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Abstract

Salmonella enterica is an intracellular bacterial pathogen of humans and the causative
agent of the acute gastrointestinal disease, salmonellosis, and the chronic systemic
infection, typhoid fever. Sensor proteins convert environmental signals, including signals
detected within the host environment, into biochemical signals to control cellular
responses. It has been previously established that the two component regulatory system
SsrA-SsrB, consisting of the integral membrane sensor kinase protein SsrA and the
cytoplasmic DNA-binding response regulator SsrB are essential for regulation of bacterial
factors during systemic intracellular infection. The first chapter of this thesis describes
characterization of the sensor kinase SsrA. The structure of the periplasmic sensor
domain is modeled and evidence is presented that it is involved in enhancing signaling
activity in response to environmental acidification encountered within the intracellular
environment. A mechanism whereby protonation of histidine residues within this region
in response to acidification drives conformational strain and thereby signaling is proposed.
The second chapter describes identification of the DNA-binding motif of SsrB within
regulated promoters as well as its regulon. Integration of experimental data with
comparative genomics data resulted in identification of the palindromic heptameric DNA
recognition motif of SsrB as well as identification of novel SsrB-regulated promoters. In
addition, a DNA microarray analysis is described wherein the complete SsrB regulon is
identified. Finally, the third chapter describes regulatory input of SsrB to the S. enterica

type VI secretion system. This chapter also describes the contribution of this system to

111



systemic dissemination of S. enterica during host infection. Altogether, these data
advance understanding of how Sal/monella controls factors essential for disease in

response to the host environment during infection.
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Chapter I — Introduction

Salmonella enterica is a foodborne intracellular pathogen

Salmonella enterica is a human-adapted pathogen disseminated by the oral-fecal
route of transmission that causes outbreaks of disease associated with severe morbidity
and mortality across the world. In the western world, S. enterica serovars Enteritidis and
Typhimurium, among other less prevalent serovars, are associated with acute
gastroenteritis known as salmonellosis, typified by gastrointestinal inflammation and
diarrhea and generally occur as point outbreaks following contamination of food products
(1). Infection with S. enterica serovars Typhi and Paratyphi cause the systemic disease
typhoid but such outbreaks have been eliminated in the developed world following
improved water treatment infrastructure. This disease is typified by onset of a fever of
increasing severity over the course of multiple weeks with infrequent shedding of the
bacterium followed by severe complications in some patients due to intestinal perforation,
or high burdens of bacteria causing intestinal hemmoraging at Peyer’s patches and
enlargement of the spleen and liver (2, 3). Outcomes of acute disease include elimination
of the infection, long-term asymptomatic carriage or death (4). Systemic typhoid remains
a major concern in developing nations and in the developed world pursuant to
infrastructure-disrupting disasters.

Interest in Sal/monella pathogenesis has surged following a spate of foodborne
outbreaks in North America and the emergence of the highly virulent serovar DT104,

which is difficult to treat due to its resistance to ampicillin, chloramphenicol,
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streptomycin, sulfonamides and tetracycline (5). Recently, invasive non-typhoidal
Salmonella disease (iNTS) has emrged in immunocompromized patients in Africa (6, 5).
While risk factors for iNTS are primarly associated with poor nutrition and co-infections
such as malaria and HIV, the persistence of these outbreaks plus their poor control and
ineffective treatment due to insufficient funding and infrastructure continues to provide a
selective environment for rapid pathogen evolution and to act as a reservoir for spread to
other nations.

In addition to human pathogens, the Salmonella genus includes other pathogens
and commensals with varying host tropism and differential pathogenicity that facilitate
stable reservoirs of infection within and between organisms including plants (7, 8). The
wide host tropism of Sa/monella serovars permits the use of animal models including
chickens, cattle and mice to study aspects of bacterial pathogenesis and mechanisms of
infection (9). In particular, these in vivo models have focused on the roles of horizontally
acquired virulence genes that have enabled Sa/monella to survive and replicate within the

intracellular host environment.

Gene Acquisition at Salmonella Pathogenicity Islands

The host environment presents a major hurdle to intracellular persistence and
different pathogens employ unique strategies to manipulate this environment and resist
host responses during infection (10, 11). Gene acquisition has provided the tools that
facilitated progression from a putative ancestral extracellular bacterium to an intracellular

pathogenic lifestyle (12). These acquisitions have enabled host cell control and resistance
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to the challenging host extracellular and intracellular environments that include hydrolytic
activity and acidic pH of the stomach; activity of hydrolases, bile salts and antimicrobial
peptides in the gastrointestinal tract; and antimicrobial activity of the innate immune
system (13). Therefore, the genetic basis for virulence amongst the Salmonellae is
predominantly due to a subset of acquired genes that have been integrated by regulatory
evolution to overcome these challenges (14, 15).

The genetic repertoire of a bacterium can be considered to be those genes
necessary for basic survival and replication within a permissive environment (essential
genes), plus a second set of genes, non-essential for growth in vitro under permissive
conditions (metabolic genes, antibiotic resistance genes, adhesion genes and invasion
genes), that expand access of the organism to additional niches (16). This latter set
includes acquired genes that are accumulated over time under selection by way of nucleic
acid transduction, bacteriophage transduction and bacterial conjugation. These integration
processes often target specific regions of the genome such as tRNA loci as a result of
homologous recombination leading to clusters of genes with a distinct signature known as
pathogenicity islands, or Salmonella Pathogenicity Islands (SPI) in Salmonella (12, 17).
These regions are enriched in virulence genes (18) which contribute to or are essential for
disease in animal or cell culture models of infection (19-21).

