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SUMMARY

Staphylococcus aureus is a major human pathogen causing a wide range of illnesses
from the trivial to the life-threatening. S. aureus produces many surface-associated
and exoproteins, several of which have been implicated in its virulence. Production
of these virulence determinants is co-ordinately controlled by several global
regulatory elements in a growth phase dependent manner. The best characterised of
these regulators are the accessory gene regulator (agr) and staphylococcal accessory
regulator (sar). The agr locus comprises a quorum sensing system and encodes a
signalling pheromone that autoregulates agr in a density dependent manner.
Upregulation of agr expression leads to production of an mRNA transcript, RNAIII
which is the actual effector of virulence gene expression. The RNAIII molecule
upregulates several extracellular toxins including haemolysins, toxic shock syndrome
toxin 1 (TSST-1) and epidermolytic toxin A (Eta), and down-regulates surface

proteins such as protein A and fibronectin binding protein (FnBP) during late

exponential growth and stationary phase.

The regulation of toxin production by S. aureus is extremely complex and it is not yet

understood exactly how this organism responds to environmental stimuli in order to
mediate changes in virulence gene expression. In order to determine whether
environmental signals are transduced via agr, the effect of several stimuli on both agr
expression and a-haemolysin production was examined using a B-galactosidase
reporter gene fusion to the hld gene, which is encoded as part of the RNAIII
transcript. A number of environmental stimuli were identified which led to changes
in agr expression. Several of these stimuli resulted in different effects on a-

haemolysin activity when compared to RNAIII levels. This suggests the presence of

novel regulatory elements involved in the control of Hla production, independently of

agr.



In order to identify other novel regulators which interact with, or control, agr,
transposon libraries have been created using Tn917 and Tn551. Two Tn917
transposon mutants were isolated as deficient in production of B-haemolysin, which is
also positively controlled by agr. These mutants were found to contain novel
transposon insertions in the agr locus. Five Tn551 mutants were 1solated which
showed pleiotropic effects on virulence determinant levels and did not contain the

transposon in previously mapped regulators. The Tn3551 insertions may have

therefore occurred in novel regulators of virulence determinant production.

The regulation of toxin production by S. aureus in response to environmental stimuli

1s discussed.
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CHAPTER 1

Introduction




1. INTRODUCTION

1.1 The staphylococci

The genus Staphylococcus 1s currently composed of twenty seven species with seven
subspecies (Kloos and Lambe, 1991). Members of the genus are Gram positive cocci,
approximately 0.5-1.5 mm in diameter, which occur singly, in pairs, tetrads, short
chains of three to four cells and, particularly in the case of S. aureus, in irregular
grape like clusters. It was this latter form that, in 1883, led Ogston to introduce the
name staphylococcus (from staphylé which means a bunch of grapes), for a group of

micrococci which caused inflammation and suppuration (Kloos and Lambe, 1991).

The staphylococct are non-motile, do not form spores and are commonly catalase
positive (Kloos and Lambe, 1991). They are not usually encapsulated but they do
have limited capsule formation. Staphylococci are able to ferment, slowly, many
carbohydrates producing lactic acid but not gas. Strains of S. aureus are alkaline
phosphatase positive, urease variable and show no p-galactosidase activity. Most
staphylococcal species are facultative anaerobes although apart from two species, S.
saccharolyticus and S. aureus subsp. anaerobiosis, their growth is quicker under
aerobic conditions (Kloos and Lambe, 1991). Staphylococci are relatively resistant to
| drying, to heat (they withstand S0 °C for 30 minutes) and to 9 % (w/v) sodium

chloride.

The staphylococci are widespread in the environment although they are mainly found
- living on the skin, skin glands and mucous membranes of mammals and birds. In

addition, they are sometimes found in the mouth, blood, intestinal, genito-urinary and
upper respiratory tracts of these hosts. The identification of pathogenic
staphylococci 1s most commonly by the ability to produce coagulase and thus clot

| plasma (Kloos and Lambe, 1991). In particular, only three species are coagulase

_positive, namely, S. aureus which causes acute infections in humans and S.



intermedius and S. hyicus which are found in animals (Devriese et al., 1978; Hajek,

1976). Some of the remaining coagulase negative staphylococci can also cause
disease but are generally considered as opportunistic pathogens causing infection

foll;:)wing trauma, pre-disposing diseases, or due to indwelling foreign bodies (Kloos

and Lambe, 1991).

Cultured colonies of S. aureus are usually large (6-8 mm diameter), smooth, entire,

slightly raised and translucent (Kloos and Lambe, 1991). The colonies of most

strains are pigmented ranging from creamy yellow to orange.

1.2 S. aureus - its effect on man and other animals

Staphylococcal infections cover the complete spectrum from the trivial to the life
threatening and are most commonly caused by the coagulase positive species of S.
aureus (Kloos and Lambe, 1991). These infections include folliculitis, carbuncles,
furuncles, cellulitis, impetigo, and post-operative wound infections of various sites.
S. aureus 1s also a particular problem following invasive hospital techniques. For
example, 20 % of infections involving long term intravascular canulae are caused by
3. aureus, together with 29 % of all pacemaker infections, usually due to
_contamination at the time of pacemaker implantation (Bluhm, 1985), with permanent
pacemaker infections occurring in more than 6 % of patients (Heimberger and Duma,
1989). The staphylococci cause prosthetic joint infections in up to 1 % of patients

undergoing total hip replacement and in up to 1.5 % of patients following knee:

replacement (Fitzgerald, 1989).

Bacteraemia caused by S. aureus 1s generally the consequence of a local infection

with dissemination into the blood stream, but may also be secondary to direct
inoculation, i.e. intravenous drug abuse. Septicaemia, or blood poisoning, is the

result of the multiplication of micro-organisms in the blood often resulting in



secondary sites of infection. Early reports indicated a 60 % risk of endocarditis with
S. aureus septicaerﬁia but more recent studies suggest an incidence of 10 %

(Waldvogel, 1990).

A particularly serious community-acquired disease, toxic shock syndrome (TSS), has
been attributed to infection or colonisation with S. aureus. S. aureus also causes food
poisoning due to ingestion of one, or more, heat-stable, pre-formed toxins resulting in
nausea, vomiting, abdominal pains and diarrhoea, 2-6 hours after eating contaminated
food (Bergdoll, 1989). The amount of enterotoxin required to cause illness in man is

not known but as little as 1 ug of toxin per 100 g of food will induce clinical

symptoms (Tranter, 1991).

S. aureus 1s also a recognised avian pathogen that is responsible for the majority of

staphylococcal infections in poultry causing major financial loss (Devriese, 1980).

1.3 Treatment of S. aureus infections

The introduction of penicillin for the treatment of severe S. aureus infections in the
1940's had a profound effect on morbidity and mortality from this disease. Hdwever,
by the late 1940's approximately 60 % of hospital-acquired strains were resistant to
penicillin (Barber and Rozwadowska-Dowzenko, 1948) with, currently, 80-90 % of
community acquired S. aureus strains being resistant due to the production of B-
lactamase. The staphylococci have proved to be extremely versatile in developing
resistance to the commonly used antimicrobial agents although many strains are still
susceptible to rﬁethicillin and first generation cephalosporins. Resistance to
streptomycin emerged soon after its discovery in 1944 (Demerec, 1948) and
tetracycline resistance became a major problem during the 1950's. In 1952
erythromycin was introduced, however, in some centres, resistance occ;urred after

only 7-10 days treatment (Haight and Finland, 1952). Shortly followin g the



introduction into clinical practice of a new g-lactamase resistant penicillin,
methicillin, strains resistant to this new drug were reported (Jevons, 1961). Parker
and Hewitt (1970) of the Cross-Infection Reference Laboratory in London monitored
the frequency of methicillin resistance in S. aureus strains and found there was a
moderate increase between 1960 and 1963 followed by a stationary phase. In 1968 a
second increase began and analysis of the antibiotic resistance pattern of some 100
separate strains showed that, in addition to methicillin resistance, all were -

lactamase producers and were resistant to streptomycin and tetracycline.

Methicillin resistance is chromosomally mediated and results partly from the presence
of a novel penicillin binding protein (PBP) 2' which has reduced affinity for
methicillin and other anti-staphylococcal p-lactams, thus retaining critical functions

necessary for cell survival (Hartman and Tomasz, 1984; Chambers et al., 1985;

Boyce, 1989).

Currently, the p-lactamase resistant penicillins are the preferred drugs for all
staphylococcal infections caused by penicillin resistant, methicillin susceptible
strains. Such agents are bactericidal and, like other penicillins, have a low incidence
of adverse reactions. The emergence of methicillin resistaﬁt S. aureus (MRSA) as a
major nosocomial pathogen has led to a significant role for vancomycin in the
treatment of serious infections since resistance of S. aureus to this drug had not, until
recently, been demonstrated in a clinical setting. In 1997 an intermediate level
vancomycin resistant strain of S. aureus was isolatedinal abanes'e hospital. it has
since been found that up to 20 % of MRSA isolates from hospitals throughout'J apah
are ﬁéterogeﬁeoﬁsly resistant to vanpomyc;in and that this r;esistanpe develops into.

VRSA upon exposure to vancomycin (Hiramatsu et al., 1997).



.14 .Virulence factors of S. aureus - genetics and biochemistry

S. aureus produces more than 25 different extracellular proteins, several of which
have been implicated in its virulence (Arvidson, 1983). For example fibrinogen
binding protein (a.k.a. clumping factor), encoded by the clf gene, is located on the
bacterial cell surface anchored by a dipeptide repeat region to an LPXTG motif
(Hartford et al., 1997). Some of the genes encoding these extracellular proteins have
been mapped on the S. aureus chromosome to one of 16 fragments, designated A-P,
resulting from a Smal digest of total chromosomal DNA (Pattee et al., 1990). In
addition, the genes for some toxins have been found to be located on mobile genetic
elements or carried by lysogenic phages (Lindsay et al., submitted; Novick, 1963;

Winkler et al., 1965).

1.4.1 Pyrogenic exotoxins
14.1.1 TSST-1

Toxic shock syndrome is manifested by the clinical features of fever, profuse

diarrhoea, mental confusion and both renal and hepatic impairment (T urnidge and
Grayson, 1993). Although TSS was originally described in menstruating females and
was associated with a particular type of high-absorbence tampon, the condition has
now been associated with a variety of ailments due to strains of S. aureus in both
sexes, such as abscesses, osteomyelitis, post-surgical infections and following vaginal
and caesarean section deliveries. TSS is due to the presence of toxic shock syndrome
toxin-1 (T SST—I) which is a f)(éteﬂt sﬁperantigcn. The gene encoding TSST-1, tst,
was first cloned and sequenced by Kreiswirth et al. (1983), and was thought to be
found on an accessory genetic element, such as a plasmid, prophage or transposon.
However, more recent studies have suggested that the st gene 1s 1n fact likely to bc

carried on a mobile pathogenicity island. Pathogenicity islands range in size from 10-



200 kb and are accessory genetic elements containing one or more pathogenicity

genes bordered by directly repeated sequences (Lindsay et al., submitted).

1.4.1.2 Enterotoxins

It has been known for some time that S. aureus produces seven serologically distinct
enterotoxins which are wholly responsible for the symptoms of food poisoning and
whose production is dependent on various environmental factors (Halpin-Dohnalek
and Marth, 1989). However, more recently, two new enterotoxins have been
identified (Betley et al., 1992; Su and Lee-Wong, 1995). These toxins are produced
over a wide range of temperatures (10 °©C-44 °C; optimum 35 °C-40 °C and the
organism will grow and form toxin in many foods with the exception of those below
pH 5 or water activity below 0.86. These enterotoxins are thermostable molecules,
inactivated only by prolonged boiling with the amount of inactivation depending not

only on temperature but also on composition and pH of the heating medium and

purity of the toxin preparations.

The enterotoxins may be considered as "superantigens” since they stimulate
production of T-cells and induction of cytokines such as interleukin-1, interferon-y
and tumour necrosis factor (Fast et al., 1989; Parsonnet et al., 1986). Their ability to

cause 1illness may be due to interaction with macrophages causing production of the

cytokines mentioned above (Betley et al., 1990).

Of the seven enterotoxms enterotoxin A (Sea) is encoded by a famlly of temperate

phages (Betley and Mekalanos 1985) and enterotoxin D (Sed) is encoded within a

27.6 kb plasmid (Bayles and Iandolo, 1989). Enterotoxin B (Seb) and the enterotoxin
C's are probably chromosomally encoded (Betley et al., 1990).



142 | Haemolysins

There are four haemolysins of S. aureus, a, B, v, and §, which are all antigenically

distinct.

1.4.2.1 a-haemolysin

a-haemolysin is the 30 kDa protein product of the hla gene which lies 1n Smal
fragment A of the S. aureus chromosome (Pattee et al., 1990). It binds firmly to
target membranes and causes membrane damage resulting in the formation of pores
(Bhakdi and Tranum-Jensen, 1991). It shows great variation in its ability to lyse
erythrocytes of different animal species. For example, a 400-fold increase 1n
concentration of a-haemolysin is required to lyse human compared to rabbit
erythrocytes against which its activity is 100- to 1000-fold greater than in any other
species (Bhakdi and Tranum-Jensen, 1991; Mollby, 1983). In fact, clinical isolates
from serious illnesses of humans, such as TSS (Clyne et al., 1988) and septicaemia
(Christensson and Hedstrom, 1986), have been found not to produce o~toxin.
However, this toxin is still considered an important virulence factor in S. aureus since
human platelets are a highly sensiti;fe target and may be the primary target in vivo

(Bhakdi et al., 1988). a-toxin also has a powerful action on vascular smooth muscle.

1.4.2.2- B-haemolysin

B—haemolyﬁin 1s a phospholipase C and is épeciﬁc for sphingomyelin in cell
membranes. chradatiorf of sphingomyelin in erythrocyte membranes occurs at 37
oC but does not cause lysis of the cell until cooling to 4 °C (Mdllby, 1983). It is thus
the amount of sphingomyelin in erythrocyte membranes which dictates the sensitivity
of erythrocytes from diffcreﬁt manimalian species to B—haemolysin. Sheep

erythrocytes are very sensitive since 50 % of their erythrocyte membrane



phospholipids consist of sphingomyelin (Rouser et al., 1968). Sheep blood is
therefore used to assay the enzyme. This haemolysin needs MgZ+ for its activity and
is inhibited by chelating agents (Mollby, 1983). B-toxin is encoded by the hlb gene
which is located in the Smal fragment F of the S. aureus chromosome (Pattee et al.,

1990).

1.4.2.3 v-haemolysin

This is the least understood S. aureus haemolysin, most probably because it

is inhibited by agar (Jackson, 1963) and hence its presence is missed when strains are
assayed for haemolysis on blood agar plates. It is also inhibited by lipids (Mollby,
1983). y-haemolysin is encoded by the hlg gene which has been mapped to fragment
C of Smal digested chromosomal DNA (Pattee et al., 1990). Although Mollby and
Wadstrom (1971) suggested it consisted of a single polypeptide, it has subsequently
been reported to consist of two proteins that are expressed from closely linked genes
(Taylor and Bernheimer, 1974; Cooney et al., 1988; Clyne et al., 1992). Each
component is weakly haemolytic but together they act synergistically against rabbit,
sheep and human erythrocytes, although its activity is 4-8 times greater against rabbit
cells compared to sheep ori human (Md&llby, 1983). It has also been reported that one

of the components of y-haemolysin is a protease which acts on the other peptide to

give enhanced haemolysis (Clyne et al., 1992).

