes and is one of the most conserved proteins found in bacteria (Roca &
Cox, 1990; Miller & Kokjohn, 1990; Cox, 1993; Kowalczykowski et al, 1994; Karlin et al, 1995). The
structure of the M. tuberculosis recA gene is unusual in that it codes for a protein approximately twice the
length of that found in other bacteria. Davis ef al (1992) demonstrated that the 85kDa product of the M.
tuberculosis recA gene undergoes a novel post-translational modification to yield a 38kDa RecA protein and
a47kDa "intein" by elimination of the intervening sequence and joining of the N- and C- terminal domains,
see figure 1.8. At the time only one other reported example of this unusual mechanism of protein splicing
had been documented and was found in the Saccharomyces cerevisiae VMAI gene, a vacuolar pump
ATPase (Hirata et al, 1990; Kane et al, 1990). Further examples have since been discovered in the VMA1
gene of Candida tropicalis (Gu et al, 1993) and the DNA pol genes of Thermococcus litoralis (Perler et al,
1992; Hodges et al, 1992) and Pyrococcus sp. (Xu et al, 1993). Analysis of a further 14 species of
mycobacteria by Davis et al (1994) revealed that inteins were found only in the recA loci of the pathogenic
mycobacterium M. leprae and members of the M. tuberculosis complex. Given the rarity of such elements
among bacteria, their presence in different locations in the same gene of two related species is suggestive of
a positive selection for splicing in the maturation of RecA and raises questions on the possible implications
to pathogenicity and virulence (Davis ef al, 1994). Interestingly, an intein has recently been located in a
second mycobacterial gene: the gyrA gene of M. leprae, M. flavescens, M. gordonae, M. kansasii (Fsihi et
al, 1996) and M. xenopi (Telenti et al, 1997). It is perhaps noteworthy that the majority of these inteins
appear to be associated with genes that code for proteins involved in DNA metabolism. More recently,
fourteen genes in the Methonococcus jannaschii genome have been shown to contain 18 inteins. Within this
species the highest identity observed was 33% for a 380bp portion of two inteins, this suggests that the large

number of inteins are not a result of this genetic element moving within the genome (Bult ef al, 1996).

Sequence analysis of many of the inteins described above has shown them to be distinct from each other,
although they do share some common features; notably a conserved hexapeptide motif at the intein-C-extein
splice junction, which suggests that there is a common mechanism for excision (Xu e? al, 1993; Clarke,
1994; Colston & Davis, 1994). There is far less homology at the intein-N-extein splice junction. In addition
to the conserved motif at the intein-C-extein splice junction, a second pair of conserved motifs located within
the intein sequence has been identified. These motifs are characteristic of a group of endonucleases which
include the HO endonuclease of yeast (Nakagawa et al, 1992) and the homing endonucleases of group I
mobile RNA introns (Biniszkiewicz et al, 1994). These endonucleases mediate gene conversion by initiating
recombination at specific sites in the genome resulting in the insertion of their own coding sequence. The
invasion of an intron-less gene by an intron is called “homing”. Both homing and endonuclease activity has
been demonstrated for the intein in the S. cerevisiae VMAI gene and endonuclease activity has been
demonstrated in one of the two inteins in T. litoralis (Bremer et al, 1992; Gimble and Thorner, 1992).
However, the mycobacterial rec4 and gyr4 genes have not been shown to possess either homing or
endonuclease activity (Fsihi ez al, 1996). Apart from these conserved motifs, the inteins in the recA loci of

M. tuberculosis and M. leprae bear little or no homology to each other, but the evidence that they are
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removed by post-translational splicing is compelling. Of particular significance was the demonstration that
conservation of the amino acid sequence is essential for splicing whereas mutations that alter only nucleic
acid sequence have little effect. Furthermore, substantial deletions were shown to decrease the ability of
inteins to splice indicating that structural integrity was essential for removal from the precursor (Davis et al,

1992).

1.7.2 Homologous recombination in mycobacteria

Homologous recombination (HR) in mycobacteria was first demonstrated by Husson et a/ (1990) when they
achieved targeted allelic replacement in the M. smegmatis pyrF gene. The approach they adopted utilised a
‘suicide-vector’, which favours the selection of integration events. Since then a similar methodology has
been used by a number of other groups to achieve allelic exchange by homologous recombination in M.
smegmatis (Kalpana et al, 1991; Mustafa et al, 1995; Gordhan et al, 1996). An alternative approach was
developed by Pelicic ez al (1996). These authors used sacB (the B. subtilis gene encoding levansucrose,
which is lethal to mycobacteria in the presence of 10% sucrose) as a marker for the positive selection of gene
replacement events in the M. smegmatis pyrF gene. This technique provided a powerful tool for the genetic
characterisation of mycobacteria as well as a starting point for the development of a method promoting

homologous recombination in M. tuberculosis (see below).

Kalpana et al (1991) utilised the suicide vector approach to attempt allelic exchange in the M. tuberculosis
met gene. However, Southern blot analysis of transformants demonstrated that the endogenous met gene was
intact and that the vector had randomly integrated into the chromosome. Illegitimate recombination (IR) was
also the predominant event in M. bovis BCG transformed with linearised DNA fragments carrying an
inactivated copy of the ura4 gene (Aldovini et al, 1993). Despite the high frequency of IR these authors did
demonstrate a low rate of allelic exchange at homologous loci. The factor distinguishing this study from that
of Kalpana et al (1991) was the utilisation of mycobacteria propagated under conditions to maximise the
percentage of cells undergoing DNA synthesis. Interestingly, the recalcitrance of slow-growers to undergo
HR is not universal. Marklund et al (1995) successfully demonstrated allelic exchange in M. intracellulare

using the suicide vector approach.

To achieve homologous recombination in the pathogenic mycobacteria a new approach had to be
considered. Norman et al (1995) suggested that the lack of detectable homologous recombination events in
the M. tuberculosis complex could be due to the severe limitation imposed upon recombination when non-
replicating DNA is used. They demonstrated successful homologous recombination and gene replacement in
M. bovis BCG using a replicating plasmid although, due to the deleterious effect instigated by interruption of
the target gene, they were unable to propagate transformants successfully. Baulard ez al (1996) adopted a
similar approach to dissociate recombination events from transformation efficiencies by the use of a
replicative plasmid and Reyrat et al (1995) demonstrated that the isolation of HR events is greatly facilitated
by the availability of a phenotypic marker for identification of mutants. They successfully targeted the M.
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bovis BCG urease gene ureC, this gene was chosen mainly because simple techniques for the rapid isolation
of urease-negative colonies are universally available.

On the basis of the successes and failures of previous attempts to demonstrate HR in the M. tuberculosis
complex Balasubramanian et al (1996) concluded that the use of long linear DNA fragments as donors
would increase the probability of detecting homologous recombination events. Transformation of M.
tuberculosis with long linear DNA fragments containing an inactivated copy of the leucine biosynthetic gene
leuD resulted in a relatively high recovery of integrants. Watt et al (1996) have since demonstrated, in £.
coli, that the probability of an HR event is proportional to the length of homologous DNA taking part in the
exchange. Another successful method for achieving allelic exchange in M. tuberculosis has recently been
reported by Pelicic et al (1997). These authors have adapted the technique they developed to successfully
achieve allelic exchange by homologous recombination in the M. smegmatis pyrF gene (Pelicic et al, 1996)
to M. tuberculosis. Using sacB (discussed above) and a thermosensitive mycobacterial origin of replication
(derived from PAL5000) efficient allelic exchange in the purC gene of M. tuberculosis has been

demonstrated.

Over the past decade, tuberculosis has been one of the most intensively researched infectious diseases due to
its resurgence coinciding with that of the AIDS epidemic. Consequently, the ability to achieve a high
frequency of homologous recombination would facilitate the understanding of pathogenesis and permit the

construction of defined mutants of M. tuberculosis.

