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ZRRATA
thronghout thesis: “Sau3A 1™ for “Sau3Al™.

throughout thesis: “gentamicin” for “gentamyein.

ADDENDUM

p? line 20: delete ** {which are used as precursors for folic acid)”.

p)3 para 2, 3 line: delete “distal” and read “distant™.

pl3 para 2, 4" line: delete “proximal” and read “proximate™.

p46 para 3: Comment: For each RNA sample analysed, the refative level of 165 rRNA was measured. On he
basis that the level of 165 rRNA is constant, regardless of enviromnenial conditions, 111.es§ values were used to
normalise expression of other genes,

p130 lipe 5: delete “The ends were filled in” and read “Protuding nucleotides from the 3” termini were removed”,
pl85 line 22 and p189 Figure 5.1 legend line 10: delete “LWLNEGX" and read “LWLNEG™,

throughout thesis: the term “homology™ is meant to refer to “sequence identity™,
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Abstract

Corvnebacterim pseudoiuberculosis 1s the etiological agent of two specific diseases:
ulcerative lymphangitis and cascous lymphadenitis (CLA). CLA is a disease of sheep and
goats that is characterised by caseous abscesses in the lymph nodes. Although the steps
leading to the establishment of CLA are relatively well understood, little is known about
how this is controlled at the molecular level. This in part stems from the lack of sequence

information available for this pathogen and a relative paucity of molecular studies.

An empirical observation that has been made during the study of virulence gene expression
in a wide number of bacterial pathogens is that genes that are intimately involved in the
virulent phenotype are often up-regulated in the in vivo environment in comparison to
when the organism is grown in vitro. This observation has led to the development of
technologies aimed at identifying genes of bacterial pathogens that are up-regulated /n vivo

or in models that mimic aspects of in vive infection.

The work described in this thesis aimed to increase our understanding of the molecular
mechanisms of C. pseudotuberculosis pathogenesis by identifying regulated genes of C.
pseudotuberculosis. Two independent approaches were developed. The first utilised a
promoter probe vector containing green fluorescent protein as reporter in conjunction with
Differential Fluorescence induction (DFI) to identify up-regulated promoters. The second
involved transcriptional profiling using a C. péeudon:bercuiosis DNA macroarray to

identify both up and down regulated genes.

A C. pseudoruberculosis DNA array was constructed and used to identify a number of C.
pseudotuberculosis genes whose expression changed upon heat shock, Most up-regulated
genes coded for proteins belonging to the heat shock protein family. A number of down
regulated genes were also identified including fas, encoding a fatty acid synthase, an iron

permease component (fagC) and phospholipase D (pld).

Macrophage induced genes were identified using both the array and DFI technologies.
Using the DFI approach the genes encoding a nen-ribosomal peptide synthase and the beta
chain of propionyl coA carboxylase were identified as up-regulated. Using the array
approach the heat shock genes of C. pseudotuberculosis were identified as the most highly

up-regulated genes following macrophage infection. A number of other regulated genes

Xy




s

were also identified, including those encoding a metallopeptidase, iron homcostasis

proteins and a putative acetyl coA carboxylase subunit,

To ascertain the functional significance of regulated genes during macrophage infection
three mutant strains were generated. Genes coding for a metallopeptidase, a Cu,Zn
superoxide dismutase and FagC were targeted. The first two mutants were attenuated to
varying degrees within the macrophage infection model, while the iron permease mutant
demonstrated wildtype characteristics. An attempt to complement the metallopeptidase

mutant was unsuccessful. At this stage the reason for this is not clear.

P1d is the most important virulence determinant of C. pseudotuberculiosis that has been
identified thus far. The observation that p/d was down regulated following heat shock led
to further studies of its regulation. pld expression was also found to be cell density
dependent. However, expression of pld during macrophage infection was high and did not
appear to be under density dependent control. While expression of p/d by C.
pseudotuberculosis had no effect on their ability to be phagocytosed by macrophages its
expression did contribute to bacterial induced macrophage death. A preliminary analysis

of the p/d promoter was also performed.

In conclusion, the work described in this thesis has advanced our knowledge of gene
regulation in C. pseudotuberculosis. The possible significance of regulated genes during

the infection cyé]e is discussed.
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Chapter 1

Literature Review




1.1 Corynebacterium pseudotuberculosis

C. pseudotuberculosis, which has previously been referred to as both C. ovis and Preisz-
Nocard bacillus (Williamson, 2001), is a gram positive, mesophilic bacterium. These
bacteria are facultative anaerobes, non motile, rod shaped and surrounded by a layer of
clectron dense surface lipid, which is external to the cell wall (Hard, 1969a).
Corynebacterium is a heterogeneous genus ranging from pathogenic species such as C.
pseudotuberculosis, C. diphtheriae and C. ulcerans to soil saprophyles such as the
industrially important amino acid producing C. glutamicum and C. ammoniagenes.
Analysis of 165 IRNA sequences indicate that within the Corpnebacterium genus C.
pseudotuberculosis is most closely phylogenetically related to C. ulcerans followed by C.
diphtheriae (Takahashi ez al., 1997). Outside of the genus Corynebacteria are closely
related to other mycolic acid containing genera such as Dietzia, Gordona, Mycobacterium,
Nocardia, Rhodococcus, Tsukamurella and Turicella. Corvacbacterium together with
Mycobacterium and Nocardia make up the CMN group of bacleria, Within its hosts C.
pseudotuberculosis is primarily an intracellular pathogen that resides and replicates within

macrophages (Hard, 1972;Tashjian and Campbell, 1983).

C. pseudotuberculosis is distinguishable in the laboratory on the basis of the morphology
of its hydrophobic colonies and biochemical analysis for the presence of urease and
phospholipase D (Pld) activity. Two biotypes of C. pseudotuberculosis have been defined,
a biovar ovis and a biovar equi (Songer ef a/., 1988). In gencral equine strains can be
distinguished from ovine strains on their ability to reduce nitrate. Biovars have also been
characterised by Restriction endonuclease analysis (Songer et al., 1988), or Pulsed-Field

gel electrophoresis (Connor et al., 2000).

1.2 Diseases caused by C. pseudotuberculosis

C. pseudotuberculosis is the etiological agent of two specific discases, caseous
lymphadenitis (CLA) which affects sheep and goats and ulcerative lymphangitis (UL)
which affects horses, mules and occasionally cattle. C. pseudonberculosis has also been
observed to be pathogenic in 2 number of other mammalian species including camels,

buffalo, deer and humans (Collier er al., 1998;Mills et al, 1997:Pecl et al., 1997),
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UL, which is caused by the equi biovar, is characterised by inflammation of the lymphatic
vessels, which most commonly occurs on the fetlocks of infected horses. Nodules form in
ihe subcutaneous tissue surrounding the site of infection and may enlarge to 5-7 cm.
Infection frequently spreads along the draining lymph nodes and further abscesses may
arise. Abscesses ofien rupture to yield ulcers with a necrotic base that discharges caseous
green pus (1999). In Australia only the ovis biotype appears to be present, hence cases of
UL are not observed. The remainder of this thesis is therefore given to the description and

study of ovine strains of C. psendotuberculosis which cause CLA and are prevalent in

Australia.

CLA is characterised by caseous abscesses primarily in the superficial lymph nodes of
infected animals. Necrosis of affected lymph nodes is also observed. In some cases other
organs may also be infected. This is most commonly seen in the visceral organs and in

particular the lungs (Batey, [986b).

Laboratory animals show different susceptibilities to infection with C. pseudotuberculosis.
In the guinea pig, disease progression is rapid and typically fatal (Dickinson and Bull,
1931). The mouse model of infection has been well studied and much of the information
regarding the immunological responses of the host to C. pseudoruberculosis infection have
been derived from these studies, Jolly (1965a) showed that different leveis of disease
could be induced in the mouse by altering either the dose or route of administration.
Although high doses are lcthal to the mouse, lower doses result in a disease that may be
contained by the animal (Batey, 1986a). There are however differences in disease
pathogenesis, in particular in the organs affected. In sheep primary lesions develop at the
site of infection (skin) followed by the establishment of secondary lesions in the lymph
nodes and visceral organs. Conversely, in the mouse, the peritoneal cavity or skin
(depending on route of inoculation) is considered the primary site and the liver, lung,
spleen or kidney the secondary site (Batey, 1986a). Unlike in sheep the development of

lesions in the lungs is not observed in the mouse.

1.3  Prevalence of CLA in Australia

CLA is a common bacterial disease of sheep in Australia, Within the years 1988-1990

almost half of adult sheep (from 412 flocks) culled in Western Australia showed signs of




CLA (Paton, 1997). More recent data suggest that although the rate of incidence has
decreased, disease prevalence is still high {estimated at approximately 20% in Western
Australian flocks in 1997 {Paton, 1997}. When used correctly comnercially available
vaccines, which contain detoxified phospholipasc 1, are able to substantially reduce the
incidence of CLA (Paton ef af., 1995;Piontkowski and Shivvers, 1998). There are no
reliable data available on the prevalence of CLA in goats however it is generally thought

that the disease level is probably lower than in sheep.

1.4 Economic significance of disease caused by C. pseudotuberculosis

Abscesses in the lymph nodes have little effect on the general health of the sheep, however
the disease is of economic significance in terms of reduced wool production and
condemnation of carcasses at slaughter. Sheep with signs of infection have on average a 4
to 7% reduction in clean wool production in the year they arc infected (Paton ef af., 1994).
In subsequent years of infection, wool production is observed to return to normal levels
(Paton, 1997). The losses to the Australian wool industry are estimated to cotrespond to a
monetary value of $15 million (Paton, 1997). Approximately 1% of adult carcasses are
condemned at slaughter due lo CLA infection. In Australia this corresponds to losses of $4
million annuaily (Paton, 1997). Additional losses of approximately $10 million per year
occur through the cost incurred in the tfrimming of less severely infected carcases (Paton,
1997). Therefore the total annual loss to the Australian shecp industry is at least $30

million per annum,

1.5 CLA: route of infection and disease pathogenesis

The primary route of infection is via the skin. C. psendotuberculosis has been shown to be
able to cross intact skin of recently shorn sheep (Nairn and Robeitson, 1974), however
most infections probably occur at sites of skin wounding (Batey, 1986b). Infection is
therefore most common following shearing as this is when sheep are most likely to present
with skin lesions. It was initially thought that the primary source of bacteria for infection
was from the ruptured abscesses of already infected sheep. However, more recent studies
convincingly show that a major source of infective bacteria is from contaminated aerosols
of sheep with discharging lung abscesses (Paton er al., 1995;Ellis ef al., 1987). C.
pseudotuberculosis can however survive for long periods of time in the environment,
including for at least 24 hours in sheep dip (Naim and Robertson, 1974), raising the

possibility of transmission from environmental sources.
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The exact mechanisms by which discase is then established are not well understood and are
in general based on experimental studies in which large numbers of bacicria are
administered by subcutaneous inoculation (Pepin ef al., 1991b;Pepin ef al., 1994),
Experimental infection in sheep is typically associated with a (ransient temperature
increase, localised inflammation and abscess formation at the site of infection (Pepin et al.,
1991b). Inflammation is caused at least in part by an infiltration of immune cells and
possibly by increased prostaglandin biosynthesis as a result of activation of mammalian
arachondic acid-producing pathways by the bacteria. It is likely that bacteria replicate
extracellularly at the site of infection prior to lymph node localisation. Alternatively
bacteria are taken up by phagocytic cells and then actively transported to the lymph nodes.
Massive immune infiltration into the lymph node occurs. Neutrophils are predominant
early, however around day 3 post infection macrophages become the predominant cell type
(Pepin et al., 19912). Within the lymph node repetitive cycles of bacterial phagocytosis,
intracellular bacterial replication and phagocytolysis play an essential role in abscess
formation. Fully formed abscesses which may reach a diameter of 10 ¢m have been shown
to consist of a central necrotic region surrounded by an internal layer of macrophages and
epithelioid cells, which is in turn surrounded by a laver that consists predominantly of
lymphocytes and a few fibroblasts (Pepin er al., 1991b). This is enciosed in a fibrous
capsule. The encapsulation of the infection limits bacterial dissemination but to the
advantage of the bacteria it also provides a defence against the normal immunological

defenices of the host.

A number of studies investigating the interaction between C. pseudoti.serculosis and
phagocytes have been performed. Studies have been performed ex vivo using caprine
maminary macrophages (Tashjian and Campbell, 1983) or in vivo using & mouse model in
which C. psendotuberculosis is injected into the peritoneum (Hard, 1969b;Hard, 1972).
No studies have been performed using ovine models. All studies demonstrate that C.
pseudotuberculosis is rapidly engulfed by macrophages and that fusion between
phagosomes containing bacteria and primary and secondary lysosomes occurs to generate
phagolysosomes. A decrease in macrophage viability also occurs within a few hours of
infection. The in vive study in the mouse peritoneum indicated that necrotic macrophages

and their contents are phagocytosed by scavenging macrophages which are at least




partially successful in killing the bacteria. However infection was persistent with bacteria

recoverable 10 days post infection (Hard, 1972).

1.6 Virulence determinants and their role in C. pseudotuberculosis pathegenesis

Virulence genes arc those that are considered cssential for successful infection of a host by

e

a bacterial pathogen. Often virulence genes are not required for growth outside the host,
hence their expression may be tightly regulated. Due to a lack of molecular information
relatively little is known about the genes involved in C. pseudotuberciulosis survival and
replication i vivo. The major virulence determinant identified to date is a protein with
phospholipase D activity, while a putative scrine protease and toxic cell wali components
have also been suggested to be important for disease progression. Regulation of

expression has not been described for any of these genes.

1.6.1 Phospholipasc D

1.6.1.1 Protein characteristics and enzyme activity
P1d is a secreted exotoxin with a molecular weight of 31.4 kDa which possesses

sphingomyelinase activity (Hodgson ef @/, 1990). Pld has been shown to increase vascular

. permeability in vivo, have dermonecrotic properties, exhibit synergistic haemolysis of

sheep blood cells in the presence of products from Rhodococcus equi and reduce the
viability of ovine neutrophils ex vivo {Batey, {986b;Yozwiak and Songer, 1993). The
chromosome contains a single copy of the gene and is transcribed as a monocistronic RNA

of 1.1 kb (Hodgson ef al., 1990).

1.6.1.2 Mutant strains

The importance of the pid gene to pathogenesis is convincingly demonstrated by studics
performed with strains of C. pseudotuberculosis in which the p/d gene has been inactivated
{Hodgson et al., 1992;McNamara et af., 1994;Hodgson ef al., 1994;Simmons et al,,
1998;Hodgson et al., 1999). Studies with one such ovine strain calied Toxminus found
that in the absence of a functional p/d gene no abscessation in the fymph node nceurred,
whereas animals infected with wildtype C. psendontberculosis demonstrated extensive
abscessation (Hodgson et a/., 1992). Similar studies have been performed in a caprine
strain of C. pseudotuberculosis. The pld gene of strain Whetten | was replaced with an
allele containing a nonsense mutation to generate strain W1.31r! (McNamara ef al., 1994).
The mutant strain demonstrated the same growth rate in vitro but was unable to cause
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abscesses in the lymph node at a 100-fold higher dose than wildlype. In both studies the
pld mutant strains caused a small amount of abscessation at the site of infoction in some
animals. These two studies convincingly demonsirate the importance of Pid for virulence
and the lack of bacteria in the lymph nodes supponts the hypothesis that a major role of P1d,

in vivo, is in aiding bacterial dissemination to the lymph nodes.

Additional evidence for the importance of ®Id in vivo comes from the observation that
vaccination with formulations in which Pld is the major component provides protection
against subsequent discase challenge (Eggleton ef al,, 1991b). Pld specific antibody
responses are also associated with protection of sheep from CLA (Eggleton ef al., 1991a).
In particular, immunization of sheep with Pld or passive transfer of serum from immunised
to non immunised mice reduces the number of bacteria that localise to the lymph node

following experimental infection (Jolly, 1965b;Hard, 1970).

1.6.1.3 in vivo cffects

Pld, in vivo, is believed to increase vascular permeability thereby leading to increased
transmission of the bacteria from the site of infection to the lymph node. Marked leakage
of plasma from small blood vessels is observed at the site of experimental infection (Carne
and Onon, 1978). This results in the flooding of lymphatic spaces thus increasing bactertal
transport from the periphery to the draining lymph nodes. Other studies using
supramaximal concentrations of bacteria or purified toxin have demonstrated that Pld
degrades the sphizomyelin on sheep erythrocytes in vivo and that dramatic changes in
erythrocyte morphology occur resulting in significant pitting (Brogden and Engen, 1990}
Interestingly, in vitro, P1d is unable to independently lyse sheep erythrocytes, instead
requiring the presence of a cholesterol oxidase from Rhodococcus equi (Linder and
Bemheimer, 1997). However, in vivo haemolytic anaemia following inoculation of P1d
can be observed in lambs (Hsu ef af., 1985). This suggests that additional components
required for haemolysis are present in the host but not in ovine bleod preparations used for

in vifro assays.

Mammalian celis also possess phospholipases, including two isoforms of Pld (Colley ef af.,
1997). Itis likely that C. pseudotuberculosis Pid is able to activate mammalian signalling
pathways. Hydrolysis of the membrane component phosphatidylcholine by mamimalian
PId results in the formation of phosphatidic acid and choline. Phosphatidic acid (PA)
which may act as a signalling molecule (c.g., by activating 2 PA-activated kinase), can be

7




hydrolysed by phosphatide phusphohydrolase to form diacylglycerol (DAG)orina
reaction involving phospholipase Aa be converted to lysophosphatidic acid {LPA) (Exton,
1997). Both DAG and LPA may act as signalling molecules (Exton, 1997). DAG, which
is embedded in the membrane, is able to activate the important signalling molecule protein
kinase C (PKC). PKC whén in its activated state is able to phosphorylate and thus activate
a variety of proteins including those involved in cell functions such as actin assembly
(Lennartz, 1999). DAG may be further degraded to generate arachidonic acid.
Arachidonic actd is the primary substrate for the production of prostaglandins,
prostacyclins, thromboxanes and leukotrienes. Prostaglandins are potent vasodilators,
therefore some of the Pld mediated effects on vascular permeability may be through this
type of pathway rather than simple destruction of mammalian cell membranes.
Mammalian P1d has also been implicated to play a role tn a number of immune cell
functions including phagocytosis by macrophages (Lennartz, 1999), ATP-induced killing
of M. tuberculosis by macrophages (Kusner and Adams, 2000) and production of
superoxide and degranulation in neutrophils in response to chemotactic agents (Olson and
Lambeth, 1996). However, whether activation of any of these pathways by bacterial Pid

would be advantageous to C. psendotuberculosis is debatable.

1.6.2 CP40 (serine protease)

A putative serine protease called CP40 has also been suggested to be a virulence factor
{(Walker ef al., 1994). CP40 was identified using an approach that utilises locally derived
antibody-secreting cells (ASC) from sheep with CLA. In comparison to antibodies found
in serum, ASC cells obtained locally (from the site of infection) produce antibodies of
highly restricted specificity. Supernatant from cultured ASC cells was used to probe blots
containing whole-cell antigens of C. psendotuberculosis. The CP40 protein band was
consistently recognised and in two of three sheep analysed was the major antigen. Like
Pld, CP40 is a secreted protein (Wilson et al., 1995). When CP40 protein was
administered as a vaccine an 82% reduction in the proportion of infected sheep and a 98%
reduction in lung lesions was observed 3 months after challenge (Walker er al., 1994), The
substrates for CP40 have not been identified. The obsellvation that this protein is secreted

does however raise the possibility that its targets are of host origin.
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1.6.3 Cell wali components

Although other specific virulence determinants have not yet been identified it is likely that
coimponents of the cell wall may play arole in virulence. A direct correlation has been
found between the percentage of bacterial lipid that is found in a floccular layer external 1o
the cell wall and the virulence of the bacterium in a mouse model of infection {Muckle and
Gyles, 1983). Interestingly this was observed as increased induction of chronic absessation
with increasing lipid content but increased mortality was not observed. 1t is likely that the
surface lipid is at least partly responsible for clumping which contributes to C,
pseudotuberctilosis® pathogenic properties. The correlation between lipid content and
disease severity suggests that genes involved in lipid biosynthesis may be considered

virulence factors.

1.64 AroQ (encodes a type I 3-dehydroquinasc)

C. psendotuberculosis strains that show reduced ability to synthesise aromatic amino acids
have also been studied /n vifro and in vivo. The aroQ gene of C. pseudoniberculosis has
been inactivated by the insertion of an erythromycin resistance gene {Simmons ef al.,
1997). The resulting strain showed reduced growth in vifro and in a mouse model of
infection a three-fold log increase in LD50 compared to the parental wildtype strain was
observed (Simmons ef al., 1997). Observations from studies such as this raise the question
of whether genes that are essential i1 vifro can be considered to be virulence factors.
Pathogenic bacteria need to be able to synthesise aromatic amino acids (which are used as
precursors for folic acid) as the availability (p-aminobenzoic acid) is limited in host tissues.
Therefore the expression of this gene can be considered essential for virulence. The same
could be said for many genes that would traditionally be described as housekeeping genes.
It is therefore difficult to draw a line between what is and isn’t a virulence factor, although
if the bacteria can survive without the gene in vitro but not in vive then ii can probably be

considered a virulence factor.

1.6.5 Other virulence determinants

Studies of C. pseudotuberculosis pathogenesis clearly demonstrate an important role for
P1d in the initial establishment of disease, however whether Pid is essential for disease
progression once abscesses have been established in lymph nodes is unclear. Given that C.
pseudotubereulosis must survive in the hostile environment of the phagocytic cell itis
likely that genes other than those described in this section are required, for example genes

9
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involved in protccting bacleria from frec radicals produced by macrophages. Additionally
within phagocytes the nutrient supply is likely to be limited, therefore genes involved in
the scavenging of nutrients such as iron and other metabolites are likely to be up regulated.

1 therefore seems very Jikely that other virulence genes will be identified in the future.

1.7 Aspects of the regulation of bacterial gene expression

For bacterial pathogens infection consists of a series of steps. For C. pseudotuberculosis
the bacteria must first penetrate through the skin, then move from the site of infection to
the lymph nodes. This is either preceded or followed by internalisation of the bacteria
within phagocytic cells. Within the lymph node the bacteria must then undergo ¢ycles of
replication, phagocytolysis and reinfection of new phagocytes. The ultimate step is exit
from the host thereby allowing for a new cycle of infection to begin. The external
environment, blood, lymph nodes and intracellular environment of macrophages will each
require adaptations from the bacteria to allow survival and the scavenging of nutrients
required for viability and replication. To respond o such changes bacteria have evoived
regulatory systeims to control gene expression in response to the external environment thus
feading to appropriate adaptation to it. Conversely such regulation may also prevent the
expression of gencs unnecessary for survival within a given environment. This could be
considered to be a mechamism whereby “cnergy” is conserved. Empirical evidence shows
that for many bacterial pathogens the expression of those genes that play a direct role in
bacterial survival within the host is often tightly regulated, i.c. such that their expression is
timed with certain aspects of infection. In particular, virulence genes have ofien been

observed to be in vivo induced during specific stages of infection.

Bacteria have evolved mechanisms to allow coordinated regulation of expression of
multiple genes. A single gene may have its own promoter that is regulated by given
stimuli, alternatively genes may be arranged into an operon in which two or more usually
related genes are cotranscribed as a polycistronic unit from a single promoter. Single
genes or operons that are dispersed around the chromosome, but that have promoters that
respond to the same regulators in a similar fashion are said to comprise dregulon. Finally
genes or operons that respond {0 a stimulus but not necessarily in the same manner (i.e. not

all up or down regulated) are said to comprise a stimulon.

At the most fundamental level, gene regulation occurs at the promoter which is the
munimal sequence recognised by the RNA polymerase (RNAP) that gives rise to basal
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promoler activily. Promoter strer :th is regulated by a number of factors including DNA
structure, sigma factors, DNA binding proteins and transcriptional regulator proteins.
Regulation at the promoter occurs in responsc to factors such as changes in temperature,
environmental factors and nutrient limitation. To allow this to occur bacteria have evolved
efficient signalling cascades and mechanisms that allow them o sense and then adapt

appropriately to changes in environmental conditions.

1.7.1 Regulation of expression at the promoter

1.7.1.1 Sigma factors

In eubacteria RNAP consists of a core of two «, one § and one B° subunit in addition to a
variable ¢ subunit. It is the ¢ subunit that defines the specificity of the enzyme by binding
to the DNA promoter sequence and hence also defines the basal strength of the promoter.
Most bacteria possess multiple o factors that each recognise different consensus sequences.
In eubacteria o factors can be classed into two groups: those that show similarity to the ™
of E. coli form the 6’%-family (Lonetto et al., 1992) and those that show homology to E.
coli 6> form the o° -family (Merrick, 1993). ¢’ typically bind to two regions of the DNA
known as the ~35 and —10 regions. These are found at —30 to -35 and about -7 to —-12
(relative to the transcription start site) and in E. coli and many other bacteria the consensus
sequences for these two regions are TTGACA and TATAAT respectively. [n gram
positive bacteria such as B. subtilis z conserved motif at =16 (TRTG (R = purine) is often
also observed {Voskuil and Chambliss, 1998).

Within the ¢°-family a number of sigma factors are found which can be divided into three
groups. Group I sigma factors generally control the expression of the majority of genes
which are required during exponential cell growth and as such are usually genes that are
essential for cell survival. Group 1 comprises sigma factors which control expression of
genes that are generally nonessential for growth. Group III sigma factors generally control
the transcription of specific regulons needed during special physiological or developmental
conditions, i.e. flagellar o-factors, extracytoplasmic function o- factors (a class of

environmentally responsive transcriptional regulators) and heat shock o-factors.

A wide variety of o®*-dependent genes in both gram positive and gram negative bacteria
have been identified. Like Group 11 o™ factors, 6™ usually control the expression of non-
essential genes (Merrick, 1993). Additionally RNAP containing o> is unable to initiate
transcription unless an enhancer binding protein is also present (Morett and Segovia,
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1993). A consensus recognition sequence for o -dependent promoters has been defined as
~26(TGGCACGNNNNTTGC (-12) T/A NNANNN (Barrios ¢f al., 1999).

The expression of o-factors is controlled by a variely of mechanisms. The systcni is
regulated such that appropriate c-factors are present in the cell for the given environmental
conditions. Expression of some o-factors is controlled at the transcriptional level by the
binding of transcriptional regulators, for some others, anti-c factors interact with specific
o-factors to negatively regulate their activity, for others such as the heat shock & factors

activity is controlled primarily by changes in protcin stability (Wosten, 1998).

1.7.1.2 UP elements

Upstream of the —35 region of a number of promoters is an AT rich region that is able to
interact with the @ subunit of RNAP. This o recognition element is termed the Upstream
or UP element, and an AT rich consensus sequence of
NNAAAWWTWTTTTNNNAAANNN (where W = A or T and N = any base) optimally
located at —59 to —38 has been defined (Estrem ¢ al., 1998). This consensus scquence
contains two subsites each of which bind one o subunit. UP elements increase promoter
activity by recruiting RNAP to the promoter DNA, thereby increasing the equilibrum
constant for the initial binding step (Gourse ef al., 2000}. Interaction between the ¢
subunits of RNAP can play an important role in activated transcription as well as basal
transcription, however not all promoter-¢. subunit interactions that occur have a pusilive

effect on promoter function.

1.7.1.3 Repressors and activators

Repressors and activators are DNA binding proteins that bind to specific sequences in the
region surrounding a promoter and cause a subsequent decrease or increase in the level of
transcription. In E. coli the majority of promoters (75%) are controiled by a single type of
regulator (Gralla and Collado-Vides, 1996). Additionally, modulation of promoter activity
by repression is twice as common as by activator regulation (Graila and Collado-Vides,
1996). Dual regulators are transcriptionai regulators that may act as either an activator or
repressor depending on where its binding site is located. The majority of repressor binding
sites are found around -30 where it is believed that the presence of a repressor protein
mechanistically interfercs with the interaction between RNAP-and the DNA. Other
mechanisms of repression can occur, as for a number of promoters RNAP is able to bind to

the promoter but subsequent steps required for RNA synthesis are blocked {Fassler and
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Gussin, 1996). In E. coli activator sites arc typically found between 80 and =30 (Gralla
and Collado-Vides, 1996). Promoters that require activation are in general rate limited in
one or more steps in the pathway to transcription. Activators typically bring about an
increased rate constant for one or more of these sieps thereby up-regulating the level of
transcription. Alternatively activation can be mediated by a change in the rate of promoter

clearance.

Tn addition to regulator binding sites found in close proximity to the promoter a minority of
promoters contain binding sites remote to the promoter (i.e. greater than 80bp from the
transcriptional start site). Distal sites are however almost always found paired with sites
that are in a proximal position and in general it appears that their role is to modulate the
primary interaction, which occurs between the polymerase and the regulator in the

proximal region {Gralla and Collado-Vides, 1996).

1.7.1.4 DNA structure

The topology of the DNA at and surrounding a promoter influences the ability of RNAP
and regulatory proteins to interact with it, and hence partially determines promoter
strength. DNA topology is determined by the base composition of the DNA, template
supercoiling and interactions with proteins that alter DNA structure through looping,

bending and alteration of supercoiling (Dai and Rothman-Denes, 1999).

Many promoter regions have been shown to be AT rich compared to the overall content of
the genome. Base composition determines local DNA structure {curvature) and can
therefore influence promoter activity. For example some promoters contain phased A
tracts which confer an intrinsic bend to the DNA and enhance the interaction between
RNA polymerase and the promoter by extending the contact region (Dai and Rothman-
Denes, 1999). This occurs in the promoter of the plc gene from C. perfringens which
contains three phased A tracts. The bending angle of these phased tracts is temperature
regulated such that the DNA bending is greater at lower temperatures (Katayama et al.,
1999). The increa‘sed DNA bending angle leads to a higher affinity interaction between
RNAP and the DNA, leading to increased promoter activity (Katayama ef al.,2001). Thus
plc expression is temperature regulated in a primitive manner that has no requirement for

trans-acting factors.
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In addition to transcriptional regulators that bind 1o specific sites at one or more promoters,
bacteria contain DNA binding proteins that bind to multiple sites throughout the genome.
The identity and function of this type of protein is better undersiood in gram-negative
bacteria than gram-positive bacteria. Among the architectural proteins identified in gram-
negative bacteria are HU, FIS, H-NS and integration host factor (IHF). These proteins
may play a role in a variety of ccllular processes including condensation of the bacterial
nucleoid, and DNA transcription, replication and recombination. Some DNA binding
proteins bind to DNA non-specifically whereas others such as H-NS and I1HF bind at
specific sites for which consensus motifs have been defined. Binding of the protein to the
DNA may induce structural changes in the DNA. IHF, for example, introduces an

approximately 180° bend into the DNA (Engelhorn and Geiselmann, 1998). When this

occurs in a promoter region it may facilitate interactions between regulatery proteins

bound at distal upstream sites and RNAF at downstream promoter sites.

The best characterised architectural DNA binding protein in gram-positive bacteria is the
histone-like protein HBsu of Bacillus subtilis. HBsu is essential for normal growth of B.
subtilis (Micka et al., 1991;Kohler and Marahiel, 1997) and has been shown to play a role
in DNA repair and homologous DNA recombination (Femandez ef 4/., 1997).
Interestingly, analysis of the B. subtilis genome did not reveal the presence of proteins with
homology to sequence specific architectural proteins of gram-negative bacteria such as H-
NS, IHF and Fis (Kunst ¢ al., 1997).

Histone-like proteins have been identified in a number of other gram-positive bacteria
including M. tuberculosis (Prabhakar ez al., 1998), M. smegmatis (Shires and Steyn, 2001),
Clostridium pasteurianun (Kothekar ef al., 1998) and Staphylococcus aurens (Viter er al.,
1999). The role of these proteins in processes such as transcriptional regulation is however

much iess clear than for the well studied gram-negative architectural proteins.

Binding of transcriptional activators may also influence DNA structure at the promoter, fo:
example activators may increase transeription by unwinding the DNA at the site of
interaction leading to better ali gnment of the —35 and ~10 regions and subsequently a better

interaction between the DNA and RNAP (Dai and Rothman-Denes, 1999).
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1.7.2 Regulatory systems

The mechanisms of transcriptional control described above focus on how regulation occurs
at the DNA level. This is frequently the last step in a regulatory signal cascade in which
changes in gene expression are made in response 1o alterations in the internal and extemal
environment. A major regulatory feature of prokaryotes is the two component regulatory
system. This is the predominant sysiem by which modification in gene expression occurs
in response to changes in the environment. In general a two component system consists of
two proteins, a histidine protein kinase and a response regulator protein {Foussard ef al.,
2001). The histidine kinase is a transmembrane protein that detects signals external to the
cells. Binding of the signal may either activate or inactivate the protein’s kinase activity.
An activated kinase hydrolyses ATP and autophosphorylates at a specific histidine residue,
Transfer of the phosphoryl group from the phosphokinase to an aspartate residue of the
response regulator protein then occurs. This phosphorylation brings about a change in the
confocrmation of the response regulator’s regulatory dom.ain which in turn activates an
associated domain which effects the response at the transcriptional level. A large but
variable number of two component systems are found in imost bacteria. For example,
based on the genome sequence, 63 have been observed in P. aeruginosa (Rodrigue et al.,
2000}, 70 in B. subtilus and 11 in Helicobacter pylori (Stock er al., 2000). Two
component signalling systems play important roles in the regulation of a large number of
celtular functions including production of virulence determinants, nuirient acquisition,

energy metabolism, quoram sensing and adaptation to the physical environment.

Other transcriptional factors are regulated by metabolic intermediates. Binding of the
metabolic intermediate to the regulator alters its structure and hence its DNA binding
activity. Metals are commoniy found to bind to transcription factors. For example in C.
diphtheriae the regulator DtxR acts as a repressor in the presence of iron. The in vivo
environment is usually low in iron, hence genes usually repressed by DtxR become

activated. This includes a number of virulence determinants including the fox gene.

Many other forms of regulation exist, in particular at the post transcriptional level. Both

RNA and protein stability can be significantly altered by environmental factors such as

temperature and esmolarity.

15




1.8 Methods for the identification of differentially regulated genes in bacterial
specics
In recent years a number of technologies have been developed for the identification of
differentially expressed genes, in particular 1o identify gencs that show up-regulation in
vivo compared to control in vitro conditions. Some of these approaches, such as in vitre
Expression Technology and Signature Tagged Mutagenesis, have been developed
specifically for prokaryotic systems, whereas others such as differential display have first
been developed for cukaryotic systems and subsequently adapted for prokaryotic systems.
As eukaryotic technologies often use the presence of a polyA tail on mRNA as an
enrichment tool, adaptations have been required to allow these protocols to be utilised with
bacterial systems. This section summarises some of the major technologies currently
available. Differential Fluorescence Induction and DNA Array approaches are described in

detail as these were undertaken during this study.

1.8.1 Signature Tagged Mutagenesis (STM)

The process of STM was pioneered by David Holden’s group in 1995, using a murine
model of typhoid fever cavsed by Salmonella typhimurium (Hensel et al., 1995). STM has
significant advantages over previously existing mutation methods as if can be used to
identify mutations that result in a loss of function. This is required for the identification of
virulence determinants as they will result in attenuation or non survival of the bacteria in
the host. STM has been used for a number of bacterial and fungal pathogens in animal
models, but it can only be used in organisms for which transposon induced mutagenesis

systems exist,

A disadvantage of this approach compared to the IVET technology discussed later is that
essential genes which are also virulence factors will not be identified in this study. This is
because it is not possible to make a mutant in which an essential gene has been inactivated.
On the other hand the advantage of this approach is that the essentiality of identified genes
for the virulent phenotype is directly determined. For genes shown to be up-regulated in
vivo by other techniques it is subsequently necessary to generate a mutant strain and test

for attenuation in vivo.
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1.8.2 PCR amplification methods

Differential display (DD} and its derivative RNA arbitrarily primed PCR (RAP-PCR) are
polymerasc chain reaction (PCR) based approaches that can be used 1o identify both up and
down regulated genes in two or more samples (Fislage, 1998;Matz and Lukyanov, 1998).
In DD arbitrarily primed PCR is utilised to produce fingerprints from the first-strand
¢DNA of the samples of interest. Typically each fingerprint contains between 50 and 100
distinguishable bands. By using successive primer pairs different genes will be amplified
such that eventually the whole genome may be covered. Bands that appear to be regulated

are excised from the gel and the identity of the gene determined by sequencing.

DD was initially developed ior eukaryotic systems but has been used to identify regulated
genes 1n a number of bacterial species. It has been successfully used to identify heat
regulated genes in Treponema denticola (Tsai and Shi, 2000), in vive induced genes in
Shigella flexneri (Robbd ef al., 2001) and Streptacoccus pneumoniae (Orihuela et al., 2001),
acid induced genes in Helicobacter pylori (Dong et al., 2001) and Streptococ-s mutans
(Hanna e/ al., 2001) and macrophage induced genes of Legionella pneumophilia (Abu
Kwaik and Pederson, 1996}. DD can however be dogged with technical difficulties, in

particular the number of false positives detected (Nagel ef al., 1999).

1.8.3 Protcomics

A number of approaches also exist for Jooking at regulation at the protein level. For at
least some genes there are disparities between the relative levels of mRNA and their

corresponding protein (Dutt and Lee, 2000). Monitoring changes in protein level is a way

in which this problem can be avoided. The major proteomic approach is 2-dimensional gel

electrophoresis in which proteins are separated using SDS-PAGE on the basis of charge by
isoelectric focusing and then on relative size. Currently, because of major shortcomings
with this technology, it is limiter. in its application for identifying in vivo regulated genes
(differential proteome analysis). Difficulties include the preparation of suitable samples,
particularly in vivo ones in which it would be necessary to either remove all host proteins
from the preparation or alternatively be able to discriminate between host and bacterial
proteins. Secondly analytical 2D electrophoresis is complicated by the fact that
diferentially regulated proteins must be extracted from the gel and sequenced or analysed

by mass spectroscopy befcre the originating gene can be identified. Finally access to this
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type of approach can be somewhat limited by the type of equipment required and costs

involved.

A recently developed methodology for identifying proteins that arc induced in the host is in
vivo induced antigen technology (IVIAT) (Handfield ef «/.. 2000). This technelogy can be
applied even when an anirnal model of infection is not available making it particularly
suitable for human pathogens. Sera obtained from an infected host are absorbed with
whole bacteria and bacterial extracts from in vifro grown bacteria thus removing antibodies
to constitutively expressed proteins. The absorbed sera are used as a probe against an
expression library containing genes from the pathogen cloned into an appropriate
expression vector. Reactive clones contain a DNA fragment from the pathogen that is in
vive induced. Issues with this type of approach include antibody cross reactivity leading to
false positives, variability between the sera of different animals and the degree of
quantitation that may be obtained. Additionally not all proteins are immunogenic se any
screening experiment will not be comprehensive. However, this is not unlike the situation
with the majority of screening technologies in which only a proportion of regulated genes

are typically identified.

1.8.4 In vitro Expression Technology (JVET)

IVET is a promoter trap approach that is used to identify genes whose expression is up-
regulated in the host animal. The first IVET experiment was performed by Mahan et af
using a mouse model of Salmonella typhimurium infection (Mahan er al,, 1993),
Transcriptional fusions between random fragments of genomic S. syphimurium DNA and a
promoterless prrd gene were created. The corresponding pool of fusions was then
transformed into a §, fphimurium ApurA strain and selection for homologous
recombination events performed. Mice were infected with the pooled fusion strains and
surviving bacteria recovered after three days. As preines are limiting for growth of 5.
typhimurium in the mouse, only those strains that express purd from fused promoters
would survive inr vive. To separate bacteria conteining constitutive promoters from those
with inducible promoters the recovered bacteria were analysed in virro for those that have

low promoter activity.

Modifications to this approach have been made such that the technology can be applied to

bacterial systems in which auxotrophic selection is not possible. The auxotrophic gene Is
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replaced by an antibiotic resistance gene and the antibiotic is co-administered with the
bacterial library to the animal (Mahan ez /., 1995). Prometer fragments that have activity
in vivo will drive expression of the antibiotic resistance gene leading to survival of the
bacteria. An advantage of antibiotic selection over the auxotrophic selestion is that
promoters with different levels of activity can be sclected for by adjusting the amount of
antibiotic adminisicred. Additionally the timing of administration can be altered 1o allow

the identification of genes that are expressed at a particular time during infection.

1.8.5 Differential flnorescence induction (DF1)

DFI is an enrichment strategy for the isolation of promoters that are activated by 2 given
stimulus (Figure 1.1) and can be considered to be a further modification of IVET in which
selection 1s replaced by an enrichment process. Genomic DNA fragments are inserted into
a promoterless vector containing the green fluorescent protein (gfp) gene as a reporter,
Following a stimulus, bacteria containing plasmids with an activated promoter express gfp
and are enriched for by fluorescence activated cell sorting (FACS). The collected
population will contain clones with botii constitutive and inducible promoters. To remove
those clones that express gfp constitutively a second round of sorting is performed on this
population after growth under in vifro control conditions. This time the non-fluorescent
population which will contain the population of inducible clones is collected by FACS.
The original stimulus is applied to the bacteria and a final round of enrichment is
performed resulting in a population of inducible clones. Inserts of clones of interest are
then sequenced thus allowing identification of promoter sequence and downstream gene
sequence information. DFI has several advantages when compared to the more traditional

IVET approaches described in earlier sections. These include

1. DFI is not based on absolute levels of expression of the selectable marker. This means
that weakly expressed clones can be sorted as efficiently as highly fluorescent ones
within a single experiment.

2. Asaflow cytometer is used to detect reporter expression, DFI has high sensitivity and

can be used even when gene expression levels are relatively low.

3. Approximately 3000 bacteria can be sorted per second. This high processivity makes

the analysis of large libraries relatively casy.
4. Geneinduction is easily quantitated by flow cytometry.

5. Unlike IVET it is possible to apply DFI to in vitro screening, for example following an

environmental shock such as heat shock.
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Figure 1.1: Differential Fluorescence Induction (DFI). '
The process of DF is outlined for the identification of heat regulated genes however heat shock Flu . ;
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fragments of chromosomal DNA are inserted upstream of the reporter gene (green Juorescent
proteir:} in the promoter probe vector. (B) A proportion of these inserts will act as constitutive maxi B
promoters giving rise to fluorescence at 37°C. (C) To select for promoters that are heat induced 43818

the culture is heat shocked. Flucrescent bacteria are then selected for by FACS analysis. This from :
population will contzin both heat induced and constitutive promoters. (D) To remove the amoll
consfitutive promoters the selecied bacteria are grown in nutrient rich conditions at 37°C and the :

non—ﬂuorescin'g bacteria are collected by FACS while fluorescent bacteria (containing constitutive

promoters) are discarded. (E) To remove false positives a second round of selection is performed An g
at 43°C. Fluorescent bacteria isolated at this stage should contain heat activated promoters Theyg
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1.8.5.1 Green fluorescent protein (Gip) as a reporter gene

Since 1995 Gfp has been widely adopted by the scientific community as a tool for studying
aene expression. Gfp was discovered by Shimomura et af (Shimomura et al., 1962) while
studying fluorescence in the bioluminescent jellyfish dequorea victoria. In Aequorea
vicroria tne photoprotein aequorin, upon binding calcium, emits blue light, that in turn
excites Gifp which emits light at 508nm. The gene was cloned by Prasher ef af (1992) and
it was subsequently shown that expression of g/p in other organisms resulted in the
production of a fluorescent protein (Chalfie e al., 1994). This indicated that jellyfish
specific enzymes were not required for fluorescence and led to the development of Gip as
a biological tool. Wildtype Gfp is a protein consisting of 720 amino acids and has peak
emission and excitation wavelengths of 508nm and 395nm respectively {Tsien, 1998).
Two major disadvantages exist in terms of using wild type g/p as a reporter gene. These
are (i) that wildtype Gfp coes not fold efficiently at temperatures above room temperature
and (i1} that the maximal emission observed at 508nm is not entirely suitable for detection
by existing laboratory equipment. For the second reason a number of red shifted Gfp
proteir.s were developed that could be detected with fluorescein isothiocyanate (FITC)
filter sets or the 488nm line (for excitation) of an argon laser which is used in a flow

cytometer.

One such set of FACS optimised mutants were developed by Cormack ef al, 1996
(Cormack ef al., 1996). Random mutations were made in a 20 amino acid region
surrounding the chromophore to gencrate a library of 6 x 10° mutant genes in £. coli.
Fluorescent activated cell sorting (FACS) was used to identify mutants that demonstrated
increased fluorescence when excited at 488nm. Three types of mutanis with shifted
maxima were identified that fluoresced approximately 100-fold more than wil.! { ype Gfp at
488nm. Increased fluorescence was as a result of a red shifted absorption maxima (i.e.
from 395nm for iGip to between 480 and 501nm for the three mutants) and increased

amount of solubie protein as a result of more efficient protein folding.

A number of properties make gfp particularly suitable as a tool for biological studies.

These include;

i. Stable fluorescence with almost no photobleaching observed

21
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2.

Unlike the majority of reporter proteins no co-factors {other than O;) or substrates arc
reguired. [t is thereforc possible to perform expression studies in live cells in real time.
This is quite different to the majority of reporter genes (i.e. CAT. luciferase, -
galactosidase) in which the cells need to be permeabiliscd for detection of the reporter

protein or its reaction product.

3. Gfp maintains its fluorescence properties when it is part of a fusion protein, thus

allowing the study of protein localisation without the need for generating antibodies.

4. Gfp fluorescence persists after formaldehyde fixation making it suitable for

fluorescence microscopy

5. When using UV-optimised Gfp proteins it is possible to detect Gfp with a number of
pieces of laboratory equipment including fluorometers, flow cytometers and

fluorescence microscopes

1.85.2 Useof DFl'approaches to identify differentially regulated genes.

DFI was first described in 1996. Since then the methodology has been used in 6 specics of
bacteria including 3 mycobacteria. Significant adaptations have been made from the
original approach as outlined in Figure 1.1 to boti the type of reporter plasmid that is used

and the number of sorting steps utilised.

The first study to utilise DFI identified genes of S. fyphimuriiim whose expression was up-
regulated at pH 4.5 compared to pH 7 (Valdivia and Falkow, 1996). S. npphinnium is the
causative agent of human gastroenteritis and murine typhoid fever. The rational for
identifying acid induced genes is that S. syphinurium replicates within compartments of
the mouse macrophage that are acidic. Therefore low pH may be a stimulus for the
transcription of genes required for intracellular survival. Fluorescent bacteria were
enriched from an acid treatec population. The enriched population was then grown at
neutral pH and the non fluorescent population enriched for. A final round of seleciion was
performed on the acid treated population. A total of § acid inducible promoters were
identified with induction varyih;belwecn 2.6 and 17.1-fold, of which half also showed
induction in a macrophage infection model. The genes of the'identified promoters fell juto
three categories, (i) bacterial-cell surface structure and maintenance proteins, (ii) stress
response proteins and (i) generalised efflux pumps. A second related study by Valdivia ef
al., (1997) utilised a mouse infection model to identify gencs preferentially expressed
when . typhimurium associates with its host cell. Fourteen genes were identified of which
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4 corresponded to known virulence factors. For 5 of the genes with unknown function,
strains with disrupted genes were made, and tested in a mouse model. The mutations had
varying effects on the bacteria’s ability to colonise the spleen thus indicating that at least

some genes regulated in such a manner may be important for virulence.

The DF1 studies in mycobacteria are of particular interest because of the relatedness of-
corynebacteria to mycobacteria. Studies h:wc been performed in M. marimun, M. avium
and M. ruberculosis (Barker et al., 1998;Triccas er al., 1999;Ramakrishnan ef al,, 2000).
Tricas ef al., (1999) have modified the DFI procedure to identify macrophage induced
genes of M. muberculosis. In the first instance three rounds of enrichment inside the
macrophage were performed. Secondly, instead of removing constitutive clones by a
round of negative sorting a second reporter gene called sacB was utilised for in vitro
selection. SacB is a secreted enzyme that confers sensitivity to sucrose, thus clones with
constitutively expressing promoters could be removed in the presence of sucrose on agar
plates. As in the standard DF] protocol a finai round of positive selection in the
macrophage was then performed. This enrichment was fairly ineffective as of 400 clones
from the enriched collection only 7 showed reproducible induction ranging from 1,93 to
3.14 fold. Genes identified include those that may play a role in the metabolism of fatty
acids and sulphur, a member of the PE-PGRS subfamily of the M. tuberculosis
glycine/alanine-rich family and proteins with unknown function. A potential shortcoming
of this and a number of other DFI studies is that regulation of gene expression has not been
confirmed by a second method, for example northem analysis. Given that the fold -
induction observed was relatively small, confirmation of the data by a second method is

important.

In a study of macrophage induced genes of M. marirum by Barker ef al (1998)
modifications were again made to the standard DFI protocol. Instead of sorting individual
‘bacteria released from infected macrophages, phagosomal preparations were made and
sorted. As phagosomes typically only contain 1 bacteria and its progeny this was seen as a
way of avoiding false positives. Using the standard sorting process 4 of 400 individual
clones identified showed reproducible regulation. In an attempt to increase the enrichment
rate an additional sorting step was introduced at the start of the experiment that involved a
negative sort of the entire library to remove constitutively expressing clones. Using such
an approach the sorting efficiency was increased to 12 of 300 clones analysed individually.

Thus the sorting efficiency of this experiment was similar to that observed in M.
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tuberculosis. The fold induction ranged from 1.4 to 14.5 however most cloncs showed a 2-
3 fold induction upon macrophage infection. Sequence analysis revealed a number of
functions including drug efflux pumps, metallopeptidase and an arginyl-RNA synthetase

(Barker et al., 1998).

The most recent use of DFI in a mycobacterial species demonstrates that DFI can
successfully be used in an animal model. Genes of M. avitm that show induction in
macrophages and in frog granulomas were identified (Ramakrishnan e7 al., 2000). Unlike «
the previously outlined Myvcobacterium studies the sorting efficiency obtained was high,
ranging from 100% to 17% depending on the sorting procedure. Clones containing
homologues of PE-PGRS genes from M. ruberculosis were tdentified as being up regulated
in both the macrophage and infection models. Interestingly a gene belonging to this family
was also identified in the study performed by Triccas et al, (1999) looking at macrophage
induced genes in M. tuberculosis. Mutant strains were generated for the PE-PGRS genes
identified and were shown to be incapable of replication in macrophages and io
demonstrate reduced persistence in frog granulomas (Ramakrishnan et al., 2000), This
study demonstrates that genes that show up-regulation inside macrophages may also be

essential for growth in vivo.

1.8.6 Transcriptional profiling using DNA arrays
DNA arrays allow for the simultancous measurement of relative gene expression under two

or more sets of conditions for large numbers of genes. This has the potential to be an
invaluable and powerfiul tool for molecular microbiology as it allows for the measurement
of relative gene expression for the entire genome under any number of different growth
conditions and time points. Additionally, array technology can be used to probe
differences caused by changed genetic states, for example to determine how the
inactivation of one gene affects expression of others in the genome. For all of the
microbial genomes sequenced to date there are a large proportion of genes for which no
function has been assigned. Amay technolo gy can be used to show which genes are

regulated and this may in turn provide clues about their functioi.

1.8.6.1 Array technology
DNA arrays are generally termed macroarrays or microarrays, the term referring to the size

of the DNA spots arrayed. Macroarrays contain relatively large DNA spots arrayed onto a

nylon membrane, either robotically or by hand held array making devices (Schummer et
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al., 1997). Typically a macroarray may contain between 200 and 5000 geines arrayed inan
area of approximately 12x 8 cm. The classical microarray consists of up to 50,000 gencs
arrayed onto a glass microscope slide measuring 75x 235 mm{Lucchini ef al., 2001),
although nylon membranes may also be used as the matrix for microarrays. A variation of
the microarray is the high density oligonucleotide array in which oligonucleotides are
arrayed instead of PCR producis. Two types of oligonucleotide array exist. in the first
oligonucleotides are first synthesised then arrayed in a manner analogous to PCR products;
in the second oligonucleotides are synthesized directly onto the chip using a combination
of photolithographic techniques and oligonucleotide chemisiry (Lockhart ef al., 1996).
This second type of oligonucleotide chip may have up to 64,000 “features” on a 1.28 cm®

chip.

In the terminology suggested by Phimister (1999) the DNA arrayed onto the membrane or
glass slide is considered the probe while the DNA or RNA used to probe the array is
considered the target. A schematic of a DNA array experiment is outlined in Figure 1.2,
The first requirement when performing a transcriptional profiling experiment is for an
array. Partial or complete arrays for a number of microbial organisms are now
commercially available. When all or part of the genome sequence for the organism of
interest is known an ordered array may be prepared from PCR products or long
oligonucleotides. In this type of array each spot corresponds to a single gene, hence the
identity of each spot on the array is known. When the genome sequence is not available a
random array may be prepared. For prokaryotic organisms this typically involves the
preparation of a genomic library by shotgun cloning of fragmented genomic DNA into a
suitable vector. DNA {rom clones is then spotted out onto the array or the inserts are
amplified by PCR and subsequently arrayed. Important issues that must be considered
with the arraying of random libraries include the size of insert cloned and the generation of
a representative library. Large inserts are likely to contain several genes hence regulatory
patterns may be obscured. Ifan array is to represent the entire genome, it may be
necessary to have several times coverage meaning that there will be a sizable amount of

redundancy in the system.

Arrays are typically used to identify changes in the expression profile of bacteria exposed
to different conditions. This requires the isolation of RNA from the appropriate biological
samples. Typically these are a control or reference sample and one or more experimental

samples. Relatively large amounts of tavget are required (in the order of 25 ug total
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Figure 1.2: Schematic of transcriptional profiling using a DNA array approach.
(1) In an expression analysis experiment RNA is first isolated from control and experimental

samples, (2) The RNA is reverse transcribed in the presence of an appropriate 1abel to generate

the target. (3) The labelled target is hybridised to the array(s). For macroarrays each target is-
nybiidised {o separate arraye {as shown) whereas for microarrays differently labelled targets are
hybridised to the same array. (4) Following hybridisation the arrays are washed to remove non
specifically bound farget and (5) the remaining bound target detected with an appropriate system.

(6) The relative intensities of the spots on the different membranes is measured and genes that are

regulated identified. (7) For arrays of random libraries the inserts of clones of interest are then
sequenced to provide functionai information.
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RNA). A number of altematives exist for labelling of the target. Labels may be
radioisotopic (usually *P or **P), fluorescent (i.e. Cy3 or Cy5 labelled dUTP) or non-
isotopic altematives such as DIG or biotin which have specialised detection systems
(usually resulting in a colour, fluorescent or chemiluminescentt product). The media on
which the DNA is arrayed in part determines what type of labelling system will be utilised.
For example, radioactive targets are rarely used with glass chip arrays. In some cases the
RNA may be labelled directly i.e. by using a cis-platinum coupled digoxigenin derivative
(Hoevel er al., 1999). However in most cases the RNA is reverse transcribed in the
presence of a labelled dNTP to yield cDNA which has the added advantage of greater
stability than RNA. Two types of primers are commonly used to reverse transcribe
prokaryotic RNA. Random hexamers arc commonly used but these will reverse transcribe
ribosomal RNA as well as mRNA. When the genome sequence is known a collection of
primers corresponding 1o each gene in the genome can also be utilised. The advantage of
such an approach is that far less labelling reagent is required as rRNA is not reverse
transcribed. A third alternative is genome-directed primers (GDP). Talaat ef a/ (2000)
have developed an algorithin that predicts the minimum number of primers to specifically
anneal to all genes in a given genome. 37 primers were predicted for the M. mberculosis
genome. When compared to an array hybridised with cDNA generated by priming with
random hexamers, the array probed GDP-derived target was more specific and more

sensitive {Talaat ef al., 2000).

The manner in which hybridisation and washing steps are performed is again dependent on
the type of array system being utilised. For macroarrays the methods are fundamentally
the same as for traditional membrane protocols such as those used during northem or
southern analysis. Macroarrays arc typically incubated with hybridisation solution
containing the target in a bottle, with rolling to ensure even dispersal of the target.
Hybridisation is then followed by -sequentially more stringent washes that serve to
minimisc background. Given that arrays for comparison are hybridised and washed in
separate bottles it is important to ensure that identical conditions are applied to each filter

to avoid inconsistent, poor quality data.

For gene expression analysis using microarrays a single array is probed with both the
control and experimental samples. Because of the small area of the array, hybridisation

can be performed in volumes less than 50 uL. As with traditional approaches, a variety of
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hybridisation buffers, temperatures and wash conditions are utifised. Microarrays may be dentificl

placed in hybridisation chambers that in turn are incubated in a water bath, otherwise cenome

hybridisation and washes may be performed in a flow cell in which the chips are anchored

approxi

to the boitom of a sealed temperaturc controlied chainber through which selutions can be contair

directed.

Data from the arrays is collected using appropriate systems, i.e. {ilm for radioactive or
chemiluminescent probes, confocal scanning microscopes or dedicated scanners for
fluorescence detection on chip arrays, In the first instance data analysis is primarily and the :
concerned with determining fold induction or repression of genes from the experimental
conditions compared to the control conditions. For arrays containing random libranies it is
necessary to sequence the inserts of clones of interest at this stage. Analysis becomes more
complex when there are two or more experimental conditions, for example multiple
timepoints or treatments. In such cases computer aided clustering aralysis can be
perf mmed to identify groups of genes oy “clusters” that demonstrate similar regulatory
patterns across the experimental conditions. Correlation of cluster data with already
obtained functional and protein data may provide insigh ts into why these genes are co-
ordinately regulated. This could cspecially be the case tor genes for which a function has
_not yet been assigned. This ability to identify groups of genes that belong to a given
sttimulon may be particularly beneficial during studies to identify virulence genes. Given
that virulence gene expression is often co-ordinately regulated, it is likely that looking for
genes that are regulated in a manner similar to already identified virule:ice genes may lead

to the identification of new virulence genes.

1.8.6.2 Global transcriptional profifing and prokaryotes

DNA arrays have now been used to monitor changes in transcription for a number of
bacterial species. As is the case for most molecular microbiology studies early
experiments concentrated on E. coli. Global transcriptional analysis was first performed in
E. coli by Chuang et al, (1993) using a macroarray containing overlapping lambda clones
tha 2 tire genome of £. coli K-12. Arrays were used to study relative miK NA
levels under a variety of growth conditions including heat shock, osmctic shock and
nutrient starvation. Most gencs that had been mapped 10 a certain pnenotyne were
identified. Additionally new genes not previously assigned to a stimulen were also

identified. With this type of approach it is likely that some regulated genes would not be
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identified as the lambda clones contained large DNA inserts such that the 92% of the
genome analysed was contained in approximately 450 clones. Given that £. coii has

approximaiely 4,300 genes (Blattner ef a/., 1997) this means that on average each clone

contained 9 genes.

The first prokaryotes in which a global transcription profile was obtained at the single gene
level were E. coli and M. tuberculosis. Early studies on E. coli used both macro and
microarrays to study the heat shock response, response to IPTG (Richmond er al., 1999)
and the effect of growth media on gene expression (Tao ef al., 1999). In general ihe data
obtained correlated very well with data generated through years of study of these
responses. For example, of 119 genes identified as being heat rege.ated in E. coli all but
35 have been previously recognised as part of the heat shock stimulon (Richmond ef a/.,
1999). Microarray analysis has subsequently been used in E. cofi to monitor changes in
gene expression in response to changes in media composition (Khodursky et al., 2000; Wei
et al., 2001;0h et al., 2002)and growth phase (Wei ef al., 2001), treatment with hydrogen
peroxide (Zheng ef al., 2001), during superoxide stress (Pomposielio ef al., 2001) and to
monitor changes in gene expression in mutant strains of bacteria (Arfin et al.,
2000;Campbell and Cronan, 2001).