To date, over 17 SPI loci have been named as a result of having a quantifiable
contribution to pathogenesis (22). These regions are not found in all serovars of S.
enterica and their presence or absence has been used to construct the evolutionary history

of the divergence of the Salmonella lineage from the common ancestor shared with E.
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coli (23). Oldest acquisition events are well-conserved within the lineage and the most
recent acquisitions cluster in closely related serovars (24). The first acquisition event
which may have demarcated the start of the Salmonella lineage by opening up the
intracellular niche of the mammalian small intestine for exploitation was that of SPI-1
(25). A second acquisition event of SPI-2 led to the branching of the Salmonella lineage,
and only the Salmonella bongori species, commensal of reptiles, lacks this second locus
(26). A recent acquisition was that of SPI-6 within the S. enferica subspecies enterica,
which has been acquired at multiple times in different locations in different subspecies
(27, 28). SPI-1, SPI-2 and SPI-6 encode major virulence systems and other SPI represent
smaller genomic islands that encode accessory proteins for these and other virulence
pathways (22).

Not all laterally acquired genetic information is useful to the bacterium. Genomes
represent a snapshot of an organism in time and mobile genetic elements containing
mobilized DNA are constantly in flux at genomic tRNA hot spots due to the preference of
bacteriophages for low-GC content and repetitive sequences (27, 29). The specificity of
the global nucleoid-associated protein H-NS for these AT-rich genomic islands results in
regulatory silencing through oligomeric protein-DNA interactions of H-NS which
restricts access to these regions by transcription factors and RNA polymerase (30).
Dissocation of these silencing complexes is observed at host body temperatures allowing
expression of these regions during infection on which natural selection can act (31). As a
result, useful genes are likely maintained by positive selection and deleterious genes are

likely lost by negative selection. As evidenced by the differential characteristics of young
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and old acquired SPI loci, the surrounding co-acquired genetic information is
progressively lost due to random recombination events leaving either small or large
densely packed virulence loci (32). Over time, this genetic information is likely integrated
in to the global Salmonella virulence programme by cis-regulatory evolution resulting in

contribution of these acquired genes to aspects of host infection (33).

Salmonella Infection of the Host

During host infection, S. enterica targets to the crypts of the small intestine where
it uses flagella and adhesins to transit the mucosal layer and adhere to enterocytes (34).
Deeper penetration of the crypts is prevented by the activity of Paneth cells which secrete
antimicrobial factors including lysozyme and cationic peptide defensins that challenge
pathogen membrane integrity (35, 36). Following adherence, bacteria use type 3 protein
secretion systems to translocate proteins in to the host cell cytosol. These translocated
proteins induce actin cytoskeleton remodeling ultimately leading to uptake of the bacteria
in to vacuolar compartments known as the Sa/monella Containing Vacuole (SCV) (37,
38). Recognition of bacteria Pathogen Associated Molecular Patterns (PAMP) such as
flagellin by intracellular NOD-like host cell receptors, and LPS and flagellin by toll-like
receptors TLR4 and TLRS (39), leads to pro-inflammatory cell death of infected cells and
immune cell infiltration which compromise the gut barrier leading to acute diarrheal
episodes and which is resolved in immunocompetent individuals following immune

response (1).
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Typhoidal serovars of S. enterica similarly target to the crypts of the small
intestine during the systemic infection typhoid. Acute gastroenteritis may occur following
localized enterocyte infection; however, infection of the microfold (M-) cells within the
Peyer’s patches permits access to underlying immune tissue (40). M cells are specialized
epithelial cells that sample and transfer luminal antigens by transcytosis to basolateral-
associated lymphoid tissue enriched in antigen presenting cells. Here, S. enterica is taken
up by macrophages via macropinocytosis into what becomes the SCV (41). Salmonella 1s
also taken up by dendritic cells directly from the luminal environment, and by neutrophils
at the sites of infection; however, these cell types are less permissive of survival and
dissemination than macrophages (42). Following phagocytic uptake, some macrophages
remain within the Gut Associated Lymphoid Tissue (GALT) Peyer’s patches, while
others migrate through the lympathic system via mesenteric lymph nodes where
Salmonella persists (43). Further dissemination of infected phagocytes through the
lympathic system leads to productive foci of infection in the spleen and liver; however,
infected phagocytes can also disseminate through the blood stream to systemic sites (44).
Interestingly, S. enterica alters the migration of host phagocytes, which facilitates
persistence (4, 44). End stages of infection result in caspase-1 dependent pro-
inflammatory death of immune cells, termed pyroptosis, following intracellular NOD-like

receptor (NLR) recognition of intracellular PAMPs (45).

The Host Intracellular Environment
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Upon internalization of S. enterica, a race between the bacterium and the
phagocytic host cell begins. The outcome is either establishment of an antimicrobial
phagosome leading to bacterial lysis and death, or interruption of this process and
establishment of a vacuolar environment permissive of bacterial survival and replication
(37, 46). The vacuolar environment is initially composed of extracellular fluid surrounded
by a membrane derived from the host cell plasma membrane. The vacuole then begins a
rapid process of maturation by fusion with early endosomes, late endosomes then
lysosomes to ultimately form the phagolysosome (47). These fusion events deliver host
proteins carried in the membrane of endosomes or the contents of the endosome itself.
The phagosome functions primarily in recycling and degredation of soluble and
membrane components through fusion with endosomes and budding of vesicles for
recovery or targeting for destruction. Formation of the phagolysosome occurs pursuant to
lysosomal fusion at which point the vacuole is capable of bactericidal activity (47).