1.8 Aims

1.8.1 Background to the project

At the onset of this project homologous recombination had been demonstrated in M. smegmatis but not in
any member of the M. tuberculosis complex. Recombination systems in mycobacteria were thought to be
broadly similar to those in E. coli on the basis of the limited data available. But why were slow growers so
recalcitrant to HR? The presence of an intein in the rec4 gene of members of the M. tuberculosis complex
and M. leprae is provocative. It is suggestive of a positive selection for splicing in the maturation of RecA —
perhaps as a mechanism of regulation — and may have implications with respect to pathogenicity and

virulence.

Some mycobacteria are intracellular pathogens that reside within macrophages. It is likely that they will be
exposed to many of the mechanisms involved in macrophage killing and consequently, to DNA damaging
agents such as hydrogen peroxide and nitric oxide. The importance of the rec4 genotype to microbial
survival and virulence has already been established in other bacterial species. Carlsson and Carpenter (1980)
demonstrated that resistance to hydrogen peroxide in E. coli correlates with the rec4 genotype while SOS

induction in Erwinia carotovora increases virulence (McEvoy et al, 1990). More recently, Buchmesier ef al
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(1995) have shown that the ability to repair DNA damage in Salmonella typhimurium is more important to
microbial survival than the catalase genotype. Although the thick, lipid-rich mycobacterial cell wall provides
a formidable first line of protection, it is conceivable that an analogous requirement for DNA repair is an

important survival mechanism of the pathogenic mycobacteria.

1.8.2 Specific aims of the project

a) To investigate whether the splicing of the RecA precursor protein of M. tuberculosis is conditionally
regulated.

b) If splicing is regulated, to determine the effect of regulation on RecA activity.

c) To compare basal levels of RecA and LexA in different species of mycobacteria with particular
emphasis on members of the M. tuberculosis complex.

d) To investigate the kinetics of LexA cleavage and RecA induction following exposure to DNA

damaging agents and to investigate the basis for any difference.
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2.2 Production and purification of recombinant M. tuberculosis RecA protein

2.2.1 Over expression of M. tuberculosis recA by heat induction of E. coli pEJ169
{TG2(pGP1-2)}

All cultures of E. coli pEJ169{TG2(pGP1-2)} were grown at 32°C in L-broth (appendix I) containing
kanamycin, ampicillin and methicillin each at a final concentration of 50pg/ml. Ten aliquots of 200ml L-
broth plus antibiotics were inoculated at 1/20 with an overnight culture of E. coli pEJ169 {TG2(pGP1-2)}
and returned to the same 32°C incubator for 3 hours. Fresh L-broth was heated to 62°C and 100ml added to
each 200ml volume of culture. After incubation in a static water bath at 42°C for 40 minutes, cultures were

returned to an incubator at 37°C for 3 hours. The bacteria were harvested by centrifugation at 5,000rpm in a

Sorvall GSA rotor for 15 minutes.

2.2.2 Production of a crude preparation of recombinant M. tuberculosis RecA protein by

differential precipitation

The bacterial pellet was washed in R-buffer (0-1M Tris, 1mM dithiothrietol, 0-1lmM EDTA, 10% glycerol)
then resuspended in a 35ml volume of this buffer. After sonication (Dawe Instruments Ltd., Type 7532A) at
100 watts for 3 x 30seconds the suspension was centrifuged (13,000rpm in a Sorvall SS34 rotor for 35
minutes) and the supernatant retained. Polyethylenimine was added to a final concentration of 0-05% and the
sample left on ice for 40 minutes. The precipitate was harvested by centrifugation (9,000rpm in a Sorvall
SS34 rotor for 15 minutes), resuspended in 12ml R-buffer then (NH,),SO, added (150mM final
concentration) and the sample incubated on ice for 45 minutes. After centrifugation (9,000rpm in a Sorvall
SS34 rotor for 15 minutes) the supernatant was retained, the precipitate resuspended in 4ml R-buffer and the
(NH,),SO, precipitation repeated. After centrifugation (9,000rpm in a Sorvall SS34 rotor for 10 minutes) the
supernatants were combined and incubated with 20%w/v (NH,),SO, over night at 4°C. Precipitated protein

was harvested by centrifugation (13,000rpm in a Sorvall SS34 rotor for 30 minutes) and resuspended in a
minimum volume of R-buffer.

2.2.3 Purification of a crude preparation of recombinant M. tuberculosis RecA protein by

SDS-polyacrylamide gel electrophoresis

The protein preparation was denatured in sample buffer at 90°C for 2—-3 minutes (4x sample buffer: 30%
glycerol, 0-35M SDS, 0-6M dithiothrietol, 0-012% w/v bromophenol blue). After loading onto a 10%
denaturing SDS-polyacrylamide gel (appendix III) it was run to completion either overnight at 15V or for 6
hours at 40mA. The RecA protein band was localised by reversible copper staining (Lee et al, 1987), the
relevant band excised and the gel slice immersed in destain (0-25M EDTA, 0-25M Tris-Cl) for 15 minutes.

This latter procedure was repeated a further 5 times before transfer of the excised gel to dialysis tubing
(visking size 2-18/32", Medicell International Ltd., London) containing elution buffer (20mM Tris, 150mM
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glycine and 0-01% SDS). Following electroelution overnight at 15V the sample was concentrated to a
volume of 200-500u1 using a Centricon-10 concentrator (Amicon) according to the manufacturer’s
instructions. Elution buffer was replaced with phosphate buffered saline (PBS: 1-9mM NaH,PO4, 8-1mM
Na,HPO,, 154mM NaCl, pH 7-4) by buffer exchange during concentration.

2.3 Production of polyclonal antisera raised against recombinant M. tuberculosis

RecA protein

Purified recombinant M. tuberculosis RecA protein (3mg) was emulsified with an equal volume of
incomplete Freud’s adjuvant. Each of three rabbits received approximately 1mg total protein subcutaneously
into six sites (contracted to Harlan). Two further immunisations were administered at 21 and 42 days and the
progress of antibody levels in a test bleed determined using a standard ELISA technique (Current Protocols
in Immunology: Unit 2.1, basic protocol). Exsanguination followed 7 days after a booster immunisation of

200ug/rabbit of purified RecA protein in aqueous solution. Serum was obtained from whole blood and
stored at -20°C until required.

2.4 Preparation of an affinity chromatography column and purification of polyclonal

antisera raised against recombinant M. tuberculosis RecA protein

2.4.1 Production of M. leprae RecA precursor protein

Four 750ml volumes of Terrific broth (appendix I) containing 50pg/ml ampicillin were inoculated 1/60 with
an overnight culture of E. coli harbouring plasmid pK233. After 3 hours at 37°C, cultures were induced with
1mM isopropyl-B-D-thiogalactopyranoside (IPTG) and returned to the incubator overnight. Bacteria were
harvested by centrifugation (5,000rpm in a Sorvall GSA rotor for 15 minutes) and washed in PBS-Tween
(1-.9mM NaH,PO,, 8-1mM Na,HPO,, 154mM NaCl, 0-2% Tween-80, pH 7-4). The bacteria were
resuspended in 30ml sonication buffer (SOmM Tris-Cl at pH8.5, 7mM 2-mercaptoethanol, 1mM Pefabloc —
a serine protease inhibitor) and cell membranes disrupted by sonication at 100 watts for 3 x 30seconds
(Dawe Instruments Ltd., Type 7532A). Following centrifugation (13,000rpm in a Sorvall SS34 rotor for 35
minutes) the pellet was retained and RecA precursor protein dissolved by continual agitation in 4ml buffer
(6M guanidium-HCl, 50mM Tris-Cl at pH8.5, 7mM 2-mercaptoethanol, 1mM Pefabloc). After
centrifugation (15,000 rpm in a Sorvall SS34 rotor for 10 minutes) the supernatant was retained and stored at
-20°C until required.
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2.4.2 Determination of the number of reduced sulfhydryl groups in M. leprae RecA

precursor protein

The number of reduced sulfhydryl groups present in M. leprae RecA precursor protein was estimated using
an adaptation of the method described by Ellman (1959). A solution of 10mM di-thionitrobenzidene
(DTNB) in 6M guanidium-HCI (pH7.2) was prepared immediately prior to use. A 600pl volume of 6M
guanidium-HCl (pH7.2) was placed in a 1ml cuvette and used to zero a spectrophotometer at OD, ;...
Following the addition of 100ul of DTNB solution the increase in OD,,,,,, was noted. To this cuvette 40ul of
M. leprae RecA precursor protein in 6M guanidium-HC] (section 2.4.1) was added and the OD,,,,,,

monitored for 10 minutes. A rapid increase in OD,,,, is characteristic of the presence of reduced sulfhydryl
groups in the protein.