1424  &haemolysin

This haemolysin is encoded by the hid géhe which comprises part of the accessory
gene regulator (agr) locus which lies in fragment F of Smal digested S. aureus
chromosomal DNA (Pattee et al., 1990). It comprises a 26-residue peptide that acts,

possibly as a surfactant, to affect several cell types, including erythrocytes and



leukocytes, by forming pores in phospholipid bilayers (Mellor et al., 1988). This

haemolysin is not species specific.
1.4.3 Fibronectin binding protein (FnBP

There are two forms of fibronectin, a soluble form secreted into the bloodstream and
a cross-linked form which acts as an adhesive protein made by many cell types
including fibroblasts and epithelial cells (Ruoslahti, 1988). S. aureus, together with
many other pathogenic micro-organisms binds fibronectin by a fibronectin binding
protein (FnBP) on the surface of the cell wall (H66k et al., 1989). In addition, S.
aureus produces a free extracellular FnBP (Lindberg er al., 1990). The relative levels
of cell wall-associated and free extracellular FnBP is most likely affected by calcium
concentration since addition of EGTA (6.25 mM) to a growth medium results in a 6-
fold increase in cell wall-associated FnBP and a >40-fold decrease in free

extracellular FnBP (Lindberg et al., 1990). It has been postulated that the ability of S.

aureus to bind to fibronectin represents a mechanism of host-tissue adhesion, 1.e. a

substrate for bacterial attachment and colonisation (Lindberg et al., 1990). It has
been proposed that plasma-fibronectin could serve as an opsonin such that after
coating of bacterial cells it mediates recognition and uptake of bacteria bjr phagocytic
cells. It is thus possible that the extracellular free FnBP produced by S. aureus could

serve to reduce the binding of plasma fibronectin to the bacterial cell itself. (Lindberg

et al., 1990).

144 Coagulase

The coagulase protein 1s encoded by the coa gene, which 1s located in Smal fragment

E, and is considered an important virulence factor of S. aureus (Pattee et al., 1990). It
is an extracellular protein that coagulates plasma. To assay for coagulase activity in

vitro, it is necessary to use a plasma that contains a sufficient level of coagulase-
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reactive factor and fibrinogen as a substrate (Jeljaszewicz et al., 1983). For in vitro
assays, the plasma should also confain oxalic acid or citrate to prevent the
physiological clotting of fibrinogen (Jeljaszewicz et al., 1983). The coagulase
reactive factor of sera reacts with coagulase to generate both esterase and clotting
activities in a manner similar to the activation of prothrombin to thrombin. The
coagulase actually binds prothrombin to form staphylothrombin (Hemker et al.,
1975). Staphylothrombin stimulates the clotting reaction in plasma. Coagulase may

deposit fibrin on the surface of staphylococci, possibly altering their ingestion by

phagocytic cells, or their destruction within such cells.
1.4.5 Protein A

Between 93 and 99 % of S. aureus strains of human origin have been found to contain
Protein A as a cell wall protein (Forsgren, 1970). Protein A is the product of the spa
gene which lies in fragment G of Smal digested S. aureus chromosomal DNA (Pattee
et al., 1990). Itis a 42 kDa protein which, at its COOH-terminal end, is anchored in

the cell membrane with its NH,-terminal immunoglobulin-binding domain extending

outside the cell wall (Schneewind et al., 1995). This ability to anchor to the cell wall
depends on 35 amino acid residues at the COOH-terminus of protein A, partly
comprising an LPXTG motif (Schneewind et al., 1992; Schneewind et al., 1995). In
vivo, protein A produces several immunological responses, in particular, allergic
reactions including anaphylaxis and histamine release (Forsgren et al., 1983). It
binds to several immunoglobulins and, through its interaction with immunoglobulin
G (IgG) In partlcular causes platelet injury (Forsgren et al., 1983; Haw1ger et al.,

1979). Phagocyt031s 1S mhlbltcd by the presence of proteln A and 1t initiates blood

coagulation.

11



146 .  Hydrolases

1.4.6.1 Lipase

Lipases catalyse the hydrolysis or formation of ester bonds of water insoluble
substrates, particularly lipids (Go6tz, 1990). Many strains of staphylococci, including
S. aureus, produce a true extracellular lipase (or glycerol ester hydrolase) which 1s
active against oils and fats in their emulsified states (Lee and Iandolo, 1986; Shah and

Wilson, 1965). Within staphylococcal abscesses there are at least two host-derived

bactericidal lipids which aid in bacterial clearance (Engler and Kapral, 1992; Shryock
et al., 1992) and it is thought that the staphylococcal lipase inactivates these
bactericidal lipids to enhance the survival of staphylococci within abscesses (Kapral
et al., 1992). The gene (geh) encoding this 76 kDa lipase is 2070 bp and has been
mapped to fragment E of Smal digested chromosomal DNA of S. aureus strain 8325
(Lee and Iandolo, 1986: Pattee et al., 1990). The activity of the geh gene has been
shown to be negatively regulated by bacteriophage lysogenization (Rosendal and

Bulow, 1965). Bacteriophage L.54a interrupts the lipase gene between nucleotides

2608 and 2698 (Lee and Iandolo, 1986).

Ideally lipase activity should be measured using the long chain fatty acid
triacylglycerol, triolein. Tributyrin or Tweens have been used as substrates for lipase
activity althdugh these are not specific since esterases can also cause their
dégradation (Farrell et al., 1990; Tyski et al., 1983). Agar containing egg yolk has
also been used to assay for lipase activity (Arvidson, 1983) although it has been
reported that extracdlular enzymes from S. aureus produc-c two tybes ;:)f zones on egg
yolk agar, one on the surface, and one sub-surface (Owens, 1974). It has been
suggested that, whilst the granular surface zone may be attributed to the action of the

staphylococcal lipase, the sub-surface zone of opacity is the result of the hydrolysis of

12



phosphatidylcholine (Owens, 1974). Thus, it may be best to avoid the use of egg yolk

as a definitive, or quantitative, test for lipase activity.

1.4.6.2 Proteases

Most strains of S. aureus are proteolytic (Baird-Parker, 1965) producing at least three
different types of protease including serine protease, metallo-protease and thiol-
protease (Arvidson, 1983). Serine protease (protease I) is produced by at least 67 %
of S. aureus strains, mainly during post-exponential growth (Bjérklind and Arvidson,
1977; Bjorklind and Arvidson, 1978). It is produced as an inactive precursor which 1s
activated by the metallo-protease (Drapeau, 1978). The serine protease specifically
cleaves the peptide bonds on the carboxyl terminal side of aspartic or glutamic acid
residues (Drapeau et al., 1972). The extracellular metallo-protease of S. aureus was
1dentified by Arvidson et al. (1972) and has been shown to specifically cleave peptide
bonds involving the amino terminal side of hydrophobic residues (Bjorklind and
Jornvall, 1974). Arvidson et al. (1973) also demonstrated the existence of the thiol-
protease. This protease is only active in the presence of reducing agents and has only
been identified in one strain of S. aureus. The enzyme is very unstable at 37 °C,
losing 50 % of its activity within 3 hours (Arvidson, 1983). All three proteases can

be assayed on casein agar plates where each gives a different type of zone of clearing

(Arvidson, 1973).

1.4.6.3 Nuclease

In 1956, Cunningham ef al. identified a very thermostable éxtracellular DNase
produced by S. aureus which was shown to require Ca?* for its activity. It has both
endonuclease and exonuclease activities on DNA and RNA molecules (Novick,
1993). The gene (nuc) encoding this 149 amino acid staphylococcal nuclease, known

as nuclease A, has been isolated and sequenced (Shortle, 1983). It was .found that
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immediately preceding the 149 codons specifying nuclease A, there were nineteen
codons encoding the amino terminal end of nuclease B, which is the membrane-

bound precursor of nuclease A, found in exponentially growing cells (Davis, et al.,

1977; Shortle, 1983).

1.4.6.4 Staphylokinase

Staphylokinase dissolves blood clots by activating the conversion of the proenzyme,
plasminogen to the fibrinolytic enzyme, plasmin by cleavage of a single arginine-
valine bond (Arvidson, 1983). The gene encoding this enzyme can be located 1n the
bacterial genome or may be carried by at least 15 lysogenic phages (Arvidson, 1983;
Winkler et al., 1965).

1.4.7 B-lactamase

Extracellular p-lactamase is responsible for the resistance of S. aureus to penicillins

and cephalosporins (Barber, 1962). p-lactamases hydrolyse the C-N bond in the §-
lactam ring of both these antibiotics. This enzyme is encoded by the bla gene which

has been mapped to fragment F of Smal digested chromosomal DNA of S. aureus
(Pattee et al., 1990).

1.4.8 Hyaluronate lyase

Hyaluronic acid is a major glycosaminoglycan, that is the polysaccharide chain in
proteoglycans. Proteoglycans cc;nsist of units made up of polysaccharides
(approximately 95 %) and proteins (approximately 5 %) and bind water and cations
thus forming the extracellular medium, or ground substance, of connective tissue
(S&ycr, 1973). Hyaluronate lyase appears to be produced by 95-100 % of S. aureus |
strains (Arvidson, 1983). The hyaluronate lyase gene (hysA) of S. aureus 8325-4
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shows 35 % amino acid sequence homology with group B streptococcal hyaluronate
lyase (Farrell et al., 1995). From work on the group B streptococcal hyaluronate
lyase it has been suggested that its role as a virulence factor may lie 1n its ability to
facilitate the invasiveness of the producing organism and to subvert some normal host

defence mechanisms (Lin et al., 1994).
1.5 Genetic control of production of virulence determinants

Bacterial survival is competitive, uncertain and, to a large extent, depends on a cell’s
ability to adapt quickly to environmental changes. For example, the supply of
nutrients 1s often scarce and cells need to be able to respond quickly to take advantage
of the appearance of novel nutrients and metabolites by producing transport and
metabolic machinery to utilise them. In pathogenic bacteria, including S. aureus,
several conditions characteristic of a host environment, such as temperature and
concentration of various chemicals including iron, calcium etc., will induce the
production of toxins and other virulence factors (Bliska et al., 1993) (see section 1.7).
Thus, a co-ordinated signalling system is necessary such that environmental stimuli
can be sensed by the bacteria and then translated into appropriate gene expression.
There are many different modes of genetic reg;.llation involving both repressors and
transcriptional activators. A common mechanism of transduction of environmental
stimuli to bring about changes in gene expression has been identified in many
bacteria and eukaryotes (Kavanaugh and Williams, 1996; Parkinson and Kofoid,
1992). These so-called, two component sensor regulator systems have been found to
mediate an adaptive response to many stimuli, including metabolite utilization such as |
carbon by Esci'herichia coli ﬁnd Salmonella typhimurium, (Iéland et al, 1992) |
phosphate by E. coli and Klebsiella pneumoniae (Lee et al., 1989) and nitrogen by E.

coli (Miranda-Rios et al., 1987). Other adaptive systems include stress from
antibiotics, heavy metals and osmolanty by E. coli for example (Comeau et al.,

1985). Bacterial interaction with its host leading to production of virulence factors
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can also be mediated by two component sensor regulator systems (Parkinson and

Kofoid, 1992).

1.5.1 Two component sensor regulator systems

These systems are generally characterised by two protein components, a sensor
protein often located in the cytoplasmic membrane and a response regulator protein
which is usually located in the cytoplasm (Parkinson, 1993). The sensor monitors
environmental stimuli and causes the response regulator to mediate a response,
generally causing changes in gene expression (Parkinson, 1993). Sensor proteins
commonly contain 5-8 transmembrane segments in their N-terminal domain and these
segments are connected to a C-terminal domain that functions as a signal transmitter
(Kleerebezem et al., 1997) (Fig. 1.1). The signal sensed by the N-terminal input
domain of the sensor protein will cause the C-terminal transmitter domain to
transduce the signal to the response regulator. The response regulator detects the
incoming signal from the sensor, also at its N-terminal domain, and alters the activity
of its C-terminal domain to trigger a response (Parkinson, 1993) (Fig. 1.1). Of the
many two component sensor regulators so far characterized, the mechanism of
communication has always been found to involve phosphorylation and
dephosphorylation reactions (Parkinson and Kofoid, 1992). The sensor transmitter
has an autokinase activity and can thus attach phosphoryl groups from ATP to a
histidine residue which is located near the N-terminus of the transmitter domain. This
phosphohistidine acts as a high energy intermediate and can transfer the phosphoryl
group to an aspartate residue in the receiver domain of the response regulator
(Sanders et al., 1992) (Fig. 1.1). The receiver catalyses hydrolytic loss of its

phosphoryl group, this process occurring from within a few seconds to many minutes

(Parkinson, 1993). The output domain of the response regulator, in most cases, has a

DNA binding or other regulatory function that provides transcriptional control of one
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or more target genes. NMR studies have shown that phosphorylation of the receiver
causes substantial changes in conformation but it is not yet known how this actually

effects the output mechanism of the response regulator (Parkinson, 1993).

1.5.2 The role of two component sensor regulator systems in virulence

Two component sensor regulator systems have been found to have arole in
pathogenesis in a number of species. The bvg (Bordetella virulence gene)

regulon of Bordetella pertussis and the pho regulons of E. coli and &.

typhimurium are examples. The bvg locus of B. pertussis contains two genes, bvg§
and bvgA which encode the sensor and response regulator of a two component signal
transduction system, respectively. The bvg regulon co-ordinately regulates
expression of several toxins, including pertussis toxin, in response to environmental
stimuli such as temperature and the presence of Mg2+ (Arico et al, 1991) (see section
1.7). The pho regulon of E. coli and S. typhimurium is controlled by the phoP and

phoQ genes, encoding a sensor and regulator protein respectively (Parkinson and

Kofoid 1992). In Salmonellae, the phoP product regulates the expression of genes
encoding factors that protect against the bactericidal activity of macrophage proteins
| (Miller et al., 1989b). The phoP gene is re;:]uired for the expression of three, and

perhaps more, unlinked loci, at least one of which, pagC is likely to encode a

virulence factor required for intracellular survival in macrophages (Miller et al.,

1989D).

1.5.3 Quorum sensing systems

Another mode of global regulation of gene expression has been described in many
species. This involves a process of intercellular communication which enables cells
“to sense population levels. This signalling mechanism uses diffusable signalling

molecules (pheromories) to régulate physiological processes in a cell density -
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(quorum) or growth phase dependent manner (Kleerebezem et al., 1997).

Pheromones are substances which are secreted by a cell and received by a second cell
in which they cause a specific action (Karlson and Liischer, 1959). The first
identified and best understood quorum sensing system is the bioluminescent (lux)
phenotype of Vibrio fischeri. Here, synthesis of the signalling molecule necessary for
induction of the luminescence system, L-homoserine lactone, is mediated by the lux]

gene (Engebrecht and Silverman, 1984). The protein product of the luxR gene binds

the L-homoserine lactone and becomes the transcriptional activator of the

bioluminescence genes (Engebrecht and Silverman, 1986). Cultures of V. fischeri
express lux genes only weakly during early growth phase with expression being

strongly activated in late exponential growth, i.e. in a density dependent manner

(Eberhard, 1972).

The phenomenon of quorum sensing has also been identified in several Gram positive

bacteria but has not been found to involve an N-acyl homoserine lactone-like

signalling molecule (Kleerebezem et al., 1997). Examples of quorum sensing

systems in Gram positive bacteria include the competence inducing systems of
Bacillus subtilis and Streptococcus pneumoniae, the virulence response of S. aureus
and the production of antimicrobial peptides by several different species (Havarstein
et al., 1995; Ji et al., 1995; Magnuson et al., 1994). In Gram positive bactera, the
signalling molecule seems most often to be a post-translationally processed peptide.
This peptide pheromone is commonly rccoghised by the sensor component of a two
component signal transduction system. Further, in Gram positive bacteria, the genes
encoding the signalling molecule precursor and its processor protein, together with
the genes encoding the proteins involved in the two component sensor regulator, are

often transcriptionally linked (Kleerebezem et al., 1997). Thus the increase in

expression of such a locus is auto-regulatory.
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Quorum sensing in B. subtilis is utilised in developing genetic competence, whereby

cells caﬁ take ﬁp exogenous DNA, in a cell density dependent manner (Magnuson et
al., 1994). Four genes are involved in this regulatory process, comQ, X, A and P.
The comQ gene post-translationally modifies the product of the comX gene to a 10
amino acid peptide. The cellular response to this peptide is mediated by a two
component sensor regulator with comP encoding the sensor and the comA gene

encoding the response regulator (Magnuson et al., 1994).