A microarray approach has been used to identify genes of M. tuberculosis that have altered
expression foliowing treatment with the anti tuberculosis dru g isoniazid (Wilson ef al.,
1999). Isoniazid blocks the mycolic acid biosynthetic pathway by inactivating a type II
fatty acid synthase (FAS-11) complex that is required for full-extension of the
meromycolate chain. Using biochenical and genetic approaches it has been shown that
some of the genes of the FAS-II complex are up-regulated in isoniazid treated M.
tuberculosis. Using the array approach a cluster of five genes encoding type 11 faity acid
synthase enzymes and a trehalose dimycolyl transferase were up-regulated confirming
previously obtained proteomic data and indicating that for these genes regulation occurs at
\ne transcriptional level. A number of other genes not previously associated with
sensitivity to isoniazid were also up-regulated. Given that the development of isoniazid
resistant M. ruberculosis is a problem currently being faced by the medical community
studies such as this one may provide other suitable targets for future drug development.
This study also cemonstrates how the targets of novel therapeutics could potentially be

determined in a relatively easy manner.
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Since 1999 global transeription studics have been performed for a number of other
bacterial pathogens including Vibrio cholerae (Chakrabority ef al., 2000). Helicobacter
prlori (Ang er al., 2001), Bacillus subtilis (Yc et al., 2000;Yoshida et al., 2001 Wicgert ef
al., 2001;Helmann ef al., 2001), Pastenrella mudiocida (Paustian et al., 2001), Group A
Streptococcus (Smoot ef al., 2001}, Lactococcus lactis (Even et al., 2001) and
Streptococcus pnemoniae (Rimini ef al., 2000). A variety of array approaches have been
utilised in these studies including microarrays with fluorescent probes, macroarrays with

~ radioactive probes and macroarrays with biotin labelied probes. Additionally arrays have

heen used to study genetic diversity in a number of species including Mycobacierium

(Behr et al., 1999), H. pylori (Istael et al., 2001) and Campylobacter jejuni (Dorrell ef al.,

2001}).

1.8.6.3 Macroarrays versus microarrays

A comparison between nylon macroarrays and glass microarrays has been made using heat
shock or IPTG treatment of E. co/i K-12 as a mmodel system (Richmond et al., 1999).
Nylon macroarrays were hybridised with radioactively labelled cDNA while microarrays
were hybridised with fluorescently labelled cDNA. Both arrays contained PCR products
corresponding to all 429¢ annotated ORFs of £. cofi K-12. Using the macroarray approach
119 genes were shown to be significantly up or down regulated by heat shock from 37°C to
50°C for 5 min. Of the 77 genes that were identified as being up-regulated 62 were also
identified as up-regulated in the microarray approach. Fold induction was generally in the
same order of magnitude but was somewhat variable between the two systems. Generally
greater differences in gene expression were detected with the macroarrays. The microarray
approach was, however, the more reproducible technique, One sugéested explanation for
the higher variability in the macroarray experiments is that separate membranes are used
for each of the targets, therefore variability in spot deposition may affect hybridisation.

This could potentially be overcome by performing sequential hybridisations to the same
array.

A systematic study of different array approaches (Granjeaud ef al., 1999) (Baldwin ef al.,
1999) has shown that a nylon microarray probed with a radioactive target provides the
greatest sensitivity. Macroarrays with a radioactive probe and microarrays show a slightly

reduced sensitivity while the use of enzymatic systems with colorimetric detection were
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the least sensitive (Granjeaud er al., 1999). The advantage of the nylon systems comes
from their high capacity to bind probe DNA and hence target, in addition to the greater

sensitivily associated with radioactive delection (Granjeaud et af.. 1999).

The other major difierence between macroarray and microarray technology is the costs
involved. Whilst the full implementation of a microarray system involves the purchase of
expensive robotic and scanning systems for the manufacture and analysis of the chips,
macroatray analysis can be performed relatively cheaply. This stems from the fact that
arrays can be prepared with the aid of simple hand held arraying devices and pre-existing

laboratory technologies can be used for array probing and analysis.

1.8.64 Future directions for array technology

Array technology is still in its infancy and as such most experiments that have been
performed have studied already well understood phenomena. In general experiments have
looked at gene regulation in vifro when one environmental condition is perturbed, for
example heat shock or transfer from aerobic to anaerobic conditions. The application of
array technology to in vivo derived bacteria should provide a wealth of data that will aid in
the understanding of disease pathogenesis and has the potential to identify new vaccine
candidates and therapeutic approaches. However, before such experiments can be
performed, technology aimed at recovering relatively pure bacteria from infected animals
in a manner that is quick and does not perturb géne expression needs to be further
developed. Given the complex environment of the mammalian host this is likely to be
more easily achieved for some bacteria than others. In the meantime useful data is likely

to arise from the study of bacterial infection using tissue culture cell models.

An advantage of DNA array technology is that it can be used to look at gene expression in
both the host and the pathogen using the same experimental approaches. Changes in
mammalian host cell gene expression Eas been moritored following infection with a
number of bacterial pathogens including L. monocytogeies (Cohen et al., 2000},
Salmonella enterica {Eckmann ¢f al., 2000) and Pseudomonas aeruginosa (Ichikawa et al.,
2000). The effect of a virulence factor of S. fyphimurium on macrophage cell function has
also been determined by comparing gene expression following infection with a wildtype
strain and a strain in which the phoP gene is inactivated. Data demonstrated that PhoP

plays a role in Salmonella induced human macrophage cell death (Detweiler et al., 2001).
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Studies such as this thal lead to increased understanding of how the host modulates its

response {0 infection may identify more effective ways fo treat discase.

1.9 Project aims

Although the pathogenesis of CLA is rclatively well understood, little is known about how
this is controlled at the molecular level. On the basis of observations made in other
bacterial species it is likely that at least some genes that are regulated inr vivo, or in models
that mimic aspects of infection, are intimately involved in the virulent phenotype. In order
to increase the understanding of C. psendotuberculosis pathogenicity the principal aim of
this study was to identify genes of C. pseudotuberculosis that were regulated in vive orin
models that mimic aspects of the infection process.

The DNA sequence of 5 genes from the . pseudotuberculosis genome was available in
the Genbank database at the commencement «fthis study. Thus approaches that were
based on knowledge of genome sequence ¢ouid not be utilised. The first aim was therefore
to develop approaches for the identification of differential gene expression that were not
sequence based. The first was a DNA macroarray approach (Chapter 3) using an arrayed
shotgun library. Given that complementary approaches for the identification of
differentially regulated genes typically identify different subsets of genes, a second
technique was also established. DFI was chosen as a contrasting methodology as it looks
directly at promoter activity rather than at RNA icvels (Chapter 4). Having established
these technologies the second aim was to validate them in an environmental shock model.
Models that mimic some aspects of in vivo infection are often used in studies of virulence
gene regulation. This is done in part because it avoids the difficulties encountered in
animal experimentation. Such studies have yicelded a lot of useful information regarding
the identification and study of virulence genes. Heat shock was chosen for this study as
this response is very well characterised in a large number of bacteria and the revponse is

likely to be similar in C. pseudotuberculosis.

The third principal aim was to identify genes that showed regulation following infection of
macrophages. Given that there were likely to be enormous technical difficulties in
extracting a viable single cell population of C. pseudotuberculosis from an infected sheep
for flow cytometry or RNA extraction, a mouse macrophage model of infection was

established instead. This is likely to closely mimic the interaction between macrophages
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35 its and C. psendotuberculosis in vivo. The third aim was therefore to identify genes of C.
pseudotuberculosis that show rcgulation upon infection of macrophages (Chapters 3 and
4).
_ _ The fourth aim was to determine whether genes identified as being up regulated during
bout how macrophage infection play a significant role in pathogenesis. It was anticipated that some
éer of the genes that were up-regulated in this model would be essential for survival and
nmodels replication within the macrophage. The approach taken to address this aim was to generate
Inorder - mutant strains of C. pseudotiberculosis in which genes of interest were functionally
1 aim of - -' inactivated by insertion of an antibiotic resistance gene. Mutant strains could be tested in
?‘vo orin the macrophage infection model or animat model (Chapter 5).
The final aim arose during the study of the heat shock response using the macroarray
pble in approach. This study identified p/d as being thermoregulated. This is the major virulence
prere f determinant of C. psendotuberciiosis identified to date, and no reports of its regulation
therefore | have previously been made. In order to increase our understanding of the role of Pld in
ere not pathogenesis the final aim was to further investigate how p/d was regulated and the
arayed significance of pld expression and regulation on macrophage function (Chapter 6).
d
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Chapter 2

Materials and Methods




2.1 Chemiceal reagents

All aqueous samples were prepared using either double distilled or milliQ sysiem purificd
water, Analytical grade reagents were used throughout. Prepared solutions were sterilised
by autoclaving at 121°C for 20 min or by filtering through a 0.2 pM disposable filier
(Sartorius AG, Gottingen, Germany).

2.2 Bacterial strains and plasmids

The C. pseudotuberculosis and E. coli strains used in this study are described in Table 2.1,

and 2.2. respectively. Plasmids used in this study are listed in Table 2.3 (located at the end
of Chapter 2).

2.3  Oligonucleotides

Oligonucleotides used in this study are described in Tables 2.4 and 2.5 (located at the end
of Chapter 2). Oligonucleotides were custom synthesised by a number of sources
including Invitrogen Corporation {Carlsbad, CA, USA), Geneworks (Adelaide, SA,
Australia) and Applied Biosystems (Foster City, CA, USA).

2.4 Bacterial culture medium

All bacterial culture media were obtained from Oxoid (Basingstoke, Hampshire, England)
or Difco (Detroit, M1, USA). Media was sterilised by autoclaving tor 20 min at 121°C.

When solid media was required, liquid media were supplemented with 1.5% (w/v) agar

Table 2.1: C. pseudotuberculosis strains used in this study _ v
C. pseudotuberculosis | relevant characteristics source {reference}

strains

C23 virulent wild type Burrell, {1978)

Toxminus pld mutant of C231 Hodgson, ef &, (1992)
Toxminus +pTB111 complemented pld mutant of C231 | Tachedjian, et a/, (1995}
CPmet met mutant of C231 . this study

CPsodC sodC mutant of C231 this study

CPfagC fagC mutant of C231 {his study
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Table 2.2: E. coli strains used in this study

E. coli strains Genotype source (reference)

DH5-a deoR, endAl, gyrA96, hsdR17(r- mt+), recA1, relA1, | Clontech
supE44, thi-1, AllacZYA-argr)Uu169,
®80dlacA({lacZ)M15, F-, A-

TopiD F F' [lacl® Tn10 (Tet™)] mcrA Almmr-hsdRMS-mcrBC) Stratagene
MB0facZAM15 AlacXT4 recAi deoR araD139 Afara-
feu)7697 galll galk rpst (StrR) endAl nupG

%L2 Blue MRF' A(merAI83 A (mcrCB-hsdSMR-mirr173 endAt Stratagene
supE44 thi-1 recAt1 gyrA96 relA lac [F' proAB
facfZAM15 Tn10 (Tet") Amy Cam']

prior to autoclaving. Routinely used media included Brain Heart Infusion (BHI) broth or
agar (3.7% (w/v) BHI in H>0), Luria-Bertani (LB) broth and agar (0.5% (w/v) yeast
extract, 1% (w/v) tryptone, 1% (w/v) NaCl, pH 7.4) and Terrific Broth (TB) (1.2% (w/v)
bacto-tryptone, 2.4% (w/v) bacto-yeast extract, 0.4% (v/v) glycerol, 17mM KH,PO; and
72mM K,HPQ;). Blood agar plates for assessment of phospholipase activity were
prepared by the addition of defibrinated sheep blood and filtered culture supernatant of

Rhodococeus Equi to LB broth to a final concentration of 10% (v/v) each.

When required, antibiotics were added to media at the following final concentrations:
ampicillin 50 pg/ml, chloramphenicol 20 pg/ml and kanamyein 50 pg/ml. For blue-whife
selection solid media was supplemented with 200 puM isopropyl-B-D-
thiogalactopyranoside (IPTG) and 10 pM S-bromo-4-chlon_‘o-3-indolyl-[}-ga1actopyranoside
(X-gal}).

2.5 DNA transformation techniques
2.5.1 Preparation and transformatien of clectrei ompetent E. coli

Overnight cultures of E. coli were diluted 1/100in 1 1 of LB broth in a 2 1 flask and
incubated at 37°C in a shaking incubator until an ODggo of b_ctween 0.7 and | was rcached.
The bacterial suspension was cooled on ice for 30 min and then centrifuged at 4000 x g for

15 min at 4°C. The bacteria were washed sequentially in 1 1, 0.5 I then 30 ml of ice-cold
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10% (v/v) glycerol. The resulting bacterial pellet was resuspended in 2-3 mi 109 (v/v)

glycerol. 40 ul aliquots were frozen in liquid nitrogen and stored at -S0°C.

10-100 ng of plasmid DNA was added 1o a thawed aliquot of ¢lectrocompetent cells. The
mixture was transferred to a cold, 0.2 em electroporation cuvelte (BioRad, Hercules, CA,
USA) and then electroporated using a BioRad gene Pulser set at 25 pF capacitance, 2.5
KVolits and 200 Q). Following electroporation, 1 ml of LB broth was added to the cells and
the bacterial suspension incubated with shaking for 1 hr at 37°C (to allow for recovery of
the cells and expression of appropriate antibiotic resistance genes). Aliquots of the cells

were then plated on LB agar containing the appropriate antibiotics.

2.5.2 Preparation and transformation of clectrocompetent C pseudotuberculosis

24 bir cuitures of C. psendotuberculosis were diluted 1/50 in 500 ml of BHI broth and
incubated at 37°C in a shaking incubator until an ODgm of approximately 0.6 was reached.
The bacterial suspension was cooled on ice for 30 min and then centrifuged at 8000 x g for
10 min at 4°C, The bacteria were washed twice with 250 ml ice-cold distilied H.O and
then washed once with 50 ml of 10% (v/v) glycerol. The resulting pellet was resuspended
in2-3mil 10% (‘va) glycerol, aliquoted in 50 ul volumes and frozen in liquid nitrogen

before storage at -80°C.

1-2 ug plasmid DNA was incubated with a thawed aliquot of electrocompetent C.
psendotuberculosis for 10 min on ice. The mixture was transferred to a cold, 0.2 cm
electroporation cuvette (BioRad) and then electroporated using a BioRad gene Pulser set at
25 uF capacitance, 2.5 kVolts and 400 3. Following clectroporation, | ml of BHI broth
was added to the cells and the bacterial suspension incubated with shaking for 2 hr at 37°C
(to allow for recovery of the cells and expression of appropriate antibiotic resistance
geries). Aliquots of the cells were then plated on BHI agar containing appropriate,

antibiotics.

2.6 DNA purification techniqucs
2.6.1 Small scalc purification of plasmid DNA from E. coli

The QI Aprep® Spin Miniprep kit (Qiagen, Hilden, Germany) was uscd to prepare

sequencing quality plasmid DNA preparations. The following protocol was used for
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isolation of plasmid DNA for cloning, transformation and diagnostic purposes. Bacteria
from 1.3-3 ml of overnight culture were collected by centrifugation. The bacterial pellet
was resuspended in 0.5 ml 0.5 M NaCl, centrifuged and resuspended in 300 pl TE (50 mM
Tristhydroxymethylmethane (Tris), 10 mM ethylenediaminetetraacetic acid (EDTA), pH
8) containing 50 pg/ml RNase A. 300 pl of Solution I1 (0.2 M NaOH, 0.1% SDS) was
added and the suspension mixed gently by inverting the tubes several times causing lysis of
the bacteria. After 2 min 300 pl of Solution 111 (2.55 M potassium acetate, pH 5.2) was
added, mixed by inverting the tubes several times and then incubated or ice for 10 min.
Following centrifugation the supernatant was transferred to a fresh tube. DNA was
precipitated by the addition of 0.5 ml propan-2-ol and collected by centrifugation. The
DNA pellet was washed in 0.5 mi 70% ethanol, air dried and then resuspended in 40 pl

water.

2.0.2 Large scale purification of plasmid DNA from E. colf

For farge-scale plasmid DNA preparations Qiagen plasmid Maxi and Qiagen plasmid

Mega Kits (Qiagen, Hilden, Germany) were utilised as per the manufacturer’s instructions.

2.6.3 Isolation of plasmid DNA from E. coli (96 wecll plate format)

2.6.3.1 Preparation of Beaut Broth

6 g tryptone, 12 g yeast extract, 6.28 g 3-(N-morpholino)-propanesulfonic acid (MOPS)-
free acid, 1.5 g RNA (Type VI from Torula Yeast, Sigma) and 3 g DNA (sodinm salt, from
fish sperm, ICN, Aurora, Ohio, USA) were mixed together in a beaker. H>O to 200 ml was
gradually added to the powder stirring constantly such that a smooth paste was first formed
followed by dissolution of the components. 2.1 g glycerol and 300 pl of 10 mg/mi RNase
A was then added and the pH adjusted to 7.6 with 10 M NaOH. The volume was made up
to 280 mi and the solution sterilized by autoclaving, Prior to use the media was
supplemented with 15 ml 8% (w/v) KNO; (filter sterilized) and 5 ml 40% (w/v) glucose
(filter sterilized), _

2.6.3.2 Overnight cultures and DNA isolation
Overnight cultures were grown in 2.2 ml 96 Deep Well Plates (Advanced Biotechnologies
Ltd, Epsom, Surrey, UK). A sodium lime glass ball (3 mm) was placed in the bottom of

each well to aid in acration of the cultures. 1.2 m! of Beaut Broth supplemented with
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ampicillin (100 pe/ml) was added to cach well and then ineculated from 96-well plate gently b
glycerol stocks using a flame sterilised 96-pin replicator. Plates were covered with an Solhution
AirPore™ tape (Qiagen) and incubated at 37°C for 24 hr with shaking (300 pm). iransfer
Following centrifugation of the platcs at 1250 xg for 5 min the supernatant was discarded The DN 5;
and bacterial pellets were resuspended in 0.5 ml 0.5 M NaCl. The plates were covered {v/v) ctl
with a deep well plate lid (Advanced Biotechnologies L. _.ad vortexed until the bacteria
were resuspended. The bacteria were again collected by centrifugation and then
resuspended in 0.3 ml Solution I (TE supplemented with 50 pg/inl RNase A) by vortexing.
To lyse the bacteria 0.3 mi Solution 1T (0.2 M NaOH, 1% (w/v) SDS) was addcd to each
well, ihe plates were covered and then inverted several times to mix the contents.
Following incubation for 10 min at room tempcrature 0.3 ml of Solution 11 (3 M
potassium acetate, pH 4.8) was added. The plate contents were mixed by inversion and

vigorous shaking. The plates were incubated at -20°C for 20 min and then centrifuged as K
10.3% (i

above. A filtration plate (96 deep-well plate with a 2mm hole in the bottom of each well
' of 10% §

and a 1.5 em x 1.5 em piece of gauze wedged in the bottom of each well} was placed on
top of a clean 96 deep-well plate. The filtration plate was pre-wet by the addition of 200 pl
of 0.33 x Solutionlll to each well. The supernatants from ihe centrifuged plates were

transferred to the filtration plate and allowed to drain through to the new plate undemeath.

S
A further 200 pl of 0.33 x Solutionlll was added to cach well to ensure that the solutions

were flushed through. 650 pl propan-2-ol was added to each well of the plate containing
the filtered supernatant. A Deep well plate 11d was placed over the plate and the plate
contents mixed by rapid inversion. To pellet the DNA the plate was centrifuged as before,
The supernatant was removed and 600 pl of 70% ethanol was added to each well. The
Deep well plate lid was replaced, the contents mixed by inverting the plate several times
and then centrifuged as before. The supernatant was removed, the pellets air dried and
then resuspended in 100ul TE containing 125 U/ml RNase T1 (Life Technologies). The
well contents were then transferred to shallow round bottomed 96 well plates (Costar, Cat#

33035) and stored at 4°C.

2.6.4 lsolation of plasmid DNA from C. pseudotuberculosis

Bacteria from 10 ml 24 hr cultures were collected by centrifugation and resuspended in
STET buffer (8% (w/v) sucrose, 0.5% (v/v) Triton X-100, 4 mM EDTA, 10 mg/ml
lysozyme, 0.75 mg/ml RNase, 1.6 mM Tris-HCI, pH 8). Following incubation at 37°C for

2 hr, 0.5 m1 of Solution I1 (0.2M NaQH, 0.1%SDS) was added and the suspension mixed
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gently by inverting the tubes several times allowing lysis of the bacteria. 0.5 ml of
Solution i} was then added and the resulting suspension centrifuged. The supematant was
transferred to a fresh tube and the DNA precipilated by the addition of 0.5 vol propan-2-ol.
The DNA was collected by centrifugation, the resulting pellet washed ~. ¢ m i m] 75%
(v/v) ethanol, air-dried and then resuspended in 20-40 pl water. As this protocol yiclds
only smail amounts of plasmid DNA, the DNA was ahwvays transformed into £. coli.

Plasmid DNA was then isolated from E. coli cultures as described above.

2.6.5 Isolation of genomic DNA from C. pseudotuberculosis

This method is adapted from Zhang er al., 1994, Bacteria from a 250 ml culture were
collected by centrifugation and washed once in TE buffer (10 mM Tris, 10 mM EDTA, pH
8.7). The pelleted bacteria were then resuspended in 16 mi TE buffer supplemented with
10.3% (w/v) glucese and 10 mg/m! lysozyme. Following incubation at 37°C for 8 hr, 2 ml
of 10% (w/v) SDS, 400 pl 5 M NaCl and 260 pl 20% (w/v) proteinase K were added. The
resulting solution was mixed by inverting the tube several times and then incubated
overnight at 56°C, Following centrifugation the supernatant was collected and extracted
with an cqual volume of phenol: chloroform: isoamylalcohol (25:24:1), and then an equal
volume of chloroform. To precipitate the DNA an equal volume of propan-2-ol was added
to the aqueous phase, incubated for 15 min on ice and then collected by cein.ifizgation.
The DNA pellet was washed once in 75% ethanol, air-dried and then resuspended in 2 m]
H>O. DNA concentration was determined by m easurin g the optical density at 260 nm.

This protocol was scaled down when less starting material was available.

2.7 DNA scquencing

All DNA sequencing was performed by SUPERMAC (Sydney, NSW, Australia) or
Newcastle DNA (Newcastle, NSW, Australia).

2.8 Manipulation of DNA

Restriction endonucleases and DNA modifying enzymes were obtained from Roche
(Mannheim, Germany), Promega Corporation (Madison, Wisconsin, USA), New England

Biolabs (Beverly, MA, USA) or MBI Fermentas (Vilnius, Lithuania).
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2.8.1 Restriction endonuclease digestion

DNA was typically digested with 2-4 units of enzyme per pg DNA in a 20 ul reaction
volume. Reactions were performed in | x restriction buffer with or without BSA (100
ug/ml) as recommended by the manufacturer. Reactions were performed at 37°C for 1-2
hr unless the manufacturer recommendcd alternative reaction conditions. When required,

reactions were inactivated by heating at 65°C for 20 min.

2.8.2 Agarose gel clectrophoresis

DNA fragments were scparated according to size by horizontal gel electrophoresis in 1-2%
agarose gels using a Tris-Acetate-EDTA (TAE) buffer system (40 mM Tris, 18 mM acetic
acid and 1 mM EDTA). Agarose gels contained 350 ng/m! ethidium bromide to atlow
visualisation of the DNA under UV light. 9.1 vol 10x Sample buffer (0.42 % {w/v)
bromophenol blue, 0.42% {w/v) xylene cyanol FF and 50% glycerol {v/v) in water) was
added to samples beforc loading and DNA markers of the appropriate size range were run
alorgside DNA samples to allow size estimation of the DNA, fragments. Samplcs were
electrophoresed at 80-100 volts for 40-60 min. DNA was visualised on a UV
transilluminator and images captured using a UVP camera and associated Grab-IT
Annotating Grabber software (UVP, Upland, CA, USA).

2.8.3 Recovery of DNA fragments from agarose geis.,

DNA bands were visualised on a UV transilluminator and excised using a scalpel blade.
DNA was recovered from the agarose using either the Geneclean® 11 Kit (BIO 101,
Carlsbad, CA, USA) or the QlAguick Gel Extraction Kit (Qiagen).

2.8.4 Ligations

In general ligations were performed with 10-100 ng vector DNA and vector: insert molar
ratios between 1:1 and 1:5. When required linearised vector was dephosphorylated by
treatment with Shrimp Alkaline Phosphatase (MBI Fermentas) or Thermostable Alkaline
Phosphatase (Life Technologies) as recommended by the manufacturer. Ligation reactions
contained 1 x ligation buffer (66 mM Tris-HCI, § mM MgCl,, 1 mM dithiothreitol, 1M

ATP, pH 7.5) and 1 unit T4 DNA ligase (Roche or Promega) in a reaction volume of {0 pi.

Ligation of sticky ends was performed at room temperature for 3-4 hr while blunt end
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ligations were performed at 15°C, overnight. Reactions were heat inactivated by

incubation at 70°C for 15 min and then transformed into E. coli or C. psedotmbercudosis

as described earlier,

Ligation of Tag DNA polymerase-generated PCR products into pGEM®-T casy {Promega)

was performed as per the manufacturer’s instructions.

2.8.5 T4 DNA polymerase

T4 DNA polymerase was used to remove protruding nucleotides from the 3° termini of
digested DNA. At the end of a restriction endonuclease reaction, 1 ul of 2 uM dNTPs and
2 units of T4 DNA polymerase were added, incubated at room temperature for 15 min and
then heat inactivated at 75°C for 10 min. The DNA was then gel purified and used in a

ligation reaction.

2.8.6 Mung bean nuclease

Mung bean nuclease (MBN) was used to blunt overhanging ends generated during
sonication of C. pserdotuberculosis genomic DNA, 10 units of MBN were used per ug of
DNA in areaction volume of 7 ul. The reaction was performed in 1x MBN buffer (30 mM
sodium acetate pH 5 at 15°C, 50 mM NaCl, |mM ZnCl>} supplemented with 3.75% {w/v)
glycerol. The reaction was incubated at 37°C for 20 to 30 min and then inactivated by

adding SDS to a final concentration of 0.01% (w/v).

Sa3Al digested genomic fragments were also treated with MBN. 400 ng of DNA was
first digested with Sau3Al in a 10 ul volume. The reaction was then supplemented with
ZnSO4 to 1 mM and 2 units of MBN was also added. The MBN reaction proceeded at
30°C for 30 min and was then inactivated by the addition of SDS as above.

2.9 Amplification of DNA by the polymerase chain reaction (PCR)

For non-cloning PCR reactions EasyStart™50 tubes (Molecular Bio-products, San Diego,
CA, USA) were utilised. These tubes contain PCR buffer, MgCl, and dNTPs. To these

tubes were added primers to give a final concentration of 1 uM, 1 unit of Red Taq DNA
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polymerase (Sigma), DNA template (genomic DNA, plasmid DNA or cDNA}) and water to
give a final volume of 50 pl. PCR reactions were performed in an AB Applicd Biosystems
DNA Thermal Cycler 480 and standard reaction conditions were 335 cycles of 95°C for |
min, 55°C for 1 min and 72°C for | min per 1000 basc pairs to be amplificd. A final cycie
with an extension time of 135 minutes was usually included. 5
RNA S
was p
For generation of PCR products for cloning a proof reading DNA polymcrase was used.
PCR was performed as per the manufacturer’s instructions for P/x DNA polymerasc {Life
Technologies) using the same cycling conditions as above. Altematively 7/i DNA
polymerase (Promega Corporation) was used in the EasyStart™ 50 tubes with the addition
of Triton X-100 to 5% (v/v). The PCR product was cither used directly for cloning or was
A-tailed and then cloned into pGEM®-T casy. To A-tail a PCR product it was first gel
purified. A 10 pl reaction was then set up that contained 2 pl PCR product, Ix Red Tag
buffer ,1| mM dATP and 2 units of Red Taq. The reaction was incubated at 70°C for 30

min. A portion was then ligated into pGEM®-T casy.

2.10 RNA isolation, manipulation and detection
2.16.1 Preparation of RNA solutions

To exclude RNase activity from glassware and solutions, all glassware was washed
extensively with a detergent solution then distilled water. All solutions except those | _
contatning Tris were treated with 0.01% (v/v) diethyl pyrocarbonate (DEPC) for 16 hr,
then sterilised by autoclaving. Those solutions containing Tris were prepared in DEPC

treated water and then autoclaved.

2.10.2 Extraction of RNA from C. psendotuberculosis

Bacteria from up to 5 ml of culture were collected by centrifugation, resuspended in 1 ml1”™
RNAzel™ B (Tel-Test, Inc, Friendswood, TX, USA) and then transferred to a 2 mi screw-
cap tube containing | ml of 0.1 mm diameter glass beads (Daintree Scientific, Australia).

* The sample was homogenised in a Mini-BeadBeater-8 (Biospec Products) at maximum
speed for 3 min. Following sedimentation of the beads by gravity the homogenate
(approximately 0.5 ml) was transferred to a new tube. RNA isolation was then performed

exactly as per the RNAzol™ B protocol. RNA was resuspended in DEPC treated water.
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RNA concentration and purity was determined by measuring ODago and ODag. RNA

quality was assessed by running 2 pg RNA on a 1.2% (w/v) agaose/TAE gel.

2.10.3 DNasc treatment of RNA.

RNA was treated with RNase free DNase to remove trace DNA contamination. DNasel

was purchased from either Promega or Ambion and used as per manufacturers instructions.

2.10.4 Northern Analysis

2.10.4.1 Agarosc gel clectrophoresis of RNA

Agarose gel electrophoresis was performed under denaturing conditions as described in the
Qiagen RNeasy Midi Handbook. This protocel is a medified version of that described by
Sambrook er af (1989). A 1.2% (w/v) agarosc gel was prepared in 1 x FA Gel buffer (20
mM MOPS, § mM NaAcetate, ]| mM EDTA, pH 7) supplemented with 220 mM
formaldehyde and 100 ng/ml ethidium bromide and then equilibrated in 1x FA gel running
buffer (1x FA Gel buffer, 246 mM formaldehyde). RNA samples were prepared by the
addition of 0.2 vol of 5 x RNA loading buffer (4 mM EDTA, 886 mM formaldehyde, 20%
{v/v)glycerol, 31% (v/v) formamide, 4 x FA gel buffer, bromophenol blue) and incubation
at 65°C for 5 min. The samples were then cooled on ice and loaded onto the gel. The gel

was run at 80V for 1.5-3 hr and then photographed.

2.10.4.2 Transfer of RNA to nylon membrane ~

To remove formaldehyde from the gel it was washed for 15 min in DEPC treated water,
followed by two 15 min washes in 10x SSC (150 mM NaCl, 15 mM tri-sodium citrate).
Transfer 1o Hybond N+ (Amersham Pharmacia Biotech, Buckinghamshire, UK) was
performed in 20x SSC using capillary action as previously described (Sambrook, 1989).

The RNA was fixed to the membrane by microwaving at 650 watt for 2 min.

2.10.4.3 Hybridisation and probe detection

Membranes were pre-hybridised in DIG Easy Hyb (Roche) for 30 min to 1 hr at 50°C ina
rotary hybridisation oven. Up to 2 ug of gel purified PCR product was labelled with DIG-
Chem Link from the Roche DIG-Chem Link Labelling and Detection Set. The labelled
PCR product was denatured by incubating at 100°C for 10 min and then added directly to
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the pre-hybridisation solution. The hybridisation reaction was allowed to procecd

overnight under the same conditions used for pre-hybridisation.

The membrane was washed at low stringency in 2x SSC/0.1% (w/v) SDS at reom
temperature (2x 5 min) and then at high stringency 0.1x SSC/0.1% SDS at 68°C {2x 15

- min). The probe was then detected as described in Section 2.11.4.3 for array probing.

2.10.5 Real-Time RT-PCR

2.10.5.1 Generation of ¢DNA by reverse transeription

Reverse transcription was performed using a TagMan Reverse Transcription Reagents Kit
(Applicd Biosystems). 1 ug of DNasel treated RNA was reverse transcribed in a 50 ul
reaction containing 1x RT boffer (Applied Biosystems), 5.5 mM MgCla, 445 pM dNTPs,
2.5 uM Random hexamers, 20 U RNase inhibitor and 75 U Muitiscribe reverse
transcriptase (RT). The reaction was incubated for 10 min at 25°C, 45 min 2t 48°C and 5

min at 95°C. ¢DNA was diluted 1 in 50 in water prior to use in PCR reactions.

2.10.5.2 Real-time PCR

Real time PCR reactions were performed in a 96 well plate format in an AB! PRISM®
7700 Sequence Detector under universal cycling conditions (2 min at 50°C followed by 10
min at 95°C t» activate the DNA polymerase, followed by 40 cycles of 15 sec at 95°C and
1 min at 60° . Primers for real time PCR were designed using Primer Express® v1.§  »
software (Applied Biosystems) to have the following characteristics; melting temperatures
of 58-60°C, G+C content of 20- 80%, no runs of more than 4 G, no more than 2 G or C
bases in the 5 most 3” bases of the primer and an amplicon of between 50 and 150 base

pairs. SYBR green 2x Master Mix (Applied Biosystems) which contains all the required

components for a PCR reaction apart from primers and a DNA template was utilised. PCR

reactions of 25 or 50 pl were performed in a 96 well plate format. Reactions Icontained Ix
SYBR green master mix, 50 nM of forward and reverse primers and 5 or 10 ul diluted
cDNA and were set up in duplicate or triplicate. Two negative controls were routinely
performed. DNA contamination was determined by performing the PCR on negative
control RT reactions (in which no enzyme had been added to the reverse transcription
reaction). Environmental contamination was monitored in no template controls in which
water was added to the reaction instead of DNA. Data were analysed using Sequence

Detector v 1.7 software (Applied Biosystems). After completion of the PCR reactions a
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dissociation curve was generated by melting samples at 60°C for 15 min, equilibrating
them at 60°C for 20 min then slowly ve-heating them to 95°C over 20 min. Dissociation

curve data were analysed using Dissociation Curves Sofiware (Applied Biosystems).

2.11 DNA Macroarray Techniques
2.11.1 Library array (colonics)

A library of genomic fragments ligated into pUC18 was transformed into E. co/i and plated
on LB agar supplemented with IPTG and X-gal to allow for selection of clones with
inserts. White colonies were picked from the plates then patched into 96 well round
bottomed plates containing 100 pl Beaut broth. The plates were covered with AirPore™
tapes (Qiagen) and incubated for 24 hwr at 37°C. 50 pl of 60% glvcerol {(v/v) was added to
each well. Plates were covered with a sealing tape, vortexed to distribute the glycerol and
stored at -80°C. These plates were used to inoculate deep well plates as described in

Section 2.6.3.2.

2.11.2 Pvull digests of array DNA

Puull digests were performed on all array DNA samples to check for quality, quantity and
insert size. Digests were performed in 96 well plates with each well containing 1x Buffer,
5 ul DNA and 2 units of Pyull. Following digestion at 37°C for 2 hr samples were

analysed on a 1% (w/v) agarose gel.

2.11.3 Array construction

.

60 pl denaturation solution (0.4 M NaOH) was placed into each well of a 384 well plate
(120 pl/well, Nunc, International, Naperville, IL, USA). A 96 solid pin multi-blot™
replicator (V&P Scientific, Inc, éan Diego, CA, USA) was washed in 70% ethanol and
flame sterilised, dipped into a 96 well plate containing DNA and then transferred to the
384 well plate. The replicator was gently agitated to ensure dispersal of the DNA into the
denaturation solution. This was repeated 3 times such that 4x 96 well plates were

represented on each 384 well plate,
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2.11.4 Arraying of DNA onto nylon membranes

A pisct of nylon membrane was cut to the desired size and placed on a soft surface. A
Multiprint perspex manifold (V&P Scientific, Inc) allowed for the alignment of 4x 384
spots within a space of 7x 11cm without overlapping of spots. The manifold was adhered
to the membrane with double side tape. A 384 solid pin multi-blot™ replicator (V&P
Scientific, Inc) was washed and flame sterilised then dipped into the wells of the 384 well
plate containing DNA. Using the aligning pins (on the replicator) and holes in the
manifold the replicator was aligned and then lowered onto the membrane, Pressure was
gently applied across the top of the replicator to ensure that the DNA was transferred. This

process was repealed for the remaining 3 positions on the array.

Once the solution had dried on the membrane the DNA was fixed by a 2 min incubation of
the membrane on Whatman 3MM Chr paper that had been pre-wetted with 0.4 M NaOH/
3 M NaCl. The membrane was then washed in 2x SSC for 5 min. The membrane was

either used immediately in hybridisation experiments or dried and used at a later date.

2.11.4.1 DNA probes

In general purified PCR products were used as probes when a single gene detection was
being performed. In other cases plasmid DNA or genomic DNA was used as the probe. In
each case 2 pug of DNA was labelled with DIG-Chem Link from the Roche DIG-Chem
Link Labelling and Detection Set as per the manufacturer’s instructions. DNA probes
were denatured by heating at 100°C for 5 ntin prior to a&dition to the hybridisation

solution.

2.11.4.2 RNA probes

Total RNA was labelled with DIG using the Roche DIG-Chem Link Labelling and
Detection Kit as per the manufacturers il"lStl'UCtiOl'lS. 1 Ip.i of DIG-Chem link was used per
pg RNA.

2.11.4.3 Prehybridisation and hybridisation
Membranes were pre-hybridised in DIG Easy Hyb (Roche) or Ultrahyb (Ambion) for 1 hr

at 42°C or 50°C in a rotary hybridisation oven. Denatured probes were added directly to
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the pre-hybridisation solution and the hybridisation reaction allowed to proceed overnight
under the same conditions used for pre-hybridisation. Membranes were washed at low
stringency in 2x SSC/0.1% (w/v) SDS at room temperature (2x 5 min) and then at high

stringency 0.1x SSC/0.1% (w/v) SDS at 68°C (2x 15 min).

The bound DIG labelled probe was detected using the DIG-Chem Link Labelling and
Detection Set. In brief, membranes were washed for 1-3 min in Washing buffer (Maleic -
Acid buffer (0.1 M maleic acid, 0.15 M NaCl, pH 7.5) supplemented with 0.3% (v/v)
Tween 20) then blocked for 1 hr in Blocking solution (1 x Blocking Reagent (Roche) in
Maleic Acid buffer). The membrane was then incubated with anti-DIG-AP conjugate
diluted in Blocking solution (at between 1:10,000 and 1:100,000 depending on the
application) for 30 min. The membrane was washed 2 to 3 times in Washing buffer (15
minutes each) and then equilibrated in Detection buffer (0.1 M Tris-HCI, 0.1 M NaCl, pH
9.5) for 5 min. The membrane was incubated with a small volume of alkaline phosphatase
substrate (either CSPD or CDP-S1ar) for 5 min and then bloited on Whatman 3mm Chr

paper, wrapped in plastic wrap and exposed to film,

2.12 Southern analysis

To transfer DNA from an agarose gel to a nylon membrane the gel was first soaked in 0.25
M HCI for 30 min to depurinate the DNA. After rinsing in water the gel was soaked in 0.4
M NaOH for 20 min to denature the DNA. The DNA-was transferred to Hybond N*
(Amersham Pharmacia Biotech, Buckinghamshire, UK) by capillary action as described by
Sambrook ef al., 1989, DNA was cross-linked to the membrane by heating in a microwave
oven for 2 min at 650 Watts. Southern blots were hybridised to DIG labetled DNA probes

in a manner analogous to that described for DNA array hybridisation in Section 2.11.4.3.

2.13 Tissue culture techniques
2.13.1 Routine maintenance of cclls

The mouse macrophage like cell line J774A.1 (ATTC No TIB-67) was grown at 37°C, 5%
carbon dioxide in Dulbecco's modified Eagle medium (DMEM; TRACE Scientific,
Australia) supplemented with 2 mM glutamine, 10% (v/v) foetal calf serum and 50 UM B-
mercaptoethanol. Macrophages were routinely grown in tissuc culture flasks to 80-100%

confluence. To passage the cells, the monolayer was washed twice in phosphate buffered
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saline {PBS, 137 mM NaCl, 2.7 mM KCI, 8 mM Na-HpO; and 1.5 mM KH:POy,), then
incubated in a small volume of trypsin/EDTA {Gibeo) for 5 min. The cells were detached
from the flask by knocking it against a solid surface. To stop the activity of the trypsin
FCS was added to at least 10% (v/v) . Ceclis were collected by gentle centrifugation (300 x
g), resuspended in media and plated as required. When accurate cell numbers were
required a haemocytometer in conjunction with trypan blue staining was used to determine
the viable gell number. Inbrief an aliquot of cells was incubated with the supravital stain
trypan blue (0.05% (w/v) final concentration) and then placed in the haemocytometer for

cell counting,

2.13.2 Infection of J774 macrophages with C. pseadotuberculosis

Aninfection assay based on the gentamycin killing assay (Elsinghorst, 1994) was
established. For the majority of experiments macrophages were plated in 6 well plates at
7x10° cells/well 18 hr prior to addition of bacteria. For experiments in which fluorescence
microscopy was the end point 22x 22 mim sterile giass coverslips were placed in the wells.
Exponential phase bacteria (grown in BHI broth supplemented with 1% (v/v) Tween-80)
were sonicated, diluted in pre-warmed DMEM and added to the macrophage monolayer.
Following incubation for 1 hr the monolayer was washed 3 times with 37°C phosphate
buffered saline (PBS) and then incubated with DMEM containing 100 pg/ml gentamycin.
At further timepoints analysis of the infection could be analysed in a number of ways as
described in sections 2.13.3 to 2.13.7.

In some experiments phagocytosis of the bacteria was prevented by incubation of the
monolayer at 4°C for 20 min prior to addition of the bacteria, cooling all solutions to 4°C
and performing all incubations at 4°C until 3 hr post addition of gentamycin containing

media at which time the cells were transferred to 37°C.

2.13.3 Fluorescence microscopy

For microscopy, infected cells, grown on glass coverslips, were washed in PBS, fixed for 5 |
min in 3.7% (v/v) formaldehyde in PBS and then permeabilised by incubation in 0.1%

(v/v) Triton X-100 for 5 min. The macrophages were counterstained with 0.4 pug/m!
propidium iodide (PI) solution and then mounted onto glass slides using Dako fluorescent

mounting medium. Slides were examined by fluorescent microscopy using an Olympus
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BH-2 microscope. Photographs were taken with an Olympus C-35AD-4 camera using
Fujichrome MS 1Q0/1000 film.

2.13.4 Rcecovery of bacteria from macrophages for viable cell counts

Infected macrophages were washed in PBS. 0.5 ml 1% (v/v) Triton X-100 (in PBS) was
added to each well and incubated for 5 min. Cells were dislodyed with a cell scraper and 4
ml of PBS added. The contents of the well were transferred to a 5 ml tube and sonicated to
disrupt bacterial clumps. The sonicate was serially diluted and plated on BHI agar. Afier

2 days at 37°C colony counts were performed to determine CFU/recovered per well.

2.13.5 Extraction of bacterial RNA from infected macrophage monolayers

All solutions were cooled on ice prior to use. Macrophages were washed in PBS then
incubated with 1% TritonX 100 (in PBS) for 5 min. A cell scraper was used to dislodge
cells from the plastic and the suspension was then transferred to a centrifuge tube.
Following centrifugation (1400 x g, 5 min, 4°C) the supernatant was removed and ! ml
RNAzol™B added to the pellet. RNA was then extracted in the usual manner as outlined

in Section 2.10.2.

2.13,6 Preparation of macrophage sonicates for flow cytemetry

Infected macrophages were washed in PBS. 0.5 ml PBS was added to each well and the
cells dislodged with a cell scraper. The contents of the well were transferred to a 1.5 ml
tube and sonicated to release the bacteria and disrupt bacterial clumps. Sonicated samples

were diluted in PBS then analysed by flow cytometry.

2.13.7 Preparation of infected macrophages for flow cytometry and FACS

Infected macrophages were washed in PBS then removed from the plastic by
trypsinisation. To remove clumped macrophages the cell suspension was filtered through a

70 uM filter. The filtrate was diluted in PBS and then used in sorting experiments.

2.14 Flow cytometry and fluorescence activated cell sorter (FACS) analysis

Flow cytometry and FACS analysis was performed using a Becton Dickerson
FACSCalibur machine using standard excitation and emission filters (530/30nm} with an
argon laser emitting at 488nm. Data was collected and analysed using Cellquest software.

0.9% (w/v) NaCl was used as sheath fluid.
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2.14.1 Preparation of C. psendotuberculosis cultures for flow cytometry

To prevent clumping, cultures of C. psendomubercidosis were grown in BHI supplemented
with 1% (v/v) Tween-80. In general, for flow cylometry of C. pseudotuberculosis strains,
5 ml ovemight cultures were cooled on ice, sonicated (XL-series sonicator, Heat using a
standard microprobe set on 4} to break up clumps of cells, diluted to an ODgy of 0.1 and
grown at 37°C. Prior to analysis culiures were sonicated again and diluted up to 500-fold

in PBS,

2.14.2 FACS sorting of C. pseudotiberculosis and infected macrophages

Given the propensity of C. pseudotuberculosis to aggregate, bacteria were gated on the

basis of log-scale forward and side scatter in addition to log-scale fluorescence intensity

(fog FL-1). This resulted in primarily single bacteria being sorted. In order to maximise

the sorting efficiency the flow rate was maintained at less than 500 events/sec. The sorted
population was collected in 50 ml polypropylene tubes coated with FCS, To recover the
sorted population the tubes were centrifuged (1400 x g, 5 min, 4°C), the supernatant
disgarded and the pellets resuspended in a smail volume of BHI prior to plating on BH!

agar containing 50 pg/mi kanamycin.

The same general principles with minor modifications were used to sort infected
macrophages. Forward and side scatter data were collected on a linear scale instead of a
log scale. The sorted population was sonicated prior to plating on agar plates in order to

lyse the macrophages and disrupt bacterial clumps from within the macrophages.
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Table 2.3: Plasmids used in this study

Plasmid

Relevant Characteristics

Relerence
pACYC181  chloramphenical®, ictracycline Rose, 1988
pKEN Igfrav Amp®, pKEN1 backbone, source of FACS optimised mutant with gfp A, Ryecroft
.gene substitutions at F64L and S65T {Cormack), sip pomoter (unpublished)
pEP2 kan®, E. coli- C. psendotubercitlosis shuttle vector Zhang et al., 1994
pEP2 MCS kan®, derived from pEP2, used as (he basis for promoter probe vecior R, Moore,
construclion unpubljshed
pKK233-2 source of mnBT1T2 rranscription terminator Amann and
Brosius, 1985
pRM130 kan", pld promoler R. Moore,
unpublished
pSMI pEP2 MCS derivative, contains new MC5S this studv
PSM2 pSM1 derivative, contains RBS this study
pSM3 psM2 derivative, gfp' this study
piM4 pSM3 derivative, frpA transcription terminator this study
pSM35 pSM4 derivative, 72B T1T2 transcription tenminalor this study
pSM11i pSM 12 derivative containing g/ under control of pld promoter this study
pSMI2 pSMS5 derivative conlaining correct g/p sequence this study
pSM13 pSM 12 derivative gfp under control of srp promoicr this study
pSM13 pSM12- pKENIgfpuy fusion this study
pSM16 pSM11 derivative containing RBS from pKENlg/puv this study
pSM17 pSM 13 derivative containing RBS from pKEN1g/puv this study
pSM18 pSM16 derivative without p/d promoter ' this study
pSM20 pSM18 derivative, promolcrless fusions allowcd this study
pSM21 pSM20 containing g/p under controf of srp promoter this study
pSM22 pSM20 containing g/fp under control of sip promoter this study
pSM23 pSM20 coutaining gfp under control of dnaK promoter this study
pSM27 pSM20 containing gfp under control of pfd promoter this study
pSM28 pSM20 containing gfp under control of pid promoter this study
pSM29 pSM20 deriviative in which g/p has been replaced with a desiablised  this study
&lp -
pSM30 pSM29 conlaining destabilised gfp under control of srp promoter this study
pSM31 pSM29 containing destabilised g/p under control of pld promoter this study
pSM32 pSM27 derivative, pld promoler cutback this study
pSM33 pSM27 derivative, pid promoter cutback this study
PSM39 pSM46 derivative, pld promoter cutback this study
pSM40 pSM46 derivative, pld promoler culback this study
pSM4| pSM46 derivative, pld promoter cutback this study
pSM42 pSM46 derivative, pld promoter culback this study

table continues on next page
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Plasmid

Relevani Characteristics

Reference

pSMA3
pSMAG
pSM48
pPSM50
pSM3]
pSM52
"DSMS3
pSMS4
pSMSS5
pTBIN1

puUCIR

pSM20 derivative without RBS and s1ari codon of gfp

pSM43 derivative containing the pld promoter

pUCIS derivative comaining kan®

2SM48 derivative containing 3" mef sequence

pSM30 derivative containing 3° met sequence, knockoult cassette
pSMA48 derivative containing 3° xedC sequence

pSMS2 derivative containing 3° sedC scquence, knockout cassctie
pSM48 derivative containing 5° fagC sequence

pSM34 derivative containing 3° fagC sequence, knockout cassette
kan®, derived from pEP2 derivative containing pfd under control of
ils own promoter
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Table 2.4: Primers used in this study
Primer Sequrence (5'»3") Features Gene and expeeted prodact
#
cepaccggeicatgaglaaagsagaaganc Agel forward, gfp

4 ccggggeccggegecactagtitaltigtatagittate Spel, Narl, Apal reverse, gfp. Use in conjunction with #3 to amplily gfp gene.

b ccgggpeccegegecactagitatitglatagilcate Spel, Narl, Apal reverse, gfp. Use in conjunction with #3 to amplify gff» penc.

5 gotategdcitggpeactaccancic, g . dnak, forward

6 sctglaggticgtigatgatacge dnak, reverse. Use in conjunction with #5 to amplify an internal region of the C.
pyevdoniberaidosis dnak pene.

9 recgccgaactcagaagipanacg Narl real3 T1 T2 tegion, lorward

10 gucgecagggtattgtelcatgagc Narl rnB3 Tt T2 region, reverse. Use in conjunction with #9 to amplify the imB3 T1 12
region of pKIK233-2.

18 ceatgetecgeateectigeat {forward, pld promotcr. Use in conjunction with #75 and #76 to amplity the pled
promoter

I3b gatgeatgeccaigelecgeateccitgeat Sphl forward, pld promoter. Use in conjunction with #108 to amplily the p/d promoter

47 cgatatcggatcelctagatitaagaaggagatatactatgaptaas  EcoRV, BamHi, RBS forward, for conversion ol pSM 18 into a {usion vector. Use in conjunciion with

eg #4b to amplify gfp gene ol pSM 18

48 ggatgeatgcetggegpaaatagaaga Sphl forward, dnaK promoter

49 gegpatcepgatsittgutiglattiittaacy BamH! reverse, dhak promoter, Use in conjunction willi #48 to amplify the C
psendotuberculosic duak promaeter.

5 ; cgaagalcageggiga - reverse pld.use in conjunction with #77 to generate a probe for Northermn

hybridisation

GG

table continues on next page
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Table 2.4 ‘('-8
75 geggatecactitctencteattititac BeamHl reverse pld (from 4" codon), for amplification of pld promoter
76 geggatccgliicgatanatagagcaac Bamfil reverse, pld promoter
77 gatgeatgegetatggalacectaaang Sphl forward, pld promoter. Use in conjunction with primers #75 and 108
93 cletcaciagialiragetaciaangegtagtiieglegtitgetgea  Spel site, LVA “instability reverse, gfp, Use in conjunction with #47 to generate a destabilised g/p gene
peccititytalagticatecalgeca domain”
g8 catatgtaargeetgang {orward, pld promoter, use in conjunction with primier #75
9%h palgcrtgecniatzlnalgecigaltg Sphl forward, pid promoter, use in conjunction with primer #108
104 geaatpaccetigatt forward, p/d promoter, use in conjunction with primer #75
10Ch gatgeatgegeaatpaccctgatil Sphl forward, pfd promoter, use in conjunction with primer #108
108 gegpateciticteeeteattitttate BamHl reverse pid {from 4" codon), for amplification of p/d promoter
109 mnigeatgcptecitinagiicaaaancel Sphl forward, pld promoter, use in conjunction with primer #108
110b galgeatgecgtatelgacgeatitgaatacal $phl forward, pld promoter, use in confunction with primer #108
2237 cgcggalccgetagegnecielagaicligeag B, Nhel forward, kan resistance gene
238 gegelpeapgeictgecaptaitacaac Psil reverse, kan resistance gene. Use in conjunction with #227
229 cgcgnaticectacacagpigtegatt EcoRI forward, met
230 gegggalceactacigaalaggagt BamHl reverse, mef. Use in conjunction with #229 1o amplify 3° vegion of met
231 cgccigeagactagilaacggaagacgagiipna Psil, Spel forward, met

table continuas on next page
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Table 2.4

232 cacgecatgegicegeategelcanaage Sphl reverse mmiB. Use in conjunction with #231 16 amplily 3° region of mer and 5°
region of rmiB

254 gegpaatictegeagleaigagepcligl Ecoll forward, sodC.

248 gegpeatccceppicligagagiciccic BamHI reverse, sodC. Use in conjunction with #254 1o amplify sodC

249 pegelgcagepatpeepgcgeacgetilg Psi] lorward, sodC

2350 geggentgeegacaacggacgpetagal Sphl reverse, gecD. use in conjunction with #249 to amplify 3” end of sodC and 5°
region of aceD.

257 geggaaticgagiceicclealtgegacea EcoRl forward, fag8,

258 gegpgalccccalacgegelgacgeigl Beuntll reverse, fugC. Use in conjunction with #257 to amplify 3° end of fagB and 5° end
of fagC

259 gegetgeagettgeaatgpuetapeccana Psil torward furgC

260 gegaealgepiglgciceatanaigeght Spirt reverse pld. Use in conjunction with #259 10 amplily 3" end of fugC and 3’ end of
pld

261 actactgcagggatgelegt reverse pld. For screening fagC mutant siains.  Use in conjunction with #2357

276 geggaaticgagetegptacecgggpaicelctagatitaagaag  EcoRl, sequenace from forward, met

gagalatactatgactaggecacggtigegitet

pSM22 (from EcoRl site 10
base prior to gfp» start)

277 cgcaclaglaatcacaccttacggggeattt Sphl reverse mmet. Use in conjunction with #276 10 amplity the met genc
278 cgeatcgalcaclicecigitaagtatelte Clal forward, cat gene from pACYC184.
279 cgeatcgatitigetitegaalticigecal Clal reverse, caf gene from pACYC184. Use in conjunction with #278 10 amplify cor
and its promoter
Table 2.4 l%
reverse pld {from 4™ codon), for amplilication of pld promoter

75 gepanlccactitcicecteatititiac K BeamHl
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Table 2.5: Real time PCR primer pairs.
gene forward sequence (53 3') reverse sequence (5'<»3%) Clone"
priner primer

pid #101 gattpeccacegeptit #i02 tcgeaccgategeaact L16587
165 rRNA #1035 ccigialaagaageaccggciaa #1104 acgeicgeaccotacgiatl X84255

ik #et cecgctgtictiggatgaga #112 teaagcagatcelggptpa Q4-E5

maltose ABC transporier permease #113 tictggegigegattitet #li4 tpcgeancacgaggagapla Q3-Cl

’ ’ aspartokinase #1115 agaacglgctitacgacgal #116 cetpggipegatticatace Q4-E5
JugC #1117 cacaaacgegipaccgatt #1118 apaaccatigeaageeatacy Q2512

cytochrome ¢l #119 tgctanclacaacggaaagalega #120 gogcaalicanacggaagag Q4-C2
met #i21 geaggecggcalteag #122 gagllagaggclictitgagpatt Q12-E9

fas #127 cggcggacgtagateigict #128 cgaatggpepegctactag Q4-A3

tieske iron-sulfer protein #129 getageecgtitpeatacag #130 cpccttcgacegganan Q4-C2

hxpothetical protein #133 aactgagegtegegctit #134 catacliigageeccaaticet Q7-B6
hypothetical metabolite BP 135 gepcacteegctagatt #136 tggcgpaaccactaatizenaap Q7-Dér

cipB #137 gealcatgpigtecglalten #1138 cgtgatatagegatcegagaga Q7-C2
dnat #139 tgatgagticanggccatgate #140 ceecteeptictalcean Q12-C5
hspR #141 ceegcleggacglagaacia #142 ccaggttaaceccttettetig Ql2-C5

disR #143 ttelgatgttpcegeacita #144 tgetitgaagicegegalet Ci8
NO reductase #145 cagcgtiggglgiggaaan #146 cgatgegiccgtettgpta cig
o, Irdot ' #147 tpticcegelgactictg #148 ctecaagegegtpelacal QI1-F6
® labie continues on next page

Table 2.5 .
homascrine kinase #149 glecgeagegtecitect #1150 cacctgpgacacgligantcy Q10-.G2




Bag ciccaagepegtgptacat QI1-F6 -

BT “tticocgetgpetioly
[na)
table centinues on next page T
Table 2.5
homoserine kinase #149 glecgecagppteeticet #150 cacciggacacglitgantey Q10-G2
phosphoenolpyruvate supar #151 aacptacaaatgegteaggiitc #152 tcagagallccgeceagaag Qlo-G2
phosphotransicrase
ph #133 tgagcaclgggelegilace #154 geageggecmgalole Qlo-B8
so0dC #1535 ipaagpcegegacaaciac #156 geatcgecggteltgaga QI5-A3
acetyl CoA carboxylase #157 atgegealclicegtiiit #153 cccecacgaagecatiacice Q15-A3
anion exchanger # 164 titaaggccegaggcaanc #165 tcatggigaaagatecgagacit Qlo-BI1ILf
hexose phosphate transpert protein #1066 {leglattceeggetelea #167 cplectigeccacunacag Q8-Fl1
translation initiation factor IF3 #1638 peaglclcgeecgaacia #169 gecaaanteigegacaci.e Q2-DI0
ribosomal protein L1 #170 ceteanscgelaacgacalcpa #1171 cccalggaacpppeagtas Q2.G5
possible transcription factor #e2 ggaatpaccaaagagaggaiace #173 cogltiggapaggeattigt Q2-Bi0
ABC-1ype cobalantin siderophore #174 tegatigccaaguglialge #175 tgataggigpcacctgelglay Qi-Blo
coniponent
Rv2036¢ (stress family protein) #1388 ccgiglecgalggtgpragt #1389 gecpgclalgeaageaa Ql6-ATr
hyp protein #190 clgggcagicaateactegal #191 caagectgeaceggtitaa Q13-B91
aminopeplidase #1192 gpgetaactccaggacageat #191 agicectgacegplatplgaal Q13-Byr
chrd #200 ccaccigglacacalclacicaaaa #201 cegppclgepglgat QI5-G31
amino acid carmrier prolein #202 gegcaaccgcllligty #203 gecatcegeaglitippt Q13-Ad
cps #267 caalctacggegicgalacea #2068 Hacgglglcgctgaaataica Ci3
dnaN #269 agctgggtlgcgcgt‘aac H270 gacclicalcaicpgelplga 3
% ® Primer pairs were designed on the basis of the sequence found in the Jisted clone. Alternatively an accession number is listed for those genes whose

sequences are in the NCBI databases.
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Chapter 3

Identification of differentially regulated genes using DNA arrays
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31 Introduction

The aim of the work described in this chapter was to use DNA array technology to identify up-

groEL o | >

¢ regulated genes of C. pseudotuberculosis that would form candidates [or further study. As
approachy

discussed in Chapler 1 this aim is based on the premise the genes up-regulated in the in vive

environment or in models that mintic aspects of it may be intimately involved in the virulent g
To daic

phenotype.

