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Abstract

Staphylococcus aureus harbours several iron acquisition systems,
allowing for survival within the iron-restricted host environment. Five such
systems have been identified in S. aureus; it is unknown why S. aureus
maintains so many of these systems. Studies have shown that some iron
transport proteins might be differentially expressed in different organs in vivo.
The purpose of this study was to construct an in vivo expression technology
(IVET) system to identify temporal expression patterns of S. aureus iron transport
systems. An IVET utilizing the CrelloxP recombination system was constructed
for use in S. aureus. Using genome-integrated and multi-copy ere constructs
driven by the S. aureus fhuCBG promoter, resolution of an in vitro reporter
cassette was determined. Although fhuCBG driven ere expression was confirmed
using the multi-copy ere constructs, no detectable Cre was expressed by

genome-integrated cre constructs.
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iron-regulated promoters, iron transport
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Chapter 1: Introduction



11 The Staphylococci

The Staphylococci are a group of Gram-positive, facultative anaerobic
bacteria, commonly part of the skin and mucosal membrane flora of humans and
other mammals (65). Staphylococci are generally split into two groups, based on
their ability to produce the clot forming enzyme coagulase. The coagulase-
negative Staphylococcus (CoNS) group is comprised of staphylococcal species
such as S. epidermidis and S. saprophyticus, while the coagulase-positive
Staphylococcus (CoPS) group is comprised of staphylococcal species such as S.
aureus.

1.1.1 Staphylococcus aureus
Although several species of staphylococci are capable of causing disease

in humans, particularly S. epidermidis (84), S. aureus has received the most
attention as strains have been implicated in a variety of nosocomial- and
community-associated infections (61, 76, 108). S. aureus is capable of causing
such a variety of diseases due to the extensive array of virulence factors it
harbours (Table 1). Indeed, S. aureus has been implicated as the causative
agent of simple skin and soft tissue infections such as impetigo (7), as well as
severe invasive diseases such as necrotizing pneumonia (73). More recently, a
rise in antibiotic resistant strains of S. aureus in both the hospital and community
setting have resulted in an increased frequency of difficult to treat S. aureus
infections. Strains of methicillin resistant S. aureus (MRSA), known for their
complete resistance to the beta-lactam class of antibiotics, have been frequently
associated with such infections, as several MRSA strains have obtained

additional genetic elements providing resistance to a variety of other antibiotic



Table 1. A sampling of virulence determinants of S. aureus

Virulence Class Function Reference
Adhesins
spa Binds to antibody Fc region 112
cha Collagen-binding protein 85
clfA, clfB Fibrinogen-binding proteins 70, 77
Superantigens
tst, seq, sek Overstimulation of T-cells, 8, 31

extensive cytokine release

Membrane-damaging

toxins
PSMa, PSM(3 Neutrophil lysis 118
hla Pore-forming toxin 13

Host Defence Evasion

crtM Antioxidant; resistance to 58
neutrophil killing

cap Capsule modulation; 113
Resistance to leukocyte
opsonophagocytosis



classes (29). Due to pathogenic strains such as MRSA, new therapeutic
strategies are needed in order to complement, or even replace the current
antibiotic-dependent strategies used to treat S. aureus and other pathogens. One
such strategy involves the interruption of bacterial nutrient acquisition systems
critical for the survival of the pathogen. Although many bacterial species
(including S. aureus) harbour a variety of different nutrient acquisition systems,
this thesis will specifically focus on the importance of iron, and bacterial iron
acquisition systems.

1.2 Iron: A necessary bacterial nutrient

With the exception of Borrelia burgdorferi and some lactobacilli species,
iron is an essential nutrient required for bacterial growth (4, 11, 48, 90, 99).
However, under physiological conditions, the availability of free iron for use by
bacteria is severely restricted. Indeed, in an aerobic, neutral pH environment,
concentrations of iron are restricted to a concentration of 10'18 M, as iron forms
insoluble iron(lll) hydroxides in such an environment (14, 24). In addition, iron
availability is further restricted for mammalian bacterial pathogens due to the
presence of host iron sequestering proteins, such as transferrin and lactoferrin,
reducing free iron concentrations to as little as 10’24 M (94). In order to survive in
such iron restricted environments, a variety of Gram-positive and Gram-negative
bacteria have developed specialized iron acquisition systems, some of which will
be described below, allowing them to utilize free iron and even ‘steal’ it from host

iron sequestering proteins.



1.3 Bacterial iron acquisition systems

Although there are a variety of iron acquisition systems used by Gram-
positive and Gram-negative bacteria, for the purposes of this thesis, only the

siderophore-mediated systems will be described in depth here.

1.3.1 Siderophores

Siderophores are small, highly electronegative low molecular weight
molecules with high affinity for free iron(lll), which are then brought into the cell
through a cognate receptor and transporter. Siderophores are generally
classified into one of three groups, each of which are distinguished by the moiety
used to coordinate the iron(lll) atom (24). Siderophores of the hydroxamate
group have hydroxamic acid moieties in which the carboyl and aminohydoxyl
groups each occupy an iron coordination site. Catecholates utilize the adjacent
hydroxyl groups of catechol moieties in order to coordinate iron. Finally,
polycarboxylate motifs coordinate iron(lll) atoms using either carboxylic acid
moieties (17), or a-hydroxy-carboxylates (1). Interestingly, a variety of
siderophores have been identified which utilize combinations of the above three
groups (9, 16, 87). Some representative siderophores are depicted in Figure 1

One of the more intriguing aspects of siderophores is that several
siderophores can be used by more than one bacterial species, so long as they
express the necessary transport apparatus. This has been shown to occur in a
variety of bacteria, such as S. aureus (109), E. coli (119) and Listeria

monocytogenes (22).






Figure 1: Sample siderophores representing (A) each of the three siderophore
groups: Catecolates (enterobactin), hydroxymates (coprogen), polycarboxylates
(rhizoferrin), as well a hybrid siderophore (aerobactin: a hydroxamate-
carboxylate hybrid), and (B) Siderophores produced by S. aureus. Siderophore
structures were adapted from (6).
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1.3.2 Iron uptake ABC transporters

ATP-binding cassette (ABC) transporters are transmembrane proteins
which use the energy created by the hydrolysis of adenosine triphosphate (ATP)
in order to transport a variety of substrates across cell membranes; many have
been shown to be essential for cell viability, as well as bacterial virulence (27).
ABC transporters can be used to import, as well as export, substrates across the
cell membrane; iron uptake ABC transporters act as importers and consist of a
transmembrane permease, an ATP-binding cassette (ABC) protein and a
periplasmic binding protein (PBP). The PBP is of particular importance, as it
associates with periplasmic iron(lll)-siderophore complexes, which are then
taken to the appropriate ABC transporter. It is important to note that, due to a
lack of an outer membrane in Gram-positive bacteria, there are slight differences
between ABC transporters of Gram-positive and Gram-negative bacteria (Figure
2). Gram-positive iron uptake ABC transporters utilize an iron(lll)-siderophore
binding protein anchored to the cytoplasmic membrane. In general, these
proteins have a similar overall protein fold as the Gram-negative PBPs; the
binding protein acts similarly to the PBP receptor found in Gram-negative iron

uptake ABC transporters (24).

1.4 Staphylococcus aureus iron acquisition systems

S. aureus harbours an array of iron scavenging systems, allowing the
pathogen to survive in the harsh, iron restricted host environment (Table 2).

These iron acquisition systems are regulated by the ferric uptake repressor (Fur).






Figure 2: Cartoon models of a prototypical Gram-positive (A) and Gram-negative
(B) ABC intake transporter. While the Gram-positive binding protein (BP) is
tethered to the membrane by a lipid anchor, the periplasmic binding protein
(PBP) is free in solution. Both systems utilize a permease which transports the
ligand across the cellular membrane. An ATPase provides energy for the
transport process. Note that various accessory proteins have been left out of the
Gram-negative ABC transporter structure to simplify the image. OMR: Outer
membrane receptor.
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Table 2: S. aureus genes associated with iron acquisition

Gene(s)
fhuCBG
fhuD1, fhuD2

htsABC

SirABC

sstABCD
sfaABCD
sbnABCDEFGHI
isdA, isdC

isdB, isdH
isdDEF

isdG, isdl

Function
Fe3+hydroxamate ABC transporter
Fe3+hydroxamate lipoprotein receptor

Staphyloferrin A ABC transporter;
heme transfer (?)

Staphyloferrin B ABC transporter
Siderophore ABC transporter (?)
Staphyloferrin A biosynthesis
Staphyloferrin B biosynthesis
Fieme binding and transfer
Flemoglobin/haptoglobin binding
Fieme transport membrane proteins

Fieme degradation

Reference
101
102, 103

5, 106

25
74
21
26
38, 64, 69
33
38, 89

105



What follows is a brief analysis of these iron acquisition systems (see Figure 3),

as well as how they are regulated by Fur.

141 Regulation of the iron acquisition systems in S. aureus

Indeed, S. aureus and many other microbes have evolved mechanisms
capable of controlling iron uptake. However, it is equally important that these
systems are only activated when necessary; too much iron can result in a toxic
effect to the bacterial cells (37). All S. aureus iron acquisition systems are
regulated by a negative repressor protein known as the ferric uptake regulator, or
Fur. While Fur is found in an abundant number of bacterial species (92), only S.
aureus Fur mediated regulation will be discussed here, and is illustrated in Figure
3.

The S. aureus Fur protein, combined with Fe2+, the Fur co-repressor, acts
to repress the S. aureus iron uptake systems when environmental iron
concentrations are sufficient for the bacteria to thrive. Repression occurs through
the interference of transcription of the iron-regulated genes. The Fur-Fe2+
complex binds to a specific sequence of DNA, the Fur box, a 19 bp palindromic
sequence (GATAATGATAATCATTATC (28)) located within the promoter region.
However, if iron concentrations become limited, then there is a reduced level of
Fe2+that can complexed with the Fur protein, resulting in the Fur protein being
unable to bind to the Fur box, resulting in de-repression of the iron regulated

genes.

12






Figure 3. Transcriptional control of iron-regulated genes by the Fur protein in S.
aureus. Inthe presence of high concentrations of iron, the Fur protein
(represented here as solid squares) is associated with ferrous iron, its co-
repressor. This Fur-Fe2+complex has a significantly higher DNA binding capacity
than that of the Fur protein alone, thereby allowing the Fur-Fe2+complex to bind
to the Fur box sequence, resulting in repression of the iron-regulated gene (Top).
However, if iron is in limited quantities in the environment, there is too little of the
co-repressor to bind to the Fur protein, reducing its ability to bind to the Fur box,
resulting in derepression of the iron-regulated gene (bottom).
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1.4.2 Staphylococcus aureus siderophore iron uptake systems

To date, three siderophores have been identified in S. aureus
supernatants: staphyloferrin A (53), staphyloferrin B (32), and aureochelin (23).
The genetic loci and biosynthetic pathways of the polycarboxylates staphyloferrin
A and B have been recently identified (Figure 4) (19, 21).

The Staphyloferrin A sfa locus is comprised of the sfaABC operon, and a
divergently transcribed sfaD. All four genes are known to be transcriptionally
controlled by Fur in S. aureus (5), as a consensus Fur box is positioned
intergenically between sfaA and sfaD. Interestingly, deletion of sfa does not
result in a significant defect in bacterial growth in mammalian serum (5).
However, when combined with a staphyloferrin B deletion mutant, bacterial
growth in mammalian serum was severely attenuated. Bacterial growth was
restored when the sfa genes from S. aureus were cloned into a complementation
vector and introduced into the sbn-sfa double mutant (5). The observation that
staphyloferrin A-deficient strains of S. aureus do not suffer from a reduction in
bacterial growth unless combined with a staphyloferrin B deficiency indicates that
staphyloferrin A may not play a significant role in iron extraction from transferrin,
the primary iron substrate in serum. However, a previous study reported that
staphyloferrin A was capable of leaching iron from human transferrin (72);
Beasley and Heinrichs have postulated that this may have been caused by the
use of a staphyloferrin A concentration which far exceeds that which is typically
seen in S. aureus supernatants, resulting in transferrin iron extraction by

staphyloferrin A (6).
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Figure 4: Genetic loci of S. aureus involved in iron acquisition. The sbn-sir and
sfa-hts loci are responsible for the biosynthesis and transport of staphyloferrin B,
and staphyloferrin A, respectively. The fhuCBG-D1-D2 locus is responsible for
the transport of hydroxamate siderophores, and the isd locus encodes
components of the heme-scavenging iron-regulated surface determinant system.
Finally, the iron-regulated sstABCD operon encodes for an ABC transporter,
however its substrate has yet to be identified.
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The staphyloferrin B siderophore biosynthesis gene cluster, known as sbn,
is comprised of a nine gene iron-regulated operon (26). Inactivation of the sbn
operon in S. aureus results in attenuated growth in mammalian serum. However,
S. aureus growth levels are nearly restored to wild-type levels with prolonged

incubation; this may be due to the production of staphyloferrin A (5).

1.4.3 Staphylococcus aureus iron(lll)-siderophore transport
S. aureus uses an assortment of iron-regulated ABC transporters in order
to bring free iron through its cellular membrane and into the cell. Five iron-
regulated ABC transporters, depicted in Figure 5, have been identified in S.
aureus: the ferric hydroxamate uptake (Fhu) system (101), the staphylococcal
iron regulated (Sir) system (25), the heme iron transporter (Hts) (106), the
staphylococcal siderophore transporter (Sst) (74), and the iron-regulated surface

determinant (Isd) heme transporter (69).