One of the first measurable changes during vacuolar maturation is acidification
as a result of vacuolar ATPase activity. The pH of the vacuolar environment changes
from 7.4 to 4.5 over time, decreasing with each successive fusion step as more of the
ATPase is recruited to the vacuolar membrane (47, 48). Acidification of the vacuole
results in a bacteriostatic environment, but functions primarily to generate conditions that
activate hydrolytic pro-enzymes, to generate a proton gradient that favors production of
electronegative reactive oxygen and nitrogen species by other proteins through charge
balancing and generation of H', and to counter-transport ions that are permissive for

bacterial growth (47). Interestingly, it has been shown that Toll-like receptors (TLR), a
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class of PAMP receptor signaling is essential for full acidification of SCV and that this
acidification is necessary for S. enterica virulence (49). While these highly acidic
conditions discourage growth of most bacteria, S. enterica can grow well under acidic
conditions in vitro and persists in acidic environments in vivo as a result of its acid
tolerance response (ATR) system (13, 50). In S. enterica this system is an inducible
adaptive response, and acid exposure in the stomach may prime the bacterium for survival
within the intracellular environment (51). Indeed, exposure to an acidic environment is
necessary for full virulence potential of S. enterica in mice (52). Adaptation to acid
exposure involves activation of global regulators including PhoQ-PhoP, OmpR, the
stress-associated alternative sigma factor RpoS and other specific regulators (13).
Activation of these regulators drive expression of inducible lysine and arginine
decarboxylase systems that maintain neutral intracellular pH, activation of Acid Shock
Proteins (ASP) that function in acid stress repair, and modification of membrane fatty
acid composition in order to reduce oxidative damage.

While acidity is increasing during phagosomal maturation, fusions with late
endosomes recruit NRAMP1 which actively transports divalent cations such as Fe*", Zn**
and Mn”" out of the phagosome (47). Upon iron limitation, S. enterica secretes a high
affinity iron siderophore, enterobactin, the uptake of which is mediated by its high
affinity transporters IroN and FepA (53). NRAMP1 activity leads to upregulation of
lipocalin-2 by the host cell which blocks iron scavenging by the bacterium through
binding of enterobactin (54). Establishment of an environment depleted of divalent

cations is important for enhancing the activity of positively charged defensin peptides that
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are recruited through fusion of the phagosome with lysosomes and specialized granules in
some phagocytes. These peptides permeabilize the bacterial membranes through
interaction with the negatively charged membrane components, establishing pores leading
to lysis (55). The activity of these peptides is further enhanced by a collection of soluble
hydrolases that target surface exposed lipids, carbohydrates and proteins on the bacterial
cell surface. S. enterica resists the activity of antimicrobial peptides through acylation of
lipid A, part of its lipopolysaccharide (LPS) in order to mask the negative charge and
discourage defensin interaction at the membrane (56). Modification of lipid A is primarily
regulated by the two component systems PhoQ-PhoP, activated directly by defensin
activity, and PmrB-PmrA, activated by the low iron conditions of the phagosome
generated by NRAMP1 (57).

While most bacteria are eliminated by defensin and hydrolase activity in the low
pH bacteriostatic environment, professional intracellular pathogens require more drastic
host response measures. To this end the NOX2 NADPH oxidase and the NOS2 inducible
nitric oxide synthase in phagocytes generate a bactericidal environment (47). These
proteins generate reactive oxygen and nitrogen species which directly attack bacterial
components leading to oxidative damage and lysis of the bacterium (58). S. enterica
resists reactive species using the enzymes catalyase and superoxide dismutase, as well as
small proteins and small molecules including glutaredoxin, thioredoxin and glutathione in
a process regulated by the sensors OxyR and SoxRS (59). Interestingly, it has been shown

that reactive nitrogen species can directly activate some intracellular regulators,

10
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suggesting that oxidative damage may not only be a consequence, but a cue detected at
multiple levels by the bacterium for virulence gene regulation (60).

Countering of antibacterial strategies employed by the host require the bacterium
to sense and respond to specific signals in this host environment (47). As an intracellular
pathogen, S. enterica uses these cues for the regulation of virulence. Loss of some of
these cues paradoxically reduces the ability of S. enterica to survive and proliferate in
cells (49). Virulence factor expression for survival within the intracellular environment is
therefore dependent on the unique signature of the intracellular environment detected by

two-component regulatory systems.

Two-Component Regulatory System Sensor Kinases

The ability of S. enterica to occupy many niches can be attributed to the extensive
set of acquired genes within SPI loci and elsewhere in the genome. However, this genetic
information must be appropriately expressed in response to environmental and
physiological cues within these niches (14). Spatiotemporal gene expression is made
possible by a hierarchy of regulatory proteins which exhibit exquisite control of gene
expression, particularly as S. enterica transitions from a cell-associated to intracellular
environment to avoid host immune recognition, modulate motility, modify surface
characteristics, coordinate adhesion and deliver effector proteins (11, 34, 61-65).

Perception of disparate environmental signals requires translation into a common
biochemical signal that can control processes in the cell including DNA replication, RNA

transcription or protein translation. In bacteria, a significant proportion of signal

11
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transduction relies on two-component regulatory systems, in which a sensor protein
converts conformational changes from signal detection into a phosphorylation cascade
that activates a response regulator (66, 67).