The signalling pheromone inducing competence in S. pneumoniae cells is a 17 amino
acid peptide which is processed by the comB gene product from a 41 amino acid
proform encoded by the comC gene (Havarstein et al., 1995; Zhou et al., 1995). This
peptide signal is transduced by the gene products of the comD and E genes
comprising the sensor and regulator of a classical two component sensor regulator

system (Havarstein et al., 1996).
The quorum sensing system of S. aureus is discussed in detail in section 1.6.

1.6 Control of virulence determinant production in S. aureus

3. aureus has been found to control production of a whole range of virulence

determinants by means of several regulatory loci which act either independently or
co-ordinately. These global regulators include the accessory gene regulator (agr)
(Recse1 et al., 1986; Morfeldt et al., 1988), the staphylococcal accessory regulator
(sar) (Cheung et al., 1992), extracellular protein regulator (xpr) (Smelfzer et al.,
1992; Smeltzer et al., 1993) and sae (S. aureus exoprotein expression) (Giraudo et al.,
1994b). The S. aureus virulence response is regulated, at least partly, by a density
dependent signalling system that is analogous to the quorum sensing systems of other
Gram positive and Gram negative bacteria (see section 1.5.2). In particular, agr

expression is growth phase dependent occurring at mid to late exponential phase.
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Accordingly, those genes which are positively controlled by agr are up-regulated at
this time and those genes which are negatively regulated by agr are down-regulated at
mid-late exponential phase (see section 1.6.1.1). The expression of individual
transcripts of the sar locus 1s also dependent on growth phase (Bayer et al., 1996).
For example, expression of sarB occurs during early-mid log phase whilst sarC
transcription is most active during stationary phase. There is also evidence for co-
ordinate transcriptional control of some virulence factors such as protein A and o~
haemolysin (Hla) synthesis (Janzon et al., 1986; Vandenesch ez al., 1991).

Production of a-haemolysin is controlled temporally as well as by agr (Vandenesch et
al., 1991) (see section 3.1). It has also been demonstrated that environmental
conditions, such as pH, temperature, availability of divalent cations and O,, together
with glucose and NaCl concentration, affect the production of virulence determinants
under the control of at least one global regulator, agr, and also production of o~
haemolysin both via and independently of this global regulator (Regassa and Betley,
1993; Regassa et al., 1992; Sheehan et al., 1992; Vandenesch et al., 1991).

1.6.1 Regulators of virulence determinant production

1.6.1.1 agr (accesgggg. gene regulator)

The accessory gene regulator was the first discovered and is the best understood of all
the known global regulators of virulence determinant production in S. aureus. It has
been shown to up-regulate production of, amongst others, the haemolysins,
enterotoxin B, TSST-1, epidermolytic t.oxin A, staphylokinase, serine protease and
acid phosphatase. It also down-regulates coagulase and protein A production.
Regulation by agr occurs in a growth phase dependent manner, during late

exponential-early stationary phase (Bjorklind and Arvidson, 1980; Recsei et al.,

1986). The agr locus was identified at almost the same time in two separate
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laboratories, although several years were to elapse before either group of workers

were to realise that they had identified a global regulatory system.

1.6.1.1.1 The discovery of agr

In 1982, Mallonee et al. isolated a Tn551 insertion mutant in what was thought to be
the a~haemolysin (hla) gene. Transformation of this mutation into an 1solate that
produced a-, B- and §-haemolysin, together with a range of other extracellular
proteins, showed that the mutation caused loss not only of a-haemolysin but also p-
and 8-haemolysin, a 100-fold drop in TSST-1 and a 50-fold drop in staphylokinase
(Kreiswirth e al., 1983; Recsei et al., 1986). In contrast, synthesis of the

extracellular protein, surface protein A, was elevated 20-fold (Recsei et al., 1986).

It was established by probing wild type and mutant chromosomal DNA with probes
originating from both the a-haemolysin and TSST-1 structural genes, that Tn551 had

not inserted into either of these structural genes. These data indicated that the

transposon had 1nactivated a trans-active positive control element. This locus was

subsequently designated agr for accessory gene regulator (Recseli et al., 1986).

At the same time, a class of pleiotropic mutants were isolated, designated exp, which

also showed decreased production of a-toxin, serine protease, staphylokinase,
nuclease and acid phosphatase and a simultaneous increase in the production of
coagulase and protein A (Bjorklind and Arvidson, 1980). Subsequent analysis of
specific exoprotein mRNA in one of these exp mutants showed that the regulation of

exoprotein gene expression exerted by exp was at the level of transcription (Janzon et

al., 1986).

It was noted by Morfeldt ez al. (1988) that the exp mutant showed an almost identical

phenotype to the agr mutant described by Recsei ef al. (1986). In order to facilitate
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further study of this regulatory mechanism and to enable cloning of this element they
used TnS551 to create mutants which were phenotypically identical to the exp mutants
(Morfeldt et al., 1988). The mutation in one of the clones with an exp phenotype
(WA205) was phage transduced into strain 8325-4 using phage 80a. More than 90 %
of the transductants had the exp phenotype, indicating that the Tn551 insertion was

closely linked to, or caused the exp phenotype.

A transductant (WA250) was used for Northern blot analysis to demonstrate that
transcription of protein A and o~haemolysin was altered by the Tn551 insertion.
Following cloning of the exp locus and further Northern blot analysis it was shown
that exp coded for an RNA transcript of approximately 3.5 kb. It was concluded that

exp and agr are identical since both exp and agr mutants have a reduced level of this

3.5 kb RNA compared to wild type strains (Morfeldt et al., 1988).

1.6.1.1.2 The agr locus

The agr locus was first cloned and partially sequenced by Peng et al. (1988). A 6.1
kb chromosomal fragment which was cloned was found to contain a 241 codon open
reading frame (ORF) which was designated agrA. Gene fusion analysis using a
promoterless p-lactamase gene showed that there was a weak, but constitutive
promoter 5' to the agrA gene (Peng et al., 1988). The remainder of the agr locus was
subsequently sequenced and found to contain six more ORFs, three of which were
transcribed in the same direction as agrA and three transcribed in the opposite
direction (Komblum et al., 1990; Arvidson et al., 1990) (Fig. 1.2). The ORF
upstream of agrA, together with the agrA gene, were found to be related to a gene

encoding a sensor and response regulator of a two component signal transduction

system (Kornblum et al., 1990). In addition, agr was found to contain two other

promoters, P2 and P3 (Morfeldt et al., 1988). P2 initiates a 3 kb transcript,
designated RNAII, étaning at position 1750 (Fig 1.2) and P3, transcribed in the
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opposite direction to P2, initiates a transcript of 0.5 kb, designated RNAIII, starting at
position 1566 (Fig. 1.2). The 0.5 kb RNAIII transcript is an abundant, long-lived
mRNA with a half life of 15 minutes (Arvidson et al., 1989). It was found to contain
an ORF of 160 nucleotides encoding a 26 amino acid residue protein identical to the
sequence of the S. aureus 8-hacmolysin (Janzon et al., 1989; Fitton et al., 1980).
Approximately 110 nucleotides downstream of the §-haemolysin (hld) gene 1s a
second ORF with a poor ribosome binding site which could ostensibly encode a 21
amino acid peptide. There is also a third ORF contained within the RNAIII transcript
comprising 19 codons. However, this latter ORF does not appear to have a ribosome
binding site. Thus, it appears that the 3' end of the transcript is untranslated although
it has been reported that an insertion in the 3' end of RNAIII reduced agr activity but
did not affect P2 or P3 transcription (Janzon and Arvidson, 1990). The role of
RNALIII as the molecule regulating exoprotein gene expression was largely confirmed
by the finding that an insertion in the RNAIII 3' region did not impair §-haemolysin

production but resulted in a typical agr phenotype (Arvidson et al., 1989). In

addition, it has been shown that a cloned RNAIII defective in 8-haemolysin
production can restore the positive and negative effects on virulence gene expression
in both an RNAIII deletion mutant and an agr null strain (Janzon and Arvidson, 1990;
Novick et al., 1993). From these experiments it was not possible to determine
whether RNAIII was acting at a transcriptional or post-transcriptional level. This was
addressed by transcriptionally fusing promoters from the a-haemolysin (hla) and
protein A (spa) genes to the staphylococcal plasmid pI258 p-lactamase gene (bla) and
examining expression from these promoters in agr* and agr- strains (Novick et al.,
1993). Expression from the hla and spa promoter in each strain was thus reflected in
the levels of p-lactamase activity which, in each case, were found to correlate with
the respective levels of the native proteins. Thus, hla::bla was expressed during post-
exponential growth phase in the agr™ strain but not in the agr- strain and the
converse for the spa::bla fusion. Similar fusions using the #st (TSST-1) or hlb (B-

haemolysin) promoters ga{re similar results to the Hla::bla fusion '(N ovick et al.,
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1993). It has also been demonstrated that RNAIII affects translation of, at least, a-
haemolysin since hla mRNA is not translated in the absence of the 5' region of

RNAIII (Novick et al., 1993). The mechanism by which RNAIII regulates translation
of a~haemolysin has since been deduced. It has been shown that RNAIII binds to the
hla transcript in a way that exposes its ribosome binding site, thus allowing
translation (Morfeldt et al., 1995). This prevents a stem-loop structure being formed
within hla mRNA which blocks its nbosome binding site in the absence of RNAIII
(Morfeldt et al., 1995) (Fig. 1.3). These results confirm that RNAIII has two
functions, one as a transcriptional activator and another as an activator of translation
(Morfeldt et al., 1995). This was probably the first example of an "antisense RNA"
stimulating translation of target mRNA (Morfeldt et al., 1995).

It 1s now known that the four genes encompassed in the RNAII transcript comprise a
quorum sensing signal transduction system (Balaban and Novick, 1995; Ji et al.,
1995). This is mediated via an extracellular signalling peptide and two component

sensor regulator system which are transcriptionally linked and encoded by the

agrBDCA operon (Fig. 1.2).

1.6.1.1.2.1 e aer two component sensor regulator system

agrC and agrA (Fig. 1.2) are homologous to genes encoding the signal sensor and
response regulator of a classical two component signal transduction system,
respectively (see section 1.5.1). AgrC resembles a histidine phosphokinase signal
transducer and acts as a peptide pheromone sensor. Via phosphorylation of AgrA, it
stimulates RNAIII production. It has not yet been demonstrated that AgrA binds
directly to DNA and it has been suggested that it might rather influence binding of

another regulatory component, SarA, to the P2 and P3 promoters of agr (Morfeldt et
al., 1996a/b) (see section 1.7.2.2) (Fig. 1.4).
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FIGURE 1.3

Model for the translational control of a-haemolysin. The figure shows how the
intramolecular base pairing in Ala mRNA blocks the SD (ribosome binding site), and
thereby translation, and how this is released by the interaction with RNAIII (from

Morfeldt et al., 1995).
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Model of interaction between the agr and sar gene products (depicted in bold type)
which mediate changes in expression from the P2 and P3 promoters of agr. AgrC
and AgrA represent the sensor and response regulator, respectively, of a two
component signal transduction system. RAP (RNAIII activating protein) is encoded
within the agrD gene and is modified from a 46 amino acid pre-peptide to an
octapeptide, probably by the product of the agrB gene. RAP has been proposed as a
signalling pheromone that, probably via AgrC, leads to increased transcription from
the P2 and P3 promoters of agr in a density dependent manner (see section 1.6.1.2.2).
‘The RNAIII transcript has been shown to up- or down-regulate production of some
exoproteins, as indicated. (Not to scale).
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1.6.1.1.2.2 The agr signalling pheromone

Transcription of the agr operon from P2 is auto-regulated in a density dependent
manner by the gene product of agrD (Ji et al., 1995) (Fig. 1.2). agrD encodes a 46
amino acid residue pre-peptide which is subsequently processed, probably by the
gene product of agrB, to give an octapeptide known as RAP (RNAIII activating
protein) (Balaban and Novick, 1995; Ji et al., 1995) (Fig. 1.4). RAP accumulates
gradually during growth of a culture (Balaban and Novick, 1995) but the response
exhibits a sharp concentration dependent activation threshold (Ji et al., 1995).
Addition of exogenous RAP to early exponential phase cultures causes immediate

activation of transcription from both the P2 and P3 promoters (Balaban and Novick,

1995; Ji et al., 1995).

Interestingly, it has also been demonstrated that a secreted factor produced by one

strain of S. aureus is able to inhibit agr expression by different strains (Balaban and

Novick, 1995; J1 et al., 1997). It was found that S. aureus strains could be divided
into three groups, with members of one group inhibiting agr expression by members

of the other groups (J1 et al., 1997). Ji et al. (1997) confirmed that RAP was also
responsible for this strain specific inhibition as well as activating agr in the producing
strains. In the different strains i1t was found that RAP varied in length from 7-9

amino acid residues which were again processed from the agrD product (Ji et al.,

1997).

1.6.1.2 ar (staph occal accessorv regulator

Another regulator of exoprotein expression in S. aureus, designated sar, was
identified as a Tn917 (see section 1.7.2) transposon mutant (Cheung et al., 1992).

The strain used for transposon mutagenesis was a wild type strain of S. aureus

isolated from blood, designated DB. Transposition of Tn9I7 into the host, DB,

29



chromosome was found to be high (5 x 1074, i.e. one Tet! transposant out of every
2000 cfu). Mutants were selected for a fibrinogen binding protein negative
phenotype. One clone, designated 11D2, exhibiting this characteristic was identified
out of 17,000 clones screened following enrichment for this phenotype. The mutant
phenotype when transduced back into the parental strain DB led to a total lack of &-
haemolysin and a decrease in levels of fibrinogen and fibronectin binding proteins by
73 and 65 % respectively and extracellular protein A by 87 % compared to the
parental strain. There was an increase in serine protease and lipase activity and a 64
% increase in a-haemolysin production (Cheung et al., 1992). Southern blot
hybridisation using a probe derived from the agr locus, showed that the novel locus i1s
distinct from agr and was designated sar (staphylococcal accessory regulator)
(Cheung et al, 1992). Subsequently the sar::LTV1 mutation was phage transduced
into two other strains, one a-haemolysin negative and one haemolytic lab strain
(Cheung and Ying, 1994). Similar levels of DNase and p-lactamase were found in
the transductants compared to their parental strains, but both transductants showed
decreased levels of a-, p— and 6-haemolysin and fibronectin binding protein (FnBP).
Both transductants displayed increased protease levels. Northern blot analysis
confirmed that the levels of transcripts for both a- and p-haemolysin were decreased
throughout the growth cycle indicating that these haemolysins are regulated bsr sar at
the transcriptional level (Cheung and Ying, 1994). The regulation of o— and p-
haemolysin by the sar locus was found to begin at mid-log phase and continue into
post-exponential phase in a similar way to that in which agr regulates gene
transcription (Cheung and Ying, 1994). By Northern blot analyses it was found that
RNAIII transcript levels were significantly reduced or absent in sar mutants (Cheung

and Projan, 1994). Thus the effect of sar on o~ and p-haemolysin transcription may
be mediated via agr. Chromosomal DNA flanking the Tn917-L.TV1 insertion was

cloned and sequenced.
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1.6.1.2.1 The sar locus

The transposon was found to have inserted into an ORF of 372 bp, designated sarA
(Cheung and Projan, 1994). The sar phenotype (reduction in RNAIII levels) could be
partially complemented by the provision of an intact copy of sarA in trans. This
-suggested that the levels of RNAIII were related to a functional sarA gene possibly by
binding of SarA to the promoter region of RNAIII (Cheung and Projan, 1994).
Analysis of the SarA amino acid sequence showed that it shared homology with
DNA-binding proteins. In fact, sarA shares sequence similarity with the virF gene of
Shigella flexneri (Cheung and Projan, 1994). VirF regulates genes involved in
bacterial invasion via the control of virB, a second positive regulatory gene (Hale,
1991). Thus Cheung and Projan (1994) hypothesised that the similarity between
SarA and VirF suggested that SarA may control the expression of some exoproteins,

such as o~ and B-haemolysins by positively controlling RNAIII levels. The sequence
of the entire sar locus was found to be 1.2 kb in size. There are three overlapping sar
transcripts, designated sarA, sarC and sarB (Bayer et al., 1996; Heinrichs et al.,
1996) (Fig. 1.5). These three transcripts have common 3' ends but originate from

three distinct promoters, P1, P2 and P3 respectively (Fig 1.5). Of the three

promoters, P1 and P2 sequences are similar to those of 670 dependent promoters

whilst the P3 promoter is very similar to a B. subtilis 0B dependent promoter (Deora

et al., 1997) (see section 1.6.2.3). The sarA transcript is 0.58 kb and has a single
OREF, sarA, with a predicted molecular size of 14.7 kDa. The sarC transcript is 0.8
kb and sarB is 1.15 kb (Bayer et al., 1996). The sarB transcript encompasses the
sarA gene and two upstream ORFs (ORF3 and ORF4) encoding peptides of 39 and 18
amino acids, respectively. All three transcripts are under temporal, growth phase
dependent regulation with sarA and sarB expression at their highest during early
exponential phase and sarC expression being highest at the end of stationary phase
(Bayer et al., 1996). It was suggested that maximum agr expression was dependent

on an intact sarB transcript (Heinrichs et al., 1996) and, in fact, a single copy of the
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FIGURE 1.5

Transcription of the sar locus (modified from Bayer et al., 1996). The map of the sar
region shows the location of the three sar promoters and the approximate extent of
their transcripts. (The scale of this diagram is marked on the top, right).
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whole sar locus was found to be necessary to restore RNAIII levels in an sar mutant
to those found in wild type strains (Heinrichs et al., 1996). The SarA protein has
been found to bind to both the P2 and P3 promoter regions of agr (Morfeldt et al.,
1996; Cheung et al., 1997). It has also been suggested that the 18 and 39 amino acid
peptides encoded by the sar locus may play a role with the SarA protein at a

physiological level to influence agr transcription (Cheung et al., 1997).

