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Abstract
The aim of this project is to analyse the regulation of gene expression by
Mycobacterium tuberculosis LexA protein. The response to DNA damage by
bacteria is highly conserved, involving the co-ordinated expression of more than
20 genes. The key regulatory elements are the RecA and LexA proteins, the
activator and repressor respectively. In addition to understanding the DNA
binding properties of LexA, a detailed definition of the LexA binding site will
allow the identification of other LexA regulated genes from the recently
completed M. tuberculosis genome sequence.
Under normal conditions LexA binds to a specific DNA sequence, the SOS box
upstream of the genes it regulates and represses transcription. M. tuberculosis
LexA protein has been shown to bind to the same motif as that found upstream of
DNA damage-inducible genes in Bacillus subtilis. The consensus sequence
(GAAC-N4-GTTC) has been proposed to function as an operator site that is
required for regulation of the SOS system of B. subtilis.
Following the discovery of a perfect consensus motif which failed to bind LexA,
the effects on LexA binding of various changes to the bases flanking the core
motif from upstream of M. tuberculosis recA were assessed. The results showed
that the sequence determining LexA binding in M. tuberculosis is more extensive
than the original defined binding site of B. subtilis. These mutations were also
introduced into the recA promoter linked to a lacZ reporter gene to assess their
effects on gene expression in vivo. In order to investigate the core motif (GAACN4-GTTC) changes were made to each base in one half-site individually and the
effects of these changes on LexA binding were assessed by gel retardation. To aid
interpretation of the binding studies the intracellular concentration of LexA
molecules was determined inM tuberculosis H37Rv.
Interestingly, upstream of the M. tuberculosis LexA coding sequence there are
three motifs similar to the B. subtilis consensus sequence (GAAC-N4-GTTC), one
of which is atypical (GAAC-N4-GTTT, GAAC-N4-GATC and ACTC-N4GTTC). All three motifs were shown to bind purified M. tuberculosis LexA, but
with very different affinities when in isolation. Footprinting analysis of LexA
binding to a fragment containing all three sites was undertaken to examine the
order of binding and any cooperativity. The presence of multiple binding sites for
LexA might allow a more subtle level of regulation than would be possible with a
single site. The roles of the three sites were investigated by constructing mutants
with individual, or pairs of, or all three boxes knocked out in a fusion of this
region to the reporter gene lacZ. Footprinting experiments were undertaken to
confirm binding was eliminated where expected and to examine any effect on
binding at the other sites. Concurrently, assays of the reporter gene were used to
examine the effect of these mutations on lexA expression in response to DNA
damage. These analyses revealed a complex interplay amongst the binding sites.
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1. Introduction

1.1. The M ycobacteria

Mycobacteria were the first bacterial pathogens to be described, in 1874 by G. A.
Hansen. The generic name Mycobacterium was established by Lehmann and
Neumann in 1896 to describe the tubercle and leprosy bacilli, although this term
now encompasses approximately 70 species with new species still being
discovered. Currently, minimal standards for assigning presumptive mycobacteria
to the genus Mycobacterium involve demonstration of (a) acid-alcohol fastness,
(b) the presence of mycolic acids containing 60-90 carbons, which when cleaved
by pyrolosis yield C22 to C26 fatty acid methyl esters and (c) a molar G+C ratio
between 61% and 71% (Goodfellow and Magee, 1998). The exception to these
standards is M. leprae, for which the G+C ratio is only 56% (Clark-Curtiss et ai,
1985). Mycobacteria are aerobic, acid-alcohol-fast actinomycetes, usually slightly
curved or straight rods (0.2-0.6pm x 1.0- 10pm), sometimes branching. All have
meso-diaminopimelic acid, arabinose and galactose in their walls, and produce
straight chain fatty acids and long chain mycolic acids (Goodfellow and Wayne,
1982). Non-mycobacterial mycolic acids have relatively simple structures and
generally are shorter in chain length with less cis double bonds than mycobacterial
ones (Goodfellow & Magee, 1998).

Mycobacteria can be classified into five groups: (i) fast growing pathogenic
species (of which there are 8 members, eg. M. fortuitum), (ii) fast growing nonpathogenic species (of which there are 31 members, eg. M. smegmatis), (iii) slow
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growing pathogenic species (of which there are 24 members, eg. M. tuberculosis),
(iv) slow growing non-pathogenic species (of which there are 7 members) and (v)
non-cultivable species (M leprae, which has not been grown in vitro and can only
be propagated in the laboratory in nine-banded armadillos or footpads o f mice).
Fast growing species such as Mycobacterium smegmatis, have a doubling time of
3 to 4 hours, and slow growing species such as Mycobacterium tuberculosis, have
a doubling time o f 14 hours. Even more surprising is Mycobacterium leprae with
a doubling time o f approximately 13 days within an animal model.

1.1.1 M ycobacteria as pathogens of man

The vast majority o f pathogenic strains of mycobacteria are among the slow
growers while fast growing strains of mycobacteria are mostly non-pathogenic,
saphrophytic organisms. Of the diseases caused by slow growing mycobacteria,
tuberculosis and leprosy remain the most serious communicable disease problems,
particularly

in

developing

countries.

Mycobacterium

tuberculosis

and

Mycobacterium leprae are closely related and show several important biological
similarities. They both grow inside host cells for long periods o f time, and both
infections are controlled primarily by cell-mediated mechanisms, rather than by
antibody responses. For these reasons experimental data on one o f these
organisms is often applicable to both.

Tuberculosis is the leading cause of death due to an infectious organism, killing an
estimated 3 million people annually (Schorey et a l, 1997). Tuberculosis is spread
by the inhalation o f aerosols of the bacteria, and among generally healthy persons
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infection with M. tuberculosis is highly likely to be asymptomatic. Data suggest
that the lifetime risk o f developing clinically evident tuberculosis after being
infected is approximately 10%, with a 90% likelihood of the infection remaining
latent (Hopewell, 1994). Two basic clinical patterns follow infection with the
organism. In the first which occurs in the majority o f individuals, inhaled tubercle
bacilli ingested by phagocytic alveolar macrophages are either killed immediately
or grow intracellularly to a limited extent in localised lesions called tubercles.
Within 2-6 weeks after infection cell-mediated immunity develops and infiltration
into the lesion o f immune lymphocytes and activated macrophages results in the
killing o f most bacilli. However, to an unknown extent, dormant but viable M.
tuberculosis bacilli persist. The second clinical pattern is active disease. Larger
caseous lesions grow and may shed bacilli into the blood and lymphatic system. A
tissue damaging immune response is produced which, whilst stopping the growth
of bacteria in non-activated macrophages, causes pulmonary damage. Control of
infection is by cell-mediated immunity, a loss o f control leads to dissemination to
most of the major organs resulting in severe debilitation and eventually death.
Immunisation with bacillus of Calmette and Guerin (BCG), an attenuated strain of
M. bovis, in persons with intact cell-mediated immunity minimizes the risk of
early disseminated tuberculosis, especially in children (Hopewell, 1994).

Progressive human immunodeficiency virus infection (HIV) eventually leads to
activation and dissemination of a whole host of micro-organisms that would
normally be held in check by the immune system. For this reason M. tuberculosis
has become a common presenting infection in patients with AIDS with an
estimated 15.3 million people co-infected with both HIV and TB (Chaisson et al,
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1989). The host response to HIV/TB co-infection is poorly understood although
reactivation of M. tuberculosis occurs when CD4+ cells are still quite high in
number suggesting that CD4+ cells do not play the key role in reactivation of
infection. In 1985 the Division of Tuberculosis Control o f the CDC modified the
surveillance definition of AIDS to include extrapulmonary tuberculosis in any
person known to be seropositive for HIV (Chaisson et al., 1989). Mycobacteria
such as M. avium and M. intracellulare are also now emerging as important
pathogens as they form a major proportion of the secondary disseminated
infections suffered by patients with AIDS.

1.1.2 The Mycobacterium tuberculosis genome project

The complete genome sequence o f M. tuberculosis H37Rv has been determined
and analysed (Cole et ah, 1998). This has created the possibility o f understanding
the biology of this slow-growing pathogen and will no doubt aid the conception of
new prophylactic and therapeutic interventions. This is the first mycobacterium
whose genome has been sequenced. The genome consists o f 4,411,529 base pairs
and has a G+C content of 66%. 3,924 open reading frames were identified in the
genome accounting for approximately 91% of the potential coding capacity.
Consistent with the high G+C content of the genome, GTG initiation codons
(35%) are used more frequently than in Bacillus subtilis (9%) and Escherichia coli
(14%), although ATG (61%) is still the most common translational start codon.
There also appears to be bias in the orientation o f the genes with respect to the
direction of replication as approximately 59% are transcribed with the same
polarity as replication. Comparison with various databases has allowed for precise
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function to be ascribed to about 40% of the predicted proteins with some
similarity o f function for another 44%. This leaves 16% of the remaining proteins
with no resemblance to known proteins. These unassigned proteins may therefore
account for specific mycobacterial functions.

1.2 M olecular biology of the Mycobacteria

The genetic basis o f mycobacterial pathogenesis is poorly understood due in part
to the difficulties associated with growing the pathogenic species. Mycobacteria
grow very slowly and tend to grow in clumps making it difficult to purify
individual cells for genetic analysis. In addition very few genetic markers have
been identified in mycobacteria (Shinnick et al, 1995). In order to obtain a
detailed understanding o f the molecular basis of bacterial pathogenesis a genetic
system that allows for mutation, transfer and expression, o f specific genes is
required. Only in recent years have general recombinant DNA techniques become
applicable to mycobacterial systems. Over 50 mycobacterial antigens have now
been characterised and several identified as proteins with important functions
(Y o u n g s a l, 1992).

1.3 M utation of mycobacterial genes

1.3.1 Insertion elements and transposons

Insertion sequence (IS) elements are small, mobile genetic elements, containing
only genes related to insertion functions; their location within structural genes
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causes insertional mutations. Insertion elements have been isolated in most
organisms that have been examined and are useful genetic tools for insertional
mutagenesis. The first characterised example of a mycobacterial insertion element
was IS900 in M. paratuberculosis (Green et al., 1989). IS900, identified in a
Crohn’s disease isolate showed significant homology to IS /70, an insertion
element o f Streptomyces coelicolor A3. Insertion elements have since been
discovered in several mycobacterial species including sixteen copies o f the
promiscous insertion sequence IS(5770 and six copies of the more stable IS/057,
specific to the M. tuberculosis complex (Thierry et a l, 1990; Van Sooligen et al,
1992). Insertion elements have also been described in several other mycobacterial
species including IS902 o f M. avium (Moss et al., 1992) which, when used as a
probe, identified restriction fragment length polymorphisms (RFLPs) able to
distinguish

between

mycobacterial

species.

Transposable

elements

from

mycobacteria are potentially useful sources of genetic tools for the manipulation
of mycobacteria. The ability to generate mutations in M. smegmatis using a
transposon containing IS5700 isolated from M. fortuitum was first demonstrated
by Martin et al (1990). Subsequently, transposon mutagenesis in M. tuberculosis
was accomplished using the M. smegmatis insertion element IS7096 (MeAdam et
al, 1995). Improvements to the efficiency of this methodology have recently been
achieved

following

the

development

of

conditionally

replicating

mycobacteriophages (Bardarov et al, 1997) and thermosensitive plasmids (Pelicic
et al, 1997) as delivery vehicles.
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1.3.2 M utation by allelic transfer

Targeted gene replacement is routine in many bacteria but conventional strategies
to generate mutants o f mycobacteria has proved to be difficult. Allelic exchange
in the fast growing mycobacteria such as Mycobacterium smegmatis is easier
suggesting that the homologous recombination machinery o f slow growing
mycobacteria is inefficient. Slow growing mycobacteria can integrate exogenous
DNA into their chromosomes by both illegitimate and homologous recombination.
This has impeded allelic exchange for mutational analysis in the slow growing
species. Husson et al (1990) showed pyrF mutants could be readily obtained by
transforming M. smegmatis with a non-replicating plasmid containing pyrF
disrupted by a kanamycin resistance gene, whilst Kalpana et al (1991) also
successfully inactivated M. smegmatis genes using a gene library in an E. coli
plasmid vector. However, constructing mutants by disrupting genes with an
antibiotic gene has several disadvantages; for example, targeted disruption does
not reveal if a gene is essential as the failure to obtain mutants may be the result of
methodology and not due to the requirement for the gene. Generation o f mutants
that are potential vaccine candidates also requires that these mutants do not
contain antibiotic resistance determinants. Therefore, the ideal allelic-exchange
system is one that can be used for the exchange o f unmarked alleles as well as
alleles with point mutations. Constructing mutants by in-frame deletions negates
the concerns with using an insertional disruption method (Palveka et a l, 1999).
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The expression o f sacB, the Bacillus subtilis gene encoding levansucrase is lethal
to mycobacteria in the presence o f 10% sucrose. The use of sacB suicide vectors
has opened the way for further genetic manipulation o f mycobacteria. Palveka et
al (1999) reported the construction of a mycobacterial suicide plasmid bearing the
counterselectable marker sacB for the allelic exchange o f unmarked deletion
mutations. An alternative counterselection strategy uses a vector-host system
based on the expression of the wild type rpsL+ gene coding for ribosomal protein
S12 in a streptomycin resistant host (Sanders et al., 1995). The use o f these
systems has allowed the generation o f unmarked gene-replacement events in M.
smegmatis and M. tuberculosis.

1.4 T ransfer of mycobacterial genes

1.4.1 M ycobacteriophage and shuttle-plasmids

In developing a system for the manipulation of DNA in mycobacteria it was first
necessary to devise an efficient means of transferring DNA into the bacillus. The
first vectors for introducing foreign DNA were shuttle phasmids, which are
chimeras of mycobacteriophage and plasmid DNA that grow as plasmids in E.
coli and as phage in mycobacteria (Jacobs et al., 1987). These vectors permitted
the introduction of foreign DNA into M. smegmatis and BCG for the first time.
Recombinant mycobacterial colonies mixed with electro-competent E. coli and
subjected to a single electric pulse aided the rapid isolation o f recombinant
mycobacterial DNA from E. coli. The same methodology was applied by Snapper
et al (1988) to develop vectors based on the temperate mycobacteriophage LI,
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which is able to form stable lysogens by chromosome integration in M.
smegmatis. When an LI shuttle phasmid containing a cloned gene conferring
kanamycin resistance in E. coli was introduced into M. smegmatis, stable
kanamycin-resistant colonies (i.e., lysogens) were obtained (Snapper et a l, 1988).
The versatility and capacity o f phage based cloning systems in mycobacteria were
further improved with the construction of the site-specific integration system of
temperate mycobacteriophage L5 which was shown to be efficient not only in M
smegmatis but also M. tuberculosis and BCG (Lee et al., 1991). The most
thoroughly studied mycobacterial plasmid is pAL5000, carried by an M. fortuitum
subspecies. Snapper et al (1988) demonstrated the use o f this plasmid by
constructing a cloning vector using the E. coli pU666 vector inserted into
pAL5000 for use in mycobacteria. The pAL5000 replicon is the basis o f most
replicating plasmids currently used in mycobacteria.

1.5 Expression of mycobacterial genes

1.5.1 Escherichia coli as a cloning host

Recombinant DNA technology offers an obvious advantage for studying the
genetics and physiology of mycobacteria provided the genes are expressed in the
host bacterial strain. However, due to the difficulties associated with genetically
manipulating mycobacteria the first cloning host used was Escherichia coli, an
organism that is easy to manipulate in the laboratory and about which there is a
wealth o f genetic knowledge available. Clark-Curtiss et al (1985) reported the
establishment of gene libraries o f M. vaccae, M. lufu and M. leprae in E. coli
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using a cosmid as a vector. However, Clark-Curtiss et al (1985) demonstrated that
mycobacterial DNA could be expressed in E. coli under the control o f an E. coli
promoter, but mycobacterial promoters were either poorly recognised or not
recognised at all by the E. coli transcriptional machinery. Young et al (1985),
using the bacteriophage ^gtl 1 expression system, expressed M. tuberculosis DNA
as a fusion protein connected to the E. coli p-galactosidase polypeptide. The
fusion protein approach assured that the foreign sequence was efficiently
transcribed and translated in E. coli. In addition to these limitations, additional
evidence suggests that some post-translational modifications o f mycobacterial
proteins do not occur in E. coli thus altering the properties o f the expressed
antigen (Garbe et al., 1993).

1.5.2 Streptomyces lividans as a cloning host

Investigation o f alternative cloning hosts was undertaken to find possible hosts
that would express mycobacterial genes without requiring an expression vector.
This would accelerate the search for further mycobacterial genes, or perhaps
groups o f linked genes, which could prove valuable in the production of
diagnostic and therapeutic agents. Comparison o f promoter activity suggested that
Streptomyces lividans efficiently utilises a high proportion o f mycobacterial
promoters when compared to E. coli (Keiser et a l, 1986). Streptomyces, like
mycobacteria, also have a high G+C content, therefore the organisms have
evolved the ability to bring about strand separation o f high G+C rich DNA in
promoter regions as a prerequisite for transcription. In addition, Westpheling et al
(1985) identified two forms of RNA polymerase with alternative sigma factors,
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which were implicated in the trancription of different promoter classes.
Experiments undertaken with M. bovis BCG, M. tuberculosis and M. leprae have
shown that many genes from these species can be expressed in S. lividans from
their own promoters indicating that S. lividans is a useful cloning host for
mycobacteria (Keiser et al, 1986; Lamb and Colston, 1986).