Transcriptional profiling using array iechnology is a powerf{ul methodology that can be used to

simultaneously mecasure gene expression for a large number of genes. This type ol approach is

particularly useful when the genome scquence of an organism is known, as non-redundant

DNA arrays may be constructed on the basis of one spot equals one gene. Given the lack of 2001).
genome sequence for C. psendotirberculosis, this type of approach was obviously not pessible. field of 1
In this study a C. pseudotuberculosis random clone DNA array was constructed that could be its host g
used as a screening tool to identify differentially regulaled genes rather than to precisely utilised.
monitor all changes in the total transcriptome. Macroarrays on nylon membranes were chosen within
as they could be established using standard laboratery procedures, without the requirement for infectio
5 expensive robotics equipment. In addition to whole genome transcriptional profiling DNA interactis
- - arrays may be used in other ways. DNA arrays have been used to study gene regulation in a which w
small subset ol genes involved in a particular function (Hu and Coates, 2001) or in mouse a
conjunction with other screening technologies such as subtractive hybridisation (Li ef /., been use
2001) or RNA atbitrarily primed PCR (Trenkle ef ¢/., 1998). Additionally arrays have be (Valemig
Jacobs.

utilised to study genomic diversity (Belr ef af., 1999;[svael ef «f., 200(;Dorrell ¢f ai., 2001). ._
approac .ﬁ_;-

_Two models were chosen for identifying differentially regulated genes of C.

pseudotnberculosis. The first was a heat shock model. This was established in order to

demonstrate tae validity of the approach for identilying dilferentially regulated genes ol C.

pseudatuberculosis. A heat shock model was chosen because lor many bacterial species the ]

heat shock response is very well delined. The response is conserved across bacterial species th: ident
. and as such similar results would be expected for C. psendottberculosis. Using array ' Thereh:g
. technology the heat shock response has been measured in £. coli (Richmond ¢t «f., 1999), B. f;ne z\

subtilis (Helmann ef al., 2001} and N. meningitis (Guckenberger et af., 2002). Aithough the be.e:i‘r:

type and duration of the heat shock has varied with cach experimental system thesc studies
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have shown that a subsct of genes undergo changes in gene expression. This typically
includes genes that encode proteins termed heal shock proteins, such as those of the dnak and
grofL operons. The airay studies have also identified genes 1that more conventional scientific

approaches have not previously shown to be part of the heat shock regulon,

To date there has been a single report of using transcriptional profiling to ideniify genes of
bacterial pathogens that show changes in gene expression during infection of a host (Chuang
et al., 1993). This lack of studies is likely to be due 1o the complexities of isolating bacterial
RNA from host tissues in a sufficient quantity for array probing. Additionally, methods that
protect the RNA from degradation have only very recently been developed (Florell et al.,
2001). The use of tissue culture models of infection is a widely established praciise in the
ficld of microbiology, in which they are used 1o mimic the interaction between a pathogen and
its host cell type. Both primary cell cultures and immortalised cell culture lines have been
utilised. Given that C. psendotuberculosis is an intracellular pathogen that primarily resides
within mecrophages, a macrophage-like cell line was chosen for the establishment of an
infection model. Two macrophage-like cell lines that are commonly used to study the
interaction between the host and the pathogen are RAW 264.7 and J774. J774 macrophages,
which were utilised during this study, were derived from a sarcoma of a female BALB/c
mouse and display typical macrophage characteristics (Ralph and Nakoinz, 1975). 1774 have
been used in a diverse range of host-pathogen studies including intracellular survival studies
{Valentin-Weigand et a/., 1996;Kuehnel et al., 2001), gene regulation studies (Freitag and
Jacobs, 1999;Wilson ef al., 1997) and identification of differentially expressed genes by
approaches such as DFT (Ramakrishnan ef «/., 2000; Wilson et «l., 2001).

The majority of studies looking at bacterial gene expression inside eukaryotic cells have either
been performed on single genes using sensitive techniques such as RT-PCR or have utilised
reporter constructs, The advent of other screening technologies such as DFI has also allowed
the identification of genes up-regulated following eukaryotic cell infection (see Chapter 4).
There have been few reports of array technology being used to monitor changes in bacterial
gene expression following infection of eukaryotic cells. A single study monitoring changes in
M. tuberculosis gene expression following macrophage infection (Mangan er af., 1999) has

been reported, while a number of studies looking at the host response to a variety of bacterial
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pathogens have also been reported (Colien o1 af.. 2000:Eckmann ¢f af., 2000 Ichikawa of af..

2000;Detweiler et af., 2001),

In this chapter the establishment and optimisation of a transcriptional profiling system for
identifying differentially regulated gencs of C. psceudotiibercidosis is described. In the first
instance a DNA array of C. psendombercidosis library clones was constructed. To determine
whether this could be successfully used to identify regulated genes the array was first applied
to the identification of thermoregulated gencs in a heat shock model. Having demonstrated
the efficacy of the system the approach was then used to identify genes that were regulated in
a density dependent manner and finally those that show regulation upon infection of a

macrophage monolayer.

3.2 Construction of a C. pseudotuberculosis DNA array

To generate a C. pseudotuberculosis DNA array it was first necessary o construct a library of
genomic fragments. Following construction of the library, it was grided into 96 well plates
and DNA extracted from individual clones. The DNA was then arrayed onto nylon

membranes to generate the completed aray.

3.2.1 Construction of a C. pseudotuberculosis random library

In the majority of studies requiring a library of bacterial genomic (ragments, restriction
endonucleases arc used to fragment the DNA so that it can be cloned into a suitable vector.
The use of restriction endonucleases has some short-comings, as it limits the range of
{ragments that can be generated due 1o the sequence specificity of fragment generation.
Secondly, owing 1o the variable frequency of a given restriction sile within a genome some
regions of DNA will not be cloned as they will cither be too large to be cloned or will be
selected against for being too small. To avoid these problems that are inherent when
fragmenting DNA with restriction nucleases an alternative approach was utilised. Sonication,
which fragments the DNA by cavetation, was chosen as it fragments DNA in an essentially
random manner. Thus, overlapping DNA [ragmenis should be generated, resulting in a more
representative library. Many of the DNA {ragments generated by sonication are likely to have

5% or 3" overhanging ends. It was nccessary to remove these overhanging ends prior (o
I
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Figure 3.1: Fragmentation of C231 DNA by sonication.

C231 genomic DNA was sonicated using an XL-series sonicator (Heat Systems) using a
standard microprobe set at 1.5. DNA was sonicated for 2, 4, 6, 10 (A) and 30 sec {B). Aliqunts
were taken at each timepoint and analysed by agarose gel electrophoresis. DNA in the ranges
0.4100.7,0.7 to 1.4 and 1.4 o 2.5 kb were size selected from the agarose. 1 kb DNA ladderis
eun in the first lane of each gel and band sizes are indicated to the left of this.

cloning. This was achieved by treating the DNA with mung bean nuciease (MBN), which

specifically degrades single stranded DNA.

The degree of DNA {ragmentation incrcascs as cither the sonication lime or power increases.
In order to minimise the number of different genes on any given plasmid, the aim was to
shotgun clone | kb DNA fragments. In order to determine the required sonication conditions
for generation of appropriately sized fragments, C. pseudotuberculosis C231 genomic DNA
was sonicated for 2, 4, 6, 8, 10 and 30 sec using an XL-series sonicator (Heat Systems) with a
standard microprobe set on 1.5, Samples were taken at each timepoint and analysed for
fragmentation on a 1% agarose gel (Figure 3.1). A decrease in average DNA {ragment size
was observed that correlated with sonication time. Afier 30 sec a smear in the range of
approximately 10 kb to 300 bp was observed. Given that the aim was to clone 1 kb fragments
this sample was deemed suitable for library construction. As a control for the efficacy of the
MBN reaction Sau3A1 fragments, which have a 5” overhang, were generated and as a contrel

for ligation efficiency Aful (blunt) fragments were gencrated.
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Optimisation of conditions for MBN treatment was performed as it was observed that when
the manufacturer’s recommended instructions were followed. the ligation clficiency was very
low. This indicated that the repair process had not been optimal. Approximately 3 pg of
sonicated or San3Al fragmented DNA was treated with 30 U MBN at 30°C for 20 min
{manufacturer's recommendation). Additionally 3 ug of sonicated DNA was treated in the
same manner except at 37°C. Following MBN treatment the repaired DNA fragments were
analysed by agarose gel electrophoresis. Sonicated DNA fragments in the ranges of 0.4 10 0.7,
0.7 10 1.4 and 1.4 10 2.5 kb were size selccted from the agarose and DNA recovered from the
gel. Additionally Al arlld Sau3 Al fragmented DNA was also size selected, with DNA in the
ranges 0.7 1o 1.1 and 0.2 10 0.7 kb being selected. Upon reanalysis of the fragments by
agarose gel electrophoresis, the effectiveness of the size selection could be observed {(Figure
3.2). Fragments were ligated into commercially prepared pUC18 (Amersham Pharmacia
Biotech, Buckinghamshire, UK) that had been digested with Smial and then treated with
bacterial alkaline phosphatase. Ligations were performed in 1x Rapid Ligation Buffer (RLB,
Promega) which contains 5% (w/v) polycthylene glycol to increase ligation efficiency.
Following incubation at 15°C for 16 hr, 3 pl of cach 10 ul ligation was transformed into
electrocompetent £. coli Topl0 cells. The transformation mixture was plated onto LB agar
plates containing X-gal and IPTG to allow {or blue-white selection. Ligation of 4/ul
fragmented DNA into pUC18 was most efficient (Table 3.1), Contrary to the manufacturer’s
instructions MBN ftreatment at 37°C was found 1o be more effcctive than treatment at the
recommended 30°C, resulting in 25-fold more colonies for sonication-derived DNA

fragments.

Analysis of the inserts of 10 white colonies generated following ligation of repaired random
fragments into pUC18 indicated that they all contained an insert and that the average insert
size was 1.3 kb (Figure 3.3). Additionally each insert was of a different size indicating that
there was randonmess in the library. The remainder of the ligation was transformed into
commercially prepared Epicurcan Coli XL2-Blue MRF ultracompeten celis (Stratagene) with
2 calculated transformation efficiency of 5x10° cfu/pg pUCIS DNA, resulting in a library of
approximately 4000 clones. Although this was not a large library it was considered sufficicnt
as only 1536 colonies were required for construction of the array. The library was titled the
pUCI18-Q library, | ‘
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Figure 3.2; Size selection of sonicated or restriction endonuclease digested G231 DNA.

C231 DNA was fragmented by sonication or by incubation with Aful or Sau3A1. Some DNA
samples were then treated with MEN at 30°C or 37°C. Treated DNA was analysed by agarose
gel electrophoresis and DNA in various size ranges excised from the gel. Purified, size selected

fragments were then reanalysed by agarose gel electrophoresis. 1 kb DNA ladder was run in
the first and last lanes. Band sizes are indicated to the left of the gel.

Table 3.1: Ligation of genomib fragments into pUC18/Smal treated with BAP

Ligation Insett® White colonies’ Blue colonies”

1 Al 390 50
0.7-1.1kb

2 sonicate + MBN (30°C), 10 30
0.7-1.4kb

3 sonicate + MBN {37°C), 250 90
0.7-1.4 kb

4 Sau3A1 + MBN (30°C), 0 20
0.7-1 1kb

® A simitar amount of insert DNA was used in each ligation reaction
b Colony number from transformation of 3 ul of 10 ul ligation into a 40 yd aliquot of
electrocompetent Top10 F* E. coli.
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Figure 3.3: Analysis of plasmid inserts from the pUC18-Q library.

The library was generated by ligation of sonicated, MBN treated, size selected C231 DNA fragments
into the Smal site of pUC18. DNA was exiracted from 10 randomly picked white colonies {(1-10) then
digested with Pvull, which cuts out the insert DNA in addition to 322 bp of vector sequence. Uncut
{UC) pUC18 and 10 were run in the 2" and 14™ lanes respectively. 1 kb DNA ladder is run in the first
lane and band sizes are indicated to the left of this.

3.2.2  Griding of the pUC18-Q library and extraction of DNA from individual clones

1536 wh:tz colonies were picked from the pUCIS-Q library plates info 16x 96 well plates
containing Beaut broth. Following a 24 hr incubation to allow for bacterial growih, culiures in
these plates were used to inoculate deep-well 96 well plates containing 1.2 ml Beaut broth,
and then stored at -80°C as master plates. The deep-well plates were incubated for 24 hr with
shaking at 300 rpm. DNA was then extracted using an alkaline lysis extraction protocol that
has been adapted to the 96 well plate format (Section 2,6.3). DNA {rom the 96 well plate
cultures was stored in 96 well plates. Plates were labelied Q1 through Q16. Individual DNA
samples were given the title of the plate that they were {rom and the grid reference within that

plate, for example, Q2-F6 or Q9-AS8.

To cnswre that the recovery of plasmid DNA was sulficient and that the majority ol plasmids

contained inseris, all 96-well plate samples were analysed by restriction nuclease digestion
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Figure 3.4: Analysis of plasmid DNA from clones of the pUC18-Q library.

The pUC18-Q library was gridded inte 16x 96 welt plates and DNA extracled from each clone.
DNA was digested with Pvull, which cuts out the insert and an additional 322 bp of vector
sequence, and then analysed by agarose gel eiectrophoresis. Two representative plates are
shown, (A) plate Q6 and (B) plate Q15. 1 kb DNA ladder is run in the first lane of the 1%, 37, 5"
and 7" row of each gel.

with Pyull. Two representative plates are shown in Figure 3.4. The majorily of samples
containcd DNA. In the cases where the yicld of DNA was low this could be correlated to poor
growlh of the clone at cither of the 1wo 96-well plate growth stages. For the clones that did
grow, tnserts were detected in (he vast majority. This indicated that the blue/while screening
process was cfficicnt at identifying those clones that contained a plasmid insert. Due to the

small scale of the gel it was not possible to obtain an accurate measure of insert size.

3.2.3 Library arraying

The 1536 DNA samples were consolidated into 4x 384 well plates using a 96 pin replicator.
DNA in the 384 well plates was then replicated ento nylon membrane using a 384 pin

replicator. Each sample was replicated in duplicate such that the entire library was represented
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in 2 grids of 7x1 lcm containing 1336 spots cach. The presence of DNA on the membrancs
was demonsirated by hybridising the array with DIG labelled pUCI18 (Figure 3.5). Posilive
spots were observable for the majority of clones, indicating the presence of DNA on the
membrane. When a spot was abscnt this could generally be attributed to the lack of DNA
generaled for that clone. Additionally variations in spot intensity could be attributed 1o the
differences in the DNA concentration of the sample being arrayed. Given that DNA spot
intensity between arrays rather than on the same arrays was being compared this was not
considered to be an issue. In general the arraying of a specific DNA sample was found to be

consistent.

3.3 Probing of the array with DIG labelled C, pseudorieberculosis cDNA

In the majority of bacterial transcriptional profiling experiments the target consists of labelied
cDNA. In order to determine whether C. psendotubercrlosis gene expression could be
detected using the array system, cDNA was gencrated then labelled with DIG. RNA was
extracted from an exponentially growing culture of C. pseundotuberculosis. The RNA was
DNasel treated, then { pug of RNA was reverse transcribed using random hexamers as the
primer. A subsequent RNaseH reaction was performed to degrade the RNA template. The
c¢DNA was direcily labelled with DIG using the Roche DIG Chem-Link Labelling and
Detection Set, which chemically couples DIG to adenosine and guanosine bases via a cis-
platinum linkage (Hoevel ef ¢/, 1999). The labelled target was hybridised to the array

overnight in DIG Easy Hyb (Roche). Following stringency washes, the bound probe was

-detected using an anti DIG alkaline phosphatase (AP) conjugate and subsequent incubation

with the AP substrate, CSPD. Using such an approach 18 positives were detected (Figure
3.6). For 10 of the corresponding ciones the sequence of the insert DNA was determined. The
majority of clones coded for ribosomal RNA, with 2 corresponding 1o 168 rRNA and a further
510 23S rRNA. The remaining 3 clones had inserts coding for urease components, an ABC
transporter ATP-binding protein and proteins of unknown function respectively. That the
majority of positive clones coded for rRNA reflects that the vast majority of bacterial RNA is

of ribosomal origin and hence the majority of the cDNA in the target is complementary 1o

RNA genes.
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ined. The Figure 3.5: pUC18 positive clones of the C. pseudotuberculosis pUC18-Q DNA array.

d a further The C. pseudotuberculosis pUC18-Q DNA array was hybridised avernight with a DIG labelled pUC18 -
n AEC DNA target. Following stringent washes, the bound DNA was detected using an anti DIG AP conjugate

t the : and the AP substrale CSPD. i
RNA is
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Figure 3.6: pUC18-Q DNA array probed with DIG tabelled C. psevdotuberculosis cDNA.

C. pseudotuberculosis RNA was exiracted from an exponentially growing culture. 1 g of RNA was

reverse transcribed, then labelled with DIG and used to probe a pUC18-Q array. Bound target was
detected using an anti DIG AP conjugate and the AP substrate CSPD.
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Figure 3.7: Comparison of RNA and cDNA as an array target.

C. pseudotuberculosis RNA was extracted from an exponentially growing culture. (A} 1 pg of
RNA was reverse transcribed, then labelled with DIG and used {o probe a pUC18-Q array. (B)
3519 of RNA was DIG labelled and used to probe a pUC18-Q array. Bound target was detected

using an anti DIG AP conjugate and the AP substrate CSPD. For each array only the grid
corresponding to plates Q9 to Q18 is shown.

3.4 Optimisation of probing conditions

Given that so few positive spots were detected in the first array experiment it was necessary 10
optimise the array and probing conditions. A number of variables were tested, including

choice of substrate for the target (DNA versus RNA), and the hybridisation and detection

systems utilised.

3.4.1 RNA versus DNA as a target

Either DNA or RNA may be used as a substrate in the DIG Chem-Link system. To determine
whethier directly labelled RNA could be used as an array target its efficacy was compared to a
DNA target. 3.5 pug of C231 RNA was labelled with DIG and used in an analogous manner (o
the cDNA probe in section 3.3. Analysis of the arrays indicated that most of the same clones
were detected in each instance (Figure 3.7). It was therefore apparent that if appropriate
RiNase-free conditions were utilised it was possible to use directly labelled RNA as the target
in array probing. Given that this precluded the need to perform an RT reaction, RNA was

used as the target in all subsequent experiments.
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3.4.2 Choice of hybridisation and defection systems

The amount of labelled target that binds 10 membrane bound DNA can be influcnced by the
hybridisation conditions. in particular the hybridisation solution utilised. Two commercially
available hybridisation solutions were tested. The first was DIG Easy Hyb (Roche) which was
used in the previous experiments. DIG Easy Hyb is a non-formamide based hybridisation
solution that has been optimised for DIG based applications. The second was Ultrahyb™
Hybridisation buffer (Ambion). The manufacturer claims that this hybridisation solution
maximises sensitivity without increasing background such that with an overnight hybridisation
signal strength may be increased 20 to 50-fold over that achieved with traditional

hybridisation buffers. The array experiment described in section 3.4.1 was repeated exacily
exceot that Ultrahyb™ Hybridisation buffer was used in the place of DIG Easy Hyb as the
hybridisation buffer. Although the same spots were detected regardless of the hybridisation
solution utilised, the speed with which the positives became detectable on film was greater
when using Ultrahyb™ Hybridisation buffer, such that only a 4 hr exposurc was required
compared to a 16 hr exposure. However, exposure of the Ultrahyb™ Hybridisation buffer blot
for a longer time period did not increase the number of detectable positives, rather the

background increased slightly.

As an additional way to increase the system sensitivity a second more sensitive alkaline
phosphatase substrate was tested. The probing conditions were exactly as per the previous
experiment. Washing and DIG detection conditions were also identical except that CDP-Star
was used as the AP substrate. CDP-Star generates a luminescent signal that is approximately
10-fold more sensitive than CSPD. Upon exposure of'thc.deve]oped array to filim, it was
possible to detect strong positives within 4 min, additionally clones that had not ﬁrevious]y
been detected now came up as positives. Exposure of the array to {ilm for a longer period of

time (4 hr) led to an increase in background that made membrane analysis difficult.

To allow longer exposure periods it was necessary to optimise the DIG detection system. The
two variables that were optimised were the concentrations of the anti DIG AP conjugate and
the CDP star solution used for development. Antibody dilutions ranging from 1:20,000 to
1:100,000 and CDP-Star dilutions ranging from 1:100 (o 1:1000 were tested (Figure 3.8). An
optimal combination of antibody at 1:50,000 and CDP star at 1:500 was ultimately chosen as it
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Figure 3.8: Optimisation of the DIG detection system.

Four pUC18-0 DNA arrays (corresponding to plates Q9 la Q18 only) were probed with 3.5 ng DIG
labelled C. pseudotuberculosis RNA. Following siringency washes the arrays were cut in half (A to
H). Bound target was detected using an anti DIG AP conjugate at dilutions of {A) 1:20,000, (B)
1:35,000, (C, E-H) 1:50,000 and (D) 1:100,000. AP was detected using the AP substrate CDP-Star
at dilutions of (A-D and G) 1:500, (E) 1:100, (F) 1:300 and (H} 1:1000.

allowed for long exposures to maximise positive clone detection while minimising the level of

background.

3.43 Amount of RNA in the probe

In the majority of reported array experiments a relatively large amount of target is labelled.

To determine the effect of increasing the amount of target on the number of clones in the
library that were detected, an aitay was probed with 20 pg of DIG labelled RNA and
compared 10 an array in which approximately 6-fold less target was used (Figure 3.9).
Concomitant with the increase in target amount was a large increase in the number of positives
detected. At this stage the system was considered to be maximally optimised such that the

arrays could be used for transcriptional profiling.
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Figure 3.9: Effect of the amount of labelled RNA in the target on the number of array
clones detected,

C. pseudotuberculosis RNA was exiracted from an exponentially growing culture. 3.5 ng (A)
or 20 pg (B} of RNA was DIG labeiled and used to probe a pUC18-Q array. Bound target
was detecled using an anti DIG AP conjugate and the AP substrate CDP-Star. For each
array only the grid corresponding to plales QO to Q16 is shown.

3.5 Identification of genes regulated by heat shock

3.5.1 Optimisation of conditions for heat shock

To determine an appropriate length of heat shock in which changes in expression of
thermoregulated genes would occur, the effect of heat shock on expression of dnaK was
determined. The heat shock gene, dnuK, was chosen as the genc sequence was available and
the effect of shock on its expression had been measured in a wide variety of bacterial species,
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Figure 3.10: Regutation of dnaK expression by heat shock.

RNA was extracted from C. pseudofuberculosis control (37°C) and heat shocked samples
{37°C to 43°C) at 5, 10, 20, 30 and 60 min post initialion of the shock. 15 ng of total RNA
was analysed by Northern analysis using a DIG labelled dnaK PCR product.

A temperature increase of 6°C (from 37°C to 43°C) was chosen as it has previously been
shown that induction of the C. psendotuberculosis dnaK promoter occurs with this level of
shock (Simmons, 1997). Aliquois of an exponentially growing C231 culture (37°C) were
taken and then incubaied at 37°C for a further 10 min. Half of the aliquots were maintained at
37°C while the other half were transferred to 43°C. At 5, 10, 20, 30 and 60 min, duplicate
aliquots were removed from each temperature and RNA extracted. 15 ng RNA was run under
denaturing conditions on a 1.2% formaldehyde agarose gel and then transferred to Hybond N+
membrane in 20x SSC. The northern blot was then hybridised with a DIG labelled dnak PCR
product (primers #5 and #6). Following siringency washes, the bound DIG was detected using
an anti DIG-AP conjugate and the AP substrate CSPD and the membrane was then exposed to
film (Figure 3.10).

dnaK mRNA was not observed in non heat shocked samples. At 43°C dnaK expression was
first observed at 5 min post heat shock, the level increasing until it reached a plateau at 30
min. After one hour of heat shock the level of ¢naK mRNA had decreased below that seen at
carlicr timepoints. Given that maximal expression of dnaK was observed at 30 min, this

timepoint was deemed to be suitable for the identification of other thermoregulated genes.

3.5.2 Preparation of RNA for array probing

An ovemight culture of C231 was diluted 10 an ODgy of 0.1 then grown to an ODgop 0f 0.8.

Multiple aliquots were made and then incubated at 37°C for a further 10 min. At this time half
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\ 37°C 43°C

Figure 3.11: Analysis of RN4A prepared for the heat shock array experiment.

RNA was extracted from triplicate cultures of C231 that had been incubated continuously at 37°C or
that had been incubated at 37°C, then heat shocked at 43°C for 30 min. .2 png of each RNA sample

was analysed on a non-denaturing agarose gel.

of the cultures were transferred to 43°C. Afier a 30 min heat shock RNA was extracted from
the control and heat-treated samples. The quality of the RNA and accuracy of the RNA
quantitation was assessed on a non-denaturing a atose gel {(Figure 3.11). The presence of
discrete ribosomnal bands indicated that the RNA was relatively intact, while the evenness of

the intensity between lanes indicated that there were equivalent amounts of RNA in each tract.

3.5.3 Probing of the DNA arrays

20 g of a 37°C sample and a 43°C sample were DIG labelled and hybridised to replica arrays
at 42°C overnight. Following stringency washes the bound target was detected with an anti
DIG antibody with an AP conjugate and subsequent incubation with the AP substrate CDP-

Star. The blots were exposed to film (Figures 3.12 and 3.13).

3.54 Array analysis

The level of background on the blots made analysis of the blots using maging sofiware
difficult. Instead differences in spot pattern were identified by visual inspection. Using this
approach 17 clones were determined to be differentially regulated. The inserts of these clones
were sequenced. To assign putative gene function the scquences were analysed using a
BLAST-X search for sequence similarity to proteins in the NCBI protein databases. These
data are presented in Table 3.2. A number of clones appeared to contain concatamers as
indicated by a change in sequence similarity mid-sequence. A number of heat shock genes
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Figure 3.12: pUC18-Q DNA arrays probed with RNA derived from C. pseudotuberculosis
incubated at 37°C or 43°C.

Cells were grown continuously at 37°C, or at 37°C, then heat shocked for 30 min at 43°C. RNA
was extracted from the cells, labelled with DIG and then used to probe replica pUC18-Q DNA
arrays. Bound probe was detectad using an anti DIG AP corjugate and ihe AP substrate CDP Star.
(A) 37°C and (B) 43°C. |

were identified, including severat from the dnaK operon and cipB. A number of other genes
that are not considered heat shock genes were also identificd, for example p/d and a gene
encoding a fatty acid synthase which we have termed fus. Several genes were represented on
more than one clone, for example, dnak, dnaJ, pld and fus. However in each insta.: "¢ the

inseit sequence was not identical indicaling that these clones were not siblings.

3.5.5 Quantitation of gene regulation

As the method of selecting regulated cloncs was only semi-quantitative it was necessary {0
confirm regulation using a second approach. Additionally, a number of clones contained more

than one gene so it was necessary to determine whether each gene within the plasmid insert
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Figure 3.13: Close-up analysis of pUC18-Q DNA arrays probed with RNA derived from C.

pseudotuberculosis incubated at 37°C or 43°C,

Magnified regions of the arrays presented in Figure 3.12 are shown. Clones which were identified as

being regulated are boxed and the clone identification shown.

was regulated. RNA dot blots were initially utilised, however this approach was limited in ils
sensitivity and quantitative ability. The advent of real time PCR allowed this powerful
technology 10 be utilised in conjunction with reverse transcription to measure relative changes

in gene expression.

Real time PCR primers were designed for most of the genes of interest (Table 2.5). RNA
samples were prepared from independent bacterial cultures in the same manner as for the array
experiment. I ptg of DNase ] treated RNA was reverse transcribed using MuLV reverse
iranscriptase 10 generate cDNA which was used as a template for real time PCR. In addition
.to measurement of the mRNA of interest, 16S rRNA levels were also determined as a
normalisation control. For ecach R7 reaction a no RT control was performed in which the
reactions were identical except for the absence of RT. As expecled all of the heat shock genes
were strongly induced following heat shock (Table 3.3). Another gene which coded for a

putative maltose/maltodextrin ABC transport system permease component demonstrated a
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Tabie 3.2: Sequence analysis of clones from the pUC18-Q library that were regulated by heat shock,

Clone regulation® insert size Species and % identity” gene homology®
Qi-Fi1  up 0.8 Mycobacterium paratuberculosis, 85% dnakl
Q2-G12  down 1.9 Yersinia enterocolitica, 55% fagC (iron permease component)
C. pseudotuberculosis, 100% pld
Streptomyces coelicolor, 48% exodeoxyribontclease
Q3-C1 down 1.2 Streptcoccus pyogenes, 47% r.altose! maltodexlrin ABC transport syslem permease
Q3-B2 down 2.2 Staphlococcus aureus, 34% peptide chain release factor 3 (RF-3)
Xanthomonas campesiris, 49% proline imminopeptidase
C. pseudoluberculosis, 100% pid
E. coli, 44% fagC (iran permease component)
Q4-A3 down 1.2 Corynebacterium ammoniagenes, 71%  fas {fally acid synthase)
Q4-C2 down 1.0 Corynebacfen‘uri:r. glutamicum, 81% cytochroma ci
C. glutamicum, 72% rieske iron-suifur protein
Q4-E9 up 1.2 Corynebacterium flavescens, 78%, aspartokinase
M. paratuberciiosis, 79% dnak
Q5-E1¢ up 0.9 M. paratuberculosis, 84% dnak
Qr-C2 up 1.3 C.glutamicum, 76%, cipB
Qv7-B6 down 2.2 Mycobacterium tubercuiosis, 41%., serB2 {phosphoserine phosphatase)
M. tuberculosis, 41% hyptheticat 42.3kDa protein Rv0433
Q7-D6 up 22 Baciilus. subtilis, 50%, hvpothetical metabolite transport prolein
Q11-G1  down 0.9 C. ammoniagenes, 68%, fas {fatty acid synthase)
Q11-G7  wup 1.1 M. paratubercufosis, 75%, dnak

table continues on next page
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Clone regulation® insert size Species and % identity” gene homology®
Q12-C5 up 1.5 M. tuberculosis, 51%, dnaJ

M. tuberciosis, 57% hspR
M2-E9  up 14 -7 S. coelicolor, 32% melallopeptidase

Streplococcus pneumoniae, 63% dTDP-gluccee 4.6-dehydratase
Q13-G5 0.6 S. coelicolor, 43%, probable substrate binding protein
Q18-G1  wup 2.0 S. coelicolor, 43%, dnaJ
M. tuberculosis , GTP-binding protein LEPA (probable lepA)

2 regulation refers 1o whether clones were identified as up or down-regulated compared to 37°C following heat shock
® Sequences were scanned against the NCBI protein databases for protein homologies in all 6 reading frames using 2 translating BLAST program
(BLASTX). Proteins that showed the highest identity and the species in which this cccurred are listed.
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Table 3.3: Induction of genes following heat shock.
Cione gene fold induction®
“Qr-c2 cipB 45.73
Q12-C5, Qi2-G1  dnaJ 99 15
Q12-C5 hspR 1751
Q1-F11, Q4-E8,  dnak 12.02
Q5-E10, Q11-G7
- Q3-C1 maltose/maliodextrin ABC transporier permease 2.36
Qa-E9 aspartokinase 173 i
Q12-E9 metallopeplidase 0.90 }
Q7-86 hypothetical protein G.68 Jf‘
Q4-C2 rieske iron-sulfur protein 0.61
Q4-C2 cytochrome ¢ 0.53 P%
Q7-D6 hypothetical metabolite transport protein 0.44 * _
Q2-G12,Q3-B2  fagC (iron permease component) 0.11
Q4-A3, Q11-Gt  fas (fatty acid synthase) 0.06
02:G12,03-B2  pid 0.04 :
# fold induction was determined on RNA samples prepared in an analogous manner to those 1
used to probe the DNA array and was determined by RT-real lime PCR. ‘:’_;
A
greater than two-{old induction. This clone was originally identified as being down regulated.
However, reanalysis of the aivay showed that this may have been a false result as only one of R
the two replicates for this clone appeared to be down regulated at 43°C (Figure 3.13). Four , ?\;’“
. 4
genes that demonstrated a greater than two fold repression were identified, These coded fora ;;_
: . 4
h metalolite fransport protein, an iron permease component (fugC), a fatty acid synthase (fus)
and pld. Additionally several clones contained genes that showed less than a 2-fold change in
gene expression, suggesting that they were false positives.
3.6 Array analysis of genes regulated in a cell density dependent manner 1L
5
The observation that p/d is down regulated by heat shock led to further studies of its fi
regulation. While performing these studies (which are described in Chapter 6) it was observed ‘4
that pld expression is also regulated in a cell density Zcpendent manner such that its N
s
expression increases with increasing cell density. Given that virulence genes are ofien co- ‘ﬁ%

ordinately regulated, it is possible that other genes important for virulence may also be

83




regulated in the same manner. Additionaily. in a number of gram-positive pathogens. some
viralence determinants have been shown (o be regulated by quorum sensing. in which their
gene expression is directly related 10 the density of the bacterial population. For these reasons
attempis were made to identify genes whose expression pattern correlated with pld expression

such that they were expressed in a cell densily dependent manner.

3.6.1 Preparation of RNA for array probing

To identify density dependert gene expression RNA was extracted from cultures of three
different densities. An ovemight culture of C231 was subcultured in duplicate 10 an ODggp of
0.1 and then grown at 37°C. At 30 min, 3 hr and 6 hr, aliquots of the cultures were taken and
RNA extracted from the bacieria. At these timepoints the ODggo of the culiures were 0.186,
0.47 and 1.5 respectively. As for the heat shock experiment the integrity and quantitation of
the RNA were assessed by agarose gel electrophoresis. Additionally the density dependent

expression of p/d in these samples was confirmed by Northern analysis (Figure 6.7).

3.6.2 Probing of the DNA arrays

20 pg of the 0.5, 3 and 6 hr RNA samples were DIG labelled and hybridised to replica arrays
at 50°C overnight. Fo]lov;ring stringency washes, the bound target was detected with an anti

DIG antibody with an AP conjugate and subsequent incubation with the AP subsirate CDP-
Star. The blots were cxposed to film (Figures 3.14 and 3.15).

3.6.3 Clone analysis

The density DNA arrays were analysed in a manner analogous 10 the arrays for the heat shock
experiment. The inserts of 22 clones were sequenced and analysed for homologies 1o proteins
in the NCBI protein databases (Table 3.4). As expected spots corresponding to clones Q3-B2
and Q2-G12, which contain a portion of the pid gene, increased in intensity at the later
timepoints. A number of other clones that were identified as containing heat-regulated genes
were also identified in this study. This included clones containing sequences for fatty acid
synthase, rieske iron sulphur protein and fagC. A number of gencs whose expression may be
growth-related were identified. These included a number of ribosomal proteins, translation

initiation factor 3 and fatty acid synthase. For three of the genes, densily dependent
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Figure 3.14: pUC18-Q DNA arrays probed with RNA derived from C. pseudotubercuiosis cultures of different densities.

Cells were grown continuously at 37°C from a starting ODsgg of 0.1. At 0.5, 3 and 6 hr RNA was exlracted from the culture, labelled with DIG and then used to probe

replica pUC18-Q DNA arrays. Bound target was detect~d using an anti DIG AP conjugate and the AP substrate CDP-Star. (A)}0.5hr, (B) 3 hrand (C} 6 hr.
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Figure 3.15: Close-up analysis of pUC18 Q DNA arrays probed with RNA derived from C.
pseudotuberculosis cultures of different densities.

Magnified regions of the arrays presented in Figure 3.14 are shown. Clones which were
identified as being regulated are boxed and the clone identification shown. A, Band C
correspond {0 0.5, 3 and 6 hr culture derived probes.

expression was confirmed by RT-real time PC™. fugC and pld were up-regulated
approximately 2.5 and 5.6 fold respectively in high density cullures compared to low density

cultures whereas fus was down-regulated approximately 2.6 fold at high density compared to

low density.

3.7 Identification of C. pseudotuberculosis genes induced in a macrophage infection
model

C. psetdotubercilosis is primarily an intracellular pathogen that resides within the
macrophage. Within the macrophage C. psendotuberculosis is likely to be exposed to aliered
conditions including changed pH, reduced nutrient availability and an increased concentration
of reactive oxygen and nitrogen intermediates. In order to survive and replicate within this
environment it would be expected that significant changes in bacterial gene cxpression would

occur in comparison to bacteria cultured under nutrient rich in vitro conditions. To identily
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Table 3.4: Sequence analysis of clones from the pUC18-Q library that were regulated in a density dependent manner,
clone regulation®  species and % identity® gene homology”
Q1-C7 up Propionibaclerium freundenreichii, 80%  methyl malonyt coA carboxyl transferase
Q2-A2 down Mycobacterium leprae, 82% DNA-directed RNA polymerase bela chain
Q2-D10  down M. tuberculosis , 79% translation intitiation factor {F-3,
M. tuberculosis , 63% 508 ribosomal protein L35
Q2-G5 down C. glutamicum, 70% 5085 ribosomal protein L11
C. glutamicum, 70% 508 ribosomal protein L1
Q2-G12  up Y. enterocolitica, 55% fepC (iron permease component)
C. pseudotuberculosis, 100% pld
Streptomyces coelicolor, 48% exodeoxyribonuclease
Q3-B2 up S. aureus, 34% peptide chain release factor
Xanthomonas campestnis, 49% proline imminopeptidase
C. pseudotuberculosis, 100% pld
E. coli, 44% fepC (iron permease component)
Q3-B3 up Neisseria meningitis, 47% nor {nitric oxide reductase)
Q4-A3 down C. ammoniagenes, 71% fas (fatty acid synthase)
Q4-E5 up C. flavescens, 78%, aspartokinase
M. paratuberculosis, 79% dnak
Q4-G4 up C. glutamicum, 81% rieske iron-sulfur protein
C. glutamicum, 86% cytochrome B subunit
Q5-Co up Y. enterocolitica, 53% fepC (iron permease component)
E. coli, 54% - fep (iron permease component)
Q5-D1 up 3. coelicolor, 53% putative reductase flavoprotein subunit

table continues on next page
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species and % identity”

gene homology®

clone regulation®
QB-AS up Lactococcus lactis, 29% maltose ABC transporter permease protein
06-D3 up M. tuberculosis, 3% pepD (aminopeplidase)
Q6-E1 down C. glutamicum, 70% preprotein translocase secY subunit
Q6-H7 down M. tuberculosis, 57% hypothetica! ABC fransporier
QO-Ch Clostridium pasteurianum, 50% pfl (formate acelyl \ransferase)
Q10-A12 down M. leprae, 32% hypothelical secreted protein
M. leprae, 62% phosphoserine aimnotranslerase
Q10-B11  up Cavia porcellus, 24% anign exchange prolein
Q10-C7  down M leprae, 55% Ribonuclease [l
M feprae, 53% formamidopyrimidine-DNA glycosylase
M. tuberculosis, 36% hypothetical protein Rv2926¢
Q10-B8 Zymomonas mobilis, 60% pfl (formate acetyl transferase)
Q11-B11  up 8. coelicolor, 7% phosphoglycerate mutase

@ regulation refers to whether clones ‘vere identified as up or down-regulated in a high density culture compared to a low density culture.
® Sequences were scanned against the NCBI protein databases for protein homologies in all 6 reading frames suing a translating BLAST program

{BLASTX). Proteins that showed the highest homotogy and the specias in which this occurred are listed.
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macrophage regulated genes it was first necessary to establish a suitable infection modcel.
Secondly, a protocol for the extraction of bacterial RNA from an infected tissue culture

monolayer necded 10 be developed. Finally DNA arrays were probed with macrophage
derived bacterial RNA.

3.7.1 Establishment of a macrophage infection model

Atissue culture cell system using the gentamycin survival assay (Elsinghorst, 1994} is a
commonly used infection model. In this assay the antibiotic gentamycin, which is unable to
cross the eukaryotic plasma membrane, is added to monolayers of eukaryotic cells that have
been experimentally infected with bacteria. Due 10 its specific location gentamycin kills
extracellular but not intracellular bacteria. Therefore, researchers can be sure that they are

studying bacteria that have been internalised by the eukaryotic cells.

In order to establish this assay J774 macrophages were infected with C. pseudotubercilosis
and the number of viable bacteria remaining within the macrophages was determined at
various times post-infection by performing bacterial counts. Additionally the interaclion
between the bacteria and the macrophages was monitored by fluorescence microsceny using a
gfp expressing strain of C. pseudotuberculosis. In order to confirm that the bacteria detected
were intracellular, rather than for example extracellular but associated with the plasma
memibrane in a way that protects them {rom antibiotic, an assay was performed in which

phagocytosis of the bacteria was prevented by incubation of the monolayer at 4°C.

18 Irr prior to infection macrophages were plated in 6 well plates at 5.5 x 10° cells per well.
The macrophages were infected with C. psendotubercidosis at a multiplicity of infection
(MOI) of 4 and MOI 16 for 1 hr. After this time the cells were washed thoroughly in PBS and
gentamycin-containing media was added to the cells. For half of the cells phagocytosis of the
bacteria was prevented by preincubating the macrophages at 4°C for 20 min, then using cooled
solutions and incubating the cells at 4°C until 3 hr post infection. At this timepoint the cells
were returned to 37°C. At various timepoints the macrophage monolayers were lysed to
release bacteria from the macrophages and then sonicated to disrupt bacterial clumps. Lysates
were serially diluted then plated on BHI agar. After 48 hr at 37°C the number of colonies was

determined (Figure 3.16). Incubation at 4°C greatly reduced the number of bacteria
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Figure 3.16: Infection of J774 macrophages with C. pseudot: © areulosis,

J774 macrophages were infected with C. pseudotuberculosis at MOL 4 (A) and MOI 16 (B) for 1 hr.

IR 1 hr
After this time the cells were washed and gentamycin containing media added to the cells. For some

or soine

cells phagocylosis of the bacteria was prevented by pre-incubating the macrophages at 4°C for 20 min, B for 20 min,
then using cooled solutions and incubating the cells at 4°C until 3 hr post infection. At various time s time
points the macrophage monolayers were lysed and sonicated to release then diéru;)t bacterial clumps.

Lysates were serially diluted then plated on BHI agar. After 48 br at 37°C the number of colonies wa
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Figure 3.17: infection of J774 macrophages with gfp expressing C. pseudotuberculosis.

J774 macrophages were iniected at MOI 5 with C231(pSM22) at either 4°C or 37°C. 4°C
samples were maintained at this temperature until 3 hr post infection at which time they were
transferred to 37°C. At 1, 4 and 6 hours post infection cells were fixed in paraformaldehyde,
counterstained with propidium iodide and viewed using an Olympus BH-2 fluorescence
microscope. Images were taken with an Qlympus C-35AD-4 camera.
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phagocytosed by the macrophages. This is apparent at both MO1 with approximately 6 and
3.5-fold fewer bacteria being taken up at MOT 4 and MOI 16 respectively. For samples
incubated at 37°C the bacteria could be seen to be replicating within the macrophages as
determined by increased bacterial cell counts at later timepoints. The rate of bacterial

replication appeared to be slightly greater in cells infected at MOI 16 than MOI 4.

To monitor the experiment visually a similar approach was 1aken cxcepi that the macrophages
were plated on glass coverslips li1al had been placed on the bottom of the wells of 6 well
plates. A gfp expressing strain of C. pseudotuberculosis termed C231(pSM22) was utilised
(Section 4.9.3). The infection experiment was performed exactly as for the first experiment
using a MOI of 5. At various timepoints the coverslips were removed from the 6 well plates,
fixed, permeabilised then counterstained with propidium iodide. Mounted coverslips were
viewed by fluorescence microscopy {Figure 3.17). Afier infection for [ hrat 37°C a
proportion ot macrophages were infected with one or more bacteria. At later limepoinis the
number of clumps of bacieria tended to remain constant however the number of bacteria in
each clump tended to increase which is indicative of bacterial replication. A14°C the number
of bacteria phagocytosed by the macrophages was less and the rate of replication of those
bacteria that were phagocytosed was less as indicated by reduced numbers of bacteria in the

bacterial clumps observed at the later timepoints.

The macrophage infection model was used extensively throughout experiments described in
this thesis. Although the basic principle of the assay always remained the same modifications
were made depending on what type of experiment was being performed. In particular the

MOI used and the experimental timepoints were altercd depending of the-experimental aims.

3.7.2 Preparation of bacterial RNA for array probing

20 g of bacterial RNA is required for probing an array. In order lo generate sufficient
bacterial RNA from an infected monolayer it was necessary {o perform large scale infections
using a high MOI. For infection experiments J774 cells were plated in 100 mm dishes at 1.2
x107 cells/dish, 18 hr prior to infection. Exponential phase bacterial cultures were sonicated to
break up clumps and then added to the monolayer at 2 MOl of 60. Foilowing an invasion

period of 1 hr the bacterial suspension was removed from the cells, the cells washed 3 times in

a3




Figure 3.18: Analysis C. pseudofuberculcsis RNA extracted from infected J774

macrophages by agarose gel electrophoresis,

Macrophages were infected at MOI 60 with C. pseudofuberculosis. At 6 hr posl infection
the monolayer was lysed, collected by centrifugation and bacterial RNA exiracted (B and
C). RNA was extracted in the same manner from uninfected macrophages (A) and from
bacteria grown for the same period of time in DMEM (D). J774 macrophage RNA was also
extracted and analysed (E). For each sample 2 pg of RNA was analysed on a non-
denaturing agarose gel. The size of the bacterial and evkaryotic ribosomal bands is
indicated to the left anc i 1? of the ge! respectively. The identity of the high molecular
weight band (?) present in iznes B to D is not known. It may correspond to a
conglomeration of rRNA molecules or a pre rRNA species. This band is also seen in RNA
samples analysed in Figure 3.11.

phosphate buffered saline (PBS) and then DMEM containing 100 pug/ml gentamycin was
added. After a further 5 hours the monolayer was washed in ice-cold PBS and then lysed to
release the bacteria by the addition of 3 ml of ice-cold 1% (v/v) Triton X-100 in PBS.
Following 2 5 min incubation the monolayer was scraped 1o dislodge attached cells,
transferred to a 10 ml tube and pelleted by centrifugation. The supernatant was removed and
RNA extracted from the pellet. To generate the in vitro control sample, the same number of
bacteria were inoculated into 8 ml DMEM in a 100 mm dish at the start of the experiment.
After 6 hr the bacieria were collected by centrifugation and RNA extracted, By performing a
cell count on the monolayer lysate it was cstimated that at the 6 hr timepoint there were
approximately 75 bacteria per macrophage. To ensure that the extrac’ion procedure isolated
predominantly bacterial rather than macrophage RNA an identical extraction procedure was
performed on uninfecied J774 cells, This yielded an essentially undetectable amount of RNA.,

In addition when the RNA extracted from infected monolayers was run alongside J774 RNA

on an agarose gel it could be clearly seen that the ribosomal bands in the two samples were of
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Figure 3.19: plJC18-Q DNA arrays probed witis bacterial RNA derived from J774
macrophages infected with C. pseudotuberculosis.

J774 macrophages were infected with C. pseudofubercufosis at an MO) 60 and an equivalent
amount of bacteria was also inoculated into DMEM. After 6 b bacterial RNA was extracted from
ihe infected manolayer and the DMEM culture. RNA was labelled with DIG and then used o

probe replica pUC18-Q DNA arrays. Bound larget was detected using an anfi DIG AP conjugate
and ihe AP substrate CDP-Star. (A) macrophage infected and (B) DMEM control.

different sizes reflecting the differences in prokaryotic and eukaryotic ribosomal RNA (Figure
3.18). Additionally this analysis showed that it had been possible ta extract relatively good

quality bacterial RNA from the infected macrophage monolayer.

3.7.3 Probing of the DNA arrays

Replica arrays were probed overnight at 50°C with 20 pg of DIG labelled RNA derived either
from infected macrophages or from C. pseudotuberculosis C231 grown in DMEM. Following
stringency washes the bound target was detected with an anti DIG antibody with an AP

conjugate and subsequent incubation with the AP substrate CDP-Star (Figures 3.19 and 3.20}.
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Figure 3.20: Close-up analysis of pUC18 Q DNA arrays probed with bacterial RNA
derived from J774 macrophages infected with C. pseudotuberculosis.

A magnified region of the arrays presented in Figure 3.19 is shown. Clones which were
identified as being regulated are boxed and the clone identification shown. A and B
correspond to DMEM controt and macrophage infected respectively.

3.7.4 Clone analysis

The inserts of 25 clones that may have been differentially regulated were sequenced and
putative gene function assigned (Table 3.5). All of the clones that had been identified during
the heat shock experiment as containing heat shock genes were again identified as up-
regulated clones. However, none of the other genes that had been shown to be
thermoregulated were identified as being macrophage regulated. A number of clones
containing genes involved in metabolic functions, iron homeostasis and protection against
microbicidal agents were identified. Additionally 2 number of hypothetical genes {or which

no gene function has been assigned were also identified.

3.7.5 Quantitation of gere regu'ation

Real time PCR primers were designed for cach of the genes of interest (Table 2.5). Reverse
transcription and real time PCR were performed in an analogous manner as for the heat shock
study. The majority of genes listed in Table 3.5 were analysed. As indicated by their
expression on the macrophage infected RNA, the heat shock genes showed the greatest
induction (Table 3.6). A number of other genes were also up-regulated, but to a much smalier
degree. These included a putative metallopeptidase, an acetyl coA carboxylase subunit, a 50S

ribosomal protein and a member of the universal stress protein family, A number of other

’
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Table 3.5: Sequence analysis of clones from the pUC18.Q library that were regulated following macrophage infection.

Cione regulation’ insert size  Species and % identity” gene homology®
Q1-D10 down 1.1 C. glutamicum, 56% ABC-type cobalamin/ Fe™" siderophore permease component
Thermologa maritima, 43% hypothetical iron {Ill} ABC transporter
Q1-F11 “up 0.8 M. paratuberculosis, 85% dnaK
Q2-B10 up 0.9 no significant homologies
Q2-C1 down 1.5 Haemophilus influenzae, 68% plt ( formate acetyl ransferase)
Qz2-D10 up 1.0 M. tubercufosis , 79% transiation initiation factar IF-3
M. tuberculosis , 63% 508 ribosomal protein L35
Q2-G5 up 1.2 C. glutamicum, 70% 5085 ribosomal protein L1
C. glutamicum, 70% 5085 ribosomal protein L1
Q3-83 down 1.1 N. meningitis, 47% nor {nitric oxide reductase)
Q4-C2 down 1.0 C. glutamicum, 81% cytochrome ¢
C. glutamicum, 72% rieske iron-sulphur protein
Q4-E5 up 1.9 C. flavescens, 78%, aspartokinase
M. paratubercilosis, T9% dnaK
Q4-G4 down 0.9 C. glutamicum, 81% rieske iron-suiphur praotein
C. glutamicum, 86% cytochrome B subunit
Q5-E10 up 0.9 M. para!ubercufosfs. 84% dnak
Q7-C2 up 1.3 C. ghitamicum, 76%, clpB
Q8-F11 down 3.0 Saccharopolyspora erythraea, 37% putative lysozyme
Staphylococcus aureus, 49% hexose phosphate transport protein
Q9-Cs down 0.8 Clostridium pasteurianum, 50% pfi ( formate acetyl transferase)
Q10-B8 down 1.2 Zymomonas mobilis, 60% pf ( formate acelyl transferase)

table continues on next page
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Clone regulation’ insertsize  Species and % identity’ gene homology”
Q10-B11 down ND Cavia porceflus, 24% anion exchange protein
Q10-G2 up ND C. glutamicum, 76% homoserine kinase
C. glutamicum, 75% phosphoenol pyruvate sugar phosphatase
Q11-F6 down 1.5 M. tuberculosis, 64% ipdA (dihydrolipoamide dehydrogenase)
Q11-G7 up 1.2 M. paratuberculosis, 75%, dnak
Q12-C5 up ND M. tuberculosis, 51%, dnad
M, tuberculosis, 57% hspR
Q12-E9 up 1.1 Streptomyces coelicolor, 32% metallopeplidase
Straptococcus pneumoniae, 63% dTDP-glucose 4,6-dehydralase
Q13-89 down 2.0 C. glutamicum, 94% Hypathetical protein {metallo-beta-lactamase superfamily)
S. coelicolor, 48% aminopeptlidase
Q15-A3 up 1.3 M. tuberculosis, 62% sodC (Cu,Zn superoxide dismutase)
C. glutamicum, 54% accl) {(acetyl CoA carboxylase)
Q15-G3 up 4.0 C. diphtheriae, 100% chrA (heme response regulator}
B B. subtilis, 27% Conserved hypothetical protein
Q16-A7 up 2.0 Clamydophita pneumoniae, 31% Conserved hypothelical protein

M. tuberculosis, 67%

hypolhetical protein Rv2026¢ {universal stress protein family)

? regulation refers to whether clones were identified as up or down-regulated following macrophage infection (compared to DMEM grown control).
® Sequences were scanned against the NCBI protein databases for protein homologies in all 6 reading frames using a transfating BLAST program,

{BLASTX). Proteins that showed the highest homology and the species in which this occurred are listed.

ND {not determined).




r
ND (not determined}.

28
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Table 3.6: Induction of genes following macrophage infzction.

Clone gene fold
induction®
Q12-C5,Q12-G1  dnaJ 117
Q1-F11, Q4-E9,  dnaK 93
Q5-E10, Q11-G7
Q7-C2 clpB 87
Q12-C5 hspR 35
Q12-E9 metallopeptidase 4.6
Q2-G5 508 ribosomal protein L11 422
Q15-A3 accD (acetyl CoA carboxylase) 3.39
Q10-B11 Low homology to anion exchanger (long ORF) 3.23
Q16-A7 conserved hypothetical prolein Rv2026¢ (universal stress 30
protein family)
Q2-B10 hypothetical protein 25
Q15-G3 chrA (heme response regulator) 234
Q11-F6 IpdA (dihydrolipoamide dehydrogenase) 1.91
Q15-A3 s0dC {Cu,Zn Superoxide dimutase) 1.77
Q2-D10 translation initiation factor IF-3 1.5
Q4-C2, Q4-G4 rieske iron-sulfur protein 0.96
Q10-G2 homoserine kinase 0.95
Q13-B9 aminopeptidase 0.87
Q3-B2, Q2-G12 pld 0.84
Q13-B9 hypothetical protein 0.67
Q4-C2 cytochrome c1 0.57
Q10-G2 phosphoenol pyruvate sugar phosphatase 0.4
G3-83 nor (nitric oxide reductase) 0.39
Q8-F11 hexose phosphatle transport protein 0.24
Q2-C1, Q9-C5, pil {formate acetyl transferase) 0.23
Q10-B8
Q1-D10 ABC-type cobalamin/ Fe* siderophore permease 0.14

component

Tfold induction was determined on the same RNA samples as those used to probe the DNA

array and was determined by RT-real time PCR.
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aenes were down-regulated including gencs encoding an iron permease homologue. formate
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acety] transferase and a hexose phosphate transport system.

3.8 Discussion

Transcriptional profiling on a macro scale was suitable for the identification of regulated
genes of C. pseudomberculosis. In particular genes that were thermoregulated, expressed i a
cell density dependent manner or regulated during macrophage infection were identified.
Although the DNA array utilised in this study was not representative of the entire genome, a
sufficient number of regulated genes were identified to provide some information regarding

gene regulation in C. pyendotuberculosis and 10 provide candidate genes for further study

{Chapters 5 and 6).

The DNA array contained 3072 spots, corresponding to 1536 clones. DNA was however not
successfully extracted from all clones, thus the size of the array was reduced by approximately
8%. The size of the C. pseudonberculosis genome is unknown, however is likely to be
similar to other corynebacterial species. The chromosome sizes of C. glutamicum and B.
lactofermentum are each approximately 3.1 Mb (Coireia et al., 1994;Bathe et «l., 1996) while
the C. diphtheriae genome is approximately 2.5 Mb (fip://ftp.sanger.ac.uk/pub/cdip).
Assuming that the genome size of C. pseudotuberculosis is also approximately 3.1 Mb, and
that the average insert size is 1.3 kb, then the library represents an approximately 0.6-fold
coverage of the genome. Many of the clones sequenced contained plasmid inserts that
appeared o contain more than one DNA fragment suggesting that concatamers had formed
during the ligation process. The formation of concatamers may have been enhanced by
performing the ligation in the presence of polyethylene glycol 6000 (PEG), which is present o
increase the ligation efficiency (Hayashi ez «f., 1986). The necd for an arrayed random library
to have several times coverage of the genome for it to be representative was demoustrated by
the redundancy of the generated array. This was observed as a number of genes oeing
represented on two or more clones, for example dnaK and pld. Similarly other heat shock
encoding genes, such as gro£L and grp£, that would be expected to be regulated were not

identified, presumably because there was no corresponding clone in the small arrayed library.
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An initial problem with the developed array system was the lack of system sensitivity, This
was reflected in the relatively few positives detected when using small amounts of RNA in the
target. This is a problem inherent with all array experiments performed on bacterial genomes
and stems from the inability to casily enrich for the mRNA population. The usual manner in
which this is overcome is to use a large amour* ~“target. Alternatively when the genome
sequence is known a reverse transcriptase reaction primed by sequence specific primers may
be utilised. Removal of rRNA from total RNA using magnetic beads tagged with antisense
rRNA sequences has been reported (Plum and Clark-Curtiss, 1994), but in genera! this type of
approach has not been adopled by the scientific community for transcriptional profiling

experiments.

In addition 1o increasing the amouni of target used during hybridisation steps other
modifications to the system were made 1o increase the system sensitivity. In particular the
choice of hybridisation solution and AP substrate was found (o be imporiant for attaining
maximal sensitivity. The only labelling system utilised was direct labelling of the target with
DIG. Radioactively labelled target hybridised to nylon macroarrays has been shown to be at
least as sensitive as fluorescently labelled cDNA hybridised to glass microarrays (Granjeaud et
al., 1999;Bertucci ef al., 1999). Itis therefore likely that the use of a radioactive label in this
system would have increased systemn sensitivity, Given the occupational health and safety
risks assoctated with working with and storing radioactive materials this approach was not
attempted, Also DIG labelled RNA or DNA can be slored and used over a long period unlike
radioaciive probes which are subject to degradation and loss of specific activity in a relatively
short time period. An advantage of the DIG system utilised in this study was that the RNA

could be directly labelled avoiding the need to p2riom a reversc transcriptase reaction.

Analysis of gene expression during heat shock identified 5 genes that were up-regulated and 4
genes that were down-regulated. All but one of the genes identified as being up-regulated
belonged to the heat shock gene family. dnaK, dnaJ and hspR form part of the dnak operon.
In other closely related bacterial species the gene grpE is also found in this operon such that
the gene order is dnaK, grpE, dnaJ and hispR. Sequencing across the dinaK-dnaJ region did
indeed show that gip£ was located between these genes in C. psendotuberculosis (data not
shown), thus indicaling that the dnaK operon has the same gene order as in other gram-

positive organisms such as Mycobacterium and Streptomyees (Cole ef af., 1998:Servant and
101




Mazodier. 2001). The first three genes of the operon code for proteins wth chaperone

function, while the last, ispR is a regulatory protein.

Two types of regulation of the drak operon have been described. In gram-negative species
such as E. coli gene expression is transcriptionally activated by the alternate sigma factors, o
or o& (Wosten, 1998). The other type of regulation described involves transcriptional
repression. Two types of system have been described. The first is the CIRCE/HrcA system of
repression in which the repressor protein HrcA (heat regulation of CIRCE} binds to inverted
repeats (termed Qontrdlling Inverted Repeat of Chaperorie Expression) found in the promoter
regions of heat shock genes (Narberhaus, 1999). This type ol regulatory system has been
observed in a diverse range of eubacteria, including some gram-positive organisms
(Narberhaus, 1999). The CIRCE element has been observed upstream of a number of
different heat shock genes including dnaK, groESL and clpB. hred is generally the first gene

of the dnaK operon.

The second type of transcriptional repression involves the negative regulator HspR, which acts
with ™nak as a co-repressor of the dnaK operon. Control of dnaK operon expression by
HspR has been described in Strepromyces albus G (Grandvalet ef al., 1997), Strepiomyces
coelicolor (Bucca et al., 1997) and M. tuberculosis (Stewart et af., 2001). In each case the
gene order is as has been observed in this study for C. psendotubercitlosis, Two or more
inverted repeats have been identified in the dnak promoter region of these species that have
been termed HAIR (for HspR associated jnverted repeat). A model has been proposed in
which DnaK and HspR bind together and act as the functional repressor at the HAIR sites.
Repression is released following heat shock as DnaK now binds preferentially to denatured
proteins, thereby releasing the repression of transcription and thus leading {o an increase in the
amount of detectable dnaK mRNA.

Sequence upstream of the dnak gene of C. pseudotuberculosis has previously been identified
(Simmons, 1997). Analysis of this sequence reveals the presence of two regions with
homology to the consensus HAIR motif (Figure 3.21). It therefore seems likely that a similar
mode of regulation of expression of the dnaK operon occurs in C. pserdotubercuiosis as in
Mycobacteria and Streptomyces. Additionally a region with high homology to the consensus
E. coli 6" promoter region has been identified (i.e. 4/6 and 5/6 at the —35 and 10 regions with
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1 ctggcggaaa tagaagattt taaaaaaatt gagtctagtg ggaacaactt
51 tgcgtgagat gtcgttatgg atagtgtcag gttgagtgac acgegeteaa

101 gatatctggt aagttcfttca ctltgtagttg gacggteccg tgag
151 tecgacgtcag tecaactttag gtaaaacgtt aaaaatacaa ccaaacaccc

201 aggaegqgacat cac atg gga cgc cca
M G R P

Figure 3.21: The HAIR motifs of the C, pseudotuberculosis dnak promoter region.