It appears that sar and agr do interact at some level but also act independently in vivo

since an sar agr double mutant shows markedly reduced virulence compared to either

single mutant (Booth et al., 1997; Cheung et al., 1994).

1.6.1.2.2 The role of SigB in sar transcription

Sigma factors are proteins that bind to core RNA polymerase to form holoenzymes
that bind to, and utilise, specific promoters (Moran, 1993). Sigma factors can be
divided into two broad groups with the primary sigma factor being necessary for the
expression of housekeeping genes whose products are necessary for exponential cell
growth (Deora et al., 1997). The second group comprises the alternative sigma
factors that control expression of a wide range of genes involved in many cellular
functions. The first alternative sigma factor identified in prokaryotes was SigB of B.
subtilis (Haldenwang and Losick, 1980). SigB controls the expression of many genes
In response to several environmental stresses, such as entry into stationary phase,

starvation, heat and osmotic shock (Boylan et al., 1993). The sar P3 promoter has
been shown to be SigB dependent and thus, like other SigB dependent promoters, is

most active during stationary phase (Cheung et al., 1997). A putative operon
comprising four ORFs has recently been identified in S. aureus which showed close
similarities to the sigB operon of B. subtilis (Wu et al, 1996). The protein encoded
by the putative sigB gene of S. aureus has since been purified and found to be similar

to sigma B of B. subtilis and has thus been designated SigSB (S. aureus derived SigB
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protein) (Deora et al., 1997). It was also demonstrated that SigSB initiated
transcription from the sar P3 promoter producing a transcript of the expected size
(Deora et al., 1997). This confirms the earlier observation of a SigB-like consensus

sequence for this promoter. The importance of SigB in the regulation of virulence

has not however been established.

1.6.1.3 sae (S. aureus exoprotein expression)

Another class of pleiotropic mutant defective in the production of several exoproteins
has been identified by Tn551 mutagenesis and designated sae (S. aureus exoprotein
expression) (Giraudo et al., 1994b). The mutant showed decreased p-haecmolysis on
sheep blood agar plates, reduced DNase activity and a lack of extracellular protein A
in comparison to the parental strain. However the parental strain itself was deficient
in the production of several exoproteins, so the insertional mutation was transduced
into a strain (ISP479-C) which was positive for all characteristics tested, except for
enterotoxin A. Following transduction of the mutation into this strain it was found
that a- and p-haemolysin levels dropped by 97 and >99.9 % respectively whilst -
haemolysin remained constant compared to ISP479-C. DNase production decreased
by 75 % and the strain was coagulase and extracellular protein A negative. Cell wall
protein A, staphylokinase, proteases, lipase and acid phosphatase levels remained
unaffected. It was originally thought unlikely that sae is a positive regulatory locus
but perhaps that the Sae phenotype results from some defect at the level of protein
processing (Giraudo et al., 1994b). However, subsequent Northern blot analysis
revealed that, in an sae mutant, the genes for a- and p-haemolysins and coagulase are
not transcribed and the gene for protein A is transcribed at a lower level indicating

that the sae locus does regulate these genes at a transcriptional level (Giraudo et al.,

1997).
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An sae agr double mutant has been constructed, characterized and, in this strain, the
high coagulase levels found in an agr mutant are diminished to the near null levels
found in an sae mutant (Giraudo et al., 1996). Conversely, in this double mutant the
low levels of protein A found in the sae mutant are raised to the high levels
characteristic of an agr mutant. Also, B-haemolysin is reduced to an even lower
level than that found in either single mutant. These observations suggests that sae

and agr interact, but how and at what level is not yet understood (Giraudo et al.,

1997).

1.6.1.4 xpr (Extracellular protein regulator)

In 1992 Smeltzer et al. described a Tn551 chromosomal insertion in a S. aureus strain
which caused an almost complete abolition of expression of extracellular lipase. It
was subsequently found that this insertion affected the expression of several
exoproteins at the mRNA level with a marked reduction in transcript levels of
enterotoxin B, lipase, a- and &-haemolysin, while mRNA levels for coagulase and
protein A were elevated (Hart et al., 1993). The phenotype of this mutant was found
to be similar to that of an agr mutant. However, genetic and physical mapping
showed that insertion of TnS51 was distinct from the agr locus and that this genetic
element was in fact a new regulatory locus, designated xpr (extracellular protein
regulator) (Smeltzer et al., 1993). Due to the reduction in mRNA encoding the 8-
haemolysin, thus affecting not only 8~-haemolysin but also expression of RNAIII, it

was concluded that xpr and agr are interactive at the genetic level (Hart et al., 1993).

1.6.1.5 Other putative regulatory loci of S. aureus

A further putative regulatory locus has been identified by screening a Tn551

transposon insertion library for fibrinogen binding protein negative mutants (Cheung

et al., 1995). A mutant was found to show increased secretion of a-, B- and &-
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haemolysin compared to the parental strain and a decrease in fibrinogen binding

capacity and nil levels of cell wall protein A. This pattern was also observed when
the mutation was transduced back into its parental strain. Following pulsed field gel
electrophoresis the mutation was localised to Smal fragment B of the S. aureus
chromosome and phenotypic analysis showed that this locus was distinct to the other
regulatory loci, agr, sar and xpr, described above (Cheung et al., 1995). It has been
suggested that this locus represents a genetic element that is involved in the

expression of potential cell wall virulence determinants, such as protein A (Cheung e¢

al., 199)3).

A putative regulatory locus that affects autolysis has also been identified in S. aureus
(Brunskill and Bayles, 1996). In this work, two genes have been identified, JysS and
IytR, which share homology with genes encoding the sensor and response regulator
proteins of a two component signal transduction system (see section 1.5.1). A

mutation in the lytS gene results in an increased rate of autolysis of cells compared to

a parental strain with a functional lytS gene.

1.7 The role of environmental stimuli in virulence determinant gene

expression

The interaction between a pathogen and its host during the disease process involves
microbial survival and multiplication in the face of the rapid and vigorous defence of
the host immune system. It is thus important that a bacterium can sense the often
subtle environmental signals that indicate that it has entered a host. Such parameters
include low iron concentration, temperature, osmolarity, pH, oxygen concentration

and the concentrations of other divalent cations such as Mg2+ and Ca2+ (Mekalanos,

1992) and are discussed below.
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1.7.1 Iron

Iron is essential for the growth of virtually all ltving cells. In vivo, intracellular 1ron 1s
plentiful however extracellular iron is bound to specific iron binding proteins such as
transferrin, lactoferrin etc. and thus is not readily available. Therefore, for pathogenic
bacteria to survive and multiply in host tissues, they must possess a mechanism for
scavenging iron, often by the production of siderophores (Neilands, 1981a). These
are low molecular weight chelators and form what is known as a "high affinity” iron
transport system thus allowing bacteria to grow in environments where there is <1
uM of free iron (Neilands, 1981b). The best studied siderophore is enterobactin
(a.k.a. enterochelin), a complex phenolic derivative which, under conditions of iron
deprivation, is produced by E. coli, Klebsiella pneumoniae, S. typhimurium and some
species of Shigella (O'Brien and Gibson, 1970; Pollack and Neilands, 1970; Rogers,
1973; Rogers et al., 1977; Perry and San Clemente, 1979). A novel hydroxamate-

type siderophore was found in some clinical 1solates of E. coli in 1979 and was later

confirmed to be aerobactin (Warner et al., 1981; Williams, 1979).

Another mechanism for iron acquisition by bacteria is the production of haemolysins

to release iron from intracellular haem and haemoglobin present in erythrocytes
(Litwin and Calderwood, 1993). However, not all pathogens which produce
haemolysins are able to utilise the iron from haem since it is quickly complexed by

haptoglobin in the host as a defence mechanism.

The molecular basis of transcriptional regulation by iron has been most studied in E.
coli in which co-ordinate regulation of gene expression by iron relies on the product
of a single gene, fur (ferric uptake regulator). The protein product of the fur gene
functions as a co-repressor with ferrous iron via interaction with the promoter region
of Fur-regulated genes, including aerobactin. Using a transcriptional fusion between

lacZ and the promoter of the acrobactin gene it was demonstrated that aecrobactin
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expression is repressed by iron and that this regulation occurs at the transcriptional
level (Bindereif and Neilands, 1985). It has been shown that production of shiga
toxin by S. dysenteriae is repressed in the presence of excess iron and conversely is
enhanced under conditions of iron deficiency (Litwin and Calderwood, 1993; Van
Heyningen and Gladstone, 1953). In S. aureus, it has been found that deficiency of
iron up-regulates activity of the accessory gene regulator and production of a-

haemolysin (P. F. Chan, personal communication).

1.7.2 Temperature

Temperature is an obvious environmental cue to signal that an organism has entered a
host. The transition from usually low ambient temperature to mammalian or avian
body temperature causes marked changes in virulence determinant production in
several organisms. For example, in B. pertussis the bvgA and S genes encoding a two

component regulator system (see section 1.5.1) undergo thermoregulation (Melton
and Weiss, 1989). The products of these two genes co-ordinately regulate production

of several virulence determinants.

In §. flexneri, a change from 30 °C to 37 °C causes the organism to become fully
virulent and invasive (Maurelli et al., 1984). Virulence gene expression is mediated
in response to increased temperature, by de-repression of a set of genes and steady
state expression of these genes at 37 °©C (Maurelli et al., 1992). The virR gene of
Shigella 1s allelic to hns which encodes a histone-like protein that binds to DNA,

increases 1ts thermal stability and strongly inhibits initiation of transcription (Maurelli
et al., 1992; Spassky et al., 1984). H-NS 1s believed to mediate changes in DNA

supercoiling, by a mechanism which is not yet understood, and thus repress gene
transcription (Maurelli et al., 1992). Therefore the ability of Shigella to withstand

changes in temperature and co-ordinate a regulatory response could be achieved by
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the temperature regulation of virR expression. It is possible that this model may be

applicable to other temperature sensitive systems in other organisms.

1.7.3 Osmolarity

Osmolarity has also been noted as an environmental signal affecting virulence gene

expression in several different pathogens. For example, production of enterotoxin,

Yst by Yersinia enterocolitica can be induced when osmolarity is increased to that
found in an intestinal environment (Alvydas et al., 1994). In Listeria monocytogenes
cultures, production of a haemolysin is stimulated in the presence of 2.5 % (w/v)
NaCl (Dallmier and Martin, 1990). Some organisms are extremely sensitive to
osmotic levels. In particular, expression of cholera toxin by V. cholerae is optimal at
66 mM NaCl but expression is inhibited at <60 mM or > 250 mM NaCl (Gardel and
Mekalanos, 1994). In S. aureus high salt concentrations (1.2 M NaCl) resulted in a
16-fold decrease in production of enterotoxin C (Regassa and Betley, 1993). From
work done with E. coli, S. typhimurium and S. aureus it appears that one mechanism
of control exerted by osmolarity may be the effect on DNA supercoiling (Higgins et

al., 1988; Sheehan et al., 1992). In S. aureus, NaCl (0.7 M) causes DNA to become

more negatively supercoiled which has been shown to cause a decrease in production
of epidermolytic toxin A (Eta) (Sheehan et al., 1992). It is well established that
promoter activity is influenced by the level of DNA supercoiling. Higgins et al.,

(1988), have shown that an increase in extracellular osmolarity increases in vivo DNA

supercoiling, this seems to be responsible for induction of at least one genetic locus,
proU, in E. coli and S. typhimurium. proU plays a role in adaptation to growth at

high osmolarity (Higgins et al., 1988). The proU locus encodes a glycine-betaine
transport system which not only balances external osmolarity, but also protects

intracellular proteins against denaturation by high ionic strength.
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1.7.4 pH

The ability of pathogens to survive the changes in pH during passage through the host
digestive tract can be an important factor in their ability to cause disease. Indeed,
changes in pH can be interpreted as a signal of exactly where the pathogen is. For
example, Vibrio cholerae needs to pass through the low pH of the stomach, penetrate
the mucus gel layer of the small intestine where pH is more alkaline and then grow
and produce cholera toxin. Cholera toxin is optimally produced at pH 8.0 (Gardel
and Mekalanos, 1994). Expression of genes in other organisms can also be affected
by pH, including the pagC gene of S. tyhphimurium, which is controlled by the
phoPQ regulon, is necessary for survival in macrophages and 1s increased in media of

low pH (Miller et al., 1989a).

1.7.5 Anaerobiosis

Changes in oxygen levels can indicate that an organism is entering a host. For
example, an anaerobic micro-environment at the site of infection is an environmental
signal which can induce an invasive phenotype (Dorman, 1994). It has been shown
that growth of S. typhimurium under anaerobic conditions leads to increased invasion
in tissue culture cell models (Emst et al., 1990; Francis et al., 1992). In addition,
some enteric promoters are sensitive to both osmolarity and anaerobiosis which
suggests there might be a collaborative response to those environmental stimuli which

indicate that up-regulation of genes necessary for an invasive phenotype is required

(Dorman, 1994; Ni Bhriain et al., 1989).

It has been suggested that anaerobiosis can affect the level of supercoiling in
chromosomal DNA and it is possible that these changes can play a role in modulating

gene expression in response to anaerobic growth (Yamomoto and Droffner, 1985;

Higgins et al., 1988).
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1.7.6 Divalent cations

1.7.6.1 Cat

The level of available calcium has been increasingly implicated in a number of

bacterial functions, including differentiation, chemotaxis, heat shock and
pathogenicity (Norris et al., 1996). For example, in Yersinia species a virulence
associated phenomenon known as the low-Ca2+ response (Icrt) confers on the
bacterium a dependence on Ca?* for growth at 37 °C and expression of some
virulence determinants of Y. pestis (Straley and Bowmer, 1986). In addition, the
threshold of haemolysin induction in Actinobacillus pleuropneumoniae serotype 1 is
approximately 700 uM free Ca2+ which is the concentration found in blood serum
(Frey and Nicolet, 1988). Calcium and magnesium ions have been shown to repress

transcription from the promoters of the cell wall protein gene operon of Bacillus

brevis (Adachi et al., 1991).