1.5.3 M ycobacteria as cloning hosts

The ability to express foreign genes and selectable markers in mycobacteria
makes possible a number o f genetic approaches to understanding questions of
disease pathogenesis. Primary candidates used in the construction o f expression
vectors were the promoters of the stress-regulated proteins. These were chosen
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 a l, 1993). Expression of mycobacterial genes from their own
promoters is a vital tool for understanding gene function in mycobacteria. Nonpathogenic, readily cultivable species such as M. smegmatis and M. bovis BCG
are the most likely hosts for manipulating the genes of pathogenic mycobacteria.
The development o f phasmids (Jacobs et a l, 1987) and plasmids (Snapper et al,
1988) for the introduction o f recombinant DNA into mycobacteria has greatly
facilitated the development of mycobacteria as cloning hosts.
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1.6 Gene regulation

1.6.1 RNA polymerase

Transcription in prokaryotes is the main point for regulation o f gene expression
and begins with the interaction of RNA polymerase (which is composed o f two a
chains, one (3 chain and one P’ chain, and a a factor), a nucleoside triphosphate
(usually a purine), and a site specific sequence termed a promoter (Chamberlain,
1982). The specificity of DNA-dependent RNA polymerase for target promoters
is largely due to the replaceable ct subunit it carries. The primary role o f the ct
factor is to mediate specific recognition of promoter sites by RNA polymerase
with the ct factor binding directly to the promoter sequences (McClure, 1985;
Helmann and Chamberlain, 1988). Once transcription has been initiated the factor
is released from the elongation complex (Hansen and McClure, 1980). Seven ct
factors have been identified in E. coli and ten ct factors have been identified in
Bacillus subtilis, while the genome sequence of M. tuberculosis has revealed
thirteen putative ct factors (Cole et al, 1997; Haldenwang W., 1995). These ct
factors directly contribute to the bacteriums’ ability to control gene expression.

Analysis o f E. coli promoter sequences recognised by the major ‘housekeeping’
genes and sigma subunit, ct70, has shown two conserved regions about 35 and 10
base pairs upstream from the transcription start site. These sites are known as the
-35 sequence (TTGACA) and the -10 sequence (TATAAT) respectively and are
generally separated by 17-19 bases. This forms the typical consensus prokaryotic
promoter recognised by RNA polymerase when the enzyme is combined with ctVO
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factor; modulation of this promoter sequence or structure affects the frequency
and location o f transcription initiation (Harley and Reynolds, 1978). Other
potential regulatory factors affecting the initiation o f transcription include protein
factors, ions, environmental factors and DNA supercoiling (Mishra et al., 1990).

1.6.2 Regulatory proteins

Regulation of transcription initiation can be due to either repression or activation,
induced by the binding o f a regulatory protein to a specific site (the operator). The
LexA protein of E. coli is an example of negative regulation with LexA binding
upstream of the genes it regulates to prevent transcription initiation (Little and
Mount, 1982). An example of positive regulation is the catabolite activator protein
(CAP) from E. coli that stimulates transcription o f genes encoding proteins
involved in lactose metabolism amongst others. Although the precise mechanism
is unclear it has been suggested that a stronger RNA polymerase binding site is
exposed for RNA polymerase through bending of the DNA (Liu-Johnson et al.,
1986).

1.6.3 Gene regulation in mycobacteria

The first characterisation of cloned mycobacterial genes was in 1985 with the
identification o f protein antigens from M. leprae (Young et al., 1985b; ClarkCurtiss et al., 1985), M. tuberculosis (Young et al., 1985a) and BCG (Thole et al.,
1985). However, these studies showed that while mycobacterial translation signals
seemed to function in E. coli, transcription initiation signals functional in this
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heterologous

background were

isolated

very infrequently.

It has

been

demonstrated, however, that some mycobacterial genes will be expressed from
their own promoters in E. coli, particularly those o f heat shock proteins, for
example the 65 kDa antigen o f M. tuberculosis (Shinnick, 1987). Thole et al
(1985) also demonstrated that a small number of M. bovis BCG promoters were
active in E. coli although less efficiently than in their natural host.

The prediction of promoter sequences o f mycobacterial genes by computer
algorithms based on prokaryotic consensus sequences is only partially helpful in
predicting mycobacterial promoter sequences (Dale and Patki, 1990). Mapping of
the transcriptional start site o f the BCG hsp60 gene demonstrated that the
promoter showed at best weak homology to E. coli consensus sequences although
it was stress regulated in vivo (Stover et al, 1991). Although little is known at the
molecular level of how expression of specific mycobacterial genes may be
modified by external conditions, Andersen et al (1990) demonstrated that under
phosphate starvation there was induction o f the 38kDa protein antigen b (Pab) of
M. tuberculosis. Only a few mycobacterial promoters have been studied. Among
those examined are the 65kDa and 85kDa antigen genes o f M. tuberculosis
(Shinnick, 1987), and the 16S rRNA genes o f M. smegmatis (Ji et a l, 1994b), M.
tuberculosis (Ji et a l, 1994a; Verma et a l, 1994) and M. leprae (Sela and ClarkCurtiss, 1991).
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1.7 The SOS response

M. tuberculosis is an intracellular pathogen of man surviving and replicating
within macrophages, part o f the normal host defense system. Many of the
mechanisms involved in macrophage killing of such pathogens require the
production o f DNA damaging agents such as hydrogen peroxide, nitric oxide and
reactive nitrogen/oxygen species. These conditions would be expected to lead to
DNA damage and, therefore, the response of M. tuberculosis to DNA damage
could be important in pathogenesis. In addition, pathogenic mycobacteria remain
in a dormant state during which time they may suffer DNA damage from the host
immune system. For this reason DNA repair systems are likely to play a critical
role in repairing DNA damage in order for them to emerge from dormancy in a
viable form.

The response to DNA damage by bacteria is highly conserved and has been
analysed in detail in E. coli, involving the co-ordinated expression o f more than
20 genes (Walker 1985). The key regulatory elements o f the SOS response are the
RecA and LexA proteins, the activator and repressor respectively. Once DNA
damage has occurred RecA becomes activated, probably as a result of its
interaction with regions of single-stranded DNA (ssDNA) formed by the damage.
In association with ATP, RecA protein binds to ssDNA to form a contiguous
filament, called the presynaptic complex or nucleoprotein filament and this is the
form of RecA which is activated to stimulate LexA cleavage (Harmon et al.,
1996). Once activated, RecA acts indirectly to stimulate self-cleavage of LexA,
which once cleaved does not bind efficiently to DNA, thus allowing the genes
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being repressed to become expressed (figure 1.1). Finally, when DNA damage is
repaired, the level of the signal molecule drops, the co-protease activity o f the
RecA protein disappears and LexA repressor can accumulate and repress the SOS
genes once again (Little et al., 1982).

For all known SOS genes, the LexA repressor binds close to, often overlapping,
the promoter o f these genes which suggests that LexA exerts repression through
an inhibition of transcription initiation (Schnarr et al., 1991). In Escherichia coli
recA and lexA genes, the LexA binding site overlaps the promoter region and
appears to work by excluding RNA polymerase from the promoter (Little et al,
1981). Apart from the tightness o f the repressor-operator interaction (operator
strength), both the localisation of the operator with respect to the RNA
polymerase binding site and the promoter strength may have an influence on the
efficiency of repression. The degree of repression, therefore, may depend on at
least three parameters: (i) the operator strength, (ii) the localisation o f the operator
with respect to the promoter, and (iii) the promoter strength. Differences in LexA
affinity allows for the expression of accurate repair systems before allowing genes
involved in processes such as mutagenesis to be induced.

Once LexA is inactivated its target genes can be expressed allowing the cellular
response to DNA damage to take place. This includes induction o f genes involved
in DNA repair, DNA synthesis, homologous and site-specific recombination and
cell division. A more detailed description is provided by examining the genes
responsible for wvr-dependent excision repair uvrA, uvrB, uvrC and uvrD; which
are induced by DNA damaging agents such as mitomycin C and UV light (Cooper
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Figure 1.1 A diagrammatic representation of the mechanism by which DNA damage
inducible genes are regulated by the combined action o f the products of the recA and
IexA genes.
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et al, 1972). In vitro footprinting studies have shown that LexA functions as the
direct repressor o f the uvrA gene (Sancar et al, 1982) with the binding site
overlapping the -35 sequence of uvrA. Regulation of the uvrC gene appears to be
more complex (Sharma et a l, 1984). Van Sluis et a l, (1983) have used an operon
fusion to demonstrate that induction of uvrC is controlled by the RecA and LexA
regulatory elements although the kinetics of its derepression were seen to be much
slower than those reported for other SOS genes. This slow derepression of the
uvrC may be ascribed to a slight alteration in the putative LexA binding site where
the internal nucleotides were found to be 11 bp instead o f the usual 10 bp. A
LexA binding site was located downstream of the promoter o f the uvrD gene
(Easton et al, 1983). Synthesis o f messenger RNA in vitro from this promoter
was inhibited by purified LexA protein. There have also been suggestions that
uvrD is subject to regulation by transcriptional attenuation due to the presence of
an apparent strong transcription terminator between the promoter and the start o f
the coding sequence (Easton et a l, 1983).

1.8 Homologous recom bination

The RecA protein plays a pivitol role in the regulation of the SOS response. In
addition to its regulatory function, this protein also mediates

genetic

recombination and DNA repair (figure 1.2). Homologous recombination allows
independent elimination of unfavourable mutations and reshuffling o f favourable
mutations without deleterious effects on associated alleles. In addition, it provides
a means of accurately repairing a lesion on a single-stranded region o f DNA when
a homologous duplex is present. The RecA protein catalyses strand transfer
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between homologous DNA molecules in an ATP-dependent reaction (figure 1.3).
This process is a complex, multi-step series of events involving binding o f RecA
to single stranded DNA, pairing of the RecA:ssDNA complex with double
stranded DNA to form a nucleo-protein complex (Weinstock et al., 1979), pairing
of the homologous regions of the chromosomes and finally exchange o f the
corresponding single strands o f DNA. The RecBCD pathway is involved in the
initiation of the recombination process between linear DNA molecules and the
chromosome. This pathway is RecA dependent. The RecBCD enzyme, also
known as exonuclease V, is encoded by the recB, recC and recD genes and
possesses both helicase and nuclease activities. The RecF pathway is involved in
DNA recombination and postreplication DNA repair. Some RecF pathway genes,
such as recF, recj, recO and recR, are not RecA or LexA regulated. E. coli recF
mutants display sensitivity to UV light and have been shown to be deficient in
conjugal recombination suggesting that one role of the RecF protein may be to
regulate some, or all, o f the genes involved in the RecF pathway so that the genes
can be expressed in response to DNA damage (Kowalczykowski et al., 1994).

1.8.1 Homologous recombination in mycobacteria

While the mechanisms of homologous recombination have been extensively
studied in E. coli, with more than 20 enzymes implicated and at least three
overlapping pathways (recBCD, recE and recF) knowledge o f homologous
recombination in mycobacteria is still in its infancy. Interestingly, most of the
damage-inducible genes involved in the DNA repair and mutagenesis components
Of the SOS response were found in the completed genome sequence o f M.
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Figure 1.3 The process of RecA binding to ssDNA is a complex, multi-step series of events involving binding of RecA to single
stranded DNA, pairing of the RecA:ssDNA complex with double stranded DNA to form a nucleo-protein complex.
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tuberculosis (Cole et al., 1998). The RecA protein is the key enzyme involved in
homologous recombination in E. coli and other bacteria (Kowalczykowski et al.,
1994). The technique of creating mutants by allelic exchange is dependent on
homologous recombination, but although this technique is commonly used in
other bacteria it has proved to be inefficient in mycobacteria, particularly in M.
tuberculosis. The recA gene o f M. tuberculosis contains an intein; this has led to
speculation that it affects the regulation of RecA protein synthesis thus leading to
reduced levels of the protein in the bacteria (McFadden 1996). Interestingly, it has
recently been shown that when a recA deletion strain o f M. smegmatis was
complemented by the M. tuberculosis recA with or without its intein the frequency
of double cross-over homologous recombination events was identical regardless
of the presence or absence of an intein (Papaviasasundaram et al., 1998). Thus the
low frequency o f homologous recombination observed in M. tuberculosis is not
due to the presence of an intein in its recA gene.

1.9. Aims - Regulation of gene expression in the SOS response of M.
tuberculosis

The overall aim of this project is to analyse the regulation o f gene expression by
Mycobacterium tuberculosis LexA protein. Previously, a number of sites were
identified in the M. tuberculosis genome which were homologous to the then
defined SOS box but only a relatively low proportion o f these actually bound
LexA (F.M. Movahedzadeh, personal communication). Thus, one aim o f this
project was to increase the predictive power o f sequence data analysis by (i)
determining whether all bases within the operator sequence are equally important
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for recognition by LexA and (ii) which base changes from the consensus sequence
are tolerated and which prevent LexA binding. This information will greatly aid
the identification of other LexA regulated genes from the M. tuberculosis genome
sequence.

The LexA gene o f Mycobacterium tuberculosis has been cloned and sequenced
(Movahedzadeh et al., 1997). Although the amino acids important for DNA
binding are not conserved between the E. coli and M. tuberculosis LexAs, the
amino acids involved in the cleavage reaction are conserved. Curiously, the M.
tuberculosis LexA protein has a stretch of amino acids inserted between the two
domains o f the protein compared with the E. coli protein. The aims of this section
of the work were to assess if cleavage o f the M. tuberculosis LexA protein
followed the same mechanism as that of the E. coli LexA and to investigate the
role o f the extra amino acid sequence.

Three putative binding sites for LexA were identified upstream of the M.
tuberculosis lexA. The presence of multiple binding sites in E. coli for LexA has
been shown for several genes including the IexA and recN genes (Schnarr et al.,
1991). The aim of this part of the project was to find out if all three sites are
recognised by M. tuberculosis LexA and if they are necessary for regulation.
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2. Experimental Procedures

2.1 Bacterial strains and plasmids

The bacterial strains used in this work were M. smegmatis me2155, M.
tuberculosis H37Rv, E. coli strains DH5-a (Sambrook et al., 1989) for cloning
purposes, E. coli BL21 (DE3) for expression o f LexA protein and XL 1-Blue
supercompetent cells (Stratagene) for Site-Directed Mutagenesis. In Table 2.1 the
plasmids used in this work are explained.

Table 2.1 Plasmids used in this work
Plasmid

pFM18

Construction

M. tuberculosis lexA gene in pET-15b for expression o f Histagged M. tuberculosis LexA (Movahedzadeh et al., 1997b)

pFM9

1.5kb Smal fragment containing DNA upstream of IexA and
part o f the M. tuberculosis lexA gene in Smal site o f pUC19
(Movahedzadeh et a l, 1997a).

pEJ414

Integrating lacZ reporter vector (E.O.Davis, unpublished).

pEJ435

M. tuberculosis recA p2 promoter-lacZ transcriptional fusion
(E.O.D.)

pEMD 8

A 0.6kb fragment containing M. tuberculosis lexA upstream
DNA was amplified using pFM9 as a template. The PCR
product was ligated into the Xbal/Hindlll site of pEJ414 to
form a transcriptional fusion with lacZ reporter vector.
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PEMD9

A 0.6kb fragment containing M. tuberculosis lexA upstream
DNA was ligated into pEJ414 to form a transcriptional
fusion with lacZ reporter vector. The M. tuberculosis lexA
upstream DNA- lacZ reporter construct was cloned into the
EcoRI/tfmdlll site of pUC19.

2.2 D N A preparation

2.2.1 Small scale plasmid preparation

Minipreps were prepared using the Invitrogen S.N.A.P. miniprep kit according to
the manufacturer’s instructions.

2.2.2 DNA preparation from mycobacteria

DNA was prepared from M. smegmatis me2155 for reporter clone verification. A
loopful o f bacteria from a plate was resuspended in 1 ml of autoclaved water in a
microfuge tube and centrifuged for 1 minute at 10,000-12,000 rpm. Following this
200 pi of InstaGene matrix (Bio-Rad) was added to the pellet prior to following
the manufacturer’s instructions for DNA preparation. For the integrating plasmid
pEJ435 the fragment o f interest was isolated by PCR (refer to 2.4.2).
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2.3 Cloning

2.3.1 Restriction enzyme digestion and alkaline phosphatase treatm ent

Restriction enzyme digestions o f DNA were carried out using a ten-fold excess of
the required enzyme in the buffer specified by the manufacturer (New England
Biolabs) for 2-3 hours at 37°C. Following digestions of vector DNA for
subcloning, alkaline phosphatase (CIP; Boehringer-Mannheim) was added in
order to remove the terminal phosphate group, as described by Sambrook et al.
(1989). This treatment prevents the religation of the vector unless an insert has
been ligated into it.

2.3.2 Agarose gel electrophoresis

Electrophoresis in agarose gels was used to separate, identify and purify DNA
fragments, according to the methods described in Sambrook et al. (1989).
Ethidium bromide was included in the gel and running buffer to a final
concentration o f 0.25pg/ml in order to visualise the DNA. Electrophoresis was
carried out in a Tris-acetate buffer system (lx TAE solution: 40mM Tris acetate
pH 7.7., ImM EDTA). After electrophoresis, gels were placed on an ultraviolet
transilluminator (300nm, 3UV™). The ethidium bromide labelled DNA bands
were visualised and photographed using a Foto/Analyst camera (Fotodyne) and
printed from a videocopy processor (Mitsubishi).

2.3.3 Purification of DNA fragm ents by agarose gel electrophoresis
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After electrophoresis, DNA was extracted from the agarose gel using a QIAquick
Gel Extraction Kit (Qiagen) following the manufacturer’s instructions.

2.3.4 Ligations

Ligations were set up using a Rapid DNA Ligation Kit (Boehringer-Mannheim) in
a total volume o f 20pl containing 25-100 ng of vector DNA, 50-200 ng o f insert
DNA, lOpl of 2 x ligation buffer and lp l of T4 DNA ligase (3.5U/pl). The
reaction procedure was according to the manufacturer’s instructions.