1.4.3.1 Ferric hydroxamate uptake system

The ferric hydroxamate uptake (Fhu) system is utilized in the uptake of
iron(lll)-hydroxamate siderophores. Interestingly, S. aureus does not produce
hydroxamate siderophores; the Fhu system allows S. aureus to utilize exogenous
hydroxamate siderophores (101). The iron and Fur-regulated genetic elements of
the Fhu system, shown in Figure 4, encode permease components (FhuB and

FhuG), an ATPase (FhuC), and dual binding proteins (FhuD1, FhuD2) (103).

18
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Figure 5. A simplified diagram of five iron transport system in S. aureus. Arrows
in the Isd system represent the paths that heme can take through the system
before it is transported across the membrane and degraded. metHB:
methemoglobin; Hp-hp: Haptoglobin-hemoglobin; SA-Fe: staphyloferrin A-iron
complex; SB-Fe: staphyloferrin B-iron complex; Hyd-Fe: Hydroxamate-iron
complex.
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1.4.3.2 Staphylococcal-iron regulated transport system

The staphylococcal iron regulated (Sir) transport system acts as the ABC
transporter for the uptake of staphyloferrin B complexed with iron. The three
gene sirABC operon, which encodes a binding protein (SirA) (42) and permeases
(SirB, SirC), is divergently transcribed from the sbn operon (Figure 4).
Interestingly, the iron and Fur-regulated sirABC operon does not encode an
ATPase. Studies from our lab have provided evidence that FhuC from the Fhu
transport system is utilized as the ATPase required for staphyloferrin B uptake

(109).

1.4.3.3 Heme iron transport system

Early studies by Skaar et al. originally implicated the heme iron transport
system (Hts) in heme transport (106). This study identified the htsABC operon,
and through the inactivation of htsB and htsC (each encoding permease
components), indirectly showed that the iron preference of S. aureus changed
from heme to transferrin (106). However, direct involvement of Hts in heme
transport has yet to be ascertained. Interestingly, a recent study demonstrated
that the Hts transporter is involved in S. aureus staphyloferrin A uptake (5). HtsA
has been identified as part of the class Il family of binding proteins, and has
been shown to bind to the iron-staphyloferrin A complex using a highly positively
charged binding pocket (40). This pocket contains a patch of six arginine
residues which make contact with the siderophore, holding it in place within the
pocket. Furthermore, a deletion of the htsABC operon resulted in no uptake of

staphyloferrin A (5). It should be noted that similar to the sirABC operon, no

21



ATPase-encoding gene is found in the htsABC operon. Evidence suggests that

the FhuC ATPase is once again used in staphyloferrin A uptake (5).

1.4.3.4 Iron-regulated surface determinant heme transporter

The iron-regulated surface determinant (Isd) heme transporter is one part
of the heme-scavenging Isd system (Figure 5). The S. aureus genome contains
nine iron-regulated isd genes (Table 2; Figure 4) which encode nine proteins
involved in heme uptake in the isd system. Two additional proteins, sortase A
(SrtA) and sortase B (SrtB) are also critical components of the isd system. The
IsdA, IsdB, IsdC and IsdH proteins are heme surface receptor proteins anchored
to the cell wall (33, 69). With the exception of I1sdC, these surface receptors are
anchored to the peptidoglycan cross-bridges of the cell wall by SrtA; IsdC is
anchored by SrtB (69). While IsdA and IsdC are buried in the cell wall, I1sdB and
IsdH are exposed to the extracellular milieu, allowing them to bind to heme from
methemoglobin or haptoglobin-hemoglobin (32, 69). Heme can then either be
transferred bidirectionally between IsdB and IsdH (75), or from either I1sdB or
IsdH to IsdA, then directly to IsdC. From IsdC, heme is transferred to the Isd ABC
transporter. Once heme is bound to IsdC, it is transferred to IsdE, prior to
passage through the Isd ABC transporter (IsdF). The heme is then taken through
the permease (IsdF), and into the cell. As with the Sir and Hts transporters, there
is no obvious ATPase encoded by the isd locus. Grigg et at. has suggested that
the Fhu system ATPase, FhuC, may be used by the Isd ABC transporter (39).
Once inside the cell, heme is then degraded by IsdG and Isdl (108), releasing

iron which can then be used as a nutrient by the cell.

22



1.4.3.5 Staphylococcal siderophore transporter

To date, there is limited understanding of the staphylococcal siderophore
transporter (Sst). The sstABCD operon encodes two putative cytoplasmic
membrane proteins (SstA and SstB) believed to form a permease, an ATPase
(SstC), and a receptor-binding lipoprotein (SstD) (74). The substrate transported
by Sst has not yet been elucidated. However, it is believed that the Sst
transporter is involved in iron acquisition in some manner, as the sstABCD

operon is iron and Fur regulated (74).

1.5 Expression of iron acquisition systems in Staphylococcus aureus

While extensive studies of S. aureus iron acquisition systems have
resulted in the elucidation of a considerable number of iron-regulated genetic
elements, little is known about when these genes are expressed in vivo. For
example, it is unknown why S. aureus carries so many different iron acquisition
systems in its genome; a recent study by Pishchany et al. showed that IsdA and
IsdB are differentially expressed in the heart and liver in mice (88). Thus, it could
be hypothesized that S. aureus may be expressing these different iron
acquisition systems in specific organs in order to survive, or even that different
systems are expressed at different time points throughout the course of an
infection. Typical in vitro procedures are unable to ascertain such data; thus, in
order to determine what iron acquisition systems are being expressed (or when
they are being expressed) in vivo, a system capable of accurately identifying

genes expressed in vivo must be used.
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1.6 Identifying genes expressed in vivo

An inherent issue with in vitro studies is that, despite the variety of growth
media used to culture bacteria and mimic in vivo growth conditions, they are
unable to completely capture the complex nature or cellular interactions of the
host environment. Thus, it is possible that select genes that are shown to be
active in the in vitro environment may not necessarily be active in vivo, or vice
versa (107). This is of particular importance when studying the role(s) of
virulence determinants required for a pathogen to survive during the course of an
infection, the ever changing environment of the host to combat the pathogen may
result in the different virulence determinants being turned on or off over the
course of the infection, something that may not be readily identified using in vitro
studies (107). In 1987, Osbourne et al. developed a system that would later
become known as in vivo expression technology (IVET), which was designed so
as to overcome such problems by selecting for bacterial genes that are highly
expressed in the host, but not in laboratory media (82). Since its inception, IVET
and similar techniques have been used to identify an assortment of in vivo
induced (ivi) genes, in a variety of microorganisms. Here, several IVET strategies

will be described.

1.6.1 In vivo expression technology

In vivo expression technology (IVET) is a promoter trap assay capable of
monitoring promoter activity through the use of a selectable marker. Although an
IVET system was originally designed by Osbourne et al. to identify Xanthomonas
campestris virulence genes induced in vivo during an infection with its host the
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turnip (82), the term in vivo expression technology was not coined until 1993 by
Mahan et al., where the system was adapted to a murine model to identify
Salmonella, typhimurium ivi genes (66). The IVET promoter trap works by
identifying active promoters in a specific environment, such as an animal host.
Active promoters are identified through the construction of a genomic library in
which the bacteria’s genomic DNA is randomly cut and cloned upstream of a
reporter gene. This gene will endow the cells with a specific phenotype (eg.
antibiotic resistance), allowing only those with active promoters to survive in a
particular environment. These transcriptional fusions can be placed on a plasmid
(82) or integrated into the bacterial chromosome (66). One of the most
significant advantages of IVET is its versatility. To date, four different variations
of IVET have been established, based on antibiotic resistance, auxotrophy,
system specificity, and recombination events involving a group of enzymes
known as recombinases, capable of excising a specific genetic marker (95).
These modified IVETs have been adapted and applied to a variety of Gram-
positive (51, 52, 59, 116), Gram-negative (20, 38, 50, 114,117), Mycobacteria

(34) and eukaryotic microorganisms (96,110).

1.6.1.1 Antibiotic resistance selection

For antibiotic resistance based IVET, the reporter gene used is an
antibiotic resistance cassette. The most significant aspect of this IVET variant is
that it allows for the application of the IVET system in a wide variety of
microorganisms, both in vitro and in vivo, as all that is needed to detect active

promoters is to grow the cells in the appropriate antibiotic (82). One significant
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downfall of this particular selection method is that the antibiotic itself may impair
or modify the microorganism-host interaction when administered to the host
organism. For example, the host of X. campestris, the turnip, was shown to have
inhibited growth and chlorosis after extensive exposure to the antibiotic
chloramphenicol (82). This issue can be somewhat alleviated through the
administration of differing concentrations of antibiotic, as well as changing the
time at which the antibiotic is given (82, 95). This allows for the identification of
genes which are expressed at different antibiotic concentrations, as well as at

different time points.

1.6.1.2 Auxotrophic selection

The auxotrophy-based IVET strategy employs the use of a mutant strain
of the microorganism of study that is incapable of growth in the wild through the
mutation of a gene essential to normal growth, typically a biosynthetic gene (95).
This mutation can be complemented using the promoter trap; any DNA fragment
fused to the essential gene that becomes active will result in the expression of
the essential gene, allowing the microorganism to grow normally. The benefit of
this strategy is that virtually any biosynthetic gene required for wild-type growth
can be mutated so long as there are no metabolites in the environment that the
microorganism can use to complement the mutation (95). For example,
auxotrophic IVET studies have successfully mutated genes required for purine
biosynthesis (ApurA) in S. enterica serovar Typhimurium (66), methionine
biosynthesis (AmetXW) in Pseudomonas syringae (68) and pantothenate

biosynthesis (ApanB) in Pseudomonas fluorescens (93). Although versatile, one
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significant drawback to the auxotrophy-based IVET variant is that, for some

microorganisms, the necessary tools have yet to be developed to allow for the
construction of an auxotrophic mutant (95). For such microorganisms, another
form of IVET could be used to obtain the same results, such as the previously

described antibiotic resistance-based IVET.

1.6.1.3 System-specific selection

System-specific selection IVET is used to identify promoters which are
differentially expressed during a select stage of an interaction between a
microorganism and its eukaryotic host (95). It is similar to the auxotrophic IVET
system described previously, as it requires the construction of a mutant strain,
which can only be complemented with an active promoter region fused to a
reporter gene. However, instead of using a reporter gene that is essential for
wild-type growth, the reporter gene is one that is required for a specific stage
during a microorganism-host interaction. Thus, the microorganism is screened for
its ability to establish an interaction with its host (95). In addition to the
prototypical promoter trap element, the system-specific IVET variant also
measures the effect of the microorganism-host interaction on the host itself in
vitro, using a scorable host phenotype, such as cell lysis or symbiosis (95). This
system was used in symbiosis studies on the plant pathogen Sinorhizobium
meliloti where bacA, required for differentiation of the pathogen into bacteroids
(47), was used as a reporter gene for identifying host-induced promoter activity,
while gusA was used as a reporter gene for in vitro promoter activity (81). This

allowed the IVET system to screen for and identify genes that were only
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expressed before bacteroid differentiation, which only occurs during the

beginning stages of symbiosis (81).

1.6.1.4 Recombination in vivo expression technology

While the auxotrophic- and antibiotic resistance-based IVET variants have
distinct advantages, one of their largest disadvantages is that they are unable to
isolate transiently or weakly expressed genes over the course of an infection.
This issue is rectified by the recombination in vivo expression technology
(RIVET) variant (Figure 6). RIVET was designed by Camilli et al. in order to
identify Vibrio cholerae ivi genes in mice during the course of infection (15). With
RIVET, a reporter construct is integrated into a non-critical region of the bacterial
genome. The construct consists of a positive selection marker, such as an
antibiotic resistance cassette, which is flanked by specific recombinase
recognition DNA sequences. More recently, counter selective markers, such as
sacB, have been used in addition to the positive selection marker to create a
more robust reporter construct (71, 83). These sequences are specifically bound
to by a recombinase, such as Cre (3) or TnpR (59). The recombinase then
mediates a recombination event between the two recombinase recognition sites,
resulting in the excision of the reporter gene. Thus, RIVET works by constructing
a strain of the bacteria containing the reporter construct, and fusions of the
promoterless recombinase gene with random genomic DNA as described
previously. Fusions with active promoter regions result in expression of the
recombinase, leading to an excision event. Thus, cells with active promoters will

be deficient of the phenotype that the reporter gene provided. RIVET generally
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Figure 6. A general representation of the RIVET system, i) A reporter cassette
consisting of one or more reporter markers is flanked by two recombinase
recognition regions (blue), ii). A random fragment of genomic DNA (red) is cloned
upstream of a recombinase gene on a plasmid. If an active promoter is present in
the random DNA, it will drive expression of the recombinase gene (A plasmid
carrying a promoterless recombinase gene is used as a negative control). The
subsequent recombinase protein product will then bind to the recombinase
recognition regions, resulting in iii) excision of the reporter cassette. SM =
Selectable marker.






consists of two stages. The first involves the construction of the genomic DNA
library. Once completed, the library is screened to remove promoter regions
activated in vitro. For example, if the reporter gene is an antibiotic resistance
cassette, then the bacteria will be cultured in media containing the antibiotic to
which the cassette endows resistance to. Those harbouring constitutive
promoters will be killed, as the cassette has been excised by the recombinase,
resulting in antibiotic sensitivity. The second stage involves infecting the animal
host to identify active promoter regions. These can be identified using replica
plating, once the cells have been recovered from the host looking for colonies
which lack the reporter gene phenotype.