2.4.3 Coupling of the M. leprae RecA precursor protein to CNBr-activated Sepharose 4B

A 5ml volume of M. leprae RecA precursor protein in 6M guanidium-HCl (section 2.4.1) was precipitated
with 1/9 volume of trichloro-acetic acid. The precipitate was harvested by centrifugation (2,500rpm in a
Sorvall HS4 rotor for 10 minutes), washed in coupling buffer (0-1M NaHCO,, 0-5M NaCl, pH8-3) and
centrifuged as before. The pellet was dissolved in 1ml di-methyl sulphoxide (DMSO) and the volume
increased to S5ml with coupling buffer. The protein content was determined using the BCA micro-titre plate
assay (Pierce) according to the manufacturer’s instructions.

The coupling procedure used for CNBr-activated Sepharose 4B and M. leprae RecA precursor protein is
based upon the method described by Pharmacia (1986/8). CNBr-activated Sepharose 4B (0-75g) was washed
and re-swollen with 1mM HCI (200ml/g), allowed to settle under gravity and the majority of HCI removed.

The gel suspension was mixed with 10mg M. leprae RecA precursor protein (section 2.4.1) in 20ml coupling
buffer and left on a rotary mixer overnight at 4°C. The coupling buffer was removed under gravity and all
remaining active sites blocked by incubation of the gel suspension with blocking buffer (20ml; 1M
ethanolamine, pH8:0) for 2 hours at room temperature. Approximately 2-5ml of the gel suspension was
transferred to a disposable chromatography column and excess adsorbed protein removed by washing
alternately with 10ml acetate buffer (0-1M CH,CO,Na, 0-5M NaCl, pH4-0) then 10ml coupling buffer.
These washing stages were repeated once more before removal of excess blocking buffer by washing twice
with coupling buffer (10ml per wash). The column was stored at 4°C with 0-1% sodium azide in PBS until

required.

2.4.4 Purification of polyclonal antisera raised against M. tuberculosis RecA protein by

affinity chromatography

Polyclonal antisera raised against M. tuberculosis RecA protein was purified by a modification of the
method described by Hudson and Hay (1976). The prepared column was washed with 20ml PBS then 5ml of
polyclonal antisera applied slowly at 0-5Sml/ minute. Unbound antisera was removed by passing PBS

through the column until the percentage absorbance of the eluate at 260/280nm was <1-0. The antigen-
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antibody complex was dissociated by applying 0-1M glycine-HCl (pH2:5) slowly to the column at 0-5ml /
minute. The eluate from this stage was collected and titrated to pH8-5 with 1M Tris base to prevent protein
denaturation. When the percentage absorbance of the eluate at 260/280nm was <1.-0 the dissociation
conditions were altered to maximise the removal of the bound antibody by the addition of 10% dioxane to
the dissociation buffer (Anderson et al, 1979). Collection and titration of the eluate to pH8:5 with 1M Tris
base continued until the absorbance at 260/280nm was <1:-0. The pH adjusted eluate was concentrated to
1-5-2-5ml using a centricon-10 concentrator (Amicon) according to the manufacturer’s instructions and
stored in 100pl aliquots at -20°C until required.

2.5 Production of mycobacterial cell-free extracts

Mycobacterial cultures were grown to the required optical density (ODgq,,,,) and checked for contamination
by the Ziehl Neelsen or Kinyoun staining protocol (Silverton and Anderson, 1961). Bacteria were harvested

by centrifugation (10,000rpm in a Sorvall GSA rotor for 10 minutes) and washed with PBS-Tween (1-9mM
NaH,PO,, 8-1mM Na,HPO,, 154mM NaCl, 0-05% Tween-80, pH 7-4). The cell pellet was resuspended in

100-500pl of PBS with Pefabloc (a serine protease inhibitor) and a half volume of glass beads (0-1mm), the
cell membranes were then disrupted using a bead beater (2x30 seconds at 4,000 rpm, Biospec Products).
Cell-free extracts were harvested by centrifugation (13,000rpm in a microfuge for 5 minutes) and their
protein content estimated using the BCA micro-titre plate assay (Pierce) according to the manufacturer’s

instructions.

2.6 Western Blotting

Cell-free extracts were denatured by boiling with sample buffer (4x sample buffer; 30% glycerol, 0-35M

SDS, 0-6M dithiothrietol, 0-012% w/v bromophenol blue) and proteins separated on a denaturing SDS-
polyacrylamide gel (appendix III). Following incubation for 15 minutes in transfer buffer (25mM Tris,
194mM glycine and 15% methanol) the gel was laid on three sheets of 3MM filter paper pre-cut to the size
of the gel. The uncovered side of the gel was overlaid with pre-cut poly-vinylidene-di-fluoride membrane
(PVDF Immobilon-P, Millipore) and three further sheets of 3MM filter paper. Proteins were transferred
using a standard Western blot protocol (Current Protocols in Immunology: Unit 8.10, Protein blotting with
tank transfer systems). Membranes were blocked overnight at 4°C (or at room temperature for 3 hours) in
blocking buffer (10% milk powder in TBS: 20mM Tris-Cl, 0-5M NaCl and pH7.-5), then incubated for 2

hours at room temperature with polyclonal antisera diluted 1:250-1:500 in 3% blocking buffer. This step
can be extended by overnight incubation at 4°C. Following 3 washes, each of 10 minutes duration, in TBS-
Tween (TBS with 0.5% Tween-20) the membrane was incubated for 1 hour with an appropriate conjugate at
1:1000 in 3% blocking buffer. The choice of conjugate was dictated by the source of the primary antibody,
i.e. peroxidase conjugated swine immunoglobulins to rabbit immunoglobulins or peroxidase conjugated
affinity-isolated goat immunoglobulins to mouse immunoglobulins (Dako). After 5 washes in TBS-Tween
and a final wash in TBS, membranes were developed using a freshly prepared colorimetric visualisation
solution. This solution was prepared by dissolving 4mg/ml di-aminobenzidene (DAB), 8mg/ml NiCl, and
1-5u1 30%v/v H,0,, in 10ml of 0-15M citrate-phosphate buffer (0-1M citric acid, 0-2M Na,HPO, titrated to

pHS5-0). Blots were agitated for 1-5 minutes at room temperature, washed extensively in distilled water and
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air-dried.

2.7 Induction of DNA damage in mycobacteria

2.7.1 Exposure to ofloxacin and mitomycin C

The DNA-damaging agents used in this study were:

i) A 1mg/ml solution of mitomycin C (Sigma) dissolved in sterile distilled water and used at a final
concentration of 2-5ug/ml and,

if) a 1mg/ml solution of ofloxacin (Sigma) dissolved in sterile 10% ethanol and used at a final
concentration of 1pg/ml.

All solutions were prepared immediately prior to use and kept on ice. Mycobacterial cultures grown as
described in section 2.1 to the ODgy,., specified for each investigation. Following treatment with a DNA
damaging agent 50 — 100ml aliquots were removed at designated time intervals and cell-free extracts
prepared (section 2.5).