2.3.5 T ransform ation of E. coli cells

Competent E. coli cells were prepared using an adaptation of the method
described by Sambrook et al. (1989). A single colony o f E. coli was innoculated
into 5ml of LB broth (Luria-Bertani, appendix A) and grown overnight at 37°C. A
1/100 dilution o f culture was used to innoculate 50ml o f LB broth and grown at
37°C for a further 2 hours with rapid shaking (250rpm) until the optical density at
600 nm was between 0.3-0.4. The cells were chilled on ice for 10 minutes prior to
harvesting by centrifugation (4°C, 2000g for 10 minutes). The supernatant was
decanted and the cells were resuspended in 20ml o f ice cold 0.1M CaCl2 . The
cells were then sedimented by centrifugation and resuspended in 2ml o f 0.1M
CaCh. The suspension was then stored on ice for at least

2

hours before 50pl

aliquots were used for each transformation as follows: between 5-100ng o f DNA
was added to each aliquot and incubated on ice for 30 minutes. Cells were
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heatshocked at 42°C for 90 seconds and left to rest on ice for a further 2 minutes.
Following this, 500pl of LB broth was added to each sample and incubated at
37°C for 1 hour. Transformed cells were then plated on selective media and grown
overnight at 37°C.

2.3.6 Transform ation of mycobacteria by electroporation

M. smegmatis me2155 was grown in Dubos A+B+0.2% glycerol overnight before
subculturing 1/1000 into 25mls of Dubos media for about 20 hours. After
incubation on ice for 1 hour the bacteria were harvested at 5000g for 10 minutes.
Cells were washed in 10% glycerol and incubated on ice for a further 30 minutes
before centrifugation at 5000g for 10 minutes. Cells were then resuspended in
/

1 10

th culture volume of

10

% glycerol and incubated on ice for

1

hour prior to

being used for electroporation.

100-200ng o f DNA and 0.4ml o f competent M. smegmatis me 155 cells were
electroporated using the Bio Rad Pulse Controller with the settings: 25pF, 2.5kV
and 1000Q. This was immediately added to 4.6ml o f prewarmed Dubos
A+B+0.2% glycerol, incubated at 37°C for 2 hours and finally 1OjliI o f the sample
was diluted into Dubos A+B+0.2% glycerol and plated out on 7H11 media
containing the appropriate antibiotic.
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2.4 The effect o f changes to the LexA binding site on gene
expression

2.4.1 Site-Directed Mutagenesis

The QuickChange™ Site-Directed Mutagenesis Kit (Stratagene) was used to
introduce specific mutations to sites adjacent to and within the LexA binding
motif o f the recA gene of M. tuberculosis. The mutagenic primers were generated
individually (Oswell) according to the mutation required and the cycling
parameters were carried out following the manufacturer’s guidelines. The plasmid
used

was

pEJ435,

containing

the M.

tuberculosis

recA

p2

promoter

transcriptionally fused to the E. coli lacZ gene as a reporter (Table 2.1).
Transformation was carried out using Epicurian XL-1Blue Supercompetent cells
(Stratagene) in accordance with the transformation guidelines supplied.

2.4.2 R eporter clone verification

Following transformation into Epicurian XL-1Blue Supercompetent cells, minipreps o f DNA were prepared and sequenced prior to electroporation into M.
smegmatis me 155. After electroporation DNA was

extracted for final

confirmation of the desired mutation (refer to 2.2.2). A PCR reaction was
undertaken to isolate the cloned DNA in a final volume of 50pl.l0pl of template
DNA from an Instagene prep (refer 2.2.2) was added to a mix containing 2mM
DNTPs, 5mM PmintF2 primer, 5mM LAC518R primer and 5% DMSO with the
following cycling conditions:
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94°C 2 min. x 1
followed by 25 cycles of:
94°C 30s
58°C 30s
72°C 45s
72°C 7 min xl

The DNA sequences were determined using an ABI Prism™ dRhodamine Cycle
Sequencing kit on an ABI 377 sequencing apparatus.

2.4.3 DNA damage induction in mycobacteria

Overnight cultures of M. smegmatis me 155, transformed with specific reporter
clones, were set up using Dubos broth with appropriate antibiotics. These were
then sub-cultured 1/500 in Dubos A+B with 0.2% glycerol and antibiotics (total
vol. 30ml). When the OD6 0 0 reached approximately 0.58-0.62 cultures were split
into 2x10ml aliquots, the inducing agent was added to one aliquot and incubation
was continued for 5 hours. The inducing agent used was mitomycin C (0.2pg/ml).
After induction the bacteria were harvested and washed three times. The washed
cells were stored as a pellet at -20°C.

2.4.4 p-galactosidase assay

Induced and uninduced samples were prepared as above (2.4.3) were resuspended
in 1ml Z buffer minus P-mercaptoethanol (0.06M Na 2 HPC>4 , 0.04M NaH 2 PC>4 ,
0.01M KC1, 0.001M MgSC>4 , pH 7.0) and lysed using either a mini bead-beater (1
minute at 34,000 rpm) or a ribolyser (Hybaid) (setting 6.0m/sec for 30 seconds)
and centrifuged to prepare cell free extracts. Protein assays were performed on the
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cell lysates using a BCA Protein Assay kit (Pierce) prior to the addition of PMercaptoethanol to the cell free extracts. Samples were made up to 500pl with Z
buffer containing P-Mercaptoethanol and along with buffer controls were
incubated at 28°C for 5 minutes to equilibrate the temperature. Following this,
lOOpl o f 4mg/ml ONPG (o-nitrophenyl P-D-galactopyranoside) was added to
each sample and briefly vortexed to allow thorough mixing before returning to
28°C. The reaction was stopped by adding 250pl of 1M Na 2 CC>3 and mixing. (The
time of the incubation is dependent on the activity of the sample, but should be for
at least 10 minutes. The reaction should be allowed to proceed until the sample
turns yellow, but not dark yellow as the stop solution will cause the colour to
deepen). Absorbance was read at 405nm (Miller, 1972).

The units of p-galactosidase per mg of protein was calculated according to the
formula:

Units =

380 x A4 0 S________________________________
Time (min) x vol (ml) x [protein] (mg/ml)

2.5 D N A binding assays

2.5.1 Gel R etardation Assays
Oligonucleotides were end-labelled with y3 2 P[dATP] at their 5’ terminii by means
of T4 polynucleotide kinase before being used in a gel shift reaction.
Electrophoresis was carried out in 0.5 x TBE buffer at 160V at 4°C. The gel
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system used was The Sturdier, model SE400 (Hoefer Scientific Instruments) with
gel dimensions of 160cm x 140cm x 2mm thick

2.5.2 Annealing of oligonucleotides

Single-stranded oligonucleotides were mixed in a molar ratio of 1:1 in TEN buffer
(lOmM Tris-HCl, ImM EDTA, 0.1M NaCl, pH 8.0) (lOOpmol), incubated for 10
minutes at 95°C and cooled slowly to room temperature in a beaker containing the
water used for heating. This was then diluted with TEN buffer to 3-4 pmol/pl

2.5.3 Labelling of oligonucleotides with y^PldATP]

Using 10 pmol o f primer (2.5pi o f the above) and T4 polynucleotide kinase with
y3 2 P[dATP] a standard labelling procedure was carried out (Sambrook et al.,
1989) with incubation for 10 minutes at 37°C. The final concentration o f labelled
oligonucleotide was brought to 100 fmol/pl using TEN buffer.

2.5.4 Gel Shift reaction
Samples were prepared with and without varying amounts of LexA protein and
incubated at room temperature for 15 minutes. Each sample contained: 4pl o f 5x
binding buffer (lOOmM Hepes, pH7.6, 5mM EDTA, 50mM (NEL^SC^, 5mM
DTT, 1% w/v Tween 20, 150mM KC1), lp l poly [d(I-C)] (lp g /p l),lp l poly Llysine(lpg/pl), 2pi y3 2 P[dATP] labelled oligonucleotide. The volume was brought
up to

2 0

pl with CIH2 O.
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After incubation 5pi o f loading buffer was added without bromophenol blue and
samples were applied to a pre-electrophoresed polyacrylamide gel (see

. . 1 0 ).

2 2

After electrophoresis gels were dried and exposed overnight with X-ray film
(Hyper™ MP Amersham International ) or a Phosphorimager cassette.

2.5.5 M easurem ent of the affinity of LexA to sequences with altered flanking
bases

The determination of apparent binding constants were drawn from phosphorimage
analysis o f gel retardation assays using decreasing concentrations o f LexA.
y3 2 P[dATP] labelled oligonucleotides were used in binding reactions containing
LexA at concentrations ranging from 70pM to 22pM. Data from phosphorimages
of the gels were plotted as fraction of bound DNA versus log protein
concentration and Kd values determined as the protein concentration at which
50% o f the DNA is bound.

2.5.6 Footprinting

A 0.6kb fragment containing M. tuberculosis lexA upstream DNA was amplified
using pFM9 as a template. The PCR product was ligated into the Xbal/HindUl site
of pUC19 (pEMD9). Following this DNA was prepared using a Megaprep kit
(Qiagen) according to the manufacturer’s instructions. Restriction enzyme
digestions o f DNA were carried out using lOOpg of pEMD9 with EcoKl and NaeI.
(New England Biolabs) for 3 hours at 37°C. Once digested, the DNA fragment
containing the appropriate sequence for footprinting had an overhang at the 5’ end
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[

|

and a blunt end at the 3’ end. Following digestion of the DNA, 5’ end labelling
was performed using

8

pi of the restricted DNA (approximately 20pg),

8

pi of

a 3 2 P[dATP] (3 MBequerels), 2pl Klenow buffer, lp l Klenow, lp l 5mM dTTP.
The reaction mix was incubated at 30°C for 15 minutes before ethanol
precipitation at -70°C for 15 minutes. The labelled sample was centrifuged for 10
minutes and washed twice with 70% ethanol before resuspension in loading
buffer. Footprinting was carried out in lOOpl samples of DNA binding buffer (see
2.5.4) with or without purified M. tuberculosis LexA protein. The 5’ end-labelled
i
!

fragment (105 cpm) that contained the three binding sites upstream o f the M.
tuberculosis lexA gene were incubated for 10 minutes at room temperature with
and without varying amounts of LexA protein prior to the addition o f Dnase I.
Due to the requirement for cations in the subsequent Dnase I cleavage reaction, a
co-factor solution containing lOmM MgCL and 5mM CaCL was added to the

j

i

prepared footprint reaction. A concentration o f 0.02U/pl Dnase I (Boehringer-

j

Mannheim) was prepared on ice, lOpl was added to each prepared sample and

I

incubated at room temperature for

2

minutes, after which 12.5pl o f stop solution

(1% SDS, 200mM NaCl, 20mM EDTA pH 8.0) was added and the samples
i
!

vortexed. To inactivate the Dnase I, the cleaved DNA fragments were heated to
90°C for

1

minute, then purified by ethanol precipitation, washed with 70%

ethanol twice and resuspended to a final concentration of

,

1 0 0 0 0

cpm per sample

using loading buffer (7M urea, 0.05% xylene cyanol FF and bromophenol blue).
The samples were heated for 10 minutes at 90°C and electrophoresed on a 6 %
polyacrylamide DNA sequencing gel. Manual sequencing reactions (see section
2.5.7) of the plasmid DNA were run alongside the footprinting reactions.
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2.5.7 Manual sequencing reactions

Sequencing reactions were carried out using the Sequenase 2.0 kit (US
Biochemical Corporation). Denatured DNA was annealed using 7pl DNA, 2 pl 5x
reaction mix, 1pi o f appropriate primer and incubated at 65°C for 5 minutes. After
cooling gradually to room temperature, lp l 0.1M DTT, 2.5pl diluted labelling
•ic

mix, 0.5pl of a - S[dATP] and 2pl of diluted Sequenase were added and left at
room temperature for 2-5 minutes. 2.5pl of appropriate dideoxy termination mix
was pre-warmed at 37°C after which 3.5pl of the labelled reaction was added to
each dideoxy termination tube and incubated at 37 °C for 5 minutes. Samples were
heated to 80 °C prior to being electrophoresed on a denaturing 6 % polyacrylamide
gel.

2.5.8 Preparation and electrophoresis of m anual sequencing gels

Sequencing reactions were run on denaturing polyacrylamide gels using the
Model SA Gibco BRL Sequencing System (Life Technologies). The glass plates
were thoroughly cleaned with Decon 90 (Decon laboratories Ltd), rinsed several
times with distilled water followed by ethanol and left to dry. The notched plate
was siliconised by spreading

10

ml dimethyldichlorosilane solution (2% solution

in 1,1,1-trichloroethane, BDH) in the fume hood. Once assembled

6

%

polyacrylamide gels were cast and run using lx TBE buffer (1 x TBE: 89mM Tris
borate, 2.5mM EDTA, pH 8 ). Gels were prerun for 30 minutes, prior to loading
samples, at constant power (60 W) using a power pack (Bio RAD model
3000/300). Manual sequence reactions were loaded in order A,C,G,T from left to
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right alongside footprinting reactions. After electrophoresis the gel was carefully
removed from the backing plate onto a sheet o f 3MM paper (Whatman) and dried
under vacuum on a gel drier (Bio RAD laboratories) at 80°C for 1 hour. The dried
gel was exposed in direct contact with X-ray film (Hyper™ MP Amersham
International ) for 24-48 hours before developing (Fuji Automatic X-ray film
developer).

2.6 LexA expression and purification

2.6.1 IPTG induction of pFM18 using E . coli host strain BL21 (DE3)

BL21 (DE3) cells containing pFM18 were grown overnight at 37°C in 5ml o f LB
broth containing 200jj,g/ml ampicillin and 34qg/ml chloramphenicol. A 1/100
dilution of culture was used to inoculate 1 litre o f LB broth containing the above
antibiotics and was grown at 37°C until the optical density of the culture at 600nm
was about 0.5. The cells were induced with 0.1 mM IPTG. At this point 200pg/ml
ampicillin was again added to the culture and incubation continued for a further 3
hours. The cells were harvested, resuspended in sonication buffer (25mM TrisHC1 pH 8 , 1M NaCl, 5mM imidazole and lmg/ml pefabloc) and sonicated at
100W 4 times for 30 seconds to produce a cell free extract.

2.6.2 LexA protein purification

The LexA protein was purified using Ni-NTA resin (QIAGEN). After
equilibration with sonication buffer the resin was mixed with the cell free extract
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by inversion using a turn-table mixer (Baird & Tatlock) at room temperature for 1
hour, and then packed in a Ni-NTA column and washed at approximately
lml/minute. The resin was washed with wash buffer (50mM phosphate pH5, 1M
NaCl, 5mM imidazole) and the protein eluted using 50mM phosphate pH 8 , 1M
NaCl and 250mM imidazole.

2.6.3 Cleavage assays on cleavage and active site m utants of LexA

Cleavage and active site mutant LexA proteins were incubated under conditions
that would allow for pH dependent auto-digestion o f the protein. Incubation was
carried out for 24 hours with approximate protein concentrations o f 250pM in
lOOmM Caps buffer (3-[Cyclohexylamino]-l-propanesulfonic acid) and 250mM
NaCl. Samples were then precipitated using TCA (Trichloracetic acid) before
electrophoresis in 15% SDS-polyacrylamide gels according to the method of
Laemmli (1970). The gel system used was the Heoffer model SE250 (Hoeffer
Scientific Instruments).

2.7 System atic Evolution of Ligands by Exponential Enrichm ent
(SELEX)

2.7.1 SELEX procedure

A Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
procedure was employed to isolate binding sites for Mycobacterium tuberculosis
LexA from a degenerate pool of oligonucleotides. The binding procedure is a
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simple and rapid way to select a set of high affinity binding sites. SELEX was
performed using a pool of oligonucleotides of 75 nucleotides in length, such that
there was total degeneracy at the central 30 nucleotides. This N30 sequence was
flanked by restriction sites, and by binding sites for a pair o f PCR
oligonucleotides. Following second strand synthesis the DNA was used in a
binding reaction with His-tagged M. tuberculosis LexA followed by isolation of
complexes using a TALON™ Metal Affinity column (Clontech).

2.7.2 Construction of oligonucleotides

A template oligonucleotide (SAAB1) was synthesised to contain a randomised
sequence o f 30 bases (figure 3.3.19). The random sequence was flanked by
recognition sites for Xbal and BamHl in the conserved sequences to be used for
subcloning purposes. A BglII site was included for the identification o f plasmids
with insert. Two primers (SAAB2 and SAAB3) complementary to the conserved
regions on the random primer were designed for PCR amplification.

2.7.3 P rim ary binding of the random ds-oligo SAAB1

Before initial binding of the random oligo (SAAB1) with purified recombinant
LexA protein, it was converted to double stranded DNA by the action of DNA
polymerase I Klenow fragment using the SAAB3 primer annealed to the 3’ end.
Roughly

8

pmol of the single-stranded random oligonucleotide was incubated for

2 hours at 4°C in a 20pl mixture containing 4pl o f 5x binding buffer (lOOmM
Hepes, pH7.6, 5mM EDTA, 50mM (N H ^S O * 5mM DTT, 1% w/v Tween 20,
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150mM KC1), 0.25mM dNTP’s, and 20pl of Klenow

mix

consisting

of

Klenow polymerase 0.6pl (5U/pl), 3pl 0.1M DTT, 20.4pl lOmM Tris-HCl pH
8.0. After binding with lOOng of LexA, in a total volume of 50pl, the sample was
passed through a Talon (Clontech) spin column. The column was washed 3x with
binding buffer before elution with 0.15M imidazole. The eluate was then
phenol/chloroform extracted ethanol precipitated and resuspended in

2 0

pl o f (IH2 O

ready for PCR.