In E. coli, DnaK, the equivalent of the eukaryotic heat shock protein 70, is induced by
stress and has an autophosphorylation activity that is stimulated 10-fold by calcium in
vitro (Norris et al., 1996). It has been shown in vivo that phosphorylation of DnaK
increases with temperature (Sherman and Goldberg, 1993). Although the calcium
dependence of this phosphorylation is not known, it has been suggested that calcium
levels may serve as part of an intracellular thermometer (Norris et al., 1996). A
region of DnaK has been shown to have 60 % homology to a classic calmodulin
binding site (Stevenson and Calderwood, 1990). Calmodulin is the most common
small acidic Ca?+ binding protein found in eukaryotic cells and via which calcium
regulates a number of cellular processes. Calmodulin has been shown to activate
enzymes involved in eukaryotic cellular regulation (Swan et al., 1987). Although the

role of calcium binding proteins in bacteria is not well understood, calmodulin-like

41



activity has also been reported in B. subtilis, E. coli and Streptomyces erythraeus (Fry

et al., 1991: Iwasa et al., 1981; Swan et al., 1987).

1.7.6.2 Mg2+

Several studies have been carried out to determine the effects of magnesium
concentration on toxin production in pathogens, n particular TSST-1 in S. aureus.
Mills et al. (1986) found that increasing the concentration of Mg2+ from 40 pM to 400
uM in a CDM caused a reduction in TSST-1 production, but a concomitant increase
in growth. Similarly, the rate of TSST-1 production was greater in the presence of 20
uM than 1.3 mM. Similar experiments using higher concentrations of Mg2+ (25 uM-
1.5 mM) showed that Mg?+ concentration did not affect production of TSST-1
(Schlievert, 1985). Both these experiments were performed using batch cultures
which makes it difficult to measure the effects of changing a single component of a

growth medium. However, using a chemostat continuous culture, Taylor and Holland

(1989b) showed that, in a Mg+ limited medium, the rate of TSST-1 production is

reduced.

1.8 Rationale for this project

It can be seen that there are many factors involved in the response of S. aureus to its
environment and the consequential regulation of production of virulence
determinants. The ways in which these environmental signals cause changes in gene
expression is only partially understood. In addition, it remains unclear how, and at
what level, the regulators which have been identified to date interact to effect an
appropriate response to a changing environment. For this reason it was considered
necessary to examine a wide range of environmental stimuli in order to identify those

conditions which affect virulence gene expression via the major global regulator, agr.

It also seems likely that there are other regulators involved in this complex response

42



system of S. aureus. Thus, the work described in this thesis addresses this hypothesis
in the attempt to further clarify the mechanism of control of pathogenicity by this

organism.
1.9 Reporter gene fusions as tools for analysing gene expression

Reporter gene fusions work by inserting promoterless genes encoding a measurable
gene product downstream of a promoter of interest. Thus, when the promoter 1s
transcriptionally active, the reporter gene is transcribed and the resulting gene product
can be assayed to give a quantitative measure of promoter activity. Fusions can be
made such that the reporter is either transcriptionally or translationally fused to the
gene of interest. The use of gene fusions now constitutes a well established method
for the study of gene expression and characterization of transcriptional control signals
(Silhavy and Beckwith, 1985). Reporter gene fusions have been constructed in a
wide variety of bacteria including Bacillus species, L. monocytogenes, Mycobacteria
and, of course, S. aureus (Gordon et al., 1994; Park et al., 1992; Wang et al., 1987;

Zuber and Losick, 1983). There are several different reporter gene systems in use.

1.9.1 Classes of reporter genes

Gene fusions using the lacZ gene, which encodes B-galactosidase, have been used
since the early 1970's (Silhavy and Beckwith, 1985). The lac system is probably the
most widel} used reporter gene system, partly because the lac operon has been one of
the most intensively studied genetic systems, so that the genetic and biochemical
aspects of this system are well understood (Silhavy and Beckwith, 1985). In addition
there are several substrate systems which are available. The lacZ reporter gene
system can be used in both transcriptional and translational fusion studies thus
providing a method for distinguishing transcriptional from post-transcriptional

control.
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Another reporter gene system in wide use employs luciferase encoded by the lux
operon. Activity is measured by bioluminescence. The advantage of this reporter
gene system is that very low levels of luminescence can be detected, for example,
transduction of Salmonella with the luxAB genes (which encode luciferase) has
demonstrated that after one hour as few as 10-100 cells can be detected (Stewart et
al., 1989). Also the direct measurement of in vivo function without disruption of the
cell and loss of viability is a major advantage. However, this system cannot easily be
used under anaerobic conditions, interpretation of the intensity of light emission can
be complicated and changes in intensity of in vivo bioluminescence is dependent of
the level of luciferase and is substrates (Meighen, 1991). lux gene fusions have been
used to detect and measure the strength of promoters under temporal or other
regulation during sporulation and germination of Bacillus (Stewart et al., 1989) and
the osmotic regulation of E. coli (Park et al., 1989). In S. aureus, a lux reporter gene

fusion to the st promoter has been used to study the expression of TSST-1 (Timmins

et al., 1995).

B-lactamase has been used as an indicator/reporter for analysing gene expression and
its regulation in S. aureus. The staphylococcal B-lactamase gene (blaZ ) has been
used to create transcriptional and translational fusions, and in fact transcriptional
fusions were used to elucidate the activities of the three promoters of the agr locus
(Komblum et al., 1990). The advantage of using p-lactamase as a reporter gene
system is that assays are rapid and straightforward and yet it has been shown that the
system 1s sensitive enough to detect activity corresponding to one molecule of
enzyme per 103 cells (Novick, 1962). Also a variety of colorimetric assays for B-

lactamase activity exist (Sykes and Matthew, 1979).

Various other reporter genes have been used to a lesser extent in bacteria including

gus and cat.



CHAPTER 2

Materials and Methods
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2 MATERIALS AND METHODS

Components of all the following media and buffers are given in appendix A.

2.1 Media

S. aureus was grown in several media, including two chemically defined media and
Tryptic Soy Broth (TSB). However, except where stated otherwise in the following
text, Brain Heart Infusion (BHI) was routinely used. Unless stated otherwise, Agar

No. 1 [Oxoid] (1 % w/v) was used to make agar plates. Luria-Bertani broth or agar

was used for the growth of E. coli.
2.2 Antibiotics/inhibitory agent

Antibiotic solutions used in this study are listed in Table 2.1. The stock solutions
were filter sterilised where necessary, stored at -20 °C and added to media as

appropriate once the media cooled to below 60 °C. Concentrations of antibiotics/
inhibitory agent used for selection were as in Table 2.1, unless stated otherwise in the

fext.

2.3 Chemicals and enzymes

In general, all chemicals and enzymes were of analytical grade and were obtained
from either Sigma, Fisons or BDH, unless otherwise stated. X-Gal (5-bromo-4-
chloro-3-indolyl-p-D-galactopyranoside) (Northumbria Biologicals Limited (NBL))
was dissolved in dimethylformamide (DMF) to 20 mg/ml and stored at -20 °C. All
restriction enzymes, T4 ligase and buffers for restriction and ligation were purchased

from Bethesda Research Laboratories (BRL), NBL or Promega. RNase A (DNase-
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Antibiotic/Inhibitory Stock solution Working conc.
agent

Ampicillin (Amp) 50 mg/ml 1n H,O

Cadmium (Cd) CdCl, (25 mM ) 1n H,O
Chloramphenicol (Cm) 30 mg/ml in 95 % Ethanol
Erythromycin (Em) 10 mg/ml in 50 % Ethanol
Spectinomycin (Sp) 100 mg/ml 1in H,0

TABLE 2.1
. 'Antibiotics/i.nh.ibitory agent used in this study.
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free) was purchased from Sigma, dissolved in distilled water to 10 mg/ml, and stored
at -20 °C. Lysozyme solutions were prepared fresh on the day of use. Lysostaphin
(Applied Microbiology Inc.) was dissolved in 20 mM sodium acetate to 5 mg/ml.

Pronase E (Sigma) was dissolved in TES to 10 mg/ml, predigested for 30 minutes at
37 °C, and stored at -20 °C. Phenol was purchased pre-equilibrated from NBL. The

constituents of all the buffers and solutions used in this work are described 1n

Appendix A.

2.4 Bacterial strains, plasmids and phages

Bacterial strains and plasmids used in this study are listed in Tables 2.2 and 2.3,
respectively. Two bacteriophages (¢11 and $85) were used. Both are S. aureus
specific, temperate, transducing phages of serological group B (Novick, 1991),
requiring Ca?* ions for maintenance. Both phages have a genome of approximately

45 kb 1n size (Novick, 1991).

2.5 Bacterial maintenance, culture and storage conditions
2.5.1 S. aureus strains

S. aureus strains were grown on BHI agar plates, containing antibiotics as required.
Strains were grown at 37 °C unless otherwise stated. Plate cultures were stored at 4
oC for up to 2 weeks. Long-term storage of strains was at -20 °C in TSB containing
20 % (v/v) glycerol. Liquid cultures were normally inoculated with a colony from an
~.overni ght plate into 250 ml flasks containing 100 ml of culture mediiim and were

aerated by shaking on a rotary shaker at 250 rpm.
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_ Stain__ Relevant characterstis | __Souree _

S. aureus:

NCTC 8325
NCTC 8325-4
RN4220

WA250

SH100

SH101

XL2-Blue
MRF

TABLE 2.2

General laboratory strain Novick, 1990

Strain 8325 cured of 11, ¢12 and ¢13 prophages | Novick, 1990

Restriction minus, modification plus strain based | Novick, 1990

on 8325-4

8325-4 containing Tn551 within the agr locus Morfeldt et al.,

1988

RN4220 containing a chromosomally integrated
copy of pHF23 to give hld::lacZ fusion and Em!

This study

8325-4 containing a chromosomally integrated
fragment of genomic DNA from SH100,
containing pHF23 to give hld::lacZ fusion and

EmT

This study

RN4220 containing a chromosomally integrated
copy of pHF25 to give hld::lacZ fusion and Cm!

This study

SH100 containing a chromosomally integrated
switching casette, pEr::Sp to change EmI to Spf

This study

A(mcrA)183, A(mcrCB-hsdSMR-mrr)173, endAl,
thil, recAl, gyrA96, relAl, lac[F,proAB,

lacl9ZAM15, Tnl0, (Teth)] AL, su~ (non-
suppressing)

F-(¢80AlacZM15), endAl, thil, recAl, gyrA96,

relAl, deoR, supE44, hsdR17 (re-My™)
A(lacZYA-argF) U169 ‘ |

A(mcrA)183, A(mcrCB-hsdSMR-mrr)173, endAl, | Stratagene
;upE44, thil, recAl, gyrA96, relAl, lac [F,

proAB, lacl9ZAM15, Tnl0 (Tetf), Cm]

Bacterial strains used in this study. |
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pUBSI pUC18 (see below) with multiple cloning site from
pBluescript II KS (+/-) phagemid

pAZ106 Suicide vector for use in Gram +ve bactena,
promoterless lacZ with spoVG 1bs, bla and erm

pEr:Sp pIC56 with Erf::Spr

pEr:Cm pIC56 with Erf::Cmf

pTKlac Suicide vector for use in Gram +ve bacteria,
promoterless lacZ with spoVG rbs, bla and cat

pUC18 E. coli plasmid cloning vector, bla

PRN3208 | TnS51 delivery vector, Cd', cat, erm

pEXO pSP64 containing 770 bp fragment of Tn357 plus 3.8 kb
of S. aureus flanking chromosomal DNA

pEX7 pSP65 containing a 2.1 kb BglIl/Pst fragment
containing the hld gene of the agrlocus

pLTV1 Tn917 delivery vector, tet, erm, bla

pLTV3 Tn917 delivery vector, tet, erm, phe

pHF21 677 bp Pstl/EcoRYV fragment of agr in Pstl/EcoRV
digested pUBS1

pHF23 Xbal/EcoRYV 701 bp fragment from pHF21 in
Xbal/Smal digested pAZ106

pHF24 701 bp BamHU/HindIlI fragment of agr from pHF21 in
BamHI/HindlII digested pTKlac

pHF25 1.8 kb Asp700/EcoRY fragment of agr (from pEXO0) in
Smal digested pTKlac

pHF26 As pHEF25, except insert in opposite orientation

pHF30 1.2 kb EcoRI digested PCR product comprising the 3
end of Tn917 and flanking chromosomal DNA from
strain 10.1 in EcoRI digested pUBSI

pHF31 1.5 kb EcoRl digested PCR product comprising the 3'

" end of Tn917 and flanking chromosomal DNA from

strain 5B.1 in EcoRI digested pUBS|1

TABLE 2.3

Plasmids used in this study.
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Foster, 1995
Kemp et al., 1991

Steinmetz and Richter, 1994
Steinmetz and Richter, 1994

Kenney and Moran, 1991

Vieira and Messing, 1982
Novick, 1991

Morfeldt et al., 1988
Janzon and Arvidson, 1990

Camilli et al., 1990
Camilli et al., 1990

This study
This study
This study
;Ihis study
This study .

This study

This study



2.5.2 E._coli strains

E. coli was grown on LB agar plates, containing antibiotics if necessary to ensure the
maintenance of plasmid bearing strains. Plate cultures were stored at 4 °C for 2
weeks before re-streaking onto fresh agar plates. Liquid cultures were prepared in a
similar manner to S. aureus except that the strains were grown in LB broth. All E.
coli cultures were incubated at 37 °C. For long-term storage, E. coli strains and their

plasmid-bearing derivatives were stored in LB broth plus 20 % (v/v) glycerol at -20

oC and/or -70 °C.
2.5.3 Plasmid and chromosomal DNA

Purified plasmid or chromosomal DNA was stored in TE buffer at 4 °C (short-term

storage) or -20 °C (long-term storage).
2.6 Phage techniques

2.6.1 Preparation of S. aureus phage lysates (Lindsav. pers. comm.

5. aureus donor strains were inoculated into TSB and incubated overnight at 37 ¢C
with shaking (250 rpm). This overnight culture was used to inoculate (ODgg, 0.05)
25 ml fresh TSB which was then incubated at 37 °C with shaking (250 rpm) for three
hours until mid-log phase. Culture (3 ml) was centrifuged (10,000 rpm, 5 min, RT)
and resuspended in fresh TSB (5 ml). Phage buffer (5 ml) and approkimately 30 pul of
stock lysate (¢11 or ¢85 propagated on 8325—4) was 'adcieci. A ratio of éélis:phage of
approﬁ(imately 20:1 i1s required. ‘The mixture was incubated at RT for 10 minutes and
then transferred to a slow shaker (approximately S0 rpm) at 30 °C for 2-3 hours. If

the cells had not lysed by this time they were left overnight at 25 C without shaking.
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The resulting phage lysate contained approximately 107-1010 pfu/ml. The lysate was

filter sterilised and stored at 4 °C.

2.6.2 Phage transduction (Mani et al., 1993)

S. aureus 8325/4 (or SH106, as required) was inoculated into LK broth (50 ml) and
incubated overnight at 37 °C with shaking (250 rpm). The culture was then
centrifuged (10,000 rpm, 10 min, RT) and resuspended in LK broth (2.5 ml).
Aliquots (0.5 ml) were mixed with LK broth (1 ml) containing 10 mM CaC(Cl, and
phage lysate (section 2.6.1) (0.5 ml) was added. The mixture was incubated for 25
minutes at 37 °C without shaking and then for 15 minutes at 25 °C with shaking (250
rpm). Ice-cold Na-citrate (1 ml, 0.02 M) was added and the mixture was centrifuged
(10,000 rpm, 10 min, 4°C). The pellet was resuspended in ice-cold Na-citrate (1 ml,

0.02 M) and kept on ice for 2 hours. The cells were then spread onto LK agar plates
in 100 pl aliquots and incubated at 37 °C for 2-3 hours until a sheen of growth could

be seen. The plates were then overlaid with LK top agar (5 ml) containing 30 pg/ml
erythromycin and incubated for up to 2 days at 37 °C. Any resulting colonies were

putative phage transductants.
2.7 Transformation
2.7.1 Preparation of competent E. coli cells (Hanahan et al., 196

A scoop of cells from a fresh overnight plate was inoculated into SOB medium (1 ml)
and mixed by vortexing. Cells were inoculated into prc-warﬁled (37 °C) SOB
medium (100 ml) in a 1 1 flask and incubated at 37 °C with shaking (150 rbm) until

cell density reached ODggpo 0.5. The culture was chilled on ice for 15 minutes and

cells pelleted by centrifugation (3,000 rpm, 15 min, 4 °C). The supernatant was

removed and the pellet was resuspended in frozen storage buffer (FSB, 33 ml) by
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vortexing. The cells were held on ice for 10-15 minutes and centrifuged and drained

as before. The pellet was resuspended in 1/12.5 of the original volume of FSB (8 ml)
and DMSO (3.5 %) was added and the tube swirled for 5-10 seconds. The cells were
stored on ice for 5 minutes, a second equal volume of DMSO was added, followed by
further storage on ice for 10-15 minutes. Aliquots of cells (220 pl) were transferred

to microfuge tubes and flash frozen using ethanol/dry ice. The tubes were either used

immediately or stored at -70 °C.