2.7.2 Ultra-violet irradiation of mycobacterial cultures

Mycobacterial cultures were grown as described (section 2.1) to an ODg,., 0of 0-6 for M. smegmatis and
M. tuberculosis and 0-35 for M. microti. Bacteria were harvested by centrifugation (2,500 rpm in a
Sorvall GSA rotor for 10 minutes) and resuspended in sterile 10mM MgSO,. In a darkened room 1ml
aliquots in a sterile Petri dish (total area 9-6cm?) were exposed to ultra-violet irradiation (254nm,
0-094Jm™*s™', Jencons) for 0-15 minutes. After a 10>~107-fold dilution in sterile 10mM MgSO, 100ul
volumes were spread on 7H11 agar (appendix I). Plates were foil wrapped to exclude light and incubated
at 37°C for: M. smegmatis 3—4 days, M. tuberculosis 10-15 days and M. microti 5-6 weeks. After this

time the number of visible colony forming units (CFUs) was determined for each UV dose.
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2.7.3 Determination of the minimum inhibitory concentration (MIC)

Stock solutions of ofloxacin (100pug/ml) and mitomycin C (100ug/ml) were prepared using the
appropriate solvent (section 2.7.1). Doubling dilutions of ofloxacin (0.04-10ug/ml) or mitomycin C
(0.00315-50ug/ml) were made in Sterilins containing 10 ml of sterile media. All tubes were infected with
approximately 10° colony-forming units (CFUs) of M. tuberculosis, M microti or M. smegmatis and

incubated at 37°C for 10 days, 5 days or 24 hours respectively. The turbidity of each aliquot was visually
assessed by comparison with a control culture grown in the absence of DNA damaging agent using the
following scale; (-) no growth, (+) poor growth, (++) reasonable growth or (+++) excellent growth.

2.8 Isolation of mycobacterial nucleic acids

Mycobacteria grown to mid/late log phase (appendix II) were harvested by centrifugation (10,000rpm in a
Sorvall GSA rotor for 10 minutes) and washed in 15 — 30ml SET buffer (0-3M sucrose, 10mM EDTA,
50mM Tris-Cl, pH8.0). After centrifugation (10,000rpm in a Sorvall GSA rotor for 10 minutes) the pellet

was resuspended in SET (1ml for 0-5g-wet weight cells, 2ml for 0.5 — 1g) containing 2mg/ml each of lipase
and lysozyme, and then incubated at 37°C for 1hour. Four volumes of GSE buffer (6M guanidium chloride,
1% sarkosyl, 20mM EDTA) were added and incubation continued for a further 2 hours. After a single
chloroform extraction, DNA was precipitated overnight at -20°C with 2.5 volumes of absolute ethanol.
Following centrifugation (10,000rpm in a Sorvall SS34 rotor for 30 minutes) the precipitate was

resuspended in 400pl TE (25mM Tris, 10mM EDTA, pH 8-0) containing 2000U RNAse, 20ul proteinase K
(10mg/ml) and 0-5% SDS, then left at 37°C until dissolved. Following a single phenol/chloroform extraction

the suspension was ethanol precipitated overnight at -20°C and the resultant precipitate dissolved in a

minimum volume of TE.

2.9 Cloning

2.9.1 Small scale plasmid preparations

Minipreps were prepared by the boiling method (Holmes and Quigley, 1981) or using a QIAGEN miniprep
kit according to the manufacturer’s instructions.

2.9.2 Restriction enzyme digestion and alkaline phosphatase treatment

Restriction enzyme digestion of DNA was carried out using a ten-fold excess of the enzyme, in the buffer
specified by the manufacturer (New England Biolabs), for 2—3 hours at 37°C. Vector DNA for subcloning
was then incubated for 30 minutes with alkaline phosphatase (Boehringer Mannheim) to remove terminal

phosphate groups thereby preventing vector re-ligation in the absence of an insert (Sambrook et al, 1989).

56



2.9.3 Agarose gel electrophoresis

Electrophoresis in agarose gels was used to separate, identify and purify DNA fragments according to the
methods described in Sambrook ef al (1989). Various concentrations of agarose were used depending on the
size of the DNA fragments to be resolved; gel thickness was 4 — 8mm. Ethidium bromide was included in

the gel at a final concentration of 0-5pg/ml to visualise DNA fragments. Prior to electrophoresis 1/5 volume
of loading buffer (0.25% Bromophenol blue, 0.25% xylene cyanol FF, 30% v/v glycerol) was added to each
sample. Electrophoresis was carried out in a Tris-acetate buffer system (TAE 1x solution: 40mM Tris-

acetate, ImM EDTA at pH7-7) at 80 — 100V. Resolved DNA fragments were visualised on an ultraviolet

transilluminator (300nm), photographed using a Foto/Analyst camera (Fotodyne) and printed from a
videocopy processor (Mitsubishi).

2.9.4 Purification of DNA fragments by elution from an agarose gel slice

DNA was extracted from an excised agarose gel slice using either the glass milk binding method (BIO
101 Geneclean II kit) or Centriprep-10 columns (Amicon) according to the manufacturer’s instructions.

2.9.5 Ligations

Ligations were carried out using a Rapid DNA ligation kit (Boehringer Mannheim) according to the
manufacturer’s instructions. Reactions were set up in a total volume of 21l containing 50—100ng of vector

DNA, 100-200ng of insert DNA, 10pl ligation buffer (2x), 5U of T4 DNA ligase and DNA dilution buffer

to the required volume.

2.9.6 Transformation of Escherichia coli

Competent E. coli cells were prepared using an adaptation of the method described by Cohen et al. (1972).
A single colony of E. coli (maintained on minimal media for strains carrying an F’) was inoculated into 5mi
of L-broth (appendix I) and grown overnight at 37°C. Bacteria were subcultured at 1/100 into 50ml warm L-
broth and incubated in a rotary shaker (250rpm) at 37°C. At an OD¢gp, 0f 0.3-0.4 cells were chilled on ice
for 10 minutes prior to harvesting by centrifugation (2,500rpm in a Sorvall HS4 rotor for 10 minutes at 4°C).
Bacteria were resuspended in 20ml ice cold 0-1M CaCl, and incubated on ice for 25 minutes. Following a
final centrifugation (2,500rpm in a Sorvall HS4 rotor for 10 minutes at 4°C) cells were gently resuspended in
2ml chilled 0-1M CaCl, and left on ice until required. Between 10 — 100ng of DNA was added to a 100ul

aliquot of competent cells, left on ice for 30 minutes then heat shocked at 42°C for 90 seconds. The volume
was increased to 1ml with L-broth containing glucose at a final concentration of 10mM and the bacteria

incubated at 37°C for 1 hour. After a 20-second pulse in a microfuge 900p1 of media was decanted, the

bacteria resuspended in the remaining L-broth then plated on selective media.
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When using pUC19 or pBluescriptll KS as the cloning vector with E. coli host DHSq, plates contained
50pg/ml ampicillin and methicillin, 0-2M isopropyl-p-D-thiogalactopyranoside (IPTG) and 40p.g/ml 4-
bromo-3-chloro-2-indolyl-beta-galactosidase (X-gal). This combination permits blue-white screening:
colonies with recombinant plasmids are white and parental vector transformants blue. For other vectors
selection was based on resistance to 50L.g/ml ampicillin and methicillin or 25 — 50ug/ml kanamycin and the
presence of recombinant plasmids confirmed by restriction enzyme digests of isolated plasmid DNA.

2.9.7 Transformation of mycobacteria by electroporation

An overmnight culture of M. smegmatis mc*155 grown as described in section 2.1 was used to inoculate

Dubos media (appendix I) at 1/250. After incubation at 37°C for 18hr (ODjy,,,, of 1.0) the culture was left on
ice for 1 hour prior to harvesting by centrifugation (10,000rpm in a Sorvall GSA rotor for 10 minutes). Cells
were resuspended in 10% glycerol at 1/3 of the culture volume, incubated on ice for 30 minutes, centrifuged
(10,000rpm in a Sorvall GSA rotor for 10 minutes) then resuspended in 10% glycerol at 1/10 of the original

culture volume. The cells were left on ice for at least 2hours prior to electroporation. Approximately 1pug of
DNA and 400p1 competent mycobacteria were added to a precooled 0-2cm cuvette and subject to electro-
transformation (25pF, 2.5kV, 1000Q2). The reaction volume was increased to 5ml with prewarmed Dubos
media, incubated at 37°C for 3 hrs and 100u] aliquots plated out on 7H11 agar containing the appropriate

antibiotic.

2.10 Southern hybridisation

2.10.1 Probe labelling

DNA was labelled by random primer extension with an ECL DNA labelling kit (Amersham) following the
instructions provided by the manufacturer.