2.7.4 The binding site selection cycle

For each PCR amplification, lOpl of oligonucleotide rescued from a binding
reaction, was mixed with lOpl 10X PCR buffer, lOpl 2mM dNTP, lOpl SAAB2
primer (lOpM), lOpl SAAB3 primer (lOpM), and 3.5 U Expand™ High Fidelity
enzyme mix in a final volume o f

1 0 0

pi. The PCR was carried out in a Techne

Progene thermocycler with denaturation at 95°C for 50 sec, annealing at 64°C for
50 sec, and extension at 72°C for 1 minute. For the first two rounds o f selection
and amplification 30 cycles o f PCR were used. Subsequently the number o f cycles
in the PCR had to be decreased as the fraction of high-affinity binding sites in the
DNA pool increased. 25 cycles of PCR were used in the 3rd and 4th rounds of
PCR with 20 cycles in the 5th to 8 th rounds. Five pi o f the amplified ds-oligo
were used for a new round of filter binding without any steps of purification.
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2.7.5 Cloning and sequencing of the oligonucleotides selected by SELEX

After the final PCR step the pool of oligonucleotides from each PCR were
phenol/chloroform extracted, ethanol precipitated and dissolved in

2 0

pl o f dlLO.

From each sample 2.5pi were labelled with y3 2 -P[dATP] and bound to purified
recombinant LexA in a total volume of 20pl before being assayed by gel
retardation. The oligonucleotides from the 5th PCR, which showed specific
binding to lOOng o f LexA, were then digested with Xbal and Hindlll and cloned
into the corresponding sites in pBluescript SK\ Recombinant plasmids were
detected as white colonies on IPTG-XGal-Amp plates. The presence of insert in a
proportion of these was verified by digestion with BglU. The DNA sequences
were determined using an ABI Prism™ dRhodamine Cycle Sequencing kit on an
ABI 377 sequencing apparatus.

2.8 Estim ation o f num ber o f LexA m olecules in M. tuberculosis
H37Rv

2.8.1 Preparation of M. tuberculosis H37Rv Cell Free E xtract

All safety protocols were strictly followed. M. tuberculosis strain H37Rv was sub
cultured 1/75 into 150ml of Dubos A+B+0.2% glycerol and grown in a static
incubator, with occasional shaking, for one week. The ODgoo o f the cultures at this
time was determined to be 0.58. The cells were harvested, resuspended and
washed twice in approximately 100-150ml PBS (phosphate buffered saline) with
centrifugation for 30 minutes at 10,000 rpm. After the final wash, the pellet was
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resuspended in 1ml of PBS, 2x50pl aliquots of culture were removed for dilution
and plating. The remaining 900pl of cells were added, with protease inhibitors, to
a sterile 2ml screw top tube containing 150-212 micron glass beads (Sigma) and
broken in a mini bead-beater (Bio-Spec products) at 4200 rpm for 1 minute four
times with a 1 minute break each time on ice. After bead-beating, the supernatant
was transferred to a filter assembly and centrifuged at

1 0 ,0 0 0

rpm for 15 minutes.

An estimation was made of the protein concentration using a BCA™ protein assay
reagent kit (Pierce) according to the manufacturers guidelines. The cell free
extract was stored at -80°C in aliquots.

2.8.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE)

Electrophoresis o f proteins/protein DNA complexes were carried out in
polyacrylamide gels according to the method o f Laemmli (1970). The gel system
used was the Heoffer model SE250 (Hoeffer Scientific Instruments).

2.8.3 Im munoblotting and ECL detection of M. tuberculosis H37Rv CFE

Samples were run on 15% SDS-PAGE gels (see 2.7.2) before being blotted onto
Immobilon™-P Transfer Membrane (Millipore) using a semi-dry electroblotter
(Ancos). After blotting, the membrane was placed in blocking solution either
overnight at 4°C or 2 hours at room temperature (lOg o f milk powder, lOOmls of 1
x TBS with 0.1% Tween 20 and 400pl o f 0.5M EDTA). The primary antibody had
been produced in mice against M. tuberculosis LexA and was used at 1:1000
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dilution. The secondary antibody, also used at 1:1000 dilution, was anti-mouse
immunoglobulin peroxidase conjugate (Dakopatts). ECL detection o f LexA was
carried out using the ECL™ Western Blotting Detection Reagents kit (Amersham
Pharmacia Biotech) in accordance with the manufacturer’s instructions.
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I
i

3. Analysis o f the SOS box o f M ycobacterium tuberculosis

In the bacterium Escherichia coli DNA damaging treatments such as ultraviolet or
ionising radiation induce a set of functions called the SOS response. This response
is regulated by the molecular interaction o f the LexA and RecA proteins (Walker,
1984; Wojciechowski, 1991). Under normal conditions LexA binds specifically to
palindromic sites overlapping or close to DNA damage inducible promoters
upstream of the genes it regulates and represses transcription. Expression o f these
genes is induced by DNA damage which activates RecA to RecA* which then
serves as a co-protease to stimulate autodigestion o f the LexA repressor (Little et
al., 1994). Comparison of SOS boxes from E. coli, Salmonella typhimurium,
Erwinia carotovora, Pseudomonas aeruginosa and Pseudomonas putida reveals
!

that the consensus sequence CTGT-N 8 -ACAG is conserved in all known LexA

I
Ii
|
|

operators of these Gram-negative bacteria (Garriga et a l, 1992), but a different

!
I

Gram-positive bacterium Bacillus subtilis. This has been termed the Cheo box and

sequence is found upstream o f various DNA damage inducible promoters in the

has the consensus GAAC-N4-GTTC (Cheo et ah, 1991).
iI

|
I
j

The recA genes of M. tuberculosis, M. leprae and M. smegmatis have been cloned
and sequenced (Davis et ah, 1991, 1994; Papavinasasundarum et ah, 1997) and in
both cases a sequence identical to the Cheo box consensus has been identified in
the upstream regions. These have been shown to bind mycobacterial LexA.

1

|
I

(Figure 3.1 shows the transcription start sites and putative promoter elements

!

upstream of the M. tuberculosis recA gene).
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3.1 The SOS box of M. tuberculosis extends beyond the defined Cheo box
consensus

A m otif identical to the Cheo box consensus sequence had been identified
downstream o f the M. tuberculosis lexA gene suggesting that another DNA
damage inducible gene might be present. Surprisingly, however, a gel retardation
assay with this sequence showed that it was not recognised by the M. tuberculosis
LexA protein (fig.3.2). Alignment of the sequences from M. tuberculosis and M
smegmatis which had been shown to bind LexA in gel retardation assays showed
that they all had a conserved A-T internally, and G-C externally, flanking the
Cheo box motif, whereas the motif that did not bind LexA lacked this internal AT, having C-A instead:

Wild-type M. tuberculosis recA: TGAATCGAACAGGTGTTCGGCTAC
Wild-type M. tuberculosis lexA: CCTGTCGAACACATGTTTGATTCT
Wild-type M. smegmatis recA: TGAATCGAACAGGTGTTCGTCTAC
Wild-type lexA downstream

ACTGGCGAACCAG^GTTCGGCCAG

Initial experiments were undertaken where the wild-type sequence from
downstream o f the M. tuberculosis lexA gene was mutated at these internal
flanking positions to A-T. This change allowed LexA to bind, although with a
slightly lower affinity than the LexA binding site of M. tuberculosis recA.
Conversely, changing the equivalent A-T of the LexA binding site of recA to C-A
prevented LexA binding (fig. 3.3). Figure 3.4 shows the quantification of LexA
binding to both wild-type and mutated binding sites from the M. tuberculosis recA
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wild type

recA

w ild type

lexA
(d o w n stre a m )

Figure 3.2 A gel retardation assay using a conserved Cheo box from downstream of
M. tuberculosis lexA was not recognised by the LexA protein.

Wild ty p e
recA

C-A
recA

Wild t y p e
lexA

Mutated
lexA

Figure 3.3 Initial experiments were undertaken where the wild-type sequence from
downstream of the M. tuberculosis lexA gene was mutated at the internal flanking
positions to A-T. This change allowed LexA to bind, although with a slightly lower
affinity than the LexA binding site of M. tuberculosis recA. Conversely, changing the
equivalent A-T of the LexA binding site of recA to C-A prevented LexA binding.
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Figure 3.4 Quantification of LexA binding to both wild-type and mutated binding
sites from the M. tuberculosis recA gene and the consensus sequence identified
downstream of the M. tuberculosis lexA gene.

gene and the consensus sequence identified downstream of the M. tuberculosis
lexA gene. This experiment demonstrated directly that bases other than the
originally defined Cheo box are important for LexA binding.

3.1.1 The effect of flanking base changes on LexA binding

In order to investigate the motif involved in binding LexA further, various
changes were made to the bases flanking the binding site upstream of recA. The
effect o f these alterations on LexA binding was assessed using gel retardation
assays and the results showed that the sequence determining LexA binding in M.
tuberculosis is more extensive than the then defined B. subtilis motif

The DNA sequence recognised by LexA from upstream of the recA gene of M.
tuberculosis is shown in figure 3.5; the consensus sequence is shaded and the
numbering system used to identify individual bases is indicated. The changes in
the internal flanking bases included keeping the A(-2) whilst replacing the T(+2)
(A—N), keeping the T(+2) whilst replacing the A(-2) (N--T), swapping around the
A and T, or removing both A and T and replacing them with either C—G or G--C
(see figure 3.5). The effects of these alterations were assessed and the results
showed that at least one o f the bases is needed for binding, although the level of
binding was dependent on which base replaced the wild-type. Thus, whilst A—A
displayed near normal binding A—G had none, and binding with A--C was
significantly reduced (figures 3.6 and 3.7). Although good binding of LexA was
observed with the A and T reversed, it was not sufficient to just have bases which
paired in these positions as C—G or G--C both showed no LexA binding.
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Figure 3.5 The DNA sequence recognised by LexA from upstream of the recA gene of M. tuberculosis is shown. The consensus
sequence is shaded and the numbering system used to identify individual bases is indicated.
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Figure 3.6 The bases required for LexA binding at the internal positions were
investigated in more detail. The effects of alterations to the internal bases were
assessed and the results showed that at least one of the bases is needed for binding,
although the level o f binding was dependent on which base replaced the wild-type.
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Investigation of external flanking bases was carried out on the bases adjacent to
the conserved four base palindrome (figures 3.8 and 3.9). Changes included
keeping the C(-7) (C--N), keeping the G(+7) (N--G), or swapping around the C
and G (see figure 3.5). Strangely, G+7 seemed more important for binding than C7 and changing both the external bases C and G with T--A still allowed significant
binding, while the opposite arrangement (A—T) abolished binding. Also, in
contrast to the situation for the internal base changes where swapping the internal
A--T to T--A still allowed binding of LexA, replacing the external C—G with G—
C reduced binding significantly (Figures 3.6 and 3.8 were based on the percentage
of DNA bound at 400 nM).

Experiments were also undertaken to measure the apparent binding constants of
LexA for both wild type and mutated LexA binding motifs using a range of
protein concentrations from 3.5pM to 2pM . Data from phosphorimages of bandshift gels (fig 3.10 and 3.11) were plotted as fraction o f bound DNA versus log
protein concentration and Kd APP. values determined as the protein concentration
at which 50% of the DNA is bound (Tables 3.1 and 3.2, figures 3.12, 3.13 and
3.14). Changes to the nucleotides adjacent to the LexA binding motif affected the
affinity o f binding o f LexA, reflecting the data at a fixed concentration already
discussed. The results of the binding assays indicated a role for nucleotides other
than the consensus GAAC-N4-GTTC in M. tuberculosis LexA binding, with
specific combinations required at positions -2,+2 and -7 ,+7. The effects of these
base changes at the LexA binding site on gene expression was assessed next.
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LexA
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+
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Figure 3.8 Investigation of external flanking bases was carried out on the bases
adjacent to the conserved four base palindrome. The effects of alterations to the
external bases were assessed and showed, in contrast to the situation for the internal
base changes, replacing the external C—G with G—C reduced binding significantly.
Also, G+7 seemed more important for binding than C-7 and changing both the
external bases C and G with T—A still allowed significant binding.
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Figure 3.9 Quantification of LexA binding to externally mutated positions from the M. tuberculosis recA gene.

Ofo

Decreasing conc. LexA

Figure 3.10 Experiments were undertaken to measure the apparent binding constants
of LexA for mutated binding motifs using a range o f protein concentrations from
3.5p.M to 2pM. Internal A-G mutation shown.
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Decreasing conc. LexA

Figure 3.11 Experiments were undertaken to measure the apparent binding constants
of LexA for mutated binding motifs using a range of protein concentrations from
3.5pM to 2pM. External G-G mutation shown.
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LexA binding to wild type recA Cheo box
120
100-

Q
20-

LexA repressor

Mutated wild-type Cheo box downstream of the LexA gene
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Figure 3.12 Data from phosphorimages of band-shift gels were plotted as fraction of bound
DNA versus log protein concentration and KD APP. values determined as the protein
concentration at which 50% of the DNA is bound. The wild-type recA promoter and mutated
wild-type Cheo box found downstream of the M. tuberculosis lexA gene is shown.
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LexA binding to wild type recA Cheo box
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Figure 3.13 Data from phosphorimages of band-shift gels were plotted as fraction of bound DNA
versus log protein concentration and KDAPP. values determined as the protein concentration at which
50% of the DNA is bound. Internal mutations T-A and A-G are shown.
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Figure3.14 Data from phosphorimages of band-shift gels were plotted as fraction of bound
DNA versus log protein concentration and KD APP. values determined as the protein
concentration at which 50% of the DNA is bound. External mutations C-C and C-A are
shown.
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T a b l e 3.1
W ild t y p e a n d m u t a t e d
C h e o b o x e s (intern al)

Kd App.

Wild t y p e R e c A C h e o b o x

6 .4 7 x 10-7

M utated lexA C h e o b o x

4 .3 7 x 1 0 '7

A - A Internal m u t a t i o n

1.55 x 1 0 '7

A - C Internal m u t a t i o n

1.82 x 1 0 -7

A - G Internal m u t a t i o n

7.11 x 10"7

T-T Internal m u t a t i o n

1.13 x 10'6

T-A Internal m u t a t i o n

8 .2 4 x 1 0 '7

G - T Internal m u t a t i o n

9 . 5 5 x 1 0 '7

C - T Internal m u t a t i o n

1 . 0 4 x 1 0 '6

T a b l e 3.2
W ild t y p e a n d m u t a t e d
C h e o b o x e s (extern al)

Kd App.

Wild t y p e R e c A C h e o b o x

6 .4 7 x 1 0 - 7

G -C External m utation

3 . 2 7 x 1 0 ‘6

C - T E xtern al m u t a t i o n

1.8 x 1 0 ' 6

C -C External m utation

6 . 8 3 x 1 0 ’7

C - A E x t e rn a l m u t a t i o n

1 . 0 8 x 1 0 '7

T - G E x t e rn a l m u t a t i o n

2 .8 5 x 1 0 ' 7

A -G External m utation

2 . 7 6 x 1 0 '6

G - G E x te rn a l m u t a t i o n

1 .7 x 10 6

A -C External m utation

3.12

A - T E x t e rn a l m u t a t i o n

9 .6 3 x 1 0 ' 7

75

x 1 0 -6

3.1.2 The effect of flanking base changes on gene expression

A transcriptional fusion of the M. tuberculosis recA promoter to the reporter gene
lacZ was used to analyse gene expression. This was contained within the plasmid
pEJ435 (figure 3.15) provided by E.O.Davis. Site-Directed Mutagenesis (figure
3.16) was used to introduce specific experimental mutations to sites adjacent to,
and within, the LexA binding motif of the recA gene o f M. tuberculosis. The
reporter plasmid integrates into the mycobacterial genome so M smegmatis
me 155 transformants were verified by sequencing o f PCR products containing
the insert and junction region. Expression in both the absence and presence of the
DNA damaging agent mitomycin C (0.2pg/ml) was investigated for each clone. If
LexA fails to bind to the mutant site in vivo, repression will not occur and
therefore constitutive expression is expected, with an elevated level of expression
in the untreated sample compared with the wild-type clone. Figures 3.17 and 3.18
show the results of assays carried out on clones with changes to either the internal
or external DNA sequence flanking the Cheo box. Values obtained are presented
as units of P-galactosidase per mg of protein. The data shown in figures 3.17 and
3.18 are the means from at least three experiments with each assay carried out in
duplicate.

Replacing the internal A-T (-2 and +2 positions, refer to figure 3.5) with C-G or
G-C reflected the results obtained by gel retardation, that is, the ability to base pair
is not enough to confer LexA binding indicated by constitutive expression. Units
of p-galactosidase were greatly increased in several constitutive mutants in
comparison to the wild-type recA promoter indicating that these nucleotide
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(a)
X bal

JSglflglGTcaaGCcacACcaccaccAaGGCGTTcaACGcaccaACGAGCo
- 3 5 re g io n

L exA
b in d in g site

CGGACGCaATGTTGCCACACaCGGCGTGTCACAC'rTaAATcaAACAGGTa
- 1 0 r e g io n

j— * -

H indIII

TTGQQCTACTGTGGTGATCATTCaGjrtSamBGAGTAGGACAAATCCGCCG
la c Z

AGCTTCQACGAaATTTTCAGGAGCTAAGGAAGCTAAAATGGATaATCCCa
TCGTTTTACAACGTCaTGACTGGGAAAACCCTGGCGTTACCCAACTTAAT
pE J414

(C)
Xbal
H BB3H G TCG G G CCG CA CCG CCGCCA G GG CG TTCG A CGCG CCG AC GA GC G

-35 region

LexA
binding site

CGGACGCGATGTTGCCACACGCGGCGTGTCACACTTGAATCGAACAGGTG

-10 region

|—*-

HindlW

TTCGGCTACTGTGGTGATCATTCGGJBMaaiM

pEJ435

3.0^

Figure 3.15 The strategy for preparing pEJ435; a) M. tuberculosis recA p2 promoterlacZ transcriptional fusion was cloned into b) pEJ414 an integrating plasmid to form
c) pEJ435.
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Figure 3.16 Site-Directed Mutagenesis was used to introduce specific experimental mutations to sites adjacent to, and within, the
LexA binding motif of the recA gene of M. tuberculosis.
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Figure 3.17 Results of assays carried out on clones with changes to the internal DNA sequence flanking the Cheo box. Values
obtained are presented as units of P-galactosidase per mg of protein. The data shown are the means from at least three experiments
with each assay carried out in duplicate.
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Figure 3.18 Results of assays carried out on clones with changes to the external DNA sequence flanking the Cheo box. Values
obtained are presented as units of P-galactosidase per mg of protein. The data shown are the means from at least three experiments
with each assay carried out in duplicate.
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changes caused an increase in promoter activity (a promoter ‘up’ mutation) whilst
other constitutive promoters (eg. internal A-G) did not. It was confirmed by these
in vivo studies that the mutation corresponding to the motif identical to the Cheo
box consensus sequence identified downstream of the M. tuberculosis lexA gene,
having C-A instead of A-T at the internal positions, was not recognised by M.
tuberculosis LexA. Removing the external C (-7 refer to figure 3.5) and replacing
with A (-7) resulted in greater LexA repression whereas T-7 was constitutive.
Replacing the external C-G (-7 and +7, refer to figure 3.5) with T-A still showed
regulation of the recA promoter, while the reverse arrangement A-T was
constitutive; this reflected the results obtained by gel retardation, again indicating
that the ability to base pair is not enough to confer LexA binding. The results of
these in vivo assays confirm a role for nucleotides other than the consensus
GAAC-N4-GTTC in M. tuberculosis LexA binding, with specific combinations
required at positions -2,+2 and -7 ,+7.