While RIVET is a powerful tool, other non-IVET based techniques can be
used to identify bacterial in vivo expressed genes. One of the most common of
these techniques is the microarray. Microarrays are capable of examining the
entire genome of a bacterium within a matter of hours, and output a huge
guantity of data which can be analyzed by a variety of computer software
programs. The benefit of using RIVET over microarray is that a RIVET system
can be established in virtually any molecular genetics laboratory using basic
molecular biology techniques, whereas microarrays are generally constructed in
special laboratories with the established equipment necessary for building and
analyzing microarrays, as these components can be quite expensive. Problems
can also arise due to the large quantities of RNA that are needed for a
microarray; this is particularly a problem with tissue samples, as they tend to

have low quantities of RNA that are insufficient for microarray analysis (100).
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Additionally, while microarrays do in fact identify when genes are expressed in
vivo, they can only do so at a specific time frame, specifically, that at which the
samples were extracted. RIVET, on the other hand, is capable of identifying

temporal gene expression throughout a time course, such as that of an infection.

1.7 CrelloxP

A variety of recombinase systems exist that can be used to design a
RIVET system. One such system is the CrelloxP recombination system. Cre/loxP
was discovered in the P1 bacteriophage, as part of its site-specific recombination
system (111). The system is composed of Cre, a type | topoisomerase tyrosine
recombinase (80), and two loxP (locus of crossing over) sites. A loxP site is a 34-
bp DNA sequence consisting of two 13-bp inverted repeats that flank an 8-bp
asymmetric spacer region (43). A reporter construct, generally consisting of at
least one positive selection marker (eg. antibiotic resistance cassette) is cloned
in-between the two loxP sites.

cre encodes a 343-residue protein that has high binding specificity to loxP
sites. Each loxP site has two cre binding domains, each consisting of one of the
13-bp inverted repeats plus the first 4-bps of the spacer region adjacent to the
inverted repeat (44). Once the Cre has bound to these domains on two different
loxP sites (only two molecules of Cre are required per loxP site (63)), a
recombination event occurs in which one of three outcomes can be observed for
the DNA flanked by the loxP sites: excision, inversion or translocation (Figure 7).

Translocation occurs when recombination is between two loxP sites located on
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Translocation occurs when recombination is between two loxP sites located on
separate DNA strands. Excision and inversion occur when the loxP sites are on
the same strand of DNA; the event that occurs is dictated by the directionality of
the loxP spacer region (45). If the spacer region of the loxP sites are direct
repeats in relation to each other, then an excision event will occur. However, if
the spacer regions of the loxP sites are inverted in relation to each other, then an

inversion event will occur.

1.8 The use of an IVET system in S. aureus

In 1998, Lowe etal. successfully implemented an antibiotic resistance-
based RIVET system in S. aureus (59). The system successfully identified 65 ivi
staphylococcal genes in a murine renal abscess model, 45 of which were
strongly induced. Only six of these genes were known staphylococcal virulence
determinants, including agrA, a part of the global regulatory system (79), and geh,
which encodes the glycerol ester hydrolase gene (49). The remaining 39 genes
were either previously unknown ivi genes, or had homology to known non-
staphylococcal genes. This subsequently led to the identification and sequencing
of murC, which encodes a UDP-N-acetylmuramoyl-L-alanine synthetase, an

essential component for cell wall biosynthesis (60).
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Figure 7: The three possible outcomes of CrelloxP recombination. If the
orientation of two loxP spacer regions (blue arrows) are in the same direction,
then all DNA enclosed by the loxP sites is excised (Top). Ifthe orientation of two
loxP spacer regions are inverted in respect to each other, then all DNA enclosed

by the loxP sites is inverted (Centre). If two loxP sites are on separate strands of
DNA, then a translocation will occur (Bottom).
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1.9 Thesis and Research Objectives

Although the S. aureus based RIVET system designed by Lowe et al.
proved to be successful in identifying ivi genes during a S. aureus infection,
several modifications can be made in order to improve the system. One such
modification would be the addition of a counter selection marker. This, combined
with an antibiotic reporter gene could result in a reduction in the number of false
positive colonies obtained using the RIVET system. Therefore, an improved S.
aureus IVET system utilizing the RIVET strategy would be considerably
beneficial in the identification of ivi genes, as well as determining the temporal
expression of these genes. Such data could provide considerable insight into
how S. aureus functions in vivo during an infection.

The goal of this project was to design and construct a RIVET-based
system in S. aureus, and use it to determine the temporal expression of iron-
regulated promoters during growth in an iron-starved environment, both in vitro
and in vivo. To that end, my research objectives consisted of developing a RIVET
based system containing a loxP reporter cassette with both a positive selection
marker and a counter selection marker. This loxP cassette would then be
integrated into the chromosome of several S. aureus strains through the use of a
single homologous recombination event. Single- and multi-copy ere constructs
driven by different promoter constructs were to be built and transformed or
integrated into strains of S. aureus containing the loxP cassette. Expression from
promoters would be monitored through ere expression resulting in the loss of the

loxP reporter cassette. My hypothesis states that excision of the loxP reporter
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cassette would only occur in those cells cultured in conditions where promoter(s)
were active. This would represent a valuable laboratory tool for use in gene

expression studies, especially in vivo during S. aureus infection.
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Chapter 2: Methods and Materials
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2.1 Bacterial strains, plasmids, and growth media

2.1.1 Bacterial cell cultures

All bacterial strains and plasmids used in this study are outlined in Tables
3 and 4. All bacteria were cultured at 37°C. If required, antibiotics were used at
the following concentrations: ampicillin (100 pg/mL), chloramphenicol (30 pg/mL)
erythromycin (300 pg/mL), kanamycin (50 pg/mL), spectinomycin (50 pg/mL) and
tetracycline (10 pg/mL) for E. coli cultures; chloramphenicol (5 pg/mL)
erythromycin (3 pg/mL), kanamycin (50 pg/mL), lincomycin (50 pg/mL), neomycin
(50 pg/mL) and tetracycline (4 pg/mL) for S. aureus cultures. All E. coli cultures
were grown in Luria-Bertani (LB) broth (Difco), while tryptic soy broth (TSB)
(EMD Biosciences) was used to culture S. aureus. Solid media was obtained by
the addition of agar (EMD Biosciences) to 1.5% w/v In select experiments,

E. coliwas grown on LB agar with 40pg/mL 5-bromo-4-chloro-3-indoyl-(3-D-
galactopyranoside (X-Gal) and 0.1 mM isopropyl beta-D-thiogalactopyranoside
(IPTG).

Iron-restricted media used to culture S. aureus was made by adding the
divalent cation chelator 2,2'-dipyridyl (Sigma-Aldrich) to a concentration of 1mM.
All media and solutions were made with double distilled water.

2.2 DNA preparation

2.2.1 Isolation of plasmid DNA

Plasmid DNA was isolated from E. coli using e.Z.N.A™ plasmid mini prep
kits (Omega Bio-Tek), as directed. S. aureus plasmid DNA was isolated using

Qiaprep mini-prep spin kits (Qiagen). In addition to the standard Qiaprep protocol,
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Table 3: Bacterial strains used in this study

Bacterial strains Description Reference
Bacteria
E. coli

DH5a F- 480 dLacZAM15 recAl endAl gyrA96 i/7-1 Promega

hsdR17(rk mkt) supE44 relAl deoR
A{lacZYA-argF)\J169
XL1-Blue endAl gyrA96(nal ) thi-1 recAl relAl lac ginV44 Stratagene
F'[ ::Tn10 proAB+laclgA(lacZ)M15]
hsdR17(r«' mk#

aureus

RN4220 rk' mk+; accepts foreign DNA 54

RN6390 Prophage cured wild type strain 86

Newman Wild-type clinical isolate 35

SH1000 rsblf derivative of S. aureus strain 8325-4 46

H2067 RN4220: :loxR, TetR This Study

H2073 RN6390: :loxR, TetR This Study

H2116 Newman: :/oxP, TetR This Study

H2187 RN4220::/oxP with integrated This Study
promoterless ere vector; EryR

H2188 RN4220::/oxP with integrated PFhuCBc:.cre This Study
transcriptional fusion; EryR

H2219 RN6390: :/oxP with integrated promoterless This Study
ere construct; EryR

H2218 RN6390::/0xP with integrated rrhucec'ere This Study

construct; EryR
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Table 4: Plasmids used in this study

Plasmids Description Reference
pSHE11 E. coli Cre expression vector; AmpR 104
pDG1513 pMTL22 derivative carrying a tetracycline 11
resistance cassette; AmpR

pDG646 pSB119 derivative carrying an erythromycin 11
resistance cassette; AmpR

pLI50 E. colilS. aureus shuttle vector; ApPRCmR 56

pAW11 E. colilS. aureus shuttle vector; EryR 115

pTL.2787 Carries <Hl int 65

pLL29 S. aureus single-copy integration vector; TetR 65

pLL29-Ery pLL29 with TetRcassette disrupted by an This Study
erythromycin cassette

pPSAKO S. aureus gene deletion plasmid containing 30
sac3[Bsub]W29; KmR

pBC SK (+)  E. coli cloning vector; CmR Stratagene

pCM6 pigt: :SacB transcriptional fusion cloned into pLI50; This Study
AmpRCmR

pCM13 Completed loxP construct in pBC SK(+); Cm This Study

pCM14 Promoterless cre construct cloned into pAW11;, This Study
EryR

pCM15 Penucsc-ocre transcriptional fusion This Study
cloned into pAW11; EryR

pCM17 PFhucBG ..Cr'e transcriptional fusion This Study

cloned into pLL29-Ery; SpecR(E.coli)
EryR(S. aureus)

pCM19 promoterless cre cloned into pLL29-Ery; This Study
SpecR(E.coli) EryR(S. aureus)
pCM21 prhucia: :Al-27cre transcriptional fusion This Study

cloned into pAW11, EryR
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S. aureus cells were incubated in P1 resuspension buffer containing 50 pg/mL

lysostaphin for 30-60min before the addition of lysis buffer P2.

2.2.2 lIsolation of S. aureus chromosomal DNA

S. aureus chromosomal DNA was obtained using the protocol outlined in
(91). Briefly, 5 mL S. aureus cultures were grown overnight, with shaking. 500 pL
of culture was spun down for 2 minutes at 7000 rpm. The supernatant was
decanted, and 200 pL STE (75 mM NaCl, 25 mM EDTA, 20 mM Tris pH 7.5) was
used to wash the pellet. The cells were spun down again for 2 minutes at 7000
rpm, and the supernatant decanted. 50 pg lysostaphin was dissolved in 200 pL
STE to create a STE/lysostaphin buffer. 25 pL of the STE/lysostaphin buffer was
used to resuspend the cell pellet, and incubated for 1 hour at 37°C. 20 pL 10%
SDS and 20 pL proteinase K were then added and the entire mixture incubated
at 55°C overnight. 80 pL 5 M NaCl was then added; the resulting solution was
mixed by inversion. 320 pL 25:24:1 phenol/chloroform/isoamyl alcohol was
added and mixed by inversion and the resulting mixture was allowed to incubate
at room temperature for 30 min, then spun down at 12000 rpm for 10 min. The
aqueous layer of solution was removed using a wide bore tip and placed in a
separate eppendorf tube. 300 pL 25:1 chloroform/isoamyl alcohol was mixed with
the aqueous layer by inversion and spun down at 12000 rpm for 10 min. The
aqueous layer was removed, and 400 pL isopropanol was added and the mixture
was incubated at room temperature for 10 min, then spun down at 12000 rpm for
5 min. The supernatant was decanted, and the pellet was washed with 100 pL

95% ethanol. Pellets were dried and resuspended in 100 pL ddH20.
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2.2.3 DNA sequencing

DNA samples sent for sequencing had a minimum DNA concentration
of 150ng/pL. Primers used for sequencing had a concentration of 12 pmol. All
DNA sequencing was performed at the York University Core Molecular Biology

and DNA Sequencing Facility.

2.3 Recombinant DNA methodology

2.3.1 Manipulation of recombinant DNA

All restriction endonuclease digestions, PCR reactions and DNA ligations
were performed as outlined by Sambrook et at. (97). Restriction endonucleases,
rAPid alkaline phosphatase and Pwol polymerase were obtained through Roche
Diagnostics. T4 DNA ligase and additional restriction endonucleases were
obtained from New England Biolabs. T4 polynucleotide kinase was obtained from
Fermentas. All oligonucleotides detailed in Table 5 were purchased from

Integrated DNA technologies.