2.10.2 DNA transfer and hybridisation

Southern hybridisation was performed using an adaptation of the method described by Sambrook et al
(1989). DNA was separated by overnight electrophoresis through an agarose gel at 25V. After denaturation
in an alkali buffer (0-5M NaOH and 1-5M NaCl) for 40 minutes the gel was incubated fér 2 x 30 minutes in
neutralisation buffer (0-5M Tris-Cl, 1-.5M NaCl at pH7-5). DNA was transferred to Hybond N+ membrane
(Amersham) by overnight capillary elution in 20 x SSC (3M NaCl, 0-3M tri-sodium citrate and pH7-7)
according to the manufacturer’s instructions. Membranes were fixed by a 1 minute exposure to UV light
(254nm) then pre-hybridised at 60°C for 1 — 4 hours in hybridisation mix (5 x SSC, 0-5% Amersham
blocking reagent, 0-1% SDS, 5% dextran sulphate, 100mg/ml herring sperm DNA). After addition of a
labelled probe, hybridisation proceeded overnight at 60°C. Filters were washed twice (2 x SSC, 0-1% SDS)

at 60°C for a duration of 30 minutes. ECL development of filters was carried out according to the
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manufacturer’s instructions (Amersham).

2.11 Induction of RecA-CAT fusions in M. smegmatis mc*155

Transformants of M. smegmatis mc?155 harbouring one of the following plasmids pEJ257, pFM7, pFM17,
pNT2 or pNT12 were grown with constant agitation in Lemco broth (appendix I) containing 25pg/ml

kanamycin for 36 hrs at 37°C. This culture was used at 1/500 to inoculate warm Dubos media (appendix I)
containing 25ug/ml kanamycin which was then returned to the 37°C incubator for approximately 24 hours.

When the ODgy,,, had reached 0-6-0-7 each culture was split and half used as an uninduced control, the
other half was treated with a DNA damage-inducing agent as described in section 2.7.1. All cultures were
returned to the incubator for S hours after which time cell-free extracts were produced according to the
protocol given in section 2.5, omitting the Pefabloc in this instance. Protein estimations were made using the
BCA micro-titre plate protocol (Pierce) according to the manufacturer’s instructions. Levels of CAT
expression were determined using a CAT-ELISA enzyme immuno-assay kit (Boehringer-Mannheim)

according to the manufacturer’s instructions.

2.12 Sequencing

Sequencing samples were prepared using an ABI Prism™ Dye terminator Cycle Sequencing Ready
Reaction Kit (Perkin Elmer) according to the manufacturer’s instructions. After PCR and ethanol
precipitation, both according to the manufacturer’s instruction, pellets were resuspended in 5pl loading
buffer (a ratio of 5:1 deionized formamide to 25mM EDTA with 50mg/ml Blue dextran) and applied to a
prepared ABI Prism 377 acrylamide gel. Sequence traces were analysed using ABI Prism™ DNA
sequencing software (version 2.1.1) and a consensus sequence compiled using DNA STAR Seqman.
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2.13 Gel Shift Assay

2.13.1 Precipitation of oligonucleotides

Oligonucleotides were supplied ready to use in distilled water (OSWELS) or in ammonia solution (In-house
synthesis, NIMR) which required precipitation prior to use. A 360l volume of crude oligonucleotide was
precipitated overnight at -20°C using 40l 3M sodium acetate and 800p1 100% ethanol. After centrifugation

in a microfuge for 15 minutes the pellet was washed in 80% ethanol, air-dried and resuspended in 105pl
sterile distilled water. The DNA concentration of a 1/100 dilution was determined by measuring the ratio of
optical density at 260/280nm and applying the following formulae:

(OD 40250 X dilution) / e of oligonucleotide = concentration (Lmole/ml)

Where e (extinction coefficient) for each base is:
dGTP = 11-7ml/umole

dCTP = 7-3ml/pmole

dATP = 15-4ml/umole

dTTP = 8-8ml/umole

2.13.2 Gel shift assay

Gel shift assays were carried out using a DIG Gel shift kit (Boehringer-Mannheim). Complementary, single-
stranded oligonucleotides were annealed by denaturing together at 95°C for 10 minutes then slowly cooling

to room temperature. Double-stranded oligonucleotides were diluted to 3 — 4pmole/pl with TEN buffer
(10mM Tris-HCl, 1mM EDTA, 0-1M NaCl and pH8-0) and labelled with digoxigenin-11-ddUTP according
to the manufacturer’s instructions. The labelled oligonucleotide was diluted to 15 — 30fmole/pl in TEN

buffer immediately prior to use and the gel shift reaction set up according to the manufacturer’s instructions.

After incubation at room temperature for 15 minutes, the samples were immediately applied to a pre-
electrophoresed native 6 — 8% polyacrylamide gel (14 x 12cm, appendix III). Electrophoresis (180V at 4°C)
in 0-5 x TBE buffer (1M Tris base, 1M Boric acid, 0-05M EDTA and pH8-0) was terminated when
Bromophenol blue loaded in a separate track had travelled 3/4 of the gel length.

Transfer of DNA to a positively charged BM nylon membrane (Boehringer-Mannheim), pre-soaked in 0-25
x TBE, was carried out at 4°C using a semi-dry electroblotter (Ancos) at 400mA for 1 hour. The membrane

was soaked in 10 x SSC for 30 seconds and cross-linked for 3 minutes at 254nm on a transilluminator.
Chemiluminescent detection was performed according to the manufacturer’s instructions. The membrane
was then exposed to X-ray film (Hyper film-MP, Amersham) for 30 — 60 minutes at room temperature.
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3.0 PRODUCTION AND PURIFICATION OF POLYCLONAL ANTISERA RAISED

AGAINST M. TUBERCULOSIS RECA

3.1 Introduction

The RecA protein of E. coli has both a regulatory and mechanistic role. It is a key component of general
homologous recombination and plays a central role in post-replication repair, mutagenesis and expression
of the proteins involved in the SOS response (Roca and Cox, 1990; Miller and Kokjohn, 1990; Cox,
1993; Kowalczykowski et al, 1994). Analogous recA genes have been isolated from more than sixty
prokaryotic species (Karlin et al, 1995). A striking degree of similarity exists between them although it
appears that their mode of regulation may vary (Brent and Ptashne, 1981; Cheo ef al, 1991; 1993; Davis e¢
al, 1991; 1994; Duwat et al, 1992; Bayles et al, 1994; NuPBbaumer and Wohlleben, 1994; Pearce et al, 1995;
Stamm et al, 1995; Aigle et al, 1997, Johnston et al, 1997; Papavinasasundaram et al, 1997; Tapias et al,
1997, Fernandez de Henestrosa ef al, 1997). The importance of the recA genotype to microbial survival
and its role in virulence has already been demonstrated in prokaryotes such as E. coli, Erwinia
carotovora and Salmonella typhimurium (Carlsson and Carpenter, 1980; McEvoy et al, 1990; Buchmeier
et al, 1995). It is envisaged that an analogous requirement for DNA repair may also be important for the
survival of pathogenic mycobacteria within the intracellular environment. As a consequence there is great
interest in characterising the response of mycobacteria to DNA damage as well as determining its impact
on pathogenicity. The identification of a recA-like gene in M. tuberculosis (Davis et al, 1991) provided

the ideal opportunity to assess the consequences of genetic insult in this genus.

To enable the specific aims of this project to be fulfilled a rapid, sensitive method for examining the
consequences of genetic insult on rec4 expression was required. Expression of this gene can be assessed
indirectly using an operon fusion to the putative promoter region (Kenyon and Walker, 1980) or directly,
by determining the fate of the gene product using a standard Western blotting procedure. The work in this
chapter describes the development and optimisation of an assay to determine the effect of genetic insult
on RecA protein levels by Western blot. The basic principle behind this method is the exploitation of the
specificity inherent in antigen-antibody recognition. A pre-requisite for this technique is an antibody
raised against RecA protein. To understand why an antibody raised against M. tuberculosis RecA was

preferred over its E. coli counterpart a brief explanation of some basic immunological terms is required.