3.1.3 Estimation o f the concentration of LexA in the in vitro binding studies
which most closely reflects the in vivo expression data

In order to determine the concentration of LexA in the binding studies which best
reflects the in vivo results comparisons were made between the binding assays and
the p-galactosidase assays. Three concentrations from the binding studies were
analysed, (1.08pM, 540nM and 270nM), for 2 constitutive mutants and 2
mutations which remained inducible. For those mutations which result in
constitutive expression, LexA must fail to bind in vivo, whereas for those which
remain inducible binding must occur in vivo. From the histograms of binding
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drawn at these three concentrations it was clear that the results obtained in gel
retardation assays does not always reflect the in vivo situation. Clearly at the two
highest LexA concentrations binding occurs even for those mutations (A-T
external and C-T internal) resulting in constitutive expression in vivo, indicating
that these concentrations of LexA are too high to reflect the in vivo situation. In
contrast, at the lowest LexA concentration there is no LexA binding for the
mutations (T-T internal and C-A external) which remain inducible in vivo, so this
concentration of LexA is too low (figure 3.19). These concentrations o f LexA
were those experimentally used in the two-fold dilution series to estimate the
apparent dissociation constants of the various sequences, but evidently do not
accurately reflect the physiological situation. Therefore the binding at an
intermediate concentration (400nM) was estimated by interpolation from the
binding isotherms and is shown in figure 3.19e. At this concentration binding is
seen for the inducible mutations but not for the constitutive ones. Therefore, using
the amount of DNA standard for the gel shift assay 400nM LexA appears to most
closely reflect the in vivo expression data. This concentration of LexA was
subsequently used in comparing binding of both other mutations of the LexA
binding site and mutations in the LexA protein.

3.2 Definition of bases within the SOS box important for LexA binding

3.2.1 SELEX

A Systematic Evolution o f Ligands by Exponential Enrichment (SELEX)
procedure was employed to isolate binding sites for Mycobacterium tuberculosis
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Figure 3.19 R esults o b tain ed in gel retard atio n assays do n ot alw ay s reflect th e in vivo situation. T he
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LexA from a degenerate pool o f oligonucleotides (fig 3.20). This is a rapid and
sensitive method for isolating sets of high-affinity binding sites for sequencespecific DNA binding proteins. SELEX was performed using a pool of
oligonucleotides of 75 nucleotides in length, such that there was total degeneracy
at the central 30 nucleotides. This N30 sequence was flanked by restriction sites,
and by binding sites for a pair of PCR oligonucleotides (fig 3.21). Following
second strand synthesis the DNA was used in a binding reaction with His-tagged
M. tuberculosis LexA followed by isolation of complexes using a TALON™
Metal Affinity column. The stringency of selection for specific binding can be
increased by subjecting the template to multiple rounds of selection, in which the
bound oligonucleotide is rescued and reselected for binding to the same protein
preparation and amplified as before. Eight rounds o f selection were undertaken.

After the final PCR step the pool of oligonucleotides from each PCR were
phenol/chloroform extracted and ethanol precipitated. From each sample 2.5pl
were labelled with y32P[dATP] and bound to purified recombinant LexA before
being assayed by band shift. Enrichment of high-affinity binding sites for LexA
following sequential selection and amplification was clearly seen from gel shift
analysis o f the PCR products obtained after each round of amplification (fig 3.22).
The oligonucleotides from the 5th PCR, which showed specific binding to LexA,
were then digested with Xbal and Hindlll and cloned into the corresponding sites
in pBluescript SK'. Recombinant plasmids were detected as white colonies on
IPTG-XGal-Amp plates. The DNA sequences were determined using an ABI
Prism™ dRhodamine Cycle Sequencing kit on an ABI 377 sequencing apparatus.
Presented are the results from a selection of 200 clones sequenced (fig 3.23 and
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Figure 3.21 Construction of the oligonucleotides for the SELEX procedure. Selex was performed using a pool of oligonucleotides of
75 nucleotides in length, such that there was total degeneracy at the central 30 nucleotides. This N30 sequence was flanked by
restriction sites, and by binding sites for a pair of PCR oligonucleotides.
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Figure 3.22 Mobility shift analysis demonstrating enrichment o f high affinity binding
sites for Mycobacterium tuberculosis LexA.

fig 3.24). Surprisingly, the full motif expected (GAAC-N4-GTTC) does not
appear although the motif GAAC-N4-ACTC is present within a longer region of
homology in the majority of sequences. A second smaller group of sequences
appear to contain a different common sequence motif (fig 3.24). Binding o f LexA
to individual sequences thus identified was analysed by gel retardation assays. The
individual sequences, however, did not bind with high affinity to LexA. It was
possible that the motif identified from the SELEX procedure was the result of
LexA binding to a half-site. Therefore, oligonucleotides containing only one halfsite of the consensus sequence (Mutated oligonucleotides CACTTGAAT
TCCAAGGTGTTCGGCTA and CACTTGCCTCGAACAGGTTGGAGGCTA)
were assayed for LexA binding (figure 3.25). Almost no binding to LexA was
observed unless the concentration of protein used was at least one order of
magnitude higher than that routinely used for the full site and the SELEX
procedure. This work has demonstrated that the binding of proteins to sequences
selected by a functional in vitro assay do not necessarily mimic the binding of the
protein to its natural target.

3.2.2 The effect o f specific base changes within the SOS box on LexA binding

This work has shown that the SOS box of M. tuberculosis extends beyond the
defined Cheo box consensus and has described the effect of flanking base changes
on both gene expression and LexA binding. In order to define which residues
within the core motif are important for the LexA/DNA interaction the role of
specific nucleotides within the SOS box were examined.

tj-

'tfrocO'<frin'frcO'<t'tfcooocort-in

ro co ^}- r f

X
< 0

X
X
X
X
X

X
X
X
X
X
X
X

0 0 0 0

0
<

OOOOOOOOO

o
0
<

< < < < < < < < <

o

O O O O O O O O O

0

0 0 0 0 0 0 0 0 0

o
h—
o

O O O O O O O O O

<

< < < < < < < < <

0

0 0 0 0 0 0 0 0 0

O O O O O O O O O

h-h-h-h-l-K H K t-

H
o
o
o

t-K t-t-f-h -K I-h O O O O O O O O O
O O O O O O O O O
O O O O O O O O O

<

< < < < < < < < <
< < < < < < < < <

0

0 0 0 0 0 0 0 0 0

O

O O O O O O O O O

H

<

\—

hhhhhHhhh
hhhhhhhhh

O

O O O O O O O O O

0

O O O O O O O O O

0

H

O O O O O O O O O
o _

O

O O O O O O O O O

O

000000000

0

0 0 0 0 0 0 0 0 0

O

000000001

1

<] , . <_

,

o

. , < 0 <

< < ^ < < < <<| 0

<

0
<
o
0

<

H

HhhhhhHhh

O

O O O O O O O O O

a111 aUJ o111 aLLI oUJ oLU o o o o
111 LU UJ UJ
CO

COCO C/D CO CO

C\i

CO ^

t-

r-

t-

LO CD N t -

t -

t -

< < < < < <

UJ UJ UJ UJ
CO CO CO CO

cd o' co
d 'dt

CO CO CO CO co o

N CD(O s

COCD CO 00 CD GO
<
<
< < < < < <
C/D CO CO CO C/3 CO CO
CQ

oooo

CO
<
<
CO

CO
<
<
CO

T

M

S

S

CO CO CO CO 00
< < < < <
< < < < <
CO CO CO CO CO

0 0
. .
0 0
0 ,
1- H0 0

1-

o
11
o ■
<
o
1- .
,

,

00
,0
0 H00
00
h- 0

OGOOOO
UJ UJ UJ UJ UJ UJ o o o o
Ul UJ UJ UJ
CO

C/DCO CO CO CO

csi c o

iri

cd

T- T-T—T- T- T-

CO CO CO CO
d d d
CO CO CO CO cd
oo o r o r t
csi CO CD N

COCO CO CO CO CO
<
< < < < < < <
CO CO CO CO CO CO CO
CO

< < < < < <

oUJ oUl oUJ oUJ

CO
<
<
CO

CO
<
<
CO

T - CSI s

s

CO CO CO CO CO
< < < < <
< < < < <
CO CO CO CO CO

Figure 3.23 DNA sequences selected by LexA using the SELEX procedure.
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Figure 3.24 DNA sequences selected by LexA using the SELEX procedure, showing a different common sequence motif to that seen
in the majority of sequences.
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Oligonucleotides were generated individually (Oswell) containing single changes
to each of the other nucleotides at each position within one half-site from position
G-l to position T-8 in figure 3.5. Binding was still observed with each change
made to T-8, A-5, A-4, C-3 and G-l although some differences had a greater
effect than others for the individual nucleotide changes made to A-5, A-4 and C-3
(figures 3.26 and 3.27). In contrast changing G-6 to C or T completely abolished
binding, indicating that the base at this position is particularly important in
determining LexA binding (figure 3.28). This confirmed results obtained by band
shift assay of a possible LexA binding site containing the motif GTTG upstream
of Orf Rv0004

(CGAACAGGTGTTGG) (F. Movahedzadeh, personal

communication). Figure 3.29 combines results from studies on the flanking bases
and the core motif to show the effects on DNA binding of single base changes
within the SOS box of the M. tuberculosis recA gene.

3.3 Discussion

A well-defined LexA binding site will allow the identification of LexA regulated
genes from the M. tuberculosis genome sequence. To this end investigations were
made using oligonucleotides with various mutations in either the internal or
external bases adjacent to the originally defined binding motif as well as within
the motif itself and the effect of these alterations on LexA binding was assessed.
In addition these mutations were introduced into the recA promoter region in
order to assess their effects on gene expression in vivo.
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Figure 3.25 Mutations in a half-site of the Cheo box motif affect binding of M.
tuberculosis LexA.
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A-8

C-8

G-8

Figure 3.26 Differences were observed in the affinity of LexA for the individual
nucleotide changes made in the core motif at position T-8 (refer to figure 3.5).
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.

G-5

C-5

T-5

Figure 3.27 Differences were observed in the affinity of LexA for the individual
nucleotide changes made in the core motif at position A-5 (refer to figure 3.5).
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M.tuberculosis
LexA

Figure 3.28 Changes in position G-6 to C or T completely abolished binding,
indicating that the base at this position is particularly important in determining LexA
binding (refer to figure 3.5).
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This analysis directly demonstrated that binding of LexA represses gene
expression as mutating the binding site such that LexA no longer bound caused
expression to become constitutive. The results of experiments carried out on the
internal flanking nucleotides, both in vitro and in vivo, showed that at least one of
the bases is needed for binding, although the degree to which LexA bound was
dependent on which base was substituted as seen by replacement of T(+2) with
G(+2) which abolished binding compared with replacement by A(+2). Also the
ability to base pair on its own is not sufficient to confer LexA binding as neither C
and G or G and C, when used to replace the internal A(-2) and T(+2), showed any
LexA binding when assayed by gel retardation, results which were reflected in
expression studies. In contrast to the situation with the internal flanking bases,
where swapping the A and T to T and A did not interfere with LexA binding,
swapping the external flanking C(-7) and G(+7) to G and C severely reduced
binding. However, surprisingly, replacing the C and G with T and A maintained
LexA binding at a concentration of 170nM LexA, whereas the reverse
arrangement A and T, abolished binding at this concentration. However reducing
the concentration to lOOnM of LexA protein, also abolished binding for T-A at
these external positions. This indicates the importance of obtaining an estimate of
the actual LexA content of individual M. tuberculosis cells which will be
addressed in the next chapter.
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Figure 3.29 The effects of single base pair changes on DNA binding within the core motif of the M. tuberculosis recA gene.
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The flanking bases between the conserved four base palindrome are particularly
important for binding, a trend also discernible from recent B. subtilis results
(Winterling et al., 1998). However, certain bases within the core motif are also
more critical for binding than others. Experiments carried out showed that
replacement of G(-6) was not tolerated if the substituted nucleotide was either C
or T whilst substitution of other nucleotides within the core motif showed more
subtle effects. This reflects work carried out on the core motif recognised by the
DinR protein of B. subtilis (the homologue of LexA) (Winterling et al, 1998)
where changing GAAC to C/TAAC caused constitutive expression of a B. subtilis
recA-lacZ reporter construct. Experiments carried out on the core motif of the M.
tuberculosis recA promoter showed that the G-6 was particularly important for
recognition by LexA. Changes at the T-8 nucleotide had no effect on binding
regardless of the replacement made and may serve as the boundary to the operator
site.

The DinR protein has been established as the cellular repressor of the SOS
response in B. subtilis. Mutational analysis of the B. subtilis recA operator has
shown that some nucleotides are more important than others for maintaining
efficient DinR binding. This has recently led to the redefining of the DinR binding
site of B. subtilis to 5’-CGAACRNRYGTTYC-3’ (Winterling et al., 1998).

In E. coli, differential regulation of SOS genes occurs in part by variation of the
affinity of LexA for its binding site (Lewis et al., 1994). The apparent Kd value
of the LexA protein for the ruvA operator of E. coli has been estimated at 50nM,
while the values estimated under similar conditions for E. coli lexA, recA, cle-l

98

and umuDC are 20, 2, 0.4 and 0.2nM respectively (Shinagawa et al, 1988). Such
differences may be important to allow for differential regulation of the SOS
response. This would allow the cell to utilise specific aspects of this inducible
network, for example to express accurate repair systems, while only allowing the
induction of genes involved in mutagenesis to be expressed if such systems cannot
cope. LexA has been found to be a fairly weak repressor in the case of excision
repair genes uvrA and uvrB, and a medium strength repressor in the case of genes
involved in mutagenesis. The differences in LexA affinity are apparently mediated
by slight variations within the central part of the different SOS operators (Schnarr
et al, 1988). Changes in environmental conditions will also affect cellular
regulation of the E. coli SOS response (Kim et al, 1992). Analysis of the affinity
of M. tuberculosis LexA for putative binding sites containing differences in the
nucleotides internal and external to the core motif GAAC-N4-GTTC showed
considerable variation. In some instances, changes in the sequence resulted in
constitutive expression while other changes were tolerated. This is reflected in
genes in M. tuberculosis with LexA binding sites, shown to bind LexA in vitro,
and identified from the M. tuberculosis genome using the consensus
NGAACNNNNGTTCN:

recA: CGAACAGGTGTTCG
ruvA: CGAACGGGTGTTCT
ruvC: CGAACGATTGTTCG
lexA: CGAACACATGTTTG
CGAACATTTGATCG
CACTCATGTGTTCG
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Other sequences identified in this search for genes with possible LexA binding
sites include a number that did not recognise the LexA protein when used in band
shift assays (F.M. Movahedzadeh, personal communication).

RuvB: CGAACGCATGGTGT
RecB: GGAGCTGGTGTTGC
RecC: CGCACGAGAGTTCG
DinF: CGAACACCGGCTCG
RecN: CGAACTGGTGCTGG
Orf: CGAACAGGTGTTGG
CGACGACGTGTTCG

This work has shown that some nucleotides are more important than others for
recognition by M. tuberculosis LexA. It would appear that repression of the SOS
regulon in M. tuberculosis may be similar to regulation by LexA in E. coli, with
LexA binding to a range of different operators which exhibit differences in
binding affinities. This would allow greater control over the response of M.
tuberculosis to DNA damage.

Experiments were also undertaken to determine the recognition sequence for DNA
binding by M. tuberculosis LexA more precisely used a PCR assisted Systematic
Evolution of Ligands by Exponential Enrichment (SELEX) procedure. The results
have shown, surprisingly, that the full motif expected (GAAC-N4-GTTC) was not
present. Another motif (GAAC-N4-ACTC) was found within a longer region of
homology (28-32bp) in the majority of sequences. Also a second group of
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sequences appear to contain a different common sequence motif. Although some
recognition by LexA was demonstrated with these individual sequences it was, not
surprisingly, poor. Analysis of other DNA-protein interactions carried out using
the SELEX method has also shown that, although the technique has proved useful
in a number of cases, in vitro selections do not necessarily give binding site sets
comparable with the natural binding sites (Shultzaberger R.K. and Schneider T.D.
1999).
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4. Analysis of the LexA protein of Mycobacterium tuberculosis

The E. coli LexA repressor comprises a protein of 202 amino acids (Horii et al.,
1981; Markham et al, 1981) arranged in two structurally defined domains linked
by a hinge region. The DNA binding domain of LexA lies in the N-terminus
(Little and Hill, 1985; Schnarr et al., 1991; Thliveris and Mount, 1992), while the
C-terminal domain is called the oligomerisation domain (Schnarr et al, 1985,
1988). LexA acts as an upstream repressor of up to 20 unlinked genes involved in
several different cellular processes such as DNA repair and mutagenesis. The
LexA repressor is required not only to bind to the SOS box but also to undergo
self-cleavage. Exposure to DNA damage activates RecA coprotease activity,
triggering the autocatalytic cleavage of LexA (Little, 1984; 1991). This cleavage
occurs within the hinge region between the amino acids Ala-84 and Gly-85 and
generates two polypeptide fragments (Schnarr et al, 1992). This allows for
derepression of the SOS regulon until repair of DNA damage serves to eliminate
the signal that activates the RecA protein. Consequently intact LexA protein
accumulates in the cell allowing the expression of SOS genes to return to normal
uninduced levels.