2.7.2 Transformation of E. coli strains DHS¢ or XI1.OLR

A competent cell suspension (Hanahan et al., 1991) (200 ul) was transferred to a pre-
chilled microcentrifuge tube and mixed with DNA (approximately SO ng) in a volume
of 20 ul. After 40 minutes storage on ice, the tube was transferred to 42 °C for 90

seconds, and then immediately chilled on ice for 2 minutes. SOC (0.8 ml) was added
to the cells, which were then incubated for 45 minutes at 37 °C to allow the

expression of plasmid encoded antibiotic resistance markers. Dilutions of the

transformed cells were plated on to LB agar containing ampicillin (50 pg/ml) and then

incubated overnight at 37 °C until colonies were visible.

2.7.3 ansformation of F. coli XI1.2-Blue MRF' ultracompeten

cells (Stratagene)

Ultracompetent cells were thawed on ice and gently ﬁlixed by hand. Cells were |
ahquoted (100 pl) into pre-chilled 20 ml stenle umversals and B-mercaptoethanol

(Stratagcne) (1.7 nl) added to give a ﬁnal concentration of 25 mM. The contents of
the tube were mixed gently and held on ice for 10 minutes, swirling gently every 2

minutes. DNA (50 ng) was added to the cells and swirled gently and the tubes were
held on ice for 30 minutes. The tubes were heat shocked in a water bath at 42 °C for

30 seconds and then held on ice for 2 minutes. Preheated (42 °C) NZY broth (0.9 ml)
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was added to the tubes and they were then incubated at 37 °C for 1 hour with shaking
at 250 rpm. Transformed cells (200 pl aliquots) were plated onto LB agar containing

ampicillin (50 pg/ml) and incubated overnight at 37 °C.

2.7.4 Electroporation of S. aureus (Schenk and I.adagga, 1992)

2.74.1 Preparation of electro-competent cells

Cells to be transformed (S. aureus strain RN4220) were grown overnight in B2 broth

at 37 oC with shaking (250 rpm). An aliquot (1 ml) was used to inoculate 25 ml of
fresh B2 broth and incubated at 37 °C, with shaking, until ODggg of 0.5 was reached.

The culture was transferred to a sterile tube and centrifuged (5,000 rpm, 10 min, RT).

The pellet was washed 3 times by resuspension and centrifugation (5,000 rpm, 10

min, RT) with an equal volume (25 ml) of sterile H,O at RT, once in a fifth volume (5
ml) of sterile glycerol (10 % v/v) and once 1n a one tenth volume (2.5 ml) of sterile
glycerol (10 % v/v). Following final resuspension in 2.5 ml of sterile glycerol (10 %
v/v), the cells were incubated at RT for 15 minutes without shaking. The cells were
then harvested (5,000 rpm, 10 min, RT) and resuspended in glycerol (0.8 ml, 10 %
v/v). Cells (70 ul) were then removed to a sterile microfuge tube containing dried

DNA (1 pg) and mixed, or removed to a sterile microfuge tube, flash frozen and

stored at -70 °C until required.

2.7.4.2 Electrogoratidn protocol

For électroborati‘on, 60 pl of each 70 ul aliquot with DNA was i'emoved to a sterile
electroporation cuvette (0.2 cm) and electroporated using a Gene Pulser (BioRad) at
20 °C, 100 ohms resistance, 25 mF capacitance and 2.5 kV. Fresh B2 broth (1 ml)
was added to the cuvette, mixed ﬁ_nd transferred to a sterile universal. Erythromycin

(0.05 pug/ml) was added, where appropriate, and cells were then incubated for 1 hour
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at 37 °C to allow induction of antibiotic resistance. The cells were then plated in 100

ul aliquots onto TSB agar containing appropriate antibiotics and incubated overnight

at 37 °C.

2.7.5 Transformation of S. aureus by protoplasting (Novick, 1991)

S. aureus strain RN4220 was inoculated into 2X BHI broth (50 ml) in an acid-washed
Ehrlenmeyer flask (250 ml) and grown to mid-log phase (ODggo ~2.5). The culture
was then centrifuged (5,000 rpm, 10 min, RT), resuspended in 2X BHI (50 ml) and
then centrifuged (5,000 rpm, 10 min, RT). The pellet was then resuspended in sterile
SMM (10 ml). Lysostaphin was added (50 pg/ml) and the mixture was incubated for
15-20 minutes at 37 °¢C without shaking. The protoplasts were centrifuged (1,200
rpm, 7 min, RT) and resuspended in sterile SMM (5 ml). DNA (10 pg in 0.25 ml TE)

was added to 2X SMM (0.25 ml) in a sterile universal and then the protoplasts (0.5
ml) were added. PEG 8000 (1.5 ml, 40 % w/v) was added immediately and mixed by

gentle inversion. After 2 minutes, SMMP (5 ml) was added and protoplasts were
collected by centrifugation (1,200 rpm, 7 min, RT). The pellet was resuspended in
SMMP (1 ml) containing chloramphenicol (0.15 pg/ml), where appropriate, and
incubated at 32 °C with gentle shaking (100 rpm) for 2-3 hours. Aliquots (100 pl)

~ were then plated onto DM3 agar containing appropriate antibiotics and incubated for

up to 5 days at 37 °C.

2.8 DNA ‘puriﬁcat'ion techniques

2.8.1 Small scale plasmid preparation from E. coli

Plasmid-bearing cells were grown overnight at 37 °C in 15 ml LB containing
ampicillin (50 pg/ml), inoculated from a single colony. The culture was then

centrifuged (3,000 rpm, 10 min, RT) and the cells were resuspended in 100 ul of
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plasmid preparation solution I in a microcentrifuge tube. Lysozyme (5 pl, S0 mg/ml |
in 10 mM Tris-HCI [pH 8]) was added, mixed briefly by vortexing and incubated at
RT for 5 minutes. Plasmid preparation solution II (200 pl) was added, mixed by
gentle inversion 5 times and incubated at RT for 5 minutes. Ice-cold plasmid
preparation solution III (150 ul) was added and mixed thoroughly by inversion 5
times to ensure dispersal of solution III through the lysate. Following storage on ice
for 10 minutes, the white precipitated debris was pelleted by centrifugation (10,000
rpm, 5 min, 4 °C), and the supernatant transferred to a fresh tube. The plasmid DNA
was then precipitated by the addition of 100 % (v/v) ethanol (950 ul) and storage on
ice for 2 minutes. The plasmid DNA was then pelleted by centrifugation (10,000
rpm, 10 min, 4 °C). The supernatant was aspirated off and the pellet air dried and
resuspended in TE (100 ul) containing RNase A (10 mg/ml). The plasmid DNA was

incubated for 20 minutes at 37 °C and then cleaned using a Gene Clean kit (Anachem)

(see 2.8.2).

2.8.2 Gene Cleaning of plasmid DNA (Anachem)

To plasmid DNA in a microfuge tube, Nal (3X volume, 6 M) was added, followed by
10 pl glass milk suspension from the Gene Clean kit (Anachem). For purifying DNA
from agarose gels, the agarose was dissolved in 3 volumes of the Nal stock solution

(6 M) at 45-55 °C prior to addition of glass milk. The tube was stored on ice for 5
minutes, mixing at 1 minute intervals and then centrifuged (10,000 rpm, 5 sec, RT).

" The supernatant was removed and the pellet washed 3 times in ice cold New Wash
(Anachem) (0.5 ml), centrifuging between each wash (10,000 rpm, 5 sec, RT). After
the final wash, TE was added (1-2)( vol'ume of glass milk used) and the tube heated at
45-55 °C for 3 minutes. The glass milk was pelleted (10,000 rpm, 30 sec, RT) and the

supernatant, containing purified plasmid DNA, was transferred to a clean tube.
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2.8.3 aree scale plasmid preparation from F. coli (or S. aure

Plasmid-containing cells were grown overnight at 37 °C, with shaking (250 rpm) in
LB broth (or BHI for S. aureus) (500 ml) containing appropriate antibiotic and were
harvested by centrifugation (10,000 rpm, 2 min, RT). The pelleted cells were
resuspended in plasmid preparation solution I (18 ml). Freshly prepared lysozyme
(0.4 ml, 50 mg/ml), (and lysostaphin (180 ul, 5 mg/ml) for S. aureus) was added and
mixed briefly by vortexing. The preparation was incubated at RT for 10 minutes for
E. coli (or at 37°C for 30 minutes for S. aureus). Freshly prepared plasmid
preparation solution II (40 ml) was added, mixed thoroughly by gentle inversion 5
times and then incubated at RT for S minutes. Plasmid preparation solution III (20
ml) was added and the contents mixed by shaking several times. Following storage
on ice for 10 minutes, the white precipitated debris was pelleted by centrifugation

(4,000 rpm, 15 min, 4 °C). The supernatant was then filtered into a fresh tube through
4 layers of cheesecloth. The plasmid DNA was precipitated by the addition of

isopropanol (0.6 volume), and stored at RT for 10 minutes. The plasmid DNA was
pelleted by centrifugation (5,000 rpm, 15 min, RT). The pellet was then rinsed with
70 % (v/v) ethanol (5 ml) at RT and, following removal of ethanol, air dried and
dissolved in 1 ml TE (pH 8.0) and split between 3 minifuge tubes. The plasmid DNA

was then purified by precipitation with polyethylene glycol (PEG).
284 Polvethylene Glycol (PEG) purification of D

To plasmid DNA in a volume of 0 3 ml TE, half volume of ice cold LiCl (150 ul, 10
M) was added. The samples were rmxed well and, after ccntnfugatlon (10 000 rpm,
10 min, 4 °C), supernatants were transferred to fresh microcentrifuge tubes. An equal
volume of isopropanol was added and the DNA pelleted (10,000 rpm, 10 min, RT).
The supernatant was discarded and the pellets washed with 70 % (v/v) ethanol at RT,

The pellets were air dried and subsequently combined into one microfuge tube,
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dissolved in TE (0.5 ml) containing DNase-free RNase (10 mg/ml). The tube was
then stored at RT for 30 minutes. NéCl (1.6 M) containing 13 % (w/v) PEG 8000
(0.5 ml) was added and the solution mixed well. The plasmid DNA was recovered by
centrifugation (12,000 rpm, 5 min, 4 °C). The supernatant was aspirated and the
pellet dissolved in TE (pH 8.0) (0.4 ml). The solution was extracted once with

phenol, once with phenol/chloroform and once with chloroform (see section 2.8.5).

2.8.5 Phenol/chloroform purification of DNA

To DNA in TE, an equal volume of phenol was added and, after mixing by vortexing,
was centrifuged (10,000 rpm, 10 min, RT). The mixture separated into an upper layer
of aqueous DNA and a lower layer of phenol. The aqueous layer, containing plasmid
DNA, was removed io a clean microfuge tube and one half volume of phenol and one
half volume of chloroform/isoamylalcohol (24:1) was added. After mixing by
vortexing and centrifugation (12,000 rpm, 5 min, RT) the upper aqueous layer was
again removed to a new microcentrifuge tube containing an equal volume of
chloroform/isoamylalcohol and mixed gently. After centrifugation (12,000 rpm, 2

min, RT) the top aqueous layer was removed to a fresh tube and the DNA

precipitated with ethanol (see 2.8.6).

2.8.6 Ethanol precipitation of DNA

DNA was precipitated by the addition of 0.1 volume of 3 M sodium acetate (adjusted -
to pH 4.6 with acetic acid), and 2-3 volumes of ice-cold absolute ethanol. The
preci'pitate'd DNA was f)eileted by c'entrifugzation (10,000 rprﬂ, 15 min, 4 '°C),*and the
pellet was washed with ice-cold ethanol (70 % v/v). The supernatant was removed,

the pellet air dried and then dissolved in TE.
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2.8.7. hromosomal DNA preparation

Chromosomal DNA was isolated and purified using a QIAGEN 100/G kit according
to the manufacturer's instructions, as follows. The S. aureus strain of interest was
inoculated into 10 ml of TSB from a single colony and incubated overnight at 37 °C
with shaking (250 rpm). The cells were pelleted (3,000 rpm, 10 min, RT) and
resuspended 1n 3.5 ml of buffer 1 (QIAGEN) containing 200 pg/ml RNase A. After
vigorous vortexing, lysostaphin (30 ul, 5 mg/ml) and pronase (100 pul, 20 mg/ml) were
added and incubated for 30 minutes at 37 °C. To the clear suspension, buffer 2
(QIAGEN) (1.2 ml) was added and briefly vortexed. The tube was then incubated at

50 °C for 30 minutes.

The cell lysate was applied to a QIAGEN 100/G tip equilibrated with buffer QBT
(QIAGEN) (4 ml). Once the flow had stopped the tip was washed twice with buffer
QC (QIAGEN) (7.5 ml). The genomic DNA was eluted into a sterile 50 ml tube by
adding S ml of buffer QF (QIAGEN).

Genomic DNA was precipitated by adding 3.5 ml of isopropanol and inverting the
tube 20 times and then pelleted (5,000 rpm, 10 min, RT) and washed with 70 % (v/v)
ice-cold ethanol. The supernatant was discarded and the pellet dried in a vacuum

desiccator. The DNA was dissolved in 250 ul TE.

29 In vitro DNA manipulation techniques
29.1 - DNAligation

All ligations were incubated at 14 °C overnight except for blunt-end ligations which

were incubated at 4 °C for 48 hours.
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29.1.1 ‘Standard DNA ligation

To linearised plasmid vector DNA in TE buffer, DNA insert was added to a ratio of
1:3. Sterile distilled H,O was added up to 8 ul and then T4 DNA ligase buffer (1 pl,

10X) and 3 Weiss units (1 ul) of T4 DNA ligase were added.

2.9.1.2 Self-ligation of Tn9/7 and flanking chromosomal DNA

To 250 pl of digested DNA (1 pg) in TE buffer, 30 pl of 10X ligase buffer and 3
Weiss units (1 ul) of T4 DNA ligase were added. The solution was then made up to

300 ul with sterile distilled water and incubated overnight at 14 °C.