Two-component signal transduction systems are present in all domains of life and
are widespread amongst bacteria, with some having hundreds of such systems (68). These
systems consist of sensor proteins that detect diverse types of signals including ligands,
light and osmolarity in the cytoplasm, membrane or periplasm by transduction of
conformational changes in variable N-terminal sensing domains into phosphorylation of
conserved C-terminal domains (69). Molecular recognition between the sensor kinase and
response protein and phosphatase activity of the former for the latter ensures that
signaling specifity is high with little cross-talk amongst potentially hundreds of active
TCRS in a cell (70, 71). Alone, these systems provide binary control of downstream
processes but can be combined to fine-tune control at the single gene, global regulon,
whole-cell or multicellular levels (72).

Sensor domains detect different types of stimulus including specific ligand
concentrations and non-ligand stressors such as osmotic stress or pH (69). Ligand-based
activation of sensor domains is much better understood, however all mechanisms of
sensing ultimately induce conformational change of the sensor domain in order to
transduce a signal across the membrane (73). Sensor kinases with periplasmic sensing
domains are integral membrane proteins and the most common class (73). These sensing
domains can be either all a-helical or mixed o/p structures and commonly sense

extracellular ligands. Sensor kinases with cytoplasmic sensing domains are either soluble

12
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or integral membrane proteins and sense intracellular conditions such as oxygen
concentrations, redox state or light and can be grouped in to three different structural
families (73). Sensor kinases with integral membrane sensing domains such as the
osmotic stress sensor EnvZ are the least common and are typified by multiple trans-
membrane a-helices with short loop regions between these domains that sense by way of
an unknown mechanism (73).

The most common sensing domain organization is the PhoQ-DcuS-CitA (PDC)
domain of periplasmic sensor kinases. This PDC fold structural organization is a sub-
class of the Per-Arnt-Sim (PAS) domain of cytoplasmic sensors (73). This domain
consists of a long N-terminal a-helix (cap), followed by a shorter a-helix, and then an
anti-parallel five stranded 3-sheet and terminated with an a-helix. Modified PDC-domain
sensors are common, in which a second PDC domain has been inserted within the o.-
helical cap to form a double-PDC domain, which has a lengthened a-helical cap on which
the membrane-distal and membrane-proximal 3-sheet scaffold are hung (73). This
structural organization loosely resembles the number “18” extending from the membrane,
where the number “1” is the a-helical cap and the number “8” represents the two p-sheet
scaffolds. The periplasmic PDC domain region is flanked by trans-membrane o-helices,
which form a coiled-coil within the membrane. Typically sensor kinases function as
dimers, and the two transmembrane regions combine to form a dimeric four-helical trans-
membrane bundle (73).

In the case of ligand detection, the -sheet scaffold of the membrane distal domain

forms the ligand interaction site. This pocket is conserved in chemical character and key

13
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residues, while ligand specificity is determined by major and minor ligand binding loops
that drape over the surface of this site (74). Ligand interaction is hypothesized to drive
conformational changes in the a-helical regions that are propagated through the
membrane-proximal PDC domain and across the membrane by way of the trans-
membrane bundle to the cytoplasmic domains (73). Interestingly, the function of the
membrane-proximal domain is unclear in many sensors. At a minimum, it may simply
increase sensitivity of the membrane distal domain by extending it away from the
membrane and other membrane-associated components into the periplasm, or in the case
of the sensor kinase PhoQ), it may provide an additional sensor platform. Recent work has
shown that sensor kinases detect more than a single cue and PhoQ has evolved sensitivity
to multiple signals including pH, phospholipids, ion concentrations and antimicrobial
peptides (75—77). Antimicrobial peptides are the primary signal in vivo, and the
mechanism of sensing relies on the disruption of a divalent cation bridge between
negatively charged phospholipids and the membrane-proximal domain. In any case, for
all PDC-fold sensors, the anchored nature of the N-terminal a-helical cap likely enables
the generation of strain which permits phosphorylation of the downstream cytoplasmic
kinase domain (78).

The cytoplasmic domains of sensor kinases are well conserved and consist of a
HAMP (present in Histidine kinases, Adenylate cyclases, Methyl accepting proteins and
Phosphatases) linker domain and a transmitter domain, which itself consists of a
dimerization and histidine phosphorylation (DHp or HisKA) domain and a catalytic

ATPase domain (79). Propagated strain from the sensor domain through the
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transmembrane and linker domains leads to exposure of the histidine residue normally
buried in the DHp domain to which the gamma-phosphate of ATP is transferred from the
ATPase domain of the opposing monomer (69). This phosphoryl group is then transferred
to an aspartyl residue of a downstream receiver domain. This receiver domain can be part
of the sensor kinase itself in the case of a hybrid histidine kinase, on a separate
intermediate signaling protein or on a terminal response regulatory protein (80). In the
first two cases, the receiver domain is fused with an additional phosphotransfer domain

for terminal transfer of the phosphoryl group to a downstream response regulatory protein.

Two-Component Regulatory System Response Regulators

Response regulators control aspects of nearly all cellular processes of bacteria
(72). They typically consist of a receiver domain that act as a phosphorylation-dependent
switch to control activity of a downstream response domain (81). The most common
response domain is a DNA-binding domain for activation or inhibition of gene
transcription (72, 80). As a result, environmental signals can be directly linked to
fundamental control of the cell through a sensor and a regulator, and with the two acting
together as an amplifier.