2.3.2 Preparation of competent E. coli and S. aureus cells

For E. coli DH5a CaCh competent cells, 400 mL LB broth was inoculated
to an ODeooof 0.01 with an overnight culture of E. coli DH5a, and incubated at
37°C with aeration until ODeoo reached 0.5. Cells were placed on ice for 20
minutes, then centrifugated for 10 minutes at 3000rpm, 4°C. The supernatant
was carefully decanted so as to not disturb the pellet. The pellet was
resuspended in 100 mL chilled E. coli competent cell buffer (0.1 M CaC”, 15%
v/v glycerol), placed on ice for 30 minutes, then spun down for 10 minutes at
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Table 5: Oligonucleotides used in this studyab

Name

loxP For

loxP Rev

Ery For
Ery Rev

Promoterless ere For

ere For

ere Del For

ere Rev

fhuCBG For
fhuCBG Kpn\ Rev
fhuCBG Xba\ Rev
TetRFor

TetRRev
tRNA-Lys For
tRNA-Leu Rev
Igt promoter For
Igt promoter Rev
sacB For

sacB Rev

Sequence (5 -> 3’)

TGAGCTCATAACTTCGTATAGCATACATTATACGA
AGTTATGATATCATAACTTCGTATAGCATACATTAT
ACGAAGTTATAGGTACCA
TGGTACCTATAACTTCGTATAATGTATGCTATACG
AAGTTATGATATCATAACTTCGTATAATGTATGCT
ATACGAAGTTATGAGCTCA
CGCGATATCTTACTTATTAAATAATTTATAGC
CCCGATATCTTTAACTCTGGCAACCC
TTGTCTAGAATGTCCAATTTACTGACCGTACACC
TTGGGIACCATGTCCAATTTACTGACCG
TTGTCTAGAATGGACATGTTCAGGGATCG
ATACTGCAGCTAATCGCCATCTTCCAGC
GGGGAATTCGATTTATCAAATTAAGTGC
GGGGGTACCAATTTCCCTACTTTCAATAAAATTC
GGGTCTAGAAATTTCCCTACTTTCAATAAAA
CCCTCTAGACTCGAGGCAGATAGTGTACGTAAA
AAG
GCGTCTAGATTAGAAATCCCTTTGAGAATG
TTGGAGCTCGCCATTAGCTCAGTTGG
TTCGAGCTCATTTTGAGTCCCGCG
GGCGATATCCCCGGGTTTCTTTTCGAAATTC
CATCTTCATATGGGGTTCACCTCAATT
CTCCATATGAACATCAAAAAGTTTGCAA
CCCGATATCTCTAGATTATTTGTTAACTGTTAA
TTGTCC

aRestriction sites used for cloning are underlined
PAbbreviations: tetR tetracycline resistance
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3000rpm, 4°C. The supernatant was carefully decanted and the pellet
resuspended in 4mL E. coli competent cell buffer. 100pL aliquots were placed in
sterile 1,5mL eppendorf tubes, flash frozen on dry ice, and stored at -80°C.

For all S. aureus competent cells, 200mL TSB was inoculated to an ODeooof
0.01 with an overnight culture of the desired S. aureus strain and incubated at
37°C with aeration until ODeoo reached 0.3. Cells were put on ice for 10 minutes,
then spun down for 10 minutes at 3000rpm, 4°C. The supernatant was carefully
decanted, and the pellet resuspended in 20ml_ chilled 0.5 M sucrose, then spun
down for 10 minutes at 3000rpm, 4°C. The supernatant was carefully decanted
and the pellet resuspended in 2.5 mL 0.5 M sucrose. The resuspended cells
were incubated on ice for 20 minutes then spun down for 10 minutes at 3000 rpm,
4°C and resuspended in 2 mL 0.5 M sucrose. 60 pL aliquots were placed in

sterile 1.5 mL microcentrifuge tubes, flash frozen on dry ice and stored at -80°C.

2.3.3Transformation of competent E. coli and S. aureus cells

Competent DH5a E. coli cells were thawed on ice. 5 pL of plasmid DNA or
10 pL ligation mixtures were added to the cells and incubated on ice for 40
minutes, heat shocked at 42°C for 2 minutes then cold shocked for 2 minutes.
700 pL LB broth was added to the cells which were then incubated at 37°C for
one hour. 100 pL of cells were then plated on selective agar and incubated at
37°C overnight. The remaining 600 pL of cells were spun down and the
supernatant decanted. The pellet was resuspended with 100 pL fresh LB and

subsequently plated as previously described.
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Competent S. aureus cells were thawed on ice. 3 pL of plasmid DNA was
added to the cells and incubated on ice for 20 minutes, then placed in a 0.2 cm
electroporation cuvette and electroporated using a BioRad Gene Pulser (one
pulse at 2.5 kV, capacitor at 25 pF, parallel resistor at 100 Q, time constant of 2.5
ms). 700 pL TSB was immediately added to the cells which were subsequently
incubated at 37°C for one hour. The cells were then spun down and the pellet
resuspended with 100 pL fresh TSB. The cells were then plated on selective agar

and incubated at 37°C overnight.

2.3.4 Construction of Pigt:sacB fusion

The Igt promoter region was PCR amplified from S. aureus Newman
chromosomal DNA using primers Igt promoter For and Igt promoter Rev. sacB
was PCR amplified from the suicide vector pSAKO using the primers sacB For
and sacB Rev. The Igt promoter region and sacB were digested with Nde\,
ligated and PCR amplified resulting in a Pigt: sacB fusion. Pigt::sacB was
phosphorylated, and blunt cloned into a dephosphorylated Smal site in the E. coli

- S. aureus shuttle vector, pLI50.

2.3.5 Construction of pLL29-Ery

pLL29 is a S. aureus single-copy integration vector based on the
lysogenic bacteriophage L54a and <pll site-specific recombination systems (62).
The plasmid harbours a tetRcassette, which, for the purposes of this study,
needed to be inactivated. To do this, an erythromycin resistance cassette was

D
cloned into pLL29 using a unique EcoRYV site located within the Tet cassette.

46



The erythromycin cassette was PCR amplified from pDG646 using the Ery For
and Ery Rev primers. The PCR product was then cut with EcoRV and blunt
cloned into the dephosphorylated pLL29 backbone using the aforementioned

EcoRYV site, disrupting the tetRcassette and resulting in pLL29-Ery.

2.3.6 Construction of PFhuCBo'-'cre fusion

The fhuCBG promoter region (Figure 8) was PCR amplified from the S,
aureus Newman chromosome using the fhuCBG For and fhuCBG Kpn\ Rev
primers, ere was PCR amplified from pSHE11 using the ere For and ere Rev
primers. The promoter region and ere were then digested with Kpn\, ligated and
PCR amplified resulting in PFhuCBG::cre. The resulting fusion was then cloned into
either the E. coli-S. aureus shuttle vector pAW11, or the single copy S. aureus
integration vector pLL29-Ery using the unique EcoRI and Psti sites. As a control,
a promoterless ere construct was PCR amplified using the Promoterless ere For
and ere Rev primers, then cloned into pAW11 or pLL29-Ery using unique Xl

and EcoRI sites.

2.3.7 Construction of PFhuCBc::Al-27cre fusion

The thuCBG promoter region was PCR amplified as described in 2.3.6
with a single modification: The fhuCBG Xba\ Rev primer was used to PCR
amplify the promoter region instead of the fhuCBG Kpn\ Rev primer. A truncated
ere with the first 27 amino acids deleted from the N-terminus was PCR amplified

using ere Del For and ere Rev primers. The fhuCBG promoter and truncated ere
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Figure 8: The fhuCBG promoter region of S. aureus strain Newman. The Shine-
Dalgarno (SD) site, -35 and -10 regions of the promoter region are underlined
and the boxed sequence represents the iron-regulated Fur box. The translation-
start methionine is depicted in red. Sequence downstream, and including the

ATG start-codon is the beginning of thuC.



NWMN_698191 ATAAATGGTATGAGCACACATACTTAAATAGAAGTCCACGG
NWMN_698232 ACAAGTTTTTGAACTATGAAGACTTATCTGTGGGCGTTTTTT
NWMN_698274 ATTTTATAAAAGTAATATACAAGACATGACAAATCGACAATT
NWMN 698316 ATAAAAAG TAATGTTAGTCAATAAGATTGAAAAATGTTATAAT

-35 -10
NWMN_698358|GATGTTCATGATAATCAANTATCAATTGGGATGTCTTTGAAAA

NWMN_698400 TTGATAATTTAAAAATAGAAATTATTTTTTATAAACAGAAAGA

NWMN 698443 AATTTTATTGAAAGTAGGGAAATTATGAATCGTTTGCATTGG
SD

NWMN_698485 ACAACAAGTTAAAATTGGTTACGGGGATAACACGATTATAA

NWMN 698526 ATAAATTAGATGTTGAAATAC
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were digested with Xba\, ligated and PCR amplified, resulting in the p fivicbgnai1-
27ere fusion, which was then cloned into the pAW11 backbone using unique

EcoRI and Pst\ sites, creating pCM21.

2.3.8 Construction of the loxP cassette

25 pL of primers loxP For and loxP Rev, consisting of two loxP sites
separated by an EcoRYV site, were mixed in a PCR tube and annealed together in
a thermocycler by gradually increasing the temperature up to 95°C, at a rate of
0.1°C/sec. The resulting 87 bp PCR product was cloned as a Sac\IKpn\ fragment
into pBC SK+, creating pCM5. The Fgt.sacB transcriptional fusion was cut with
EcoRV and cloned into the aforementioned EcoRYV site into the
dephosphorylated pCM5 backbone, resulting in pCM11. A 2.1 kb fragment
containing a tetracycline resistance cassette and its native promoter was PCR
amplified from pDG1513 and amplified using the TetRFor and TetRRev primers,
cut with Xba\ and cloned into a unique Xba\ site of pCM11, which had been
dephosphorylated beforehand, resulting in pCM12. To complete the loxP
construct, a 2.2 kb fragment flanked by a truncated tRNA-Leu and a tRNA-Lys
was PCR amplified from the Newman chromosome (NWMN_tRNA24 to
NWMN_tRNA44) using the tRNA-Lys For and tRNA-Leu Rev primers. The PCR
product was then digested with Sacl and cloned into the unique Sacl
(dephosphorylated) site outside of the loxP cassette in pCM12, resulting in

pCM13.
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2.4 Integration of the loxP cassette into the S. aureus chromosome

E. coli harbouring the pCM13 plasmid was cultured overnight. Plasmid
preparations of pCM13 were performed until a plasmid concentration of
approximately 1 mg/pL was attained. pCM13 was then electroporated into
competent S. aureus strain RN4220 cells and plated on TSB agar containing
tetracycline and incubated overnight at 37°C. Three transformants were obtained.
Each was tested to verify loxP construct integration by PCR amplification of the
tetracycline resistance cassette, as well as sacB, using the chromosomal DNA of
the transductants as a template (data not shown). Once verified, the loxP
cassette was transferred from the RN4220 background to other S. aureus strains
using phage transduction. Transductions, using phage 80a, were carried out as

described previously (78).

2.5 Integration of ere constructs into the S. aureus chromosome

ere constructs were integrated as described (62). Briefly, E. coli
harbouring a ere construct plasmid were grown overnight. The ere plasmids
were then transformed into competent S. aureus strain RN4220 cells and plated
on TSB agar containing erythromycin and lincomycin. ere construct integration
was then verified by PCR amplification of the ere gene using the chromosomal
DNA of each integration strain as the template. Colonies with verified ere
constructs were then transduced, using phage 80a, to other S. aureus strains as

described in 2.4.
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2.6 Determining frequency of loxP cassette resolution before inoculation of liquid

media

Colonies harbouring one of the three ere constructs were patched onto
two different plates: TSB agar containing erythromycin and lincomycin and TSB
agar containing erythromycin, lincomycin and tetracycline. Patched colonies were

grown overnight at 37°C, then observed for tetracycline sensitivity.

2.7 Cassette resolution in S. aureus strains carrying the loxP cassette

To verify the functionality of the CreiloxP system, each multi-copy ere
construct was electroporated into RN4220. Plasmids were prepared from
RN4220 as described above and electroporated into RN6390: :/oxP, plated and
grown overnight at 37°C for no more than 18 hours. Three colonies were
randomly selected and separately resuspended in 300 pL TSB. 200 mL fresh
TSB containing erythromycin and lincomycin were inoculated with the
resuspended cultures to an OD6oo= 0.01. The inoculated 200 mL of TSB was
then split in half, with sterilized 2,2’-dipyridyl added to one of these flasks to a
concentration of ImM. Aliquots of each culture were taken every 2 hours and
plated on both TSB agar containing erythromycin and lincomycin and TSB agar
containing erythromycin, lincomycin and tetracycline, using serial dilutions. Cells
were grown for a minimum 18 hours at 37°C, and CFUs were counted. This was

repeated using the single-copy promoterless ere and Pfdiucbg: ere constructs.

2.8 Bacterial growth curves

S. aureus cultures were grown for 20 hours in TSB with the appropriate
antibiotics. Cultures were diluted to an ODeoo of 0.01 in TSB or TSB + 10%
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sucrose and grown at 37°C under constant shaking in a bioscreen C machine
(Growth Curves, USA). Optical density was measured at 600nm once every half

hour for 48 hours.
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Chapter 3: Results
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3.1 A Tetracycline-resistance cassette as a suitable positive selection marker

In order to construct a loxP reporter cassette (Figure 9), a positive
selective marker needed to be chosen. An antibiotic resistance cassette was
used, as several of these cassettes encoding for Kan , Ery /Line and Tet have
all been used effectively by our laboratory in a variety of S. aureus genetic
backgrounds (5, 101). Thus, a TetRcassette was chosen as the selective marker
for use in this loxP reporter cassette; both single- and multi-copy vectors carrying
a TetRcassette (See methods and materials) were tested in several S. aureus
strains, all of which endowed a TetR phenotype to previously Tets strains (data

not shown).

3.2 sacB as a suitable counter selection marker

A counter selective marker was chosen to allow S. aureus cells lacking the
loxP reporter cassette to grow in selective media in order to easily differentiate
those in which the reporter cassette had not been excised. Previous studies have
used sacB from Bacillus subtilis as a counter selective marker in a RIVET system
(83). sacB imparts a sucrose-sensitive phenotype; cells carrying sacB grown in
the presence of sucrose are killed due to a continued buildup of levan, the end
product of levansucrase fructosyl group polymerization and sucrose hydrolysis
(20). In addition, the sucrose-sensitive phenotype of sacB has been shown to
work in S. aureus (30); however, it was only tested in the RN4220 genetic
background. Thus, it needed to be determined if other S. aureus genetic
backgrounds could become sucrose-sensitive using sacB. sacB was fused to the

constitutive promoter of the lipoprotein diacylglycerol transferase encoding Igt, a
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Figure 9: Schematic of a loxP reporter cassette integrated into the S. aureus
chromosome. The cassette consists of a positive selection marker (PSM) and a
counter selection marker (CSM) flanked by two loxP sites, and is integrated using
genomic DNA from S. aureus in order to perform a single homologous

recombination event (SHR DNA).



