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Summary

Two-component systems (TCS) enable bacteria to sense, respond and adapt to a wide
range of environmental stimuli. The OmpR/EnvZ TCS is composed of the inner
membrane sensor kinase EnvZ and the response regulator OmpR. In Escherichia coli
(E. coli) EnvZ is stimulated by changes in osmotic pressure; EnvZ phosphorylates the
transcription factor OmpR, which differentially expresses the outer membrane porins
ompF and ompC. Comparatively, the orthologous OmpR/EnvZ TCS in Salmonella
enterica serovar Typhimurium (S. Typhimurium) does not respond to osmolarity.
Instead, studies have shown the ompR gene is activated by low pH and is essential for
the expression of pathogenicity genes. These findings raised the question does ompR in

E. coli respond to low pH?

In this study, comparative analysis of ompR expression in both S. Typhimurium and E.
coli was performed. Results revealed ompR gene expression and OmpR protein levels
were upregulated in S. Typhimurium in acidic pH. In E. coli, ompR expression and
OmpR protein levels were insensitive to these changes; thus, ompR gene is
differentially expressed in these closely-related species. Bioinformatic analysis revealed
differences between the ompR/envZ operon in both organisms. Genetic rewiring
experiments identified the ompR regulatory region was responsible for differential

expression of ompR in each organism.

An investigation was carried out to identify what factor(s) stimulate ompR expression at
low pH in S. Typhimurium. Previous studies have shown the global regulator H-NS
represses ompR expression. Furthermore, ompR is positively autoregulated; OmpR
binds to four sites in the ompR promoter. This study has identified the OmpR-II site is
critical for ompR expression and H-NS antagonism at low pH. Previous work has shown
the ompR gene in E. coli is regulated by the integration host factor (IHF) and the c-
AMP receptor protein (CRP). This study investigated if these proteins regulate
expression of ompR in S. Typhimurium. Results revealed the IHF protein plays a role in
fine-tuning ompR expression. CRP acts as a dual regulator of ompR mediating both

positive and negative effect on expression at pH 7 and pH 4.5 respectively.
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This study mapped the genome-wide distribution of OmpR in both S. Typhimurium and
E. coli and investigated the influence of low pH on OmpR binding in both organisms.
OmpR binding was mapped using chromatin immunoprecipitation and microarray
analysis (ChIP-on-chip). This study reports the genomic targets of OmpR at pH 7 and
pH 4.5 in both organisms. In E. coli, the number of OmpR bound targets decreased at
low pH; in contrast, the number of OmpR targets increased in S. Typhimurium. There
was limited overlap between the OmpR regulons in both species and many of the genes
targeted in S. Typhimurium have no orthologues present in E. coli, indicating the OmpR
regulon has evolved since the divergence of E. coli and S. Typhimurium. Genes targeted
by OmpR in S. Typhimurium included those involved in virulence present in the
Salmonella pathogenicity islands. OmpR was bound at novel gene targets and increased
OmpR enrichment at these targets highlights the importance of pH as an environmental

signal for OmpR binding.
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Chapter 1 General introduction



1.1 The genus Salmonella

Salmonella is a Gram-negative rod-shaped bacterium belonging to the family
Enterobacteriaceae in the Gamma-proteobacteria subdivision (Ellermeier and Slauch,
2006). Two species are recognised: Salmonella enterica and Salmonella bongori
(Reeves et al., 1989). The species S. enterica is further divided into six subspecies:
enterica, salamae, arizonae, diarizonae, houtenae and indica (Ellermeier and Slauch,
2006). Subspecies V is now recognised as the separate species S. bongori. Salmonella
subspecies are further divided into serovars based on serological classification of the
surface structures, O-polysaccharide (O antigen) and flagellin protein (H antigen).

Currently over 2,500 serotypes have been described (Popoff e al., 2004).