All antibodies have a common core structure of four polypeptide chains comprising of two identical light
chains (each about 24kDa) and two identical heavy chains (55 — 70kDa). One light chain is attached to
each heavy chain and the two heavy chains are attached to each other. The antigen-binding site is located
at the N-terminal of this structure. There are three separate genetic loci encoding these polypeptide
chains, the heavy chain locus and those for the x and A light chains. This engenders a remarkable

capacity for structural diversity and accounts for the extraordinary specificity of antibodies, because each
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amino acid difference may produce a difference in antigen binding. Each antibody is potentially
multivalent since it possesses two antigen-binding sites (Abbas et al, 1994). The strength of a single
antigen-antibody interaction is defined as its affinity. Measurements of affinity relate to equilibrium
conditions and indicate the tendency of antibodies to form stable complexes with the antigen. The
strength with which an antibody binds antigen is termed avidity (Roitt et al, 1993). The avidity of an
antibody for antigen is dependent on the affinities of the individual binding sites for the antigenic
determinants; it is greater than the sum of these affinities if both antigen-binding sites combine with the
antigen. In addition, antigen-antibody reactions show a high level of specificity. The specificity of an
antiserum is a summation of the interactions of the various antibodies in the population, each reacting
with a different antigenic determinant. When a different antigen shares some of the determinants of the

original antigen then a proportion of the antibodies will cross-react (Roitt et al, 1993).

The M. tuberculosis RecA protein is highly conserved compared with the RecA proteins of M. leprae
(92% identity; Davis et al, 1994) and M. smegmatis (91% identity; Papavinasasundaram et al, 1997). It is
also related, although at a lower level of homology, to its E. coli counterpart (59% identity; Davis et al,
1991). A specific aim of this project is to qualitatively compare basal and induced levels of RecA in
different species of mycobacteria. To maximise the potential of the assay it is important to ensure that the
antiserum demonstrates a high avidity for the protein under investigation, thereby providing a high
degree of specificity and sensitivity. Antisera raised against M. tuberculosis RecA is expected to
demonstrate these desirable properties and be preferable to antisera raised against E. coli RecA because

of the higher level of homology between mycobacterial RecA proteins compared with that of E. coli.

This chapter describes:
i) The production and purification of recombinant M. tuberculosis RecA protein
i) The production of a polyclonal antisera raised against recombinant M. tuberculosis RecA

iif) The purification of M. tuberculosis RecA antisera by affinity chromatography using M. leprae
RecA precursor protein covalently linked to cyanogen bromide (CNBr)-activated Sepharose 4B

3.2 The production of polyclonal antisera raised against M. tuberculosis RecA

protein

3.2.1 Production and purification of recombinant M. tuberculosis RecA protein

Construct pEJ169 is an EcoRI-BclI deletion of upstream sequences from plasmid pEJ135 (Davis et al,
1991), which contains the whole of the M. tuberculosis recA locus expressed from the T7 promoter, and
pGP1-2 is a temperature sensitive plasmid which codes for T7 RNA polymerase. An E. coli recA mutant
harbouring both plasmids (E. coli TG2{pEJ169{pGP1-2]}; kindly provided by Dr. E. O. Davis, N.IM.R.)
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was grown as described (section 2.2.1) and a cell-fee extract prepared. A semi-pure preparation of
recombinant M. tuberculosis RecA was produced by differential protein precipitation (section 2.2.2); the
progress of this procedure was monitored at each stage (figure 3.1). Pure recombinant M. tuberculosis
RecA was prepared by separating this preparation on a 10% SDS-polyacrylamide gel, locating the RecA
band by reversible copper staining and excising it from the gel. Dr P Jenner has positively identified this
band as RecA (N.ILM.R., unpublished) in previous investigations. The gel slice was transferred to visking
tubing and the protein eluted into a Tris based buffer (section 2.2.3). The volume of the electro-eluted
sample was reduced to approximately 500ul and the purified protein estimated to be >90% pure by SDS-
polyacrylamide gel electrophoresis (figure 3.2). This sample was stored in 100ul aliquots at -20°C until

required.

3.2.2 The immunisation protocol and subsequent monitoring procedures leading to the

production of M. tuberculosis RecA antisera

Three rabbits were immunised with purified M. tuberculosis RecA protein as described in section 2.3.
The ability of the RecA protein to stimulate a humoral immune response in this host is unknown.
Therefore, the following procedures were incorporated into the immunisation protocol to maximise its
potential:

i) Emulsification of the antigen with incomplete Freuds adjuvant (a pharmaceutical grade white
mineral oil and an emulsifier) to enhance its antigenicity.

i) The administration of three inoculations over a six-week period. This extends the time of
exposure to the antigen and results in a hyperimmunised rabbit whose serum contains vastly
increased levels of IgG.

if) Subcutaneous injection of the antigen into several sites. This improves distribution of the antigen

to the lymph nodes via the lymphatic system.

The progress of antibody levels in rabbit serum was monitored at days 28 and 49 using a standard ELISA
protocol (Current Protocols in Immunology: Unit 2.1, Basic protocol). Antisera dilutions ranging 1/2 —
1/20,000 were assayed on micro-titre plates coated with 50ng of semi-pure recombinant M. tuberculosis
RecA protein. A positive signal was consistently achieved at a 1/500 dilution; there was no significant
difference between successive test bleeds. A final booster immunisation was administered and

exsanguination followed 7 days later. Serum was prepared from whole blood.

The antigen titre and specificity of the antisera was checked by Western blot. Semi-pure M. tuberculosis
RecA protein (3mg/ml) subject to ten-fold dilutions was separated on a 10% denaturing SDS-
polyacrylamide gel and transferred to PVDF membrane (section 2.6). After probing with a 1/500 dilution
of antisera a strong band of the expected molecular weight (38kDa) was visualised in samples containing
as little as 20ng of total protein (figure 3.3). A significant amount of cross-reactivity with other proteins

was evident indicating the necessity for purification of the antisera, which was stored at -20°C.
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3.3 Purification of M. tuberculosis RecA antisera by affinity chromatography using
the M. leprae RecA precursor protein covalently linked to a suitable

immunoadsorbent

3.3.1 Investigations to identify an appropriate coupling gel

The basic principle of affinity chromatography relies on the successful covalent linkage of a ligand to an
insoluble matrix together with the exploitation of the specificity inherent in antigen-antibody interactions.
After application of the substance to be purified to a prepared column, the buffer conditions are altered to
maximise dissociation from the immobilised ligand by manipulating the pH and salt concentration (Dean
et al, 1985). A successful separation requires that the ligand be capable of covalent attachment to the
adsorbent while maintaining its specific binding affinity for the substance to be purified. As a
consequence, the groups available in the ligand for coupling to the adsorbent and the nature of its
interaction with the sample to be purified dictate the choice of coupling agent. No specific information

was available for the M. leprae RecA precursor protein so a trial and error approach was adopted.

Sepharose 4B is a widely used matrix that is stable in the presence of detergents and dissociating agents
as well as under conditions of high or low pH. It is a bead formed agarose gel with an open pore
structure, which makes the interior of the matrix available for ligand attachment thereby ensuring a good
binding capacity. This adsorbent exhibits extremely low non-specific interactions, which is an essential
characteristic since affinity chromatography relies on specific interactions. Preliminary investigations
focused on the selective, covalent attachment of thiol groups to an activated thiol matrix, primarily
because the presence of 6M-guanidium chloride in the buffer of the M. leprae RecA precursor protein
(see below) does not interfere with the coupling reaction (Pharmacia, 1986/8). An adsorbent that has been
specifically developed for this technique is activated Thiol-Sepharose 4B (Sepharose-glutathione-2-
pyridy! disulphide) which comprises a mixed disulphide bond formed between 2,2’-dipyridyl disulphide
and glutathione coupled to CNBr activated Sepharose 4B; its effectiveness is based upon a reversible
reaction with substances containing reduced sulfhydryl groups. Analysis of the M. leprae RecA precursor
protein, using Ellmans reagent and established spectrophotometric procedures (section 2.4.2; Ellman,
1959; Riddles et al, 1983), to determine its suitability for attachment to activated Thiol-Sepharose 4B
revealed that it may be an unsuitable choice of adsorbent. The above spectrophotometric technique is
based upon the change in OD,;,,, following the addition of protein to a fresh solution of di-
thionitrobenzidine (DTNB) in 6M-guanidium-HCI (pH7.2); a rapid rise in absorbance is indicative of the
presence of free sulfhydryl groups. However, monitoring the OD,;5,, following the addition of M. leprae
RecA precursor protein revealed that the optical density rose only very slowly which suggests that very

few free sulfhydryl groups are present in this protein.