2.9.2 Agarose gel electrophoresis

DNA fragments were separated by horizontal gel electrophoresis using a Horizon 11-
14 gel electrophoresis tank (Gibco BRL). An agarose gel (0.8 % w/v in 100 ml TBE)
containing 0.2 mg/ml ethidium bromide, was submerged in TBE buffer (500 ml).
DNA samples were mixed with one tenth their volume of 10X DNA loading buffer
and loaded into wells in the gel. The gel was run at 100 V for approximately 1 hour
(the exact time depending on the sizes of the fragments to be separated), and
visualised by means of a U.V. transilluminator (2UV, UVP). DNA fragment sizes
were estimated using 1 pg A DNA digested with either HindIII or double digested
with HindIII/EcoRl, as size standards (Table 2.4). The sizes of known fragments
(kilobase pairs) were plotted on a logarithmic scale against mobility of fragments
(mm)ona linear scale. A best fit curve was drawn by eye and this curve was l:lsec'i'to ‘

determine the size (in kb) of the DNA fragments in the experimental tracks.
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Fragment sizes of digested A (bp)
HindIll Hindlll/EcoRI

TABLE 2.4

Sizes of resulting fragments following digestion of A DNA with HindIII or
HindIIl/EcoRI. .
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2.9.3 Pulsed field gel electrophoresis (Pattee et ¢ 09(

2.9.3.1 Preparation of samples

The §. aureus strain of interest was inoculated into 10 ml of TSB from a single

colony and incubated overnight at 37 °C with shaking (250 rpm). The culture was
used to inoculate (ODg¢g 0.05) fresh TSB which was then incubated at 37 °C with

shaking (250 rpm) until the OD¢,, reached 0.8. Chloramphenicol (180 pg/ml) was

then added and the culture incubated for a further 10 minutes. Cells (2 x 108 cfu -

approximately 0.5 ml at ODggg 1.0 (see section 3.2.3) per plug) were pelleted (10,000
rpm, 3 min, RT) and resuspended, in one half of the total volume of plugs to be
made, of cell suspension buffer. The cell suspension was equilibrated to 50 °C, and

lysostaphin was added to a final concentration of 100 pg/ml. An equal volume of 2 %

(w/v) CleanCut agarose (Sigma) in sterile H,O (equilibrated to 50 °C) was

immediately added and mixed. The cell suspension was then aliquoted into plug

moulds and allowed to solidify at 4 °C for 15 minutes. The set plugs were transferred
to 50 ml tubes containing lysis buffer (5 ml) and incubated for 1 hour at 37 °C without
shaking. The lysis buffer was removed and the plugs were rinsed with wash buffer
(25 ml) and incubated at 50 °C overni ght without shaking in Proteinase K Reaction
Buffer (5 ml). The plugs were subsequently washed 4 times in 50 ml of wash buffer
for 30 minutes at RT with gentle shaking. In the second and third washes PMSF
(phenylmethylsulphonyl fluoride) was added to 1 mM. Plugs were either stored in

wash buffer at 4 °C, or processed.

2932  Restriction digestion of DNA in situ

The plugs were washed in 50 ml TE for 30 minutes and transferred to individual
nﬁcrocentrifﬁgc tubes containing 1 ml of approprnate 1X restriction enzyme buffer.

After incubation for 1 hour with gentle shaking the buffer was removed and 0.3 ml of
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fresh 1X restriction buffer added. 50 units of Smal were added and the plugs were
incubated overnight at 30 °C. After digestion the buffer was removed and the plugs
were washed in 1 ml of wash buffer for 30 minutes with gentle shaking. The plugs
were loaded into either, the wells of Clamped Homogenous Electric Field (CHEF),

or Field Inversion Gel Electrophoresis (FIGE) gels.

2.9.3.3 Separation of DNA by PEGE

DNA fragments were separated by using a CHEF-DR II system (BioRad) and a
FIGE Mapper system (BioRad). A 1.0 % (w/v) agarose CHEF or FIGE gel was
submerged in 0.5X TBE electrophoresis buffer. The CHEF gel was run at 6 V cm-}
for approximately 22 hours at 14 °C with 10-50 second switching times. The FIGE
gel was run at RT for 16 hours. The forward and reverse voltages were 180 and 120
respectively. The switch time ramps were 0.1-0.4 seconds and were linear in shape.
All gels were washed in 0.5 mg/ml ethidium bromide in water to stain the DNA and

visualised by means of a UV transilluminator (2UV, UVP). The sizes of DNA

fragments were estimated using a A ladder (BioRad, 50-1000 kb), Saccharomyces

cerevisiae DNA size standards (BioRad, 240-2200 kb) and DNA size standards of 8-
48 kb (BioRad) (Table 2.5). The sizes (kilobase pairs) of known fragments wefe
plotted on a logarithmic scale against mobility (mm) of fragments on a linear scale.

A best fit curve was drawn by eye and this curve was used to determine the size (in

kb) of the DNA fragments in the experimental tracks.

294 Gel photograph

A permanent record of agarose gels was obtained by photographing the ethidium

bromide stained gels illuminated with incident UV light. A Kodak 203 red-orange
filter and Polaroid 667 (ASA 3000) film were used. |
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Size standards (kb)

Saccharomyces cerevisiae Lambda ladder 8-48 kb size standards
chromosomal fragments

2200 970.0 48.5
1600 921.5 384
1125 873.0 335.5
1020 824.5 29.9
945 776.0 24.8
825 727.5 22.6
785 679.0 19.4
750 630.5 17.1
680 582.0 15.6
610 533.5 12.2
565 485.0 10.1
450 436.5 8.6
365 388.0 8.3
285 339.5
225 291.0

242.5

194.0

145.4

97.0

48.5

TABLE 2.5

- The sizes of standards used as size markers for pulsed field gel electrophoresis.
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2.10 Quantification of DNA (Sambrook ef al., 1989)

Spectroscopic measurements at 260 nm were used to determine the concentration of
DNA solutions. An absorbance of 1 corresponds to approximately S0 pg/ml for
double stranded DNA. The concentration of DNA could be estimated independently

by agarose gel electrophoresis, comparing the intensity of the ethidium bromide

stained bands to bands containing known amounts of DNA.

2.11 DNA hybridisation techniques
2.11.1 [ abelling of DNA probes with Digoxigenin

The commercially available Digoxigenin (DIG) DNA labelling and detection kit from
Boehringer Mannheim was used to generate DNA probes for hybridisation by a
random priming labelling method. The DNA template (approximately 3 pg in 10 pl
TE) was heat denatured in a boiling water bath for 10 minutes and immediately
cooled 1n dry ice/ethanol for 30 seconds. To this denatured DNA, 2 ul each of 10X
concentrated hexanucleotide mixture and 10X dNTP labelling mixture (comprising
dATP, lmmol/l; dCTP, 1 mmol/l; dGTP, 1 mmol/l; Dig-dUTP, 0.35 mmol/l) (both
supplied with the kit) were added. Klenow enzyme (1 ul of 2 U/ul stock), labelling
grade, was added, and the volume of the reaction was made up to 20 ul with distilled
water. The reaction was incubated overnight at 37 °C, and then the labelled DNA
was purified using a Gene Clean kit (Anachem) (see section 2.7.1.1) and resuspended

in 50 ul TE.

Just prior to use, the probe was denatured by placing the tube in a boiling water bath

for 10 minutes followed by immediate chilling on ice.
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2.112 - Southern blotting

Agarose gel electrophoresis was performed as described in section 2.9.2, and the gel
was photographed prior to Southern blotting analysis. For all of the hybridisations
described below, unless otherwise stated, Amersham Hybond-N* extra (positively
charged nylon membrane) was used. Prior to use, the membrane was cut to the same

dimensions as the gel to be blotted.

2.11.2.1 Transfer of DNA from an agarose gel - using a vacuum blotter
(Appligene)

Appropriately sized nylon membrane was placed on the vacuum blotter as per the
manufacturer's instructions (Appligene). The membrane was wetted with distilled
water and the gel placed on top and the vacuum blotter switched on to give a vacuum

of approximately S0 mBar. Sufficient HCI (0.25 M) to cover the surface of the gel

was added and left for 10 minutes. Excess HCI which remained on the surface of the
gel was ren'loved and denaturing solution was then added to the surface of the gel and
left for 10 minutes. Following removal of any denaturing solution which remained on
ihe surface of the gel, neutralising solution was added to the top of the gel and left for
10 minutes. Any neutralising solution which remained on the gel was removed and
replaced by 10X SSC and the gel left for 30 minutes. The vacuum was then turned
off, the gel discarded and the membrane was stored (DNA-side up) on clean filter -
paper to air dry for approximately 15-30 minutes. The DNA was either, fixed to the
membrane by baking in an oven at 80 °C for 2 hours, or fixed to the membrane by

U.V. crosslinking (Amersham) (700 mJ, 15 sec).

2.11.2.2 Colony blotting

Colonies for screening were patched in duplicate onto LB agar plates containing
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ampicillin and grown overnight at 37 °C. One plate was then stored at 4 °C as a stock

plate and the other was used for colony blotting.

Filter paper (Whatman 3MM) was cut into four pieces, each approximately 1 foot
square, and placed on individual flat plastic trays. Each of the four pieces was
saturated with either, SDS (10 % w/v), denaturing solution, neutralising solution, or
2X SSC and any excess liquid removed. Round nitrocellulose (RN) filters
(Whatman) were laid, briefly, on top of each agar plate so that each colony adhered to
the RN filter. The RN filters were then removed from each plate and placed, colony
side up, on top of the SDS impregnated filter paper and left for 3 minutes. Each RN
filter was then removed and laid, briefly (10 sec), colony side up, on a clean paper
towel to dry away any remaining SDS. Each RN filter was then laid onto the filter
paper containing denaturing solution and left for S minutes. Following drying as
described above, the RN filters were laid on the filter paper containing neutralising
solution and left for 5 minutes. Following drying as described, each RN filter was
then laid on the 2X SSC-impregnated filter paper and left for S minutes. The RN
filters were then dried on paper towels for at least 30 minutes at RT and then baked at

80 °C, in vacuo, for 2 hours to fix the DNA to the membrane. The impregnated

square sheets of filter paper were discarded.

The RN filters were then floated on the surface of 2X SSC until wetted from beneath
and then submerged for 5 minutes. These filters were then transferred to a container
of prewashing solution (200 ml of SX SSC, SDS (0.5 % w/v) and EDTA (1 mM)),
covered and incubated at 50 °C for 30 minutes. Any bacterial debris remaining on

the surface of a filter was then removed gently by scraping with wet paper towels and

the filters were processed as for a standard Southern blot (see section 2.11.3).
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2.11.3 Prehybridisation and hybridisation

Membranes to be probed with the DIG-labelled DNA were prehybridised for 1 hour
at 68 °C in prehybridisation solution (20 ml per 100 cm’ of membrane) in a
hybridisation oven (Stuart Scientific). The membranes were then hybridised with the
labelled probe overnight at 68 °C. The concentration of the probe used was 5-25
ng/ml, diluted in prehybridisation fluid. Unbound probe was removed by washing the

membranes twice in 2X SSC containing SDS (0.1 % w/v) for 5 minutes at RT and

then washing twice in SSC (0.1 %) containing SDS (0.1 % w/v) for 15 minutes at 68

°C in a hybridisation oven (Stuart Scientific).

2.11.4 Detection of DIG-labelled DNA

The hybridised and washed membranes were equilibrated with buffer 1 for 1 minute,

and then blocked for 30 minutes with gentle rocking in buffer 2. The membranes
were then transferred to buffer 1 containing a 1:5,000 dilution of Anti-DIG-alkaline

phosphatase antibody (Boehringer Mannheim DNA labelling and detection kit) and

incubated for 30 minutes with gentle rocking. The membranes were then washed
twice with buffer 1 for 15 minutes with gentle rocking and then equilibrated in buffer
3. The membranes were transferred to buffer 3 (15 ml) containing 66 pl of nitroblue
tetrazolium (NBT) (50 pg/ml in 70 % (v/v) dimethylformamide) and 33 of pl bromo-
4-chloro-3-indolyl-phosphate (BCIP) (SO pg/ml in water) and incubated in the dark,

without shaking, until a purple precipitate formed at the labelled DNA. The reaction

was stopped by washing the filters in buffer 4.

2.12 Assays

2.12.1 B-CGalactosidase assay
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2.12.1.1 Usine 4-methvlumbelliferone-8-D-galactopvranoside (MUGY) as the

substrate (Youngman 0

Samples (0.5 ml) of cultures of interest were pelleted (10,000 rpm, S min, RT) in a
microcentrifuge tube. The supernatant was discarded and the pellet resuspended in
AB buffer (0.5 ml) containing DNase (100 ng/ml) and lysostaphin (25 pg/ml). An

aliquot (50 ul) was removed from each sample and added to 5 pl of MUG solution
(0.4 mg/ml in dimethyl sulphoxide). After incubation for 100 minutes at RT, an

aliquot of the sample (sufficient to achieve a measurable fluorescence) was added to

Na,CO;3; (2.5 ml, 0.2 M) in a fluorimeter cuvette. A calibration curve of the

fluorescent product, 4-MU (4-methyl umbelliferone, 1 mM) was created with final
concentrations of 0, 10, 20, 50, 100, 150, and 200 nM in Na,CO;. Fluorescence was

measured using a fluorimeter (Hoefer DynaQuant 200). For each sample the
concentration of 4-MU was related to B-galactosidase activity, using the following

equation.

pmol MUG = MUG units of p-galactosidase activity
V x T x ODggo

where V = volume of culture used (ml), T = time of assay (100 min) and ODgyg

reflects the cell density at the time the sample was removed from the culture. 1 MUG

unit of p-Galactosidase activity is defined as the activity that hydrolyses 1 pmol of
MUG per min per ml per ODy to 4-MU.

2.12.1.2 Using o-nitrophenvl 8-D-galactopvranoside (ONPG) as the substrate

Cells were grown to the required ODgog and 1 ml samples were transferred to

microcentrifuge tubes and immediately placed on ice. A suitable aliquot (starting

with 100 ul) of each sample was transferred to a test tube and made upto 1 mlin'Z
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buffer. Chloroform (100 ul) and SDS (40 ul, 0.1 % w/v) were added to lyse the cells

and the samples vortexed for 10 seconds. The tubes were transferred to a water bath
at 28 °C for 5 minutes. The reaction was started by adding freshly prepared ONPG
(200 ul of 4 mg/ml in 'Z’ buffer) and the tubes were shaken for a few seconds. The
tubes were held at 28 °C for 15 minutes and the reaction was stopped by the addition
of Na,CO3 (0.5 ml, 1 M). Approximately 1.2 ml of each reaction mix was transferred
to a fresh microfuge tube and centrifuged (10,000 rpm, 1 min, RT) to remove cell

debris. The supernatant (1 ml) from each sample was decanted to a 1 ml

spectrophotometric cuvette and the ODg4yg determined. An ODg4jg reading of 0.6-0.9

was required and assays were repeated as necessary, varying the amount of cell
culture used. Units of B-galactosidase activity were calculated in Miller units (Miller,

1972) and are proportional to the increase 1n o-nitrophenol per minute per bacterium.

ODg42 x 1000 = Miller units (MU)
V X T x ODgyo

where V = volume of culture used (in ml), T = time of the reaction (in minutes) and

the ODgqg reflects the cell density at the time the sample was removed from the

culture.

2.12.2 ag-haemolysin assay

Cells were grown to the required ODgog and 1 ml of culture was removed to a sterile

microfuge tube and centrifuged (7,000 rpm, 2 min, RT). The supernatant was
transferred to a fresh tube and either assayed immediately or stored at -20 ¢C., A
suitable aliquot of the supernatant was transferred to a fresh microfuge tube (the
amount assayed depended on the activity expected but generally the assay was started

with a 100 ul sample). Each sample was made up to 1 ml with HA buffer and mixed
by gentle inversion. Defibrinated rabbit blood (TCS Biologicals) (20 ul) was added,
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mixed gently and the samples were incubated for 15 minutes at 37 °C. The tubes

were then centrifuged (7,000 rpm, 30 sec, RT) and the supernatant was transferred to

1 ml spectrophotometric cuvettes. The ODs43 of each sample was read against a

blank of HA buffer containing 20 ul rabbit blood, treated as above. An ODs43 of 0.5-

0.7 was optimum and the amount of sample used was adjusted, if required, to achieve

this. Haemolysin units (HU) were calculated using the following equation:

ODs43 x 1000 = Haemolysin units (HU)
V x T x ODgoo

where V = volume of culture used (ml), T = length of assay (min) and ODgq reflects

the cell density at the time the sample was removed from the culture.