1.2 Habitat, disease and treatment

The Salmonella species are facultative intracellular pathogens, primarily associated with
the intestinal tracts of animal hosts. Serovars that are associated with disease in warm-
blooded animals typically belong to Salmonella enterica subsp. enterica (Uzzau et al.,
2000). Salmonella bongori are commensals of cold-blooded animals and rarely infect
humans (Giammanco et al., 2002). Salmonella serovars that primarily infect one host
but can cause disease in others are called ‘host-adapted’, those that are associated with a
single host are called ‘host-restricted’, and those that have a broad host range are

referred to as ‘generalists’ (Uzzau ef al., 2000; Sabbagh et al., 2010) (see Table 1.1).

Infection with Salmonella, called salmonellosis, can manifest as typhoid fever or
gastroenteritis. Typhoid fever is a severe systemic infection caused by Salmonella
enterica serovar Typhi; serovar Paratyphi causes a clinically indistinguishable condition
called paratyphoid (Maskey et al., 2006). S. Typhi is restricted to humans; consequently
a suitable animal model for infection studies is lacking. Salmonella enterica serovar
Typhimurium (hereafter referred to as S. Typhimurium) is a non-typhoidal strain in
humans; however, it causes a systemic and typhoid-like disease in mice. For this reason,
S. Typhimurium has been the serovar of choice for genetic studies aiming to understand
typhoid fever pathogenesis (Haraga et al., 2008). Each year an estimated 22 million
cases of typhoid fever occur world-wide with an approximate 10% mortality rate if left

untreated (Crump et al., 2004). Infection with Sa/monella can also manifest as



Table 1.1. Host range of Salmonella enterica subsp. enterica serovars

Classification Serovar Natural host Rare host
Host restricted Typhi Humans None
Paratyphi A, C Humans None
Sendai Humans None
Abortusovis Ovines None
Typhisuis Poultry None
Abortusqui Equines None
Host adapted  Choleraesuis Swine Humans
Dublin Bovines Humans and ovines
Generalist Typhimurium  Humans, poultry, swine, bovines None

and rodents

Enteritidis Humans, poultry and rodents Swine and bovines

(adapted from Uzzau et al., 2000; Ellermeier and Slauch, 2006)



gastroenteritis; a self-limiting infection primarily caused by non-typhoidal strains S.
Typhimurium and Salmonella enterica serovar Enteritidis. Annually, there is an
estimated 1.3 billion cases world-wide of non-typhoidal salmonellosis of which 3

million are fatal (Pang et al., 1995).

Antibiotics are the standard treatment for cases of typhoid, paratyphoid and
gastroenteritis. Treatment with chloramphenicol began in 1948, however by 1972
chloramphenicol resistance had been reported (Woodward et al., 1948; Mirza et al.,
1996). Treatment with fluoroquinolones such as ciprofloxacin then came into use,
however, by 1993 fluoroquinolone resistant strains had also emerged (Parry and
Threlfall, 2008). With multi-drug resistance on the rise, efforts have focussed on
prevention by vaccinology. Currently two vaccines against typhoid have been licensed,
the live-attenuated vaccine Ty2la and the Vi antigen subunit vaccine (Marathe ef al.,
2012). The Ty21a vaccine is a chemically mutagenised form of the Salmonella Typhi
strain Ty2 (Germanier and Furer, 1983). This vaccine has drawbacks as it requires a
multiple dosing regime, it has a strict cold chain requirement for distribution and is not
effective in children younger than 2 years old or immune-compromised individuals
(Guzman et al., 2006). The Vi antigen vaccine is composed of purified capsular
polysaccharide Vi antigen. It is administered in a single dose by an intramuscular
injection (Hindle et al., 2002). This vaccine is safe, inexpensive and relatively effective.
However, this vaccine also has its drawbacks; it is ineffective in children under 2 years
old and generates antibodies against the Vi antigen only. Improved protection requires
vaccines that generate antibody responses against additional antigens such as

lipopolysaccharide (LPS) and flagellin (reviewed in Bishop et al., 2011).