An alternative adsorbent, CNBr-activated Sepharose 4B, is a reactive derivative of Sepharose 4B which

efficiently couples proteins under mild conditions (pH 8-10) via their primary amino or similar
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nucleophillic groups. The reaction of cyanogen bromide with the hydroxyl groups on Sepharose results in
the formation of imidocarbonate groups (-CH=NH) which react with nucleophiles to form isourea
linkages (—{C=NH}-NHR where R represents the amino group). An advantage of this adsorbent is its
capacity for the multi-point attachment of proteins thereby increasing stability of the coupled matrix by
decreasing the amount of protein lost via hydrolysis from the adsorbent. CNBr-activated Sepharose 4B is
a widely used matrix for purifying specific antibodies (Pharmacia, 1986/8). Therefore it was anticipated
that it would be an ideal candidate for purification of the M. tuberculosis RecA antibody. The only
necessary pre-requisite was the removal of 6M-guanidium chloride from the buffer in which the M.
leprae RecA precursor protein was dissolved since this chemical may interfere with the coupling reaction

by covalently linking Sepharose (Pharmacia, 1986/8).

3.3.2 Production of M. leprae RecA precursor protein

The selection of a ligand for affinity chromatography is influenced by two factors. Firstly, it should
exhibit a specific and reversible binding affinity for the substance to be purified. In addition it should
have chemically modifiable groups which enable attachment to the matrix without destroying this binding
affinity. Ideally the affinity of the immobilised ligand for binding to the substance to be purified should
be in the range 10 - 10*M in free solution (Pharmacia, 1986/8). No information was available regarding
the binding affinity of the M. tuberculosis RecA antibody for its protein. However, it seems reasonable to
assume that the dissociation constant for the protein against which it was raised will be low, therefore,
dissociation of the bound antibody is likely to require strongly denaturing conditions. The M. leprae
RecA precursor protein was considered to be a viable alternative since amino acid identity between the
M. tuberculosis and M. leprae RecA precursor proteins is 92% for the RecA sequence and 27% for the
intein (Davis et al, 1994). Hence, it was anticipated that while the M. leprae RecA precursor protein
possesses a sufficiently high degree of homology with its counterpart in M. tuberculosis to enable
specific, reversible binding to the antibody it would prove easier to dissociate the antigen-antibody
complex. Furthermore, the availability of a simple, rapid method for its production made using the M.

leprae RecA precursor protein an attractive alternative.

Escherichia coli harbouring plasmid pK233 (kindly supplied by Dr D Emery, NIMR) was induced using
isopropyl-B-D -thiogalactopyranoside (IPTG) as described in section 2.4.1. The M. leprae RecA
precursor protein was produced as an insoluble precipitate in inclusion bodies and located in the cell
debris following lysis. Following solubilisation of this protein in a guanidium-HCI based buffer it was
precipitated with 1/9 volume of trichloro-acetic acid. After two washes in coupling buffer (section 2.4.3)
the precipitate was thoroughly dissolved in 1ml dimethyl sulphoxide (DMSO), the volume increased to
5ml using coupling buffer and a sample analysed on a 10% SDS-polyacrylamide gel (figure 3.4a). This
buffer exchange is essential because the presence of 6M-guanidium chloride may interfere with the

coupling reaction.
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3.3.3 Preparation of an affinity chromatography column and subsequent purification of

polyclonal antisera

A schematic illustration of the coupling of M. leprae RecA precursor protein to CNBr-activated
Sepharose 4B is shown in figure 3.4b. The prepared column was washed with PBS and antisera applied at
0-5ml / minute. Following removal of unbound antisera the antigen-antibody complex was dissociated by
the application of 0-1M glycine-HCI (pH2.5), this change in pH alters the degree of ionisation at the site
of interaction between the antigen-antibody complex (Hudson and Hay, 1976). Further desorption was
facilitated by reducing the polarity of the dissociation buffer with dioxane since antigen-antibody
interactions are hydrophobic (Anderson et al, 1979). The eluate was immediately titrated to pH8.5 with
Tris base to prevent denaturation then concentrated to 1-5 — 2-5ml using a centricon-10 concentrator
(Amicon) according to the manufacturer’s instructions. Aliquots of 100pl of affinity purified serum were
stored at -20°C until required.

The antigen titre of the affinity-purified antisera was determined as described previously (figure 3.3).
There was no significant alteration in titre; a strong band of the expected molecular weight was visualised
in samples containing as little as S50ng of total protein (data not shown). In addition, semi-pure M.
tuberculosis RecA protein (5ug total protein) was separated on a 10% SDS-polyacrylamide gel,
transferred to PVDF and probed using a 1/500 dilution of “raw” or affinity-purified antisera. Examination
of the membrane revealed that the cross-reactivity of the antisera has been significantly reduced (figure
3.5) thereby confirming that the purification by affinity chromatography of polyclonal antisera raised

against M. tuberculosis RecA was successful.

3.4 Discussion

This chapter describes the successful production and affinity purification of an antibody raised against M.
tuberculosis RecA protein. Examination of the antigen titre of this affinity purified antibody revealed that
as little as 50ng of semi-pure recombinant M. tuberculosis RecA is required to give a strong clear signal
on a Western Blot. In addition, recombinant M. tuberculosis RecA will provide a sensitive, positive

control that will enable RecA protein in mycobacterial cell-free extracts to be rapidly identified.

An alternative method for obtaining pure antibody that exhibits the desired specificity is to produce
monoclonal antibodies from cells in culture. Monoclonal antibody production is based upon the method
devised by Milstein and Kohler (1975) and involves the fusion of mouse splenocytes with a homogenous,
non-secreting B-cell myeloma line. The creation of an immortal clone that continually manufactures a
single antibody of the desired specificity obviates the requirement for continual polyclonal antiserum
production and the concomitant purification. A major advantage of working with monoclonal antibodies
is the extreme confidence with which claims can be made about such work. However, their production is

both labour and time intensive. Furthermore, monoclonal antibodies do not have a greater overall
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specificity than polyclonal antibodies, which recognise the antigen via a number of different epitopes
(Roitt et al, 1993). The fact that monoclonal antibodies recognise only a single molecular epitope can be
a disadvantage. Monoclonal antibodies have been raised against E. coli RecA. They have been shown to
be useful tools for inhibiting various activities of RecA to elucidate its reaction mechanism as well as for
locating active sites or functional domains (Karu and Allen, 1982; Krivi et al, 1985; Makino et al, 1985;
Ikeda et al, 1990; Shibata et al, 1991). By comparison, polyclonal antibodies are frequently used to detect
RecA protein in vivo or in vitro and to identify related proteins (Lovett et al, 1985; Love and Yasbin,
1986; Angulo et al, 1989; Davis et al, 1991). For the purposes of this project there were no distinct
advantages to be gained by using monoclonal antibodies, therefore a decision was made to raise and

purify polyclonal antisera.
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4.0 A QUALITATIVE COMPARISON OF BASAL RECA AND LEXA LEVELS IN

SAPROPHYTIC AND PATHOGENIC MYCOBACTERIA

4.1 Introduction

Bacteria such as Legionella pneumophila, Mycobacterium tuberculosis and Salmonella typhimurium are
examples of a specific category of prokaryotes that develop and replicate within the intracellular milieu
of host cells where it is presumed they will encounter a powerful array of antimicrobial defences. They
use the host cell to create an optimal environment for their growth and as a shield to evade humoral
immune defence mechanisms (Ottenhof and Mutis, 1995). It is envisaged that stress responses such as the
SOS response to DNA damage play an important role in their survival. The fact that several “stress”
proteins are up regulated in S. typhimurium (Buchmeier and Heffron, 1990), L. pneumophila (Kwaik et
al, 1993) and M. tuberculosis (Lee and Horwitz, 1995) by intracellular residence does support this.
Prokaryotic stress responses have been extensively investigated. They involve the inducible expression of
a set of genes that aid the organism in adapting to new environmental conditions. In general a specific
response is associated with a particular stress, namely: heat shock (Lindquist, 1986), oxidative damage
(Greenberg and Demple, 1989; Farr and Kogoma, 1991), and the SOS response to DNA damage (Little
and Mount, 1982; Walker, 1984), although there are genes that respond to multiple stresses.