The dnaK promoter was cloned by Simmons {1997). Regions that show homolegy to the E. cofic™
consensus —35 (TTGACA) and -10 (TATAAT) regions are boxed. A putative ribosome binding site
is undertined. Amino acid sequence corresponding to the first four codons is indicated by the single
letter amino acid code. Sequences that show homology to the consensus HAIR motif (5'-
CTTGAGT-N7-ACTCAAG-3') (Grandvalet ef al., 1999) are bolded.

a spacing of 18bp) (Simmons, 1997). This further supports (hat expression of the dnaK
operon is controlled by the normal ¢ factors and that repression is then applied to prevent

inappropriate gene expression.

The other heat shock gene identified was ¢fpB. ClpB belongs to the family of proteins called
the Clp ATPases. As with the dnaK operon proteins, these proteins show a high degree of
conservation across prokaryotic and eukaryotic species and are induced at high temperature
and under a variety of other stresses such as oxidative stress and high salt concentration. Ina
number of in vitro studies ClpB has been shown to interact with DnaK, GrpE and Dnal to
suppress and reverse protein aggregation (Zolkiewski, 199%;Mogk et al., 1999;Motohashi ef
al., 1999). In Streptomyces and M. tuberculosis, clpB belongs to the iispR regulon as indicated
by the presence of HAIR sequences in its promoter region. The sequence contained in clone
Q7-C2 corresponds to an internal portion of the ¢c/pB gene. Therefore to determine whether
this was also the case for C. pseudotuberculosis it would be necessary to first clone and then

sequence the ¢/pB promoter region.

The majority of other thermoregulated genes were down-regulated by heat shock. The three

most down regulated genes were pld, fas and a third encoding an iron permease component.
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The observation that the major virulence determinant of C. pscudonberculosis was down
regulated by heat shock was a novel finding. However, given that expression of virulence
determinants is ofien tightly regulated, it is perhaps not surprising. Given that Pld is the major
virulence determinant, further studies characterising its expression were performed. These
studies are described in Chapter 6 and as such the functional significance of thermoregulation

of pid expression is discussed there.

Immediately downstream of the pid gene but on the complememary strand is a gene coding for
a protein with homology 10 an iron permease component found in £. coli (Ozenberger et al.,
1987) and Yersina enterocolitica (Schubert er al., 1999) termed fepC. In these bacteria FepC
along with the integral membrane proteins FepG and FepD comprise an enterobactin transport
permease, In E. coli fepC along with fepG and fepD are likely to comprise an operon and as
such, regulatory elements, including iron responsive ones, have been found upsiream of fepD.
The gene orderin the operon is DGC. Immediately upstream of the C. pseudotuberculosis
fepC homologue was located a second gene that showed homology to the £. coli fepG,
indicating that the same gene order may exist in C. psendotuberculosis asin E. coli, Wh'
writing this thesis, C. pseudoiuberculosis sequence vpsiream of that generated during th. .
study became available in GenBank. Four putative genes downstream of p/d have been
identified and termed fagd, fugB, fagC and fugD. The first three are on the strand
complementary to p/d, while fugD is located on the same strand. The order of the first three
genes appears to be the same as in £. coli such that fugd, fagB and fugC correspond to fepD,
JepG and fepC respectively. Based on sequence homology it is likely that fagD is a
homologue of a gene found in £. coli termed fepB and is likely to code for a periplasmic
binding protein that acts as the high affinity binding protein for the system. Also identified
within the C. pseudotuberculosis sequence was a DIXR consensus sequence that lay between
the divergently transcribed fag4 and fagD genes. DUxR is an iron regulated transcription
factor that represses gene expression in the presence of iron. DixR was first identified in C,
diphtheriae as a regulator of diphtheria toxin production, however homologues have
subsequently been identified in a number of gram-positive bacteria. The presence of this site
within the regulatory regions of these genes is unsurprising as many genes involved in iron

homeostasis are metabolite regulated.
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Corynebacieriun possess a complex cell wall structure, and as such needs to be able to
synthesise fatty acids for its maintenance. Most bacieria have only one faity acid synthase
{FAS), however some gram-positive bacteria have at least two. Two types of fatty acid
synthase have been defined. The first is type I FAS (FASI), which is a multidomain enzyme
that encodes all the activities required for faity acid biosynthesis on a single large polypeptide.
Type 11 FAS (FASII), the other type of FAS, consists of a series of independent enzymes. In
some cases FASII uses FASI products as a substrate, such as in the preduction of mycolic

acids by mycobacteria (Kremer ef of., 2000).

The FAS identified in this study shows homology to FASI. Studies of the closely related C.
ammoniagenes have indicated that this species contains two FASI genes, which have been
termed fusA and fasB (Stuible ef al., 1996). The C. psendotubercrlosis FAS identified shows
greater homology to FasB than FasA protein (71% identity compared to 54% identity). In C.
ammoniagenes FasA is predominant. Additionally strains in which fusB has been inactivated
are phenotypically wild type whereas fas4 mutants require oleic acid for growth (Stuible et al.,
1996). Thus the role of FasB in fatty acid synthesis is not entirely clear, however it may
synthesise a subset of fally acids that are not essential for survival under /n vitro conditions.
Whether C. pseudotiberculosis contains more than one FAS remains to be determined. To
determine if, as in C. ammoniagenes, the C, pseudotuberculosis FAS plays a minor role in
fatty acid biosynthesis it may be necessary to generate mutant strains and test for attenuation.

Additionally purified protein could be generated and ils enzymatic activity tested in vitro.

The identified thermoregulated genes belonged to a number of functional groups. The role of
the heat shock proteins during thermal stress is well understood and primarily involves the
prevention or reversal of heat-induced protein denaturation and aggregation that may be lethal
to the cell (Lund, 2001). Modulation of membrans composition in response to temperature is
a common theme for all organisins, allowing the maintenance of membrane fluidity
(Magnuson ef af., 1993) and biochemical activity within the bilayer (Kremer et ¢/, 2000). It
is therefore likely that the observed change in gene expression of C. pseudotuberculosis Jas
occurs to mediate this type of response. Additionally the expression of genes involved in fatty
acid biosynthesis-has been observed to decrease in response o reduced ccli growth rate (Oh-
Hashi et «/., 1986:Magnuson ef al., 1993), presumably as a mechanism of ensuring that an

appropriate amount of fatty acid is produced. Given that the growth rate of C,
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pseudotuberculosis is reduced at 43°C compared to 37°C. the reduced expression of fus could

also be growth rate related.

Expression of proteins involved in iron acquisition is ofien tightly regulated such that they are
only expressed in low iron concentration environments. Typically, this involves negative
regulation by the iron-regulatory proteins Fur or DIxR (Braun and Killmann, 1999).
Regulation by other mechanisms is much less common; however there have been some reports
of thermal regulation of iron transport and homeostasis genes. These include a four gene
operon of Group A Streptococcus which codes for the components of a fervichrome transport
system that is up-regulated at 40°C and 29°C compared to 37°C (Smoot ef al., 2001) and
several genes invﬂolvcd in iron transport and storage in Yersiniu pestis (Konkel and Tilly,
2000). Both of these pathogens are exposed to a range of temperatures during their infection
cycle. It has been suggested that at the more extreme temperaiures the availability of iron is
less, hence repression of expression is removed. It is unlikely that C. pseudotuberculosis is
exposed to long periods of thermal stress during its infection cycle. Firstly the route of
infection is typically from the contaminated aerosols of one animal to the skin of a second
(Ellis et al., 1987;Paton ef al., 1995) and secondly although experimental infections are
associated with a transient increase in temperature, this is not maintained {or more than a few
days (Pepin ez al., 199ib). Given this, the biological implications ol down-regulation of an

iron siderophore system during heat-shock are not clear.

A number of genes were also identified that were expressed in a culture density dependent
manner. Regulation was confirmed by RT-real time PCR for pld, fugC and fas. Each of these
genes was also thermoregulated, indicating that they are regutated by multiple mechanisms. A
number of other genes were also identified, however, regulation was not confirmed at the
RNA level by an independent method. A number of genes whose expression would be
expected to be related to the growth rate of the cells were identified. In addition to fas, this
included genes found on the two clones Q2-D10 and Q2-GS which code for 508 ribosomal
proteins L1, L11 and L35, in addition to translation initiation factor-3 (IF-3). A transcriptional
profiling experiment of E. coli grown in rich medium or minimal medium has shown that of
the 55 genes that encode ribosomal proteins, 42 were expressed more highly in the rich media
(Tao et al., 1999). Given that ihe bacteria undergo more rapid growth in rich mediz this is

likely to be a growth rate effect. That these gencs were identified as being down regulated at
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high cell density is indicative that the rate of growth of the C. pseudotubercidosis culture has

decreased at 6 hr in comparison to the carlier timepoints.

A macrophage infection model was successfully established, allowing the interaction between
C. pseudotubercudosis and host cells to be studied. Additionally this study was successful in
extracting bacterial RNA from the infected monolayer that was largely free of host RNA. In
order 1o obtain a sufficient amount of RNA for array probing it was necessary 1o infect at a
high MOI and use a relatively late timepoint post infection. The consequence of this is that
genes that may be transiently expressed, for example, during phagocyosis of the bacteria
would not be identified. The approach was however successful in identifying a number of
macrophage induced genes. Genes belonging to the heat shock family showed the greatest
degree of regulation. A number of other genes that were up-regulated were also identified,
however the degree of regulation was small compared to that observed for the heat shock

genes. A number of down-regulated genes were also identified.

The expression of heat shock genes of bacterial pathogens has been observed to be up-
regulated following host cell infection with other bacterial species, including following
infection of the hmman epithelial cell line, McCoy A with Staphviococcus anreus (Qoronfieh
et al., 1998) and 1774 macrophages with Safmonella (Duchmeier and Hef(ron, 1990) or
Yersinia enterocolitica (Yamamoto ef al., 1994). Thus the observaltion that heat shock genes
of C. pseudotuberculosis were strongly up-regulated is concordant with these studies. That a
similar response occurs in the animal host is suggested by the observation that heat shock
proteins are immunodominant antigens for a number of infectious organisms including M.
leprae, M. tuberculosis (Young et al., 1988), Legionella pneumophilia (Hoilman et al., 1989),
S. aureus (Qoronfleh et al., 1993), S. typhi (Tang et al., 1997) and Leptospira (Guerreiro et al.,
2001). Although heat shock genes are up-regulated during infection, their precise role in
virulence is at this stage not well defined. Presumably expression of heat shock proteins by
intracellular pathogens provides protection against stresses such as changes in pH and
osmolarity and protein damaging agents in a manner analogous to that observed in in vitro
models. Additional roles for some of the heat shock proteins have also been defined in studies
using mutant strains. For example, Dnal< has been implicated to play a role in phagocytosis of

L. monocytogenes by macrophages (Hanawa et al., 1999).
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A key microbicidal mechanism of activated phagocytic cells is the production of reactive
oxygen intermediates (ROI) and reactive nitrogen intermediates (RNT). Activation ol
phagocytic cells leads to a respiratory burst in which superoxide is produced and the up-
regulation of inducible nitric oxide synthase (iNOS)synthesis occurs, leading 10 increased
production of nitric oxide. These molecules and their products may have a deletericus effect
on the pathogen by causing DNA, protein and lipid damage. In order to counter this host
response, bacteria possess enzyme systems for removal of the free radical generating
compounds. In particular superoxide dismutase and nitric oxide reductase are able to reduce

the load of ROI and RN1L

Clone Q3-B3, which correlated 10 a down-regulated spot on the array (following macrophage
infecticn) was found to contain sequence that showed homology to a nitric oxide reductase
(NOI ™ of N. meningitidis. The apparent down regulation was confirmed using RT-PCR
which indicated a 2-3 fold reduction in expression had occurred. Given the role of NOR in
protecting bacteria from phagocyte produced RNI, this was a surprising observation.
Although down regulated, some nor expression was still apparent in intracellular C.

pseudotubercilosis.

Macrophages from different species differ considerably in their ability to synthesise NO. Both
mouse and bovine macrophages synthesise increased amounts of iNOS following activation
(Adler et al., 1996;MacMicking et ai,, 1997). Conversely, the level of detectable NO in
activated ovine or caprine macrophages does not increase following cell activation (Bogdan er
al., 1997;Adler et al., 1996). If a similar situation exists in vivo then the Jack of up-regulation
of nor expression may be a reflection of a non requirement for large amounts of this enzyme
in the native host. An alternative explanation may be that the macrophages were not
sufficiently activated during the course of the infection experiment (o up-regulate iNOS
synthesis. In order to ensure that the macrophages are sufficiently activated treatment with

interferon-y prior to infection could be performed.

Clone Q15-A3 contained sequence with homology to 2 proteins. At the 5° end of the insert
was the 3° end of a gene with homology 1o 50dC which codes for a Cu,Zn superoxide
dismutase (Cu,ZnSOD). Superoxide dismutases catalyse the dismutation of superoxide

radicals to oxygen and hydrogen peroxide. Three classes of SOD have been defined based on
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the metal ion present at the active site which can be (i} iron (Fe). (ii) manganese (Mn) and (iii)
copper and zine. Fe and Mn SOD have an intracellular Jocalisation where they participate in
the removal of superoxide gencrated during aerobic metabolism. Conversely Cu,ZnSODs
usually possess a signal peptide for protein export, with gram-positive bacteria possessing an
additional lipid attachment site. This results in a periplasmic localisation for Cu,ZnSOD of
gram-negative bacteria and an external, membrane anchored location for Cu,ZnSOD of gram-
positive bacteria (D'Orazio ef ¢/., 2001). Given thai superoxide is unable to cross the
cytoplasm it has been proposed that the role of Cu,ZnSOD is to protect bacteria from
extracellular superoxide, in particular that produced during the respiratory burst by phagocytic

cells.

sodC genes have been identified in a number of pathogenic and non-pathogenic, gram-
negative and gram-positive bacteria, including Actinobaciitus plenropneumonioe (Langford et
al., 1996), S. nphimurium (Farant et al., 1997), Neisseria meningitidis (Wilks et al., 1998),
M. tberculosis (Cole et al., 1998) and Haemophilus ducreyi (San-Mateo ef al., 1999). Fora
number of these species, the role of Cu,ZnSOD has been investigated both i vitro and in vivo,
A number of sodC mutants have been generated, all of which when tested, have shown
increased sensitivity to exogenous superoxide in culture (Farrant ef al., 1997, Wilks ef ¢/,
1998;Sheehan et af., 2000;Dussurget et al., 2001;Piddington e «f., 2001). However, varying
effects of Cu,ZnSOD on virulence, ranging from having a significant effect to no effect, have
been observed in both cell culture and animal modéls. Not only is there species variation, but
with at least two species conflicting data has been generated (Tatum et ¢f., 1992;Latimer ef
al., 1992;Dussurget et al., 2001;Piddington et al., 2001). The differences observed between
two studies in M, tuberculosis may be indicative of the cell culture models utilised and the
degree of the respiratory burst produced by each of those models (Piddington er a/., 2001).
Interestingly sodC mRNA was shown by RT -PCR to be up-regulated in M. muberculosis
following macrophage infection, but the degree of up-regulation was not clear {D'Orazio et al.,

2001).

Following the sodC gene on clone Q15-A3 was an intergenic region, followed by a gene
coding for a putative aceiyl coA carboxylase (ACC) subunit. The gene identified showed high
homology to the B chain of putative ACC carboxyltransferases in C. glutemicum and M.

twberculosis, which is generally coded by aceD.  In bacteria ACC is part of the family of
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carboxylases that use biotin as a cofactor and bicarbonaic as the source of the carboxy! group
and is generally comprised of four subunits that are encoded by the genes aceB. aceCl aced
and aceD. These code for a biotin carboxyl carrier protein {BCCP), biotin carboxylase and the

e and B subunits of carboxyltransferase respectively. In a two- step reaction, BCCP is first

carboxylated at a covalently bound biotin residue in a reaction catalysed by biotin carboxylase.

The activated CO» is then transferred to an acceptor molecule (acetyl coA) in a reaction
catalysed by carboxyltransferase to generate malonyl coA. The location of aceD in relation 10
other ace genes is quite variable belween bacterial species. For example in E. coli accB and
accC are co-located while aceA and aceD are found in separate parts of the chromosome (Li
and Cronan, 1992}, while in Lactobacillus planarum the genes are co-transcribed (Kiztpapan
et al., 2001). The gene order within the region of accD does not appear 1o be conserved

between C. psendotuberculosis, C. ghuamicum or M. tuberculosis.

The e and 3 subunits of the carboxyltransferase subunits of this family of carboxylases tend to
be highly conserved. Therefore, although it is likely that the identified accD gene is part of
ACC, it is possible that it is in fact a subunit of a carboxyltransferase from another
carboxylase. That is, it could have different substrate specificity, for example propionyl coA
or methylmalonyl coA instead of acetyl coA. Additionally, some carboxylases have multiple
substrates and as such are able to carboxylate different substrate molecules. To assign a
definitive function to the protesn it may be necessary to purify this protein and others of the

ACC complex and determine what activity is present.

ACC is an important component of the type 11 FAS system and catalyses the first reaction of
this faity acid biosynthesis pathway. The importance of this system to bacterial survival is
indicated by the observation that attempis to generate chromosomal knockouts of ACC
components in C. ghaamicum (Jager et al., 1996) and M. bovis (Norman ef ol., 1995) were not
entirely successful. This suggests that ACC is essential for bacterial viability. accD was
observed to be up-regulated following macrophage infection. As discussed carlier, genes
involved in fatty acid biosynthesis are often regulated such that appropriate membrane fluidity
and composition are maintained and the required amount of fatty acids are produced in
refation to the growth rate of the bacteria. Up-regulation of acel in this study could be in

response (o an altered growth rate within the intracellular macrophage environment.

110

Tron is o
enzymes
environ
evolveds '_
bacteri B
sequcsl
lactolcs

respectig

Some bl
usualiv "
and Fo’
more sO
bacterid
molecu
availab
membr
ABC i
The

transpofg

Severa
identififf
homol g
be up-
Analysjg
high ¢
when (@
infecticl
Vilro cq

such ngl



 group
aced
> and the

!ﬁrst

onylase.

]
n

ation to
B and
pe (Li
ipapan
d

tend to

}
it Of

vl coA
ultiple
a

i the
3

on of

pl is

yere not
s
es

Mluidity

Bin

Iron is an essential element {or all bacteria because of its role as an essential colactor for many
enzymes such as those in electron transport chains. Although iren is abundant in the
environment, the concentration of available soluble iron is extremely low, thus bacteria have
evolved a number of different mechanisms for scavenging iron. Additionally for pathogenic
bacieria, mammalian hosis possess proteins that bind iron, keeping it in a soluble form that is
sequestered from the bacteria. Mammalian iron binding proteins include transferrin,
lactoferrin and ferritin, which are iron carriers in the blood, secretory fluids and cells

respectively.

Some bacteria have systems for transporting iron or bound iron direcily intc the cytoplasm,
usually by way of active transport via specific ABC transporters. The ability to take up Fe™".
and Fe*" in their free form is generally restricted to bacteria in certain niches in which iron is
more soluble, for example, low pH environmenis. When direct uptake of iron is not possible
bacteria may synthesise and export siderophores for iron scavenging. Siderophores are low-
molecular weight iron ligands that are able to compete with host proteins for binding of
available Fe**. Upon binding of Fe®* the siderophore binds to the bacterial cell surface (to a
membrane bound lipoprotein) and is then actively transported across the membrane via an
ABC transporter. Once in the cytoplasm, the iron is rapidly released from the siderophore.
The FagC iron permease component identified as being thermoregulated belongs to such a

transport system.

Several genes involved in iron acquisition and metabolism by C. pseudotuberculosis were
identified as being macrophage regulated. These included a second putative iron permease
homologue and a heme response regulator c¢hrd. Although fagC and fugB were not found to
be up-regulated following macrophage infection, this in part reflects the chosen control.
Analysis of fugC expression in low and high density cultures indicates that it is up-regulated at
high density (at least in BHI). ASSumfng that the same density dependent expression occurs
when C, pseudotuberculiosis is cultured in DMEM, then up-regulation following macrophage
infection would have been observed if a low density DMEM culiure had been used as the in
vitro control. The issue of selection of the most appropriate in vitro controls for experiments

such as this is discussed in Chapter 7.
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Clone Q15-G3 contained sequence that showed complete hamology at the amine acid level
with the 3' end of a gene encoding a transcriptional regulator from C. diphtheriae termed
ChrA. In C. diphtheriae ChrA comprises part of a two-component signal transduction system
that activates gene expression in response to heme or haemoglobin (Schmit, 1999). Upstrcam
of the C. diphtheriue chrA gene is a second gene that has been termed ¢/irS. chrS has the
properiies of a sensor histidine kinase. Upon binding of extracellular heme or hacmoglobin to
ChrS, the two-component signal transduction system becomes activated leading 1o activation
of the ChrA. Via this syslem the promoter of a genc encoding heme oxygenase (/ime(), the
enzyme that catalyses the degradation of heme to release iron, becomes activated. To
complement this sysiem C. diphtheriae also has a heme trapsport system 1o deliver the

substrates for HmuO to the cytoplasm (Drazek er al., 2000).

The third clone containing putative iron-related genes was Q1-D10. Located on this clone was
a gene encoding a protein that showed 56% identity to a predicated ABC-type cobalamin/Fe>*
siderophore system permease component in C. glutamicum. The protein also showed
homology to hemin transport proteins and fecCD family proteins of a variety of bacterial
species. Thus there is little doubt that the putative protein is part of an ABC transporter
system involved in the acquisition of iron, however, the identity of the molecule that is
transported is not clear. Immediately following the identified gene was the start of a second

« gene that showed homology to the ATP-binding component of various ABC transporters.
This indicates that the insert sequence found in Q[-D10 is probably part of an operon
comprising the elements of an ABC transporter. The first gene of this clone was shown to be
strongly down-regulated following macrophage infection. This was a surprising observation
given that the other iron homeostasis genes identified were either up-regulated or did not show
a change in expression, suggesting that their expression was essential for iron acquisition in
the macrophage intracellular environment. It may be that iron source transported by this
permease is in excess in the intracellular environment compared to in DMEM, hence the

requirement for that molecule is reduced and expression of the relevant genes also decreases.

This study has shown that C. psendotubercilosis possesses several different mechanisms 1o
obtain iron. No doubt these have evolved to allow the maximum amount of iron (o be

scavenged from the environment, thereby maximising bacterial viability.
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Apart from the heat shock genes the most up-regulated gene following macrophage infection
was that encoding a putative metallopeptidase. Clone Q12-E9 contained a gene encoading a
protein that showed homology 10 a putative zinc metallopeptidase of S, coeficolor. This class
of protease require zinc at the catalytic site for proteolytic activity and as such the prolein
identificd contains a zinc-binding motif. Proteases play an important role in normal cellular
processes, but for some pathogens they may act as virulence determinants. Many
metalloproteases are secreted and as such their targets are host proteins. Alternatively sdmc
metalloproteases cleave bacterially derived proteins, resulting in the activation of that protein.
This for example occurs in V. cholerae where the A subunit of cholera toxin is cleaved by a
metalloprotease leading to its activation (Booth ez al., 1984). Metalloproteases have been
shown to have diverse effects on the host ranging from tissue damage, cylotoxicity,
enhancement of vascular permeability and facilitation of invasion (Miyoshi and Shinoda,
2000). That the identified metallopeptidase was up-regulated during macrophage infection
suggested that its substrate may be of host origin. Clone Q12-E9 contained the 3° end of the
metallopeptidase gene. It was therefore not possible to determine whether this was a sccreted
protein. Given the degree of up-regulation of this protein during macrophage infection, it was

chosen as a candidate for further study. This work is described in chapter 5.

A number of genes involved in metabolic processes were identified. Of particular interest
were three clon_es containing a gene with homology to formate acetyl transferase that were
identified as being down-regulated. This enzyme catalyses the non-oxidative dissimilation of
pyruvate to formate and acetyl coA under anaerobic conditions. Pyruvate is metabolised by a
different pathway under acrobic conditions, such that pyruvate is oxidatively decarboxylated
by the pynwate dehydrogenase complex. A component of this complex, lipoamide
dehydrogenase component (E3) was identified as being up-regulated following macrophage
infection. These observations suggest that at the timepoint investigaled, C. psendotuberculosis
grown in DMEM are under more anacrobic conditions than those in the maciophage. This is
perhaps surprising, but may reflect that the i vitre control cultures were not shaken, were
grown in a high CO; environment and grew faster than the bacteria resident within the

macrophages, thus potentially consuming available oxygen more quickly.

The results presented in this chapter have demonstrated that even when used on a small scale,

macroarray lechnology can be utilised successfully to identify regulated genes. Additionally,
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through this study the amount of sequence available for C. pseudotuberculosis has increased

substantially. Thus, although not every clone identificd was found to be regulated.
information gained through sequencing has given insights into the functicnality of C.

psendotuberculosis.

From this study four genes were chosen for finther analysis. The role of metallopeptidase,
Cu,ZnSOD and FagC in macrophage infection are investigated in Chapter 3 via {he generation
of mutant strains. Although the effect of p/d on . irulence of C. psendotitbercilosis has been
comprehensively demonstrated, nothing is known about how the gene is regulated and how
this may impact on its function /n vivo. In order to address some of these issues an

investigation of p/d regulation was aiso undertaken. This work is described in Chapter 6.
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4,1 Introduction

A well developed premise in the study of bacterial pathogens is that genes that are up
regulated during infection of the host are likely to play an important role in disease
pathogencsis. From this premise have arisen a number of techniques that specilically identily
in vivo regulated genes. Some of these techniques such as signature tagged mutagenesis are
only applicable to truly in vivo studies and as such require the use of an animal model of
infection. Others such as DD-PCR and DF! may additionally be uscd in other experimental
systems, for exampie models that mimic aspecis of infection such as heat shock or changes in

pH.

In part, the reason little is known about the regulation of virulence determinants in C,
pseudotuberculosis is that few suitable systems for studying gene regulation have been
developed for this species. facZ has been uscd in reporter constructs (Zhang ef af., 1994) but
is {imited in its use, as the bacteria must undergo severe mechanical disruption to release the
B-galactosidase activity. This obviously precludes obtaining quaniitative measuremeris of
gene expressien in real time. Given that Gip has been shown to be a useful reporter ina
variety of bactérial species including mycobacteria, it was likely that it could be adapted to

monitoring gene expression in C. psendotuberculosis.

DF1 was chosen as a complementary technique (o the transcriptional analysis approach
described in Chapter 3. In comparison to the array technology, DF! has the potential to screen
large fibraries relatively easily. DFI may also be more suitable for identifying macrophage
induced genes as the difficulties in extracting large amounts of RNA for array probing can be
avoided. In addition the tools generated during this study, such as the promoter probe veclors

with g/p as a reporter, could be and indeed were used in other aspects of this study.

This resulis chapter detail. the design, construction and optimisation of a promoter probe
vector containing gfp as a reporier. A library, gencrated by insertion of C. psewdotuberculosis
genomic fragments into the vector was used in conjunction with DFI to identify genes up
regulated during heat shock and macrophage infection. Allhougii/il was not possibie (o
identify thermorcgulated genes a number of macrophage induced genes were identified, thus

providing targets for further study.
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4.2 Design and construction of a promoter probe vector

The key features required in a promoter probe vector for DFI are (i) a gfp gene as a reporler
and (ii} the presence of appropriale upsiream sequence required for protein translation and for
the cloning of genomic fragments that are 10 be sereened for promoter activity. Additional
features of the promoter probe vector designed for this study are transcriptional terminators
both up and downstream of the gfp gene. The purpose of the upstream Iranscriptional
terminalor is to ensure gfp expression is not driven by promoters in the plasmid other than
those inserted upstream of the gfp gene. The purpose of the transcriptional terminator
downstream of the g/p gene is to ensure lermination of the gfp transcript. The construction of
the promoter probe vector is described in the following section and is represented

schematically in Figure 4.1,

The parent plasmid used for the construction of the promoter probe vector was pEP2MCS,
which is an £. coli - C. psendonberculosis shuttle vector. It was therefore possible to perform
vector and library construction in £. cofi. pEP2MCS is kanamycin resisiant and contains a
repA gene, which is reguired for replication in both hosts (Zhang et al., 1994). This plasmid
contains a limited number of restriction endonuclease sites for cloning, including Drelll,
Bglll, Xbal, Sacl, Munli, Safl, Pvull and Agel. To increase the number of useful sites a
polylinker containing a number of enzyme sites was introduced into pEP2MCS.
Oligonucleotides PL#1U and PL#1L were annealed 1o generate a double stranded DNA
fragment that contained Aarll, Pstl, Sphl, EcoRV, BamHI, EcoRI and Agel sites and an
overhanging sequence of ggee at the 3° end of the polylinker. The annealed polylinker was
ligated into pEP2ZMCS linearised with Agel and Pyvull to generate pSM1. An additional Apal
sitc was generated by this cloning step. The presence of the polylinker was demonstrated by
showing that the appropriate restriclion siles had been introduced into the vector by restriction

endonuclease digestion.

A ribosome binding site and stop codon sequences in each of the (hree frames were placed into
pSM1 by insertion of a sccond polylinker. A ribosome binding site based on that for the C.
pseudotubercuiosis repA gene was utilised. The sequence immediately upstream of the start
of the repA gene is CTGGGAGAAATCACGGTC. In order to allow this sequence to be
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Figure 4.1: Figure continues on next page, refer to legend on page 119,
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Figure 4,1: Construction of the promoter probe vector pSM5,

This schematic diagram outfines the steps leading lo the construction of pSM5. The details relating to

the construction of these plasmids can be found in Section 4.2.
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cloned into the 4gel site of pSM1 and maintain the .gel site for subscquent manipulations. the
order of the C and A bases (at positions 12 and 13) was switched. Upstiream of this 18 bp
sequence was sequence coding for stop codons in each frame. These were included 10 prevent
translational fusions between proteins coded for by inserted genomic DNA fragments and Gfp.
For cloning purposes an overhanging £coRI site was placed at the 5° end and an Agel site at
the 3° end. Polylinker #2U and Polylinker #2L were annealed then ligaled into pSM1
linearised with Agel and EcoRI to generale pSM2.

The gfp gene was sourced from pKEN1gfpuvl. This vector contains a FACS 0ptimisec!
nant gfp gene that contains a mutated region between base pairs 190 and 193 in which the
wildtype sequence of TTCT is replaced with CTGA giving rise to the amino acid substitutions
at positions 64 and 65 in which the wildtype amino acids phenylalanine and serine are
replaced with leucine and thieonine respectively (Cormack ¢t al., 1996). The gfp gene was
PCR amplified from pKEN 1 gfpuv] using primers #3 and #4. Both primers contain additional
sequence at their 5° ends for this and subsequent cloning steps. Primer #3 contains an /gel
site while primer #4 contains Spel, Narl and Apal sites at its 5’ end. The PCR product was
initially subcloned into pGEM®-T easy. This commercially prepared vector has been
linearised with EcoRV and treated such that it has T overhangs to allow cloning of Taq-DNA
polymerase PCR products that contain A overhangs. The g/p gene was released from the
pGEM®-T easy vector with Agel and Afaal and ligated into pSM2, that had been prepared in

the same manner, o generate pSM3,

The rho independent #p4 transcription terminator was placed upstream of the gfp gene. The
polylinkers PL#3U and PL#3L were annealed to generaie a double stranded DNA fragment
that contained the transcriptional terminator, a Nael site and, Psil and Sphl compalible
overhanging ends. The DNA was ligated into pSM3 linearised with Psd and Sp/l to generate

pSM4. The presence of an additional Nael site in the vector was used as a diagnostic indicator

of successful insertion of the polylinker.

Transcription terminalors werc also inserted downstream of the gfp gene. A region containin 2

the £. coli rrnB T1T2 transcription terminators was PCR amplified from the vector pKK233-2

with primers #9 and #10. Each primer contained a Narl site at the 5* end. The PCR product
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was first cloned into pGEM®-T easy. then released by digestion with Nurl. The fragment was
iigated into pSM4, that had been linearised with Narl and treated with Thermosensitive
alkaline phosphatase, 1o generate pSM3. That the transcription terminator was appropriately
orientated was determined by resiriction endonuclease digestion with BspHI which cuts once

within the /7128 T1T2 fragment and several times within the veetor backbone.

The sequence of the gfp gene and surrounding sequence was confirmed by DNA sequencing.
An error was found at the 3* end of the gfp gene that could be attributed to an error in primer
#4. To fix this inaccuracy the gfp gene was reamplified from pKEN Igfpuvi by PCR using

primers #3 and #4b. The new gfp» genc was inserted into pSM35 digested with Agel and Spel to -

generate pSM12 in which the faulty gfi» gene was replaced with one with the correct sequence.

4.3 Insertion of known promoters into pSM12

To determine the efficacy of pSM12 as a promoter probe vectlor two known promoters were
inserted in the multiple cloning site upstream of the gfp gene. These were the C.
pseudotuberculosis phospholipase D (pldf) promoter and an artificial promoter, the sip
promoter which is found in pKEN1gfpUV1. The C. psendotuberculosis pld promoter was
extracted from pRM 130 which contains the pld promoter upstream of a chloramphenicol
resistance gene in a pEP2 vector background (Figure 4.2). The pld promoter was removed as
a BamHI fragment and ligated into pSM12 digested with BamHI and phosphatased by
treatment with Thermostable alkaline phosp tase to generate pSM11J. Restriction
endonuciease digestion was performed to identify clones in which the promoter had been

inseried in the correct orientation.

The artificial srp promoter (sterically repressed promoter) is responsible for gfp expression in
pKENI1gfpuvl. The srp promoter consists of consensus -10 and -35 regions separated by 17
base pairs of sequence that is closely related to the £. coli lac O, operator (Figure 4.2) (Ezaz-
Nikpay et al., 1994). The srp promoter was chosen as it gives rise to highly fluorescent E. coli
that carry this vector. The promoter region was excised from pKENgfpluvl by digestion with
Fspl and BamH. The Fspl site is located 5” of the srp promoter while the BamHlI site is
located between the 3° end of the s7p promoter and the start of the gfp gene. The srp promoter

fragment was ligated into pSM1i2 digested with BamHI and £coRYV io gencrate pSMi3.
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A

1 aacgacggcc agtgaattgt aatacgactc actatagggc gaattgacat
EcoR|
[ 1 —
51 tgtgagcgga taacaatata atgtgtggaa ttcgagctcg gtacccgggg
Bam#i
101 gzzgtctaga titaagaagy agatatacat atg agt aaa
M 5 K
B
-410 gatcegtega cgatgcetecyg cateecttge atctgtaccg ggtctttcct
-360 gtggacgttt ttgccgttect tttttaggag attgccgcayg acgttgeagt
-3110 gattcecggta tggatgtgaa gccataatca ataattageca gctttaaatc
-260 tgctatggat accctaaaag ttacaatttt ggacacattt tttgtcecttt
-210 aagttcaaaa accttgaacg tatctgacge atttgaatac atatcattea
-160 tatgtaatgc ctgattgata acgccaacct tttaaatggg gctoecgcete
-110 tectctcectag gggatggttt tcetgtgtcaa ctgtcagcectt ccgaaaaata
-60 tgagtataaa catatgcaat aacccttgat tttattgtta tttaagttte
-10 ataatgggga Tatagcgcag ggtgttcacg ctggtaaagg gctattittg
41 ggecacctctc cgtgggaaat gtatccgcaa tteattaaag aggagaaatt
81 aactatgaga ggatcdacatc accatcacca tcacqg

Figure 4.2: DNA sequences of the srp promoter region of pKEN1gfpuvi and the pid promoter
region of pRM130.

For the srp promoter (A) the =35 and ~10 regions are bolded. Upstream of the srp promoteris a T7
promoter region (underlined). Sequence corresponding to the first three amine acids of the gfp gene is
shown in the amino acid single letter code. Pertinent restriction enzyme sites are marked.

For the pid promoter (B) the =35 and -10 regions are bolded. Downstream of the —10 region of the pid
promoter is the transcriptional start point {underlined uppercase T) that was previously identified using
primer extension assays (Hodgson ef al,, 1990). Within the BamH| fragment the pld promoter
sequence terminates at bp 68 which is 55 base pairs prior to the pld initiating methionine in C.
pseudotuberculosis. The BamHl fragment contains a further 55bp of sequence that is not homelogous
to the pld promoter (underlined).
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4.4  Flow cytometry analysis of promotcer containing constructs,

Analysis of colonies of £. coli Top10 F* carrying pSM11 or pSM13 under UV light indicated
that these constructs gave rise to fluorescent bacteria. To delermine whether the constructs
gave rise to [luorescence in C. pse:rdom.bercn!osfs the two plasmids were transformed into C.
pseudotubercidosis and {luorescence quantitated by flow cytometry. Ovemnight cultures of
C231{(pSMI11), C231(pSM 12} and C23 1(pSM 13} were diluted to an ODgys of 0.1 and then
grown at 37°C for 2 hr. Cultures were sonicated to disrupt bacterial clumps, thereby ensuring
a single cell suspension and then analysed for Gip fluorescence by flow cytometry (Figure
4.3). Both the strains carrying intact promoter constructs were fluorescent with mean
Nuorescence intensities of 9 and 8 for C231{pSM11) and C231{(pSM13) respectively. In
comparison the promoteriess construct C23 1(pSM12) was non-fluorescent with a mean
fluorescence intensity of 1. An explanation of mean fluorescence intensity can be found in

Appendix 1.
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Jogous Figure 4.3: Flow cytometry analysis of gfp expression from C. pseudotubercufosis

harbouring pfd promoter (pSM11}, srp promoter (pSM13) or promoterless (pSM12)

constructs.

For each sfrain 30,000 events were counted. Data was gated on forward and side scalter such

that plotted data represents primarily single bacteria,
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4.5 Construction of a random library in pSM12

To generate a library of C. pseudotuberculosis clones for DFI analysis a two step approach
was laken. The first step was to construct a library in an E. coli host and 10 then extract
plasmid DNA from the library. The second step was to transform this plasmid DNA into C.
pseudotubercidosis o generate the final library. This approach was taken as the
transformation efficiency in C. psendotuberculosis is relatively low, suggesting that it could be
difficult to make a large library by direct transformation of library ligations into C.

psendotiberculosis.

Random fragments gencrated by sonication were chosen for library construction for the same
reasons as outlined in Section 3.2.1. These fragments were inserted upstream of the gfp gene
of pSM12. pSM12 was digested with EcoRV then treated with thermostable alkaline
phosphatase. Random genomic fragments in the size range of 0.7 to 1.4 that had been treated
with MBN (Section 3.2.1) were ligated into the linearised vector overnight at 15°C, then a
proporiion of the ligation (2 pl) was transformed into electrocompetent Topl0F” cells. To
determine the percentage of clones containing inserls and the average insert size, plasmid
DNA was extracled from 12 randomly picked colonies. Restriction endonuclease digests with
Sphl and BamHI which cut on either side of the £coRYV site were performed. Gel analysis of
the digests indicated that 75% of the clones contained inserts and that the average insert size

was approximately 1 kb (Figure 4.4,

Ino

The remainder of the library ligation was transformed into electrocompetent Top10 F> cells.
The library was estimated {o contain 62,000 clones. When the library plates were viewed tran
under UV light a small percentage of the colonies could be scen 1o fluoresce. A number of
fluorescent colonies were streaked out onto fresh plates for further analysis (Section 4.7),
while the remaining colonies were collected from the agar plates. A proportion of the gai
collected cell suspension was used to inoculate 500 ml of TB. The remainder was then stored _
at -80°C in the presence of 15% glycerol. This library was termed the E. .'.:off pSM12-Q fou
library. After overnight incubation at 37°C plasmid DNA was extracted from the 500 ml Ao
culture. The DNA was diluted 1 in 20 and then used to transform clectrocompetent C231. To
ensure that an equivalent number of clones contained an insert as when the library was !
prepared in £ coli, DNA was extracted from 12 independent colonies. Restriction then]

pSi
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Figure 4.4: Analysis of inserts from the E. coli pSM12-Q library.

The pSM12-Qlibrary was generated by insertion of sonicated fragments of C231 DNA into the
EcoRV site of pSM12. The ligation was used to transform Top10 F' £. ¢oif and DNA extracted
from 12 individual colonies. DNA was digested with Sphi and BamH| which cut up and
downstream of the EcoRV site respectively. 1 kb plus ladder is run in the first 1ane and band
sizes (in bp} are indicated to the left of this. Clones 7, 8 and 12 did not contain inserts. The
average insert size of the other clones is approximately 1 kb.

endonuclease digestion with Sp#l and BamHI however indicated that none of the 12 plastrids

contained an insert,

In order to increase the number of clones in the C. pseudotuberculosis library that contained
inserts the plasmid DNA extracted from the E. colf library was digested with EcoRV prior to
transformation into C231. This step was performed 1o linearise plasmids without an insert.
Upon transformation these clones will not be viable unless the DNA recircularises, thus
removing them from the Yibrary. The disadvantage of such an approach is that it will select
againsi plasmids that contain an insert with an £coRV site. The digested DNA was
transformed into electrocompetent C231. Analysis of the inserts of six plasmids indicated that
four contained inserts (Figure 4.5). Analysis of the library plates under UV light indicated that
a small proportion of the library contained plasmid inserts with promoter activity. Four
colonies were strezked out for further analysis (sec Section 4.7). To store the library, colonies
were scraped off the agar plates into BHI, sonicated to disrupt bacterial clumps, centrifuged
then resuspended in BHI and glycerol and stored at -80°C. The library was titled the C231-

pSM12-Q library.
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Figure 4.5. Analysis of inserts from the C. pseudotuberculosis pSM12-Q library.

The pSM12-Q library was generated by insertion of sonicated fragments of C239 DNA into
the EcoRV site of pSM12. The ligation was used to transformTop10 F' E. cofi and plasmid
DNA exfracted. The plasmid DNA was digested with EcoRY then used to transform into
C231. DNA was extracted from 6 individual clones and then digested with Sphl and BamH|
which cut up and downstream of the EcoRV site respectively. 1 kb DNA ladder is run in the
first lane and band sizes {in bp) are indicated to the left of this. Clones 1 and 2 do not
contain inserts. The average insert size of the other clones is approximately 800 bp.

4.6  Flow cytometry of the C231-pSM12-Q library,

To accurately determine what percentage of the C231-pSM12-Q library contained bacteria
harbouring plasimids with con. jtutive promoter activily flow cytometry was utilised.
Ovemight cultures of C231(pSM12) and the C231-pSM 12-Q library were diluted 1 in 20 then
incubated at 37°C for 1.5 hr. By flow cytometry analysis approximately 0.22% of the library

clones were determined to contain plasmid inserts with promoter activity that gave rise to

detectable fluorescence (Figure 4.6).

4.7 Analysis of Gip expressing clones in E. coli and C. pseudotuberculosis
4.7.1  Analysis of clones that are fluorescent in E. cofi

Eighteen individual fluorescent clones from the E. coli pSMI12-Q library were further

analysed. These clones were streaked out onto LB agar plates and titled glptl 1o glp+23,
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Figure 4.6: Flow cytometry analysis of the C231 pSM12.Q library

Qvernight cultures of (A) C231 (pSM12) and the (B) C231 pSM12-Q library were diluted 1 in 20 then
grown at 37°C for 1.5 hr, The percentage of Gfp positive clones in the library was determined by flow
cytometry. For gach culture 30,000 events were analysed. Data was gated on forward and side
scalter such that plotted data represents primarily single bacteria. The percentage of events that were
contained within Region 2 (R2) is indicated.

Fluorescence intensity was assessed by viewing the bacteria under a UV light and for the 18
clones ranged from weak to very strong (Table 4.1). DNA was extracted from 13 of the
clones and transformed into C231. Analysis by visual inspection under UV light indicated
that only three remained fluorescent. To ensure that fluorescence had not been lost during the
transformation process, plasmid DNA was extracted from three non-fluorescing and onc
fluorescing C. psendotuberculosis strain. Upon retransformation back into £. coli the

fluorescent phenotype was restored for all four clones.

Tt sequence of the inserts from the three clones that fluoresced in C. pseundomberculosis was
determined. gfp+5 contained a 43 bp insert. Within this sequence ther= was located a region
with 100% homology to tize -10 region of the £. coli ¢ promoter consensus (TATAAT),
however this was located at the 5* end of the insert precluding the prescnce of a =35 region
within the insert (Figure 4.7). 17 bp upstream of this rcgioﬁ was a sequence in the vector

backbone with 4/6 homology to the E. coli " promoter conscnsus —35 region. This
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Table 4.1; Gfp expressing clones from the E. cofi pSM12-Q library

clone fluorescence transformed fluorescence retransformed sequence information® A
D inE. coli®  into C231 inC231° into E. cofi ® ‘ T ctog
i 1 oot
gip+2  +++ - i .
gip+5 4+ yes - 40 base pair insert, % 101
containg consensus ~10 :
region l
gip+6  +++ yes +++ yes (fluorescent} leucyl tRNA synthase, '. B
middle of an enclase E
gene, CONSensus ;
promoter sequence at 3' t
end ! § .
gipt?  ++ yes + 334 bp insert, no :z @
significant homologies %‘
but a putative 2
consensus promoter :
sequence at 3' end
afp+8  ++ yes - ,
gip+10  +++ yes - yes (fluorescent)
gfp+i1  ++ yes - Figure
gfp+12  ++ yes - yes (fluorescent) 1 A The
gfp"'13_ " o ) % bolded a
ofortd =+ ves ) i that lies
gfp+15  ++ yes - i romoiog
gip+i6  ++ yes - "
o7+ o .
gfp+21  ++ yes - : carmying
gfp+22  +++ yes - yes {fluorescent) the Psfi! 38
o = _ i Data wash

®Flourescence of clones grown on agar plated was scored visually under UV light. Clones were .
designated as having weak fluorescence (+), medium fluorescence (++), strong fluorescence (+++) or .
being non-flourescent (-), ' . :
® DNA was extracted from flucrescent C231 clones then transformed into £. coli. Plasmid DNA was E
then extracted from £. coli and retransformed into 231, i

¢ Sequences were scanned against the NCB! protein databases for protein homelogies in all 6 reading

frames using the transiating BLAST program (BLASTX). Proteins that showed the highest homalogy :
are listed. ;i
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Figure 4.7: Sequence and fluorescence of gfp+5

(A} The sequence of the insert of gip+5 and surrounding ve cior is shown. The insert of gfp+5 is
bolded and a sequence with complete homology to the —10 region of E. coli o promoter consensus
that lies within this region is boxed. Within the upstream vector sequence is a region with 4/6
homeology to the 35 region of E. coli o' which is also boxed,

(B) gfp+5 and pSM12 were digested with Psfl and Sphl, the ends blunted by treatment with T4 DNA
polymerase and ligated lo recircularise the vectors. The fluorescence of overnight cultures of €231
carrying the parent vectors (solid lines, pSM12 and gfp+5) was compared to the same vectors in which
the Pstl/Sphl fragment had been removed (broken lines). For each clone 30,000 events were counted.
Data was gated on forward and side scatter such that plotted data represents primarily single bacteria.
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observation lead to concern that these two sequences may be acting logether to give rise to the
promofer activity. In order to determine whether this was the case the sequence containing the
region with homology to a—35 consensus was removed from the vector. As an additional
conirol the same region was r_emovcd from the promoterless vector pSM20, pSM20 and
gfp+3 were digesied with P;il and Sphl. The ends were filled in by treatment with T4 DNA
polymerase and ligated to recircularise the plasmids. Sequencing was performed to confirm
that the appropriate deletions had becn made. Upon analysis of the constructs and their
parents by flow cytometry it was observed that the fluorescence was equal regardless of the
presence or absence of the putative —35 region. This indicates that full promoter activity was
most likely contained within the 43 bp insert (Figure 4.7), although the possibility that a

second pseudo 35 region was brought into an appropriate position by removal of the

fragment cannot be completely ruled out.

Sequence analysis of gfp+6 indicated that it most Jikely contained an insert that was a
concatamer of several genomic DNA fragments. At the 5 end of the insert was a gene with
homology to leucyl tRNA synthetase, this was {ollowed by an internal {ragment of an enolase
gene which in turn was followed by a region that did not show homology 10 any proteins but

did contain putative promoter elements.

Sequence of gfp+7 revealed an insert of 334 bp that had no homology to proteins in the NCBI
protein databases. There was however a consensus promoter sequence at the 3’ end of the

insert suggesting that a coding region would be found downstream of 1his region,

4.7.2 Analysis of clones that are fluorescent in C. pseadotuberculosis

Four fluorescent clones were streaked out when storing down the C231-pSM12-Q library and
labelled gfp+25 to gfp+28. DNA was extracted from gfp+26, gfp+27 and ¢fp+28 and
transformed into E. coli. In each case non-fluorescent colonies resulted. DNA was extracted

and the inserts sequenced. Sequence analysis indicated that each of the three clones contained

an identical insert of 838 bp. A BLASTX search was performed to identify protein

homologues. The inserts contained sequence coding for the 3° end of an enolase gene (Figure
4.8). The sequence was most homologous to the enolase gene of Streptomyces coelicolor with

73% identity. The start of the insert corresponds to amino acid 152 of the enolase gene while
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| the enolase stop codon is located 10 bp from the 3° end of the insert. This suggests that the
rise lo the . et . gl . .
fise X promoter activity resides within the enolase coding region. To confirm that promoter activity
aining the eci e s . o .
: g resided within the 3* end of the insert the 443 most 3" base pairs were removed from the
ional : et : .
ltiona plasmid by digestion with BamHI. BamHI cuts 396 bp into the insert and immediately
and , : . . .
downstream of the insert (Figure 4.8). The vector backbone was recircularised and
14 DNA i : : . :
transformed inte C231. The removal of this portion of the insert ablated the fuorescence of
confirm the clone.
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4.8 Construction and analysis of a pSM12-pKENigfpuvl fusion vector

In E. coli the fluorescence of bacteria harbouring pSM13 was less than in those harbouring
pKEN igipuv even though bot-h .conlain the gfp gene under the control of the sip promoter.
This suggested that the region downstream of the s promoter, which differs in the two
plasmids, is important for full gene expression. To determine whether this difference was
maintained in C. psendotuberculosis, a vector comtaining the pKEN1gfpuv] sequence in a
pEP2 background was generated by fusing the promoterless vector pSM12 and pKENIgfpuvl.
Both plasmids were digested with Psr] then ligated together to generate pSM15. Analysis of
Topl0 F’ (pSM13) and Topl0 F* (pSM15) by UV light indicated that bacteria harbouring
pSM15 were more fluorescent than those with pSM13. Upon transformation of the plasmids
into C231 this observation was again made. Measurement of the fluorescence of C.
pseudotuberculosis harbouring these plasmids indicated that C231{pSM15) was almost 10 fold
more fluorescent than C231 (pSMi3) (Figure 4.9).

bacterial counts 9

AL1H

Gfp fluorescence 9

Figure 4.9; Effect of the region containing the RBS on gfp expression controlled by the srp
promoter,

The fluorescence intensity of bacteria in overnight cultures of €231(pSM13) and C231(pSM15) was
determined by flow cytometry. For each clone 30,000 events were counted. Data was gated on
forward and side scatter such that plotted data represents primarily single bacteria.
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4.9 Modifications to the promoter probe vector and library construction process

Analysis of the pSM12-Q library indicated that it contained only 0.22% ¢fp positive clones.
Compared lo Jibrari es prepared for DFI analysis of gene expression in A, marinum and M.
bovis BCG '\:*hich contained 6 and 9% of Gip positive clones respectively, this percentage is
very low. It is likely that this low percentage is related to the way in which the promoter
probe vector and library »ere constructed. Relatively poor expression was observed from
known promoters inseried upstream of the gfp gene in pSM12. This was particularly evident
by comparing the fluorescence of pSM13 and pSM135 which both contain gfp under the control
of the s1p promoter. The principal difference between these two promoters is the sequence
between the —10 region and the start of the gfp gene. This includes the region that contains the
RBS and it therefore seems likely that this sequence may be important for maximal Gfp
translation. The low percentlage of Gfp positive clones may also be a result of passaging of the
library through E. coli, leading 1o biases in the C. pseudotuberculosis library. This is
evidenced by the observation that upon {irst transforming the library into C.
pseudotuberculosis no clones with inserts were detected even though when in E. coli 75% of
clones did in fact have inserts. Additionally empirical evidence suggests that very strong
promoters may produce a level of Gip that is toxic to . coli, thereby removing some clones

from the library.

To improve the qu.lity of the library to be used for DFI, modifications were made to the
promoter probe vector and to the way in which the library was generated in C.
psendottberculosis. In particular the region immediately upstream of the gfpr gene of pSM12
was altered and modifications were made so that translational fusions would also be
recovered. Secondly a process was developed in which library ligations could be directly
transformed into C. psendotiberculosis such that there was no requirement for the

intermediate library generation in E. coli.

4.9.1 Alteration of the region surrounding the RBS in the promoter probe vector
(pSM12)

Inspection of the region between the srp promoter and the gfp gene in pSM13 and

pKEN Igfpuv| revealed several differences (Figure 4.10). Firstly there is additional sequence

in pSM I3 such that the distance between the —10 region and the methionine codon is 63 bp
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Figure 4.10: Comparison of the srp promoter region of pSM13 and pKENj gipuv1.

DNA sequence from pSM13 (A} and pKEN 1gfpuv1 (B) are showri. The —35 and —10 regions are
bolded. Predicled RBS's are boxed and the sequence that differs between the two plasmids is
underlined. In each case the last three base pairs code for the initiating mathionine.

compared to 58 bp. Secondly the sequence composition of the last 33 bp and 26 bp differs
between the two plasmids. Thirdly the putative RBS is different in each construct consisting
of gtgggagat in pSMI13 and gaaggagat in pKEN1gfpuv. Although it was unclear whether the
lesser levels of Gfp obtained from pSM13 are as a result of reduced transcription or translation
it was thought that replacement of this region in pSM13 with that from pKEN1 gfpuvl would

enhance the level of Gfp detected from the promoter probe vectors.

Both vectors were digested with £coRI and Hpal. EcoRI cuts both plasmids at the same point
in the vector just downstream of the —10 region (see Fi gurc 4.10). A single Hpal site exists in
both vectors and is Jocated within the gfp gene. The promoter-gfp fragment of pKENigfpuvi

was ligated into the linearised vector backbone of pSM13 to generate the new vector pSMi 7.
Figure 4.1}

X - or srp prof
Concurrently a modified vector containing the pld promoter was also constructed. pSMI11 was

- 3 13 L3 - - 0 i . :
digested with £coR1 and Hpal (o produce a linearised vector into which the EcoRYHpal vermight
fragment from pKENIg{puvi was ligated to generate pSM16. A new promoterless construct
was then generated by digesting pSM 16 with BamH! to release the pld promoter fragment.

The vector backbone was recirularlised by ligation to generale pSMi 8,
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4.9.2  Flow cytometry 'si "Nt ' i
3 ry analysis to determtine the effect of the new RBS region on Gfp

- fluorescence

Cultures of C231(pSM11), C231(pSM13). C231 (pSM6) and C231(pSM17) were grown
overnight then subcultured to an ODgyy o 0.1, The cultures were grown for a further two hr at

37°C, sonicated, and then analysed for G[p fluorescence by flow cylometry (Figure 4.11).
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Figure 4.11: Effect of the r.egion containing the RBS on gfp expression controlled by the pid

or srp promoters.

Overnight cultures of the p/d promoter containing strains C231(pSM11) and C231(pSM16) and the
srp promoter containing strains C231(pSM13) and C231(pSM17) were diluted to an ODggq of 0.1 then
incubated at 37°C for 2 hr. The flucrescence intensity of bacteria in each culture was determined by
flow cytometry. For each clone 30,000 evenis were counted. Flucrescence intensity, x, is a measure
of the mean fluorescence for each bacterial clone. Data was gated on forward and side scatter such
that plotted data represents primarily single bacteria
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Inclusion of the new RBS region into pSM16 and pSM1 7 substantially increased the amount
of Nuorescence detected. €23 1(pSM16) was approximately 3-fold more fluorescent than

C231(pSM11) whereas for the srp promoler constructs the {luorescence of C23[(pSMi7) was

approximaiely 10-fold greater than for C231(pSM13).

4.9.3 Conversion of the promoter probe vector into a possible fusion vector.

In the original promoter probe vector, stop codons were placed immediately upsticam of the
RBS to prevent the formation of translational fusions. Upon reanalysis it was determined that
there could be some advantages in allowing the formation of translational {usions between
inserted genes and the gfp gene. Currently this was not possible due to the presence of
sequence coding for stop codons immediately upstream of the gip gene in pSMI18 (Figure
4.12A). It is possible that translation may not be reinitiated following the stop codons It was
therefore hoped that by allowing for translational fusions an increase in the number of Gfp
positive clones would occur. To remove these stop codons a nucleotide between the stop
codons and the methionine was removed. An A base located 3 bases from the ATG codon
was chosen as this would destroy an Ndel resiriction site, thus making diagnosis easy. A PCR
primer was designed that spanned this region but was missing ihe A residue. The primer #47b
is underlined in Figure 4.12B and was used in conjunction with primer #4b 10 PCR amplify
the entire gfp gene. The PCR product was digested with Spel and BamHI! and ligated into
PSM18 that had been prepared in the same manner to generate pSM20. That the correct

sequence was present was confirmed by dingnostic digests using Neel and sequence analysis.

To confirm that this change had not altered Gfp fluorescence the srp promoter was released
from pSM17 by digestion with Spi1 and Ba/mHI and ligated into pSM20 prepared in the same
manner to generate pSM22. The {luorescence of C231(pSM17) and C231{pSM22) was

measured by flow cylomeiry (Figure 4.13), Both strains demonstrated essentially identical

levels of fluorescence indicating that the single base mutation had no effect on gfp

fluorescence driven by the srp promoter.
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Figure 4.12: Conversion of pSM18 into a fusion vector.

The sequence immediately upstream of the gfp gene of pSM18 is shown (A). The three possible
reading frames are shown using the amino acid single letter code. Sequence corresponding the first
three amino acids of Gip are bolded. Genomic DNA fragments are inseried into the EcoRYV site.
Between this site and the gfp gene are two stop codons which would prevent translational fusions
occurring between inserted sequence and the Gip. To alfow for the possibility of transiational fusions
an A base (boxed) was removed from pSM18 {A) using a PCR based appreach. The gfp gene and
some upstream sequence of pSM18 was PCR amplified using primer #47b whose sequence is
underlined (and differs from the sequence of pSM18 in that the boxed A is missing. Primer #4b was
used as the reverse primer. The PCR product was inserted into pSM18 linearised by digestion with
Spel and BamHi to generate the new promoter probe vector pSM20 (B). The absence of the Ndgt site
in pSM20 was used for diagnostic digests to confirm that the new sequence had been inserted.
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Figure 4.13: Effect of the fusion modification on Gfp fluorescence from the srp promoter

Overnight sultures of C231(pSM17) and C231(pSM22) were diluted to ODg of 0.1 and then incubated at
37°C for 4.5 hr. The flugrescence intensity of bacteria in each culture was determined by flow cytometry.
For each dlone 30,000 events were counled. Data was gated on forward and side scatter such that

plotted data represents primarily single bacteria.

4.10 Library construction

The initial aim was to produce a random library by inserting sonicated fragmenis into pSM20.
Technical difficulties were experienced when repairing the ends of sonicated DNA fragments
with mung bean nuclease. The reasons for the difficulties were unclear, however it meant that
it was not possible to prepare new random {ragments in this manner. Therefore DNA
fragments were instead generated by digestion with Aful. Prior to transformation of library
ligations into C. pseudotuberculosis the library was analysed for the percentage of clones with

inserts and insert size in E. coli.

C231 genomic DNA was digested with A/l and analysed by agarose gel electrophoresis
(Figure 4.14A). DNA fragments in the size range of 0.7 to 1.2 Kb were excised from the gel,
the GNA extracted and then reanalysed (Figure 4.14B). Fragments were Jizated into pSM20
that had been linearised with EcoRV and subsequently treated with alkaline phosphatase.
After an incubation ai 15°C overnight a proportion of the ligaiton was transformed into Top 10
F>. 2 pl of the ligation when transformed into a 40 pl aliquot of electrocompetent Topl0 F°
yielded 40,000 colonies. To analyse the percentage of clones that had insercs and the average

insert size, 16 colonies were randomly chosen and plasmid DNA extracted. Plasmids were
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diges}\cd with Sp/il and BamH! which cut up and downstream of the EcoRV sile respectively,
Analysis ofthe digests by agarose gel electrophoresis indicated that all the plasmids contained

inserts (Figure 4.14C) and that the average insert size was approximately 950 bp.