Receiver domains all feature an aspartate phosphorylation acceptor site and have a
well-conserved structure consisting of an alternating (3-o.)s organization forming a five-
stranded parallel 3-sheet sandwiched between two and three a-helices (82). Three
aspartyl residues in the core of the -sheet are necessary for interaction with a divalent

cation, necessary for catalyzing phosphorylation and dephosphorylation, and one has an
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additional function of phosphoryl acceptor (80). Phosphorylation of the aspartyl group
leads to conformational change in the receiver domain. The phosphoryl group oxygens
interact with specific conserved elements of the response domain in order to stabilize an
alternative configuration that leads to restructuring of one side of the protein, the a4f5a5
face (83). Changes in conformation at this site result in rearrangements of the response
domain between active and inactive states. In the case of transcription factors, the DNA
interacting helix-turn-helix motif is made accessible to DNA by phosphorylation-
mediated stabilization of the active conformation (81).

Receiver domain phosphorylation is generally controlled by transfer of
phosphoryl groups from a sensor kinase and lost by way of autodephosphorylation.
However phosphorylation can also occur as a result of self-catalyzed autophosphorylation
from phospodonors in the cell (84—-86). An additional level of response regulator activity
is through control of dephosphorylation. Response regulators are capable of
autodephosphorylation but sensor kinases and stand-alone proteins can both function to
control the rate of this reaction with phosphatase activity (87—89). Together this balance
of receiver domain phosphorylation and dephosphorylation permits tight control of
response domain activity. Phosphatase activity of the sensor kinase in the absence of
signal-induced activation ensures that response regulators remain inactive, despite any
coincidental phosphorylation from alternative donors such as small molecule
phosphodonors (70).

Response domains are diverse in structure and function, and share in common

only conformational regulation by an upstream receiver domain. Classes are observed that
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regulate cell activity at the transcriptional, translational and post-translational levels
through interactions with DNA, RNA and proteins while others have been described to
have transporter or enzymatic functions (72). Response domains can be confidently
assigned to families based on motifs or domain organization, however precise prediction
of function is difficult as strong sequence conservation is not predictive of functional
conservation, especially for transcription factors where minute differences in response
domain structure determine DNA interaction specificity (72).

The most common class of response regulators are DNA-binding transcription
factors that function as dimers and which have helix-turn-helix motifs in their response
domains (72, 80, 81). These motifs are characterized by a tri-helical bundle in which the
second and third helices make contacts with the DNA major groove (90). Upon
dimerization of the a4p5a5 face, or more rarely within the response domain itself, the
second helices from each bundle end up separated by approximately 34 angstroms to
permit interaction with adjacent major grooves. The third helices provide stabilization
through general DNA contacts but do not confer specificity, which is determined by the
second helix (90). The central region between the two monomers is formed by the rest of
the response domain and generally does not contribute to DNA specificity. As a result of
this configuration, DNA sequences recognized by such transcription factors are
palindromic with centrally variable regions of two to four base pairs. Alternative head-to-
tail dimers that recognize tandem DNA repeats have also been described and spacing can

be variable due to differences in the location of the dimerization interface (81). In
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addition, some response regulators dimerize after recruitment of the individual monomers
to the DNA (81).

The target for these activated response regulators are gene promoters, where they
can assist or impede in the recruitment of RNA polymerase depending on the relative
position of the binding site within the promoter with respect to the sigma factor
interaction sites (91). While the structure of DNA-binding response regulators is
informative as to their mode of regulation and functional conformation, it is not predictive
of the DNA sequence recognized. To identify this sequence, the protein-DNA interactions

must be captured, isolated, sequenced and assembled using bioinformatics methods (92).

Integration of Regulatory Signals by the TCRS SsrA-SsrB

In Salmonella, two-component regulatory systems consisting of membrane-
anchored sensor kinases and their cognate DNA-binding response regulators are major
players in the control of virulence (62, 93). Although distinct combinations of regulatory
proteins are activated within the lumen of the gut and within the intracellular SCV, both
responses involve the two component master regulators of virulence PhoQ-PhoP and
EnvZ-OmpR (94). Combinatorial integration of signaling from these and other regulators
in the lumen of the gastrointestinal tract leads to activation of the Hil regulatory proteins
while signaling in the intracellular SCV ultimately leads to expression of the SsrA-SsrB
two component system (62, 93). These components are the primary regulators of the type
III secretion systems (T3SS) that translocate proteins from the bacterial cytoplasm across

host membrane barriers. An extensive number of other regulators contribute to systemic
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dissemination and survival within the host but their regulatory interactions are
downstream or indirect (63).

While most data suggest that the SsrA-SsrB system is active only within the
intracellular macrophage environment in vivo, there is evidence that it is expressed in
advance of cellular invasion, possibly to prime the bacteria for rapid response to this
environment. This priming may rely on de-repression of higher level mechanisms of
transcriptional silencing (95, 96). Nucleoid-associated DNA-binding proteins (NAP)
control transcription from these promoters through negative regulation of AT-rich regions
such as the T3SS loci (31, 97, 98). This silencing is locally countered by the previously
described transcriptional activators (99, 100). Global cues such as oxygen gradients in the
gut or temperature differences between the host and external environments may also
relieve silencing at these promoters by modulating NAP activity (101, 102).

When considering the regulation of intracellular virulence, integration of upstream
regulatory signals from PhoQ and EnvZ by OmpR (activated by EnvZ), and SlyA
(activated by PhoQ-PhoP) occur at the ssr4 promoter (103, 104). A promoter upstream of
ssrB is positively regulated by PhoP (activated by PhoQ), and OmpR (activated by EnvZ)
and negatively regulated by the iron regulators PmrA (activated by PmrB) and Fur (105—
108). Regulation is also integrated at the post-transcriptional level by an interaction
between the RNA transcript of ss¥4 and PhoP (106). Interestingly, there is evidence that
SsrB participates in a feedback loop by interacting at the ssrA4 and ss#B promoters (109).