New vaccines that are cost-effective, immunogenic in children and offer cross-
protection against Paratyphi strains are required (Bishop et al, 2011). Current
candidates include live-attenuated S. Typhi, these strains carry multiple mutations such
as mutations in the aro genes involved in synthesis of aromatic compounds (Bishop et
al., 2011). Candidate strains with additional mutations in virulence regulators such as
ompR, phoP (Dorman et al., 1989; Hohmann et al., 1996) or the virulence gene ssal’
(Hindle et al., 2002) have been constructed and some are currently in clinical trials.

However, there is still a need for a licenced vaccine against typhoid fever that is



effective in children under 2 years old which provides humoral and cellular immunity

(Marathe et al., 2012).

1.3 The biology of infection

1.3.1 Overview

Typically, infection with Sa/monella occurs due to ingestion of contaminated food or
water. Inside the human host Salmonella is subjected to multiple environmental changes
such as temperature, fluctuations in pH and oxygen levels (Rychlik and Barrow, 2005).
In the small intestine Salmonella must survive exposure to bile, cationic antimicrobial
peptides and secretory IgA to cross the upper mucosal layer and reach the underlying
epithelium (Haraga et al., 2008). Here, Salmonella can adhere to the apical cell surface
using fimbrial and non-fimbrial adhesins (Baumler et al., 1996b; Gerlach et al., 2007b)
and enter host cells by bacterial-mediated invasion or by phagocytosis. Salmonella
preferentially target microfold (M) cells of the follicle-associated epithelium in the
Peyer’s patches (see Fig. 1.1) (Sansonetti, 2004). M cells are specialised epithelial cells
which sample intestinal antigens by pinocytosis and deliver them to lymphoid cells in

the underlying Peyer’s patches (Haraga et al., 2008).

Invasion involves denuding of the microvilli and ruffling of the cell surface (Takeuchi,
1967); this is mediated by a type 3 secretion system (T3SS) which drives bacterial-
mediated endocytosis (Francis ef al., 1992; Finlay and Brumell, 2000). This T3SS is
encoded within Salmonella pathogenicity island 1 (SPI-1) and secretes effector proteins
into host cells that interfere with host cell signalling and drive internalisation of the
bacterium. Dendritic cells may also assist Salmonella invasion; these cells can
internalise bacteria from the lamina propria by sending pseudopods between adjacent

epithelial cells to open tight junctions and directly sample bacteria (Jepson et al., 1995).

After uptake through M cells, non-typhoidal Salmonella can interact and enter epithelial

cells through the basolateral surfaces. Here, secretion of effector proteins into the host
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Fig. 1.1. Strategies employed by Salmonella to cross the intestinal epithelium
barrier. A. Salmonella (purple ovals) cross M (microfold) cells of epithelium in the
Peyer’s patches. Salmonella are then phagocytosed by submucosal macrophage (grey)
where it can survive and replicate inside a Salmonella-containing vacuole within host
macrophage. B. Salmonella can also induce macrophage apoptosis; the SPI-1 encoded
bacterial effector SipB is secreted into host macrophage and binds caspase-1 which
coverts interleukin (IL)-1B to its active form, this adds to inflammation and PMN influx
(blue). C. Salmonella is also capable of entering epithelial cells, adjacent to infected M
cells, by their basolateral surfaces. D. Epithelial cells can be invaded directly; using the
SPI-1 encoded T3SS which induces bacterial-mediated endocytosis. E. Salmonella may
also be taken up directly by dendritic cells that open tight junctions between epithelial
cells to directly sample bacteria in the lumen (adapted from Sansonetti, 2004; Haraga et

al., 2008).



cytosol causes release of cytokines which induces an early inflammatory response and
attracts polymorphonuclear leukocytes (PMNs) into the intestinal lumen (Fig. 1.1)
(McCormick et al., 1995). Stimulation of PMN transmigration initiates an inflammatory
response, eventually leading to diarrhoea and the symptoms of gastroenteritis (Galan,

2001).