Transformation of I ul of the same ligation into a 50 u! aliquot of electrocompetent C23 1
yiclded 192 colonies. Additienal empirical evidence indicated that increasing the volume of
DNA transformed in an aliquot of electrocompetent cells above 1 pl substantially reduced the
number of transformants. On the other hand an increase in DNA concentration within the 1
volume led to an increase in the number of transformants. To generate a suitably large library
it was therefore necessary 1o perform large scale ligations {(of the order of 200 ul). Following
an overnight incubation at 15°C, the volume of the ligation was reduced by purification of the
reaclions using the Qiaquick nucleotide removal kit (Qiagen). Multiple 1 pl aliquots of the
DNA were then individually transformed into 50 pl aliquots of electrocompetent C231. With
such an approach it was-possible to generate a library of 15,300 clones. Inspection of the
plates under a UV light indicated that a small proportion of the library was ﬁuorcscent.. Eight

{luorescent colonies were streaked out for further analysis (Section 4.12).

To ensure that the library in C. pseudotberculosis contained clones with inserts 8 colonies
were randomly chosen, DNA extracted and then retransformed into E. coli. Plasmid DNA
was isolated from E. coli cultures, then digested with Pyull which indicated that 7 of the 8
clones contained inserts and that the average insert size was approximately 700 bp (Figure

4.15).

The tibrary was stored as three sub-libraries each containing approxi mately 5000 clones.
Colonies were scraped off plates in BHI, soricated to disrupt bacterial clumps then stored at -

80°C in the presence of 15% giycerol. The three libraries were called A1-3, A4-6 and A7-9.
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Figure 4.14: Construction of an Aful library in pSh20

€231 genomic DNA was completely digested with Alul and then analysed by agarose gel
electrophoresis (A). DNA in the size range of 0.7 to 1.2 kb was extracted from the agarose gel
and reanalysed again by agarose gel electrophoresis (B). The size selected fragments were
ligated into pSM20 previcusly linearised with EcoRV and treated with alkaline phasphatase.
Upan transformation of the library ligation into Top10 F' E. co/i 16 colonies were randomly
picked and plasmid DNA extracted. Plasmid DNA was digested with Sphl and Samil which
cut up and downstream of the EcoRV site respectively (C). 1 kb plus ladder is run in the first
and last lanes and band sizes are indicated to the left of the gel,
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Figure 4.15: Analysis of inserts from pSM20-Aful library in C, pseudotuberculosis.

The pSM20-Alul library was generated by insertion of Alul digested, size selected fragments of
€231 DNA into the EcoRV site of pSM20. The ligation was transformed into C231 and DNA
extracted from 8 individual colonies {1 to 8). DNA from the 8 clones and pSM20 was digested
with Pvull which cuts ut the insert plus an additional 768 bp of vector sequence. Uncut DNA of
clone 1 was run as an additional control (UC 1). 1 kb plus ladder is run in the first lane and band
sizes are indicated 1o {he left of this,

4.11 Flow cytometry analysis of the Aful sub-libraries

Cultures of the three sub-libraries were generated in BHI from the glycerol stocks and grown
overnight. The libraries were diluied 1 in 20 then grown for a further 1.5 hr. The libraries
were analysed by flow cytometry (Figure 4.16). In comparison to C231(pSM20) which
contained 0.01% Muorescent bacleria, sub-libraries Al-3, A4-6 and A7-9 contained 5.23, 2.77
and 2.92% fluorescent clones indicating that the library contained a proportion of clones with

plasmid inserts that possessed promoter activity.
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Figure 4.16: Flow cytometry analysis of Aful libaries A1-3, A4-G and A7-9, :
L
Overnight cultures of the C. pseudotuberculosis sub-libraries A1-3, A4-8, A7-8 and C231(pSM20}) . 4.1%
were diluted to ODgge of 0.1 then grown at 37°C for 2 hr, The percentage of Gfp positive ¢clones in i 4.1
each library was determined by flow cytometry. For each culture 30,000 events were analysed. :
Data was gated on forward and side scatter such that plotted data represents primarily single : Tog
bacteria. The percentage of events that were contained within Region 1 (R1} is indicated. : to o

4,12 Analysis of gfp expressing clones from the Alul library |

Ten Gip positive clones were selected from the A/ library . Gfp positive clones in this series

are titled gfp+Al, gfp+A2 onwards. gfp+AT to gfp+A8 were sclected by viewing the plated s

library under UV light and selecting fluorescent clones (Section 4.10). The remaining Gfp !
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positive clones were enriched by using a FACS 10 sort fluorescent clones in the A7-9 library.
The fluorescence of gip+A1 1o gfp+AS was measured in a qualitative manner using visual
inspection under a UV light whereas the [luorescence of overnighi cultures of the remaining
clones was measured by flow cytometry. Sequence analysis indicated that two clones were
identified twice. These were slp+Al and gfp+AS which were identified by visual inspection
of the library and gfp+A3 and ¢fp+A 12, one each of which was picked using the altemate

approaches. The {luorescence and sequence of each clone is summarised in Table 4.2.

in general insert sequences could be divided into two categories. The first included those such
as 2'p+A11 and gip+A13 that contained the 5” portion of a gene at the 3° end of the insert
such that the insert gene ran into the gfp gene. In these cases it is likely that the sequence

upstream of the gene contains the promoter activity and as such the gene for the promoter is

known. The second group contained those sequences in which the insert contained the 3° end
of a gene followed by a region which did not show homologies to proieins in the NCBI protein
databases. For a number of clones such as gip+A2 and gfp+A8 the amount of sequence at the
3" end of the insert where promoter activity is likely to lie is around 70 10 90 bp. Additionally

for a number of clones it was possible to identify consensus promoter sequence elements

within this region. To determine whether these regions correspond to true promoters it would

be necessary to identify downstream scquence and Jook for the presence of genes. One clone
gfp+Al contained sequence with no major homologies and as such is likely to contain only

promoter sequence.

4.13 Identification of heat regulated genes by DFI
4.13.1 Optimisation of heat shock conditions

To determine the appropriate heat shock required 1o induce heat regulated genes and to be able

10 observe the induction by flow cytometry a heat shock model using a promoter probe vector

containing the dnak promoter was established. The dnaK promoter of C. psendotubercilosis

(Figure 4.17) was identified by C. Sinmons in werk that is described in his PhD thesis
(Simmons, 1997). The promoter was PCR amplified using primers # 48 and 49. Primer #438

contains an Sph1 site at its 5* end and primer #49 contains a BamHl site at its 5° end. Both '
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Table 4.2: Sequence analysis of clones from the pSM20-4iul library that constitutively express

Gfp

Clone fluorescence™

identification

insert ¢
size

species
homology

gene homology and other
features °

gfp+At,ofp+AS +++ €692

gfp+A2 750

gfp+A3,gfp+Ai2

gfp+A10

gfp+A11

gfp+A13

M. tubarcufosiy

M. tuberculosis

MNeisseria

meningitidis

C. glutamicum

C. glutamicum

M. tubercufosis

no major homologies, passible -35
and —10 regions

3" end of hypothetical Rv3683 which
ends 67bp prior to the end of the
insert. Consensus~35 and -~10
regions in this region
complementary strand prabable CoA
ligase (faD14) which starts 75bp
from 3’ end of the insert.

3’ end of a nitric oxide reduclase
which ends 85bp from §' end of the
insert. Consensus -35 and —-10
regions in this region but poor
spacing

3" end cf urease accessory protein
that ends 210bp from the end of ihe
insert. Consensus —35 and —10
regions in this region

hypothetical 7.5kDa protein in the
CSTA-AHPC intergenic region’
located in the middle of the insert
dihydripicolinate synthase stacts
300bp upstream of the insert end
and runs into the gfp gene.

L14 rpiN (508 ribosomal protein)
starts 300bp upstream of the insert
end and runs into the g gene.

 BH! was inoculated with individual colonies of each clone and incubated overnight at 37°C. The

mean fluorescence of individual bacteria in each culture was determined by flow cytometry,

b . + .
Flugrescence of clones grown on agar was scored visually under UV light, Clones ware designated

as having weak fluorescence (+), medium fluorescence (++) or strong fluorescence (+++},

‘ Sequences were scanned against the NCBI protein databases for protein homologies in all 6 reading
frames using the fransiating BLAST program (BLASTX). Proteins that showed the highest homology
and the species in which this occurred are listed.

ND, not determined
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the PCR product and pSM20 were digested with Sphl and BamHI, then ligaled together 1o
generate pSM23.

A heat shock from 37°C 10 43°C has been shown to be sufficient to induce expression of dnak
(Simmons, 1997 and Chapter 3). To determine whether the heat shock effect on dreX could
be observed using pSM23, the effect of heat shock on g/pp expression from this plasmid was
determined. To ensure that any effect observed was specific to the dnak promodler,
fluorescence from C. pseudotibercnlosis harbouring pSM20 or pSM22 was also determined.
Ovemight cultures of C23 [{(pSM20), £23 1(pSM22) and C231(pSM23) were diluted 1o an
ODgip 0f 0.1 {multiple cultures were set up for each strain) and then incubated at 37°C for 2
hr. At this stage half of the cultures were transferred to 43°C (1 =0). At various time-points
cultures were sonicated and the fluorescence intensity of individual bacteria measured by flow
cytometry (Figure 4.18). As expected no fluorescence was delected in bacteria harbouring
pSM20, the promoterless vector, The level of fluorescence detected in the C231(pSM22)
cultures increased approximately 15% at 43°C as compared to 37°C. In comparison, the effect
of heat shock on expression from pSM23 was of a greater magnitude and increased over the
timecourse of the experiment (up to 300%) aithough almost maximal levels were achieved by
60 min. From this timecourse a 90 min heat shock was deeined suitable for the detection and

enrichment of other heat inducible genes in the library.

4.13.2 Library sorting

The A1-3 sub library was grown from an ODygy of 0.1 for 45 min. At this time the culture was
split with half being further incubated at 37°C while the remaining aliquot was incubated at
43°C. After a 90 min heat shock, the {Tuorescence of the two cultures was measured by flow
cytometry (Figure 4.19A). 6% of the bacteria in the 37°C culture were fluorescent while 8%
of the zlones in the heat shock culture were fluorescent. The {luorescent population of the
heat shiock culture was enriched for using a FACS. Two sorts were petformed, the first aimed
to collect all fluorescent bacteria while 1he second collected a subset of this population
containing the most fluorescent bacteria. Thé sorted bacleria were recovered and plated onto

BHI agar. After incubation at 37°C for 48 hr colonies were collected {rom the plates grown in
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48 —
1 ctggcggaaa tagaagatibt taaaaaaatt gagtctagtg ggaacaactt

51 tgrgtgagat gtcgttatgg atagtgbcag gttgagtgac acgcgctcaa

101 gatatctggt aagttcttca ctrgtagtty gacggtcceg ftaaaatfegag

«— 49
151 tcgacgteag tcaactttag gtaaaacgtt aaaaatacaa cgcaaacaccc

201 aggaggacat cac atg gga cgc cca gta gcc atg
M G R P \Y A M

Figure 4.17: The C. pseudofuberculfosis dnaK promoter region.

The dnaK promoter was cloned by Simmons (1997) and the sequence oresented here was obtained
from his PhD thesis. Regions that show homalogy 1o the E. coli 6™ consensus —35 (TTGACA) and -
10 (TATAAT) regions are boxed. A putative ribosome binding site is bolded. Amino acid sequence
carresponding to the first seven codons is indicated by the single letter amino acid code. The binding
sites of primers used for PCR amplification of the dnaK promoter are underiined and the primer
number shown, Primer #48 contains zn Sphi site at its 5’ end and primer #48 contains a Bam#! sile
atits 5 end for cloning purposes.

100 -
@ O 0 —— pSM20-37°C
§ T . ° ° -~ pSM20-43°C
Q > —— pSM22-37°C
o "p . o
2 % o —o— pSM22-43°C
2 2 ~a— pSM23-37°C
£~ . - F———a 0 pSM23-43°C
o[
E A A e Y
1 ¥ v T T
a 3¢ 60 90 120
time (min)

Figure 4.18: Expression of dnak following heat shock of C. pseudoiuberculosis.

Flugrescence of exponential phase cultures of C. pseudotuberculosis harbauring pSM20, pSM22 or
pSM23 (promoterless, srp promoter and dnakK promoter respective'y) grown at 37°C or 43°% (following a
preincubation for two hours at 37°C) was measured by flow cytomelry. For each sample 30,000 events
were counted and the mean fluorescence of the population determined 1o give mean fluorescence
intensity.
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Figure 4.19: FACS sorting of C231 genomic sub-library A1-3,

Analysis of the A1-3 sub-library indicated that it contained 6% Gfp positive clones when incubated at
37°C and 8% when incubated at 43°C (A}. Following a 90 min heat shock two populations of bacteria
were collected, those that were fluorescent and a subpopulation of this group that were most
fluorescent, Bacteria were recovered on BHI agar plates and then reanalysed by flow cytometry (B).
The enriched bacierial population was grown at 37°C and a negative sort performed to enrich the non-
fluorescent population. Bacterfa were recovered on BHI agar plates and then reanalysed by flow

- cytometry {C). The recovered population was again heat shocked, analysed (D) and flucrescent
clones enriched for. Sorted bacteria were recovered on BHI agar plates and then analysed individually
in the heat shock model (E). FL1-H corresponds to Gfp fluorescence intensity while counts
comresponds to cell number,
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BHI at 37°C. The fluorescent population now contained 635% G/ positive bacteria and the
most fluorescert population contained 76% Gip positive bacteria (Figure 4.19B). This
corresponded to fold enrichments of 11 and 13 respectively. To remove clones containing
promoters with constitutive activity ihese cultures were sorted using a FACS. this ime
enriching for the non-fluorescent population. The sorted bacteria were recovered and plated
onto BHI agar. Analysis of the collected bacteria indicated that the pescentage of Gl positive
clones of fluorescent and most fluorescent populations had been reduced to 25 and 27%
respectively (Figure 4.19C). Upon heat shock of these cultures the percentage of fluorescent
clones rose to 30 and 37% respectively (Figure 4.19D). As a final round of positive selection
these cultures were incubated at 43°C for 90 min then the fluorescent populé:ion enriched for.

The sorted bacteria were recovered on agar plaies and analysed individually (Figure 4.19E).

4.13.3 Analysis of individuzai clones

To determine whether the clones obtained in the final library sort were indeed heat inducible,
clones were analysed individually in the heat shock model, Thirty colonies were randomly
picked, grown overight in BHI then diluted 1 in [0 in duplicale. After a 45 min incubation at
37°C half of the cultures were iransferred to 43°C. After a further 90 min the fluorescence of
individual bacteria within each culture was determined by flow Cytomelry, Of the 30 clones
analysed none showed fluorescence induction. For six of the clones this is represented

graphically in Figure 4.20.

4.14 Identification of C. psendoiuberculosis genes induced in a macrophage infection

model

The macrophage infection model that was described in Chapter 3 was also used for the

following experiments.

4.14.1 dnaK promofer activity in the macrophage infeciinn mode)

From data presented in Chaper 3 it is evident that expression of C. psendotuberculosis dnak
is up-regulated during macrophage infection. In order to pick suitable time points for sorting
of macrophage induced genes of C. psendotubercilosis the C231(pSM23) strain was tested in

the macrophage infection model and the level of promoter induction determined.
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Figure 4.20: Fluorescence induction of individuai clones from the C. pseudofuberculosis
A1-3 sub-library following heat shock.

DF1 enriched clones were either incubated at 37°C or 43°C for 80 min. The fluorescence of
individual bacteria within each cullure was determined by flow cytometry. For each clone the
unbroken line corresponds to the culture grown at 37°C, while the broken line corresponds to the

cufture grown at 43°C. FL1-H comresponds to Gfp fiuorescence intensity while counts
corresponds to cell number.

J774 macrophages were plated at 7x 10° cells/well in six well plates 18 hr prior to infection.
The macrophages were infected with exponentially growing C23 1(pSM23) and C231(|$SM22)
at MOI of 0.5 and 3. At ! hr post infection 1ﬁe macrophages were washed and gentamycin
containing media added to the cells. Cells infected at MOI 3 were analysed at 4 hr post
infection and those infected at MOI 0.5 were analysed at 16 hr post infection. Sonicates of the
macrophage monolayers were generated arid the fluorescence of individual bacteria within the
sonicate determined by flow cylometry. In addition the fluorescence of the bacteria added to

the macrophages was also determined to allow for the calculation of fold induction following

macrophage infection.

Following infection with C231{pSM22) no induction of {luorescence was observed at either

timepoint. However, for C231(pSM23) fluorescence inductions of 1.5 and 2.6 were detected
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Figure 4.21; induction of C. pseudotuberculosis dnaK expressiaon following

macrophage infection.

J774 macrophages were infected with exponentially grewing C231(pSM22) and
C231(pSM23). At4 and 16 hr post infection the macrophage monalayers were lysed, then
sonicated and the fluorescence of individual bacteria determined. The fluorescence of
macrophage derived bacteria was divided by the fluorescence of the bacteria inilially added to
the cells to give fold induction.

at 4 and 16 hr respectively (Figure 4.21). The level of [luorescence detecled at 16 hrin
C231{(pSM23) was directly comparable to that observed 11 the same strain grown in vifro

following incubation at 43°C for 2 hr.

Thi. experiment showed that it was possible to detect regulated genes in the macrophage
infection model. From this experiment it was decided 1o look {or other macrophage regulated
genes 16 hr post infection as at least for the dnaK prome er this appeared (o maximise the

differential gene expression detected.

4.14.2 Optimisation of macrophage sorting conditions

Given the technical difficulties with the heat shock experiments it was decided to sort infected
macrophages rather than bacteria released from infected macrophages. This was likely to
increase the sorting efficiency as, due 10 their size, macrophages are more casily sortesd .1an
bacteria. Additionally at 16 hr post infection macrophages may contain sc:;cral bacteria

which, assuming that they are derived from a single bactertum, would increase the relative
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ftuorescence of the sorted cvent. This has the potential to further separate the fluorescent from

the non-fluorescent population leading to more efficient sorting.

As macrophages were being sorted rather then single cell suspensions il was necessary 10
infect the bacteria at a low multiplicity of infection. This was done so that on averagea
macrophage was infected by one or less bacteria. This was essential 1o avoid infecting
macrophages with a mixed population of bacteria that contained both Mluorescent and non-

fluorescent clones.

Upon analysis of 1774 macrophages by flow cytometry it was apparent that they were
intrinsically fluorescent. To dampen this effect two approaches were taken, the first was to
reduce the laser power used during flow cylometry, the second was (o use tissue culture media
that does not contain phenol red. Phenol red is used as a pH indicator in tissue culture media,
but {luoresces upon excitation with the FACS laser. Phenol red, located on the macrophage
cell surface or that has been internalised by the macrophages, would be expected to increase

the intrinsic fluorescence of the cells.

To optimise sorling conditions macrophages were infected with mixed populatious of
fluorescent and non-fluorescent C. pseudoruberculosis. The fluorescent and non-{luorescent
strains C231(pSM22) and C231(pSM20) were utilised. J774 cultures were infected at a low
multiplicity of infection (1:1) with either C231(pSM20) or C231{(pSM22) individually or as
mixed populations for a period of 16 hr. Macrophages containing fluorescent bacteria could
be readily distinguished from the remaining population (Figure 4.22). There was howevera
slight increase in fluorescence in bacteria infected with €23 1(pSM20) (Figure 4.22C)
indicating that the intrinsic fluorescence of all infected macrophages is increased. A FACS
was used to sort macrophages containir.g fluorescent bacteria from uninfected macrophages o
macrophages infected with bacteria carrying promoterless constructs. Macrophages were
sorted on the basis of fluorescence intensity and forward and side scatier . The sorted
macrophages were collected by centrifugation and plated. After 48 hrat 37°C the total
number of bacteria and the number of fluorescent bacleria was determined by viewing the
plates under UV light. When infected with mixed populations of non-fluorescent and
fluorescent bacteria (at 80:20, 90:10 and 95: 5 ratios), C231(pSM22) made up approximately

92 16 94% of the recovered sorted bacteria representing relative enrichments of 4.6, 9.4 and
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Figure 4.22: Flow cytometry of infected macrophages.

Macrophages were infected with C231(pSM 0} {A and C), C231(pSM22) (D) or 80:20, 90:20 and
95:5 ratios of the two strains (E, F and G respectively). Compared to uninfected macrophages
(B) the fluorescent population is cleasly visible (C to G).

18.6. This indicated that a reasonably good sorting efficiency could be achieved when
infecting with a mixed population of bacteria. Additionally in a mixed culture of
C231(pSM20} and C231(pSM22) in which the non-fluorescent bacteria were the minority
species {90% fluorescent: 10% non (luorescent) it was possible to use a FACS 1o collect the
non-fluorescent population. Upon plaling of the sorted population the percentage of
fluorescent bacteria had dropped fram 90% to 7% and the non-{luorescent population had

risen from 10% 10 93%.
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In part the reason why it was possible (o so successfully sort C231{(pSM22) from
C231{pSM20) was because C231(pSM22}) is a highly {luorescent strain. There is therefore a
large difference in the fluorescence intensity of the two strains. Initial experiments of sorling
the Aful libraries indicated that it was not possible to achieve the same level of enrichment
with the libraries as with the mixed populations of pSM20:pSM22. This was probably
because the 4/ul libraries contain only a very small proportion of highly Muorescent clones
with a larger population of weak to medium fluorescing clones. When the difference between
the fluorescence intensity of clones that are to be sorted and those that are to be abandoned
becomes smaller, the sorting efficiency lowers. To deal with this problem an additional
enrichment step was incorporated into the standard DFI protocol as outlined in Figure 1.1.
This step comprised a second round ol enrichment in the macrophage model such that bacteria
collected afier one macrophage infection were used 1o reinfect macrophages. The bacteria
collected from this second infection were then grown under /i vitro conditions and z negaiive

sort performed.

4.14.3 Library sorting

The sub library A7-9, which contained 5% Gfp positive clones, was used to infect J774
macrophages at a MOI of 2, 16 hr post infection the macrophages were removed from the
plastic surface by scraping into PBS. Analysis of the infected macrophages by flow cytometry
indicated that 0.3% of the macrophages were strongly fluorescent. This is much lowur than
the percentage of Gip positive C. pseudotuberculosis clones within the library as a low MOl is
utilised. The consequence of this is that only a relatively small population of macrophages
phagocytose a bacterium resulting in a reduction in the percentage of Gfp posilive “events™.
The {luorescent population was enriched by FACS and plated onto BHI agar. After incubation
at 37°C for 48 hr the bacterial colonics were collected from the plate and grown overnight in
BHI. Flow cytometry analysis of this culture indicated that 53% of the population was
fluorescent, corresponding to an 11 fold enrichment over the A7-9 sub library. A second
round of macrophage infection was performed with this culture and after 16 hr analysis of the
infected macrophages by flow cytometry indicated that [.9% of the macrophages were
strongly fluorescent. The [uorescent population was again enriched and plated out as before.
Analysis of the fluorescence of this population indicated that 85% of bacteria were fluorescent

corresponding to a fi urther 1.6 fold enrichment. To remove clones containing promoters with
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constitutive aclivity the collected bacteria were grown in DMEM for 16 hr. Flow eytometry
analysis indicated that 58% of the bacteria were {luorescent. A negative sort was then
performed in which the non-fluorcscent population was enriched for. Plating out ol the sorted
population resulted in 111 colonies afier incubation at 37°C for 48 hr. The sorting process is

represenied schematically in Figure 4.23.

4.15 Analysis of individual sorted clones
4.15.1 Sequence analysis

The final sort yielded 111 colonies. Twenty colonies were randomly choscn for further
analysis and labelled C1 to C20. The fluorescence of each clone grown ovemnight in BHI was
determined by flow cytometry and the lMuorescence of each clone on agar plaies assessed
visually under UV light (Table 4.3). In addition DNA was exiracted from each clone and used
to retransform E. coli so that plasmid DNA could be prepared for sequencing. For a number
of clones the expression of gfp in E. coli was high enough so as o be toxic to the cells. This
was observed as an initial reduction in E. celi growth followed by a return to normal growth
but a reduction in plasmid copy number. As it was not possible to cxtract sufficient plasmid

DNA from these clones, the inserts of 3, C4 and C 17 were PCR amplified using primers #20

and #21 then subcloned into pGEM®-T easy. These plasmids were then used as templates for

sequencing. The fluorescence characteristics of each clone is summarised in Table 4.3.
Sequence analysis indicates that 12 independent clones were represented within the 20 clones.

One clone was represented twice, one thrice and a third five times (Table 4.4).

4.15.2 Measurement of fold induction

To determine what proportion of the clones were actually macrophage induced each clone was
analysed individually one or more times in the macrophage infection model. 1774
macrophages in 6 well plates were infected at a MOT of 2 with each clone. At 4 and 16 hr post
infection the fluorescence intensity of individual bacteria extracted {ro:n the macrophage
monolayer was delermined by flow cylometry. For calculation of fold induction, fluorcscence
of (i) cultures of the same bacteria grown overnight in BHI and (ji) bacteria grown in DMEM
under the same conditions and for the same period of time as the macrophage monolayers was
measured. A third control was to include C231(pSM22) which contains the constitutively
expressed s1p promoter. Fold induction was determined by dividing the [luorescence of
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Figure 4.23; FACS sorting of 231 genomic sub-library A7-5.
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Analysis of the A7-9 sub-library indicated that it contained 5% Gip positive clones (A}, J774
macrophages were infected with the library and 16 hr later fluorescent cells were enriched for using a
FACS. Bacteria were recovered on BHI agar plates and then reanalysed by flow cytometry {B). The
enriched bacterial population was used to reinfect macrophages and a second round of sorting
performed. Collected bacteria were again analysed (C). Collected bacteria from the second round of
sorting were grown in DMEM for 16 hr (D), then a FACS was used to enrich for the non-fluorescent
population. Sorted bacteria were recovered on BHI agar plates and then analysed individually in the

macrophage infection Model {E). £L1i-H corresponds to Gfp fluorescence intensity while counts

corresponds to cell number.
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macrophage derived bacteria by the fluorescence of DMEM derived bacteria (Figurc 4.24A).
Almost all clones showed fluorescence induction at both timepoints in macrophages compared
to in DMEM. In general when different clones containing the same insert or the same clones
were studied in separate expeniments a reproducible fold induction was observed, although
there were occasional differences. Although all the DFI clones showed induction so did the
C231(pSM22) control strain which at 16 hr was induced by 2.5-3 fold in macrophages
compared to when grown in DMEM. A number of clones were induced past this level, in
particular Ct, C13 and C18 . As an alternative analysts ol the data, fold mduction was
expressed as relating to the fluorescence of the added bacteria. In general this meant taking
the highest recorded fluorescence for a clone when grown overnight in BHI. Growth in such a
manner generally produced a consistent level of fluorescence for a given clone. When the data
was analysed this way C231(pSM22) was uninduced, perhaps indicating that this was a more
suitable control (Figure 4.24B). Only C18 showed induction at both 4 and 16 hr post infection
when analysed in this manner. A number of clones showed a greatey than 1.5 fold induction at
16 hr, These were C3,C4, C12, C17,C6, C15 and Ci8. Ofthese C3, C6, C15 and C18 were
chosen for further study. Given that C13 showed the greatest induction compared to bacteria

grown in DMEM it 100 was chosen for further study.

4.15.3 Identification of downstream sequence

. The DFI approach aims to identify regulated promoters. Once such promoters were identified

it was necessary to determine the identity of the genes that these promoters transcribed. For
C3, €6, C13 and C15 there was no indication of what gene was associated with the detected
promoter activity. For C18 the 5” end of the gene was present in the insert however the
function of the protein from this small region was not entirely clear. To allow these clones .0
by studied further it was necessary 1o identify downstream sequence. Two approaches were
taken. The first utilised a PCR based approach. C231 genomic DNA was digested with Smai
or BamHI and ligated into pUC I8 digested with Smal or BanrHI respectively. For each
promoter a forward primer was designed that hybridised to DNA sequence approximately 200
bp 5' of the end of the insert. A PCR using the ligations as the template was performed using
the forward primer and cither the M 13 forward or M 13 reverse primers which hybridise to
sequences in pUCI8 as the reverse primer. The PCR products generated were analysed by

agarose gel electrophoresis, which in general revealed the presence of one or more bands of
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Table 4.3: Fluorescence characteristics of clones that may show fluorescence

induction following macrophage infection

Clone iD mean €231 fluorescence  Top10 fluorescence
fluorescence®  onBHlaparplate®  on LB agar plate ®
i 17 + T+
c2 32 +4 ++
C3 24 ++ *
ca 23 ++ ‘
C5s 23 ++ “
C6 12 - ++
c7 4 - -+
C8 11 - ++
co 4 - ++
C10 23 ++ .
Ci 10 + ++
C12 24 ++ >
c13 3 ++ ++
C14 25 + +++
C15 11 -
C16 4 - +
c17 24 ++ ’
c18 2 +++ +4+
c19 17 - +
20 35 e +

*BHI was inoculated with C. pseudotuberculosis colonies of each clone and incubaled overnight at
37°C. The mean fluorescence of individual bacteria in each culture was determined by flow cyfometry.
® Fluorescence of clones grown on agar plated was scored visually under UV light. Clones were
designated as having weak fluorescence (+), medium fluerescence (++), strong fluorescence (+++} or
no defectable fluorescence (-).

*. upon fransformation into £, cofi apparent toxicity was observed by the presence of a large number
of pin prick sized colonies plus a smaller number of normal sized colonies. When plasmid DNA was
extracted from cultures derived from the larger colonies, a lower than usuat DNA yield was obtained
suggesting that there has been a reduction in copy number due to foxicity as a result of high levels of

gfp expression.
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Table 4.4: Sequence analysis of the plasmid inserts of FACS enriched clones from the A7-9 sub-library

Cloene ID

insert size

species homology *

gene homology and other features ®

C1.C11,
C12
cz

C3, ¢4, C5,
C10,C17

Cce

c7,.C186

c8

Cc9
C13

C15

C18

C19
C20

630

640
596

920

600

800
o913

500

492

770
700

M. luberculosis

M. tuberculosts

M. luberculosis
Sirepfococcus

pyrogenes
M tuberculosis

M. tuberculosis

C. glutamicum
N. meningitidis

Pseudomonas sluizeri

3’ end of a lysyl-IRNA synthase which ends 230bp inio the inseri, some pulative —35 and —10 regions

downstream of this.

3 end of a polyphosphate glucokinase, reasonably long ORF starts shorlly after this.

no significant homologies

conserved hypothetical pretein Rv2226 at ' end which ends approximalely 400bp in, possible

consensus sequences at 3' end

very low horology 1o a putative biolin synthase which slarts 170bp into the fragment and runs 16 the

end

glycerol-3-phosphate dehydrogenase (NAD dependant). gene ends approximately 100 bp prior 1o the 3'

end of the insert

low homologies to non bacterial proteins

no homology (o bacterial proleins
400bp ORF at the 5 end of the gene

3’ end of a conserved hypathetical protein at the 5’ end of the insert that ends approximalely 400bp inlo

the insert

disR gene which starts at the 3' end of the insert and runs inlo the gip gene.

nitric oxide reductase gene starts 300bp into the insert and runs inle the gip gene.

in the middle of the insert is a sequence that shows homology o parl of a hypolhetical 12.7 kda protein

in the pix operon &....

® Sequences were scanned against the NCBI protein databases for protein homaologies in all 6 reading frames using against a translating BLAST program

(BLASTX). Proteins that showed the highest homology and the species in which this occurred are listed.
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Figure 4.24; Fluorescence induction of individual clones from the C. pseudotuberculosis AT-9
sub-library following macrophage infection.

J774 macrophages were infected with DFI enriched clones C1 to C20 or with C231(pSM22) for 4 or 16
hr. The fluorescence of individual bacteria extracled from the macrophage monolayer was measured
by flow cytomelry and the mean fluorescence of each clone determined. Additionally the fluorescence
of the same clones incubated for the same period in DMEM or overnight in BHI was determined. Fold
induction following macrophage infection compared to DMEM grown bacteria {A) or BHI grown bacteria
{B) was then calculated. Clones that contain the same pltasmid insert are grouped together, for

example C3, C4 and C17.
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interest, Individual bands were extracted from the gel and cloned o pGEM"E’-T Casy.
Sequencing was then performed to identify clones that contained the downsiream sequence,
This approach was successful for a proportion of the clones identifying downstream sequence
for C3, C13 and C18. Due 1o technical difficulties and limitations with this approach it was

not possible to identify downstream sequence for C6 and C15.

A second approach was utilised 1o identify downstream sequence of C6 and C15. This
involved using the insert of these clones as a probe on the DNA arrays gencrated for
transcriptional analysis {Chapter 3). A positive spot was identified for C15 however sequence
analysis of the corresponding clones indicated that it contained upstream sequence rather than
downstream sequence. No posilives were identified when using the C6 insert as a probe.
Given the difficulties in identifying the contiguous genes for C6 and C15 these clones were
not analysed further. It is anticipated that the screening of larger genomic libraries would

allow the genes 10 be identified.

4.154 C3

This clone was eﬁrichcld for more than any of the others. Aithough scquence analysis was
only performed on C3, C4 and C17, it is likely that C5 and C10 contain the same insert as the
insert size of these clones is the same and the plasmids demonstrate the same foxic effects in
E. coli. Asdescribed in section 4.15, gfp expression from this promoter in £. col/ is toxic lo
the cells resulting in a reduction in plasmid copy number. The insert was 596 bp and 56% AT
rich. No homologies 1o bacterial proteins were observed following BLASTX analysis of the
sequence. A further 350 bp of sequence was identified using the PCR approach (Figure 4.25).
A BLASTX search indicated that a protein with homology 10 the B chain of DNA polymerase
IH starts 13 bp prior 1o the end of the original insert. The 3 chain of DNA polymerase 111 is
encoded for by dnaN. The dnaN gene of C. pseudotubercnlosis shows greatest homology to
the gene in M. smegmaris with 53% identity over a 101 amino acid region (Figure 4.26). In
many bacteria including mycobacteria the order of genes in this region is conserved such that
the gene upstream of dinaN is dnaA which codes for the chromosomal replication initiator
proteir. In addition, the intergenic region between dinad and dnaN is often the site of the
chromosomal origin of replication (0riC) and as such the presence of this region on a plasmid

may be sufficient 1o render a nonreplicative plasmid capable of autonomous replication. This
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Figure 4.25. DNA sequence of the ptasmid insert of C3 and further downstream sequence.

All sequence upstream of the arrow is from the original C3 clone. Sequence downstream of the

arrow corresponds to sequence identified from the PCR generated clone. The sequence of primer

#236, which was used to identify the downstream sequence, is underlined. Protein sequence with
hamology to the beta chain of DNA polymerase |l (coded by dnaN) is shown using the amino acid
single letter code. Shaded cr boxed seguence indicate the positions of sequence with 1lo 3
mismatches to the M, smrgmatis DnaA-box consensus (TT(G/C)TCCACA) are marked.
Sequences that are boxed run in the forward direction while shaded sequences indicate lhat the
consensus sequence lies on the complementary strand. A putative RBS is doubly underlined.
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Figure 4.26. Clustal alignment of the predicted amino acid sequences of the N-terminal end
of DNA polymerase Ili B chain from C. pseudoiukerculosis (C.pth) and Mycobacterium
smegmatis {M.sm).

Residues that are identicai in both species are indicated by an asterisk. Conserved amino acid
substitutions are indicated by two dolis while zemi-conserved substitutions are indicated by a single
dot. Alighment was performed using CLUSTAL W (1.82).

region is characterised by a number of features including an A+T rich cluster and DnaA boxes
which have a consensus sequence of TT(G/CYTCCACA. Inspection of the C17 sequence
reveated the presence of at least 11 putative DnaA boxes. These ranged {rom 8/9 to 6/9

identical to the consensus sequence.

4.15.5 C13

C13 contains an insert of 591 bp that is rich in A and T bases (64%). An 87 amino acid ORF
is present at the 3° end of the insert, this however does not show homology 10 any proteins in
the NCBI protein databases. Sequence downstream of the C13 insert was identified and
analysed by BLASTX (Figure 4.27). A protcin with 43% homology to a non-ribosomal
peptide synthase of Streptomyces avermitilis was identified (Figure 4.28). This gene is
predicted to start al a gig codon positioned 102 bp after the end of the C13 insert. Homologies
to a large number of other peptide synthases was also observed, although the C13 coding
region often showed homology to the middle of these protein rather than the start. We have

termed this gene ¢ps for corynebacterial peptidase synthase.
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.23 1 tygmAsatttc agaccactcg cctbcaatga atatcggaag attaaaaact ccocectgeey
. )
f 81 ilcawLiitagyg cctgceccac cctataasac agccagacga tatatcagta ctttggccat
| et
i;g 121 tettttegee gectacccca gatcacaaac aggaaaagam agcattccgt ccagooctta
! 181 ttecctatttt caccgaccta ggcaaatagg tttattttac ttatataaga tttggaaatt
241 gcetattasa agaactaatt aagcaatgce taaccgtata tttcccgatt aaaaagtate
301 atttttcaca tgcgttcaaa caactegcaa tagtgactaa agggcactte aaatggctit
2
361 geaatagttt ttaaatccct taaaatgtge ttaatttcac accttgtatct cégéggatgc
| end
% 421 atacgcdgaaa agatagaaaa gccotcacaac cagcacggaa ataaaaacct ctattttcta
]
481 tcgataaaat aataatattt cactgatttg catatgactt aaatatgtta ttaagaatat
L cid 541 ttcatcaggt tgagtgtaaa ttactctrat cgctcaatcyg gaaactatta gottocotaaa
single 601 aagcacagac tatatctggg caatagttca ctgacagggg tctccgetaa caaactttgg
§61 aggcttttaa agcaattgaa aggaactttt teggtgggaa aaccagcece atccgacgac
v G K P A P 53 D D
i .
721 cgtacgtatg caatctacgg cgtcgatacc atccccgaac ctogcacgct cgttgatatt
'boxes R T Y¥Y A I Y ¢ v DT I PE P RT L V D 1
e 781 ttcagcgaca ccgtaatcag ctaccecoaac gecaccgote ttattggeac asatgaatct
F 5 D T Vv I S ¥ P N A T A L I & T N E 8
841 ctgacttaca gcgagttage agagecgcogtc gagaagcaaa tagagegett ggeggeteotc
L T ¥ 5 E L A E R V E K @ I E R L A A L
901 ggggtcggec gcggagcegeg catcggaatt cgggtacoct caggcaccac cgacctgtac
G Vv G E G A R I G I R VvV P 5 ¢ T T Db L ¥
961 atagcaatac ttgccacgat ctghbgetggg geggectacy ttoctgtiga ctgggacgat
'ORF I A I L AT I CAG a3 A Y VPV DWDD
: 1021 cecagattctc gagctaacac agtatgggaa gaagccaatg tceactgetgt ctatggegec
ns n P DS RAN TV WE E AN V Ta V Y G A
1081 gaaactttcc ctegaccte
E T F P R P
Figure 4.27: DNA sequence of the plasmid insert of C13 and further downstream sequence.
Hogies All sequence upstream of the arrow is from the original C13 clone. Sequence downstream of the arrow
corresponds to sequence identified from the PCR generated clone. The sequence of primer #242,
ave which was used to identify the downstream sequence, is underlined. Protein sequence with homology
to a non-ribosomal peptide synthetase from Streptomyces avermitilis is shown using the single letter
code. Amino acid sequence with homology to a consensus sequence of the A domain is bolded. A
putative RBS is doubly underlined.
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C.pth DPDSRANTVWEEANVTAVYGAETFFRP—-- 135
S.av DPDERAELVFGEAEVRAVVGARHHLTVDGL 150

okt ks Fa Fdad wE FL

Figure 4.28. Clustal alignment of the predicted amino acid sequences of the N-terminal
end of a non ribosomai peptide synthase from C. pseudotuberculosis (C.ptb) and

Streptomyces avermitilis {S.av),

Residues that are identical in both species are indicated by an asterisk. Conserved amino acid
substitutions are indicated by two dots while semi-conserved substitutions are indicated by a
single dot. Alignment was performed using CLUSTAL W (1.82).

4,15.6 C18

The C18 insert was 492 bp in length. The 3’ end of the plasmid insert of C18 codes for a
protein with homology to DtsR from C. glutamicum (Figure 4.29). This protein has been
suggested to contain propionyl CoA carboxylase activity however no other homologies to
propionyl CoA carboxylase were identified. Identification of additional downstream sequence
identified further sequence with homology to the dtsR gene but also showed homology to the 8
subunit of propionyl CoA carboxylase of many bacterial species (Figure 4.30). We have
therefore termed this gene pceB. The insert has an overall AT content of 50% however the
140 bp upstream of the pceB start codon is 60% AT rich and contains a number of A and T

tracts of 4 or more bases.

Two clones, C13 and C18, were completely non-fluorescent in DMEM compared to in
macrophages where they exhibited significant fluorescence. Although C18 was non-
fluorescent in DMEM or BHI cultures prepared for flow cytometry, it displayed high
fluorescence intensity when streaked out onto BHI agar (Table 4.3). This suggested that
expression of pecB was either regulated in a contact dependent manner or alternatively its

regulation could be related to the Tween-80 that is present in broth grown cultures used for

flow cytometry but not in agar plates. To determine whether peel expression was Tween-80
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eam sequence Figure 4.29: DNA sequence of the plasmid inseﬂ of C18 and further downstream sequence.
ology to the §
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All sequence upstream of the arrow is from the original C18 clone. Sequence downsiream of the
arrow corresponds to sequence identified from the PCR generated clone. The sequence of primer
#143 which was used to identify the downstream sequence is underlined. Protein sequence with
homology to the disR gene of C. glutamicum is shown using the amino acid single letter code.
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lu MTISSPLIDVANLPDINTTAGKIADLKARRAEAHFPMGERAVERVHAAGRLTARERLDYL 60

L R T T T I O I R I S P L I T I R I

C.ptbh LDEGSFIETDQLARHRTFDFGMHKKRPVIDGIVTGWSTIDGREVCIFSODGTVEGGALGE 120
C.glu LDEGSFIETDOLARHRTTAFGLGAKRPATEGIVTGHGTIDCGREVCI FEQDGTVFGGALGE 120

dek b b ok ok k ek ke ke k4 o oa +&i.*&i—i*iri‘-i-"(iéi--i*i-i-i{iik}iiiiii—i-ﬁ-&r

C.ptb VYGEKMIKIMKLAVATGRPLIGLYEGAGA 14%
C.glu VYGERMIKIMELAIDTGRPLIGLYEGAGA 149

LR T R R LR R

Figure 4.30. Clustal alignment of the predicted amino acid sequences of the N-terminal end of
PCC beta chain from C. pseudotuberculosis (C.ptb) and C. glutamicum (C_glu).

Residues that are identical in both species are indicated by an asterisk. Conserved amino acid
substitutions are indicated by two dots while semi-conserved substitutions are indicated by a single
dot. Alignment was performed using CLUSTAL W (1.82).

regulated C18 was grown overnight in BHI in the presence of between 1 and 0.01% Tween-
80. Analysis of culture fluorescence intensities indicated that pecB expression was regulated
by Tween-80 in a dose dependent manner such that as the concentration of Tween-80

increased the level of Gfp fluorescence detected decreased (Figure 4.31).

Tween-80 has previously been used as a major source of carbon and erergy in a number of
bacterial species including mycobacteria. Mycobacieria hydrolyse Tween-80 to yield oleic
acid and sorbitol or its polyoxyethylene esters. We were interested in deiermining whether the
effect of Tween-80 on peeB expression was mediated via an oleic acid interimediate. Cultures
of C18 were grown in the presence of (.5 and 0.05mM oleic acid solution and flow cytometry
used to measure Gfp fluorescence. No conclusive evidence regarding the role of oleic acid in
peeB regulation could be obtained as its presence in the culture medium dramatically reduced

bacterial cell growth suggesting that it was toxic to the cells.

4.15.7 Analysis of DFI clone gene expression by reverse transeription-PCR

To confirm that the changes in gene expression identified by flow cytometry were real,
relative mRNA levels for the genes of interest was determined by reverse transcription

lollowed by real time PCR. Given that a low MOI was used for the DFI experiments it was
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Figure 4.31: Eifect of Tween-80 on gfp expression in C18.

Cultures of C18 were grown overnight in the presence of different concentrations of Tween-80 (from
0.01% to 1%). Fluorescence of each culture was determined by flow cylomelry. For each clone
30,000 events were counted. Data was gated on forward and side scaiter such that plotied data
represents primarily single bacteria.

not possible 10 extract sufficient RNA for analysis from identical conditions. instead the C.
pseudotiberculosis RNA extracted from macrophages infected with a high MO for 6 hr
(Section 3.7) was utilised (Figure 4.32B, D and F). The control for these samples was RNA
from C. pseudotuberculosis grown in DMEM for the same time period. Additionally, to
determine whether the ¢ps, dnaN and peeB genes were regulated by changes in in vitro
conditions, genc expression was also measured in BHI cultured bacteria at Jow and high

density and following a 30 min heat shock in a high density culture (Figure 4.32A, C and E).

Analysis of ¢ps showed that its expression was highly up-regulated in infected macrophages
compared 10 in DMEM. Two separate macrophage derived samples showed 26 and 49 fold
induction. Additionally expression of ¢ps in BHI grown C. psewdotuberculosis was up-
regulated by heat shock by approximately 7 fold. Expression of drnaN was essentially
unchanged under all the treatments tested. Expression was always within a two fold induction

and therefore any regulation under these conditions is negligible.
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Figure 4.32. Effect of macroghage infection and changes in in vifro growth conditions on
expression of C. pseudotuberculosis cps, dnaN and pceB.

(A, C, E) An overnight culture of C. pseudotuberculosis was diluted to an ODggp of 0.1 then incubated
at 37°C. RNA was extracted from 30 min (37, low) and 6.5 hr (37, high) cultures. Additionally 2 6.5 hr
culture was prepared in which the last 30 min of the incubation was performed at 43°C (43, high).

(8, D, F) Duplicate plates of J774 macrophages were infected with C. pseudoluberculosis. 6 hr post
infection bacterial RNA was exfracted from the cell monolayer. As a confrol DMEM was inoculated
with bacteria for the same time period. The levels of cps, dnaN and pceB mRNA and 16S rRNA were
determined by reverse transcription foflowed by real time PCR. Gene expression was normalised {o
165 rRNA levels to take into account differences in starting amounts of RNA. For A, C and E results

are represented as the mean of duplicate samples £ minimum and maximum values,
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Given that the RNA samples analysed were from bacteria that had not been grown in the
presence of Twecen 80, peeB was detected in all samples. Of the two macrophage derived
samples analysed one showed peeB up-reguiation while the other showed no regulation
compared 1o the DMEM derived control. peeB expression was shown to be regulated by
changes in in vitro conditions. Expression was possibly density regulated such that expression
decreased with cell deasity (approximately two fold) and was thermoregulated such that -

expression dropped approximately 20 fold following incubation at 43°C for 30 min.

4.16 Discussion

In this chapter the development and application of DFI to the identification of differentially
regulated genes of C. psendonibercudosis is described.  Although heat regulated genes could
not be identified, a number of genes that were regulated in the macrophage model of infection

were identified thus demonstrating that the technology could ultimately be used in a successfial

manner,

This study has shown that gfp is a suitable reporter gene for C. psendotubercidlosis. C.
pseidotuberculosis, because of its complex cell wall structure, must undergo severe
mechanical disruplion to release the cell contents. Therefore the use of traditional reporter
genes such as caf or lacZ is somewhat problematic, both in terms of processing large sampie
numbers by methods such as sonication and in gaining reproducible data. Gfp, on the other
hand, can be quantitated directly in living cells either by flow cytometry or {luorimetry

without the need for sample preparation or other co-factors.

The initial vector, pSM 12, was a relatively poor promoter probe vector. This was particularly
apparent when comparing the fluorescence of pSM13 and pSM15 both of which contain the
srp oromoter upstream of the gfp gene in a pEP2 vector background. The sequence between
the promoter and the gfp gene are difTerent in the two constructs suggesting that this region is
importani for maximal expression from the srp promoter. Immediately upstream of the gfp
genc in pSM 13 is sequence almost identical to that found immediately upstream of the C.
pseudotuberculosis repA gene. A minor modification was made to this region for cloning
pu:.poscs by switching the order of the A and C residues which are located 12 and 13 bp

upstream of the initiation codon. 1t is not possible to definilively conciude whether the poor
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expression from the srp promoter in pSM I3 was rom veduced transcription, reduced
translation or as 2 resull of aliered mRNA stability. However, the fact that the area 37 10 the -
10 region was important for increasing expression suggests that the effect is a post
transcriptional one being either at the level of translation or RNA stability. Comparison of the
sequence immedialely upstream of the gfp gene in pSM13 and pKENIgfpuvl with the E. coli
anii Shine-Dalgamno sequence (of the 16S rRNA) shows that there are more potentiai basc-
pairing interactions with the pKENIgfpuvl sequence than with the pSM13 sequence (Figure
4.33). This could polentially explain the differences in fluorescence intensity observed for the
two constructs in £. cofi. 1t was not possible to make a direct comparison with the same
region of the 168 rRNA of C. psendotubercidosis. Although the partial sequence of the 165
rRNA from a number of strains is available, none of the sequences are complete. This is
because, in general, the 165 RNA gene has been PCR amplified using primers homologous to
the end of the E. coli 168 rRNA (Riegel et af., 1995), therefore the 3° and 3° sequences are
often missing. Analysis of the anti Shine-Dalgarno sequences of the 16S TRNA of M.
tuberculosis (Accession AB026698), C. gluramicium (Accession AF314192) and C.

diplitheriae ({tpy//ftp.sanger.ac.uk/pub/cdip) indicate that they are identical. Given the

evolutionary relationship of C. pseudotuberculosis 10 these bacteria it is likely that the 37 end
of the 168 rRNA of C. pseudotuberctiosis is in turn identical o these sequences. Alignment
of pSM13 and pKEN I glpuv] with this sequence (Figure 4.33) showed 7 possible base pair
interactions for pKEN1gfpuvl compared to 4 for pSM13, further supporting a role for

translational efficiency in the level of Gfo delected in strains carrying the different plasmids.

The original library generated in C. psendotuberculosis afler construction in E. coli (pSM12-
Q) contained only 0.22% Gfp positive clones. Compared to libraries generated for
mycobacterial species that have been reported in the literature and the second library generated
in this'study this is a very low percentage of fluorescent clones, Libraries generated for DFI
studies in M. marimean and M bovis BCG have yielded 6 and 9% Gfp positive clones
respectively (Barker ef al., 1998;Triccas ef al., 1999). Interestingly due to low iransformation
cfficiencies of these bactlerial species, both libraries were generated in E. coli before transfer to
the desired host. The low number of Gip positive clones can partly be attributed 1o the vector
sequence between the promoter and the g/p gene. Additionally the passaging of the library

through E. coli was detrimental to the quality of the library generated. Empirical evidence

from results described in this and other chapters of this thesis suggest that high Ievels of gfp
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E. coli 16s rRNA 3’ -AUUCCUCCA-5'

pKEN1gfpuvl 5! -GAAGGAGAUACAUAUG-3'
pSM13 5¢ -GUGGGAGAAUACCGGUAUG-3"
B

M. tuberculosis 16s rRNA 3 -UCUUUCCUCC
pKENlgfpuvl 5’ -AAGAAGGAGAUACAUAUG-3Y
pSM13 5" -UAGUGGGAGARAUACCGGUAUG-3'

Figure 4.33: The putative Shine-Dalgarro interaction of pSM13 and pKEN1gfpuvi.

The 3" end of the E. coli (A} and M. tuberculosis 16s rRNA corresponding to the anti Shine-
Dalgarno sequence is aligned with the region upstream of the gfp gene in pKEN1gfpuv1 and
pSM13. For the two plasmid sequences the last three base pairs code for the initiating

methionine. Bases that are complementary to the cerresponding base in the anti Shine-Dalgaiio
sequence are shaded.

expression are toxic to the E. cofi host. This was observed as an initial reduction in £. coli
growth followed by a retun to normal growth but a reduction in plasmid copy number and
detectable Gip fluorescence. 1t is therefore likely that clones that were strongly fluorescent in
E. cofi would have been selected against by passaging the library through £, col/i. Although
this could be seen as advanlageous in removing clones that are highly fluorescent in both
species it would also have removed clones Lhat are highly fluorescent in £. coli but not as
strongly fluorescent in C. psendotuberculosis. C17 is probably an example of such aclone.
Gip is generally thought of as a non-toxic protein and as such there are few reports of it being

toxic to prokaryotic cells (Lissemore ef al., 2000).

Analysis of the Gip positive clones identified in both E. coli and C. pseudotuberculosis
demonstrates that there are significant differences in what is recognised as a promoter in the
different species. In particular a large number of promoter sequences were identified in the £.

colf pSM12-Q library that did not demonstrate promoter activity in C, pseudotubercidosis.
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The inadequacics with the initial promoter probe vector and library were overcome by making not o i
modifications io the vector and the manner in which the library was constructed. The that « §
substitution of the region containing the RBS of pSM12 with that from pKEN!¢fpuvl resulted

in a significant increase in fluorescence when known promoiers were inscried into the | A nungs

upsiream multiple cloning site. Inscrtion of the srp promoter increased lNuorescence by 10 ; indivig

fold while the pld promoter increased fluorescence 3 fold. it 1s unclear why the two promoters
caused different increases in fluorescence intensity. The pld promoter is however highly
regulated (discussed in Chapler 6) hence the differences may be related to this. The second
modification 1o the promoter probe vector allowed the generation of fusion proteins between
proteins coded for by inserted DNA sequence and Gfp. Of the clones with promoter activity
identified during this study no translational fusions were observed. Both amino- and carboxy-
terminal fusion proteins between Gip and a second protein of interest arc commonly used

(Phillips, 2001) so it is unlikely that the lack of fusion proteins detected is a reflection of cither

a toxicity effect or an alteration in protein confonmation leading to a loss of {luorescence.
Given that only 4 clones were identified in which coding sequence was present at the 3° end of
the insert, lack of fusions detected may simply reflect the relatively small number of this type
of clone identified. Statistically one would expect that 1 in 3 such clones would contain a

gene in frame with the gfp gene.

The second library generated was smaller than the first but had the advantage of being directly
consiructed in C. psedotuberculosis. This prevented biases against plasmids that strongly
express Gip in £. cofi. The final library contained approximately 15,300 clones with an
average insert size of 700bp. The size of the C. pseudotibercitiosis genome is unknown,
however is likely 1o be similar to other corynebacterial species. The chromosome sizes of C.
ghutamicum and B. lactofermentum are each approximately 3.1 Mb (Correia ef af., 1994;Bathe
et al., 1996} while the C. diphtheriae genome is approximaitely 2.5 Mb
(ftp:/ffip.sanger.ac.uk/pub/cdip). Assuming that the genome size of C. psendotubercilosis is
approximately 3.1 Mb, the average insert size is 700 bp, DNA fragments are inserted i‘nto the
promoter probe vector in either orientation equally and that 7 of every 8 plasimids have an
insert, then it is likely that the library represents a 1.5 fold coverage ol the genome. It is
therefore likely that there are some sequences that are absent from the library. Given that this
study did not aim to screen every promoler of C. pseudotuberculosis but rather aimed to prove

the effectiveness of the methods and identify some regulated genes for further study, this was
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not a major issue. It would be neccssary to increase coverage by several fold to be confident

that a representative library was being screened.

A number of clones that expressed g/fp constitutively in the A/ul libraries were analysed
individually. All of these clones expressed gfp> at a reasonably high fevel, This primarily
reflects the manner in which the clones were selected, as only relatively fluorescent colonies
can be detected visually under UV light and sorting using a FACS was set up such that only
the highly fluorescent clones were enriched for. Analysis of genes identified as being
constitutively expressed indicated that a subset contained a gene at the 3° end of the insert
reading into the gfp gene, upstream of which was the candidate promoter. A second set of
clones contained the 3° end of a gene within the insert followed by a region with no homology
to proteins i the NCBI protein databases. Presumably sequence with promoter activity is
located within this region and as such for several clones sequences with homologies to E. coli
o’ consensus promoter sequences were identified close to the 3’ end of the inserts. With this
type of insert it would be necessary to identify downsiream sequence and the genes that it

contains to confirm that the detected promoter activity was indicative of a real promoter.

Changes in gene expression during the heat shock response in C. pseudotuberculosis and
during macrophage infection could be monitored using the promoter probe vector with the
dnaK promoter inserted upstream of the gfp gene. Expression from the driaK promoter in a
non-stressed state (37°C) was low and, as expected, the level of detectable fluorescence
increased during heat shock. To asceriain how accurately the induction of fluorescence
detected by flow cytometry reflected dnaK promoter aclivity, the pattemn of fluorestence
induction was compared 1o thal observed in Chapter 3 when measuring dnaK mRNA levels in
response to heat shock, The major differences obscived between the two sets of data were in
the rate of induction and the length of time during which the reporter protein or mRNA stayed
elevated. dnaK mRNA levels peaked by 15 min, then returned 1o just above basal levels by 90
min, whereas the rate of {luorescence induction was slower and continued over the timecourse
of the experiment. The slowness of the fluorescence response can be attributed to the time
required for the synthesis and folding of the Gfp protein (Cormack et af., 1996). This time
means that there is a lag between promoler activation and the end point of {luorescence. The
differences between the péllerns of the protein and mRNA timecourses can be explained by

the very different half lives of the Gfp protein and the dnaK mRNA. In a number of systems
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Gfp has a half life of greater than 24 hours (Andersen ¢f a¢l.. 1998:Corish and Tyler-Smith,
1999:Caorish and Tyler-Smith, 1999} and would therefore persist within the bacteria. The
typical hall-lifc of bactcrial mRNA species is between 2 and 5 min. dnak mRNA is likely to
have a similarly short half life and would therefore be rapidly degraded leading 1o the
reduction of dnaK mRNA observed at I hour. These data suggest that although changes in
gene expression can be observed. the precise timecourse of regulation should be confirmed by
more direct methodologies such as Northern analysis. In some respects the long half-life of
Gfp protein may be an important advantage because it may allow transient up-regulation

evenls 10 be more easily identified than if direct mRNA measurements are relied upon.

The application of DFI to identify heat regulated genes of C. psewdotubercitlosis was
unsuccessful. Thirty individuat clones enriched for during the screen process were analysed
however none were regulated. The inability to identify heat regulated genes probably stems
from the difficulties in sorting the bacteria at a sufficiently high efficiency using a single
round of sorting. It is likely that if further rounds of enrichment at 43°C had been performed,
followed by rounds of selection for non-fluorescent bacteria at 37°C that thermoregulated !
genes would have been identified. The usefulness of multiple rounds of enrichment could be
observed during the macrophage studies where this aided in sufficiently enriching the
population such that regulated genes could be identified. Expression of ¢naX increased less
than three fold following a 90 min heat shock (as measured by fluorescence) which is an order ,_
of magnitude less than the change in ¢naK mRNA levels as measured by RT-PCR. Given that E
dnak is highly induced it is likely that the fluorescence induction of other clones would be =
three fold or less. This relatively small difference probably contributed to the relatively poor
sorting efficiency achieved when looking [or heat regulated genes. When sorting

macrophages this problem was partially alleviated by sorting macrophages instead of bacteria.

Since each macrophage contained multiple bacleria the {luorescence of an individual event

increased significantly.