It is not unusual for two-component regulatory systems to be autoregulated however

19



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

separation of the two-gene operon into transcriptional units by a cryptic promoter
suggests the need for finely tuned expression of SsrB.

SsrA is a hybrid histidine kinase, putatively localized to the bacterial inner
membrane with a single periplasmic sensor domain, consistent with other PDC domain
type sensor kinases. It was first identified as a two-component regulatory protein by
alignments with other TCRS and was found to be necessary for T3SS-dependent protein
secretion (110). It was later confirmed to be necessary for gene expression from SPI-2
(111, 112) and from other SPI loci in the genome (113). SsrA was activated within the
intracellular macrophage environment and in vitro through magnesium limitation and
phosphate deprivation (114). This activity could be repressed by alkaline pH in vitro
(115) and activated by acidic pH in a phosphate limiting environment (61). Finally, a
recent report has shown that acidification of the vacuolar endosome is dependent on
innate immune sensing of the bacterium by the host and that this acidification is necessary
for SPI-2 T3SS activation (49). Together, these data suggest that SsrA is sensitive to low
pH and low ion concentrations in the extracellular environment, however structural data
is absent and the mechanism of sensing is unknown. There has been no reported
investigation of the regulatory implications of the additional receiver and phosphotransfer
domains (hybrid histidine kinase).

SsrB is a two-domain, helix-turn-helix response regulator belonging to the
NarL/FixJ family, the second most common DNA-binding response regulator family in
bacteria (72, 116). The structure of the C-terminal response domain has been solved by

NMR spectroscopy and comprises a helix-turn-helix motif that is active in the absence of
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the N-terminal receiver domain (109, 116). Initially thought to regulate genes only within
the T3SS locus in which it is encoded, SsrB was later found to regulate virulence genes
encoded within other loci (117). Further regulon characterization solidified the role of
SsrB as a global regulatory protein (118). Efforts then focused on identifying the specific
sequence of DNA recognized by the SsrB response domain using DNase I footprinting,
however no consensus sequence could be identified due to inconsistentcy in footprints
(100, 109). The lack of a specific sequence was interpreted to suggest that SsrB
functioned to relieve silencing at these promoters by displacing H-NS rather than acting
as a traditional transcription factor to recruit RNA polymerase despite its helix-turn-helix
structure and familial relationship with other tranditional transcription factors. Therefore
this sequence, if any, as well as biochemical analysis of the oligomeric state, remained to

be determined.

Protein Translocation Systems Modulate Host Cells

SsrA-SsrB directs expression of the T3SS secretome that forms a multi-protein
trans-membrane secretion system. This system confers the ability to manipulate the host
environment in order to facilitate replication and survival of S. enterica (34). Bacterial
pathogens that translocate proteins across the host cell membrane use type 3, 4 and 6
secretion systems (11). S. enterica has two T3SS and one T6SS (15, 28). While the S.
enterica T6SS is not well understood, the two T3SS promote pathogen survival through
manipulation of the host cell cytoskeleton, vesicular trafficking, cell-death pathways, and

host immune processes (119).
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T3SS are hypothesized to have been derived from the flagellar secretion system
through the addition of a translocon complex that repurposes this system from secretion
of flagellar components to secretion and translocon of protein effectors (120, 121). The
T3SS of S. enterica are encoded within SPI-1 and SPI-2 and are used to translocate
proteins across the host cell membrane and across the intracellular vacuolar membrane,
respectively (34). These systems are composed of a basal body in the bacterial
membranes, and a translocon pore complex in the host membrane to which the T3SS is
connected by an extracellular needle (122). While most apparatus proteins are well
characterized in the Salmonella, Escherichia and Yersinia systems, regulation of
expression and assembly is less well understood. In the case of the SPI-2 T3SS there are
multiple operons of apparatus genes loosely organized by function, but aside from a
dependency on SsrA-SsrB in directing their expression, how these operons are temporally
transcribed in order to assemble the system is not well understood. In other systems a
temporal progression of expression from basal apparatus onwards occurs (123). Similarly,
work has only recently begun to understand how the system transitions from apparatus
component secretion for assembly to effector protein secretion for translocation, with pH
appearing to play an important role in this switch (124).

Following adhesion, the SPI-1 T3SS is essential for invasion of non-phagocytic
intestinal epithelial cells through manipulation of the host actin cytoskeleton (125). To
induce bacterial mediated internalization, the T3SS delivers effector proteins into the host
cell, which act as guanine-nucleotide-exchange factors for host Rho-like G proteins. As a

result, localized polymerization of actin filaments leads to ruffling of the host cytoplasmic
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membrane and engulfment of the bacterium (38). Numerous other protein effectors are
involved in targeting other host G proteins and GTPases leading to increased intestinal
permeability, and drive stimulation of pro-inflammatory cytokine release, leading to
diarrheal symptoms in the host (126—128). To further increase bacterial numbers, an
additional effector inhibits apoptosis of infected cells by inhibition of immune pathway
signaling (129). Together, the role of this system and these effectors is to permit invasion
of host cells and to drive a pro-inflammatory response that facilitates shedding and
transmission of the bacteria through the fecal-oral route.

The SPI-2 T3SS is essential for systemic dissemination during infection by
promoting survival and replication within the intracellular environment (34, 130, 131).
Secretion of effector proteins by the internalized bacterium diverts the SCV away from
normal phagolysosomal maturation (37). While the SPI-2 T3SS also has important roles
in avoiding the reactive oxygen and nitrogen species and acquisition of lyososomal
hydrolases through lysosome fusion, the effectors involved are unknown (131). However,
effectors and mechanisms involved in manipulation of vacuolar membrane, vacuolar
trafficking, host cytoskeleton rearrangement and immune signaling are characterized.