4.1 Determination of the intracellular concentration of LexA in M.
tuberculosis

To aid interpretation of the binding studies discussed previously, we wished to
determine the intracellular concentration of LexA molecules in M. tuberculosis
H37Rv. This would greatly facilitate the interpretation of the DNA binding results
obtained as they could then be assessed at a physiological concentration.
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M. tuberculosis H37Rv was grown logarithmically until it reached an OD600 of
0.58 and the cell titer subsequently determined. Cell free extracts corresponding to
known numbers of cells were analysed together with known concentrations of
purified M. tuberculosis LexA protein by SDS-polyacrylamide gel electrophoresis
followed by Western blotting (figure 4.1a). ECL detection of LexA was carried
out and a LexA standard curve was obtained (figure 4.1b) after bands of LexA
protein were quantified by densitometry. Initially it was found that results
obtained from small amounts of purified LexA, separated by SDS-PAGE, was
unreliable. Therefore, an E. coli cell free extract was chosen as a carrier for the
purified LexA after it was shown that the primary antibody, produced in mice
against M. tuberculosis LexA, did not react with E. coli extracts on a Western
blot.

The standard curve obtained from the pure LexA concentrations was used to
estimate the amount of LexA protein in the cell extracts. From this it was
calculated (Appendix III) that one cell of M. tuberculosis contains approximately
0.74fg LexA corresponding to 19,300 molecules. Assuming a cell volume of
0.188 X10'9(il, based on cell dimensions of diameter=0.4pM and length=1.5pM
(P. Draper, personal communication), the intracellular concentration of LexA in
M. tuberculosis would therefore be 170pM a much higher figure than expected. In
contrast, the LexA content of E. coli was determined to be 1,300 molecules per
cell with 12ng of LexA to lOOmg of total cell protein (Sassanfar et al, 1990). The
same M. tuberculosis cell free extracts were used by others in the group to
determine the concentration of RecA in the cell. Figures obtained showed great
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Figure 4.1 Cell free extracts corresponding to known numbers of cells were analysed
together with known concentrations of purified M. tuberculosis LexA by Western
blotting (figure 4.1a). ECL detection of LexA was carried out and a LexA standard
curve was obtained (figure 4.1b) after bands of LexA protein were quantified by
densitometry.
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variability, with the two nearest figures showing a four fold difference.
Unfortunately this method is not accurate enough to be used to determine
intracellular concentrations of either LexA or RecA in M. tuberculosis.

4.2 Site-specific mutants at the active site or the cleavage site of LexA

The LexA gene of E. coli has been extensively studied, it is a monomeric protein
containing 202 amino acids with a molecular weight of 22.3kD (Horn et al,
1981b; Markham et al, 1981). The LexA gene of M. tuberculosis has been cloned
and sequenced (Movahedzadeh et al, 1997a) and codes for a protein of 217 amino
acids. A comparison of the protein sequence of M. tuberculosis LexA reveals 96%
similarity with M. leprae LexA, 72% similarity with B. subtilis LexA and 57%
similarity with E. coli LexA protein (figure 4.2). Cleavage of the E. coli LexA
protein stimulated by the RecA protein was found to occur at a single site between
Ala84 and Gly85 (Horn et al, 1981a) while other observations suggest that
hydrolysis of the scissile peptide bond proceeds by a mechanism similar to that of
a serine protease with Ser119 being a nucleophile and Lys156 being an activator
(Slilaty and Little, 1987). These residues are identical and their flanking amino
acids conserved in all LexA proteins sequenced, including M. tuberculosis LexA
(Movahedzadeh et al, 1997a; Garriga et al, 1992; Horrii et al, 1981b; Markham
et al, 1981; Mustard et al, 1992; Raymond-Denise & Guillen, 1991; Riera &
Barbe, 1993, 1995). The amino acids important for DNA binding are not
conserved in M. tuberculosis LexA. This is not surprising because M. tuberculosis
LexA has been shown to bind to a DNA sequence different from that bound by E.
coli LexA.
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Figure 4.2 The M. tuberculosis LexA protein sequence was aligned with those of
several species. Comparison of the protein sequence of M. tuberculosis LexA reveals
96% similarity with M. leprae LexA, 72% similarity with B. subtilis LexA and 57%
similarity with E. coli LexA protein. Conserved residues are shown in red.
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Experiments were carried out to determine the effect of mutation of the active site
or the cleavage site on LexA binding. Mutant LexA proteins were generated in a
pET-15b expression system and included active site mutants pEJ403, changing
Ser119 to alanine, and pEJ404 changing Lys156 to alanine and cleavage site
Of

mutants, pEJ405 changing Gly to aspartic acid and pEJ406 changing both Ala

QA

and Gly85 to aspartic acid residues (pEJ403, pEJ404, pEJ405 and pEJ406 supplied
by E.O. Davis, unpublished). The E. coli LexA repressor becomes deficient in
cleavage by the substitution in the active site of Ser119 with an alanine or Lys156
with an alanine (Slilaty et al., 1987). The cleavage site of E. coli LexA has been
shown to be between Ala84 and Gly85 (Horri et al., 1981). Site-Directed
mutagenesis of E. coli LexA at these residues showed that repressor function was
essentially unaltered whilst the mutants generated are deficient in RecA-mediated
cleavage, suggesting that RecA acts indirectly by stimulating the autodigestion
reaction (Slilaty and Little, 1987). These mutations were introduced into M.
tuberculosis LexA in order to examine the effects of changes to these residues on
DNA binding and cleavage. Expression of a dominant induction-negative mutant
LexA in mycobacteria may provide the means to examine the role of the SOS
response under various conditions eg, intra-cellular growth.

DNA binding was assessed by gel retardation assays using the M. tuberculosis
recA SOS box with and without varying amounts of the purified mutant LexA
proteins. Results showed that the changes made had no effect on the binding
properties of LexA when compared with wild-type LexA (figures 4.3-4.6).
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Figure 4.3 DNA binding was assessed by gel retardation assays for the active site
mutant pEJ403 (Ser119 to alanine).
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Figure 4.4 DNA binding was assessed by gel retardation assays for the active site
mutant pEJ404 (Lys136 to alanine ).
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Figure 4.5 DNA binding was assessed by gel retardation assays for the cleavage site
mutant pEJ405 (Gly85 to aspartic acid).

Figure 4.6 DNA binding was assessed by gel retardation assays for the cleavage site
mutant pEJ406 (Ala84 and Gly85 to aspartic acid residues).
Ill

Purified active site and cleavage site LexA mutants were analysed for cleavage
activity singly and in combination. Individual and pairs of the active and cleavage
site mutants were set up and incubated under auto-digestion cleavage conditions
for 24 hours. Both the active site mutants (pEJ403 and pEJ404) showed no
cleavage after incubation for 24 hours, whilst the cleavage site mutants (pEJ405
and pEJ406) had some, but not total, cleavage (figure 4.7a). The cleavage site
mutant pEJ406 (which changed both Ala84 and Gly85 to aspartic acid residues)
runs bigger on a 15% SDS-PAGE gel, from figure 4.9a pEJ403 and pEJ404, both
incubated with pEJ406 (track 7 and 9) are cleaved by the catalytic action of
pEJ406 which has an intact active site.

4.3 A deletion mutant of LexA

A multiple alignment of LexA protein sequences from various species, shows that
the sequence of M. tuberculosis contains an additional 18 amino acids not found
in the other organisms (figure 4.2). Interestingly, M. leprae LexA also contains an
homologous insert a few amino acids longer in the same location. In order to
investigate the effect this region may have on LexA function a mutant protein was
generated with this region of 18 amino acids removed (pEJ448 supplied by E.O.
Davis, unpublished). The effect of removal of these amino acids on LexA binding
was assessed using a gel retardation assay and the results showed that repressor
function was unaltered, suggesting that the changes made did not disrupt the
structure of the protein (figure 4.8). Purified deletion mutant LexA was also
analysed in vitro for cleavage activity by incubation under auto-digestion cleavage
conditions. Early results showed that the solubility of the protein was affected by
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Figure 4.7a) Individual and pairs of the active and cleavage site mutants were set up
and incubated under auto-digestion cleavage conditions for 24 hours. Both active site
mutants (pEJ403 and pEJ404) remained uncleaved (lanes 2,3) whilst incubation with
pEJ406 (track 7 and 9) showed they are cleaved in the presence of pEJ406 which has
an intact active site.
b) M. tuberculosis LexAs containing a His-tag on either the C-terminal domain or Nterminal domain were used in cleavage reactions. No cleavage occurred for the Cterminal His-tagged LexA protein, although the N-terminal His-tagged protein
underwent efficient cleavage under the same conditions.
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Figure 4.8 A region of 18 amino acids were removed from the M. tuberculosis LexA
protein. The effect of removal of these amino acids on LexA binding was assessed
using a gel retardation assay and the results showed that repressor function was
unaltered, suggesting that the changes made did not disrupt the structure of the
protein.
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the removal of the 18 amino acid residues causing the protein to precipitate out of
the cleavage buffer. Subsequent experiments were undertaken where the
concentration of the protein was reduced to llpM and 250mM NaCl was added.
Reduction of the concentration of protein used in the cleavage reaction meant that
it was hard to visualise when run on a 15% SDS-PAGE gel. Lane 3 of figure 4.7b
shows no sign of a cleavage product with a faint band of the correct size for
uncleaved LexA. Therefore the results at this stage are inconclusive and await
examination of more protein on the gel or analysis by Western blot to increase
sensitivity.

4.4 Attempt to generate the amino-terminal fragment of LexA

The two structural domains of E. coli LexA have very defined functional roles.
The LexA repressor consists of an amino-terminal DNA binding domain and a
carboxy terminal domain responsible for dimerisation and cleavage (Schnarr et
al, 1988). In E. coli the binding affinity of the N-terminal fragment of LexA is ten
times less than the intact repressor; this decrease in affinity is sufficient to allow
induction (Bertrand-Burggraf et al., 1987). In order to assess the protein-DNA
interaction between the amino-terminal domain of M. tuberculosis LexA a Cterminal His-tagged LexA was generated in a pET-15b expression system (R.
Tyrrell, unpublished). The purified LexA protein generally used in the laboratory
contains a His-tag at the N-terminal end. Due to the difficulty of separating the Ndomain from the residual total protein a LexA protein following the cleavage
reaction was generated with the His-tag on the C-terminal end of the protein. The
idea was that this would allow the use of a Talon™ spin column (Clontech)
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following the cleavage reaction to separate the N-terminal fragment which would
pass through, from both the C-terminus fragment and intact protein, which would
both bind to the column. The cleavage reaction was set up at pH 10.2 for 24 hours.
Analysis of the products by SDS-PAGE (figure 4.7b) revealed that no cleavage
had occurred for the C-terminal His-tagged LexA protein, although the N-terminal
His-tagged protein underwent efficient cleavage under the same conditions. This
may suggest that the C-terminus is involved in the cleavage reaction or the Cterminal His-tag may interfere with folding of the C-terminal domain. However
the N-terminal domain was shown to be folded correctly because the C-tagged
LexA bound the SOS box as well as the N-tagged LexA in a gel retardation assay.

4.5 Discussion

The gene coding for the M. tuberculosis homolog of LexA has been cloned and
sequenced (Movahedzadeh et al., 1997a). In DNA damage induced cells the
autodigestion of LexA protein is promoted by the induction of RecA which serves
as a co-protease to cleave the LexA repressor.

The amino acids important for specific DNA binding (Ser-39, Ala-42, Asn-41,
Glu-44 and Glu-45) in E. coli LexA (Knegtel et al., 1995) are not conserved in M.
tuberculosis LexA. The importance of these five amino acids was determined by
mutational studies (Thliveris et al, 1991; Thliveris and Mount, 1992) and, along
with the flanking residues, these residues are conserved among eight Gramnegative LexA sequences. Indeed, only one of these residues (Ser-39) is found in
LexA from M. tuberculosis, M. leprae or Bacillus subtilis. In addition, the
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difference in the number of bases between the palindromic binding site of LexA in
the Gram-negative bacterium E. coli (CTGT-N8-CAGT) and Gram-positive M.
tuberculosis (GAAC-N4-GTTC) indicates that the two recognition helices in the
LexA dimers from these organisms are arranged differently in terms of separation
or orientation (Suzuki et al, 1995). The amino acids involved in cleavage of E.
coli LexA are conserved in M. tuberculosis LexA suggesting that they are also
involved in cleavage of the mycobacterial protein. This was investigated using
mutant LexA proteins in both DNA binding assays and pH dependent cleavage
experiments. Experiments carried out on the DNA binding properties of mutant
LexA proteins showed that recognition of DNA was unaffected. pH dependent
cleavage experiments of both active site mutants (pEJ403 and pEJ404) showed
that no cleavage of either mutant was detected. Expression of M. tuberculosis
LexA protein containing these active site mutations individually in M. smegmatis
has indeed shown that they interfere with the induction of RecA as assessed using
a recA-lacZ reporter (E.O. Davis, personal communication). It will be interesting
to assess if the same effect is found in M. tuberculosis itself as if so this would
allow examination of the importance of the SOS response in intra-cellular growth.

A multiple alignment of LexA protein sequences shows that both M. tuberculosis
and M. leprae LexA proteins contain additional amino acids not found in other
organisms. The effect of removal of these additional amino acids in M.
tuberculosis LexA was assessed. Interestingly, the purified deletion mutant
showed that changes had occurred affecting the solubility of the protein. Deletion
of these amino acids did not however affect the DNA binding properties of the
protein and therefore the structure of the protein was not affected. Attempts to
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cleave the protein under autocatalytic conditions were made more difficult due to
the precipitation of the protein out of solution at concentrations higher than 20pM.

Attempts were also made to isolate the amino-terminal fragment of LexA. A gel
retardation assay using purified M. tuberculosis LexA with a His-tag on the Cterminal domain bound to DNA with the same affinity as purified LexA
containing a His-tag on the N.terminal end. However, cleavage under auto
digestion conditions failed to cleave the protein. It had been hoped that the Cterminal His-tagged protein could be used to isolate the N-domain of the protein
to demonstrate that this domain was responsible for DNA binding, as is the case
for E. coli LexA (Schnarr et al, 1988).
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5. The role of multiple SOS boxes upstream of the M. tuberculosis
lexA gene.

5.1 Identification of 3 putative LexA binding sites

The consensus binding site for LexA in the Gram-negative bacterium E. coli has
the sequence CTGT-N8-ACAG, termed the SOS box (Little et al., 1982), while in
the Gram-positive bacterium Bacillus subtilis a different consensus sequence
GAAC-N4-GTTC, called the Cheo box, has been identified (Cheo et al., 1993).
An identical consensus sequence (GAAC-N4-GTTC) is found upstream of the
recA genes in M. tuberculosis, M. smegmatis and M. leprae with binding of
purified M. tuberculosis LexA demonstrated for both the M. tuberculosis and M.
smegmatis sites (Movahedzadeh et al., 1997a; Papavinasasundaram et al., 1997).
Interestingly, upstream of the M. tuberculosis LexA coding sequence there are
three motifs related to this consensus, one of which is atypical, (GAAC-N4GTTT, GAAC-N4-GATC and ACTC-N4-GTTC). The sites are numbered starting
with that closest to the coding region (figure 5.1). (figure 5.2 shows an alignment
of the DNA sequence of M. tuberculosis and M. leprae LexA). The first two
motifs (GAAC-N4-GTTT and GAAC-N4-GATC) both have single mismatches
from the B. subtilis consensus and have previously been shown to bind purified M
tuberculosis LexA (Movahedzadeh et al., 1997a; F.M. Movahedzadeh, personal
communication). The third motif was identified by comparison with the
equivalent M. leprae sequence where a typical motif (GATC-N4-GTTC), is found
in the identical position. Gel shift analysis confirmed that M. tuberculosis LexA
was also able to bind to this third site from both M. tuberculosis and M. leprae
(figures 5.3 and 5.4).

119

Figure 5.1 Three motifs related to the then defined Cheo box consensus of Bacillus subtilis were identified
tuberculosis and M. leprae lexA genes. The sites are numbered starting with that closest to the coding region.
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Figure 5.2 Comparison of the M. tuberculosis lexA sequence with the sequence of M.
leprae. Conserved nucleotides are highlighted in red.
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Decreasing
conc. LexA

Figure 5.3 The third motif upstream of M. tuberculosis lexA was identified by
comparison with the equivalent M. leprae sequence where a typical motif, (GATCN4-GTTC), is found in the identical position. Gel shift analysis confirmed that M.
tuberculosis LexA was able to bind to this third site (ACTC-N4-GTTC).
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Figure 5.4 Experiments undertaken to measure the apparent binding constants of
LexA for motifs upstream of its own gene confirmed that M. tuberculosis LexA was
able to bind to the third site upstream of M. leprae lexA (GATC-N4-GTTC).
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In both M. tuberculosis and M. leprae the spacing between the second and third
motifs is 7 base pairs. Interestingly, the Gram-negative species which have been
studied possess two binding sites for LexA separated by only 3-5 base pairs
upstream of their lexA genes, but in these cases the operators overlap the
promoters and are very close to the beginning of the genes (Brent and Ptashne,
1981; Garriga et al., 1992; Riera and Barbe, 1993; 1995). In the case of M.
tuberculosis and M. leprae lexA genes the two motifs separated by only 7 base
pairs are 225 and 253 base pairs, respectively, upstream of the coding sequence of
the IexA gene, whilst the first site (boxl) overlaps the lexA promoter -35
sequence.