That the application of DFI to the identification of macrophage induced genes was successful
was demonstrated by the observation that two of the ¢clones identified (C13 and C18) were
highly fluorescent in macrophages but completely non-fluoiescent in DMEM. In addition a

third clone C1 showed approximately 6 fold induction in macrophages at 6 hr post infection,
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Even assuming that all the other clones identified were false positives this is 15% success rate,
The DF1 studies in the literature have reported varying successtulness in the ability to
efficiently enrich for the regulated population. Of studies performed in macrophages efficacy
~has ranged from approximately 2% in M. ruberculosis, up 1o 100% in M. marinum, 33 10 50 %
in S. aphinurinm and 25% in L. monocytogenes (Triccas et af., 1999;Ramakrishnan ef al.,
2000;Guckenberger er al., 2002;Wilson er /., 2001). This reported variability probably
reflects the ease in which some bacierial species can be worked with, the number and type of
enrichment steps performed and the type of FACS which was utilised. A major problem that
was encountered during this study was that all clones that were studied individually were less
fluorescent in DMEM compared to bacteria inside the macrophages. This was even apparent
for the control sip promoter construct pSM23 which has generally been observed to be
constitutively expressed under a variely of in vitre conditions during this study. Whether this
is a form of regulation or is as a result of a gencralised effect of the growth conditions is
unclear. Growth of the bacteria in DMEM was under quite different conditions to the bacteria
grown in BHI with shaking. In particular the cultures were not aerated and were incubated in
an atmosphere containing 5% CQ,. Given that oxygen is an essential co-factor for Gip
{luorescence it could be possible that reduced oxygen levels resulted in a generalised reduction
in the detectable fluorescence. The phenomenon of altered Gfp fluorescence in DMEM is
investigated and discussed further in Chapter 6. This effect does however clearly have
implications for DF] studies such as this, if truly regulated genes are to be enriched for rather
than all fluorescent clones which all in turn happen 10 be less fluorescent under the in virro
conditions. As an altemative control, fold induction was determined compared o the
fluorescence of clones grown in BHI at 37°C with aeration. In general this produced a
consistent level of fluorescence for a given clone. When the data were analysed in this
manner only C18 still showed a largle fold induction folowing macrophage infection. The
choice of the most appropriate controls for studies such as this is discussed further in Chapter
7.

The conclusion from this study is that DFI is suitable for identifying regulated clones when a
clone is completely non-fluorescent under control conditions and then induced under
experimental conditions. Conversely when clones show some fluorescence under control
conditions it was difficull to identify truly regulated genes. It may be possible to solve this

problem by using diffcrent gates during sorting such that bacteria in different fluorescence
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ranges are collected into different groups. Using such an approach it may be possible to
identify clones that arc {luorescent under control conditions but more fluorcscent under
experimental conditions. One of the major difficultics in this study was performing negative
soris in which the non-fluorescent population was collected. This, in part, stems from the
small size of the bacteria which makes them difficult to distinguish {rom background noise. In
order to alleviate this problem approaches such as bacterial labelling or alternative selection
procedures have been utilised. For example, in a study of M. marimun, bacteria were stained
with antisera which could be detected by a diffcrent channel of the FACS. It was therefore
possible to differentiate bacteria from noise (Ramakrishnan ¢t al., 2000). For DFlofaM.
tuberculosis library a reporter vector was constructed which in addition to gfp contained a
second gene called sacB. SacB confers sensitivity to sucrose (Triccas ef al., 1999). Thus
instead of performing a negative sort by FACS, bacteria were plated onto sucrose containing
media. Those clones that possessed constitutive promoter activily were not viable and hence

were removed from the population.

Although the“identification of dnaN as a macrophage induced gene of C. pseudotuberculosis
appears to have been a false positive in thal its expression was not macrophage induced, its
identification in this study has pointed to the probable origin of replication (0+iC) of C.
pseudotuberculosis. In many eubacteria including the closely related mycobactenia, the 0riC
is found in the intergenic region between the dnad and dnaN genes. The size of this intergenic
region is variable, however it typically contains two key features; these are the presence of an
A+T cluster and a number of DnaA boxes. DnaA boxes are 9 bp DnaA recognition sequences,
Binding of DnaA protein io DnaA box sequences triggers a cascade of events that ullimately
lead (o initiation of DNA replication and synthesis of a new chromosome. A consensus
sequence has been defined for the DnaA boxes of Gram positive bacteria (Rajagopalan et al.,
1995). Putative DnaA boxes were identified in the sequence upsiream of the C.
pseudotubercrlosis dnaN gene. Eoghit were found in the forward orientation and 3 were found
in the reverse orientation. Thesc maiched the M. smegmatis consensus sequence at between 6
and 8 of 9 nucleotides. This degree of homology to the consensus sequence is seen in a
variely o mycobacterial specics (Qin ef «l., 1997;Qin ef af., 1999;Madiraju ef al., 1999).
Various numbers of DnaA boxes arc found in the diad-dnaN intergenic region ol different
bacterial species and in the mycobaclerium genus varies considerably ranging from 16 in A,

avitm (Madiraju ¢t al., 1999), 20 n M tubercnlosis (Qin et al., 1999) (0 5 in M. smiegmails
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{Qin et al., 1997). No obyous A+T cluster was present in the dnaN promoter region, however
this may simply be because it lies upstream of the C3 insert. In AL, tubercidosis and M,
smegmatis the A+T cluster is found at the 3° end of the 0riC. To confirm that the plasmid
insert of C3 does indeed contain the oriC for C. pseudotuberculosis it would be necessary 10
clone further upstream sequence and 1o then determine whether the region is sufficient to

confer autonomous replication to a plasmid that was previously non-replicative in C.

pseudotubercidosis.

Given that DNA replicatior. nit:st oceur at the correct time in the cell eycle it would be
expected that the expressioi: nf the required genes would be tightly regulated. dnaN
expression has been shown to be regulated in both E. coli and Synechococcus, although in
both of these baclerial species the oriC is not lecated immediately upstream of the dnaN gene.
In the cyanobacterium Synechococcus sp strain PCC 7942 expression of dnaN is rthythmically
expressed suggesting that it may be under circadian control (Liu and Tsinoremas, 1996).
Given that in cyanobacieria cell division is light dependent this observation is perhaps
unsurprising. In £. coli dnaN maps between diiad and recF. In exponentially growing cells,
dnaN and recF are expressed predominantly from the dnad promoters. Upon entiy of the cells
into the stationary phase, dnaN promoters are activated leading to changes in expression of the
dnad operon genes, in particular dnaN and recF increases. Consequently the synthesis of the

B subunit of DNA polymerase {1l and RecF protein increases as cell metabolism is slowing
down.

Non ribosomal peptide synthetases are used by microorganisms 10 synthesise small
polypeptides of less than about 50 amino acids by a non ribosomal pathway. A diverse range
of cellular products are produced or modified by non ribosomal peptide synthases including
some antibiolics (Stachelhaus and Marahiel, 1995), glycopeptidolipids (Billman-Jacobe ¢t al.,
1999) and siderophores {Yu e al., 1998). Non-ribosomal peptide synthetases are large multi-
enzyme complexes. Each protein consists of a series of modules which function as
“individual enzymes™ and are responsible for the addition of the next amino acid to the
nascent peptide chain. A module is defined as the unit required to complete one ¢elongation
cycle. The simplest type of module consists of three domains termed the A, T and C domains
(Mootz and Marahiel, 1999). The A domain is involved in recognition, binding and activation

by adenylation of the appropriate amino acid. Following activation the amino acid is
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transferred to a thioester linkage on the cofactor 4”-phosphopantetheine in a reaction
performed by the T domain. Finally the C domain catalyses the condensation of the aciivated
amino acid with the one of the next module Icading 1o chain elongation. A number of other
types of domain also exist that may make further medification to the amino acids before chain
clongation, for example epimerisation or methylation. The linear organization of the modules
within the protein directly correlales with the sequence of the peptide while the number of

modules deiermines the size of the amino acid.

Within each domain are conserved motifs that are usually associated with the specific enzyme
reactions catalysed by the domains. Six miotifs have been mapped to the A and T domain
(Stachelhaus and Marahiel, 1995). Five of these are invelved in kndwn interactions such as
ATP binding and 4-phosphopanietheine binding while the function of the sixth is unknown.
Within the gene termed cps a region with homology to the first motif of the A domain was
observed (Figure 4.27). 7 of the 11 amino acids within the consensus were conserved.
Interestingly when comparing this region o the same motif in a peptide synthase of M.
smegmatis (Billman-Jacobe et 4l., 1999) a greater degree of homology was observed
suggesting that a modified motif may exist in gram positive bacteria. As sequence
corresponding 1o only the first 133 amino acids was identified no other motifs could be
observed. It would be expected that these could be observed if furlher downstream sequence
was identified. Additionally the sequence of the peptide or its function cannot be determined
at this stage. As the general understanding of peptide synthase structure and chemistry
increases it is likely that it will become possible (o readily predict the sequence of the
synthesised peptide from the sequence of the peptide synthetase. This type of approach has
already been used to predict the structure of a siderophore of Stretomyces coelicolor (Challis
and Ravel, 2000). The next steps in determining the role of ¢ps during macrophage infection
would be to identify the entire gene. This would give information regarding the length of the
peptide synthesised and modifications that it may contain. Secondly mutant ...cains could be

generated and used in studies 10 elucidate the function of Cps,

There are relatively few reports of regulated expression of pepiide synthetases. The
production of a number of non ribosomally synthesised siderophores has been shown to be

iron regulated (Yu ef al., 1998;Wertheimer et af., 1999;Devescovi ¢f al., 2001) suggesting that

expression of the relevant peptide synthetases may be occurring. A role [or non ribosomal
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peptides in virulence is possible. Obviously the role of siderophores in iron scavenging is
likely to be critical for some bacteria and these genes could then be consider~d to be virulence
determinants. A role in virulence of a non ribosomally derived peplide has been demonstrated
in strains of Streptomyces that cause scab disease in root and tuber crops. In the absence of
the peptide synthetase gene &vi4 which synthesises thaxiomin A, wild-type growth was
observed in vitro, however the mutant strains were avirulent being unable to infect potato

tubers (Devescovi et al., 2001).

The PccB protein whose expression was regulated by the promoter in C18 was determined lo
be most homologous (97%) (o a protein of Brevibactum lactofermentum that has been termed
DisR (for detergent sensitivily rescuer). In B. lactofermentinm the large scale secretion of L-
glutamate is stimulated in the presence of some detergents, for example
polyoxyethylenesorbilan monopalmitate (PESP). A strain of the bacteria was generated that
was more sensitive to detergent than the wild type strain. Supplementation of the mutant with
the dfsr gene restored the wild type phenotype (Kimura ef ¢/, 1996). Additionally mutants
with a disrupted d#sR gene required either oleate or oleate ester for growth (Kimura et al.,
1997). This requirement was quite specific as neither palmitate ester or stearate ester were
able 1o support growth of the mulant. Analysis of other proteins with which C18 and the dtsr
gene contain homology indicate that they both are likely to code for the B chain of propionyl
CoA carboxylase (PCC). PCC is an enzyme that is composed of  and p subunits and
catalyses the conversion of propionyl CoA to (S)- methylmalonyl-CoA ((S)-MCC). In
subsequent enzymatic reactions (S)-MCC is first converted to (R)-methylmalonyl-CoA and
then to succinyl-CoA. Succinyl-CoA can then enter the citric acid cycle. Alternatively MCC

may act as a precursor for the synthesis of branched-chained fatty acids and polyketide.

The appearance of C. psendotuberculosis colonies on agar plates was significantly altered by
the presence of Tween-80 in the agar. Iﬁstead of being dull, rough and easily breakable, the
colonies took on an appearance more like that observed of an £. coli colony, being smoother
and shiny. This change in phenotype is probably indicative of changes in the composition of
the cell wall surface. Similar changes in morphology have been reported for M.

paratuberculosis following treaiment with Tween-80 (Van-Boxtel et a/., 1990).
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The effect of Tween-80 on the mycolic acid composition of three cutancous corynebacterial
species has previously been investigated (Chevalier er af.. 1988). Species investigated were C.
stratium and two belonging 10 the pathogenic JK group corynebacteria. (0.3% Tween-80 was
suflicient to increase the synthesis of mycolic acids in pariicular Cs mycolic acids and to
increase the degree of unsaturation of the side chains. It has been postuiated that the inc_rease
in the amount of Csq.; corynemycolic acid that occurs following ireatment with Tween-80Q is as
a result of a synthesis that involves the condensation of two molecules of oleic acid (C)5:1)

(Chevalier ef al., 1988}, this however has not been demonstrated.

It seems likely that PCC plays a direct role in fatty acid metabolism in C, pserndotubercilosis
as evidenced by decreased expression of peeB in the presence of Tween-80, and the fact that
PCC mutants in closely related species require oleate for growth. Within the cell it is likely
that the Tween 80 is metabolised 1o yield oleic acid. Oleic acid has been postvlated either to
be able to act directly as a substrate for {atty acid biosynthesis or is alternatively broken down
to yield acetyl CoA which can in tumn be used for fatty acid biosynthesis or enter the citric acid
cycle. It thus seems likely that peeB down-regulation in the presence of Tween-80 is in
response to metabolite excess, in parlicular the excess of fatty acid. That is, that in the

presence of Tween-80 there is a lesser requirement for de novo synthesis of fatty acids viaa
PCC pathway.

In addition to being regulated by Tween-80 the expression of C. pseudotuberculosis pccB was
found to be regulated in response to changes in cell density and temperature. pccB is
regulated in a similar manner to the fatty acid synthase {(FAS) identified during the array
studies described in chapter 3. This similarity of regulation gives further support to PCC
playing a role in fatty acid metabolism. Many microbial organisms respond to shifls in
environmental temperatures by altering the nature of the fatty acids that they produce which
may explain the changes in pccB expression observed following heat shock. Additionally the
effects on corynebacteriual membrane composition following treatment with Tween-80
observed by Chevalier are similar to those observed following changes in growth temperature
in Norcodia asteroides, Norcodia rieba and M. phlei. This suggests that the mechanisms

involved in altering membrane composition to the different stimuli are similar (Chevalier ef
al., 1988).
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The regulated expression of peeB highlights the need for very careful and extensive controls in
DFI experiments. Although identified as a macrophage regulated gene, on further
examination this was found not to be strictly the case. Rather the apparent regulation was an
artefact of other differences in the assay procedure, in particular the supplementation of the

control growth conditions with Tween-80.

The promoter probe vector gencrated for this study has potential applications outside of the
area of DFL. Following insertion of known promoters upstream of the g/p gene it can be used
to monitor changes in gene expression. pSM20 was used in such a way to monitor pld
regulation (see Chapter 6), The ability 1o use gfp in fusion proteins also opens up the potential
of performing protein localisation studies with relative ease in a imanner that avoids the need
to produce appropriate antibodies. Additionally we have shown that using a gfp expression
construct, it is possible to monitor the interaction between C. psendotuberculosis and the
macrophage. This system will allow the monitoring of expresston from known and unknown
promoters within the macrophage. Such studies may indicate which genes are important in
vivo. An extension of this type of approach would be to use gfp expressing bacteria 1o monitor
the disease process in vivo. The Toxminus strain of C. psendotuberculosis (Hodgson et al.,
1992) lacks a functional p/df gene and has been suggesied as a suitable veterinary vaccine
vector for delivery of foreign antigens (Moore et al., 2000;Moore ¢f ¢l., 2001). To monitor
how this strain interacts with the immune system a Gfp cxpressing version of this strain could
be generated. Following infcction, the in vivo fate of the bacteria could be monitored and the
immune cells with which they interact established. In summarv Gip is a suitable tool not only
as the reporter in DFI but also for downstream studies aimed at elucidating gene regulation

and function and cellular inieractions.
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Chapter 3

Assessment of the role of regulated genes in macrophage infection




5.1 Introduction

The work described in this chapter is aimed at determining the functional signilicance of
regulated genes of C. psendotuberctdosis during macrophage infection. In order to elucidate
whether genes identified as being regulated do play an essential role in virulence mutant
strains for a number of regulated genes were construcied. These mutant strains were then

tested in the macrophage infection model to determine whether they were aitenuated.

Three genes identified in Chapter 3 as being differentially regulated were chosen for further
study. These genes were selected up.on a variety of criteria. The first is a putative
metallopeptidase that was selected on the basis that it showed up-regulation in the macrophage
infection model. The second is the iron permease component fugC, which was choscn on the
basis of a possible role in iron acquisition and the observation that its regulalion was similar to
that observed for the important virulence determinant p/d. Given that virulence genes are
often co-ordinately regulated this gene was decmed a good iargel. Finally sodC, a gene
coding for a Cu,Zn superoxide dismutase was chosen. The degree of up-regulation observed
was small, however, such genes have been implicated to play an imporlant protcctive role
against host derived oxygen radicals in other bacterial pathogens such as M. rubercidosis
(Piddington ef al., 2001), N. meningitidis (Wilks et al., 1998) and Safionetla (Farrant et al.,
1997).

To generate mutant sirains of C. psettdombercm'osi.:;' a suicide plasmid containing the sequence
of interest interrupted by an antibiotic resistance gene was utilised. This type of approach has
been used lo generate an aroQ mutant of C. pseudotuberculosis {Simmons et ul., 1997).
Plasmids containing a ColEl origin of replication were used as previous studies have shown
that plasmids with ColE! replicons were cither unable to replicate, or replicated very slowly in
C. psendotuberculosis (Simmons ef al., 1997). In general genes encoding kﬁnamycin,
erythromycin or hygromyein resistance have been used lor gene disruption. Ampicillin has
been avoided as it is rapidly degraded and cannot be effectively used to select against C.
psendotubercilosis. Upon transformation of the gene mutation cassette plasmids into C.
psewdotuberculosis, transformants that are resistant (o the antibiotic were selected for.
Southern analysis was then performed to confirm that antibiotic resistance was a result of

allelic exchange generated via a double crossover event.
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In this chapter the characterisation of sequence in the array clones containing mef, fugC and
sodC sequence is described. To generate a knockout cassette general wisdom prescribes that
the presence of at leas1 0.5 to 1.0 kb of sequence upon cither side of the antibiotic resistance
gene is necessary for allelic exchange to occur. It was therefore necessary to identily
upstream sequence for both sodC and met. The knockoul cassettes were constructed and the
mutant sirains generated. The growih of these sirains was initially tested in vitre and then

tested for attenuation in the macrophage infection model.

5.2 Mectallopeptidase
5.2.1 Analysis of clone Q12-E9 insert sequence

Clone Q12-E9 contained a | kb insert that showed homology 10 two genes (Figure 3.1). At
the 3" end of the insert wag an ORF of 759 bp that showed homology to a putative zinc
metallopeptidase of C. glutamicum and various streptomyces species. Using reverse
{ranscriplion real time PCR this gene was shown 1o be up-regulated approximately 4 to 5-fold
during macrophage infection (Chapter 3). That this putative protein was indeed a
metallopeptidase was supported by the observation that it contained a sequence with complete

homology to the zinc binding region signature found in neutral zinc metallopeptidases. This

motif was identified by scanning the protein sequence against the PROSITE database of
protein families and domains. Within the motif the two histidine residues and the glutamic
acid residue act as the zinc ligands (Miyoshi and Shineda, 2000). Zinc metallopeptidases may

be further classified into distinct families. Further analysis of the metallopeptidase sequence

identified a second region that showed homology to a motif found in zinc metallopeptidases
that belong to the aminopeptidase family. This motif (LWLNEGX) is centred around a
glutamic acid residue that is found 23 amino acids after the first histidine residue of the

melallopeptidase motif. The sequence IWLNEGF was found in the appropriate position and

differs at one amino acid from the consensus. The glutamic acid residue within this motif is
an additional zinc ligand, Commencing approximately 20 bp downstream of the predicted end

of the metallopeptidase gene, which we have termed nref, was a second gene, rmiB that codes

for a protein that is most homologous to the dTDP-glucose 4,6-dehydratase (RmiB) of
Streptococeus pneumoniae. The insert of Q12-E9 contained approximately 230 bp, which

when translated, shows amino acid sequence similarity to this protein. This enzyme catalyses
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Figure 5.1: Please refer to legend on page 189.
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Figure 5.1: Sequence of clone Q12-E9 and further up and downstream sequence.

Sequence between arrows A and B is from the original clone Q12-E9. Sequence between arrows A
and C corresponds to sequence identified from the PCR generated clone, while sequence upstream of
arrow C and downstream of arrow B was generated by mutation recovery. Protein sequence with i
homology to a metalloprotease of S, coelicofor (coded by met), dTDP-glucose-4, 6-dehyrdratase i
(rmiB), dTOP-4-keto-B-deoxy-D-glucose 3,5-epimerase (rm/C) and dTDP-4-keto-L-rhamnose
reductase (rmiD) of C. glutamicum and the 3' end of a prolyl oligopeptidase family protein is shown
using the single letter amino acid code. A region which is homologous to the neutrat zinc
metallopeptidase, zinc binding region signature is boxed and a region that shows homology to the :
aminopeptidase family motif (LWLNEGX) is bolded. The glutamic acid residue thatis located 23 amino =
acids after the first histidine residue of the melallopeptidase motif is conserved in this family and acts :
as lhe third zinc ligand. The twe putative initiaiing methionine codons of met are bolded and
underlined. Sequence complementary to primer #209 which was used {o idenlify upstream sequence
hetween arrows A and C is underlined. The insertion site of the kanamycin resistance gene in pSM51
is indicated. The location of primers #229 and 232 which were used to generate the PCR probe for
Southern analysis (Figura 5.3) is indicted.
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the dehydration of d TDP-D-glucose 1o an unstable intermediate dTDP-4-kete-6-deoxy-D-
glucose (Tonetti ¢f al.. 1998). This intermediate may act as a precursor for thamnose

biosynihesis.

5.2.2 Identification of upstream metallgpeptidase sequence

Before a knockout cassette could be generated it was necessary to identify sequence upstream
of that in Q12-E9. A PCR based approach analogous to that used to identify downstream
sequence of DFI clones in Chapier 4 was utilised. Genomic DNA was digested with BamH]
and Smal and shotgun cloned into pC18. A reverse primier (# 209, Figure 5.1) was designed.
A PCR reaction using primer # 209 and either M13 Forward nr M13 Reverse, which hybridise
to sequence of pUC18 on either side of the Smal or BamH1 sites used for cloning, was
performed. Analysis of the PCR reactions by agarose gel :kevirophoresis revealed the
presence of a single band of approximately 0.7 kb. This product was purified from the agarose

and then cloned into pGEM®-T easy. The insert was then scquenced.

Using this approach a further 570 base pairs of sequence was identified. Analysis of the new
sequence indicated that it contained upstream mer sequence coding from predicted amino acid
16 of the C. glutamicum protein. The total amount of sequence from this region now totalled

1580 bp, which was considerad sufficient for generation of a mutant strain by allelic exchange.

5.2.3 Construction of a met knockout rasicite

A three step cloning appraach was utilised and is ~~tined in Figure 5.2. The kanamycin
resistance gene and the two halves of the mer gene were PCR amplified and then sequentially
inserted into pUCI8. The seginn containing the kanamycin resistance gene and its promoler
was PCR amplified from pEP2MCS using primers #227 and 228. For cloning purposes
Primer #227 contained SamrH1 and Nhel sites and primer #228 a Psil site. Purified PCR
product was digested witit BamHI and Psil and ligated into pUC18 prepared in the same
manner to generate pSM4o, The upstrecam mef gene fragment was PCR amplified using
primers#229 and 230. This PCR product is expected o contain sequence coding for amino
acids 16 to 210 of Met. Primer #229 and 230 contain EcoRI and BamHI sites at their 5° ends
respectively. The gesulting 750 bp PCR produst was purified, digested with EcoRI and
BamH]I, and then ligated into pSM48 prepared in the same manner to gcu{cralc pSM350. The

second mef fragment was PCR amplified using primers #23 | and 232. This primer pair is
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Figure 5.2: Construction of a metaligpeptidase knockout cassette.

The diagram summarises the steps leading to the construction of pSM51. Details refating to the .
.construction of this plasmid are presented in Section §.2.3.
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expected to amplify the remainder ol the mer gene in addition to approximately 210 bp of the
rmiB vene. Psil and Sphl sites were located at the 57 ends of primers #231 and #232
respectively. A PCR product of 800 bp was generated, digested with Psri and Sphl and ligated
into pSM30 that had been prepared in the same manner to generate pSM31. Restriction
endonuclease digestion and sequencing were used to confirm the presence of the three
fragments in the new vector. The position of the kanamycin resistance gene within the
cassetic was such that it was inserted into the mref gene just upstream of the zine binding
region signature {Figure 53.1). This site was chosen on the basis that the truncated protein

generated should not be aclive as it 1s unable to bind the required metal cofactor.

5.2.4 Generation of met mutants by allelic exchange and confirmation by southern

analysis

To generate a met mutant the metallopeptidase knockout cassetie was introduced into C231 by
clectroporation. In order to determine the level of illegitimate recombination between plasmid
DNA and the C. pserdornbercilosis chromosome control transformations were performed
using pSM48. Additionally C. pseudotuberculosis was “transformed™ with an equivalent

volume of water (o determine the level of spontaneous resistance to kanamycin.

50 ul aliquots of electrocompetent C231 were transformed with 5 pg (in 1 pl) of pSM48 or
pSM51 or an equivalent volume of water. To maximise the time in which a crossover event
between the plasmid and the C. pseudotuberculosis chromosome could occur, 1 mi of BHI
was added to the transformed cells which were then incubated at 37°C with shaking for 20 hr.
Bacteria were then plated onto BHI agar containing 20 pg/ml kanamycin and then incubated at
37°C for 48 hr. For each transformation of pSM351 between 2 to 3 colonies generally resulted.
In general approximately twice as many colonies resulted following transformation with

pSMS51 as with the control plasmid pSM48. A similar number of colonies were observed

following transformation with water as with pSM48.

Given that it was unlikely that an easily scored phenotypic change would be observed in the
mutant strains it was necessary lo screen for aliclic exchange by southern analysis. Six
transformants from pSM51 labelled metl to met6 and 2 from pSM48 labelled conl and con2

were selecled for analysis. Chromosomat DNA from the § clones and the parent strain C231
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ol the was isolated. The DNA was then digested with £coRV, which cuts twice within the mer zene
(Figures 5.1 and 3.3), and scparated by agarose gel clectrophoresis. The fragmented DNA was
| ligated transferred 10 Hybond N+ and then analysed by Southem hybridisation. Replica Southern

h blots were probed with probes specific for the mer and rmiB genes and pUC I8 DNA. The
met/rmiB probe was generated by PCR using primers # 229 and 232 (o generate an
approximately 1.6 kb DNA fragiment (Figures 5.1 and 5.3) and then labelled with DIG.
Additionally a pUCIS probe was generated by DIG labelling pUC18 plasmid.

Following hybridisation and a series of stringency washes the bound DIG labelled DNA was
detected using an anti DIG AP conjugate and the AP substrate CDP-Star. In C23] a fragment
n of approximately 800 bp was detected with the met/rniB probe which corresponded to the

large met fragment generated by digestion with EcoRV. This band was also detected in metl,

met4, met5, conl and con2, This band was absent in met2, met3 and met6 which instead ‘s
showed a band at approximately 1.8 kb, a shift of approximately ! kb which corresponds to
the size of the EcoRV fragment expecied upon insertion of the kanamycin resistance gene into
the metallopeptidase gene. Bands at 0.8, 1.8 and 3.4 kb were detected for metd4, the first two
bands correspond to the wildtype and mutant phenotypes respectively. The third band at 3.4
kb corresponded to the second fragment of pSMS51 and was also detected with the pUC18

probe. The size of this band, in addition to the fact that it also hybridises pUCI8 indicates that 0
this clone has undergone a single rather than a double crossover event. Given that the probe
used to detect the met gene was longer than the EcoRYV fragment, it would be expected that the

probe should hybridise to other fragments. The size of these fragments is not known, hence

they may be large and as such would potentially be ebscured by incompletely digested DNA

b

at the top of the Southern. In summary the southern data indicale that met2, met3, met4 and

met6 have undergone allelic exchange. The presence of an additional band for met4 which is

P v
LTI s

also detected by the pUC 18 probe indicates that this clone has undergone a single crossover
event whereas the others have undergone true allelic exchange as a result of a double
crossover event, metl, met6, conl and con2 are presumably spontancous kanamycin resistant

mutants. The met6 clone was selected for further studies and renamed Cpinet.
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Figure 5.3: Verification of allelic exchange at the met locus.

The schematic diagram {A) represents the strategy used to generate a mef mutant strain. The
1.6 kb PCR probe was generated using PCR primers #229 and 232. (B, C) Results of the
Southern hybridisation of chromosomal DNA extracted from C231, met1 to met6 (1 to 6) and
con (¢1) and con2 (¢2), digested with EcoRY and probed wilh the DIG jabelled 1.6 kb probe (B)
or DIG labelled pUC18 {C). Approximate DNA sizes are indicated to the left of B.

5.2.5 ldentification of further upstream mer sequence

The generation of the mutant strain allowed the remainder of the mer gene to be identified
from the genome by mutation recovery. Genomic DNA from CPmet was digested with a
panel of blunt cuiting restriction endonuclease enzymes, ihen shotgun cloned into pUC18.

The ligation reactions were transformed into E. ¢oli and colonies that were resistant to
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kanamycin selected for on the basis that they should conlain the kanamyein resistance sene
and upstream sequence from the mutant strain. Three clones were obained [rom a Prudl
digest. Sequencing indicated that they comtained the appropriate fragment of DNA. Varying
amounts of up and downstream sequence were obtained reflecting that partially digesied DNA

fragments had been ligated into pUCIS,

Two methionine codons that may acl as the initiating codon were identified in the 3° region of
the met gene (Figure 5.1). Based on the observations that an upsiream gene ended
immediately afier the second methionine codon, thai a putative RBS could be identified
upstream of the second methionine codon but not the first, and protein homologies, it is most
likely that the second methionine codon corresponds to the start of the met gene. The
predicted protein is 458 amino acids in Iength and is calculated to have a molecular weight of
51.7 kDa. The complete protein was most similar to homologues in C. ghtamicion and

various Sfreptomyces species (Figure 5.4).

Immediately upstream of the met gene is the 3” end of a gene coding for a probable peptidase
that is likely to be 2 member of the prolyl oligopeptidase family. Additional sequence 3° of
the metallopeptidase gene coced for the remainder of rmfB. This was followed by a protein
that showed homology to RmIC and RmID. RmIC codes for a protein with dTDP-4-keto-6-
deoxyglucose-3,5-epimerase activity while rm/D contains dTDP-4-keto-L-rhamnose reductase
activity. It seems likely that these two enzyme activities are found on the same protein in C.

pseudotuberctdosis, m a manner analo:gous 10 that in C. ghutamicum.

The gene order in the vicinity of mer was compared to that observed around the mef
homologue of C. glutamicum and C. diphtheriae (Figure 5.5). The annotated C. glutanicum
genome has recently been released, hence annotated sequence was obtained from the NCBI
Genbank database. The C. diphtheriae genome sequence is available but has not been
annotated. A mef homologue was identified by performing a BLASTN search. DNA in the
vicinity of the homologue was then annotated on the basis of homologics to proteins in the

NCBI protein databases.
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Figure 5.4: Clustal alignment of the predicted amino acid sequences of a
metallopeptidase from C. pseudotuberculosis (C.ptb), C. glutamicum {C.gl} and

Streptomyces avermifilis (S.av).

The two neutral zine meteliopeptidase zinc binding region signalures are shown in bold.
Residues that are identical in all three species are indicated by an asterisk. Conserved amino
acid substitutions are indicated by two dots while semi-conserved substitutions are indicated by a
single dot. Alignment was performed using CLUSTAL W {1.82).
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Figure 5.5: Organization of the met gene region in corynebacterial species.

The organization of genes surrounding the mef gene of C. pseudotuberculosis (A), C.
diphtheriae (B) and C. glutamicum (C) was determined. The C. pseudotuberculosis sequence
was generated during this study and the C. glufamicum sequence was obtained from NCB!
nucleotide database (Accession number NC003450). C. diphtheriae DNA sequence was
produced by the Cdip Sequencing Group at the Sanger institule and obtained from
ftp:/fip.sanger.ac.uk/publcdip. This sequence was subsequenily annotated based on

homologies to proteins in the NCBI databases. Hyp protein represents a hypothetical protein
while the ABC transporter of C. glutamicum is an ABC-type cobalamin/ Fe¥'-siderophore
transport system, periplasmic component,

Analysis of the C. diphtheriae sequence indicated that the gene order in this region was the
same as that observed in C. pseudotubercnlosis. The only difference was that rmi/C and rm{D
appear to code for separaie proteins. In contrast only the met and prolyl oligopeptidase genes
were co-located in the C. glutamicum genome. Genes coding from rmiB and ymlCD were
however found a little further downstream. Like C. pseudotuberculosis the rmiB and rmiD

proteins of C. ghutamicim may comprise a single polypeptide.

Given that many proteases are secreted, in particular those that contribute to virulence, the Met
sequence was analysed for the presence of a signal peptide using SignalP V1.1 {Nielsen ef al.,
1997). This is a program that predicts secrefory signal peptides. Using such an approach no

signal peptide could be identified suggesting that Met is located within the cytoplasm,
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Analysis of close homologues of C. pscudotubercidosis Met indicated that they did not contain

a signal peptide either,

5.3 Copper, Zinc superoxide dismutase
5.3.1 Analysis of clone Q15-A3 insert sequence

Clone Q15-A3 contained a 1.2 kb inscrt that showed homology 1o iwo genes. At the 3" end of
the insert was an ORF of 120 bp that showed homology to the 3” end of Cu.ZnSODs from a
wide variety of prokaryotic and eukaryotic species (Figure 5.6). The protein was however
most similar 1o Cu,ZnSOD homologucs in mycobacterial specics (Figure 5.9). While it is
debatable as to whether this gene is up-regulated during macrophage infection (fold induction
measured as 1.8} the purported role of this protein in virulence made H an interesting target for
further study. A scan of the protein sequence against the PROSITE database identificd a
region that contained a Cu,ZnSOD signature (Figure 5.6). This motif (GDAGARFACGVI )is
found near the C-terminal of the protein and contains a cysteine residue that is involved in a
disulfide bond. The motif identified in the C. psendotuberculosis Cu,ZnSOD matches the
consensus motif at 11 of 12 amine acids (where the D residue is a G or N in the consensus).
Two other motifs are usually found in gram-positive Cu,ZnSODs. The first contains amino
acid residues that act as the copper ligand while the second is a prokaryotic membrane
lipoprotein attachment site. These motifs would be expected to be located upstream of the

sequence in Q15-A3 and hence were not present,

Commencing approximately 180 bp downstream of the predicted end of the sodC genc isa
gene that shows homology 10 a pulative carboxyltransferase subunit of acetyl CoA
carboxylase that has been termed aceD. The insert of Q15-A3 contained approximately 1 kb

of sequence with homology to this gene.

5.3.2 [Identification of upstream sodC sequence

Given that only 120 bp of the sodC gene was present on Q5-A3 it was necessary 1o idenlify
upstream sequence before a Cu,ZnSOD knockout cassctte could be generated. An analogous
approach to that described in Section 5.2.2 for met was taken, Primer #156 was used as the
reverse primer (Figure 5.6, Table 2.4), Two PCR generated fragments were identified with

sizes of 200 and 520 bp. Both were analysed by scquencing and shown 1o contain the
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2761 ccggaagcyg cgacggaagg atctogoogt ccgitgtegt cgogttagoc cgaattgaag
5 G 8 G D G R I 5 P S v v V A L & R I E

=

2821 ggcgtacggt ggtgattgtt dggcaagaca ggoactcgea goccoctbte gtagactcic
G R T v Vv I Vv G Q D R H 8 Q P P F A D 8

2881 agctgggaac agaagcoctta agatttgccc ggoggyggcat o
L & T E A L R F A R R G I

Figure 5.6: Sequence of clone Q15-A3 and further up and downstream sequence.

All sequence downstream of arrow A is from the original clone 0115-A3. Sequence between arrows A
and B corresponds (o sequence identified from the PCR generated clones, Sequence upstream of the
arrow B was identified by mutation recovery. Protein sequence with homology te a Cu,ZnSOD (coded
by sodC) of mycnie cteria and an acetyl coA carboxylase subunit of C. glutamicum {coded by accD)is
shown using the sing'e letter amine acid code. Upsiream of sodC, on the complementary strand, is a
gene coding for an uxidoreduclase. The start of this gene is indicated. Two regions that show
homology to the Cu,ZnS0OD signature motifs are boxed. The first contains two histidine residss that
bind the copper atom and the second contains a cysteine residue that is involved in a disulfide: bond.
Three putative initiating methionines of Cu,ZnS0OD are in bold and underlined. Sequence
complementary io primer #156 which was used to identify the upstream sequence is underlined. The
insertion site of the kanamycin resistance gene in pSM53 is indicated. The location of primers #155
and 158 which were used to generate the PCR probe for Southern analysis (Figure 5.8} is indicated. i

appropriale upstream sequence, leading to the identification of a further 430 bp of upsiream
sequence. This sequence coded for an additional 143 amino acids. An ATG codon was
present near the 3' end of the sequence. It was not clear as to whether this was the inJtiatire:
codon as the length of sodC genes varies considerably between bacterial species.

Additionally sequen:ce identity between species is less well conserved at the N-terminal enc' of

the protein, making assignment based purely on homology difficult.

A scan of the new rotein sequence against the PROSITE database identified the second o
Cu.ZnSOD signature motif. The region GFHVHDKGVCE (Figure 5.6) conforms 1o the |
defined consensus at all bul one of the amino acids (where the second V in the sequence is a S,

D or G in the consensus). This motif contains two histidine residues that bind the copper

alom.
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3.3.3 Construction of a sedC Lknockout cassctie

As for the metallopeptidase construct a three step cloning process was utilised. pSM48 was
used as the base plasmid and sodC sequence was inserted on either side of this. Given that
only 560 bp of sequence 57 to the end of the sodC gene was available it was necessary 1o insert
the kanamycin resistance gene quite close (o the end of the sedC gene. A position was chosen

ihat was immediately 5° of the motif involved in disulfide bonding (Seciion 5.3.1). Given that

this motif’ is‘conscwed in both prokaryotic and eukaryotic Cu,ZnSODs it was hoped that the

absence of the disulfide bond would be sufficient to ablate superoxide dismutase activily even

though the protein was only slightly truncated.

The 5 $odC fragment was PCR amiplified {rom genomic DNA using primers #254 and #248.
These contain EcoRI and BanHI sites respectively at their 5° end {or cloning. A PCR product
of 520 bp was generated and cloned into pSM48 digested with BamHl and EcoRI to generate
pSM52. The 3° end of sodC and downstreain sequence containing the acel) gene was PCR
amplified from C. psendotubercidosis genomic DNA using primers # 249 and 250 which
contain PsiI and Sp/il sites respectively at their 5° ends for cloning. A fragment of 1.1 kb was
generated and cloned into pSMS2 lincarised with Sp/il and Pstl (o generate the knockout

cassette pSM33. The cloning sieps required to generale pSM52 are summarised in Figure 5.7.

5.3.4 Gencration of the sodC mutant strain and confirmation by Southern analysis

3x 50 pl aliquots of electrocompetent C231 were transformed with 3 pg of pSM33 and
pSM48. After incubation at 37°C for 20 hr the transformation mixes were plated onto BHI
agar containing 20 pg/m! kanamycin. On average two to three colonies per transformation
were generated from pSM53 and one for pSM48. Seven colonies from the pSMS53
transformations were chosen for further analysis and labelled supl to sup7. Chromosomal
DNA was extracted and doubly digested with Neol and Pvndl, which cut in the sedC and aceD
genes respectively (Figure 5.8), and then separated by agarose gel clectrophoresis. The
fragmented DNA was transferred 10 Hybond N+ and then analysed by Southern hybridisation.
Replica Southern blots were hybridised with probes specific for sodClaceD and pUC 18 DNA.
The sodClaceD probe was generated from genomic DNA by PCR using DNA using primers
#155 and #1358, then labelled with DIG. This PCR product lies within the Neol- Pyl

genomic fragment (Figure 5.8). The DNA incubated with Pvi1l and Neol was not
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Figure 5.7: Construction of the sodC knockout cassefte.

The diagram summarises lhe steps leading to the construction of pSM33. Details relating to

the construction of this plasmid are presented in Section 5.3.3.
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Figure 5.8: Verification of allelic exchange at the sodC locus.

The schematic diagram {A) represents the strategy used to generate a Cu,ZnSOD mutant strain. The
800 bp PCR probe was generated using PCR primers #155 and 158. (B, C} Resulls of the Southern
hybridisation of chromosomal DNA extracted from C231 and sup1 to sup? {1 to 7), digested with Nco!
and Pvull and probed with the DIG labelled 800 bp probe (B) or DIG labelled pUC18 (C). Bands
corresponding to the wildlype Neol/Pvull fragment (1.2 kb) and kanamycin resistance gene interrupted
fragment (2.2 kb) are indicated by arrows in (B). Approximate fragment sizes are indicated to the left

of (B).
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digested to completion, hence additional high molecular weight bands were present on the
Southem. The results were however still imerpretable. In C231 a fragment of approximately
1.2 kb was dete:ted with the sodC/aceD) probe which corresponded to the wildlype size
Prull/Neol fragment. This band was also present in supl, sup2, sup5 and sup7. This band
was avsent in sup3, sup4 and sup6 which instead showed a band at approximately 2.2 kb, a
shifi of approximately 1 kb which coiresponds 1o the size of the Pyuli/Neol fragment
expected upon insertion of the kanamycin resisiance gene into sodC. This second band was
also present in supl, sup5 and sup7. The presence of both bands in supl, sup5 and sup7, in
addition to the observation that these clones are positive for pUC18 indicates that they are as
result of a single crossover event resulting in incorporation of the entire plasmid into the C.
pseudotiberculosis genome. Given that sup3, sup4 and sup6 contain only the band at 1.2 kb
and are not positive for pUC18 indicates that a double crossover event has occurred to

generate the mutant strains. The strain sup3 was renamed CPsodC and used in further studies.

5.3.5 Identification and characterisation of upstream sodC sequence

Further upsircam sequence was identified using mutation recovery in a manner analogous to
that for the mef gene. Genomic DNA was isolated from mutant strain CPsodC and digested
with Pvull prior 1o ligation into pUCI8 linearised with Smal. Following transformation of the
library, selection for kanamycin resistant colonies was performed, resulting in approximately

3G colonies.

Using this approach a further 1.2 kb of upstream sequence was obtained. Upstream of sodC
was a gene on the complementary strand that coded for an oxidoreductase. An intergenic
region of approximately 450 bp was located between the two genes and presumably contains
promoter sequence for both genes. Within ihe scquence three putative methionine initiation
codons were identified for sodC. Based on homology to other sodC genes from other species
it was not immediately apparent which of these was the most likely candidate for the start of
the profein. Sequence at the N-terminal of Cu,ZnSODs is generally less well conserved than
that found further downstream (Figure 5.9). Additionally the length of s0dC is quite variable
between bacterial species. For example the Cu,ZnSOD of M. fuberculosis and M. leprae is

240 amino acids, that of M. paratubercufosis is 226 amino acids and that ol 8. 1yphinuriun is

205




M.tb MPKPADERNHAAVSTSVLSALFLGAGAALLSAC::*Q{NQT\uf ]b51ﬂ“ AF3I5LE L6
M. lep MSKLAGHRNVAAVTRSALSLSEFVAACVAILLSACIOH EDAPEHIL AN
M.par MPKLLPP----~--------- VVLAGCVVGCACSQDO‘ SGAG A6
C.pth MSRTLALR--------»=—---- .~ AAVALVGYSITAY Z--- 41
ot s .
M.tb GHDEESPGAQSLTSTLTAPDGTRKVATAKFEFANGYATVTIATTGVGKLTPGFHGLHIAOV 120
M.lep GALAESMGPPNIITRLNAPDGTOVATARFEFNNGFATITIATTGVGHLAPGEHGVHIHKY 120
M.par AAFAAPAAAPSITTHLEAPDGTQVATARKFEFSNGYATVTIETTANGVLTFGFHGVHIHKY 106
C.pth AASTASNSHAFATAELRNQSGEGVGMVEFSKTAAGTHITVIAKG--~ LT PCGFHGFUVHDK &8

.+ + - . * PO LR RN I A
. - . i . - PR - e roe s o= 4 oaa - PR

M.tb GKCEPNSVAPTGGAPGNFLSAGGHYHVPGHTGTPASGDLASLOVRGDGSAMLVTTTDAFT 180
M.lep GKCEPSSAGPTGGAFSDFLSAGGHFQVPGHTVEPASGNLTSLOVRXDGIGTLVTTTBARFT 180
M.par GRKCEPSSVAPTGGAPGDFLSAGGHFOAPGHTGEPASGOLTSLOVREDGSGTLVTTTDAFT 166
C.ptb GVCEGNFXSAGG------- HLHGKNQPHGDGYHPHAGDLPSLLANADGTAHLEVVTDAVD 151

* - b4 * . . - - . W oaw L - + u
. - ‘. . .

- - .

M.tk MDDLLSGAKTAIIIAAGADNFANIPPERYVQOVNGTPGPRETTLTTGDAGKRVACGVIGSEG 240
M.lep MNDLLAGQKTAIIIRAGADNFGNIPPERYSQVNGTPGPDATTISTGDAGKRVACGVIGAD 240
M.par MEDLLGGRKTAIIIHAGANHNFANIPAERTNQTNGTPGPDEMTMSTGDAGKRVACGYIGAG 226
C.pih EDLLFGADGTSLIVHEGRDHNYARIP-QRYAPN----GPLDEETLKTGDAGARFACGVITKE 206

. LIE S U bl .. - vk - - b . * kK F R * * ko ok
T R Y Y -

Figure 5.9: Clustal alignment of the amino acid sequénces of Cu,ZnS0D from C.
pseudotuberculosis (C.pth), M. tuberculosis (M.tb), M. leprae {M.lep) and M. parafuberculosis
{M.par).

The predicted prokaryotic membrane lipoprotein attachment site is shown in bold for each of the
mycobacterial sequences. Residues that are identical in all species are indicated by an asterisk.
Congerved amino acid substitutions are indicated by two dots while serni-conserved substitutions are
indicated by a single dot. Alignrment was performed using CLUSTAL W (1.82).

177 amino acids. The three putative methionine initiation codons would make the C.
psendotberculosis protein 237, 206 or 168 amino acids ir length. Based on informatios
gained from other gram-positive Cu,ZnSOD proteins it would be expected that the C.
pseudotubercudosis Cu,ZnSOD should contain a prokaryotic membrane lipoprotein lipid
attachment site (Figure 5.9). This is a defined precursor signal peptide motif that is found near
the N-terminal of lipoproteins. The signal peptide is recognised and cleaved by signal
peptidase 11 {(which is a specific lipoprotein signal peptidase). Cleavage occurs upstream of a
cysteine residue and is concomitant with attachment of a glyceride-falty acid liptd to the
cysteine residue (Hayashi and Wu, 1990). Upon analysis of scquence in the region ol the
three methionine residues no prokaryotic membrane lipoprotein lipid attachment site could be

detected, in particular there were no cysteine residues to act as the site of lipid attachment. To
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C.ptb ATAELKNOSGEGVGMVEFSKTAAGTKITVDAKGLT PGFHGFHVHDKGVCEGNFKSAGGHL 112
C.dip ATAKLVTQKGEDAGTVTETTTQAGTEINVDAKGLEPGFHGFHVHDKGKCEGDFKSAGGHL 119

*i*:‘\‘ .*.ii'."r * -k: b kh o, o+ oA ko LA A R R SRR EN XX * ok k. ek F ARk

C.ptb HGKNQPHG----DGYHPHAGDLPSLLANADGTAHLEVVTDAVDEDLLFGADGTSLIVHEG 168
C.dip SGPDHSHGSDHSGGYHPHAGDLPSLLARKDGTAKLTVTTDALTPELLLGTRGASLIVHEG 179

+* ::.d—-( A A R R Fhd ko dk F Ekh k. a® ok ok s kdh ok * b oAk

C.ptb RDNYANIPORYAPNGPDEETLKTGDAGARFACGVITKK 206
C.dip RDNFANIPERYAPEGPDODTLKTGDAGARRFACGVIEAK 217

*&*:*\ki—i—:-&*w*:w**::****ti*i\l’k**ii—ik L)

Figure 5.10: Clustal alignment of the predicted amino acid sequences of Cu,ZnS0D from
C. pseudofuberculosis (C.pth) and C. diphtheriae (C.dip).

Alignment of the C. pseudotuberculosis sequence is based on the hypothesis that the second
methionine residue (Section 5.3.5) is the initiating codon. The predicted prokaryofic membrane
lipoprotein attachment site of the C. diphtheriae sequence is shown in bold. The C.
pseudotuberculosis sequence is predicted to contain a Type | signal peptide. The cleavage site
for this peptide is indicated by the arrow. Residues that are identical in both species are
indicated by an asterisk. Conserved amino acid subsfitutions are indicated by two dots while

semi-conserved substitutions are indicated by a single dot. Alignmenl was performed using
CLUSTAL W (1.82).

’ determine whether any other signalling peptides were present the amino acid sequence was
analysed using SignalP V1.1 (Nielsen et /., 1997). Using such an approach a signal peptide
was predicied with the cleavage site most likely to be positioned between amino acids 24 and

25 (LSA-FS) relative to the second methionine (Figure 5.10).

5.3.6 Comparison of C. psendotuberculosis and C. diphtheriae Cu,ZnSODs

The C. diphtheriae genome has been sequenced but not annotated. Given that C. diphiheriae
is a pathogenic bacteria it is likely to possess a sodC gene. C. pseudotuberculosis is more
closely related to this organism than mycobacteria. We were therefore interested in
determining the sequence of C. diphtheriae Cu,ZnSOD and whether it contained a prokaryotic
membrane lipoprotein lipid attachment site. The C. dipiufieriae genome sequence was
searched for a Cu,ZnSOD hontologue by performing a BLASTX search with the C.

pseudotibercidosis sodC sequence, Highly homologous protein sequence was identified. The
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1 atgtcteogea cattggcact ccgcgotgea gtagcactgg toggagttte zagcatcgea
M 5§ R T L A L R A A v A L v G Vv S &5 I A

&l gtcctgageyg ctttttcaEb ctcogacaaca acaaaggact ¢cgcagacea agccatgact
v L B A F S 5 85 T T T XK D S A D XK A M T

1 atgtectcgca cattggeact ccgegcoctgca gtagcactgg tceggagttitc aagcatcgea
M 8 R T L A L R A A vV A L v & v § 8 I A

61 gtcctgagcg ctttttcat ctcgacaaca acaaaggact ccgoagacaa agcocatgact
v L s A F 8 ¢ s T T T XK D S A D K a M T

Figure 5.11: Sequence analysis of the N-terminal of C. pseudotuberculosis Cu,ZnSOD.

DNA and corresponding protein sequence of the 5" end of the C. pszudotuberculosis sodC gene (A).
Substitution of a single adenosine base (boxed, A) to a thymidine {(boxzed, B) would be sufficient to
generate a prokaryotic membrane lipoprotein attachment sile (bold, B).

corresponding DNA sequence was obtainced and shown to code for a protein that showed
homology to Cu,ZnS0ODs from a variety of bacterial species. Analysis of this sequence
indicated the presence of a prokaryolic membrane lipoprotein lipid attachment site (Figure
5.10). 31 amino acids upstream of the cysteine residue of this sequence was a methionine
residue that is likely to be the initialing methionine. In an attempt to further define the
initiation codon of the C. psendotbercilosis Cu,ZrSOD a CLUSTAL W alignment was
performed against the C. diphtheriae sequence (Figure 5.10). Based on alignment against the
C. diphtheriae sequence it is most likely that the second methionine is the start codon. This is
furiher supporied by the observation that 2 putative RBS is located upstream ol this. This

methionine is also in the appropriate position for cleavage of the putative signal peptide.

Further analysis of the C. psendotubercidosis sequence in this region revealed that the

* sequence differed from the consensus pattern for a prokaryotic membrane lipid attachment site

at one amino acid. In particular this was the absence of the cysteine residue within this motif.
Interestingly the substitution of a single base within the gene sequence for this region would

be sufiicient Lo change a serine residue into a ¢ysteine residue (Figure 5.11). Such a

modification would generate a prokaryotic membrane lipid attachment site. To ensure that the
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sequence obtained for this region was correct three independent genomic clones were

sequenced in both directions. This confirmed that the sequence was correet as first annotated.

54 Iron permease component, fagC
5.4.1 Analysis of clones Q2-G12 and Q3-B2

Analysis of the sequence of the insert of clones Q2-G12 and Q3-B2 indicated that they
conlained a number of genes and in both cases it appeared that the insert was a concatamer of
DNA fragments. However, both clones contained sequence coding for the pldf gene and a
protein with homology to the ATPase component of the Fep iron permeases of £. coli and Y,
enterocolitica. This protein was most similar to the ferric enterobactin transport ATP-binding
protein FepC of E. coli and Yersinia enterocolitica. Subsequent 1o the completion of
laboraiory work described in this thesis the sequence of this gene and others in the region was
published (Billington et ¢/., 2002). In this publication the C. psendotiberculosis homologue
of fepC has been termed fugC. In order to maintain continuity this nonmenclature has been
adopted in this study. The fugC gene is on the complementary sirand 1o the p/d gene such that
their transcripts converge. In Chapter 3 expression of fugC was shown 1o be up-regulated at
higher cell densities and down regulated following heat shock. Although not further up-
regulated during macrophage infection fugC was expressed by intracellular bacteria. Thus

JugC demonstraied a similar expression pattern o the major virulence deienminant pid.

A scan of the FagC protein sequence against the PROSITE database of protein families and
domains identified two motifs that are typically found in this type of protein. The first is
identified as an ATP/GTP binding motif and the second as an ABC transporter family
signature (Figure 5.12).

A clone containing upstream sequence of fugC was identified when identifying genes of C.
pseudotuberculosis that are expressed in a density dependent manner (Chapter 3.6). Clone
Q5-C9 in addition 10 containing the 5° portion of fagC contained a gene coding for a protein
homologous to FepG of £. coli and Y. enterocoiitica that has subsequently been termed fugB.
FepG is an integral membrane protein that forms part of the membrane permease. The
organization of genes within this region is represcnted schematically in Figure 5.12. Two

other genes that were identified by Billington et al (2002) include a gene termed fugA that is
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1 cccgtggage tagtcactgt agttatiggt ggecatttace tyctatctet calttgectca
P V ¢ L VT Vv ¥ 1 6 3 1 ¥ L L &5 L 1 A S
61 gcttcoegac gegoctaagy attoctgige atacecctaa aactatcLcot acagatttac
A S5 R R A -
§ F P TR LR I P M H TP K T I S T D L
121 ccactacage tggcatttecc acggatcata cgtotgooct togcacagaa aacgtoacec
r 7 7 A &6 I &8 T D H T &8 A L R T E N V T
181 <ttagctggga taagcatgtt gtaageaccg accttagtgt tgacataccc acggggaagt
L 8 W D K H V¥V v 8 T D L 8 v D I P T G K
241 tracggetat catcggeocct aatggttgtg gaaagtcaac getgottaaa agctgtgocce
F T a 1 I g p N G C G X g TIL L K 85 C &
301 gtattetige cecagacact gggtogattt atclttaatca gcacaatcto acccacctgco
R I L AP DPT & 8 I ¥ L N Q H DN L T H L
361 ataccaagga gatagccaaa cagcttdcge ttctocccca aagcecaccate actcoccocggceeg
H T K E I A K QL a2 L L P © & T I T P A
421 atatcacggt agaagagctc gtcoccocgococgeg gacgattcocce tcatcacaat tggttacatco
D I T ¥ E EL ¥ RR G R F P H HE N W L H
481 aatggaccgc cgaagatact cgtgccgteg acgcetgctcot caatgccgcc agtgttaaag
Q wW T A E D T R A VvV D A A L N A A § V K
541 aactcactea caaacgecgtg accgatttat ccggtggaca gcgtcagoge gtatggcttyg
E L T H KRV TDL S8 ¢ ¢ QR QR V W I
601 caatggttct agcccasaat actcctacgg tactteotgga cgaacccacce accttectag
M v i ag¢egw TPT VLL DETFPT T F L
661 acatcgecea ccagtaccaa cttcttgagt tagcacgatc tottacgact cagetcecaatc
bD I A H G Y © L L E L A R §§ 5L T T @ L N
721 gcaccgttgt cgrggtactg cacgatctgc aacaggctgt ccgctacgece gaccacctga
R TV Vv A vV L H DL Q ¢ A V R Y A D H L
781 ttgtitatgaa aaatggcage atcgtagcta ccggttcooc acaagaagtg atcagogeayg
I vM KNGS I Vv a T G & P O E V I 8 A
841 aactcatate cgaagttttt aatatcacgg ttcgcaccat gettategac gaccaactca
E L I 88 E VvV F N I T ¥ R T M L I D D O L
901 tagtcattcc aaccgaatta cragtgccaa acgtcgotat gatgcaggge tagggcctct
I v1 » T EUL P V P NV A MM Qg G -
B
id fagC fagB fagh fagD
‘ Figure 5.12: Sequence of fagC.
{A) DNA sequence of fagC was obtained from array ciones Q2-G12, Q3-B2 and Q5-C9. Immediately
upstream of fagC is the 3’ erid of fag8 (underlined). A region lhat shows homology to a consensus
motif found in ABC fransporters is boxed and shaded while an ATR/GTP-binding site motif is boxed.
{B). The gene order in the vicinity of fagC is shown (Billingten et af,, 2002},
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tc; homologous to fepD of E. coli and Y, enterocolitica. Like fugB, fagA is an imcgral membrane
- protein and together with fugC they form the membranc permease. Based on the organization
tac of genes fugd, fagB and fugC are likely 10 comprise an opcron whose expression is driven by a
L promoter upstream of fagA. Upstream and divergenily transcribed to fag is a fourth gene
_c;:.c: termed fagD. Based on sequence homology fagD is likely to be a periplasmic jron-
'*. siderophore binding protein.
._a(_l;(t :
iccc 54.2 Construction of a fagC knockout cassctte
l * To generate a fugC knockout cassetie the same approach as used previously for the other ‘
:ltgc constructs was utilised. The cassette was generated such that the kanamycin gene disrupted !
ccg JagC approximately 510 bp from the initiating codon. This position was chosen as it lies
& immediately before the ABC transporter family signature, a region which is presumably ' .
I‘_:lc | important for protein function based on the conservation of sequence within this region, The
ag 5° fragment which includes this fagC sequence and additional fugB sequence was PCR
X ' amplified from genomic C231 DNA using primers #257 and #258 which contain EcoR1 and
%‘3 BamHI sites respectively at their 53’ end for cloning purposes. A 790 bp product was
::ag generated and ligated into pSM48 digested with EcoR1 and BamHI to generate pSM54. The
L 3" portion of fagC and the end of pld were PCR amplified using primers #259 and #260 which
htc contain Pstl and Sp/il sites at their 5° ends for cloning purposes. A PCR product of 960 bp
FN was generated and ligated into pSM54 digested with PsiI and Sphl (o generate the knockout E
tia casselte pSMS55. The cloning steps required to generate pSM55 are summarised in Figure ; |
g 5.13.
A
tEa 54.3 Generation of the fagC mutant strain and confirmation by PCR
=10 3x 50 pl aliquots of electrocompetent C231 were transformed with 3 pg of pSM48 and
pPSMS55. After incubation at 37°C in | mi BHI for 20 hr the transformation mixes were plated '[
onto BH} agar containing 20 pg/ml kanamycin. On average 3 colonies per transformation
were generated from pSM55 and 1 for pSM48. Eight colonies from the pSMS55 "
transformations were chosen for further analysis and labelled ferl to fer8. Chromosomal
ediately DNA was extracted and digested with 4ccl which cuts once within the fagC gene and once in
];i:?i. the fugC pld intergenic region (Figure 5.14). Unfortunately the digestion reaction did not go .
to completion, hence the blotted DNA was not suitable to be hybridised with a fagC probe. .y
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Figure 5.13; Construction of a fagC krockout cassetie.