First, four effector proteins (SifA, PipB2, Ssel, SopD2) interact with the vacuolar
membrane and host proteins to manipulate vacuolar membrane dynamics of the SCV
(131). SifA stabilizes the growing vacuolar membrane by inhibiting accumulation of the
host molecular motor protein kinesin (132). In the absence of SifA, premature rupture of
the SCV occurs leading to effective clearance of the bacteria from the host cell (133, 134).

In contrast with the function of SifA, PipB2 is involved in recruitment of kinesin to the
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SCV suggesting a temporal control of membrane dynamics (131). The roles of SseJ and
SopD?2 are not well understood, despite also being involved in establishment and
maintenance of the SCV membrane. Ssel appears to be involved in establishing rigidity
of the membrane via removal of cholesterol to lipid droplets (131). While the function of
SopD?2 is unknown, its loss prevents establishment of membrane tubules known as
Salmonella Induced Filaments (SIFs) that extend radially out from the SCV along host
microtubules (135, 136).

Trafficking of the SCV in the host cell is further modified by two additional
effector proteins (SseF, SseG) which are necessary for dynein-dependent movement of
the SCV towards a juxtanuclear position (137). This brings the SCV in to close proximity
to the Golgi network, putatively for vesicle recruitment, and may involve the SIFs (138).
In the absence of these effector proteins the juxtanuclear position is not maintained and
bacteria fail to replicate (137).

SspH1, SspH2, SIrP, and SseLL manipulate host cell ubiquitination and allow the
bacterium to save or target proteins for degradation (131). Most importantly, the effector
SspH1 inhibits NF-kB pathway mediated proinflammatory cytokine production (139).
This strategy is likely important in preventing cellular cytotoxicity of phagocytes and
instead helping to promote delayed-onset cytotoxicity (45). While not achieved through
manipulation of ubiquitination, the effector SpvC also has an anti-inflammatory function
(140, 141).

A final role for the SPI-2 T3SS is in manipulation of the host cell cytoskeleton

independent of the SPI-1 T3SS (131). The effector SteC is involved in polymerization of
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an actin meshwork adjacent to the SCV (142, 143). The function of this meshwork is
unclear; however, two additional effectors (SspH2 and SrfH) are recruited to this
formation and a third (SpvB) appears to have a role in its disassembly, suggesting that
Salmonella may transiently manipulate the host cytoskeleton to perform an unknown
function (144).

Type VI Secretion System (T6SS) genes were first identified in Rhizobium
leguminosarum as being involved in nitrogen fixation and in Edwardsiella tarda as
virulence factors (145, 146), however these genes were not understood to be part of a
secretion system until a study of the association of Vibrio cholerae with Dictyostelium
amoeba (147). Similar systems were subsequently identified computationally in an
extensive number of Gram negative proteobacteria (148, 149) and classified into distinct
classes based on sequence similarity (150). T6SS appear to function primarily in
interbacterial competition, through translocation of proteins across the cell walls of
bacteria but have also been shown to target eukaryotic host cells in a similar manner (151,
152). T6SS resemble a hybrid of Type IV secretion system (T4SS) related proteins
localized to the membranes and inverted bacteriophage tail-spike machinery that function
to deliver effector proteins directly or indirectly associated with apparatus proteins (153,
154). Together this system provides an innovative protein translocation system which is
easily adaptable with various effector proteins often delivered as protein fusions with the
secreted apparatus proteins (155).

Most serovars of S. enterica encode a T6SS; however, these acquisitions appear to

be recent and their functions are not well understood (28). The genes encoding the S.
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enterica T6SS were first identified as contributing to systemic dissemination as part of
the centisome 7 genomic island (now SPI-6) (156). Subsets of these genes were then later
identified as part of genome-wide transposon mutagenesis screens for virulence genes
(19-21). Further work then suggested a role for the SPI-6 T6SS in late-stages of cell
infection based on increased T6SS expression in a ss#B mutant, and the observation that
SPI-2 T3SS activity decreases over the course of cell infection (157). Regulation of the
T6SS in §. enterica 1s not well understood, in contrast with Pseudomonas aeruginosa
where the T6SS regulation is integrated into global virulence regulon by RetS and LadS
(158). Given the contribution of individual T6SS-associated genes to virulence, this
system, along with the other T3SS, are likely integrated into a spatiotemporal virulence

strategy for successful infection, survival and replication during during host cell infection.
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Purpose and Goals of the Present Study

While much has been learned about the genetic basis of virulence in Sa/monella, notably
identification of Type III secretion system genes that contribute to host pathogenesis,
their regulation as well as the function of the regulators themselves remains poorly
defined. Therefore, the purpose of the present study was to gain insight into the function
of the two-component regulatory system sensor kinase SsrA and response regulator SsrB
at the protein level. Additionally, we sought to better characterize the regulon of SsrB,
including the Type VI secretion system within Salmonella Pathogenicity Island 6, which

had only recently been identified.
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Specific goals highlighted in the following three chapters

1. Histidine residues in the periplasmic domain of the SsrA sensor kinase enhance
signaling in response to vacuolar acidification.
*  Modeling of the structure of the periplasmic sensing domain of SsrA
* Establishment of the role for SsrA in SsrB activity

* Defining histidine residues necessary for periplasmic pH sensing

2. Identification of the regulatory logic controlling Salmonella pathoadaptation by the
SsrA-SsrB two-component system.
* Characterization of the complete SsrB regulon by DNA microarray
* Determination of the genome-wide interaction map for SsrB by Chromatin
immunoprecipitation