2.13 Transposon mutagenesis
2.13.1 Transposon mutagenesis using TnS55/

Following transformation of the strain to be mutagenised (SH106) with plasmid

- (PRN3208), the strain was grown overnight at 30 °C in BHI (100 ml) containing Cm

and CdCl,. This overnight culture was used to inoculate BHI (100 ml) containing Cm
and CdCl,, to ODgyg 0.05 and grown, at 30 °C, until the ODgyg reached 1.5 with
shaking at 250 rpm. An aliquot of the culture (3 ml) was removed, centrifuged (3,000
rpm, 10 min, RT) and resuspended in pre-warmed (43 °C) TSB (100 ml) containing
erythromycin. This culture was maintained at 43 °C, with shaking at 250 rpm, and
grown until the ODggp reached 0.4-2.0. An aliquot (3 ml) was then removed to fresh

pre-warmed (43 °C) TSB (100 ml) containing erythromycin and grown at 43 °C, with
shaking, until the ODggg reached 1.5. The culture was then centrifuged (8,000 rpm,

10 min, RT), resuspended in 4 ml of BHI containing glycerol (10 % v/v) and flash

frozen in ethanol-dry ice in 0.5 ml aliquots and stored at -20 °C until required. One
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sample was immediately defrosted and used to determine the efficiency of

transposition and purity of the library (see section 4.2.2).

2.14 Cloning of chromosomal DNA flanking a transposon

2.14.1 Cloning chromosomal DNA flanking Tnj5/

This procedure is described in section 4.2.8.

2.14.2 Cloning chromosomal DNA flanking Tn9/7

Chromosomal DNA (2-5 ug) of each transposon mutant was digested 1n a total

volume of 20 ul with either EcoRI or Xbal, overnight at 37 °C. The digested DNA
was cleaned by phenol/chloroform extraction and resuspended in TE (250 pl). The
DNA was then self-ligated (see section 2.9.1.2) overnight and, following ethanol
precipitation, resuspended in TE (20 pul). Circularised DNA was transformed into E.
coli XLLOLR or DHS5q, selecting for ampicillin resistance. Only the fragment of DNA

containing pLTV1 can be transformed and maintained in E. coli so that any ampicillin

resistant colonies should contain recircularised Tn917 plus some flanking

chromosomal DNA.

2.15 Polymerase Chain Reaction (PCR)

PCR reactions were carried out in an Eppendorf 5330 Mastercycler using the

following constituents in PCR reaction tubes.

Template DNA 1 pg
Primer (Forward) 100 pmoles
Primer (Reverse) 100 pmoles
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Reaction buffer (10X) 10 ul
MgCl, 3 mM
dNTPs (1 mM stock) 10 pul

Taq polymerase (2.5U) 1 pl
Distilled H,O to 100 pl

Samples were equilibrated to 95 °C for 3 minutes to ensure DNA had melted and then
the PCR reaction was performed using the cycle; heating to 95 °C for 1 minute to
melt the DNA, cooling to 55 °C for 1 minute to anneal primers and template DNA
and then heating to 72 °C for 2 minutes to allow extension of DNA. This cycle was
repeated 30 times before the samples were cooled to, and then held at, 12 °C until

required.

2.16 Automated sequencing

The sequencing reactions were performed using the Taq DyeDeoxy Terminator cycle
sequencing kit supplied by Applied Biosystems. Plasmid DNA for sequencing was
prepared by the large scale plasmid preparation method. A polymerase chain reaction
(PCR) was carried out using 8 pl of the Terminator ready reaction mix, 1 pg template

DNA and 3.2 pmol sequencing primer, and the volume made up to 20 pul with distilled
H,O0.

The PCR reactions were performed in an Eppendorf 5330 Mastercycler. This was
preheated to 96 °C, and then, once the tubes were inserted, a 25 cycle program was
started. Each cycle consisted of a rapid thermal ramp to 96 °C which was held for 30
seconds, a rapid thermal ramp to 50 °C for 15 seconds, and finally a rapid thermal
ramp to 60 °C for 4 minutes. At the end of the cycles the tubes were ramped to 4 °C

and held at that temperature until required.
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The reaction products were precipitated by transferring the reaction to a clean tube
containing 2 ul sodium acetate (3 M pH 4.6) and 50 ul 95 % (v/v) ethanol. The
reaction products were pelleted by centrifugation (14,000 rpm, 30 min, RT), washed
with 70 % (v/v) ethanol and dried in a vacuum dessicator. Samples were loaded onto
an Applied Biosystems 373A DNA sequencer according to the manufacturer's

instructions.

2.17 Sequence analysis

Automated sequence data from the ABI 373A DNA sequencer was edited and
analysed using the FASTA program. The database library was accessed via the

Genetics Computer Group at the Daresbury laboratory, Warrington, England.
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CHAPTER 3

Analysis of the role of environmental and physiological
factors in the regulation of agr expression and activity
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N | Introduction

Expression of virulence determinants in S. aureus is affected by many environmental
conditions but how these stimuli are transduced is at present unknown. pH and glucose
have been shown to affect agr expression (Regassa ef al., 1992) but it is unclear whether
this occurs directly or via other components. a-haemolysin is a virulence determinant
whose expression is positively regulated by agr, via RNAIII, but it 1s also subject to
control in other, as yet unidentified, ways. For example, it has been shown that a-
haemolysin production is controlled temporally, occurring at the post-exponential phase
of growth in batch culture (Vandenesch et al., 1991). Expression of a~haemolysin
usually occurs two hours after RNAIII production, which becomes evident during mid-
exponential growth. Experiments extending the exponential growth phase following
induction of RNAIII demonstrated that a-haemolysin expression does not necessarily
occur two hours after induction of RNAIII but, rather, at the beginning of post-
exponential phase (which was some 4.5 hours later) (Vandenesch et al., 1991).
Regulation of virulence determinant expression 1s thus likely to be a complex response to
multiple overlapping stimuli. In order to understand more of the regulatory hierarchy it is

essential to know which stimuli are transduced via agr.

Other workers have measured the effect of environmental conditions on agr expression
using Northern blots to measure RNA levels. Whilst this method is useful, it is coﬁlplcx,
time consuming and can only measure RNA levels at a precise time point. A more
simple assay was therefore needed so that the effects of multiple énvironmental and
physiological conditions on agr expression could be examined. This has been achieved

. by the creation of a chromosomal transcriptional reporter gene fusion between hld, which

measures expression of RNAIII from the P3 promoter (see Fig. 1.2), and lacZ.

The variety of reporter gene fusions available and the way in which they work is

discussed in section 1.9 but, briefly, transcriptional reporter gene fusions work by |
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inserting promoferless genes encoding a measurable gene product downstream of a
promoter of interest. This means that, when the promoter 1s transcriptionally active, the
reporter gene is transcribed and the resulting gene product can be assayed to give a
quantitative measure of promoter activity. Of the many reporter gene systems available,
the lac system is probably the most widely used and, as mentioned, 1s the system used 1n

this work.

A variety of directed reporter gene fusions have been developed in S. aureus in other
laboratories but have mostly been plasmid based. For example, as detailed in section 1.9,
the staphylococcal p-lactamase gene (blaZ) has been used to create plasmid based
transcriptional fusions to each of the three promoters of the agr locus in order to study
their expression (Kornblum et al., 1990). The luciferase reporter system which was used
in S. aureus to study the expression of TSST-1 was also plasmid based (Timmins et al.,,
1995). Regulation of the epidermolytic toxin A (eta) gene of S. aureus has been
examined by simultaneous use of two plasmid based fusions (Sheehan et al., 1992).
These two fusions used the luciferase (luxAB) genes of Vibrio fischeri or the catechol
2,3-dioxygenase (xylE) gene from Pseudomonas putida as the reporter. Although the eta-
luxAB fusion provided a measure of real-time changes in promoter activity it was not
usable into stationary phase, during which time tﬁe eta-@lE fusion became necessary
(Sheehan et al., 1992). Plasmid fusions suffer from several drawbacks, for example
strains need to be maintained and grown in media containing appropriate antibiotics to
ensure the plasmid is not lost. In addition, titration of regulatory elements can occur. A
chromosomal reporter gene fusion was used in S. aureus to determine the expression of
the major autolysin gene of S. aureus, atl (Foster, 1995). This involved the use of a
suicide vector, pAZ106 (I(énip et al., 19915 (Fig. 3.1) which, lacking a répli’con
functional in S. aureus, can only confer antibiotic marker resistance by means of

integration into the chromosome. This method avoided problems associated with multi-

copy plasmids, but, in this case, resulted in insertional inactivation of the at! gene.
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FIGURE 3.1

Map of pAZ106 (Kemp et al., 1991). This plasmid contains an ampicillin resistance gene
(bla), an Em resistance gene (erm) and a promoterless lacZ gene. The restriction 31tes
denoted are : Ba BamHI; E, EcoRI Ec, EcoRV Sm SmaI X Xbal.
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“The reporter fusion created in this work has also been produced using the lacZ gene of
pAZ106 (Fig. 3.1) but without causing insertional inactivation of any part of agr. This
method provided a stable construct and allowed a convenient assay for expression of
RNAIII by monitoring B-galactosidase levels. Simultaneous measurement of a-
haemolysin activity has allowed the identification of conditions which not only affect agr
expression but also the expression of a virulence determinant under the positive

transcriptional control of agr.
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32 ~ Results
3.2.1 Construction and verification of hld::lacZ fusion

The first step in creating the hld::lacZ transcriptional fusion was to 1solate a 677 bp
Pstl/EcoRV fragment spanning the P3 promoter of the agr locus of S. aureus (see Fig.
1.2). This fragment was introduced into the similarly digested, dephosphorylated pUBS1
(Foster, 1995), to give appropriate flanking restriction sites for further subcloning. This
insert was isolated from this construct (pHF21) (Fig. 3.2) as a 701 bp Xbal/EcoRV
fragment and then subcloned into the suicide vector pAZ106 (Fig. 3.1) (digested with

Xbal/Smal) upstream of the promoterless lacZ gene in the orientation such that a

transcriptional fusion between hld and lacZ was created (pHF23) (Fig. 3.2). pAZ106 has
no functional replicon in S. aureus and so, following transformation with pHF23,
erythromycin (Em) resistant clones occurred only as a result of plasmid integration by a

single crossover between the 677 bp fragment of agr in the plasmid and homologous

chromosomal DNA (Fig. 3.3). Hence a transcriptional lacZ fusion was created whereby
the lacZ reporter gene is under the control of the P3 promoter of agr, in addition to an
intact copy of agr (Fig. 3.3). S. aureus RN4220 was used as the host strain as it is able to
accept foreign DNA. RN4220 containing integrated pHF23, designated SH100, had blue
colonies when grown on BHI-erythromycin plates containing X-Gal, indicating p-
galactosidase activity, whereas tﬁe paréntal strain was white. Total genomic DNA from
SH100 was prepared and electroporated (Schenk and Ladagga, 1992) (1 pg) into S.
aureus strain 8325-4. An Em resistant clone was recovered and called SH101.

Transformation with naked DNA resulted in a double crossover event allowing stable Em

resistance to be maintained.

The correct insertional event was confirmed by Southern blot analysis (Fig. 3.4).
Chromosomal DNA from 8325-4 and SH101 was digested with EcoRV and resulting
fragments were probed with a digoxygenin labelled 677 kb EcoRV/Pstl fragment of agr, -
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(a)

pHF21
3.6 kb

lacZ

(b)

FIGURE 3.2

(a) pHF21 comprising pUBS1 (Foster, 1995) containing the 677 bp Pstl/EcoRV fragment
of agr, spanning P3 promoter, within the multiple cloning site (MCS).
(b) pHF23 consisting of Xbal/Smal digested pAZ106 (Kemp et al., 1991) containing the

701 bp Xbal/EcoRV fragment isolated from pHF21.
The restriction enzymes denoted are: Ec, EcoRV; P, Pstl; X, Xbal
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FIGURE 3.3

Construction of the hld::lacZ transcriptional reporter gene fusion strain, SH101. The
extent of the agr locus is indicated by the symbol, ll. The hybridising bands indicated
resulted from digesting chromosomal DNA of strains 8325-4 (same restriction pattern as
RN4220) and SH101 with EcoRYV and correspond to bands on the Southern blot (see Fig.
- 3.4). The extent of the probe (double headed arrow), comprising the digoxygenin
‘labelled 677 bp Pstl/EcoRY fragment of agr spanning the P3 promoter, is shown. The
restriction sites denoted are Ec, EcoRV and P, Pstl. (This figure is not to scale).
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FIGURE 3.4

Southern blot to confirm the construction of strain SH101. Lane 1 shows EcoRI/Hindlll
digested A marker, with the sizes of the fragments (bp) indicated on the left. Lanes 2 and
3 show hybridising fragments of EcoRV digested chromosomal DNA of strains 8325-4
and SH101, respectively, probed with the digoxygenin labelled 677 bp EcoRV/Pstl
fragment of agr. (The arrow on the right indicates a band in lane 3 which was apparent
on the original Southern blot but has not reproduced well on the scanned image shown).
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spanning the P3 promoter (see Fig. 1.2). One band of approximately 4.2 kb of EcoRV
digested chromosomal DNA of 8325-4 hybridised with the probe (Fig. 3.4), comprising
the number of bases between the EcoRYV sites at positions 1474 and 5646 of agr (Fig.
1.2). As predicted, two fragments of approximately 5.2 and 8 kb of EcoRYV digested
chromosomal DNA from strain SH101 hybridised with the probe, representing the
additional 9 kb of pAZ106 plus the insert (Fig. 3.4). The derivation of these fragments is
shown in Fig. 3.3. The integration is stable and does not need to be maintained by the
presence of antibiotics. In addition, it is important to note that an intact copy of RNAIII
remains in strain SH101 and that this strain grows 1dentically to the wild type, producing
o-haemolysin at a comparable level to its parent, approximately 150 haemolysin units
(HU) (see section 2.12.2) following overnight growth at 37 °C. In order to investigate
agr expression, via the hld::lacZ reporter gene fusion, under different environmental and
physiological conditions, B-galactosidase production was measured and calculated in
Miller units (MU) (see section 2.12.1). Strain 8325-4, which was used as a control in all
the following experiments, was not blue on X-Gal plates and produced negligible

amounts of p-galactosidase (approximately 2 MU after overnight growth).

3.2.2 Development of a standard experimental procedure

The level of expression of hld::lacZ was found to be very dependent on the growth
conditions of the culture prior to inoculation into the experimental flask (100 ml BHI in a
250 ml flask). For example, inoculating cultures from plates >1 day old led to reduced g-
galactosidase production, falling from an average of 100 MU to 35 MU in cultures
inoculated from plates 2 or 3 days old. Similarly, inoculating from plates into BHI and

growing overnight often resulted in lower levels of B~galactosidase (~100 MU) compared

to cultures 1noculated from a broth (~140 MU). Smaller volume cultures (25 ml) grown
in 250 ml flasks shaking at 250 rpm also produced less p-galactosidase, possibly due to
an aeration effect (see section 3.3). The most consistent expression of B-galactosidase

was found to be obtained by inoculating BHI (100 ml) from an overnight plate, growing
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the culture to c:{ponential phase (ODggo of 1-2) (see Fig. 3.5) and then inoculating test
and control flasks (250 ml) containing BHI (100 ml) to an ODgg of 0.05. Since it
appeared that increasing the length of exponential growth encouraged maximal hld::lacZ
expression these standard conditions were strictly adhered to. Each experiment was
repeated between 3-6 times and all the values given below represent the mean obtained

for each sample for the number of experiments stated.

3.2.3 Viable counts

Viable counts were taken of cells grown in 1X and 0.25X BHI to ensure that the final

OD¢op showed a relatively constant relationship to final cell numbers even when growth

conditions were altered. There was found to be a good correlation between final cell

numbers and ODggg following overnight growth in BHI at 1X and 0.25X concentrations,
reaching 3.2 x 109 cfu/ml in 1X at an ODggg of 10 and 1.2 x 10° cfu/ml at an ODgqg of 3.5
in 0.25X. This is equivalent to 3.2 x 108 cfu/ml or 3.4 x 103 cfu/ml at an ODggg of 1.0 in

1X or 0.25X BHI, respectively.

3.24 hld::lacZ expression during growth

Production of p-galactosidase by SH101 reflects hld::lacZ expression and hence RNAIIL
production and was monitored during growth using ONPG as the substrate (Fig. 3.5) (see
section 2.12.1.2). The exprcssion of hld::lacZ was very low during exponential phase
(<10 MU) but began to rise sharply 5 hours into growth at an ODgoo of 5.2 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>