ATAACTTCGTATAGCATACAITATACGAAGTTAT  ATAACTTCGTATAGCATACATTATACGAAGTTAT
TATTGAAGCATAT ATATGITITA ATA TATTGAAGCATAI____ ATATGCTTCAATA
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known S. aureus virulence determinant (12), creating the Pigt: sacB
transcriptional fusion. This fusion was then cloned into pLI50 (See methods and
materials), creating pCM6. pCM6 was electroporated into four different S. aureus
strains: RN4220, RN6390, Newman and SH1000. 10pL aliquots of each strain
were then grown overnight on TSB agar containing no sucrose, 5%, 10% or 15%
sucrose (Figure 10). Sucrose sensitivity was readily apparent in all strains
containing pCM6 with the exception of the Newman strain at 5% sucrose (Figure
10A). However, at 10% and 15% sucrose all strains containing pCM6, but not
those containing the vehicle control showed sucrose sensitivity. The RN4220,
RN6390 and SH1000 strains all maintained a similar level of sucrose sensitivity
at both the 10% and 15% sucrose concentrations, with only the Newman strain
showing a significant increase in sucrose sensitivity at 15%. In contrast, the
same strains containing the pLI50 empty vector displayed no sensitivity to
sucrose, regardless of sucrose concentration (Figure 10B), showing that the
sucrose sensitivity is due to the P”. sacB fusion.

Next, three S. aureus strains containing a genome-integrated P\$::sacB
fusion were tested for a sensitivity to sucrose at the same sucrose concentrations
as those used to test the plasmid-based P”/sacB construct described above
(Figure 11). Interestingly, of the three strains tested, only RN6390 appeared to
show a slight sensitivity to sucrose against its wild-type counterpart in any of the
sucrose concentrations tested. Unlike the plasmid-based P”/.sacB harbouring

strains, where sensitivity to sucrose was readily apparent (significantly less cell
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Figure 10: Verification of the sacB phenotype in S. aureus using a plasmid
carrying sacB expressed from the constitutive Igt promoter. The plasmid was
electroporated into four different S. aureus strains: RN4220, RN6390, Newman
and SH1000. The strains were serially diluted, then plated onto varying
concentrations of sucrose. All four strains containing pCM6 showed signs of
sucrose sensitivity at a sucrose concentration of 10%. A) S. aureus strains with
the empty vector control. B) S. aureus strains with the Pigt::sacB carrying plasmid.



No sucrose 5% sucrose 10% sucrose 15% sucrose
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Figure 11: Verification of the sacB phenotype in S. aureus strains with the
genome-integrated P"y.sacB fusion. This fusion was tested to evaluate a
sucrose sensitive phenotype in RN4220, RN6390 and Newman at varying
sucrose concentrations. Of these strains, only the RN6390 carrying the
integrated Pigt::sacB fusion presented with a minor sucrose sensitive phenotype.
The phenotype could be seen on all plates containing sucrose. Wild-type strains
without the integrated P” .sacB fusion were used as controls.



10% sucrose 15% sucrose
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growth in comparison to strains with the empty vector), sucrose sensitivity in the
RN6390 strain with the genome-integrated P”::sacB strain was poor,
represented by limited growth and smaller CFUs versus the wild-type in the final
dilution only at all three sucrose concentrations. Due to the limited sucrose
sensitivity shown in the three S. aureus strains with the genome-integrated
Pig:.sacB fusion, a different approach was taken to verify the sacB phenotype in
these strains. Instead of observing sucrose sensitivity on agar plates, | grew each
strain for 48 hours in liquid TSB with or without sucrose (Figure 12). Both the
RN4220 and Newman strains with the genome-integrated Fgt..sacB fusion did
not show any sucrose sensitivity (Figure 12A, B). The RN6390 strain harbouring
the integrated single-copy P” sacB fusion, however, showed significant cell
growth impairment in the presence of sucrose, as the ODsoo was far lower in the
presence of sucrose than that seen without sucrose (Figure 12C). Curiously, in
the presence of sucrose cell growth of the same strain gradually increased until
hour 30, at which point growth began to decrease once again. It is important to
note that growth levels of the RN6390 with the genome-integrated Pigt::sacB
fusion in the presence of sucrose never attained those of the same strain in the
absence of sucrose. This indicates that the RN6390: loxP strain is sensitive to
sucrose. In addition, because the RN6390 wild-type strain showed similar growth
curves regardless of the sucrose concentration, the sucrose sensitivity seen in
the RN6390 strain is due to the genome-integrated Pgt: sacB fusion. Based on

these results, only the RN6490: :/oxP strain was used to test for loxP cassette
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Figure 12: Verification of the sacB phenotype in S. aureus strains with the
genome-integrated Pigt::sacS in liquid cultures over 48 hours. Strains were grown
in a bioscreen in TSB with or without sucrose. Only the RN6390 strain carrying
the Pigt::sacB fusion showed a sucrose sensitive phenotype in the presence of
sucrose (C). This phenotype was readily apparent until hour 16. Growth then
steadily increased until hour 32, at which point cell growth began to deteriorate.
Both the RN4220 (A) and Newman (B) strains with the integrated P” sacB did
not show sucrose induced cell death in the presence of sucrose. Wild-type
strains without the genome-integrated Pigt::sacB were used as controls for each
strain.
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resolution with the ere expression constructs.

3.3 Construction of the S. aureus loxP reporter strain

In order to determine temporal expression of iron-regulated S. aureus
promoters, a S. aureus strain harbouring a loxP reporter cassette needed to be
constructed (Figure 13). Two loxP sites flanking an EcoRYV site were cloned into
pBC SK+, a plasmid containing no Gram-positive origin of replication (ori),
resulting in pCM5. The Pd sacB fusion was then cloned in-between the loxP
sites of pCMb, creating pCM11. A tetracycline resistance cassette from pDG1513
was then cloned downstream of the P~ .sacB fusion resulting in pCM12. Finally,
a tRNA fragment flanked by a truncated tRNA-Leu and a tRNA-Lys from the S.
aureus Newman chromosome was cloned outside of the loxP cassette, resulting
in the completed loxP reporter cassette, pCM13. This tRNA fragment would allow
for a single homologous recombination event to occur, resulting in the integration
of pCM13 into the S. aureus chromosome. pCM13 was electroporated into S.
aureus strain RN4220 and grown on TSB agar with tetracycline overnight. Due to
pCM13 lacking a Gram-positive ori, only cells that had pCM13 integrated into the
chromosome could grow on the tetracycline plates. Three TetRcolonies were
obtained. Verification of a successful integration event was done by PCR
amplifying the TetRcassette as well as sacB using chromosomal DNA as the
template; all three colonies contained the integrated loxP cassette (Data not
shown). The loxP cassette was then transduced into the RN6390 and Newman

genetic backgrounds, creating RN6390: loxP and Newman::/oxP.
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Figure 13: Construction of the loxP reporter cassette. A. The loxP sites were
cloned into pBC SK+ using the Sacl and Kpn\ sites, effectively removing the
MCS of pBC SK(+) and creating pCM5. The Pigt.:sacB transcriptional fusion was
then cloned between the loxP sites, resulting in pCM11. A TetRcassette from the

pDG1513 vector was then cloned into pCM11, resulting in pCM12. Finally, a
tRNA fragment from S. aureus Newman was cloned into pCM12 outside the loxP

cassette, resulting in pCM13. B. Linear map of pCM13 showing relevant genetic
loci; not drawn to scale.
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Successful transductants were verified by PCR as previously described (Data not

shown).

3.4 Construction of the S. aureus multi-copy ere expression vectors

In addition to the S. aureus loxP reporter strains, ere expression systems
needed to be constructed in order to test for resolution of the loxP cassette. To
do this, a S. aureus iron-regulated promoter needed to be chosen in order to test
for successful ere expression. The fhuCBG promoter was selected, as its
ATPase, FhuC, is used in conjunction with several of the S. aureus iron
acquisition systems (See Figure 5). Thus, ere was fused to the fhuCBG promoter
region, resulting in a erhucec -ere fusion. The fusion was then cloned into the E.
coli- S, aureus shuttle vector pAW11, resulting in pCM15. A promoterless ere
was also cloned into pAW11 as a negative control, creating pCM14. An
additional control using a ere in which the first 27 amino acids were deleted was
fused to the fhuCBG promoter (PFhuCBG::Al-27cre) and subsequently cloned into

the pAW11 backbone, resulting in pCM21.

3.5 Resolution of the loxP cassette using multi-copy iron-regulated Cre

expression in S. aureus strain RN6390: loxP

In order to confirm that the PAU(BG::cre construct was expressing Cre,
three differen multi-copy cre constructs were built: PFhuCBG-cre, a promoterless
cre construct, and PFhuCBG::Al-27cre, containing an inactive cre gene. Each
construct was transformed into RN6390: loxP then grown n in either iron rich or

iron starved conditions over 12 hours (Figure 14). Aliquots from each condition
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Figure 14: Sequential diagram of the RIVET system designed to elucidate the
temporal expression of S. aureus iron-regulated promoters. Plasmids containing
ere expressed by iron-regulated promoters, are introduced into S. aureus strains
harbouring the integrated loxP cassette. Cells are simultaneously cultured in iron
rich (A) and iron starved media (B). Aliquots are serially diluted onto TSB agar
with or without tetracycline and grown overnight. In the iron rich conditions, no
ere expression should be observed, and abundant cell growth should be seen on
the tetracycline plates. In the iron starved environment however, the iron-
regulated ere should express ere resulting in excision of the loxP cassette,
making those cells sensitive to tetracycline, resulting in reduced CFU counts on
the tetracycline plates in comparison to the plates containing no tetracycline.
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were serially diluted on plates with or without tetracycline in order to verify loxP
cassette resolution. As expected, both the promoterless ere and PHU(BG Al-
21ere multi-copy constructs did not show any resolution of the loxP cassette in
either iron environment, as there was no significant difference between cells
grown on the plates with tetracycline in comparison to those grown on plates
without tetracycline (Figures 15A, B). The PFCBG:cre multi-copy construct,
however, shows cassette resolution in both the iron rich and iron starved growth
environments (Figure 15C). While resolution is observed regardless of the
environmental iron available, it is apparent that resolution was higher in the iron
starved media due to iron-regulated ere expression via the fhuCBG promoter. It
is important to note that unlike the promoterless ere and PFhuCBG::Al-27cre
constructs, data from only one colony is shown for the PFucBG-'cre construct.
This is due to the remaining two replicates having no growth on the tetracycline
plates at all time points (data not shown), indicating that resolution of the
cassette occurred before the colonies were used to inoculate the TSB media.
Patching additional colonies onto agar plates with or without tetracycline showed
that two out of five colonies (40%) had their cassette resolved during cell growth
after electroporation of the PFhuCBG'cre plasmid construct into RN6390: loxP.
Taken together, these results indicate that, while ere is being expressed by the
PFhuCBG::cre construct, its multi-copy nature may be causing artificially high levels
of ere expression, causing early loxP cassette resolution. Therefore, single-copy

ere constructs needed to be tested to verify this.
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Figure 15: Resolution of the loxP cassette using multi-copy iron-regulated Cre
expression in S. aureus strain RN6390..loxP. CFUs were counted over a 12 hour
time period in either an iron rich environment (TSB media or iron starved media
(TSB media + 1mM 2, 2'-dipyridyl) and plated on agar with (+Tet) or without
tetracycline (-Tet). Cassette resolution would be observed if a reduced number of
colonies were observed on the + tet plates in comparison to the -tet plates.
RN6390::loxP cells harbouring the promoterless cre (A) or Pr,ucbg::A1-27cre (B)
constructs did not show any evidence of cassette resolution, regardless of what
iron environment the cells were cultured in. However, RN6390: loxP cells
harbouring the PFhuCBG-cre plasmid showed definitive cassette resolution in both
the iron rich and iron starved environments, indicating cre expression was
occurring, and driven by the thuCBG promoter (C). Sample size for each cre
construct n=3, except for PAuBG 'cre (n=1).
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3.6 The single-copy r riiucbg::Cre construct does not resolve the loxP cassette in
S. aureus RN6390::/oxP /a/ vitro