The presence of multiple binding sites for LexA might allow a more subtle level
of regulation, than would be possible with a single site, with different degrees of
expression correlating with different levels of occupancy of the sites.
Additionally, where the separation of the individual motifs is more than just a few
base pairs as in B. subtilis, it has been proposed that the formation of a regulatory
loop involving cooperative binding might occur (Cheo et al., 1991). For both M.
tuberculosis and M. leprae lexA genes, the spacing between the first and second
motifs is 121 and 193 base pairs respectively. Therefore, the LexA binding
properties of the 3 sites from upstream of M. tuberculosis lexA were compared.

5.2 LexA has different affinities for each site

Experiments were undertaken to measure the affinity of LexA for the three motifs
upstream of the M. tuberculosis lexA gene, and in addition the motif 272 base
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pairs upstream of the coding sequence of the M. leprae lexA gene. LexA bound to
each site individually with different affinities when in isolation. Surprisingly the
motif overlapping the -35 region (boxl), containing only a single mismatch from
the consensus, had the lowest affinity for the LexA protein. The second motif
(box2) however, had a far greater affinity for the LexA protein giving a KdAPP of
approximately 20pM. The motif furthest from the coding region of both the M.
tuberculosis lexA and M. leprae lexA genes (box3) bound with the same affinity,
giving a KdAPP of approximately 115nM despite the considerable differences in
their sequences (Figures 5.3, 5.4, 5.5 and 5.6).

5.3 Analysis of LexA binding to a fragment containing all three sites

Primers were generated flanking the upstream sequence of the M. tuberculosis
lexA gene and used in PCR with pFM9 in order to obtain a fragment possessing all
three binding motifs recognised by LexA (GAAC-N4-GTTT, GAAC-N4-GATC
and ACTC-N4-GTTC). A fragment of 600 base pairs was isolated from pFM9, gel
purified and subsequently used in a band shift assay using increasing amounts of
purified M. tuberculosis LexA protein from 2pM to 3.5pM. The results obtained
showed that no protein/DNA complexes were formed until the protein
concentration reached 60nM; at this point a stepwise increase in the molecular
weight of the protein/DNA complex was observed until binding with the LexA
protein was 100% (figure 5.7). Binding of LexA to box 2 alone was clearly seen at
protein concentrations below that observed for the three sites together, an
indication that the individual in vitro results do not reflect binding to all three sites
in vivo. Further analysis of LexA binding to all three sites was undertaken to
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Figure 5.5 Experiments were undertaken to measure the apparent binding constants
of LexA for motifs upstream of its own gene using a range of protein concentrations
from 3.5pM to 2pM. Binding of box 2 is shown (GAAC-N4-GATC).
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Figure 5.6 Experiments were undertaken to measure the apparent binding constants
of LexA for motifs upstream of its own gene using a range of protein concentrations
from 3.5pM to 2pM. Binding of box 1 is shown (GAAC-N4-GTTT).

Figure 5.7 Results of gel shift analysis on a fragment of 600 base pairs isolated from
pFM9 showed that no protein/DNA complexes were formed until the protein
concentration reached 60nM; at this point a stepwise increase in the molecular weight
of the protein/DNA complex was observed until binding with the LexA protein was
100 %.
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examine the order of binding and any cooperativity using both in vitro and in vivo
techniques.

5.4 The effect of eliminating individual sites and pairs of sites

The roles of the three sites were investigated by constructing mutants with
individual, or pairs of, or all three boxes knocked out in a fusion of this region to
the reporter gene lacZ. A PCR fragment containing all three LexA binding motifs
upstream of the M. tuberculosis lexA gene was generated using primers containing
recognition sites for Xbal and Hin&lll and cloned into the lacZ reporter plasmid
pEJ414 (figure 5.8 shows construction of the plasmid pEMD8). Site-Directed
Mutagenesis (see figure 3.16) was used to generate the individual mutants
required. The reporter plasmid integrates into the mycobacterial genome so M.
smegmatis me2155 transformants were verified by sequencing of PCR products
containing the insert and junction region (as reported previously in chapter 3).
Expression in both the absence and presence of the DNA damaging agent
mitomycin C (0.2pg/ml) was investigated for each clone.

The results are shown in figure 5.9; the values are the mean units of pgalactosidase from at least three experiments with each assay carried out in
duplicate. A construct containing a knockout of box 1 (GAAC-N4-GTTT) was no
longer DNA damage inducible with an induction ratio falling to 0.6 in comparison
to 4.7 for the wild-type. A constitutive mutant lacking repressor binding would be
expected to yield expression levels similar to that of the induced wild-type;
however the level of expression from the box 1 knockout was somewhat lower

129

(a)

(b)

XbaI

lHH|caacoccAocaAa<3Tcc*Tco*ocaaaccccocAaATTaxocaQ*TcaoaaaT

ATOcaaTaaccoaACcaaTaTCATaTTcacTccTccAACTCAaAcoaTAATcacTcoco
LexA binding sile

LexA binding site

TnTT^rn^xnvyrircTrJ«|iTm'—laATATCCaMnUTTTMWnixn^/TTvyprvi
CACSC3CAAAAC3aTA3ACCACACCACCaACAC3TTTC3GTT3GA3CC3aACTTCC8GC

LexA binding

acaAAGGCCCAGCCACTCCTCaTGCCCTCCCaCOACCGGAACACaCCTGTCHjnACAT
s ile -3 5 re g ion

-1 0 region

®TTGATTCTTGGTGC3AAT3C3ACTACATTCATTGCCATGAACGACAGCAACGACACC

pEJ414

T caaT T accao caaA o ccacT aaT o caG A C A o ccaao T acT aT cco cA aA T T caacacT

3ACC3A3CS3CAAC3CACTATTCTC3AC3TCATCC3C3C3TC33TCACTA3CC3CG3AT

A TC C 0C C 3A 3C A TC C S33A A A TC S3C 3A C SCC STT33TC T3A C 3TC3A C3TC TTC S3T3

GC8CACCASCTSC3CACCCTGGAGCGCAAGGGCTACCTACC3CC8T3ACCC3AACCSCCC
HindUl

C C S A 0B B 3A 3TA 33A C A A A TCC 3C C 3A SC TTC 3A C 3A 3A TT TTCA S3A SC TA A S3A A
lacZ

3CTAAAATG3ATOATCCCGTCaTTTTACAAC3TOOT3ACT30GAAAACCCTGGC3TTAC

CCAACTTAATCGCCT

(C)
X ba I

«BMMcaaC3CCA3CaA33TCCATCaA0C33aCCCC3CAaATT3AaCSGATC333aGT
ATSC33T38CCS3ACC33T3TCAT3TTC3CTCCTCCAACTCA3AC3QTAATC3CTC3Ca
LexA binding site

LexA binding site

T 3 T T G 3 A C A C T 8 T A 3 T Q H D A T 3 T H B O A T A T C C iB |A T T T H H a A A 3 C 8 T 3 T C 3

CAC3C3CAAAAC33TA3ACCACACCACC3ACAC3TTTC33TT33A3CC33ACTTCC33C
LexA binding

3CaAA33CCCA3CCACTCCTC3T3CCCTCCC3C3ACC30AACAC3CCTaTC®H|ACAT
sile -3 5 region

-1 0 region

®TTQATTCTTGGTGCaAAT3C3ACTACATTCATTGCCATGAAC3ACASCAACaACACC

TC33TT3CC33C33A3CC3CT33T3C33ACASCCS33T3CT3TCC3CA3ATTCS3C3CT
3ACCGAGCGGCAACGCACTATTCTC3AC8TCATCCSCSC3TC3GTCACTA3CCSCGGAT
ATCCSCCGA3CATCC83GAAATCGQC3AC3CC3TT33TCT3AC3TCGAC3TCTTC30T3

8C3CA CCA 3CT3C3CA CCCT33A 3C8CA A 333CTA CCTA CC3CC3TG A CCCG A A CC 3CCC
H indin
ccaA JB B M

EMD8

3 .0

Kb

F igure 5.8 The strategy for preparing pEMD8; a) a 0.6kb fragment containing M. tuberculosis lexA
upstream DNA was amplified using pFM9 as a template, b) the fragment was cloned into pEJ414 to
form a transcriptional fusion with the lacZ reporter construct, c) EMD8 was used to perform SiteDirected M utagenesis on the three LexA binding motifs upstream o f the M. tuberculosis lexA gene.
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than this. It is likely that this was a result of a ‘promoter down’ mutation as the
box 1 site overlaps the -35 promoter element.. Assays of a construct containing a
box 2 knockout (GATC-N4-GATC) or a box 3 knockout (ACTC-N4-GTTC)
showed similar behaviour to the wild-type. Also, removal of both boxes 2 and 3
together did not result in a dramatic change in P-galactosidase activity, with an
induction ratio of 3.3 in comparison to 4.7 for the wild-type. This suggests that the
role of boxes 2 and 3 is minimal in vivo, a surprising finding in view of the very
high affinity of box 2 in vitro. In support of this knockouts of boxes 1 and 2, or 1
and 3 or all three boxes gave similar results to knockout of box 1 alone although
the level of expression was even lower in the box 1 and 2 knockout and the box 1,
2 and 3 knockout. Therefore, it would seem that box 1 is the primary determinant
of LexA regulation, although boxes 2 and 3 may play ancillary roles in facilitating
binding at box 1.

Concurrently, attempts were made to footprint LexA binding to all three sites and
to confirm binding was eliminated where expected in constructs with individual,
and pairs of, and all three binding sites knocked out. The results obtained for
Dnase I footprinting for a number of experiments showed no protection of the
three sites while gel retardation assays using the same construct with purified M.
tuberculosis LexA gave a band shift. However, reduction in the salt concentration,
used to prevent precipitation of the LexA protein out of solution, eradicated the
problem (reduced from 300mM to lOOmM). For this reason and due to the
problems associated with working with a 400 base pair region of G+C rich DNA
the only result obtained thus far has been with the wild-type. Interestingly the
footprint obtained on the wild-type sequence, not only confirmed that all three
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sites were occupied by LexA when present together but also identified a possible
4th binding site, which may compensate for the lack of boxes 2 and 3 in certain
mutants in aiding binding of box 1(figure 5.10).

5.5 Discussion

For all known SOS genes, the LexA repressor binds close to the promoter of these
genes suggesting that LexA exerts repression mostly through an inhibition of
transcription initiation (Schnarr et al, 1991). In E. coli there are two LexA
binding sites at the lexA gene one of which overlaps the -10 promoter region and
the other which is located downstream of the +1 transcription start site (Brent and
Ptashne, 1981; Miki et al., 1984). In both the E. coli and M. tuberculosis recA
genes the LexA binding site is situated between the -10 and -35 promoter regions.
In M. tuberculosis the box 1 site is situated upstream of the lexA gene and
overlaps with the -35 promoter. Work carried out in the lab indicates that bases
recognised by LexA that overlap the -35 box are important for promoter activity.
The manner in which LexA exerts repression is mainly through an inhibition of
transcription initiation. The strategy employed by the LexA protein can be seen to
be variable from one SOS gene to another. For example the precise localisation of
the different operators varies with respect to the transcription start site, with the
different operators varying in their ‘operator strength’ and in the numbers of
operators used for regulation. The presence of multiple binding sites for LexA
might allow a more subtle level of regulation than would be possible with a single
site. However, the reason for these multiple sites upstream of the M. tuberculosis
lexA gene is not immediately apparent from the in vivo results. An example of
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Figure 5.10 Dnase I footprinting on three sites upstream of the M. tuberculosis lexA
gene shows protection of the three sites and indicates a putative 4th site.
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LexA binding to a triple operator is seen in the SOS gene recN gene of E. coli
(Rostas et al, 1987). Operator 1 of the recN gene lies between the -35 and -10
regions with the second operator flanking the -10 region as well as the
transcription start site. The third operator is placed further downstream from the
transcription start site. In cases where LexA is bound downstream from the
transcription start site, it is feasible that both RNA polymerase and LexA are
bound simultaneously as is the case for the lac repressor (Schnarr et al, 1991).
Interestingly, although the dinR gene of Bacillus subtilis contains three potential
binding sites for the DinR protein (the B. subtilis homolog of LexA), the site
found at position -104 was intially shown by band shift to play no role in
regulating DinR expression. Later footprinting studies, however, revealed that the
DinR protein protected this site along with two others at positions -39 and -67
(Winterling et al, 1998).

Results of deletion analysis carried out on the recA promoter region from B.
subtilis indicated that the two Cheo boxes present at positions -110 and -50
interacted through the binding of the repressor protein DinR to form a repression
loop complex, a situation analogous to the LacI of E. coli (Cheo et al, 1992;
Borowiec et al, 1987). It will be interesting to discover if components of these
regulatory mechanisms are conserved among other Gram-positive species of
bacteria including mycobacteria.
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6. General Discussion
6.1 Gene regulation in the mycobacteria
Progress towards an understanding of gene regulation and expression in
mycobacteria has been slow. Only a few mycobacterial promoters have been
studied. These include: The 16S rRNA genes of M. tuberculosis (Ji et al., 1994a;
Verma et al, 1994), M. leprae (Sela and Clark-Curtiss 1991) and M. smegmatis
(Ji et al, 1994b); the bla gene of M. fortuitum (Timm et al, 1994); the askp gene
of M. smegmatis (Cirillo et al, 1994); the hsp-60 gene of M. bovis BCG (Levin
and Hatfull, 1993); the cpn-60 gene of M. tuberculosis (Kong et al, 1993); the 85
antigen gene of M. tuberculosis (Kremer et al, 1995); the P a n promoter from M.
paratuberculosis transposon IS900 (Murray et al, 1992); and the three promoters
responsible for transcribing the repressor-like gp71 protein of mycobacteriophage
L5 (Nesbit et al, 1995). Mycobacterial promoters seem to have features in
common with Streptomycete promoters, because they both have tolerance to a
large variety of sequences in their -35 region (Kremer et al, 1995; Bashyam et al,
1996). The transcriptional flexibility demonstrated in Streptomyces spp results
from the capacity to synthesise different sigma factors (Buttner et al, 1989;
Westpheling et al, 1985). This may explain why Streptomyces is a better host
than E. coli for the expression of mycobacterial genes (Kieser et al, 1986).

Most of the damage inducible genes involved in the DNA repair and mutagenesis
components of the SOS response are found in M. tuberculosis (Cole et al, 1998).
Extensive studies of the RecA and LexA proteins of M. tuberculosis have
established that LexA is a functional DNA binding protein that negatively
regulates expression of the recA and lexA genes (Movahedzadeh et al, 1997;
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Durbach et al, 1997; Papavinasasundarum et al., 1997). As a further step towards
a better understanding of expression and regulation of the SOS response in
mycobacteria I have sought to define the SOS box of Mycobacterium tuberculosis
and have examined the role of multiple binding sites for LexA upstream of its own
gene.

6.2 Regulation of the SOS response in mycobacteria
Mycobacterium tuberculosis is an intracellular pathogen that survives and
replicates in macrophages. Many of the mechanisms involved in macrophage
killing of pathogens require the production of DNA damaging agents and
therefore DNA repair mechanisms are likely to be particularly important for
survival within the macrophage environment. The mechanisms of LexA control of
the SOS response appear common to several species (Sedgewick, 1985). In
exponentially growing cells, LexA protein represses recA, lexA and up to 20 other
genes involved in an array of functions termed the “SOS response”. Comparison
of SOS boxes from E. coli, Salmonella typhimurium, Erwinia carotovora,
Pseudomonas aeriginosa and Pseudomonas putida reveals that the consensus
sequence CTGT-N8-ACAG is conserved in all known LexA operators of these
Gram-negative bacteria (Garriga et al, 1992) although some other Gram-negative
species such as Agrobacterium tumefaciens (Wardham et al, 1992) have no E.
coli-Xiks box. However, M. tuberculosis LexA recognises and binds to a sequence
quite unlike the E. coli SOS box (CTGT-N8-ACAG), it binds to a similar
sequence to that of B. subtilis (GAAC-N4-GTTC), another Gram-positive
bacterium (Table 6.1). This site has also been identified in Staphylococcus aureus
and Corynebacterium pseudotuberculosis (Bayles et al, 1994; Pogson et al,
1996). This may be indicative of a general trend amongst Gram-positive bacteria.
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This implies that the sequence to which LexA, binds together with the LexA
protein itself, have evolved separately after the division into Gram-negative and
Gram-positive bacteria.

Surprisingly, however, a gel retardation assay using a conserved Cheo box
downstream of the M. tuberculosis lexA gene (GAAC-N-4-GTTC) showed that
this sequence was not recognised by the LexA protein. Interestingly, this sequence
has differences in the bases adjacent to and between the conserved four base
palindrome compared to those which did bind to M. tuberculosis LexA. This
raised the possibility that the operator sites required for regulation of the SOS
system of mycobacteria involve additional nucleotides to the conserved Cheo box
motif. To investigate this further, oligonucleotides were synthesised with various
mutations in either the internal or external bases flanking the conserved motif and
the effects of these alterations were assessed. The results indicate a role for
nucleotides both internal and external to the consensus (GAAC-N4-GTTC) Cheo
box motif for recognition by LexA.