Once across the epithelium barrier, typhoidal strains of Sa/monella are phagocytosed by
submucosal macrophages (Alpuche-Aranda et al., 1994). Following uptake, Salmonella
reside in a large vacuole; this can be remodelled using a second T3SS to create a
distinct intracellular compartment known as the Sa/monella-containing vacuole (SCV).
Expression of effectors, via the T3SS encoded in SPI-2, support survival and replication
of Salmonella, thereby evading the transition to a lysosome (Cirillo ef al., 1998; Hensel
et al., 1998; Holden, 2002). Subsequently, the bacteria are disseminated throughout the

reticuloendothelial system causing systemic infection (Haraga et al., 2008).

Studies in vitro have shown Salmonella can also invade macrophages using SPI-1
T3SS, instead of phagocytosis (Chen et al., 1996; Monack et al., 1996). Secretion of the
effector protein SipB into macrophages induces apoptosis by activating the caspase-1,
this protease converts interleukin (IL)-1p to its mature active form, leading to cell death

and induction of a pro-inflammatory response (Hersh et al., 1999).

1.4 The genetics of infection

1.4.1 Type 3 secretion systems (T3SSs)

T3SSs are complex, highly specialised secretion systems that are evolutionarily related
to bacterial flagella (Paul et al., 2008). These needle-like structures span both the inner
and outer membrane of the bacterial envelope and establish contact with host cells.
Upon contact, bacterial effector proteins are transclocated into host tissues where they
can interfere with host cell signalling and promote bacterial survival and colonisation
(reviewed by Kosarewicz ef al., 2012). T3SS systems are widespread amongst Gram-
negative pathogenic bacteria and plant pathogens (Kosarewicz et al., 2012). S. enterica
contain two characterised T3SSs, which are required at different stages during infection

(Haraga et al., 2008). These are encoded in the pathogenicity islands SPI-1 and SPI-2;



pathogenicity islands are regions of DNA between 10-200 kb in length and are present
in pathogenic bacteria but absent from non-pathogenic bacteria (Hentschel and Hacker,
2001). They are acquired by horizontal gene transfer; this is supported by evidence
showing the G+C content of these islands differ from the host chromosome, they are
flanked by short direct repeats and are frequently associated with tRNA genes which act

as targets for integration events (Hentschel and Hacker, 2001).

1.4.2 SPI-1

SPI-1 is 40 kb in length and is located at 63 minutes on the S. Typhimurium
chromosome. SPI-1 is important during the invasion of host epithelium cells; Galan and
Curtiss (1989) have shown a SPI-1 mutant (originally described as an inv mutant) was
unable to invade M cells. The same mutant was attenuated for virulence when orally
ingested in a mouse model, but was unaffected when delivered intraperitoneally, thus
highlighting the importance of SPI-1 for cell mediated invasion (Galan and Curtiss,
1989).

The SPI-1 locus encodes the genes necessary to create a functional T3SS as well as
several effectors and regulators chaperones (Haraga et al., 2008). The structural genes
are encoded by the prg/org and inv/spa operons while the genes coding for proteins of
the translocon and the effectors are located in the sic/sip operon (reviewed by
Ellermeier and Slauch, 2007). The structure of the SPI-1 T3SS is composed of several
proteins; the filamentous needle is made of Prgl protein and extends ~50 nm from the
bacterial cell surface (Marlovits et al., 2004). The membrane bound base is made of
four distinct rings, the outer membrane rings are composed of InvG protein while the
inner membrane rings are composed of PrgH and PrgK (Marlovits ef al., 2004). The
proteins SipD, SipB and SipC are transported by the T3SS to form the needle tip and
translocon which is embedded into the eukaryotic host cell membrane (Fig. 1.2)
(Mueller et al., 2008). The process of recognising effector proteins destined for
secretion is not fully understood, however some substrates require a cognate chaperone,
which deliver the effectors to the T3SS (Kosarewicz et al., 2012). In addition, a recent
study has shown the SpaO/OrgA/OrgB proteins form a complex believed to act as a
binding platform for chaperone-effector complexes (Wagner et al., 2010). InvC is an