Single-copy ere integration vectors were designed utilizing pLL29 (62), a
S. aureus single-copy integration vector based on the lysogenic bacteriophage
L54a and (pl1 site-specific recombination systems. The system allows for fast,
reliable chromosomal insertion at two different locations in the S. aureus
genome, based on the location of each bacteriophage’s attB site (62). For the
purposes of this study, the (pl1l integration site was selected, as integration at
this site has been shown not to affect the virulence of S. aureus (62). One
problem with the pLL29 vector is that it carries a tetRcassette (Figure 16);
however, this problem was solved by disrupting the tetRcassette with an
erythromycin resistance cassette. This integration vector, pLL29-Ery, was
subsequently used as the backbone for the PFhucBG-'cre and promoterless ere
integration vectors pCM17 and pCM19, respectively. Both vectors were
electroporated into RN4220 and grown overnight on TSB agar containing
erythromycin and lincomycin. Verification of a successful integration was done by
PCR amplifying ere using chromosomal DNA as the template (Data not shown).
The P fiiucbg: ere and promoterless ere constructs were then transduced into the
RN6390 and Newman genetic backgrounds; successful transductants were
verified by PCR as previously described in section 3.2 (Data not shown). Figure
17 shows that both the integrated PFhuCBG-cre and promoterless ere do not
resolve the loxP cassette in both the iron rich and iron starved media, indicating

that ere is not being expressed (or is expressed extremely poorly) from either of
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these strains. Table 6 summarizes the loxP resolution results of both the multi-

copy and single-copy ere expression constructs.
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Figure 16: Construction of the ere expression integration vectors. The tet”
cassette of pLL29 (62) was disrupted using an erythromycin resistance cassette,
ermC, from the pDG646 vector, creating pLL29-Ery. The PFhucBefore
transcriptional fusion and promoterless ere constructs were then cloned into
pLL29-Ery, resulting in pCM17 and pCM19, respectively.
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Figure 17: The integrated ere constructs do not resolve the loxP cassette in the
RN6390: :/oxP strain in vitro in either an iron rich or an iron starved environment.
CFUs were counted over a 12 hour time period in either an iron rich environment
(TSB media; left) or iron starved media (TSB media + 1mM 2, 2-dipyridyl; right)
and plated on agar with or without tetracycline. Both the promoterless ere (A) and
P fiiucbg: ere (B) constructs do not show any evidence of cassette resolution, as
cell growth on plates containing tetracycline was similar to growth seen on plates

with no tetracycline. Sample size, n=3.
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Table 6: loxP cassette resolution after 12 hours in S. aureus RN6390: loxP

Iron rich media % Excision (SD) Iron starved media % Excision (SD)
Promoterless ere Promoterless ere

(multi-copy) 0 (multi-copy) 0
PFhuCBo::cre 84.7 PFhUCBG::cre 99
(multi-copy) (multi-copy)

P rilucng-MAL-27€re 3.4 (+/- 3.9) prhucec- B1-27ere 1.2 (+/-1.1)
Integrated 17.2 (+/-15.5) Integrated 9.5 (+/-16.5)
Promoterless ere Promoterless ere

Integrated 0.4 (+/- 0.8) Integrated 16.7 (+/-16.4)
PFhUCBG:.cre PFhucBG" Ere
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In the last decade, our understanding of S. aureus iron acquisition
systems and their mechanisms of action have increased considerably. Critical
nutrient systems such as these are essential to the survival of the bacteria, and
could play an important role in creating new and innovative methods of treatment
against S. aureus infections. IsdA and IsdH vaccine trials by Clarke et al. have
shown promise in reducing S. aureus nasal carriage in a cotton rat model (20),
while an IsdB vaccine is considered the leading staphylococcal vaccine, and is
currently in human clinical trials (55). Such preventative treatments are of
particular interest in recent years, especially in relation to S. aureus infections.
This is due to the continued rise in not only S. aureus antibiotic resistant strains
such as MRSA, but also in the increased prevalence of antibiotic resistant S.
aureus strains capable of infecting both the immunocompromised and healthy
outside the confines of a hospital. These strains, known as community-
associated Staphylococcus aureus (CA-SA), in addition to having the variety of
iron acquisition systems and virulence determinants found in most S. aureus
strains, have also recently acquired genetic elements which can provide these
strains with a survival advantage in particular environments. A primary example
of this is the arginine catabolic mobile element (ACME). While ACME has been
found in Staphylococcus epidermidis, a known proficient human skin colonizer, it
has recently been identified in most CA-MRSA strains (31). The ACME cassette
has been suggested to increase the proficiency of skin colonization as it contains
the arcABCD loci, which has been shown to be important in arginine catabolism,

allowing for increased survival in acidic environments such as human skin (31).

83



The emergence of these CA-SA strains harbouring new genetic elements
makes it more imperative to further elucidate S. aureus-human host interactions.
While extensive in vitro techniques have been developed in order to study and
culture S. aureus, such studies are unable to completely replicate the complexity
of the host environment. Thus, the nature of the host-pathogen interaction,
particularly during the course of an infection, cannot be elucidated using such
techniques alone. In order to study the in vivo environment, a variety of
techniques, dubbed in vivo expression technologies, or IVETSs, have been
designed. IVET systems utilize a promoter trap strategy to identify bacterial
promoters that are activated during an infection. A genomic library is built, and
the DNA fragments are fused upstream of a promoterless reporter gene, which is
needed in order for the bacteria to grow normally (or at all) under specific
conditions. To date, four IVET selection variations have been developed:
antibiotic-resistance, auxotrophic, system-specific, and recombination-IVET
(RIVET). Due to its high sensitivity, the RIVET system is of particular interest, as
it is the only IVET variation capable of identifying bacterial genes that are weakly
or transiently expressed during an infection (15); RIVET is also the only IVET
system capable of observing and studying temporal gene expression. This
strategy utilizes the ability of recombinase proteins to bind to specific DNA
sequences that flank at least one reporter gene, resulting in the excision of the
reporter gene(s), and therefore a phenotype which can be screened for.

Recombinase expression is driven only by bacterial DNA fragments with active
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promoters, as these DNA fragments are fused upstream of the recombinase

gene.

The purpose of this study was to build a RIVET based IVET system using
the Cre recombinaselloxP recombination system in order to use it to determine
the temporal expression of iron-regulated S. aureus promoters, first in vitro, then
during infection. While an IVET system has already been developed by Lowe et
al. for S. aureus, the system constructed here would be more robust and allow
for fewer false positives owing to the incorporation of a counter selection marker
in addition to a positive selection marker, an antibiotic resistance cassette. Thus,
the Bacillus subtilis derived levansucrase-encoding sacB was selected as the
counter selection marker for use in this RIVET system. sacB was selected
because it has been used as a counter selective marker in a RIVET system
previously (83) and has been shown to function in S. aureus (30). Thus, sacB
was fused to the constitutive Igt promoter, creating the Pigt sacB construct. This
fusion was used as part of the loxP reporter cassette, consisting of the
aforementioned sacB fusion, and a tetracycline antibiotic resistance cassette
flanked by two loxP sites. The loxP cassette was integrated into the S. aureus
RN4220 chromosome using a single homologous recombination event and
subsequently transduced to two other strains: RN6390 and Newman.

D’Elia et al. only showed the sacB sucrose sensitivity phenotype in a
single S. aureus strain, RN4220 (30). Thus, it was important to test other S.
aureus strains for a sacB phenotype to see if it could be used as a successful

counter selection marker for the RIVET system. All four strains tested (RN4220,
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RN6390, SH1000, Newman) that had the sacB carrying plasmid pCM6 showed
definitive sucrose sensitivity when the media sucrose concentration was at least
10%. However, this was not the case when the sacB construct was integrated
into the S. aureus chromosome. Of the three strains tested, only the
RN6390::loxP strain showed any sensitivity to sucrose. Thus, a different
approach was used in order to verify the sacB phenotype in each of these
strains. The RN4220::/oxP, RN6390::loxP and Newman::loxP and their
respective wild-type strains were grown in the presence or absence of sucrose in
liquid media over a 48 hour period. Once again, only the RN6390: :loxP strain
showed sensitivity to sucrose. However, the sucrose sensitivity phenotype was
much more obvious from the liquid culture results, as little to no RN6390: :/oxP
growth was observed within the first 16 hours. This was expected, as sacB
induced cell death is believed to be reliant on the continued build up of levan, the
end product of levansucrase fructosyl group polymerization and sucrose
hydrolysis (10). Therefore, as time progresses, levan should continually build up
in the cells, resulting in cell death. Unexpectedly, culture optical density (OD)
began to increase after the 16 hour mark up until the 32 hour mark, at which
point cell growth began to decrease. It is unknown why this increased culture
OD is suddenly seen after 16 hours of incubation; further investigation is required
in order to elucidate these results. The sudden drop in growth after 32 hours
could be attributed to the cells clumping together inside the wells of the bioscreen
plate, resulting in an artificial growth curve drop. This could be verified by

culturing RN6390: loxP cells in liquid media with or without sucrose and plating
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aliquots from either environment over a 48 hour period, and observing cell growth
on each plate.

Once the sacB phenotype was verified in the RN6390 background,
plasmid-based ere constructs were built in order to determine temporal
expression of iron-regulated S. aureus promoters in RN6390::/oxP. The first such
promoter chosen for study was that of fhuCBG, since fhuC is critical to all
characterized iron transport systems in S. aureus (5, 39). As expected, no loxP
cassette resolution was seen in cells carrying either negative controls
(promoterless ere - pCM14; PFuUCBG::creAl-27 - pCM21) after 12 hours in either
the iron rich or iron starved environment. However, resolution of the loxP
cassette was readily apparent with cells harbouring the P fiiucbg::cre construct
(pCM15) in both environments. These data indirectly confirm that cassette
resolution is due to ere expression, driven by the fhuCBG promoter. It should be
noted that direct verification of ere expression was attempted using western blot
analysis, however the anti-cre antibody used was not sensitive enough to identify
ere protein (data not shown). Also, while cassette resolution was expected from
cells with pCM15 cultured in an iron starved environment (due to the iron-
regulated nature of the fhuCBG promoter), cassette resolution in the iron rich
media was not; this can be attributed to a gene dosage effect due to the multi-
copy plasmid carrying the P fiiucbg-.ere construct. This can result in titration of the
Fur protein, as there is an insufficient amount of Fur in the cell in order to
properly bind to the multi-copy fhuCBG Fur box resulting in an inability to repress

all ere expression. This may also be due to high basal expression levels of
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fhuCBG in the in vitro iron rich environment, and due to the highly sensitive
nature of RIVET, these expression levels result in resolution of the cassette in
the iron rich environment.

In order to eliminate the issue of gene dosage, the promoterless ere and
PHuUCBG-'ere fusions were integrated into RN6390::/oxP and tested for cassette
resolution. Unfortunately, colonies with the integrated PHuCBG::cre created no
significant cassette excision, regardless of what media they were cultured in over
a 12 hour time period. This indicates little to no Cre was expressed by the single-
copy PFhuCBG'cre construct in the iron starved environment. However, this data
may be skewed due to 2, 2’-dipyridyl, the chelator used to create the iron starved
media. While the CrelloxP system is capable of recombination without any
additional reagents, studies have shown that the presence of Mg2+in CrelloxP
reactions results in a 25% increase in recombination (2). Therefore, chelation of
Mg2+from the media may potentially result in a reduction of recombination levels
in the iron starved 2,2’-dipyridyl containing environment. To eliminate this
problem, future in vitro studies should supplement the chelated media with Mg2+
as this may increase the frequency of cassette resolution. Also, EDDHA might
have been a better choice of chelator for use in this study, as it is unable to enter
the bacterial cell, unlike 2,2’-dipyridyl. Future in vitro studies using CrelloxP using
an iron chelator should take this into account.

While single-copy versions of the ere constructs were used in an attempt
to eliminate potential gene dosage effects as well as reduce the effect of

potentially high basal expression levels of fhuCBG, other strategies can be
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employed to combat these problems. One such strategy requires that the Shine-
Dalgarno sequence of ere be modified so as to reduce ere transcriptional levels,
resulting in less sensitive selection (57); a recent study by Malone et al. observed
the dramatic affects on gene transcription in S. aureus by making slight changes
to the Shine-Dalgarno sequence (67). An additional strategy could involve using
another iron-regulated promoter (preferably one in which basal expression levels
are low) fused to ere, and testing it against the Pfhucbg::ere construct. Such a
construct, a PHsA-"cre fusion, has been built, however due to time constraints was
not tested.

Future studies using this RIVET system benefit from its versatility. Both
reporter genes of the loxP cassette can easily be replaced by other reporter
genes, given the modular nature of the cassette. The loxP cassette also
contains two unique restriction sites (Sma\ and Xho\) that can be used to
incorporate additional reporter genes. One potential reporter gene that could be
implemented into this cassette would be that of a fluorescent gene; recent
studies have generated codon-optimized cyan-, yellow- and red fluorescent
proteins for S. aureus (67, 98). The addition of a fluorescent gene would provide
an additional screen for identifying individual cells in which the loxP cassette has
been excised.

Due to its versatility, a variety of future experiments can be performed
using this RIVET system. The most prominent of these experiments would be
the identification of ivi genes using this system in combination with a genomic

DNA library. Bacterial DNA fragments can be fused upstream of ere, and
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subsequently be screened to first eliminate promoters activated in vitro. Those
fragments that remain inactive in vitro can then be passaged through a variety of
hosts, and ivi genes can then be identified by screening for a specific phenotype.
DNA fragments containing active promoters of unknown function can then be
sequenced and characterized. The RIVET system could also be used to develop
experiments to determine the temporal expression of specific ivi genes over the
course of an infection. Such experiments can not only identify potential new
virulence determinants, but can also be used to further elucidate host-S. aureus
interactions through the analysis of when select genes are turned on over the
course of an infection.

This thesis describes the construction of what could become a potent and
versatile RIVET system that has been successfully shown to work in S. aureus in
vitro. This system has considerable potential to identify in vitro as well as ivi
genes expressed in a variety of environments. It can also be used to study
temporal expression of ivigenes over the course of an infection. Such studies
could significantly add to our understanding of how S. aureus interacts with its
host in vivo, as well as aiding in the development of new therapeutic treatments

against S. aureus infections.

90



References

1. Abergel RJ, Zawadzka AM, Hoette TM and Raymond KN. (2008). Enzymatic
hydrolysis of trilactone siderophores: where chiral recognition occurs in
enterobactin and bacillibactin iron transport. J Am Chem Soc. 131(35): 12682-
12692.