The diagram summariges the steps leading to the construction of pSMS5. Details relating to the

construction of this plasmid are presented in Section 5.4.2.
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Given that useful information could still be obtained from probing the blotted DNA with
pUCIS (to determine whether vector had been incorporated into the genome) this was still
performed. Clones fer2 and fer3 were positive for pUCIS. As an altemative approach to
Southern analysis PCR was utilised 1o uetenmine whether a double crossever event had
occurred. In order to ascertain whether the fugC gene was disrupted by the presence of the
kanamycin resistance gene all clones except fer2 were analysed by PCR using primers #257
and #261. Primer #257 is located in the fepC gene und was used as the forward primer to
generate the 5 fugC fragment f{or the knockout cassette. Primer #261 hybridises immediately
3’ to the p/d sequence found in pSM55 (hence is not within the region found in pSMS55).
Using, this approach two band sizes were observed (Figure 5.14). A band at approximately 1.8
kb was seen in C231, ferd, fer5, fer7 and fer8. The remaining three clones ferl, fer3 and fer6
contained a band at approximately 2.8 kb corresponding to the insertion of the kanamycin
gene into this region. fer3 was positive for pUCI8 and hence it is likely that this clone has
undergone a single crossover event. That the 2.8 kb PCR band is observed for fer3 reflects
that the reverse primer (#261) lies outside the sequence found in pSM35 and that the crossover
event has occurred 3° o the kanamycin resistance gene. ferl and fer6 were not positive for
pUC18 and as such they represent allelic exchange as a result of a double crossover event.

fer]l was renamed CPfagC and selected for future experiments,

5.5 in vitro growth of mutant strains in BHI

In order to determine whether the-mutant strains demonstrated the same growth curves as
C231 in vitro, overnight cultures of C231, CPmet, CPsodC and CPfagC were diluted to ODgw
of 0.1 then incubated at 37°C and 300 rpm. At 2 hourly intervals the ODgoo of each culture
was measured (Figure 5.15). All strains demonstrated the same growth curve. It is likely that
the starting density of CPsodC and CPfagC was slightly higher as these curves lie slightly

abovp the other two.
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Figure 5.14: Verification of allelic exchange at the fagC locus.

The schematic diagram {A) represents the strategy used to generate a fagC mutant strain. (B)
Results of the Southern hybridisation of chromasomal DNA extn;acted from C231 and fer1 to fer8 (1 to
8), digested with Acel and probed with DIG labelled pUC18. (C) PCR analysis was performed using
primers #257 and #261. Chromosomal DNA from C231, fer1 {1) and fer3 to fer8 (3 to 8) was used as
the template. A PCR amplicon of 1.8 kb was expecied following amplification of the wildtype
sequence, while a fragment of 2.8 kb was observed following insertion of the kanamyein resistance
gene into fagC. A no template control was included (NT). 1 kb plus ladder is run in the first 1ane and
band sizes (in bp) are indicated to the left of this.

5.6 Viability and replication of mutant strains in the macrophage infection model

In order to determine whether the mutant strains were attenuated in the intracellular
environment macrophages were infected with the mutant strains and bacterial viability and
rate of replication determined by recovering bacteria and determining the number of colony
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Figure 5.15: in vitro growth of C. pseudotuberculosis mutant strains.

Overnight cultures of €231, CPmet, CPsod and CPfag were diluted to ODgg 0f 0.1 then
incubated at 37°C with shaking (300 rpm). At various timepoints the ODggy of each culture was

measured.

forming units {CFU). Macrophages were plated at 7 x 10° celis/wcil in 6 well plates 18 hr
prior to infection, Ovemight cultures of C231, CPmet, CPsodC and CPfagC were diluted to
ODgqo of 0.1 and grown for 1 hr. Macrophages were incubated with bacteria at a MOI of4 for
1 hr, then washed and fresh media containing 100 pg/ml gemtamycin added to kill extracellular
bacteria. At 1,3, 6 and 9 hr post-inf: ection the macrophages were lysed and then sonicated to
release then disrupt bacterial clumps. After serial dilution lysates were plated onto BHI agar
plates and incubated at 37°C for 48 hr. The results of two independent experiments are
presented in Figure 5.16. CPfagC was not attenuated, demonstrating the same growth curve as
C231. Both CPsodC and CPmet demonstrated altered growth curves from the wildtype strain.
This effect was most pronounced for CPmet which at 9 hr showed between a 45 and 53%
reduction in the number of CFU recovered. CPsodC growth was intermediate showing a 20 to

25% reduction in the number of viable bacteria at 9 hr post infection.
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Figure 5.16: Attenuation of C, pseudotuberculasis mutant strains in the macrophage infection
model.

18 hr prior to infection J774 macrophages were plated in 6 well plates at 7x10° cellsiwell.
Macrophages were infected at MO( 4 with C231 (m}, CPfagC (a), CPmet {A) and CPsodC(A) for 1 b,
After this time the cells were washed and gentamycin containing med:a added to the cells. At various
timepoints the macrophage monolayers were lysed and sonicated o release then disrupt basteria
clumps. Lysates were serially dilufed then plated on BHI agar. After 48 bir at 37°C the number of
colonies derived from each well was determined. A and B represent replica experiments. Results are
presented as mean +S.E.M. of 3 replicates, A one-wasy ANOVA followed by a Dunnetts multiple
comparison test was performed. In both renlicates there were significantly fewer bacleria recovered
following infection with CPmet (p<0.01) and CPsodC (p<0.05) than C231 at @ hr post infection.
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5.7 Complementation of CPmet

To determine whether the lack of a functional Met protcin was responsible for the altered
phenotype of CPmet is was necessary to complement the mutant strain by supplying the met
gene in trans. Given that met appears 1o be part of an operon, for which not all upsiream
sequence has been obtained, it was not possible 1o construct a plasmid in which its expression
was driven by its own promoter. Therefore the plasmid pSM22 was utilised. This plasmid
was chosen as it contains the srp promoter which drives high expression of gfp in this plasmid.

The gfp gene in the plasmid was replaced with the met gene.

In pSM22 the srp promoter is located on an Sphl/EcoRI fragment that is 46 bp upstream of the
gfp gene. Given that there were no unique resiriction siics between the £coR1 site and the start
of the gfp gene, the gfp gene was removed from the vector as an EcoRI/Spel fragment. In
order to insert the mef gene in exacily the same position as the gfpp gene a forward PCR primer
was generated that In addition to containing sequence complementary (o the met gene
contained additional 5” sequence that was the same as that found in PSM22 between the EcoRI
site and the gfp gene. This primer was called primer #276 and was used in conjunction with
primer #277 to PCR amplify the mef gene. Primer #277 contains sequence complementary (o
the 37 end of niet in addition to a Spel site for cloning. A PCR product of 1450 bp was
generated and then ligated into pSM22 digested with EcoRI and Spel to generate pSM56,

That the met gene had been correctly inseried was confirmed by sequencing across the sip
promoter and the 5’ end of the met gene. Given that CPmet is a kanamyein resistant strain it
was necessary to insert an additional antibiotic resistance gene into pSM356, The
chloramphenicol acetyliransferase gene and its promoter from pACY C184 was PCR amplified
using primers #278 and 279. Both primers contain a Clal site at their 5° end for cloning
purposes. A PCR product of 1270 bp was generated and ligated into pSM56 that had been
digested with Clal and treated with shrimp alkaline phosphatase to generate pSM57 (Figure
5.17). Foiiowing transformation into E. colf transformants that were chloramphenicol resistant

were selected.

Electrocompetent CPmet cells were prepared using the standard protocol outlined in Chapter

2.5.2. Unlike C231 cells that on centrifugation pellet relaiively poorly and display a poorly
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Figure 5.17: Plasmid map of pSMS7.

Relevant genes and encoded products are: met encodes Met; repA encodes RepA; Kan-r
encodes kanamycin resistance gene and cat encodes chloramphenicol acetyliransferase.
Expression of mef is under the control of the srp prumoter. rmB T1T2 and frpA tt are
transcription terminators.

compacied pellet, upon centrifugation, the CPmet cells pelleted relatively easily and displayed
a pellet more like that usually seen with £, coli than C. pscudotiberculosis. That the cells
were indeed C. psendotubercilosis was confirmed by plating an aliquot of untransformed cells
onto BHI agar that did not contain antibiotics. After 48 hr at 37°C typical C.
pseudotuberculosis colonies of an appropriate size were visible on the agar, pSMS57 was

transformed into CPmet 1o generate the complemented strain CPmet+ pSM57.

5.8 Viability and replication of met mutants in the macrophage infection model

’

An infection experiment analogous to that described in Section 5.6 was performed.
Macrophages were infected with C231, CPmet and CPmet+pSM57. The number of CFU/well
was determined at 1, 3, 6 and 9 hr post infection (Figure 5.18). In comparison lo the growth
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Figure 5.18: Complementation of CPmet with met supplied in trans.

48 hr prior {0 infection J774 macrophagas were plated in 6 well plates at 7x10° cellsiwell.
Macrophages were infecied at MO 4 with C231 {m), CPmet (A} and CPrmet+ pSM57 {0} for 1
hr. After this lime the cells were washed and genlamycin cantaining media added to the

cells. At various timepoints the macrophage monolayers were lysed and sonicated to release

then disrupt bacteria clumps. Lysates were serially diluted then plated on BHI agar. Afier 48

hr at 37°C the number of colonies derived from each well was determined. Results are

presented as mean 25.E M. of 3 replicates. At 1 and 3 hr there was no difference between

recovered cell number, At 6 hr there were significantly fewer bacteria recovered following
infection with CPmet+pSM57 {p<0.05) compared ta C231. At 9 hr there were significantly
fewer recovered bacteria following infection with either CPmet or CPmet+pSM57 (p<0.01)

compared to infection with C231.

curve observed for C231, both CPmet and CPmet+pSM57 showed reduced growth as

indicated by approximately 35% fewer CFU being isolated at 9 hr post infection. This

indicated that the complementation of CPmet with the met gene in trans had not restored the

wildtype phenotype.

5.9 Discussion

In this chapter the generation of three mutant strains of C. pseudotubercidosis was described.
When tested in the macrophage infection model two of these mutants showed :.'tenuation. In

these mutants, genes coding for a metaliopeptidase and a Cu,ZnSOD had been disrupted by
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insertion of a kanamycin resistance gene into the coding region, In order to demonstrate that
the CPmet phenotype was a resull of inactivation of the mer gene a complemented strain was
generated by supplying the mef genc in trans under the control of a constitulive promoter.

This strain however demonstrated the same phenotype as CPmet indicating thal inactivation of

the mier gene may not have been the cause of the observed phenotypic change.

In the macrophage infection experiments aticnuation was observed as a reduced growth rate at
the later 1imepoints, particularly in the samples assayed 9 hr post infection. This indicates that
the mutated genes have no cffect on ibe degree of phagocytosis of C. pseudotuberculosis by
the macrophages. Additionally we observed that both the wild type and mutant strains
exhibited very little growth in the first three hr. This may reflect that an initial adaptation 1o
the intracellular environment occurs prior to replication or altematively an overestimation of
bacterial number at one hr post infection may have occurred as at this time extracellular

bacteria had not been exposed to gentamycin.

The CPfagC mutant strain was not atienuated in this model. This indicates that the iron
transport system of which FagC is a component, is not essenlial for obtaining iron within the
intracellular environment of the macrophage. The DNA array experiments described in
Chapter 3 identified components of other iron homeostasis systems including a heme regulator
and a second iron permease component. The presence of these genes within the C.
pseudotuberculosis genome indicates that this pathogen contains multiple systems for the
scavenging of iron. I is therefore likely that the disruption of the FagABC permease was not
sufficient to cause an iron deliciency. Rather it is most probable that the other systems were
able to compensate such that an appropriate amount of iron for normal cellular function could
be scavenged. Additionally given that the macrophages are cultured in an iron-rich tissue
media, it may be that even within the macrophage that there is a reasonably abundant supply
of iron relative to what would be found in an animal. The recent study identifying the fag

genes of C. pseudotubercnlosis (Billington ¢/ al., 2002) included an analysis of a mutant strain

in which the fagB gene (upstream of fugC) was insertionally inactivated. Using a goat strain

of C. psendotuberculosis they were able to show that a fagf mutant termed JGS283 had
normal growth characteristics in vifro and was able to utilise iron from a variety of different

sources including FeCls, FeSOy, hemin, haemoglobin and transferrin, However, during animal

infection JGS283 was significantly attenuated. Both the mutant and wildtype strains caused a
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similar amount of abscessation at the site of infection. but only one of four goats infected with
JGS283 developed abscesses in the lymph nodes and no bacteria could be isolated from goats
infected with the mutant strain. The authors suggest that that the mutant has a decreased
ability to survive once in the body, an observation that is consistent with an iron scavenging
defect as the host can be considered 1o be a low iron environment. However the resulis need

to be treated with caution as no complementation was demonsirated.

The mutant strain CPsodC was slightly attenuated at 9 hr post infection, such that the number
of recovered bacieria was reduced by 20 to 25%. A complemented strain was not generated so
this effect cannot be unequivocally assigned to the lack of a functional Cu,ZnSOD. Analysis
of the region surrounding sodC on the C. psendotuberculosis chromosome suggests however
that it may be transcribed as a monocistronic unit. Upsiream of sodC is a divergently
transcribed gene that codes for an oxidoreductase. Downstream of sodC is a 180 bp intergenic
region prior to the aceD gene. It therefore seems unlikely that the observed effect \V{;uld be

polar in nature.

Analysis of the C. pseudotuberculosis sodC sequence failed to identify a prokaryotic
membrane lipoprotein attachment site. To date the sequences of all other identified gram
positive Cu,ZnSODs have shown the presence of this motif (D'Orazio et al., 2001). In order to
confirm that the sequence from this region was accurate a number of independent genomic
clones were sequenced in both directions. In each case the same sequence was generated thus
confirming that the motif was absent in the C. psendotuberculosis Cu,ZnSOD. Whether this
motif is absent in other strains of C. psendotuberculosis remains to be determined. Given that
a single base substitution in the C. psendotuberculosis sodC sequence would be sufficient to
convert a serine residue to a cysteine residue, thus creating a prokaryotic membrane

lipoprotein attachment, suggests that this may be a relatively recent mutation.

The majority of gram negative Cu,ZnSODs have classical signal peptidase I cleavage sites
which directs the protein to the periplasm, while as just detailed gram positive Cu,ZnSODs
have sequences recognised by signal peptidase IT that results in them becoming membrane
atlached lipoproteins. Using the SignalPV 1.1 prediction server a putative signal peptide was
identified at the N-terminal of C. pseudomberculosis Cu,ZnSOD. This indicates that the

protein is probably secreted from the cell and as such its subsirates are likely to be
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extracellular in nature. Thus like other Cu.ZnSODs the C. prendotubercidosis prolein is

predicted to have a role in protecting the bacteria from hosi-generated superoxide.

Given the probable extraceilular location of the C. pseudotberculosis Cu,ZnSOD. 1t is likely
that the attenuation seen for CPsodC is due to a decreased resistance to superoxide generated
by the macrophages during a respiratory burst in response to the infection. Al sodC mutants
that have been generated and tested to date have shown reduced survival in +. . o in the
presence of extracellular superoxide (Farrant ef l., 1997;San-Mateo er al., 1998:Wilks er ul.,
1998;Sheehan ef «f., 2000;Dussurget e/ al., 2001;Piddington ef al., 2001). In order to further
characterise CPsodC similar studies could be performed. The degree of attenuation observed .
for CPsodC is relatively small and is only seen at the Jast timepoint analysed. That attenuation
is not seen earlier may reflect the amount of time required for the respiratory burst 10 become
effective. In order to increase the magnitude of the respiratory burst that C.
pseudotubercidosis is exposed to, the macrophages could be pre-treated with an agent that
would activate them such as IFNy. It would be expected that the sodC mutant strain would be

further attenuated in such an environment and possibly at earlier timepoints post infection.

Analysis of studies with sodC mutants from a broad variety of pathogenic bacteria indicates
that there is not always a correlation between sensitivity to superoxide in vitro and attenuation
in vivo or in cell culture infection models {Shechan er ad., 2000; Dussurget er al., 2001).
Additionally a mutant may be attenuated in a tissue culture model but not in an animal model
(Farrant et af., 1997;Piddington et al., 2001) or altenuated in an animal model but not the
natural host (Bong ef ¢/, 2002). In order to determine whether the C. psetedotuberculosis
Cu,ZnS0OD is a virulence factor for this pathogen infection experiments using the native host

should be performed with CPsodC and a complemented strain,

Many bacteria possess more than one type of SOD and as such it is likely that the enzymes
have overlapping functions. This is supported by the observation that a number of sodC
mutants are not attenuated in vivo (Shechan et of., éOOO;Du ssurget ef «l., 2001). Even though
the Fe and Mn SODs have an intracellular location they have in some cases been shown to
enhance bacierial survival jn vivo. For example, a sodB (coding for FeSOD) mutant was
attenuvated in a Brucella pertussis mouse respiratory i1 -ection model (Khelef et af., 1996),

while a sodA (coding for the MnSOD) mutant of Y. enferocolitica is attenuated in a mouse
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model when delivered by an intravenous route (Roggenkamp ¢ ¢f.. 1997). 1t would be
interesting to determine whether C. psendotubercudosis comained sodA and sodB homologucs
and whether these had a synergistic effect with sodC in protecting the organism from free

radicals produced during the respiratory burst.

L
-

The metallopeptidase identified in this study contained two motifs that identify it as being a

I et

zinc metallopeptidase. The {irst of these molifs is common to all zinc metallopeptidases while
the second is found in zinc metallopeptidases that belong to the aminopeptidase family. Core
residues within both these motifs act as the zinc ligand. Aminopeptidases are exopeptidases
that calalyse the cleavage of the N-terminal amino acid from a peptide chain. To determine
whether the target of Met was of intracellular or extraccllular origin searches were performed
to identify a signal peptide sequence at the N-terminal of the protein. No such sequence could
be found, suggesting that the substrates of Met are located within the cytoplasm.
Aminopeptidases may be involved in a number of different physiological functions including
endogenous protein turnnover, the maturation of proteins and the degradation of exogenous or
abnormal proteins (Gonzales and Robert-Baudouy, 1996). During ceil growth a dynamic
equilibrium exists between the synthesis of new proteins and the catabolism of existing
proteins. Within a cell the rate of protein turnover can vary significantly depending on the
physiological status of the cells, for example cells in stationary phase degrade proteins at a
several times greater rate than those in exponential phase (Gon:ales and Robert-Baudouy,
1996). Modification to the rate of protein tumover may also occur in response to factors such
as nutrient limitation. For example to produce new proteins during conditions of nutrient
limitation it is necessary for normally stable proteins to be degraded. Additionaliy the
degradation of proteins may occur to increase the amount of available carbon.
Aminopeptidases may also allow a bacterium to use exogenous pepiides as nuirients. This is
particularly important for bacteria that are auxotrophic for some amino acids. Lactococcus
lactis, for example, is dependent on proteases 1o appropriately degrade exogenously derived
proteins to supply certain amino acids. This is demonstrated by the observation that certain
peptidase mutants demonstrate a feduccd growth rate in milk (Mierau ef «l., 1996). This is
presumably due to their inability 1o completely degrade proteins that are present within the
milk. It is not known whether C. pseudotuberculosis is auxotrophic for any amino acids and

therefore whether its proteases and peptidases play a similar role.
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Like many profeins involved in nutrient scavenging the expression of some aminopeplidases
has been shown to be mctabolite regulated. In L. Jaciis expression of a number of peptidases
is down-regutated in the presence of a peptide source (Guedon ef al.. 2001), while a single
aminopeptidase pepP was regulated by catabolite repression. E. coli pepN expression is
increased under conditions of phosphate limitation, anacrobiosis and changes in carbon source
from glucose to glycerol or succinate (Gharbi ef af., 1983). The up-regulation of C.
pseudotuberculosis met following macrophage infection may rellect a change in the nutnient
availability to the cells. Such an environmental change may lcad 10 alterations in the rate of
protein turnover or an increase in the requirement for proiein scavenging from the

environment,

Analysis of the sequence up and downstream of mer suggests that it may be part of an operon.
Immediately upstream was a second peptidase that is likely to be a proly! oligopeptidase
family member. Members of this family are serine peptidases, the substrates of which are
peplides of less than 30 amino acids (Polgar, 2002). Downstream of mer were two genes that
code for enzymes of the rhamnose biosynthetic pathway (Figure 5.19). Rhamnose is a 6-
deoxyhexose that occurs naturally in several complex carbohydrates. In gram-negative
bacteria rhamnose is often a component of the lipopolysaccharide, whereas in gram-positive
bacteria, such as mycobacteria, rhamnose is an important component of the cell wall.
Immediately downsiream of met is rmiB which codes for a protein with dTDP-D-glucose 4,6-
dehydratase activity. This was followed by a second gene, rm/CD, which codes for a protein
with dTDP-4-keto-6-deoxy-D-glucose 3,5-epimerase and dTDP-4-L-rhamnose reductase
activity. The gene order in the vicinity of the mer homologue in C. gliuamicum and C.
diphtheriae was compared to that observed in C. psendotnuberculosis. The arrangement of a
prolyl oligopeplidase upstream of an aminopeptidase was conserved in all three species. The
gene order downstream of the met gene was also conserved between C. psendotuberculosis
and C. diphtheriae such that the rmiB, rmlC and rmiD genes proceeded it. Given the close
proximity of the genes in this region to one another and that they are transcribed in the same
diroiction, it is quite likely that they comprisc an operon. In each case ihe stop codon of one
gene either overlaps or is immediately followed by the start codon of the next gene. The
observation that the genc order resembles that found in C. diphtheriue is consistent with C.
pseudotuberculosis being more closely related to this organism than C. glutamicum

(Takahashi ef al., 1997). Analysis of the C. glietamicim genome indicated that the rm!B and
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D-glucose-1-phosphate

dTTP
glucose-1-phosphale thymidylyltransferase (rmid)

dTDP-D-glucose

dTDP-D-glucose 4,6-dehydratase (rm/B)

dTDP-4-keto-6-deoxy-D-glucose
dTDP-4-keio-6-deoxy-D-glucose 3,5-epimerase (rmfC)

dTDP-4-keto-L-rhamnose

NADPH
NADP dTDP-4-keto-L-rhamnose reductase (rmfD)

dTDP-L-rhamnose

Figure 5.19: The biosynthetic pathway for the formation of dTDP-L-rhamnose,

The gene coding for each of the enzymes in the pathway is shown in brackets.

rimdCD genes were located within the vicinity of the met homologue but were unlikely to

comprise an opcron.

Although CPmet was significantly attenuated in the macrophage infection model the
phenotype could not be restored by supplying the mef gene in trans. This suggests that either
met is not being expressed appropriately {rom pSM57 within the complemented strain, the
mutation is polar such that downstream genes are not appropriately transcribed, the mutation is
‘trans dominam or alternativel an unrelated spontaneous mutation has occurred. met
expression [rom pSM57 was not measured, howevef, the gene was inserted into the same site
as the gfp gene in pSM22. Given that gfp expression from this promoter was constitutive and
strong it would be expected that met would be expressed in a similar manner. Thata
sponlaneous mudation has occurred in the strain could be investigated by looking at the other
met mutant strains that were generated in this study. 1f these all show the altered phenotype

then it is unlikely that it is a result of an unrelated mutation.
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CPmet displayed normal growth characteristics in vitro both in liquid cultures and on BH!
agar plates. The only readily apparent phenotypic differcnce between CPmet and the wiidiype
strain was observed when preparing CPmet electrocompetent cells. In particular the pelleting
properties of the mmer mutant were considerably different to that observed for the wildiype
strain. Instead of a relatively unstable pellet being generated, a compact well-formed peliet
was generaled following centiifugation of a CPmet culture. This observation suggested that a
phenotypic change al the cell surface might have occurred, thus modulating the surface

properties of the bacteria and the way in which they can interact with each other.

Although the celi wail structure of corynebacteria has not been studied in any detail it is likely
to be similar to that observed in other closely related bacteria such as mycobacteria and
rhodococcii. These groups show similar cell wall structures that at a simplistic level consist of
three layers {(Suteliffe, 2000;Ma ef af., 2001). The outermost layer consists of mycolic acids.
These are esterified to arabinogalactan, the middle component. The innermost layer consists
of peptidoglycan and is attached to the arabinogalactan via a linker disaccharide of «-L-
rhamnosyl (1—3)a-D-N-acetyl glucosaminosyl-1-phosphate. Thus it is likely that rhamnose

is also a minor but key component of the coryncbacterial cell wall.

In general, bacteria contain only one rhamnose biosynihetic pathway. It is therefore very
likely that the thamnose biosynthetic genes identified during this study are responsible for the
synthesis of the rhamnose moiety that is incorpoiated into the cell wall. When taken together,
the data showing that the CPmet phenotype is not restored to wildtype upon complementation
with met and that an observable phenotypic change in regard to cell-cell interactions has
occurred, suggests that a polar effect has occurred such that the enzymes of the rhamnose
biosynthetic pathway are not appropriately expressed. The insertion of the kanamycin
resistance gene into the et sequence should not have resulied in a polar mutation as there is
no transcriptional terminator 3’ to the kanamycin gene. However, reports of the insertion of
extraneous sequence such as this leading to alteration in the transcription of the remainder of

an operon have been made (Gulig er of., 1992;Baker ef al., 1998:Fischer et al., 2001).

It has been suggested that strains of mycobacteria without a functional rhamnose biosynthetic

pathway would not be viable due 10 an inability of the arabinogalactan and mycolic acid layers

to attach to the inner peptidoglycan (McNeil ef «f,, 1990). This is supported by the
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observation that in M. mberenlosis the enzyme thamnosyl transferase is required for bacterial
growih (Ma er al., 2001). This enzyme is involved in the synthesis of the linker between
arabinogalactan and peptidoglycan that contains rhamnose, Assuming a similar sitvation in C.
psendotubercilosis this would suggest that the expression of the rm/ genes has been reduced
but not ablated. This could be determined by measuring the level of expression of these genes
by Northern analysis in the wildtype and mutant strains. Northem analysis would also
indicate as to whether 2 full-length transcript was being produced in the mutant sirain.
Assuming that the mer gene supplicd in trans is being expressed in the complemented strain
then the simplest way to determine whether the lack of a complementable phenotype was due
to a polar effect would be to complement CPmet+ pSM57 with the downstream rhamnose -
biosynthetic genes. Reversion to wildtype phenotype would be indicative of the mer mutation
having a polar effect on downstreamn gene expression, while non-reversion would be indicative
of a trans dominant mutation. In order to avoid a polar effect on downstream gene expression
several different approaches could be used 10 generate a mef mutant. In particular either a
gene replacement approach in which the mef gene is emirely replaced by the selectable gene or

(he generation of a site specilic mutation may be more suitable.

CPmet was atlenuated in the macrophage infection model but demonstrated wildtype growth
characteristics when grown in BHI media. It is not entirely clearly which gene or genes are
responsible “r the change in phenotype thus making it difficult to postulate on the reasons for
the phenotypic change. If the change in phenotype is as a result of inactivation of the met
gene then the changes in growth rate may reflect differences in nutrient availability within the
two environments. In comparison to BHI the intracellular environment of the macrophage is
likely to be relatively deficient in readily available nutrients. The reduced ability ofa
peplidase mutant 1o degrade peptides may lead 10 a slowed growth rate as a result of not being
able to sufficiently quickly generate amino acids for protein synthesis or as a carbon source.
Alternatively, a deficiency of rhamnose within the bacteria may have important implications
for cell wall structure. Alterations in cell wall structure may influence factors such as:
Ejermcability, the ability of other proteins to integrate into the cell wall, cell motility and the
functionality of protein secretion systems (Barry, 2001). That factors such as permeability
may affect bacterial growth rate under certain conditions is supporied by the observation that a
M. avium variant with a rough phenotype is more virulent in vivo and multiplies more guickly

than a smooth variant with which it shows similar growth characteristics in vitro (Kansal et
227




al.. 1998). 1t has been suggested that the altered phenotype may be as a result of an alteration
in cell wall structure such that the permcability of the smooth strain is greater than the rough
strain (Xansal ¢f al., 1998). Alteration in cell wall integrity may influcnce bacierial
susceplibilily 1o toxic macromolecties and the ability to inactive reactive oxygen zud nitrogen
species (Daffe and Draper, 1998). Additionally the cell wall of wildiype bacteria is likely to
be relatively resistant to degradation by host enzymes, a situation that may be allered in a
rhamnose deficient mutant. The ability of C. pseudotubercidosis 1o clump has been suggested
to contribule to virnlence, a property that is thought to be attributable to lipid which occurs
external to the cell wall (Batey, 1986b). It might be envisioned that in the prescnce of a
disrupted cell wall there would be a disruption to this layer that may alter the clumping
propetties of C. psetdotubercidosis. Whether this would have implications for intracellular

replication of C. psendotubercildosis is not clear,

The aim of the work described in this chapter was to determine the functional significance of
regulated genes of C. pseudoiubercidosis during macrophage infection. While we were able
to demonstrate that sodC and mef mutants were attenvated in the macrophage infection madel,
it is not entirely clear which genes are responsible for the change in phenotype. The fugC
mutant was not attenuated, however, it has recently been shown that disruption to the fug
operon is sufficient to decrease the virulence of C. psendotuberculosis in goats (Billington et
al., 2002}, This indicates that there is not always a good correlation between what occurs in a
model that mimics some aspects of an infection process and what occurs in the natural host.
Given this, work aimed at determining the significance of sodC, met and genes downstream of

met during infection of an animal should be performed.
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Chapter 6

Regulation of phospholipase D expression
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6.1 Introduction

In Chapter 3 the C. pseudofuberculosis nhospholipase gene was identified as being.
thermoregulated, or more specifically its expression was down regulated following heat shock
from 37°C to 43°C. The concept that expression of virulence determinants is regulated is not
novel, however this was the first report of a regulated virulence gene of C. psetdomberculosis.
Given that Pld is undoubtedly essential for full virulence of C. psendotubercidosis (Hodgson
et al., 1992:McNamara ef af.. 1994;Hodgson et al., 1994;Simmons ef af.. 1998;Hodgson ¢f al.,
1999), a study of its regulation was deemed worthwhile. Likely oulcomes from such a study
include an increased understanding of how virulence gencs are regulated and further insights
into C. pseudotuberculosis pathogenesis. In particular littlc is known about p/d expression in
vivo, therefore understanding how it is regulated by environmental factors may help to

understand its #» vivo mode of action,

Initial work was aimed at confirming and further characterising the heat shock response by
northern analysis. To allow further regulation studies 1o be more easily performed the pld
promoter was inserted upstream of the g/p gene in the reporter construct pSM20. Studics with
this construct indicated that pid is also regulated in a cell density dependent manner. Previous
studies have shown that under certain conditions Pld is (oxic to erythrocyles and neutrophils
(Hsu et al., 1985;Yozwiak and Songer, 1993). To determine whether such findings are of
biological significance, studies were performed to determine whether C. pseudotuberculosis
residing in macrophages cxpressed pld. Having shown that pld was expressed by intracelluiar
C. pseudotuberculosis, studies aimed at determining the effect of Pld on macrophage viability

and function were performed.

The results presented in this chapter indicate that the expression of pld is highly regulated.
Analysis of the p/d promoter and upsircam sequence was subscquently performed in order o

elucidate the mechanisms behind the observed regulation.

6.2 Timecourse of regulation of p/d expression by heat shock

Northern analysis was performed 1o determine the timecourse of pld mRNA down-regulation
following heat shock. An overnight culture of C231 was diluted to an ODuw of 0.3 then

grown until an ODggy of (.65 was reached. 6 ml aliquots of this culture were prepared, hall of
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Figure 6.1: Timecourse of pid regulation following heat shock.

RNA was extracted from C. pseudotuberculosis confrol {37°C) and heat shocked samptes (37°C to
43°C} at 5, 10, 20 and 60 min post inifiation of the shock. 8 pg of total RNA was analysed by
Northern analysis using a D1G labelled pld PCR product. One of the 37°C, 60 min replicales was
lost during sample processing.

which were further incubated at 37°C while the remainder were incubated at 43°C. At 5, 10,
20 and 60 min post initiation of the shock two aliquots from cach temperature were taken and
RNA extracted. 8 pg RNA was run under denaturing conditions on a 1.2% (w/v)
formaldehyde agarose gel and then transferred to Hybond N+ membrane in 20x SSC. The
membrane was then probed with a DIG labelled pld PCR product (generated using primers
#55 and #77). Following detection of bound probe with an anti DIG-alkaline phosphatase
conjugate and the AP substrate CSPD, the membranc was exposed 1o film (Figure 6.1). pid
mRNA was detected in all 37°C samples, however, following heat shock at 43°C, down-
regulation of pld expression was apparent by 10 min as indicated by decreased band intensity.
The level of pld mRNA continued 1o decrease past this time point to 2 minimal level detected
at 20 and 60 min.

6.3 Construction of reporter construct containing the pld promoter upstrecam of the gfp

gene

Often virulence genes are regulated by more than one environmental factor, for example
temperature, osmolarity and iron availability. In order to develop a system whereby it was
possible to readily assess pfd expression under a variety of environmental shocks, reporter

plasmids were constructed by insening the p/d promoter into the promoter probe vector
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Figure 6.2: Sequence of the pld promoter region showing primers used for reporter
construction.

The predicted =35 and —10 regions are doubly underlined. Assignment is based on the homology
of these sequences to E. coli o'° ~35 and —10 pramoter consensus sequences. Downstream is
the transcriptional start point (underlined T) which was previously identified using primer
extension assays (Hodgson et al,, 1990). Further downstream is a puiative RBS (boxed
TGGTGA) which lies 6 bases upstream of the start codon, Sequence for the first four amino

acids is shown and the corresponding sequence is shown using the amino acid single letler code.
Primers used to PCR amplify the pid promoter for ¢cloning into pSM20 are bolded and underlined

{18, 75 and 76). Primers 75 and 76 have additional sequence at their 5' end corresponding to a
BamH| site for cloning.

pSM20 (Chapter 4). Two constructs were generated which differ on the basis of whether the
pld RBS and initiating codon were present (Figure 6.2). The pld promoter was PCR amplified
from genomic C231 DNA using primer pair combinations #18 and #75, and #18 and #76.
JPrimer #76 was used to generate a pld promoter fragment up 10 but not including the RRS
while primer #75 gave rise {0 a PCR product that included the pld RBS and first 4 amino acids
of the pid gene. A restriction site (BamHI) was engineered into primers #75 and #76 to allow
cloning into pSM20. PCR products 18-75 and 18-76 were digested with BamHI and ligated
into pSM20 cut with EcoRV and BamH] to generate pSM27 and pSM28 respectively. pSM28
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Figure 6.3: Flow cytometry analysis of gfp expression from C. pseudotuberculosis
harbouring pid promoter constructs pSM27 and pSM28 or the promoterless construct
pSM20.

For each clone 30,000 events were counted. Fluorescence intensily, x, is a measure of the mean
fluorescence for each bacterial clone, Data was gated on forward and side scatter such that
plotted data represents primarily single bacteria.

contains the pld promoter up until the RBS, hence the cells will use the RBS present

downstream in the vector backbone. pSM27 is a translational fusion and would be expected to

use the pld promoter RBS. iIn pSM27 the sequence coding for the first 4 amino acids of Pld is
in frame with the gfp gene such that a fusion protein between the Pid amino acids,

intermediate sequence and Gfp will be generated upon transiation.

cytometry. Overnight cultures of C231(pSM27) and C23 1(pSM28) were diluted to ODgoo of

0.1, then grown for a further two hr prior to flow cytometry. Both strains gave rise to

detectable fluorescence. C231(pSM28) was slightly less-fluorescent (mean fluorescence, x=
52) compared to that observed from C231 containing the fusion construct (pSM27, mean
fluorescence, x=72) (Figure 6.3). ltis unclear why the expression from the fusion construct is

greater, although it may reflect different translation efficiencies from the two RBSs.

’
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6.4 Assessment of C231(pSM27) in a heat shock model

C231 (pSM27) was chosen for further studies as it was the more {luorcscemt construct and
contained the entire region surrounding the pld/ promoter {i.c. including the RBS). To
demonstrate that this vecior was a suitable reporter for monitoring pld expression, attempts
were made to replicate the observations made during the array and northern experiments
regarding thermoregulation of pld. A similar experiment to thet described for the northern
experiment was performed but at a Jower cell density. A lower cell density was chosen as
analysis of C. psendotubercilosis by flow cytometry appears to be most efficient for low
density cultures as a result of less bacterial clumping. An overnight culture of C23 I{(pSM27)
was diluted to an ODgoof 0.1 and then grown at 37°C for one hr. Bacteria were then either
incubated further at 37°C or transferred 1o 43°C. pld promoter activity was assessed by
measuring Gip fluorescence by flow cytometry at 0, 0.5, 1, 2 and 3.5 hr post initiation of the
heat shock (Figure 6.4). Using this system a small decrease in p/d promoter activity at 43°C
was observed. However this was only apparent at the latier time points of 2 and 3.5 hr.
Interestingly, in samples incubated at 37°C a decrease in Gfp {luorescence at these timepoints
was also observed however the magnitude of the decrease was subslantially larger than that
observed at 43°C. This apparent density-related expression of pld was further investigated in
Section 6.6. The apparent lack of effect of heat shock on pld promoter activity as measured by
detectable fluorescence could possibly be explained by two factors. Firstly, by reduced cell
growth at 43°C and secondly, the long half-life of the reporter protein. Gip has a half-lile of at
least 24 hr (Andersen ez al., 1998), thus the way changes in gfp expression are monitored in
this system are through its dissipation when cell growth is greater than the rate of expression,
or its accumulation if the rate of gfp expression exceeds cell replication. At 43°C C.
pseudotuberculosis demonstrates a reduced growth rate, therefore Gfp accumulates within the
bacteria. In an attempt to solve the problem of working with a reporter genc with an
exceptionally long half-life, a construct with a destabilised gfp gene was constructed.

’

6.5 Construction of a reporter construct containing a destabilised gfp gene

As indicated from the results obtained in Section 6.4 there are inherent problems with working
with a reporter protein that has a long half-life. These stem from the fact that the long half-life
of Gfp makes it exiremely difficult to measure transient gene expression. To overcome this
obstacle new mutant forms of Gip which have reduced half-lives have been generated
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Figure 6.4: Effect of heat on pld promoter activity in C. pseudotuberculosis.

Cultures of C231(pSM27) were grown at 37°C from an ODgg of 0.1 for 1 hr. One cullure was
incubated further at 37°C (m) while the second was {ransferred to 43°C (A )} {t= 0). At various
time points Gfp fluorescence of the cultures was measured by flow cytometry. For each
sample 30,000 events were counted and the mean fluorescences of the population determined
to give relative Gfp fluorescence.

(Andersen et al., 1998;Li et al., 1998;Deichsel ef al., 1999;Corish and Tyler-Smith, 1999).
Those generated by Andersen ¢f af (1999) may be useful in C. pseudotuberculosis as they
have been generated for use in bacteria and demonstrate reduced half lives of between 40 min
and several hr compared to over 24 hr for wildtype Gfp. The destabilised Gfp proteins have
an additional 10 amino acids at their carboxyl terminal, which renders them susceptible to
rapid degradation by carboxyl terminal-speciﬁé cellular proteases (Keiler et af,, 1996). The
peptide tag is derived from a naturally occurring system in £. coli, which exists for the
destruction of prematurely terminated polypeptides. In E. coli ssrd codes for an RNA
transcript that possesses some tRNA like properties. This transcript is able to recognise
proteins that are translated from incomplete or damaged mRNAg and by cotranslation
swilching from the nascent polypeptide chain to the ss74 transcript, the peptide tag
{ANDENYALAA) is added to the carboxyl terminal of the polypeptide chain. The tag is

recognised by cellular proteases, leading to rapid degradation of ihe protein. By altering the
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Figure 6.5; Sequence complementary to primer #95 used in the construction of a destabilised

gfp gene.

The sequence corresponding lo the 3' end of the gfp gene is boxed and the sequence coding for the 10
amino acid peptide tag is in bold and underlined. Corresponding amino acids are shown using the

single letter code. A Spel site used for cloning is marked.

last three amino acids of the peptide tag, protein stability can be further modulated. ssr4
homologues have been identified in a number of gram negative and gram positive bacteria

raising the possibility that corynebacteria have such a system.

In this study a destabilised Gfp with the tag ANDENYALVA was generaled. In £, colf this
tag has been shown (o reduce the half- life of a FACS optimised Gfp mutant (gfpmut3)
(Cormack et al., 1996} to 40 min and in Pseudomonas putida 1o approximately 60 min
(Andersen et al., 1998). To generate a destabilised gfp gene a reverse PCR primer was
designed in which sequence for the 3" end of the gfp gene, the additional destabilising amino
acids, and an Spel site for cloning were included (primer #95, Figure 6.5). The gfp gene was
then PCR amplified from pSM20 using the new primer and primer #47 (Table 2.4, hybridises
10 sequence 3° of the gfp gene and contains EcoRV and BamHI sites for cloning at its 5 end).
The resulting PCR product was digested with BamHI and Spel and ligated into pSM20,
pSM22 and pSM27, that had been prepared in the same manner, to generate pSM29, pSM30
and pSM31 respectively (promoterless, srp promoter and pld promoter respectively). DNA
sequencing confirmed that the sequence for the tag had been added to the 3° end of the gfp
gen=. In £, coli Gfp fluorescence from pSM30 and pSM3 1 was less than that observed from
thé parental plasmids (pSM22 and pSM27) as determined by viewing bacterial colonies on an
agar plate under UV light. The new plasmids were transformed into C231. Analysis of
colonies on plates indicated that ihey did not fluoresce. This was confirmed by flow

cytometry which showed hat C231(pSM30) and C231(pSM31) were non-fluorescent. The
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conclusion from this observation is that the peptide tag with the LVA modification is not

suitable for C. psendotnbercilosis.

6.6 Density dependent regulation of pld

To determine whether p/d expression is related 10 cell density the experiment performed in
Section 6.4 was repeated at 37°C with the inclusion of a second strain of C231 containing
pSM22 which expresses gfp» under the control of the constitutive srp promoter. Ovemight
cultures were diluted to an O.D.@u of 0.1 and grown at 37°C for 8 hr. Fluorescence of the
cultures was measured by flow cytometry every hour and optical density also determined. The
two strains exhibited the same growth curve (Figure 6.6A) indicating that they are of the same
density and that growth was not affected by the amount of Gfp in the cell. C231(pSM27)
showed decreased fluorescence to an ODgyq of 0.8 which was indicative of low expression

from the pld promoter (Figure 6.6B). This was followed by a rapid increase in fluorescence

indicating increased promoter activity. On the other hand, Gip expression from C231(pSM22
was essentially constant until the culture density reached ODgyo of 2. After this timepoint an
increase in Gfp fluorescence was observed. This may correspond to a slowing in cell growth
leading to Gfp accumulation. These results indicate that density dependent expression of pid

is indeed occurring.

The density dependent expression of p/d was further confirmed at the mRNA level by northern
analysis. Cultures of C231 were subcultured 10 ODgpo 0f 0.1 then grown at 37°C. At 30 min, E

3 hr and 6 hr duplicate samples (corresponding fo average ODgop of 0.16, 0.47 and 1..5 ; .
respectively) were harvesied and RNA exiracted. Northern analysis was performed as ’
described in Section 6.2. The northern data confirmed that pld expression increases with cell ;

density (Figure 6.7). L

6.7 Is pld expression regulated by 2 quervm sensing mechanism?

It is now well established that bacterial pathogens can synchronise their behaviour based on
population density. The mecharisms by which bacteria control gene expression in response 10
cell density have been given the term Quorum sensing. Gram-positive and gram-negative s
bacteria use different mechanisms for quorum sensing. Gram-negative bacteria usc the well

studied LuxI/LuxR signalling system (Bassler, 1999). Quorum sensing systems are not as
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Figure 6.6: Effect of culture density on expressien of pld.

Cultures of C231(pSM22) (m} and C231(pSM27) ( A ) were diluted to an ODgy of 0.1 and then
incubated at 37°C. At hourly intervals the growth of the culture was determined by measuring ODspo
(A} and the level of Gfp fluorescence of each culture was determined by flow cytometry (B). . For each

sample 30,000 evenis were counted and the mean fluorescence of the population determined to give
refative Gfp fluorescence. ‘
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Figure 6.7: Density dependent expression of C. pseudotubercuiosis pid.

C. pseudotuberculosis was grown from an QDggp of 0.1 for 30 min, 3 br and 6 hr (corresponding
to average ODgyp 0f 0.16, 0.47 and 1.5 respectively} At each time point RNA was extracted

from duplicate cultures. 8 ug of total RNA was analysed by Northern analysis using a DIG
labelled pid PCR product

highly conserved in Gram-positive bacteria, however, they in general use variations of a two-
component signalling mechanism. In general gram-posilive bacteria produce a modified
polypeptide (the autoinducer) that is actively wransported {rom the cell by an ABC transporter,
where it accuimnulates in the extracellular environment, When the concentration of the
autoinducer reaches a sufficiently k. zh concentration in the environment, it is detected by a
two-component sensor kinase protein located in the membrane. The sensor kinase becomes
activated and autophosphorylates a conserved histidine residue. The phosphoryl group is then
transferred 1o cognate response regulators leading to their activation Activated response
regulators in furm activate or repress transcription of specific target genes, thus leading to
changes in the cell’s phenotype. Given that the amount of autoinducer in the environment is
proportional to the number of bacteria producing it, the system is usually triggered at a certain

cell density.

Examples of quorum sensing in Gram-positive bacteria include the regulation of virulence
gene expression in Staphylococeus aureus (1i et al., 1995), induction of competence in
Streptococcus pneumonia (Havarstein ef al., 1995 and B. subtilis (Tran et al., 2000}, and

bacteriocin production in Lactobacillus (Risoen et al., 2000).

Given ".at Pld is a major virulence factor we were interested in determining whether the
mechanism for the observed density dependent expression was quorum sensing. If C.
psendoiubercilosis produces an autoinducer molecule it would be expected that it would be
present in the conditioned media of a high density culwre and as such should be able to induce

pld expression in a low density culture. Thus to determine whether C. pseudotuberculosis
239




produces a quorum sensing molecule that regulates pld expression, conditioned media froma
high density C231 culture was inoculated with bacleria at a low density. Flow cytometry was
then used 1o determine whether components of the conditioned media could prevent the
decrease in Gfp fluorescence usually observed in a low density culture. Conditioned media
(CM) from C231(pSM20) cultures that had been grown from an ODewo of 0.1 for 5.5, 6 and 7
hr (ODggo = 1.8, 2.8, 2.8 respectively) was generated by pelleting bacteria by centrifugation
and subsequent filtration of the supernatant through a 0.4 um filter. When bacteria were
inoculated into the CM a reduced growth rate was observed within 4 hr of inoculation. This
was probably due to depletion of nutrients in the CM. To circumvent this problem 5 ml of
conditioned media was supplemented with 1 ml of 4x BHI broth. An overnight culture of
C231(pSM27) was inoculated into the 3 CMs (o give an ODgop of 0.1. As a controi,
C231(pSM27) was inoculated into 5 ml BHI supplemented with 1 ml of 4x BHI broth.
Cultares were incubated at 37°C and Gip Nluorescence measured by flow cytometry at hourly
intervals for 5 hr. The bacleria incubated in the presence of CM demonstrated the same
fluorescence profile as the control sample (Figure 6.8). It is possible that the concentration of
an autoinducer molecule in the CM is maximal at a cell culture density other than the three
tested. For this reason CM from 2 number of other difTerent density cultures were also
generated however none were able to induce p/d expression at low culture density. It was
therefore not possible to demonstrate that quorum sensing was the mechanism by which

density dependent regulation of p/d was occurring.

6.8 Does heat regulation of p/d expression occur at all densitics?

The studies performed to date show that p/d is regulated by at least two mechanisms
{(thermoregulation and cell density dependent). The heat regulation experiments had been
performed at mediur 1o high cell densities thus raising the question as to whether

thenmoregulation also occurs at lower cell densities.

An overnight culture of C231 was diluted to an ODgqp of 0.1 then grown at 37°C for 6.5 hr.,
RNA samples were prepared from 1, 3.5 and 6.5 hr cultures. For the last 30 min of each
culture period heat shock samples were also prepared by incubation at 43°C, RNA was

DNasel treated, quantitated by spectroscopy and the integrity and quantitation confirmed by
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Figure 6.8: Effect of CM on density dependent expression of pid.

An ovemnight culture of C231(pSM27) was used to inoculate CM from 5.5, 8 and 7 br C.
pseudotuberculosis cultures (corresponding to ODgg of 1.8, 2.8, 2.8 respectively). Cultures were
incubated at 37°C and at various timepoints the Gfp fluorescence of the cultures was measured by flow

cytometry. For each sample 30,000 events were counted and the mean flucrescence of the population
determined to give relative Gip fluorescence.

agarose gel electrophoresis. 1 pg of total RNA was reverse transcribed to generate cDNA
which was used as a template for real time PCR. In addition to measurement of pld mRNA,
16S rRNA levels were also determined as a normalisation controf. As previously
demonstrated by northern analysis expression of p!& mRNA increased with increasing ceil
density (5.6-fold over the timecourse of the experiment, Figure 6.9). Thermoregulation of pld
expression occurred following heat shock at all cell densities with fold reductions of 4.2, 10.2
and 17.8 at 1, 3.5 and 6.5 hr respectively. The level of pld mRNA detected was however
essentially equal in aii heat shocked samples, suggesting that heat shock reduced pid
expression to a basal level. This study demonstrated that down-regulation by heat shock
overrides up-regulation of expression of pid at higher cell densities.

-

1.1 Pld expression inside the macrophage

As PId is required for virulence of C. pseudotuberculosis, it must be expressed in vivo.
Although supramaximal amounts of Pld, when delivered systemically, causes lysis of ovine

erythrocytes (Hsu et al., 1985) it is noi clear as to whether this is the main mechanism by
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Figure 6.9: Effect of terperature and cell density an expression of C. pseudotuberculosis

pid.

An overnight culture of C231 was diluted to an ODgy of 0.1 then incubated at 37°C. At 30 min, 3 hr
and 6 hr aliquots of the culture were transferred 1o 43°C for 30 min. RNA was extracted from the
heat shocked samples and those incubated at 37°C for the same period of time (i.e. 1, 3.5 and 6.5
hr). The levels of pld mRNA and 16S rRNA were determined by reverse transcription followed by
real time PCR. pid expression was normalised 1o 168 rRNA levels to take into account differences
in starting amounts of RNA. Results are represented as the mean of duplicate samples £ S.E.M.

which Pld increases virulence. Given that erythrocytes are not phagocytic this type of action
implies an extracellular action by Pld. However following infection C. pr midotuberculosis is
an intracellular pathogen primarily residing within the macrophage. For. isreason we were
interested in determining whether p/d is expressed inside the macrophage and, i{ so, is that
expression regulated in an analogous manner to the in vifro observations, If p/d is expressed
inside the macrophage other studies aimed at elucidating its function could then be performed.

Such studies may give insights into other mechanisms by which Pld may increase the

virulence of C. pseudotubercilosis.

6.9.1 Expression of pld by intracellular C. pseudotuberculosis

The tissue culture infection model utilising the mouse macrophage-like cell line J774 is

described in Chapter 3. Two independent infection experiments were performed. In the first,
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macrophages were plated at 7 x 10 cells/well in 6 well plates [ hr prior to infection.
Overnight cultures of C231{pSM22) or C231 (pSM27) were diluted to ODuw of 0.1 and grown
for 1 hr. Macrophages were incubated with bacteria at 2 MOI of 4 for ! hr, then washed and
fresh media containing 100 pg/ml gentamycin added to kill extracellular bacteria. At further
time-points macrophage monolayers were washed, lysed, then sonicated to disrupt bacterial
clumps. The sonicates were diluted in PBS and Gfp Nuorescence of individual bacieria
measured by flow cylometry (Figure 6.10A). Gip fluorescence from the control
C231{pSM22) strain was constant over the timecourse of the experiment. Fluorescence from
C231(pSM27) was high throughout the timecourse of the experiment, however a decreased
level of fluorescence at the 1.5 hr timepoint compared 1o the fluorescence of the added
bacteria (1= 0 hr) was observed. Fluorescence of C231{pSM27) at the remaining timepoints

gradually increased to the level initially observed in the added bacteria.

A second experiment was performed to confirm this data. An additional control in which the
two strains were also incubated in DMEM alone was also included and additional time points
{up to 12 hr) were analysed. Preparation of the macrophages and bacteria was the same as in
the first experiment. For the in vitro controls the same number of bacteria were inoculated
into 2 m! DMEM and incubated under the same conditions as the macrophages for the
duration of the experiment (without washes and gentamycin containing media). The pattern of
intracellular p/d promoter activity in the second experiment closely followed that observed in
the first experiment. The additional timepoints (8, 10, 12 hr) indicate that gfp expression from
pSM27 plateaus, rather than continuing to increase (Figure 6.10B). The {luorescence detected
from C231(pSM22) and C231(pSM27) incubated in DMEM decreased over tﬁe timecourse of
the experiment. This effect was more pronounced for C231{pSM27) than C231(pSM22).
Thus the fluorescence of these cultures did not follow the pattern of fluorescence observed in

BHI with shaking,.

To confirm that pld was highly expressed during infection, relative p/ld mRNA levels were
measured by RT- real time PCR. The ¢cDNA samples prepared from infected macrophages
and control DMEM grown bacteria that were described and utilised in Chapter 3 were used for
this experiment. Pid expression was found to be high in both DMEM and macrophage derived

bacteria. There was no induction following macrophage infection. The design of the two
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Figure 6.10; pld expression from €. pseudotuberculosis inside infected J774 macrophages.

(A and B) 18 hr prior to infection J774 macrophages were plated in 6 well plates at 7x 10° cellsfwell,
Macrophages were infected with exponentially growing C231{pSM22) (w) or C231(pSM27) (A ) at MOI
4. Following an incubation perioti of 1 hr, the macrophages were washed and gentamycin containing
media added. At various timepoints the macrophage monolayers were lysed, sonicated and the
fluorescence of individual bacteria determined by flow cytometry. For each sample 50,000 events
were measuwred and the mean fluorescence of the bacterial population determined to give relative Gfp
fluorescence. (B) At the same time, equal numbers of C231(pSM22) {o) ar C231(pSM27) (Alwere
inoculated into DMEM. At each timepoint a proportion of the culture was taken, sonicated and the
fluorescence of individual bacteria determined by flow cylometry.
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experiments is different however this result indicates that pld is expressed by intracellular

bacteria. That pld was found 1o be highly expressed in DMEM is in contrast 1o the flow

cytometry data.

6.92 Investigation of p/d expression in DMEM

In Section 6.9 the expression of C231(pSM22) and C231(pSM27) in DMEM was observed to
be different from that when the strains were cultured in BHI. For C231 (PSM22) a gradual
decrease in the level of fluorescence detected was observed which contrasted to the usually
steady state [evel observed when the strain was grown in BHI. For C23] (pSM27) the
fluorescence of the bacteria decreased as is usually observed; this was not however followed

by a subsequent increase in {luorescence as cell density increased.

In addition to being cultured in different growth medium the culture conditions also varied.
BHI cultures are incubated with rapid shaking (300 rpm) to aerate the cultures, whereas the
DMEM cultures are incubated in a stationary manner in an environment that contains 5% COa.
In order to determine whether the observed p/d promoter activity in the different media is
related to the mechanism of culturing or the media used, bacteria were incubated in DMEM or
BHI under the two different culture conditions. Ovemight cultures of C231(pSM22) and
C231(pSM27) were diluted into DMEM or BHI to give cullures with an ODgpg of 0.1, For
shaking cultures 30 ml glass McCartney bottles containing 10 mi of culture were utilised in a
shaking incubator at 300 rpm. For CO; incubator cultures 60 mm tissue culture dishes
containing 10 ml of culture were utilised. The fluorescence of cultures was determined by
flow cytometry at 0, 1, 3 and 6 hr post-dilution (Figure 6.11). Expression of gfp {rom the srp
promoter construct (pSM22) was high and essentially constant for shaking cultures regardless
of the media type. Expression in the CO; incubator cultures was slightly lower in the BHI
culture and much lower in the DMEM sample such that the fluorescence intensity of the
C231(pSM22) DMEM culture decreased approximately two-fold over the timecourse of the
experiment. In contrast to the srp promoter construct expression {rom the pld promoter
appeared to be media related. As expected density dependent regulation of p/d expression
occurred in BHI shaking cultures. Additionally the BHI C231{(pSM27) culture incubated in

the CO, incubator showed reduced fluorescence followed by increased fluorescence. On the
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Figure 6.11: Effect of media and growth conditions on pfd and srp promoter activity.

(A} C231(pSM22) and (B) C231(pSM27) were inocutated into BHI (» and o) or DMEM {Aand A) to give
an OPgq of 0.1, Cullures were incubated in sealed Mc(fartney bottles at 37°C with shaking at 300 rpm
(n and A) or in 60 mm tissue cuiture dishes in a tissue culture incubator at 37°C with 5% 'COZ (@ and

A}. At various timepoinis Gip fluorescence of the cultures was measured by flow cytometry. Far each

sample 30,000 events were counted and the mean fluorescence of the population determined to give
relative Gip fluorescence.
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other hand for bacteria grown in DMEM p/d promoter activily decreased throughout the
experiment, an effect that was more pronounced in 1he shaking culture which showed a 19-
fold reduction in fluorescence intensily over the experimental timecourse. Analysis of
cultures that were then incubated for another 15 hr showed that {luorescence of C23 (PSM27)

grown in DMEM remained low {data not shown),

DMEM, the tissue culture media used during these experiments is prepared from a 5x DMEM
concentrate that consists of a complex mixture of inorganic salts, vitamins, sodium pyruvate
and glucose. To generate the final media this is supplemented with fetal calf serum,
glutamine, HEPES. sodium bicarbonate and B-mercapioethanol. In order to determine which
of these components were responsible for the decrease in Gip detected when C231(pSM27)
was grown in DMEM, an experiment was performed in which bacteria were grown in BHI
broth supplemented with individual and combined components of DMEM. An overnight
culture of C231(pSM27) wag diluted 10 an ODgpn of 0.1 in media containing 1x BHI in
addition to one or more tissue culture media components (at the final concentration found in
DMEM). 8 ml cultures were incubated in McCartney bottles at 37°C wilth shaking at 300 rpm.
At0,2,4, 6 and 8.5 and 23 hr Gip fluorescence was determined by llow cytometry (Figure
6.12).

Supplementation of BHI with FCS, -mercaptoethanol or glutamine had no effect on the Gip
fluorescence detected. Cultures grown in BHI suppleinented with HEPES/sodium
biocarbonate, 5x DM EM.concenlralc or all tissue culture components showed diff?rent curves.
As expected growth in BHI in the presence of all the components of DMEM showed the same
paitern of Gfp {luorescence as for bacteria grown in DMEM. HEPES/sodium biocarbonate
and 5x DMEM concentrate demonstrated intermediaie c.+ves, which showed the usual initial
decrease, followed by an increase at the 6 and 8.5 hr timepoints followed by a decrease at 24
hr. These data indicate that the effect of HEPES/sodium bicarbonate and 5X DMEM on
reducing Gfp fluorescence may be additive. To determine whether the effect was related to
the culture density the optical density of 8.5 hr cultures was measured. Cultures supplemented
with FCS, glutamine, HEPES, sodium bicarbonate and B-mercaptoethanol exhibited the same
ODyu as for bacteria grown in BHI. Cuiture in DMEM, or BHI supplemented with 5x
DMEM or all components increased the rate of bacterial growth 1.5- 3 fold. This indicated

247




100 - —a—BHI

—* —=—FCS8

@

@ § \/\\ - " Glutamine

€@ 10 —e— Hepes/NaBiC

e S —s— 5x DMEM concentrate
[~ =

\. —— All
—— DMEM

1 r—r—r—7g v — 71— 7—T—% | 1
0 2 4 6 8 10 20 25
time (hr}

Figure 6.12: Effect of the components of DMEM on Gfp fluorescence detected from
C231{pSM27}.

An overnight culture of C231{pSM27) was diluted into BHi alone (BHI), DMEM alone (DMEM) or BHI
supplemented with 10% FCS (FCS}, 50 pM B-mercaptoethanal (B-ME), 2 mM glutamine, 25 mM
HEPES! 0.19% sodium vicarbonate (Hepes/NaBiC), 1x DMEM from a 5X DMEM concentrate (5x
DMEM) or all of the above components (All). At various time points Gfp fluorascence of the cultures
was measured by flow cytométry. For each sample 30,000 events were counted and the mean
fluorescence of the population determined te give relative Gfp flucrescence.
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that there may be a correlation between detectable Gfp fluorescence and growth rate such that

at increased growth rate there was less fluorescence detected.