Heat shock proteins were among the first mycobacterial antigens for which a functional role was
identified; examples include the M. tuberculosis 65kDa and 71kDa proteins. Young et al (1991) proposed
that in addition to the temperature regulation of their synthesis they were induced during adaptation to
survival within host macrophages; an idea that has recently been corroborated by Lee and Horwitz (1995)
who reported that 44 M. tuberculosis proteins exhibit a modulated expression within the intracellular
environment. These authors demonstrated that many of these alterations also occurred during
extracellular growth in response to heat shock, acidification and oxidative damage. Each stress response
produced a unique phenotypic profile with proteins being modulated by some stress conditions but not by
others. Noteworthy examples include the 65kDa and 71kDa antigens of M. bovis and M. tuberculosis
(identified as GroEL and DnaK respectively) which are induced by heat shock and acidification but
unaffected by oxidative damage (Stover et al, 1991; Young et al; 1991; Lee et al, 1995; Sherman et al,
1995). Interestingly in E. coli, heat shock as well as exposure to ultra-violet irradiation or nalidixic acid
induced the expression of the GroEL and DnaK genes. This increase in expression resulting from
exposure to DNA damaging agents has been proposed to occur by a RecA-independent mechanism
(Kreuger and Walker, 1984) which is in direct contrast to the Gram-positive Lactococcus lactis whose
recA gene has been implicated in both the oxidative stress and heat shock response (Duwat et al, 1995). It
is perhaps noteworthy that a similar link between recA, the heat shock proteins and oxidative damage in

mycobacteria has not yet been established.
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4.1.1 The importance of the recA genotype

Pathogenic microorganisms possess antioxidant defence mechanisms for protection from toxic oxygen
metabolites such as hydrogen peroxide, which are generated during the respiratory burst of phagocytic
cells. These defence mechanisms include enzymes such as catalase and superoxide dismutase, and DNA
repair systems. The response of Gram-negative organisms has been well characterised; pre-treatment of
Escherichia coli and Salmonella typhimurium with non-lethal levels of hydrogen peroxide leads to
adaptive resistance. This adaptation is accompanied by the modulated expression of over 30 genes of
which 9 are under the control of the oxyR gene product (Demple and Halbrook, 1983; Christman et al,
1985). The OxyR protein can exist in one of two states, oxidised or reduced. Storz et al (1990) reported
that the oxidised not the reduced form activates transcription of stress inducible genes such as ahpC (the
small subunit of alkyl hydroperoxide reductase), katG (catalase/hydroperoxidase I), gor4 (glutathione
reductase) and the gene coding for superoxide dismutase (Christman et al, 1985).

Exposure of M. smegmatis to hydrogen peroxide elicits an analogous adaptive response, more than a
dozen genes exhibit a modulated expression. In contrast, the protective effect of exposure to non-lethal
peroxide levels is absent in pathogenic mycobacteria (Sherman et al, 1995) with only a single protein
(KatG) in M. tuberculosis complex and three in M. avium (KatG, AhpC, AhpX) exhibiting modest
increases in expression. However, pathogenic mycobacteria are more resistant to hydrogen peroxide than
optimally pre-treated M. smegmatis, which is indicative of a constitutive defence against oxidative stress.
The basis for this difference in the M. tuberculosis complex is the presence of multiple lesions in the
oxyR gene, resulting in a non-functional product. It is perhaps noteworthy that M. avium possesses a
putatively functional oxyR gene and an inducible ahpC, which suggests that there may be differences in

the oxidative stress response among pathogenic mycobacteria (Deretic et al, 1995; Sherman e? al, 1995).

The adaptive response of E. coli and S. typhimurium emphasises the importance of enzymes such as
catalase and superoxide dismutase (SOD). However, it has been proposed that DNA damage is the
predominant lethal action caused by low doses of hydrogen peroxide (£100uM; Imlay and Linn, 1986);
which may explain why these enzymes are unnecessary for long (24 hours) or short (2 hours) term
survival of Salmonella in macrophages (Buchmeier et al, 1995). Similarly they do not enhance the
survival of E. coli in polymorphonuclear neutrophils (Schwartz et al, 1983). These observations
corroborate a previous report suggesting that the rec4 genotype is more important than the catalase
genotype to microbial survival (Carlsson and Carpenter, 1980). In addition, Buchmeier et al (1995)
reported that S. fyphimurium recA mutants demonstrate an attenuated virulence in mice whereas katG
mutants do not. Consequently, the contribution of the recA genotype to the survival of pathogenic

mycobacteria within the intracellular environment and its possible role in virulence is of great interest.

The RecA protein is the most thoroughly characterised enzyme of its type. More than sixty sequences are
currently available including over thirty Gram-negative and nearly a dozen Gram-positve sequences (Karlin

et al, 1995; 1996). In view of the remarkable similarity between rec4 genes (43 — 100% amino acid
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identity) it is reasonable to expect a certain degree of evolutionary conservation in the essential control
elements of the SOS system among prokaryotes (see section 1.6.4). The fact that E. coli LexA can
influence the induction of SOS-like functions in several species of enterobacteriaceae reinforces this view
(Sedgwick and Goodwin, 1985). The identification of the M. tuberculosis and M. leprae recA genes
(Davis et al, 1991; 1994) fuelled the already growing interest in the possible importance of the SOS

response and its regulation in mycobacteria for survival within the intracellular environment.

Despite the phylogenetic conservation in size, structure and overall function in nearly 60 rec4 genes
cloned to date (Karlin et al, 1996) the rec4 gene in members of the M. tuberculosis complex and M.
leprae revealed a strikingly unusual structure. The recA locus specifies a functional 38kDa protein from a
single open reading frame with the coding potential for an 85kDa or 79kDa product respectively (Davis
et al, 1991; 1994). The presence of an “intein” in the same protein of two related species is suggestive of a
positive selection for splicing in the maturation of RecA and raises questions with respect to its possible
implications to pathogenicity and virulence (Davis et al, 1994). More recently, the 85kDa-precursor protein
has been shown to be totally defective in its DNA-binding, ATP-binding and ATPase activities (Kumar ef al,
1996). This raised the intriguing possibility that splicing in the maturation of RecA may regulate the display
of the RecA phenotype. To address this question three members of the M. tuberculosis complex were
screened by Western blot using affinity purified M. tuberculosis RecA antibody for the presence of
precursor RecA protein. The possibility that expression of the precursor protein may be conditionally

regulated was also investigated.

Homologous recombination has been reported to occur more efficiently in M. smegmatis (Husson et al,
1990; Kalpana et al, 1991; Mustafa, 1995; Gordhan et al, 1996; Pelicic et al, 1996) than M. tuberculosis
(Kalpana et al, 1991) and M. bovis BCG (Aldovini et al, 1993) where the predominant event is
illegitimate recombination. One possible explanation for the low levels of homologous recombination
found in these two members of the M. tuberculosis complex is that an insufficient quantity of RecA is
produced. To address this question the basal levels of RecA in M. smegmatis and three members of the
M. tuberculosis complex were compared by Western blot using affinity purified M. tuberculosis RecA
antibody. In addition, a range of both pathogenic and saprophytic mycobacteria were examined to
determine whether there was a common distinction between these two groups in their basal RecA levels.
The presence of a rec4-like gene in M. tuberculosis was the first evidence to suggest that an inducible
response to DNA damage, analogous to the SOS response, may exist in this genus. More recently, a
LexA homologue has been identified in M. tuberculosis (Movahedzadeh, 1996) which suggests that the
essential control elements of the SOS response may have been conserved. To provide further
corroboratory evidence M. smegmatis and three members of the M. tuberculosis complex were examined
by Western blot using a polyclonal M. tuberculosis LexA antibody to monitor basal LexA levels with a

view to assessing the effect of treatment with DNA damaging agents in subsequent investigations.
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