2. Abremski K and Hoess R. 1984. Bacteriophage P1 site-specific recombination.
Purification and properties of the Cre recombinase protein. J Biol Chem.
259(3): 1509-1514.

3. Altier C and Suyemoto M. (1999). A recombinase-based selection of
differentially expressed bacterial genes. Gene 240:99-106.

4. Archibald FS (1983) Lactobacillus plantarum, an organism not requiring iron.
FEMS Microbiol Lett 19:29-32

5. Beasley FC, Vines ED, Grigg JC, Zheng Q, Liu S, Lajoie GA, Murphy ME and
Heinrichs DE. (2009). Characterization of staphyloferrin A biosynthetic and
transport mutants in Staphylococcus aureus. Mol Microbiol. 72(4):947-963.

6. Beasley FC and Heinrichs DE. 2010. Siderophore-mediated iron acquisition in
the staphylococci. J Inorg Biochem. 104(3):282-288.

7. Bernard P. (2008). Management of common bacterial infections of the skin.
Curr Opin Infect Dis. 21(2): 122-128.

8. Blomster-Hautamaa DA, Kreiswirth BN, Komblum JS, Novick RP and
Schlievert PM. (1986). The nucleotide and partial amino acid sequence of toxic
shock syndrome toxin-1.J Biol Chem. 261 (33): 15783-15786.

9. Boukhalfa H, Reilly SD, Michalczyk R, lyer S and Neu MP. (2006). Iron(lll)
coordination properties of a pyoverdin siderophore produced by Pseudomonas
putida ATCC 33015. Inorg Chem. 45(14):5607-5616.

10. Bramucci MG and Nagarajan V. (1996). Direct selection of cloned DNA in
Bacillus subtilis based on sucrose-induced lethality. Appl Environ Microbiol.
62(11):3948-53.

11. Brown JS and Holden DW. (2002). Iron acquisition by Gram-positive bacterial
pathogens. Microbes Infect. 4(11):1149-1156.

12. Bubeck-Wardenburg J, Wiliams WA and Missiakas D. (2006). Host defenses

against Staphylococcus aureus infection require recognition of bacterial
lipoproteins. Proc Natl Acad Sci USA. 103(37):13831-13836.

91



13. Bubeck-Wardenburg J, Bae T, Otto M, DeLeo FR and Schneewind 0. (2007).
Poring over pores: a-hemolysin and Panton-Valentine leukocidin in
Staphylococcus aureus pneumonia. Nature Med. 13:1405-1406.

14. Braun V, Hantke K and Koster W (1998). Bacterial iron transport:
mechanisms, genetics, and regulation. Met lons Biol Syst. 35:67-145.

15. Camilli A and Mekalanos JJ. (1995). Use of recombinase gene-fusions to
identify Vibrio cholerae genes induced during infection. Mol. Microbiology.
68:2359-2367.

16. Carbonetti NH, Boonchai S, Parry SH, Vfiisinen-Rhen V, Korhonen TK and
Williams PH. (1986). Aerobactin-mediated iron uptake by Escherichia coli
isolates from human extraintestinal infections. Infect. Immun. 51:966-968.

17. Carrano CJ, Drechsel H, Kaiser D, Jung G, Matzanke B, Winkelmann G,
Rochel N and Albrecht-Gary AM. (1996). Coordination Chemistry of the
Carboxylate Type Siderophore Rhizoferrin: The Iron(lll) Complex and Its Metal
Analogs. Inorg Chem. 35(22):6429-6436.

18. Castillo AR, Woodruff AJ, Connolly LE, Sause WE and Ottemann KM.
(2008). Recombination-based in vivo expression technology identifies
Helicobacter pylon genes important for host colonization. Infect Immun.
76(12):5632-5644.

19. Cheung J, Beasley FC, Liu S, Lajoie GA and Heinrichs DE. (2009). Molecular
characterization of staphyloferrin B biosynthesis in Staphylococcus aureus. Mol
Microbiol. 74(3):594-608.

20. Clarke SR, Brummell KJ, Horsburgh MJ, McDowell PW, Mohamad SA,
Stapleton MR, Acevedo J, Read RC, Day NP, Peacock SJ, Mond JJ, Kokai-Kun
JF and Foster SJ. (2006). Identification of in v/\Vo-expressed antigens of
Staphylococcus aureus and their use in vaccinations for protection against nasal
carriage. J Infect Dis. 193(8): 1098-1108.

21. Cotton JL, Tao J and Balibar CJ. (2009). Identification and characterization of
the Staphylococcus aureus gene cluster coding for staphyloferrin A.
Biochemistry. 48(5): 1025-35.

22. Coulanges V, Andre P and Vidon DJ. (1998) Effect of siderophores,
catecholamines, and catechol compounds on Listeria spp. Growth in
iron-complexed medium, Biochem. Biophys. Res. Commun. 249: 526-530.

23. Courcol RJ, Trivier D, Bissinger MC, Martin GR and Brown MRW. (1997).

Siderophore production by Staphylococcus aureus and identification of iron-
regulated proteins. Infect Immun. 65(5): 1944-1948.

92



24. Crosa JH, Mey AR and Payne SM. (2004). Iron Transport in Bacteria.
Washington, DC, USA. ASM Press.

25. Dale SE, Sebulsky MT and Heinrichs DE. (2004). Involvement of SirABC in
iron-siderophore import in Staphylococcus aureus. J Bacteriol. 186(24):8356-
8362.

26. Dale SE, Doherty-Kirby A, Lajoie G and Heinrichs DE. (2004). Role of
siderophore biosynthesis in virulence of Staphylococcus aureus, identification
and characterization of genes involved in production of a siderophore. Infect
Immun. 72(1):29-37.

27. Davidson AL, Dassa E, Orelle C and Chen J. (2008). Structure, function, and
evolution of bacterial ATP-binding cassette systems. Microbiol. Mol. Biol. Rev.
72(2), 317-364.

28. de Lorenze V, Wee S, Herrero M and Neilands JB. (1987). Operator
sequences of the aerobactin operon of plasmid ColV-K30 binding the ferric
uptake regulation (fur) repressor. J Bacteriol. 169(6):2624-2630.

29. Deurenberg RH, Vink C, Kalenic S, Friedrich AW, Bruggeman CA and
Stobberingh EE. (2007). The molecular evolution of methicillin-resistant
Staphylococcus aureus. Clin Microbiol Infect. 13(3):222-235.

30. D'Elia MA, Pereira MP, Chung YS, Zhao W, Chau A, Kenney TJ, Sulavik MC,
Black TA and Brown ED. (2006). Lesions in Teichoic Acid Biosynthesis in
Staphylococcus aureus Lead to a Lethal Gain of Function in the Otherwise
Dispensable Pathway. J Bacteriol. 188(12): 4183-4189.

31. Diep BA, Gill SR, Chang RF, Phan TH, Chen JH, Davidson MG, Lin F, Lin J,
Carleton HA, Mongodin EF, Sensabaugh GF and Perdreau-Remington F. (2006).
Complete genome sequence of USA300, an epidemic clone of community-

acquired meticillin-resistant Staphylococcus aureus. Lancet. 367(9512):731-739.

32. Drechsel H, Freund S, Nicholson G, Haag H, Jung O, Zahner H and Jung G.
(1993). Purification and chemical characterization of staphyloferrin B, a
hydrophilic siderophore from staphylococci. Biometals. 6(3):185-192.

33. Dryla A, Gelbmann D, von Gabain A and Nagy E. (2003). Identification of a
novel iron regulated staphylococcal surface protein with haptoglobin-
haemoglobin binding activity. Mol Microbiol. 49(1):37-53.

34. Dubnau E, Fontan P, Manganelli R, Soares-Appel S and Smith 1. (2002).

Mycobacterium tuberculosis genes induced during infection of human
macrophages. Infect. Immun. 70:2787-2795.

93



35. Duthie ES and Lorenz LL. (1952) Staphylococcal coagulase: mode of action
and antigenicity. J Gen Microbiol 6:95-107.

36. Gal M, Preston GM, Massey RC, Spiers AJ and Rainey PB. (2003). Genes
encoding a cullulosic polymer contribute toward ecological succés of
Pseudomonas fluorescens SBW25 on plant surfaces. Mol. Ecol. 12:3109-3121.

37. Griffiths E and Williams P. (1999). Iron and Infection. John Wiley and Sons,
Ltd., New York.

38. Grigg JC, Vermeiren CL, Heinrichs DE and Murphy ME. (2007). Haem
recognition by a Staphylococcus aureus NEAT domain. Mol Microbiol. 63(1 ): 139-
49.

39. Grigg JC, Ukpabi G, Gaudin CF and Murphy ME. (2010). Structural biology of
heme binding in the Staphylococcus aureus Isd system. J Inorg Biochem.
104(3):341-348.

40. Grigg JC, Cooper JD, Cheung J, Heinrichs DE and Murphy ME. (2010). The
Staphylococcus aureus siderophore receptor HtsA undergoes localized
conformational changes to enclose staphyloferrin A in an arginine-rich binding
pocket. J Biol Chem. [published online ahead of print February 10, 2010],

41. Guérout-Fleury AM, Shazand K, Frandsen N and Stragier P. (1995)
Antibiotic-resistance cassettes for Bacillus subtilis. Gene 167: 335-336.

42. Heinrichs JH, Gatlin LE, Kunsch C, Choi GH, Hanson MS. 1999.
Identification and characterization of SirA, an iron-regulated protein from
Staphylococcus aureus. J Bacteriol. 181 (5): 1436-1443.

43. Hoess RH, Ziese M and Sternberg N. (1982). P1 site-specific recombination:
nucleotide sequence of the recombining sites. Proc Natl Acad Sei USA.
79(11):3398-3402.

44. Hoess RH and Abremski K. (1984). Interaction of the bacteriophage P1
recombinase Cre with the recombining site loxP. Proc Natl Acad Sei USA.
81 (4): 1026-1029.

45. Hoess RH, Wierzbicki A and Abremski K. (1986). The role of the loxP spacer
region in Pl site-specific recombination. Nucleic Acids Res. 14(5):2287-3000.

46. Horsburgh MJ, Aish JL, White 1J, Shaw L, Lithgow JK and Foster SJ.(2002).
sigmaB modulates virulence determinant expression and stress resistance:
characterization of a functional rsbU strain derived from Staphylococcus aureus
8325-4. J Bacteriol. 184(19):5457-5467.

94



47. Ichigo A and Walker GC (1997). Genetic analysis of the Rhizobium meliloti
bacA gene: functional interchangeability with the Escherichia coli somA gene and
phenotypes of mutants. J Bacteriol. 179(1):209-216.

48. Imbert M, Blondeau R.1998. On the iron requirement of lactobacilli grown in
chemically defined medium. Curr Microbiol. 37(1):64-6.

49. Kapral FA, Smith S and Lai D. (1992) The esterification of fatty acids by
Staphylococcus aureus fatty acid modifying enzyme (FAME) and its inhibition by
glycerides. J Med Microbiol 37: 235-237.

50. Khan MA and Isaacson RE. (1998). In vivo expression of the beta-glucoside
(bgl) operon of Escherichia coli occurs in mouse liver. J Bacteriol. 180(17):4746-
4749.

51. Kilig, AO, Herzberg MC, Meyer MW, Zhao X and Tao L. (1999). Streptococcal
reporter gene-fusion vector for identification of in vivo expressed genes. Plasmid.
42:67-72.

52. Klarsfeld AD, Goossens PL and Cossart P (1994). Five Listeria
monocytogenes genes preferentially expressed in infected mammalian cells:
pIcA, purH, purD, pyrE and an arginine ABC transporter gene, arpJ. Mol
Microbiol. 13(4):585-597.

53. Konetschny-Rapp S, Jung G, Miewes J and Zahner H. 1990. Staphyloferrin
A: a structurally new siderophore from staphylococci. Eur J Biochem. 191(1 ):65-
74.

54. Kreiswirth BN, Lofdahl S, Bentley MJ, O’Reilly M, Schlievert PM, Bergdoll MS
and Novick RP. (1983). The toxic shock syndrome exotoxin structural gene is not
detectably transmitted by a prophage. Nature 305: 709-712

55. Kuklin NA, Clark DJ, Secore S, Cook J, Cope LD, McNeely T, Noble L et al.
(2006). A novel Staphylococcus aureus vaccine: iron surface determinant B
induces rapid antibody responses in rhesus macaques and specific increased
survival in a murine S. aureus sepsis model. Infect Immun. 74(4):2215-2223.

56. Lee CY and landolo JJ. (1986) Lysogenic conversion of staphylococcal lipase
is caused by insertion of the bacteriophage L54a genome into the lipase
structural gene. J Bacteriol 166: 385-391.

57. Lee SH, Hava DL, Waldor MK and Camilli A. (1999). Regulation and
temporal expression patterns of Vibrio cholerae virulence genes during infection.
Cell. 99(6):625-634.

95



58. Liu GY, Essex A, Buchanan JT, Datta V, Hoffman HM, Bastian JF, Fierer J,
Nizet V. 2005. Staphylococcus aureus golden pigment impairs neutrophil killing
and promotes virulence through its antioxidant activity. J Exp Med. 202(2):209-
215.

59. Lowe AM, Beattie DT and Deresiewicz RL. (1998). Identification of novel
staphylococcal virulence genes by in vivo expression technology. Mol Microbiol.
27(5):967-976.

60. Lowe AM and Deresiewicz RL.(1999). Cloning and sequencing of
Staphylococcus aureus murC, a gene essential for cell wall biosynthesis. DNA
Seq. 10(1): 19-23.