ATPase which dissociates effectors from cognate chaperones and partially unfolds



effectors prior to translocation into host tissues (Fig. 1.2) (Akeda and Galan, 2005).
Once inside host cells the effector proteins SopE, SopE2 and SopB activate host Rho
GTPases: Cdc42, Racl and RhoG. This induces host actin cytoskeletal rearrangements,
membrane ruffling and bacterial uptake (Hardt et al., 1998a; Bakshi er al., 2000;
Stender et al., 2000; Patel and Galan, 2006). This promotes the production of pro-
inflammatory cytokines and stimulates PMN transmigration leading to the symptoms of

gastroenteritis (Haraga ef al., 2008).

SPI-1 encodes regulators that control the expression of genes encoded both inside and
outside of the SPI-1 locus. HilA is a member of the OmpR/ToxR protein family and is
the major activator of genes within SPI-1. Deletion of Ail4 results in a phenotype
similar to deleting the entire SPI-1 locus (Ellermeier et al., 2005). HilA directly
activates the expression of genes in the prg/org and inv/spa operons and transcriptional
read through indirectly activates the sic/sip operon (Ellermeier and Slauch, 2007). InvF
is an AraC-like protein; InvF acts alongside the chaperone SicA to activate the
expression of effectors within the sic/sip operon and located elsewhere on the
chromosome (Darwin and Miller, 1999; Darwin and Miller, 2001). HilC and HilD are
also AraC-like proteins; these proteins regulate the expression of their own genes and
each other. Importantly, both proteins activate the expression of 4il4 (Schechter and
Lee, 2001; Ellermeier et al, 2005) and HilA negatively autoregulates its own

expression by an unknown mechanism (De Keersmaecker et al., 2005).

SPI-1 genes are subject to complex control by multiple regulators encoded outside of
SPI-1, some of which are mentioned here. RtsA acts positively alongside HilC and HilD
to activate HilA expression. The AilE gene encoding HilE is unique to Salmonella and is
located on part on the chromosome that resembles a pathogenicity island; HilE interacts
with HilD to negatively affect hilA expression (Baxter er al., 2003). The global
regulator H-NS (section 1.7.4) represses hilA expression (Schechter et al., 2003). The
transcriptional regulators OmpR (section 1.6.5) and Fis (section 1.7.5) also regulate
SPI-1 expression. Specifically, OmpR activates Ail/C' and represses hilD expression
(Cameron and Dorman, 2012). Fis has been shown to have a positive affect on hil4,

invF, hilC and hilD expression (Wilson et al., 2001; Cameron and Dorman, 2012).
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1.4.3 SPI-2

Salmonella can proliferate inside epithelial cells and non-activated macrophages, but
primarily replicate in the latter. After internalisation Salmonella resides within a
membrane-bound compartment called the SCV (Salmonella-containing vacuole)
(Unsworth and Holden, 2000). The SCV accommodates bacterial replication and
survival, enabling Salmonella to establish systemic disease (Unsworth and Holden,
2000). Inside the SCV, Salmonella actively manipulate the host cell to maintain the
vacuolar compartment and avoid host anti-microbial activities (Haraga ef al., 2008).
This compartment acidifies between pH 4 and pH 5 within 1 hour after formation
(Rathman et al., 1996) and contains magnesium and calcium in the millimolar range.
Furthermore, this compartment contains antimicrobial peptides, reactive oxygen
intermediates (ROI) and reactive nitrogen intermediates (RNI) which are capable of

damaging bacterial macromolecules (Alpuche Aranda et al., 1992; Haraga et al., 2008).