Further analysis of the recognition site for LexA was undertaken in order to define
the sequence requirements for LexA binding more precisely. This analysis directly
demonstrated that binding of LexA represses gene expression as mutating the
binding site such that LexA no longer bound caused expression to become
constitutive. The results indicate a role for nucleotides both internal and external
to the consensus (GAAC-N4-GTTC) Cheo box motif for recognition by M.
tuberculosis LexA. The flanking bases between the conserved four base
palindrome were shown to be particularly important for binding, a trend also
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discernible from recent B. subtilis results (Winterling et al, 1998). Detailed
mutational studies of the DinR box (the Bacillis subtilis homolog of LexA) led to
the redefining of the formerly identified Cheo box (Winterling et al, 1998).
Examination of the core motif bound by DinR showed that certain bases were
more critical for binding than others. In some instances, changes in the sequence
resulted in constitutive expression of a B. subtilis recA-lacZ fusion construct. This
reflects the results obtained from work on the core motif of the recA binding site
for M. tuberculosis LexA. Attempts were made to select the individual sequences
that bind with highest affinity to LexA by use of the SELEX method. It was
possible that the motif identified from the SELEX procedure was the result of
LexA binding to a half-site. However this seems unlikely as gel retardation assays
carried out on oligonucleotides synthesised to contain only one half-site showed
that binding required protein concentrations to be at least an order of magnitude
higher than would routinely be used. It has been shown that in vitro experiments
that characterise DNA-protein interactions by artificial selection, such as SELEX,
do not necessarily give binding site sets comparable with the natural binding sites
(Shulzaberger etal., 1999).

6.3 M. tuberculosis LexA

The gene coding for the M. tuberculosis homolog of LexA has been cloned and
sequenced (Movahedzadeh et al, 1997). Comparison of the M. tuberculosis lexA
gene at the protein level showed the highest similarity with LexA from the other
pathogenic species of this genus, M. leprae (96%), followed by that from the
Gram-positive bacterium B. subtilis (72%), with lower but still significant

139

homology with LexA of the Gram-negative bacterium E. coli (57%). The cleavage
site of LexA is between Ala84 and Gly85 (Horri et al, 1981a) and the nucleophile
in this reaction has been identified as Seri 19 with Lysl56 also being required as
an activator (Slilaty and Little, 1987). The importance of these five amino acids is
supported by mutational studies (Thliveris et al, 1991; Thliveris and Mount,
1992). These residues are identical and their flanking amino acids are also
conserved in all LexA proteins sequenced (Garriga et al, 1992; Horri et al,
1981b; Markham et al, 1981; Mustard et al, 1992; Raymond-Denise & Guillen,
1991; Riera & Barbe, 1993, 1995), including M. tuberculosis LexA indicating a
common mechanism of cleavage.

The homology in amino acid sequence around the cleavage site suggests that the
RecA protein recognises some amino acid residues and maybe also some
secondary structures around the cleavage site. Site-Directed Mutagenesis to
change selected amino acid residues involved in cleavage of the LexA protein in
E. coli showed that the repressor function of the protein was unaltered whilst
substitution of Ser119 with an alanine rendered the E. coli repressor uncleavable
Slilaty and Little, 1987). In order to examine if this is also the case with M.
tuberculosis LexA, mutant LexA proteins were synthesised in a pET15b
expression system to study the effects of changes to these residues on DNA
binding and cleavage. Results showed that repressor function of the mutated LexA
proteins was unaltered, with no change in affinity detected. Assays carried out
under auto-digestion cleavage conditions on both acitve site mutants (pEJ403 and
pEJ404) showed that in a 24 hour period no cleavage was visible. Cleavage assays
undertaken on cleavage site mutant LexA protein showed some, but not total,
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cleavage. Individual assays of active site mutants pEJ403 and pEJ404 containing
pEJ406, which has an intact catalytic site, were cleaved in the presence of this
mutant LexA protein.

LexA has been shown to bind to a DNA sequence different from that bound by E.
coli LexA and therefore it is not surprising that the amino acids important for
DNA binding in E. coli are not conserved. The particular amino acids Asn41, Glu44
and Glu45 form specific hydrogen bonds with bases of the CTGT bases in its
recognition site, according to a model of the LexA DNA complex (Knegtel et al,
1995) based on the structure of the LexA DNA binding domain (Fogh et al, 1994)
which identified a helix-tum-helix motif spanning residues 28-52. Interestingly,
the three Gram-positive LexA proteins from M, leprae, M, tuberculosis and B.
subtilis all appear to bind to the same DNA sequence. It might therefore be
expected that they would share an equivalently highly conserved amino acid
motif, but if this is so, it is not in the same location in the sequence. In addition,
the difference in the number of bases between the palindromic consensus
sequence in each motif (eight in E. coli and four in M. tuberculosis) implies that
the two recognition helices in the LexA dimers from these organisms are arranged
differently in terms of separation or orientation (Suzuki et al, 1995).

Analysis of the sequence of M. tuberculosis LexA protein reveals a 651 base pair
ORF coding for a protein 217 amino acids long. This is in contrast to the lexA
gene of E. coli which encodes a protein of 202 amino acids long. Interestingly, M.
leprae LexA also contains an homologous insert a few amino acids longer in the
same location. Experiments undertaken with a mutant protein with these
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additional amino acids removed showed the repressor function of the protein was
unaltered, suggesting that the changes made did not disrupt the structure of the
protein. Cleavage reactions containing the protein were difficult to complete due
to problems with the solubility of the protein. Removal of the additional amino
acid residues appears to affect the solubility of the protein with considerable
precipitation at concentrations over 25 pM.

6.4 The role of multiple LexA binding sites upstream of the M. tuberculosis
lexA gene

In E. coli the precise localisation of different LexA operators varies with respect
to the transcription start site (Schnarr et al, 1991) and the different operators vary
in their operator strength. In addition, the number of operators used for regulation
ranges from one as in the case of E. coli recA (Walker, 1987; Sancar et al, 1980)
to a triple operator in the case of E. coli recN (Rostas et al, 1987). Upstream of
the coding sequence of both M. leprae and M. tuberculosis lexA genes are three
copies of the motif recognised by M. tuberculosis LexA. There are also three
copies of the Cheo box motif upstream of the B. subtilis lexA gene although they
are more evenly spaced than those found in M. leprae and M. tuberculosis.
Differences in the operator sequences bound by LexA might serve to allow LexA
to bind with different affinities allowing a more subtle level of regulation (eg. M.
tuberculosis lexA motifs; (i) GAAC-N4-GTTT, (ii) GAAC-N4-GATC and (iii)
ACTC-N4-GTTC). In addition, the presence of multiple operators at distant sites
may suggest a co-operative loop model of repression as proposed by Cheo et al
1991.
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Analysis of LexA binding to all three sites was undertaken to examine the order of
binding and any cooperativity using both in vitro and in vivo techniques.
Surprisingly, the roles of the three sites upstream of M. tuberculosis lexA are not
made apparent by the in vivo results presented. Only the mutation of box 1
showed a significant effect on gene expression in vivo with this site also showing
the least affinity for the M. tuberculosis LexA protein in gel retardation assays.
Such variation in affinity for LexA for different promoters upstream of its own
gene may allow tighter regulation of both the repression/derepression of genes
involved in the SOS response and may also allow a steeper dose-response curve
for rapid on-off switch of this system. This also indicates that the mutation of one
site may affect binding of LexA to other sites. Interestingly, from the footprint
obtained on the wild-type sequence a possible 4th binding site was identified,
which may compensate boxes 2, and 3 in aiding binding of box 1.

The results presented in this project demonstrate that for both M. tuberculosis and
M. leprae lexA genes, regulation by LexA is more complex than regulation of the
M. tuberculosis recA gene, with both lexA genes possessing triple operators.
Differences in promoter affinity indicate that regulation of the M. tuberculosis
lexA gene involves a subtle interplay between the three sites. Also the formation
of a regulatory loop involving co-operative binding of LexA might occur. Future
work on the M. tuberculosis lexA gene will include elucidation of the role of a
possible 4th site recognised by M. tuberculosis LexA. Future footprinting analysis
will be carried out to examine the effects on binding of the removal of individual
and pairs of binding sites from the M. tuberculosis lexA gene.
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Little is known about the regulation of gene expression in mycobacteria. The
definition of the SOS box of Mycobacterium tuberculosis will greatly aid in the
identification of other members of the SOS regulon from the genome sequence of
this pathogenic organism. Future work that will contribute to this definition
include experiments using a transcriptional fusion of the M. tuberculosis recA core
promoter to the reporter gene lacZ. This will be used to introduce mutations to the
core motif in order to analyse the effects on gene expression Elucidation of the
sequence of further Gram-positive LexA homologues may provide further insights
into the bases important for both protein-DNA and protein-protein contacts at the
repressor binding site.
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Appendix I

Calculation of M. tuberculosis cell volume:

Cell dimension: Diameter o.4pm x 1.5pm
Area: 0.2 x 0.2 x 22/7=0.125pm2
Volume=0.188pm3
Volume=0.188 x 10'18pm3
1 litre=10'3 m3
1 m3=103 litre or 109p
Volume of 1 M. tuberculosis cell=0.188 x 10'18 x 109=0.188 x 10’9 pi

Number of bacteria from which cell free extracts A & B were prepared:

a) 1.548 x 1010
b) 1.485 xlO 10
Protein concentration: Total volume: lml each

a) 2.56mg/ml
b) 3.47mg/ml

According to a densitometric scan of a LexA ECL Western blot:
lpg CFE contains 4.5ng LexA
1 x 103ng total protein contains 4.5ng LexA
0.165 x 10'3ng total protein contains 4.5 x (0.165 x 10"3) / 1 x 103
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=0.74 x 10'6ng LexA/cell
Amount of LexA in cell=742.5 x 10'9ng LexA/cell
Each cell has a volume of 0.188 x 10"9
Concentration of LexA=Amount of LexA/Volume=3937.5ng/|il
3937.5ng/(il=0.156mM (0.170mM for native LexA).
Mol. Wt. LexA= 25228 (23094 for native LexA)
1mM: 23.094g/l=23.094jj,g/jal=23094ng/jul
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Appendix II:
"’Media
Luria-Bertani Medium (LB)

Bacto-tryptone
lOg
Bacto-yeast extract
5g
NaCl
lOg
Distilled water
to 1000ml
Sterilise by autoclaving

Lemco Broth

Bacto-peptone
lOg
Bacto-lab Lemco powder 5g
NaCl
5g
Tween 80
0.05%
Distilled water
to 1000ml
PH to 7.2 with 2M NaOH
Sterilise by autoclaving

Modified Dubos Medium A

KH2P04
NA2HP04.12H20
Nascitrate
MgS04.7H20
Asparagine
10% Tween 80
Casamino acids

6.25g
1.25g
0.6g
2g
5ml
2g

PartB

Bovine Serum Albumin V
5g
Distilled water
to 1000ml
Filter sterilise
For use add 10ml part B to 250ml partA
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Appendix III:
Poster presented at the Society for General Microbiology conference: Microbial
Infection and Physiology, Biochemistry and Molecular Genetics Groups. 24-27
March 1997.
Abstract

Potential role of sequences flanking the conserved Cheo box motif in binding
Mycobacterium tuberculosis LexA
Dullaghan E. M.. Movahedzadeh F, Brooks P, and Davis E. O.
National Institute for Medical Research, The Ridgeway, Mill Hill, London NW7
1AA.

Mycobacterium tuberculosis is an intracellular pathogen which survives and
replicates in macrophages. Many of the mechanisms involved in macrophage
killing of pathogens require the production of DNA damaging agents and
therefore DNA repair mechanisms are likely to be particularly important for
survival within the macrophage environment. Bacterial responses to DNA damage
are highly conserved; in the SOS response of E. coli a group of over 20 genes are
induced by a common regulatory mechanism in which RecA and LexA act as the
activator and repressor respectively. Under normal conditions LexA binds to a
specific DNA sequence, the SOS box upstream of the genes it regulates and
represses transcription. Mycobacterium tuberculosis LexA protein has been shown
to bind to the same motif as that found upstream of DNA damage-inducible genes
(SOS genes) in Bacillus subtilis known as a Cheo box (Movahedzadeh et al,
1997). The consensus sequence (GAAC-N4-GTTC) has been proposed to function
as an operator site that is required for regulation of the SOS system of B. subtilis
(Cheo et al, 1991). M. tuberculosis LexA has also been demonstrated to recognise
a motif with one mismatch from the consensus (GAAC-N4-GTTT)
(Movahedzadeh et al, 1997).
Surprisingly, however, a gel retardation assay using a conserved Cheo box
downstream of the M. tuberculosis lexA gene (GAAC-N4-GTTC) showed that this
sequence was not recognised by the LexA protein. Interestingly, this sequences
has differences in the bases adjacent to and between the conserved four base
palindrome compared to those which did bind to M. tuberculosis LexA. This
raised the possibility that the operator sites required for regulation of the SOS
system of mycobacteria involve additional nucleotides to the conserved Cheo box
motif. To investigate this further oligonucleotides were synthesised with various
mutations in either the internal or external bases flanking the conserved motif and
the effect of these alterations on LexA binding was assessed.The results indicate a
role for nucleotides both internal and external to the consensus (GAAC-N4GTTC) Cheo box motif for recognition by M. tuberculosis LexA.
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Appendix IV:
Poster presented at Keystone, Colorado conference; TB: Molecular
Mechanisms and Immunologic Aspects. 2-8 April 1998.
Abstract

Sequence requirements for Mycobacterium tuberculosis LexA binding
Edith M. Dullaghan and Elaine O. Davis, National Institute For Medical Research,
London, U.K.
Bacterial responses to DNA damage are highly conserved; in the SOS response of
E. coli a group of over 20 genes are induced by a common regulatory mechanism
in which RecA and LexA act as the activator and repressor respectively. The
LexA protein binds specifically to palindromic sites overlapping or close to DNA
damage inducible promoters. The consensus binding site for LexA in Gramnegative bacteria has the sequence CTGT-N8-ACAG and is known as the SOS
box, while in the Gram-positive bacterium Bacillus subtilis a different consensus
sequence, GAAC-N4-GTTC, has been identified and termed the Cheo box.
Purified M. tuberculosis LexA protein has been shown to bind this sequence.
A Cheo box identical to the consensus sequence had been identified downstream
of the M. tuberculosis lexA gene suggesting that another DNA damage inducible
gene might be present. Surprisingly, however, a gel retardation assay with this
sequence showed that it was not recognised by the M. tuberculosis LexA protein.
This raised the possibility that the operator sites required for regulation of the SOS
system of mycobacteria involve nucleotides in addition to the conserved Cheo
box. Alignment of the sequences from M. tuberculosis and M. smegmatis which
have been shown to bind LexA in gel retardation assays, showed that they all had
a conserved A-T internally, and G-C externally, flanking the Cheo box motif,
whereas the motif that did not bind LexA lacked this internal A-T, having C-A
instead. Initial experiments were carried out where the wild-type sequence from
downstream of the M. tuberculosis lexA gene was mutated at these internal
flanking positions to A-T. This mutated sequence did indeed bind LexA, although
with a lower affinity than the Cheo box of M. tuberculosis recA. Conversely,
changing the A-T at the RecA Cheo box to C-A eliminated LexA binding. This
work has shown that the SOS box of M. tuberculosis extends beyond the defined
Cheo box consensus sequence. Further experiments were undertaken to define the
sequence requirements for M. tuberculosis LexA more precisely, the results of
which will be presented
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Addendum to thesis

In addition to understanding the DNA binding properties of LexA, a detailed definition of
the LexA binding site will allow the identification of other LexA regulated genes from
the completed M. tuberculosis genome sequence. However, analysis of the affinity of M.
tuberculosis LexA for putative binding sites containing differences in the nucleotides
within and flanking the core motif GAAC-N4-GTTC failed to give a clear SOS box
consensus for M. tuberculosis LexA. Rather. A few specific bases which were not
tolerated were identified. This information is useful to rapidly eliminate a sub-population
of the hits obtained when searching the genome sequence with the core motif, as
illustrated below.

A search of the Institute Pasteur Tuberculist database was made using the binding motif
upstream of the M. tuberculosis recA gene (GAAC<4>GTTC) to identify the total
number of occurrences of this motif in (a); the whole genome and (b); within 500bp
upstream of a gene. Narrowing the search down to 500bp before a gene is important, as
the presence of the motif in the genome does not necessarily imply that these motifs are
involved in regulation. Even if the motif is upstream of a gene it may not regulate its
expression unless the site is near or overlapping the promoter region. For the motif
GAAC<4>GTTC there were 130 sites in the whole genome 35 of which were upstream
of genes. However, 8 of these would not be expected to bind LexA from the binding and
reporter studies described earlier as the internal flanking bases are C-A (T-G), or C-T (AG) or C-G (G-C) which both failed to bind LexA in vitro and exhibited constitutive

expression in the reporter assays. Thus the number of genes of potential interest can be
reduced to 27. The genes identified included the recA, ruvA and ruvC genes. Previous gel
retardation assays have shown that the sites preceding these genes are recognised by M.
tuberculosis LexA (Movahedzadeh and Davis, unpublished) and it has also been
demonstrated that expression of these genes is DNA damage-inducible (Brooks and
Davis, unpublished). Interestingly, ruvC is not part of the SOS response in Escherichia
coli.

A search was also made using the motif found upstream of the M. tuberculosis lexA gene
GAAC<4>GTTT. While in the whole genome this motif occurred 60 times, only 8
matches were found upstream of open reading frames, which could be reduced to 7 likely
binding sites in the same way as described above. Of the genes identified only the lexA
gene is known to be part of the SOS regulon.

For comparison a search was also undertaken using two motifs that are no longer
recognised

by

the

M.

tuberculosis

LexA

protein

(GAAC<4>GTTG

and

GAAC<4>GTTA. GAAC<4>GTTG occurs 138 times in the genome 29 of which are
located upstream of genes and GAAC<4>GTTA occurs 26 times of which 11 precede
open reading frames. Thus, between these two motifs there are 40 occurrences of a
sequence with only a single mismatch from the canonical GAAC<4>GTTC at the end of
the motif, which prior to this work would have been expected to represent LexA binding
sites. Indeed, that upstream of Rv0004, an open reading frame in the recF region of the

genome, had previously been tested experimentally and failed to show LexA binding
(Movahedzadeh and Davis, unpublished).