61. Lopez FA, Lartchenko S. 2006. Skin and soft tissue infections. Infect Dis Clin
North Am. 20(4):759-772, v-vi.

62. Luong TT and Lee CY. (2007). Improved single-copy integration vectors for
Staphylococcus aureus. J Microbiol Methods 70(1 ):186-190.

63. Mack A, Sauer B, Abremski K, and Hoess R. (1992). Stoichiometry of the Cre
recombinase bound to the lox recombining site. Nucleic Acids Res. 20(17):4451-
4455,

64. Mack J, Vermeiren C, Heinrichs DE and Stillman MJ. (2004). In vivo heme

scavenging by Staphylococcus aureus IsdC and IsdE proteins. Biochem Biophys
Res Commun. 320(3):781-788.

65. Madigan MT, Martinko JM and Parker J. (2002). Brock Biology of
Microorganisms, 10th Ed., Toronto, Canada: Prentice Hall.

66. Mahan MJ, Slauch JM and Mekalanos JJ. (1993). Selection of bacterial
virulence genes that are specifically induced in host tissues. Science.
259(5095):686-688.

67. Malone CL, Boles BR, Lauderdale KJ, Thoendel M, Kavanaugh JS and
Horswill AR. (2009). Fluorescent reporters for Staphylococcus aureus. J Microbiol
Methods. 77(3):251-260.

68. Marco ML, Legac J and Lindow SE. (2003). Conditional survival as a
selection strategy to identify plant-inducible genes of Pseudomonas syringae.
Appl. Environ. Microbiol. 69:5793-5801.

69. Mazmanian SK, Skaar EP, Gaspar AH, Humayun M, Gomicki P, Jelenska J,

Joachmiak A, Missiakas DM and Schneewind O. (2003). Passage of heme-iron
across the envelope of Staphylococcus aureus. Science. 299(5608):906-909.

96



70. McDevitt D, Francois P, Vaudaux P and Foster TJ. (1994). Molecular
characterization of the clumping factor (fibrinogen receptor) of Staphylococcus
aureus. Mol Microbiol. 11(2):237-248.

71. Merrell DS and Camilli A. (2000). Detection and analysis of gene expression
during infection by in vivo expression technology. Phil. Trans. R. Soc. Lond. B
Biol. Sei. 355:587-599.

72. Modun B, Evans RW, Joannou CL and Williams P. (1998). Receptor-
mediated recognition and uptake of iron from human transferrin by

Staphylococcus aureus and Staphylococcus epidermidis. Infect Immun.
66(8):3591-3596.

73. Montgomery CP and Daum RS. (2009). Transcription of inflammatory genes
in the lung after infection with community-associated methicillin-resistant
Staphylococcus aureus, a role for panton-valentine leukocidin? Infect Immun.
77(5):2159-2167.

74. Morrissey JA, Cockayne A, Hill PJ and Williams P. (2000). Molecular cloning
and analysis of a putative siderophore ABC transporter from Staphylococcus
aureus. Infect Immun. 68(11):6281-8.

75. Muryoi N, Tiedemann MT, Pluym M, Cheung J, Heinrichs DE, Stillman
MJ.(2008). Demonstration of the iron-regulated surface determinant (Isd) heme
transfer pathway in Staphylococcus aureus. J Biol Chem. 283(42):28125-28136.

76. Naimi TS, LeDell KH, Como-Sabetti K, Borchardt SM, Boxrud DJ, Etienne J,
Johnson SK, Vandenesch F, Fridkin S, O'Boyle C, Danila RN and Lynfield R.
(2003). Comparison of community- and health care-associated methicillin-
resistant Staphylococcus aureus infection. JAMA. 290(22):2976-2984.

77. Ni Eidhin D, Perkins S, Francois P, Vaudaux P, H66k M and Foster TJ.
(1998). Clumping factor B (CIfB), a new surface-located fibrinogen-binding
adhesin of Staphylococcus aureus. Mol Microbiol. 30(2):245-257.

78. Novick RP. (1991). Genetic systems in staphylococci. Methods Enzymol.
204:587-636.

79. Novick RP, Projan SJ, Kornblum J, Ross HF, Ji G, Kreiswirth B, Vandenesch
F and Moghazeh S.(1995). The agr P2 operon: an autocatalytic sensory
transduction system in Staphylococcus aureus. Mol Gen Genet. 248(4):446-458.

80. Nunes-Duby SE, Kwon HJ, Tirumalai RS, Ellenberger T and Landy A. (1998).

Similarities and differences among 105 members of the Int family of site-specific
recombinases. Nucleic Acids Res. 26(2):391-406.

97



81. Oke V and Long SR. (1999). Bacterial genes induced within the nodule
during the Rhizobium-legume symbiosis. Mol. Microbiol. 32:837-849.

82. Osbourn AE, Barber CE and Daniels MJ. (1987). Identification of plant-
induced genes of the bacterial pathogen Xanthomonas campestris pathovar
campestris using a promoter-probe plasmid. EMBO J. 6:23-28.

83. Osorio CG, Crawford JA, Michalski J, Martinez-Wilson H, Kaper JB and
Camilli A (2005). Second-generation rec79. ombination-based in vivo expression
technology for large-scale screening for Vibrio cholerae genes induced during
infection of the mouse small intestine. Infect Immun. 73(2):972-980.

84. Otto M. (2009). Staphylococcus epidermidis — the ‘accidental’ pathogen. Nat
Rev Microbiol. 7(8):555-567.

85. Patti JM, Jonsson H, Guss B, Switalski LM, Wiberg K, Lindberg M and Hook
M. (1992). Molecular characterization and expression of a gene encoding a
Staphylococcus aureus collagen adhesin. J Biol Chem. 267(7):4766-4772.

86. Peng HL, Novick RP, Kreiswirth B, Kornblum J and Schlievert P. (1988)
Cloning, characterization, and sequencing of an accessory gene regulator (agr)
in Staphylococcus aureus. J Bacteriol 170: 4365-4372.

87. Pecoraro VL, Harris WR, Carrano CJ and Raymond KN. (1979). Siderophilin
metal coordination. Difference ultraviolet spectroscopy of di-, tri-, and tetravalent
metal ions with ethylenebis[(o-hydroxyphenyl)glycine]. Biochemistry.
20(24):7033-70309.

88. Pishchany G, Dickey SE and Skaar EP. (2009). Subcellular localization of the
Staphylococcus aureus heme iron transport components IsdA and IsdB. Infect
Immun. 77(7):2624-2634.

89. Pluym M, Vermeiren CL, Mack J, Heinrichs DE and Stillman MJ. (2007). Heme
binding properties of Staphylococcus aureus ISdE. Biochemistry. 46(44):12777-12787.

90. Posey JE and Gherardini FC. (2000). Lack of a role for iron in the Lyme
disease pathogen. Science. 288(5471): 1651-1653.

91. Pospiech A and Neumann B. (1995) A versatile quick-prep of genomic DNA
from Gram-positive bacteria. Trends in Genetics. 11(6):217-218.

92. Ratledge C and Dover LG. (2000). Iron metabolism in pathogenic bacteria.
Annu Rev Microbiol. 54:881-941.

93. Rainey PB. (1999). Adaptation of Pseudomonas fluorescens to the plant
rhizosphere. Environ. Microbiol. 1:243-257.

98



94. Raymond KN, Dertz EA and Kim SS. (2003). Enterobactin: an archetype for
microbial iron transport. Proc Natl Acad Sci USA. 100(7):3584-3588.

95. Rediers H, Rainey PB, Vanderleyden J and De Mot R. (2005). Unravelling
the Secret Lives of Bacteria: Use of In Vivo Expression Technology and
Differential Fluorescence Induction Promoter Traps as Tools for Exploring Niche-
Specific Gene Expression. Microbiol Mol Biol Rev. 69(2): 217-261.

96. Retallack DM, Deepe GS and Woods JP. (2000). Applying in vivo expression
technology (IVET) to the fungal pathogen Histoplasma capsulatum. Microb.
Pathog. 28:169-182.

97. Sambrook J, Fritsch EF and Maniatis T. (1989) Molecular Cloning. A
Laboratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory
Press.

98. Sastalla I, Chim K, Cheung GY, Pomerantsev AP, Leppla SH. 2009. Codon-
optimized fluorescent proteins designed for expression in low-GC gram-positive
bacteria. Appl Environ Microbiol. 75(7):2099-2110.

99. Schryvers AB (1989). Identification of the transferring- and lactoferrin-binding
proteins in Haemophilus influenzae. J Med Microbiol 29:121-130.

100. Schulze A and Downward J. (2001). Navigating gene expression using
microarrays-a technology review. Nat Cell Biol. 3(8):E190-195.

101. Sebulsky MT, Hohnstein D, Hunter MD and Heinrichs DE. (2000).
Identification and characterization of a membrane permease involved in iron-
hydroxamate transport in Staphylococcus aureus. J Bacteriol. 182(16):4394-
4400.

102. Sebulsky MT, Shilton BH, Speziali CD and Heinrichs DE. (2003). The role of
FhuD2 in iron(ll)-hydroxamate transport in Staphylococcus aureus.
Demonstration that FhuD2 binds iron(lll)-hydroxamates but with minimal

conformational change and implication of mutations on transport. J Biol Chem.
278(50):49890-48900.

103. Sebulsky MT, Speziali CD, Shilton BH, Edgell DR and Heinrichs DE. (2004).
FhuD1, a ferric hydroxamate-binding lipoprotein in Staphylococcus aureus: a
case of gene duplication and lateral transfer. J Biol Chem. 279(51 ):53152-53259.

104. Shaikh AC and Sadowski PD. (1997). The Cre recombinase cleaves the lox
site in trans. J. Biol. Chem. 272, 5695-5702.

99



105. Skaar EP, Gaspar AH and Schneewind O. (2004). IsdG and Isdl, heme-
degrading enzymes in the cytoplasm of Staphylococcus aureus. J Biol Chem.
279(1):436-443.

106. Skaar EP, Humayun M, Bae T, DeBord KL and Schneewind O. (2004). Iron-
source preference of Staphylococcus aureus infections. Science.
305(5690): 1626-1628.

107 Smith H. (1998). What happens to bacterial pathogens in vivo? Trends in
Microbiology. 6:239-243.

108. Simor AE, Gilbert NL, Gravel D, Mulvey MR, Bryce E, Loeb M, Matlow A,
McGeer A, Louie L and Campbell J. (2010). Methicillin-Resistant Staphylococcus
aureus Colonization or Infection in Canada: National Surveillance and Changing
Epidemiology, 1995-2007. Infect Control Hosp Epidemiol, [published online
ahead of print February 11, 2010].

109. Speziali CD, Dale SE, Henderson JA, Vines ED and Heinrichs DE. (2006).
Requirement of Staphylococcus aureus ATP-binding cassette-ATPase FhuC for
iron-restricted growth and evidence that it functions with more than one iron
transporter. J Bacteriol. 188(6):2048-2055

110. Staib P, Kretschmar M, Nichterlein T, Kohler G, Michel S, Hof H, Hacker J
and Morschauser J. (1999). Host-induced, stage-specific virulence gene
activation in Candida albicans during infection. Mol. Microbiol. 32, 533-546.

111. Sternberg N and Hamilton D. (1981). Bacteriophage P1 site-specific
recombination: Recombination between loxP sites.. J Mol Biol. 150(4):467-486.

112. Sulica A, Medesan C, Laky M, Onica D, Sjoquist J and Ghetie V. (1979).
Effect of protein A of Staphylococcus aureus on the binding of monomeric and
polymeric IgG to Fc receptor-bearing cells. Immunology. 38(1): 173-179.

113. Thakker M, Park JS, Carey V and Lee JC. (1998). Staphylococcus aureus
serotype 5 capsular polysaccharide is antiphagocytic and enhances bacterial
virulence in a murine bacteremia model. Infect Immun. 66(11):5183-5189.

114. Veal-Carr WL and Stibitz S. (2005). Demonstration of differential virulence
gene promoter activation in vivo in Bordetella pertussis using RIVET. Mol
Microbiol. 55(3):788-798.

115. Wada A and Watanabe H. (1998). Penicillin-Binding Protein 1 of
Staphylococcus aureus Is Essential for Growth. J Bacteriol. 180(10): 2759-2765.

100



116. Walter J, Heng NC, Hammes WP, Loach DM, Tannock GW and Hertel C.
(2003). Identification of Lactobacillus reuten genes specifically induced in the
mouse gastrointestinal tract. Appl. Environ. Microbiol. 69:2044-2051.

117. Wang J, Mushegian A, Lory S and Jin S. (1996). Large-scale isolation of
candidate virulence genes of Pseudomonas aeruginosa by in vivo selection. Proc
Natl Acad Sei USA. 93(19): 10434-10439.

118. Wang R, Braughton KR, Kretschmer D, Bach TH, Queck SY, Li M, Kennedy
AD, Dorward DW, Klebanoff SJ, Peschel A, DelLeo FR and Otto M. (2007).
Identification of novel cytolytic peptides as key virulence determinants for
community-associated MRSA. Nat Med. 13(12):1510-1514.

119. Wayne R and Neilands JB. (1975). Evidence for common binding sites for

ferrichrome compounds and bacteriophage phi 80 in the cell envelope of
Escherichia coli. J Bacteriol. 121(2):497-503.

101



	CONSTRUCTION OF A RECOMBINATION-BASED REPORTER SYSTEM TO IDENTIFY GENE EXPRESSION IN STAPHYLOCOCCUS AUREUS
	Recommended Citation

	tmp.1659555454.pdf.VhT1l