Adaptation to an intracellular life and the establishment of systemic disease requires the
SPI-2 encoded T3SS; SPI-2 mutants do not persist after infection (Linehan et al., 2005;
Jones et al., 2007). SPI-2 is a 40 kb island located at 31 minutes on the S. Typhimurium
chromosome next to the tRNA gene vall (Shea et al., 1996). It is composed of two
structural elements 23.5 kb and 14.5 kb in size; the 14.5 kb element is present in S.
enterica and the phylogenetically older species S. bongori and contains genes encoding
a tetrathionate reductase (Hensel ef al., 1999). Mutations in these genes does not
attenuate virulence in mice (Hensel ef al., 1999). The 23.5 kb element contains genes
essential for virulence and systemic infection but is not present in S. bongori serotypes
(Hensel ef al., 1999). This element encodes structural, regulatory, effectors and
chaperone elements for a T3SS (Fig.1.3). As with SPI-1, there are several SPI-2
secreted effectors located outside the SPI-2 locus (Heffron et al., 2011).

The 23.5 kb region encodes a two-component system (SsrA/B). An unidentified
stimulus prompts the sensor kinase, SsrA, to phosphorylate its cognate response
regulator SsrB which activates expression of SPI-2 (Fass and Groisman, 2009). ssr4
and ssrB are secretion system regulators (ss7) and are divergently transcribed from the

remaining genes within SPI-2. These genes were originally named based on their
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Fig. 1.3. Structural organisation of the 23.5 kb region of SPI-2. Genes are coloured

based on functional class according to the key (adapted from Tomljenovic-Berube et al.,
2010).
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function within SPI-2: the secretion system apparatus (ssa) genes, secretion system
effectors (sse) and secretion system chaperones (ssc). In retrospect some genes have

been incorrectly named (Hansen-Wester and Hensel, 2001).

Ssal., SsaM and SpiC proteins are required for secretion of the proteins that form the
translocon tip of the needle complex (Yu et al., 2004; Yu et al., 2010). The translocon is
composed of the proteins SseB, SseC, SseD. SsaV is an essential component of the
secretion system located in the inner membrane. A recent study has shown acidic pH is
required for secretion of proteins belonging to the translocon; a shift to higher pH then
stimulates the secretion of effectors (Yu ef al., 2010). This study proposed the needle
filament of the secretion system may act as a pH sensor that co-ordinates the timely
expression of effectors into the host cell, however this remains to be tested (Yu et al.,

2010).

Secretion of effectors into host cell cytoplasm interferes with host cell processes such as
intracellular transport and both actin cytoskeletal and microtubular arrangements
(Heffron et al., 2011). The SifA effector was the first SPI-2 effector identified. SifA
plays an important role in the formation of Salmonella-induced-filaments (Sifs) (Stein
et al., 1996). These filamentous structures spread from the SCV throughout the host
cell. Their formation requires host microtubules to facilitate growth of the SCV to
accommodate bacterial replication inside the vacuole (Haraga et al., 2008). SifA was
found to bind the host cell protein called SKIP (SifA and kinesin interacting protein)
that attaches the SCV to microtubules (Boucrot et al., 2005). The effectors SseF and
SseG have been shown to interact and direct the SCV to the Golgi apparatus enabling
Salmonella to acquire nutrients for growth and evade host-defence mechanisms

(Abrahams et al., 2006; Ramsden ef al., 2007; Haraga et al., 2008).

Regulation of SPI-2 expression is dependent on the SsrA/B two-component system;
SsrB binds and regulates expression of all SPI-2 operons (Deiwick et al., 1999;
Walthers et al., 2007; Tomljenovic-Berube ef al., 2010). In addition to the SPI-encoded
regulators several regulators located outside SPI-2 have been shown to control SPI-2
expression. The OmpR/EnvZ two-component system has been shown to regulate
expression of ssrA/B expression in conditions of low pH, DNA relaxation and in host

mac