6.10  Effect of p/d expression on mammalian cell function

The results of section 6.9 show that pld is expressed at a high level by C. pseudotuberculosis
inside macrophages. Given the properties of this enzyme it is likely that intracellular Pid may
affect macrophage function and viability either by destruction of macrophage membranes or
by activation of mammalian ceil signalling pathways. In order to study the effects of C.
pseudotuberculosis Pld on macrophage cell function, a Pld negative strain calied Toxminus
was utilised (Hodzson ef al., 1992). Toxminus is a mutant version of the wildtype strain
C231, in which the pid gene has been inactivated by insertion of an antibiotic resistance gene.
Studies have shown that in vive, Toxminus is significantly attenuated (Hodgson et al., 1992).
A third strain Toxminus + pTB 111 has a p/d gene supplied in trans on a plasmid and
demonstrates a wildtype p;henotype {Tachedjian et al., 1995),

To confirm that the strains to be utilised demonstrated the appropriate phenotype with regard
1o pld expression, each was streaked onto a sheep blood agar plate containing supernatant
from R. equi culture. R. equi supernatant contains cholesterol oxidase which together with C.
pseudotuberculosis Pld causes haemolysis of ovine erythrocytes. On blood agar plates
colonies of C231 and Toxminus+pTB111 were surrounded by zones of clearing indicating
haemolysis of the sheep erythrocytes while no clearing was observed around colonies of

Toxminus (Figure 6.13).

6.10.1 Effect of p/d on phagocytosis of C. pseudotuberculosis by macrophages
Pathogenic bacteria may secrete factors that interact with the host machinery to induce
changes in the host environmeot. For example Salmonella secrete factors that interact with
host machinery to induce bacterial uptake (Zhou and Galan, 2001). Given that mammalian
Pid has been shown to play a role in the phagocytic process in macrophages (Kusner et al.,
1996), we were also interested in determining whether expression of pld by C.

pseudotuberculosis influenced its own uptake into macrophages.
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"oxminus +FTB111

Figure 6.13: Haemolysis of sheep erythrocytes by pld expressing strains of C. -
pseudotuberculosis.

C. pseudotubercufosits strains C231, Toxminus and Toxminus +pTB111 were streaked onto agar plates
containing 10% each of sheep blood and R. equi culture supernatant. Zones of clearing are indicative
of synergistic erythrocyte lysis by C. pseudolubercufosis Pld ard R. equi cholesterol oxidase.

250




1 plates
icative

i

.

J774 macrophages were plated at 7 x 10° celisiwell in 6 well plates 18 hr prior to infection.
Ovemight cultures of C23 1. Toxminus and Toxminus+pTB1 11 were diluted 10 QDo of 0.1
and grown for | hr. Macrophages were incubated with bacteria at a MOI of 3 for 1 hr, then
washed and fresh media containirg 100 pg/mi gentamycin added to kill extracellular bacteria.
At 3 hr post infection macrophage monolayers were lysed and the extracts sonicated {o disrupt
bacterial clumps. Extracts were serially diluted, plated on BHI agar plates and incubated at
37°C. Colony counts were performed 48 hr later (Figure 6.14). No difference in the number
of bacteria taken up could be observed at either time point, indicating that at least for

uninfected macrophages bacterial p/d expression had no effect on phagocytosis of C.

pseudotubercilosis.

6.10.2 Effect of pld expression on macrophage viability

Treatment of ovine neutrophils with Pld has been shown to reduce their viability (Yozwiak
and Songer, 1993). In this study intracetlular P1d (delivered as an oil emulsion) was shown to
be more toxic to the neutrophils than extracellular Pid (delivered aqueously). Given that this
study was performmed using relatively large amounts of purified protein its biological
significance is not clear. The following experiment aimed to determine whether intracellular

C. pseudontberculosis produces a sufficient amount of Pld to alter macrophage viability.

To measure macrophage viabilily 2 neutral red assay was established. Neutral red is a dye that
is taken up and concentrated in lh‘e intracellular compartments of viable cells (Lowik et al.,
1993). As the dyc is not taken up by dead cells, the amount of dye taken up by a monolayer of
cells directly correlates with viable cell number. Upon solubilization of the dye by acidified

isopropanol, relative cell number can be determined using a spectrometer.

1774 cells were plated in 24 well plates 18 hr prior to infection. Macrophages were cither left
unireated or were infected at MOJ 4 or 8 with C231, Toxminus and Toxminus +pTBI111 for !
hr. Cells were then washed and incubated in gentamycin containing media for 8.5 hr. The
cells were incubated for a further hour in PBS containing neutral red and gentamycin. The
cells were then washed extensively to remove residual neutral red and subsequently lysed with
acidified isopropanol to solubilize the dye. Absorbance was read at 540nm. Figure 6.15

shows that infection with all three strains ol bacteria signilicantly reduced the viability of the
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Figure 6.14: Effect of pid expression on phagocytosis of C. pseudotubercufosi's by J774
macrophages.

18 hr prior {o infection J774 macrophages were plated in 6 well plates at 7x 10° cellsfwell.
Macrophages were infected with exponentially growing C231, Toxminus or Toxminus+ pTB111.
Following an incubation period of 1 hr, the macrophages were washed and gentamycin
containing media added. At 3 hr post infection the macrophages were lysed and sonicated to

disrupt bacterial clumps. Lysates were serially diluted then plated on BH[ agar. After 48 hr at
37°C the number of colonies was determined.

macrophages. As expecled the percentage of surviving cells was fewer following infection at
the higher MOIL. At both MOI1 C231 had a greater effect on macrophage viability than
Toxminus. The wildiype phenotype was completely re-established following infection with
Toxminus + pTB111 at a MOi 5. At MOI 8 infection with Toxminus + pTB111 caus;cd
significantly more cell death than Toxminus, however, the perceniage of surviving
macrophages was also significantly different from that following infection with C231. These
data indicate that the majority of macrophage death following infection with C,
pseirdotuberculosis can be attributed 1o factors other than Pid, however a small but significant

proporiion of cell death is directly attributable to the presence of Pld.
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Fiéure 6.15: Effect of intracellular p/d expression by C. pseudotuberculosis on macrophage
viability.

£
J774 macrophages were infected with C231, Toxminus or Toxminus + pTB111 for 10.5 hr at MOl 4 (A)
and MOI 8 (B). Relative cell number was determined using a neutral red viability assay. Results are
presented as mean * 3.E.M of 6 replicates. A one;way ANOVA followed by a Tukey's test was
performed. At both MOI a significant difference between the number of untreated cells and Ireatments
was observed (p< 0.001). At MOI 4 there were significantly more macrophages remaining following
infection with Toxminus in comparison to C221 (P<0.01), while there was no diiference in the
percentage of surviving macrophages following infection with C231 or Toxminus+ pTB111. Toxminus
was different from Tox+pTB111 at p<0.05. At MOI 8 all treatments were different from one another at
p<0.001 except C231 and pT8111 which were different at p<0.05,
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6.11 pld promoter studies

It is likely that the observed changes in the amount of pld mRNA detected during heat shock
and culture growth are a result of changes in the level of transcription occurring at the pfd
promoter. A preliminary study of the p/d promoter was performed in order to gain insights inlo
the mechanisms behind the observed regulatory patterns, In particular a deletion analysis
study was performed in order lo define the minimum upstream sequence required for density

regulation of p/d expression.

6.11,1 Analysis of the p/d promoter and identification of putative regulatory clements

Analysis of the p/d promoter and upstream sequence revealed several features (Figure 6.16).
The promoter sequence is AT rich, with the region between +1 and =307 consisting of 66% A
or T bases. An estimation of the GC content of the whole genome based on published
sequence and that generated during this study, indicates that the GC content of C.
pseudotuberculosis 1s approximately 51%. The high AT content of this region is therefore
significant and is indicative of promoter regulatory elements. A number of inverted repeats
which may act as regulator binding sites can be observed in the upstream region of the p/d
promoler, A region with homology {0 the UP element consensus (see Section 1.7.1.2) was
also identified. The C. pseudotubercilosis sequence TGAAAATTATATGAGTTATAAA
located at —54 to —74 shows homology to the UP element consensus binding site
(NNAAAWWTWTTTTNNNAAANNN where W = A or T and N = any base) at 17 of 22
nucleotides. There is however relatively poor homology at the 3° cnd of the consensus and the

location of the site is suboptimal in regards to the -35 region.

6.11.2 Decletion analysis of the p/d promoter upstream region: Study 1

A preliminary deletion analysis experiment was performed using pSM20 as the parent vector.
Three constructs that contained progressively larger deletions of the 5* region of the p/d
promoter than that found in pSM27 were generated. p/d promoter {ragments were PCR
amplified from genomic C231 DNA using primers #77, 98 and 100 as the forward primer and
primer #73 as the reverse primer (Figure 6.17). Primer #75 was used as the reverse prime: to
PCR amplify the pld promoter in pSM27 and contains a BamHI site at the 5° end (Figure 6.2).

PCR products of the appropriate sizes were generated, then cloned into pGEM®-T casy. The
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iR1 IR1

L
GTTACAATTT TGGACACATT TTTTGTCCTT TAAGTTCARA

__R2 , 4 IRZ
GTATCTGACG CATTTGAATA CATATCATTC ATATGTAATG

_IR3, (IR3

ARCGCCARACC TTTTARAATGG GGCTCCCCAT CTCCTCTOTA

-

TTCTGTGTCA ACTGTCAGCT TTOTGAAAAT TATATGAGTH

GCAATAACCC TTGATTTTAT TGTTATTTAA GTTTCATAAT
-35 -10
CGCAGGGTST TCACGCTGGT AAAGGGCTAT TTTTGGGCAC

GAARATGTATC CGCAAATTAT AGTGCGACAT CCTTTTGTTG

CGAAACTTCG TGATAARRMAMN ATG AGG GAG AAA

M R E K

Figure 6.16: Analysis of the C. pseudofuberculosis pld promoter

DNA sequence of lhe pld promoter region and first four amino acids. The corresponding protein
sequence is shown using thé amino acid singte letter code. The predicted 35 and -10 re/gions are
doubly underlined, assignment of which is based on the homolagy of these sequences to.E. coli 6™ -
35 and —10 promoter consensus sequences. Downstream is the transeriptional start point {underlined
T) which was previously identified using primer extension analysis {Hodgson et al., 1990). Further
downstream is a putative RBS {underlined TGGTGA) which lies & bases t_Jpstrearn of the start codoen.
A putative UP element is boxed. Three inverted repeats {with varying degrees of mismatch) are
labetled IR1, IR2 and IR3.
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pSM27 —
-40% ATCCATGCTC CGCATCCCTT GCATCTGTAC CGGGTCTTTC CTGTGGACGT

-355 TTTGCCGTTC TTTTTTAGGA GATTGCCGCA GACGTTGCAG TGATTCCGGT
77—

-305 ATGGATGTGA AGCCATAATC AATAATTAGC AGCTTTAAAT CTGCTATGGA

-255 TACCCTAAAA GTTACAATTT TGGACACATT TTTTGTCCTT TAAGTTCAAA

98—
-205 AACCTTGAAC GTATCTGACG CATITGAATA CATATCATTC ATATGTAATG

-155 COTGATTGAT ARCGCCAACC TTTTAAATGG GGCTCCCCAT CTCCTCTCTA

-105 GGGGATGGTT TTCTGIGTCA ACTGTCAGCT TTCTGAAAAT TATATCGAGTT
-55 ATAAACATAT Géggi%aQQQ_ITGBTTTTAT TGTTATTTAA GTTTCATAAT
-5 GUGGATATAG CGCAGGGTGT TCACGCTGGT AAARGGGCTAT TTTTGGGCAC
+46 CTCTCCCTGG GAAATGTATC CGCAAATTAT AGTGCGACAT CCTTITTGTTG

+96 CTCTATTTAT CGAAACTTGG TGATAAAAR ATG AGG GAG
M R E

Figure 6.17: Location of p/d promoter primers used for deletion analysis.

Sequence of the pld promoter and first three amino acids is shown. The corresponding profein
sequence is shown in the amino acid single letier code. The predicted -35 and -10 regions {TTGATT
and CATAAT) are doubly underlined. Downstream is the transcriptional start point (underlined T)
which was previously identified using primer extension assays (Hodgson et al., 1990). Further
downstream is a putative RBS (underiined TGGTGA) which lies 6 bases upstream of the start codon.
The sequence comesponding to primers # 77, 98 and 00 is underlined with a dashed lined. These
were used in cenjunction with primer #75 to generate pld promoter inserts of pSM25, pSM32 and
pSM33 respectively. The start of the pld promoter insert found in pSM27 corresponds to the base at —
408.

promoter fragments were reteased {rom this vector by digestion with Sp#i and BamHI and
ligated into the promoterless vector, pSM20, which had been prepared in the same manner.
The new vectors were titled pSM25, pSM32 and pSM33 (gencrated using primers # 18, 98
and 100 respectively).

The new constructs were transformed into C231 and gave rise to fluorescent colonies. To
determine whether gfp expression was regulated in the same manner in the cutback clones as
in C231(pSM27), density dependent expression was monitored. Overnight cultures of

C231(pSM27), C231(pSM25), C231(pSM32) and C231 {(pSM33) were diluted to ODgy ol 0.1
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Figure 6.18: Density dependent pld expression in p/d promoter deletion strains.

Overnight cultures of C231(pSM27) (4.), C231(pSM25) (), C234(pSM32) (o) and C231(pSM33)
(4) were diluted to an ODggg of 0.1 then incubated at 37°C. At various timepoints Gfp flucrescence

of the cultures was measured by flow cytometry. For each sample 30,000 events were counted and
the mean fluorescence of the population determined.

then incubated at 37°C. At 2, 3,4 and 4.5 hr post dilution the fluorescence of each population
was determined by flow cytometry (Figure 6.18). Expression of g/p from the shortened pid
promoter found in pSM25 was observed to be regulated in the same manner as that observed
in pSM27, indicating that the regulatory elements for density dependent expression are
contained within the sequence found in pSM25. Gip detected in C231(pSM32) and
C231(pSM33) was lower than that expressed from pSM27 and was unregulated.

This study indicated that the region between —265 and —168 may contain a regulator binding
site for density dependent expression of pfdd. In order to further disscct the importance of this
region for density dependent expression of p/d, a second series of deletion constructs were
generated. This second series included constructs that contained an intermediate amount of
promoter sequence to that found in pSM25 and pSM32. Additionally changes were made to
the sequence of the vector backbone. The first series of constructs contained 2 large amount
of sequence between the pld promoter and the gfp gene, including sequence coding for a RBS.

This sequence was present as this vector was originally construcied as the promoter probe
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vector 1o be used in conjunction with DFL Given that this exirancous sequence could
potentially influence either the level of transcription or translation a sccond series of
consiructs were generated. In this sccond serics the amount of sequence between the last Pld
amino acid and the starl of Gip was reduced from eleven amino acids to four and the vector
RBS was removed. Additionally the initiating methionine codon of gfp» was removed such

that the only protein that could be transiated was  [usion between the first four amino acids of

PId and Gip.

6.11.3 Delction analysis of the pld promoter upstream region: Study 2

The promoterless vector pSM20 was first modified 1o remove extrancous sequence, then pld
promoter fragments were generated by PCR and inserted into the new vector. The gfp» gene of
pSM20 was PCR amplified using primers #107 and 4b. Primer #107 hybridises to the gfp
gene starting at the second codon and contains BamH! and EcoRI sites at its 5° end, The PCR
product was digested with BamH and Spel and ligated into pSM20 that had been prepared in
the same manner to generate pSM43. That the original gfp gene had been replaced by the new
sequence was confirmed by DNA sequencing. Various lengths of the pld promolter and
upstream region were PCR amplified from C231 genomic DNA as detailed in Figure 6.19.
The fragments were then ligated into pSM43 that had been digested with BamH]1 and Spil to
generate pSM46, pSM39, pSM42, pSM47, pSM40 and pSM41. pSM46 contains the longest
pld promoler fragment, while the others are progressively shorter. Gfp fluorescence of
overnight cultures of the cutback strains was measured by flow cytometry. Only the two

longest constructs gave rise 1o fluorescent bacteria (Figure 6.20).

6.11.4 Density regulation of p/d promoter expression in cutback constructs

The three longest constructs along with pSM27 were analysed for density regulation of p/d
promoter aclivity. Overnight cultures of C231(pSM27), C231(pSM39), C231(pSM42) and
C23 1{pSM46) were diluted to an ODgo of 0.1 and grown at 37°C. Fluorescence of each
culture was measured by flow cytometry over a 7 hr period (Figure 6.21). As shown in'thc
previous section C231(pSM42) was not fluorescent. The remainin g three construcis showed
identical patterns of G[p fluorescence, with an initial decrease in fluorescence intensity
followed by increasing fluorescence intensity after reaching an ODygp of approximately 1.

This indicates that all the regions required for cel} density dependent expression of pld are
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1
-405 AT@CATGCTC CGCATCCCTT GCATCTGTAC CGGGTCTTTC CTGTGGACGT

-355 TTTGCCGTTC TTTTTTAGGA GATTGCCGCA GACGTTGCAG TGATTCCGGT
2
-305 ATGGATGTGA AGCCATAATC AATAATTAGC AGCTTTAAAT CﬂgCTATGGA

3
-255 TACCCTAARA GTTACAATTT TGGACACATT TTTTGTCCTT TAAGTTCAAR

4 5
-205 AACCTTGAA(C GTATCTGACG CATTTGAATA CATATCATTIC] ATATGTAATG

-155 CCTGATTGAT AACGCCAACC TTTTAAATGG GGCTCCCCAT CTCCTCTCTA
-105 GGGGATGGTT TTCTGETCGTCA ACTGTCAGCT TTCTGAAAAT TATATGAGTT

6
-55  ATAAACATAT GCPATAACCC TTGATTTTAT TGTTATTTAA GTTTCATAAT

-5 GGGGATATAG CGCAGGGTGT TCACGCTGGT AAAGGGCTAT TTTTGGGCAC
46 CTCTCCGTGEG GARATGTATC CGCARATTAT AGTGCGACAT CCTTTTGTIG
€ 108
26 CTCTATTTAT CCAAACTTGG TGATAAAMN ATG AGG GAG
M R B

Figure 6.19: DNA sequence of the p/d promoter region and first three amino acids.

The corresponding amino acid sequence is shown in single letter code. The predicted -35 and —10
regions are doubly underlined. Assignment is bosed on the homology of these sequences to £, coff o’°
—35 and —-10 promoter consensus sequences. Downstream is the transcriptional start point {underlined
T} which was previéusly identified using primer extension assays (Hodgson ef al,, 1990). Further
downstream is a putative RBS (underlined TGGTGA) which lies 6 bases v psiream of the start codon.
The start of each cuiback generated in this study is indicated by a boxed base. These héve been
rnumbered 1 through 6 from longest to shortest and correspond to the inserts found in p8M46, pSM39,
pSh42, pSMAT7, pSM40 and pSM41 respectively. The pld promoter fragments were generated by
PCR. Sequance corresponding to the reverse prifner #108 is bolded. The forward primers #18b, 77,
109, 110b, 98b and 100b hybridised to sequence commencing at 1 to 6 respectively.
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Figure 6.20: Deletion analysis of the pfd promoter.

A schematic representation of promoter deletion derivalives of pSM46 (A). For each clone the 5’ end
of the fragment relative to the transcription initiation site is listed. pSM43 is a promoterless construct,
For each clone Gfp fluorescence of an overnight culture was measured (B). For each sample 30,000

evenis were counted and the mean fluorescence of the population determined.
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Figure 6.21: Density dependent pid expression in p/d promoter deletion strains.

Qvernight cultures of C231(pSM27) (=), C231(pSM29) {4 ), C231(pSM42) (o) and
C231(pSM46}) () were diluted to an ODgy of 0.1 then incubated at 37°C. At various
timepoints Gip fluorescence of the cultures was measured by flow cytometry. For each
sample 30,000 events were counted and the mean fluorescence of the population

determined.

contained within the promoter sequence found in pSM39. A second obscrvaticn that is

apparent from this experiment is that pSM27 and pSM46 which contain the same amount of
upstream sequence have different fluorescence intensities, even though both contain the same

amount of promoter sequence.

6.12 Discussion

The primary aim of the work described in this chapter was to gain an understanding of pld
regulation and the mechanisms underlying that regulation. The observation that pld was
expressed by C. psendotuberculosis inside macrophages led 1o studies with the secondary aim i:'-: '

of elucidating the functional significance of this finding.

"end
fuct : Analysis of the heat shock response of pfd showed that its expression was rapidly reduced at
1,000 :.
43°C such that very little p/d mRNA could be detected by 20 min post initiation of the heat .

.
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shock. This is indicative of a reduction in the ratc of tanscription from the p/d promoter and
rapid degradation of the pld mRNA already present in the cell. Thus it appears that, as f{or
other bacterial mRNA species, the hall-life of pld mRNA is relatively short. The maximal

repression of pld expression was maintained from 20 min for the remainder of the cxperiment

{up 1o 60 min).

Many virulence determinants are regulated by more than one environmental factor. For
example, expression of Invasin, the primary invasive factor of Yersinia pseudotuberculosis is
controlled by a number of environmental signals including temperature, growth phase, nutrient
availability, pH and osmolarity (Nagel ef «l., 2001). In order to allow us 1o more casily
monitor the effects of environmental stimuli on pfdf expression, two reporier constructs were
generated using the promoter probe vector with a gfp gene (pSM20) that was described in
Chapter 4. Two reporter plasmids were constructed that differed only in the amount of 3°
promoter sequence incorporated into the vector. pSM28 comntained the p/d proemoter sequence
up until the base before the p/d promoter RBS and as such the bacieria’s ribosomal apparatus
would be expected 10 use the RBS coded for in the downstream vector sequence. For some
promoters sequence downstream of the transliational start point can influence promoter activity
(Gralla and Collado-Vides, 1996). For this reason a second construct, pSM27, was generated
that in addition to the promoter sequence contained in pSM28 contained the p/d RBS and
sequence coding for the first four amino acids of Pld in frame with the gfpp gene, This was
cloned into the same sites as the p/d promoter fragment in pSM28. Upon association of the
cell’s ribosomal machinery to the p/d RBS site it would be expected that the translated protein
would be a fusion between the four PId amino acids, the intermediate sequence of 11 amino
acids and the Gfp protein. Upon transformation into C231 both constructs gave rise 1o
detectable Gip however fluorescence from pSM27 was consistently greater. Observations
from Chapter 4 regarding the choice of RBS sequence for the promoter probe vector indicate
that the RBS sequence can have a large influence on the amount of Gfp synthesised,
presumably by influencing the level of translation. The observation made here for Gfp
expression from the two promoter constructs also supports that observation and suggests that
the presence of the native p/d RBS leads to a greater level of translation than the one found in
the promoter probe vector. Altematively the presence of two RBSs in pSM27 may have led 1o

translation mitiation from both sites, thus Ieading (0 an enhanced rate of {ransiation.
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Atlempts to monitor the heat shock response using C23HpSM27) and flow cytometry were
unsuccessful in that the targe decrease in pfd mRNA observed by Northern analysis could not
be detected as a substantial decrease in Gip Huorescence. Although a small decrease was
observed by flow cytometry this did not correlate with either the timing or magnitude of the
decrease observed during Northern analysis. As ouilined in the results section, this most
probably reflected the reduced cell growth of C. pseudottcherenlosis at 43°C and subsequent
accumulation of Gfp in the cells. With the use of any reporter a {actor that must be taken into
account is the half-life of that protein. Although there are advantages of the long half-life of
Gfp such as the potential to see the transient up-regulation of gene expression, there are
situations such as this, in which Gip pretein stability could obscure the regulation that is
occurring. Attempts to alleviate this problem by generating a vector containing a Gfp protein
with reduced half-hfe were unsuccessful. The vector that was constiucted coniained a rautant
gfp gene that in £, coli coded {or a protein with a half-life of 40 min compared to over 24 hrs
for the parent molecule (Andersen et af., 1998). When a gfp gene with this type of
modification was inserted downstream of either the pd or srp promoters it was notl possible to
detect any fluorescence in C. psendotuberculosis. 1t is possible that the presence of the
peptide tag prevents correct processing of Gip into a fluorescent form by C.
pseudotubercidosis. Altematively, because of the destabilising tail the protein may be more
efficiently degraded in C. psendotuberculosis than in E. cofi, and thus cannot be detected.
Andersen ¢z af (1998) have produced mutant Gip proteins that have a varicty of C-terminal |
peptide tags and varying hall-lives. Il is possible that some of these modifications may be

better suited Lo monitoring gene expression in C. psewdotubercilosis.

While it was not possible to monitor ihe heat shock effect on p/d cxpression using the reporter
construct pSM27, it was possible to demonstrate a density dependent regulation of p/d
expression. This was visualised using flow cytometry as a decrease in detectable Gfp until an
OL400 of approximately 0.8 was reached, followed by a rapid increase. This phenomenon was
confirmed by northern analysis, which showed that pid expression gradually increased with
increasing cell density. In terms of correlating the Northern data and the flow cylometry data,
it is likely that the decrease in {luorescence initially observed by flow cytomeltry coresponds
{o low expression levels observed at the first two northern time points. This is likely to -
represent a slower rate of Gip production than cell growth, such that the Gfp already present in

the cells is dissipated during cell division. At the later timepoints p/d promoter activity is
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increased. thus leading 10 the rate of Gfp synthesis being greater thai the ratc of cell division
hence an increase in fluorescence is detccied. A further analysis of density dependent
expression of pld by C. pseudotiberculosis indicated that the level of pld mRNA, increased

further at higher cell densities than those si-own in Figure 6.7 (data not shown).

Serendipitously the Northern and flow cylometry experiments designed to monitor pld
expression in relation to heat shock were performed at different celi densities, thus allowing
characterisation of the two modes of regulatior. Had the flow cytometry experiment been
performed at a high cell density it may not have been possible to observe the density
dependent expression of p/d. Additionally by performing the heat shock array experiments
and Northern analysis at a higher cell density meant that it was possible to detect
thermoregulation of pid, which may not have been within the limits of detection of the array
system if the experiment had been performed al a lower cell density, when pld expression was

fower.

PId expression at all cell densities could be down-regulated by heat shock. This indicates that
the mechanism of p/d thermoregulation is able to override the density dependent increase in
pld expression. At all densilies tested, heat shock at 43°C was able 1o reduce p/d expression to
a similar basal level. Interestingly the experiment showed that even in a low density culture

where pld expression is not high the level can be further reduced.

Thermoregulation of gene expression generally occurs either at the transcriptional or
translational level and as such changes in DNA structure, changes in mRNA conformation and
protein conformation have all been implicated (Hurme and Rhen, 1998), Changes in DNA
structure at the promoter may be as a result of altered supercoiling or changes in the degree of
curvature, both of which may be temperature regulated. Alterations in supercoiling change the
focal DNA topology which may affect the ability of regulatory proteins to interact with the
DNA. Similarly the degree of DNA bending may be altered by temperature changes. This
may affect the interaction between bound DNA or if for example DNA bending occurs fo
allow interaction between a distal regulator and more proximal sites, this interaction may be
destroyed at elevated temperatures. Alternatively temperature may alter the conformation of
DNA regulatory proteins causing them fo alter their interactions with the DNA in a manner

that may either enhance or weaken the interaction. The fact that expression from the pld
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promoter is repressed at 43°C suggests that cither an activator of p/d cxpression is no longer

able 1o bind to the appropriate regulatory sequence or a repressor that was previously unable to

bind to the DNA now can.

Attempts 1o demonstrate that pld expression was regulated by quorum sensing were

unsuccessiul as determined by the inability of CM from a high density culiure 1o induce pld
expression. This iudicates that either pfif is not regulated by quorum sensing, the autoinducer

is an unsiable molccule subject to degradation and is therefore not active in the CM or there is

insufficient autoinducer in the CM due 1o collection of the CM from a culiure of an

inappropriate density. Given that CM from a number of different cuiture densities was tested
in this study it seems vnlikely that an autoinducer containing culture would not have been
tested. The approach attempted here to demonsirate 2 quorum sensing system of regulation
has successfully been utilised for the CemnQXPA quorum sensing system in B. subtilis. In this
study CM from a late log phase culture was inoculated at low density with an appropriate
reporter strain. Following a three hr incubation, the reporier protein could be detected in the
cells grown in the CM but not in those grown in regular media (Tran et «l., 2000). The
relative stability of the anioinducer is likely to be dependent on its sequence and structure.
That at least some autoindvcers are {airly stzble is supported by the observation that an
oclapcpiidc autoinducer of virulence genes in Stuphflococcus aurens, remains biologically

active even afler being heated at 100°C for 10 min (Ji er af., 1998). p ;

pld expression was observed to increase gradually with increasing cell density. This
phenomenon is not typical of quoruin sensing in which gene expression is typically “switched

on™ when a certain cell density is reached. It therefore seems likely that quorum sensing is not

the mechanism by which cell density expression of pld occurs. Other mechanisims by which
pld expression may be regulated include in response to nuirient depletion in the media or
changes in bacterial growth rate  The first of these is however unlikely as when C,
pseudoiuberculosis was inoculated into CM from a high density culture (which would be at
leaél partially nutrient depieted) p/d expression was not maintained, but showed the typical
decrease observed in a low density culture. Many genes arc growth phase regulated, for
example ribosomal proteins and {atty acid biosynthetic enzymes. pld expression may be

regulated by similar environmental cues.
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Analysis of the pld promoter region and the ebservation that expression is medulated by
several environmental faclors suggests that the mechanisms of regulation are likely to be
complex. The pld promoter =35 and —10 regions (TTGATT and CATAAT) show 4/6 and 5/6
base pair homology to the consensus E. coli o'? 35 and -10 regions {TTGACA and
TATAAT). Inthe pid promoter, spacing between the two regions is 18 bp. The pld promoter
is constitutively activated in E. coli. Additionally all of the pld promoter cutbacks generated
were fluorescent int E. coli. This indicates that only the ~35 and —10 regions are required for
promoter activity in this species. This is probably as a result of the p/d promoter being
recognised by the E. coli 6’ due 10 its high homology to the consensus scquence.
Interestingly there was ne regulation of expression from the promoter in £, cofi indicating that
the same regulatory controls do not exist in £, coli and in C. psendotuberculosis. Given that
the p/d promoter exhibits high homology to the o™ conserisus it is perhaps surprising that the
promoter deletions fose activity rather than gain it. That the C. psendotuberculosis G’
recognises a similar consensus sequence is supported by the observation that genes under the
conirol of the srp promoter are constitutively and highly expressed in C. psendoruberculdosis.

_ The srp promoter, which was used extensively as a control during this study, contains
consensus —35 and —10 regions separated by 17 bp. Analysis of the consensus motif in other
gram-positive bacteria indicate that the consensus is fairly similar to that observed in £. coll.
In B. subtilis the -35 and -10 region consensus is the same as in £. cofi however in many
promoters an additional conserved motif of TG which is centred around ~16 is observed
(Voskuil and Chambliss, 1998}. This motif has been observed in a large proportion of gram-
positive promoters (Voskuil and Chambliss, 1998) but was not present in the pld promoter. In
C. glutamiciun 33 promoters were analysed to derive a consensus of ttGeea and TA.aaT
centred around —35 and —10 respectively (Patck er «/., 1996). In general the --35 region is less
well conserved than in E. coli and other gram-positive bacteria such as Bacilius and
Lactobaciflus. The pld promoter showed greater homology to the £. cofi and B. sublilis
consensus than the C. ghdamicum consensus. Given the high homology of the pid promoter ta
the consensus and the fact that it is not constitutively expressed suggests that it must be subject
to repression. Additionally given that even pSM41 which contains the least amount of
promoter sequence {[rom.—45) does not gain fluorescence, suggests that it is like iy that a

repressor site is located downstream of —45.
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Systematic studies of regulalor binding sites have been performed for some bacteria for which
a large database of delined promoters exists. Such studies compile information regarding
where regulator binding sites are located in relation to promoter features such as the -35 and —
10 regions. Given the homology of the pid promoter —10 and -35 regions 10 the E. coli 67°
consensus it is likely that p/d promoter is recognised by a sigma factor from the ¢”° family.
Extensive analysis of regulatory sites of E. coli o' promoters indicates that the majority of
activator sites are found between —80 and 30 while repressor sites are typicelly found
downstream of -30 (Gralla and Collado-Vides, 1996). It is therefore quite likely that an
operator site for a repressor is located downstream of —45. At this location a repressor is likely
to sterically interfere with the inferaction between RNAP and the DNA, thus preventing
transcription.  That the pld promoter deletion constructs do fluoresce in £. coli suggests that
either the equivalent repressor proteins do not exist in this species or are sufficiently different
50 as 10 be unable 10 bind to the regulator binding site. 1t would be interesting to perform

DNA fingerprinting experiments to investigate protein binding regions of the promoter region.

The two pld promoter deletion analyses performed during this study provided conflicting data
in regards to the amount of unregulated basal p/d promoter activity that was observed. In both
studies with vectors containing less than 168 bp of upstream sequence (from the transcription
initiation site), there was an abolition of density dependent expression. In the first study, in
which pSM20 was used as the base plasinid, these ciones demonstrated low level but
unregulated promoter activity. In comparison when pSM43 was used as the base vector,
clones containing p/d promoter fragments of an equivalent length were not fluorescent. In

order to explain the phenomenon several hypotheses may be proposed.

The only difference in the sequence of pSM27 (first study) and pSM46 (second study) is
found between the sequence coding for the first four codons of the p/d gene and the start of the
afp gene (Figure 6.22). In pSM27, 34 bp of sequence is inserted between these two features.
This sequence codes for 11 amino acids and includes a second RBS. All of this sequence is
derived from the pSM20 vector backbone. In comparison, the same region in pSM46 contains
12 bp, corresponding 1o four amino acids. In addition the initiating methionine codon has
been removed from the start of the gfp gene. In the {irst hypothesis, the extra sequence that is
found in pSM27 may have promoter properties, leading 10 the basal fluorescence that is

observed from pSM32 and pSM33. The extra.sequence present in these vectors is also present
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in pSM20. Given that ro {luorescence is detected from pSM20 (Chapter ) this would suggest
that a second promoter would include sequence from the 37 end ol the pid promoter insert. In
Figure 6.22C several regions with low homeology to the 33 and - 10 consensiis sequences are
identified in the sequence of pSM27 in the vicinity of the gif» gene. These regions show
relatively low homology to the £. coli 6™ ~35 and ~ 10 consensus sequences with matches at
only three to four base pairs of the six base pair consensus. In addition with the sccond -35
and ~10 consensus there is unlikely to be sufficient downstream sequence for both a

{ranscription initiation site and a RBS prior to the start of the sequence coding for Gip.

For some promoters regulator binding sites have been found 3° of the transcription initiation
site, either in the untranslated region or in the coding region {Gralla and Collado-Vides, 1996).
If a pld promoler regulatory element binding site occurs in the vicinity of the region coding for
the start of the p/d gene, then it is conceivable that sequence immediaicly downstream of this
region could alter the local structure at this site, thus potentially disrupting the interaction
between the regulator and the DNA. Given that sequence belween the Pid ammino acids and
g/p are different in the two series of constructs then the assumption would be that the site was

disrupted in one but not the other.

As a third hypothesis, it is i)ossible that regulation could be occurring at the translational level.
Assuming that the sequence differences between pSM27 and pSM46 have not altered the level
of transcription, then the other point at which regulation could be occurring is at the ,
translational level, Low level [luorescence is detected {rom pSM32 and pSM33 which is
indicative of promoter activity. When comparing the fluorescence of pSM27 and pSM46
which both contain a {ull-length promoter it is apparent that approximately two to three-fold
more Gip is dctcc.tcd in strains containing pSM27 as pSM46. If this is not as a result of
different levels of transcription, then this inay be as a result of a greater level of translation
from the mRNA generated from pSM27 than pSM46. The rate of translation may vary
between the two as a result of beller translation {from the vector RBS than the p/d RBS or an
additive effect of having two RBS present in pSM27. Only a relatively small amount of Gip
fluorescence is detected from the pSM27 cutbacks, pSM32 and pSM33. Assuming that a two
to three-fold further reduction in {luorescence {rom the equivalent pSM46 derived cutbacks

occurs, then the level of fluorescence may be reduced below a level detectable by flow

cytomelry,
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In order 1o test these hypotheses a number ol experiments could be perfonied. In order to
determine where protein translation is starting from. N terminal scquencing of purified
proteins could be performed. This would indicate whether translation was being initiated at
one or two points. Although it is not possible to detect Gip fluorescence from the shorter
deletion strains in the sccond study it inay be possible to detect mRNA by reverse
transcription PCR. This would indicate whether transcription is actually occuiring and thus
indicate whether the observed differences between the first and second studies was at the
transcriplional or translation level. To determine whether there is a second promoter present
in pSM27, a construct could be generated in which sequence 3 of the p/d transcription
initiation site was removed. If Gfp fluorescence could be detected {rom this construct this

would be indicative of a second promoter within pSM27.

Regardless of the construct used, both studies showed that a considerable amount of upstream
sequence was required {or density dependent expression. Of the cutbacks generated during the
second study pSM39 which contained sequence from —265 was fully fluorescent whereas
pSM42 (starting from —233) had no promoter activily (as indicated by Gfp expression). This
is indicattve of the region between —265 and —223 being involved in promoter regulation, for
example as a regulator binding site. Interestingly the region between —229 to —206 conlains an
imperfect inveried repeat (5’-TTTTTGTCCTTTAAGTTCAAAAA-3’, centred around the
twelfth bascpair of the sequence) indicating that it may act as such a site. It scems likely that
this region may be involved in activation of the p/d promoter. Given the distance of this
region from the promoter it is likely that this site acts in concert with regulators that bind «t
more proximal sites. This prediction stems from the observation that promolers rarely contain
remofc regulatory elements in isolation, rather remote regulators typically act in concert with
-regulators at more proximal sites to modulate the rate of transcription (Gralla and Collado-
Vides, 1996). That this site is clearly important for promoter activation is however
demonstrated by the fact that reguiated expression does not occur without it. Given the
distance of this region from the core promoter region, one way in which regulator bound in

this region may interact with promoter clements is through DNA bending, thus bringing

remote sites into contact with the promoter.,
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The data generated from this study suggests that the normal state for the p/d promoter s to be
repressed, presumably by binding ol a repressor protein in the vicinity of the promoter
consensus region. As cell density increases the repression is released perhaps by a mechanism
that involves inieraction with preteins bound to the DNA at remole upstream sequences.
Within intracellular bacteria aclivation is presumably induced (or repression relcased) in a

manner that is not dependent on the density of the bacteria.

Using the reporier strain C231(pSM27) 11 was possible to show that p/d is highly expressed by
C. pseudoinbercitlosis resident in macrophages. Although a small decrease in Gip

fluorescence was observed between bacieria uscd o infect the macrophages and those resident
within the macrophage at two hours post infuction, p/d expression was essentially unregulated

during the experiment. In fact a greater drop was observed in C231{(pSM27) grown in

DMEM, which suggests that the decrease observed in macrophage derived bacteria at the two
hr timepoint may be as a result of an initial decrease in expression in DMEM before the
bacteria were phagocytosed by the macrophages. That no density dependent expression was
observed suggests that the density dependent regulation mechanism is not operational within
the macrophage or other factors dominate. It is likely that different regulatory systems are
activated by the iniracellular environment, leading to activation of the p/d promoter.
Altematively, perhaps the microenvironment of the phagosome appears as a high density

environment to the bacteria, thus leading to pld expression.

While using C231{pSM27) to monitor pid expression by intracellular bacteria, pld expression
was also monitored in the tissue culture medium, DMEM. Surprisingly the amount of
detectable fluorescence from strains carrying both the p/d and srp promoter decreased over the
timevourse of the experiment. Additismally expression from the p/d promoter construct did
not appear to increase when higher cell densities were reached. Analysis of this phenomenon
indicated that both the media utilised and the manner in which the bacteria were cultured werc
responsible for this effect. While expression (rom the srp promoter was not affected by the
media type in shaking cultures, the cffect of DMEM on pld expression was dramatic. In
comparison 1o expression of pld in BHI therc was no increase in detectable fluorescence at the
later time-points (in both shaking and non-shaking DMEM cultures). Further dissection of
this effect showed that the DMEM components responsible for this eifect were likely to be the

buffering agents HEPES and sodium bicarbonate, and the 5x DMEM concentrate that forms
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the basis of the media. Although an incrcasc in fluorescence was scen in these media at the 6
hr timepoint. this evenually decreased again. This effect may in part be growth related. as
arowth in these media was increased 1.5-3 fold at the 8.5 hr timepoint. 1t is not entircly clear
‘as to whether the observed decrease in Gfp fluorescence from the p/d promoter from culiures
grown in DMEM is caused by a change in the level of transcription. Measurement of pld
mRNA in macrophage derived bacteria and DMEM grown bacteria indicate that pld
expression is high and does not differ between the two cultures. This is in conilict with the
data generated using C231(pSM27). Although the experimental timcpoints from the two

experiments differ, the DMEM culture analysed by RT-PCR was a high density culture.

The only cofacior required for Gip fiuorescence is Oa, which dehydrogenates the . bond of
amino acid 66, leading to formation of the fluorophore (Kendall and Badminton, 1998). Once
the fluorophore has formned, there is no further requirement for Oy, hence Glp retamns its
fluorescence properties regardless of the Os supply (Tsien, 1998). The growth of C.
pseudotuberetlosis in DMEM was greater than in BHI. Given that the cultures were grown in
an environment with a limited O supply (sealed bottle) or in an environment in which the
cultures are not aerated (tissue culture incubator), then the Oa supply will become exhausted in
the faster growing culture at an earlier timepoint. 1 is therefore possible that Gip is being
produced but not turned into an activated form due to the lack of O,. That the effect appears
more severe in strains carrying pSM27 in comparison to pSM22 could be explained by the
observation that the period when there is sufficient oxygen for Gfp 10 be {luorescent occurs
when the p/d promoter is not active. By the time the promoter becomes active there is reduced
oxygen, hence a fluorescent form of Gfp is not formed. An additional phenomenon that may
explain the discrepancy between the RNA and fluorescence results is that under anaerobic
conditions Gfp can undergo photoconversion from the green {luorescent species 1o a red
fluorescent species (Elowitz et al.,, 1997), potentially making Gfp undet‘ectable using the
standard flow cytometry conditions for detection of Gip. In order to determine whether p/d

expression is truly regulated by DMEM components a stucy looking at p/d mRNA levels
should be performed.

PId expressed by intracellular bacteria was showa to have a small but significant contribution
to a C. psendotuberculosis induced reduction in macrophage viability. Several mechanisms

may be proposed to explain this observation. Firstly this effect may have been mediated by a
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reduction in the integrity of the macrophage plasima membrane as a result of the
sphingomyelinase activity of Pld. The plasma membranc of eukaryotic cells is asynunetric in
regards 1o phospholipid content, such that the phospholipids phosphatidylserine,
phosphatidylethanolamine and phosphatidylinositol are primarily located in the inner layer off
the membrane while phosphatidylcholine and sphingomyelin are predominantly Jocated in the
outer layer (Devaux, 1991). Given that the Pld substratc is located in the outer layer of the
plasma membrane, its effect may be mediated by an extracellular rather than intracellular
mechanism. That is to say that following the death of a macrophage, the cellular contents are
released. Pld now in the media is then able (o atiack sphingomyelin iocated in the outer
membrane of still viable inacrophages. Alternatively, sphingomyelin is also a major
phospholipid component of murine (J774) phagosomal membranes {Dcsjardins ef al., 1994).
Therefore the effect of Pld an macrophage viability may also be mediated through reducing
the integrity of intracellular compartinents, potentially allowing the escape of bacteria from
this restricted area. As a third mechanism, the actions of Pld within the macrophage imay be

primarily mediated through disruption of mammalian signalling pathways.

As ountlined in Chapter 1, mammalian cells possess two Pld proteins that are primarily
involved in cell signalling rather than phospholipid degradation. That bacterial phopholipases
may modulate these pathways to the advantage of the pathogen has been demonstrated for the
two phospholipase C genes of Listeria monocytogenes (Schwaizer ef al., 1998). The bacterial
Plc’s stimulate the host cells to produce diacylglycerol. In the subsequent signalling cascade
the production of a number of adhesion molecules increascs. The presence of these molecules
on the endothelial cell surface increases the likelihood of circulating leukocytes adhering to
the infected epithelial cells and thus increases the chance of transmission into other cell iypes
such as macrophages. In order to gain insights into whether the Pld of C. pseudotubercilosis
modulates host signalling cascades the Toxminus strain could be utilised. With this strain the
perturbations in host signalling cascades that are directly atiributable to Pld could be
identified. This type of study may give insights into how C. pseundotuberculosis manipulates”
the host response. Potentially some of these changes may occur at the level of transeription,
hence a microarray study of changes in host gene expression following infection with

Toxminus and wildtype strains could be very informative,
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We were unable to demonstrate a role for Pid in phagocytosis of C. pseundotuberculesis. In the
macrophage infection model the MOls utilised correspond to extremely low density culiures,
hence expression of Pld would be expected to be low. Potentially pre-treatinent of the cells

with Pld prior to addition of the bacteria may have produced a different resuit.
This study has shown that the p/dd gene of C. psendotuberculosis is regnlated by multiple

environmental stimuli. Possible implications for p/d regulation during infection are discussed

further in the General Discussion (Chapter 7).
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Chapter 7

General Discussion




The premise that genes up regulated in the in vivo environment may be intimately involved in
the virulent phenotype has led 1o the development and application of {cchniques such as
Signature Tagged Mutagenesis (STM), in vivo expression technology (IVET) and DFIL. These
technologies were specifically developed to provide insights inlo disease pathogencsis by
identifying genes that are either essential for virulence (STM), up-regulated in vivo (IVET) or
up-regulated under a given set of conditions (DFI). Application of these technologies to a
variety of bacterial species has led to an increase in the number of virulence factors that have
been identified and an increase in our knowledge of bacterial pathogencsis. The validity of
these approaches is demonstrated by the observation that previously described virulence

factors are identified, in addition to novel ones.

We have a reasonable knowledge of C. psewdotubercidosis disease pathogenesis at the
physical level. However, the lack of molecular information regarding gene regulation in this
" pathogen means that there is little understanding of how this is controlled at the molecular
level. The work described in this thesis has begun to address this lack of knowlcdge by
developing and then applying methods to identify regulated genes of C. pseudotuberculosis

and to then determine their importance during infection.

Both DFI and transcriptional profiling using macroarrays can be applied in the absence of
genome sequence information and hence could be utilised with C. psendotuberculosis. Both
technologies relied on the development of library technology. The ability to construct a

library directly in C. pseudotuberculosis for DFI was particularly benelicial as selective

pressures from passaging the library through E. coli were removed. The relative processivity
PO ) of DFI meant that larger libraries could be more readily screened than with the DNA array

approach for which it was necessary 1o extract DNA from every clone that was to be arrayed.

However, the relative sizes of the fibraries analysed did not correlate with the numbe. of

. > e regulated clones identified from each. Although utilising a smaller library, many more
R regulated genes were identified using the array approach than DFL. The relative lack of
regulated genes identified using DFI probably reflects that: (a) it can only be used to identify
up-regulated genes, (b) only those genes that were not expressed during in vitro growth and
then subsequently induced lollowing infection were identitied and (¢) DFI is an enrichment

tool rather than a selection tool, hence not every regulated promoter will be identified.

Transcriptional profiling on the other hand has the ability to identify both up and down
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regulated genes within a single experiment and is able to detect more subtle changes in gene

expression,

While performing this study it became apparent that many genes were regulated by more than
one stimulus. This was particularly apparent for the major virulence determinant p/d, which is
thermoregulated, expressed in a cell density dependent manner and highly expressed during
macrophage infection, The observation that virulence factors are often regulated by a2 number
of environmental factors has significant implications for the choice of the most suitable in
vitre control. There has been little discussion of this imporiant consideration in the scientific
literature, When identifying macrophage-regulated genes by either DFI or transcriptional
profiling the in vitro control was a relatively high-density culiure grown in DMEM. DMEM
was chosen, as this was the media in which the macrophages were grown. During this study a
number of genes were identified as being expressed in a cell density dependent manner. This
included genes such as fuas, pld and fagC. This observation has implications for choice of the
most appropriate in vitre control. For example if a low density culture had been chosen
instead of a high density culiure then a different subset of genes would have been identified.
At a simplistic level the purpose of the in vitro control is (o provide a nutrient rich
environment in which genes required for virulence are not expressed. However,
envirommental faciors such as oxygen availability, pK 2nd nutrient availability are likely to
alter during the course of growth of an in vitro culture. These changes may affect bactertal
gene expression in the i vitro culture thus altering the interpretation of what comprise in vivo
induced genes. Although C. pseudotuberculosis can survive for long periods of time within
the environment there is no evidence that significant baclterial replicalion occurs ex vivo.
Therefore increasing cell density may be a trigger for expression of virulence genes. This
would be analogous 1o quorum sensing control of virulence gene expression that occurs in a
number of bacterial pathogens such that virulence gene expression is induced at high culture

density,

The ability 1o look at gene expression under multiple conditions within a single experiment is
an advantage that array technology has over other screening technologies. Thus by
incorporating multiple control conditions into a single experiment it may be possible to
generate a belter understanding of the different stimuli that regulate a given gene. This may

lead to a better understanding of in vive regulated gencs and the precise enviromnental
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changes that occurs in vivo to induce their expression. Although no doubt technically difficult
to perform, experiments that measure relative gene expression in relevant biological niches

may ultimately be the best way to identily virulence factors. For example a comparison of C.
pseudotuberculosis gene expression in bacteria isolated from the skin as opposed to abscesses

in the lymph nodes may identify genes that are required for survival within the lymph node.

Using DF] two macrophage induced genes were identified. The first of these was a non
ribosomal peptide synthase that we termed ¢ps. The second coded for the beta chain of

. propionyl coA carboxylase {(pccB). Further analysis of peeB indicated that its expression was
down-regulated in the presence of Tween-80. This indicated that what was initially observed
as macrophage induction was strictly speaking a release of Tween-80 repression. This
observation again demonstrates how the choice of i1 vitro control conditions can influence
which genes are identified as being regulated. Tween-80 is a commonly used supplement in
bacterial growth media, especially for corynebacterial and mycobacterial spectes. The
demonstration in this study that Tween-80 may regulate gene expression has significance for
studies such as this one in which only one of the iested conditions contains Tween-80 or for
when investigating transcriptional regulation of genes involved in functions such as lipid

biosynihesis.

¢ps was highly up-regulated during macrophage infection and to a lesser degree during heat
shock. eps was one of the few genes that was expressed poorly in both DMEM and BHI at
37°C suggesting that it may be important during macrephage infection. Based upon the small
amount of sequence currently available for the ¢ps gene it is not clear as to length or type of
peptide it will synthesise. Sequence prediction of the peptide synthesised by ¢ps may be
possible upon obtaining the full length gene and the function of the peptide might be

ascertained by generating a mutant strain and attempting to identify phenotypic changes.

The number of studies utilising DNA microarrays 10 monitor changes in bacterial gene ’
expression has increased rapidly within the past few years as a result of the genome sequences
for many bacterial species having been completed and a relative increase in the availability of
microarray robotic technology and chip scanning devices, However, at the commencement of

this study, in early 1999, the use of microarrays for monitoring global transcriptional

tl:
‘._

regulation in bacteria had not yet been reported. Although the macroarray approach used in
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this study is now considered a “low tech™ approach 11 was successfully utilised as a tool for
identifying regulated genes, of C, pseudoneherculosis, for further study. The approach was
readily established using standard laboratory techniques and simple hand-held replication
devices. Additionally the use of a random library meant that this approach was possible even
in the absence of genome sequence. For array studies performed either at the micro or macro
scale, purified PCR products are usually arrayed. In this study we demonstrated that it is
possible to successfully use plasmid DNA on an array. thus removing a time-consuming and
costly step from the array sonstruction process. Now that microamray lechnology has become
more accessible, the techniques developed for this study could be readily applied to the micro
scale. In particular the same principles in terms of library construction, RNA preparation and
array hybridisation apply. A major advantage of adapting the approach to the micro scale
would be an increase in the number of clones that could be simultaneously analysed and the
degree of quantiation that can be achieved with the data generated. This study has clearly
shown that expression array analysis can be very usefully applied to organisms for which

comprehensive genome information is not available.

Even with a relatively smail array and a limited number of environmental conditions (i.e, heat,
density, macrophage induced), it was apparent that some genes are co-ordinately regulated.
For example these genes coding for the heat shock proteins responded in a coordinate manner
to heat shock and macrophage infection. Additionally the pccB gene identified by DFI
demonstrated a similar pattern of regulation as for fus. The observation that peeB expression
was down regulated in the presence of Tween-80 {which is able to act as a lipid souice)
together with a pattern of regulation that is similar to a fatty acid biosynthesis gene suggests
that pccB may also play a role in fatly acid biosynthesis. It is likely that the identification of
more genes that show a similar pattern of regulation to pld will lead to the characterisation of

further virulence factors.

In this study, p/d, the major virulence determinant of ¢ pseudotuberculosis was identified as
being regulated. This was a novel observation as pid had not previously been shown to be
regulated. The key findings were that p/d was expressed in a cell density manner such that
expression increased in corrclation with culture density, expression was duwn-regulated by
heat shock and expression by intracellular bacieria was high and essentially unregulated. Heat

regulation occurred at all cell densities indicating that the mechanism of heat regulation is
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dominant over density dependent expression. The obscrvation thai Pld is a major virulence

factor indicates that it must be expressed jn vive. It is thought that in vivo expression of pld

leads to increased local vascular permeability thus enhancing dissemination of bacteria from
the site of infection to the lymph node. It is not known whether pld is expressed in vivo under
all situations and in all locations. The observation that pld is expressed by intraceilular
bacteria suggests that Pld may enhance the formation of abscesses within the lymph node.
Abscess formation involves cycles of phagocytosis, bacterial replication within the phagocyte,
then phagocytolysis. The observation that p/d expressed by intracellular bacteria has a direct

effect on macrophage viability further supports this hypothesis.

It is not known whether naturally infected animals demonstrate an incieased temperature
following infection however experimentally infected sheep experience a {ransient temperature
increase in the first day post infection (Pepin er af,, 1991b). 1t has also been postulated that in

the early stages of infection C. pseudonuberculosis replicates extracellularly (Batey, 1986b). It

could be envisioned that p/d expression may not occur durirg the early stages of infection as a
result of low extracellular baclerial density and repression of p/d expression by heat shock.
This may be a way for the pathogen to replicate without causing excessive tissue damage that
would result in the recruitment of immune cells before a sufficient number of bacteria were

present to mount a successful infecticn.

To address the premise that genes that are up—rcgulated in vivo, or in models that mimic
aspects of in vivo infection, are likely to contribute to virulence, mutant strains of several
regulated genes were madu and tested for attenuation in the macrophage infection model.
Both sodC and met mutants showed attenuation in the macrophage infection model but not in
in vitro culture. As it is not clear if mutation of the met gene caused the attenuated phenotype
it cannot be convincingly answered as to whether the original premise s correct, This study
has however shown that lack of attenuation within the macrophage infection model does not
necessarily correlate with lack of attenuation in vivo. pld and fugC were both regulated under

A varisiy of conditions. Neither was identified as being macrophage induced, an outcome of

using a high-density culture as the in vifro control, while searching for macrophage regulated
genes. Even though both genes are expressed during macrophage infection, the mutant strains
. - Toxminus and CPfagC were not attenuated in this infection model, However, other studies

have shown that pld and fug mutants are significantly attenuated in the natural hosts, in
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particular the ability for abscesses to form in the Jymph nodcs of infected animals is severcly
restricted (Hodgson er al., 1992:Hoduson e af., 1994:McNamara et al.. 1994;Simmons ¢f al.,
1998;Hodgson er af., 1999;Billington ef of., 2002). The differcnces in attenuation in the two
models may partially reflect that the macrophage-pathogen interaction is only a part of the
host-pathogen interaction. Additionally macrophages within a monolayer will not be exposed
to the full gamut of extracellular signals that an in vivo macrophage would be subjected to.
Although the mouse has clearly been shown 10 be an effective model for siudying the C.
pseudotuberculosis —host interaction (Jolly, 1965a;Hard, 1972;Batey, 1986a), specics
differences may also come into play, as in this study a mouse cell line was used 10 study an
interaction with an ovine pathogen. These observations suggest that {or strains in which a
putative vitulence factor has been insertionally inactivated, attenaation should be measured in
an animal infection model before a role in virulence is either assigned or disregarded. It

remains {0 be determined whether the sodC and met mutant strains are attenuated in vive.

This study has shown that usefil data regarding gene regulation of a bacterial pathogen can be
obtained using fairly simple /n# vitro models. In order to further advance this work the
application of screening technologies to whole animal experiments should be performed.
Given that transposon mutagenests methods have not been developed for C.
pseudotuberculosis, approaches such as STM are currently inapplicable. Although technical
difficulties are likely to be encountered, there is no reason why the technologies described in
this thesis cannot be used to identif y in vivo regulaled genes of C. pseudotuberculosis. In this
respect DFI may be particularly advantageous as relatively few bacteria need to be recovered
from an infected animal for the DFI process to be applied. Due to the long half-life of Gip,
DFI might also be suiled to pathogens for which recovery of bacieria is difficult or takes
considerable time. In contrast the requirement of large amounts of intact RNA for DNA array

probing may make this approach more problematic.

For some genes regulation occurs at the post-transcriptional level. Genes whose products are
regulated at either the translational level or at the protein level may not be identified using the
approaches utilised in this st_udy and as such will appear as unregulated genes. Inorder to
circumvent this problem transcriptome and proteome anatyses can be performed
simultaneously (Yoshida ef ¢f., 2001;Eymann ¢t 4f., 2002). However due to the relative

complexities involved in proteomic analysis by two-dimensional electrophoresis it is in
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general less comprehensive than global transcriptional profiling (Eymann ef af.. 2002). Thus
alihough not practical al the moment, future studies correlating gene transcriptional data with

protein data should be performed for C. p.vendonfbc;'cufo.s‘is,

In conclusion, the work described in this thesis has advanced our knowledge of genetic control
in C. psendotuberculosis. In addition to identifving new genes that may be involved in C.
pseudotuberculosis pathogenesis this study has further elucidated the role and regulation of
Pid, the major virulence determinant of C. pseudofuberculosis. Further study of the role of
regulated genes withiu the in vivo environment will aid in the understanding of the CLA

disease process, ultimatsly leading to better diagnosis, treatment and vaccination regimes.
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Appendix 1: Glossary of flow cytometry and FACS analysis terms

dot plot: A graphical means of representing two-parameter data. Each axis o' the plot

displays values ol one parameter. Each dot represents an event.
event: A unit of Gata representing one particle or cell.
FACS: fluorescence activated cell sorter

FL1: The FACSCalibur flow cytometer used in this study is set up such that FL ! is a measure
of emitied light in the green range of the spectrum (515 to 545 nm). In the experiments
described in this thesis FL] data was collected on a logarithmic scale with linear values of 1 10
10,000. Thus an event that has an absolute fluorescence of 100 is {ive times more fluorescent

than one with an absolute fluorescence of 20.

flow cytometry: Analysis of a biological sample by detection of the light-absorbing or
fluorescing properties of cells or subcellular fractions passing in a stream of single events

through a laser beam.

forward scatter (FSC): A measurement of the light scattering that occurs as a particle passes

through the illuminating beam. FSC is related to the size of the particle.

‘gate: a numerical or graphical boundary (region) that defines a subsct of data. An analysis

gate excludes or includes specific stored data from subsequent analyses. For example a gate
was often set on the basis of FSC and SSC such that only single celled bacteria were
subsequently analysed. For sorting experiments logical gates were set such that only those

events that lay within two or more specified regions were collected during the sorling process.
histogram: A graphical means of presenting single-parameter data. The horizontal axis of the

graph represents the increasing signal intensity of the parameter and the vertical axis

represents the number of events (counts),

283




Linear seale: The scale on which the values increase linzarly and output is dircctly

proportional to the input,

Logarithmie scale: The scale on which the values increase logarithmically. This scale is used
when the instrument is set to LOG. The scale ranges from 1 to 10,000. A logarithmic scale

was used to collect fluorescent dala.

mean fluorescence: the average fluorescence intensity of a population of cells.

region: A group of particles that have been selected on the basis of their flow cylometric
parameters. In general a boundary is drawn around a sub-population (o isolate events for

analysis. Regions can be combined to create logical gates.

side scatter (SSC): A measurement of the light that deflects from a particle at an angle of 90°

from the direction of the illuminating beam. SSC is a measure of granularity of the particle .

sort: The process by which a FACS is used to enrich for a population of events that possess

specified characteristics, for example fluorescence or size.

The definitions given above were adapted from those previously given (Givan, 1992) and

those found in the CELLQuest Software User’s Guide (Becton Dickinson Immunocytometry

systems).
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