* FElucidation of the SsrB DNA recognition motif

3. Type VI secretion system associated gene clusters contribute to pathogenesis of
Salmonella enterica serovar Typhimurium.
* Genetic description of the T6SS assisted via comparative genomics
* Assessment of contribution of core T6SS genes and T6SS-associated genes to
systemic dissemination during infection
* Investigation of T6SS gene expression and regulation by virulence associated

regulatory proteins including SsrB
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Chapter II - Multiple histidines in the periplasmic domain of the Sa/monella enterica

sensor kinase SsrA enhance signaling in response to extracellular acidification
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Chapter II - Co-authorship statement

Chapter II 1s a manuscript that is currently in peer review for publication as of submission

of this thesis.

The manuscript was written by DTM, BKC and PJS.

The following experiments were performed by collaborators other than myself:

(1) Competitive Infection experiments were performed by JBM (Figure 2.6).

(2) Bafilomycin experiments were performed by SAR (Figure 2.6).

(3) Molecular modeling of SsrA was performed by PJS (Figure 2.2).
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Summary

The two-component regulatory system SsrA-SsrB in Salmonella enterica controls
expression of a virulence gene program required for intracellular survival in host cells.
SsrA signaling is induced within the acidic host vacuole in which the bacteria reside,
however the mechanism by which SsrA senses this intracellular environment is unknown.
Here, we show that the periplasmic sensor domain of SsrA is enriched in histidine
residues that increase SsrA signaling below external pH of 6. While no single histidine
accounted for the full acid-responsiveness of SsrA, we localized the acid-responsiveness
principally to 5 histidines in the C-terminal end of the periplasmic sensor domain, with
input from additional histidines in the N-terminal end of the senor. A sensor mutant
lacking critical pH-responsive histidines was defective for acid-promoted activity, yet
retained basal activity similar to wild type at neutral pH, indicating that the role of these
histidines is to enhance signaling in response to acidification. In support of this finding, a
pH-blind mutant was insensitive to the vacuole acidification blocking activity of
bafilomycin, and was attenuated for competitive fitness during infection of mice. Our data
demonstrate that SsrA contains a histidine-rich periplasmic sensor that enhances signaling

in response to the innate host defense of vacuolar acidification.
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Introduction

The mammalian pathogen Salmonella enterica subspecies enterica is adapted to the
intracellular vacuolar environment despite the antibacterial activity of host immune cells
(Haraga et al., 2008). Following uptake into host cells, antibacterial defenses are initiated
as the vacuole lumen acidifies and becomes subject to reactive oxygen stress (Steele-
Mortimer, 2008)(159)(158)(157)(158)(157)(156). Survival and replication by Salmonella
in this niche requires proteins that sense host-derived signals and integrate these with
regulatory networks controlling virulence gene expression (Beier & Gross, 2006).
Expression of the Salmonella Pathogenicity Island 2 (SPI-2) type III secretion system
(T3SS-2) helps establish the Sa/monella-containing vacuole (SCV) and is required for

intracellular survival and replication (Steele-Mortimer, 2008, Kuhle & Hensel, 2004).

T3SS-2 expression is initiated by the SsrA sensor kinase and inhibition of phagosomal
acidification prevents this activity (Fass & Groisman, 2009, Arpaia et al., 2011). Based
on structural studies, signal or ligand specificity of bacterial histidine kinases is typically
achieved by the flexible loops of a Per-Arnt-Sim (PAS) domain containing a rigid central
beta-sheet with overlaid helical regions (Krell ef al., 2010). Modification of the major and
minor ligand binding loops allows for sensing of an extensive number of stimulus types,
particularly extracellular signals, which are detected by the PhoQ-DcuS-CitA (PDC or
PAS;) domain subclass (Cheung & Hendrickson, 2010). Following ligand detection by

the PDC sensor domain, activation proceeds through structural distortions propagated to
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the cytoplasmic histidine kinase domain through a piston-like motion of the
transmembrane helical bundle (Cheung & Hendrickson, 2010). Autophosphorylation of
the histidine kinase domain initiates a phosphorelay that activates a cognate response
regulator for targeted gene expression, which for the SsrA sensor, is SsrB in S.

Typhimurium (Deiwick et al., 1999, Cirillo et al., 1998, Carroll et al., 2009).

Like other tandem PDC fold sensor kinases, the sensor domain of SsrA is situated in the
periplasm, oriented by two transmembrane domains (Fass & Groisman, 2009). Little is
known about the mechanism of SsrA sensing but it has been known for some time that
acidification is a critical cue (Miao et al., 2002). External acidification of Gram-negative
bacteria leads to acidification of the periplasm and cytoplasm, with the cytosol recovering
to above neutral within 30 seconds and the periplasmic space remaining acidified (Wilks
& Slonczewski, 2007). Acidification of the Salmonella vacuole is quickly achieved
following bacterial uptake into macrophages (Rathman et al., 1996), with an attendant
induction of SsrA signaling (Cirillo ef al., 1998). Early work indicated that this induction
could be recapitulated in vitro by limiting magnesium and phosphate ions in acidified
minimal medium (Deiwick ef al., 1999, Miao et al., 2002, Lober et al., 2006). However
subsequent work has since ruled out vacuolar magnesium limitation as a likely in vivo cue
(Martin-Orozco et al., 2006). Transcription of SPI-2 genes is significantly enhanced upon
invasion of host cells, in comparison to the low levels of transcription observed while the
bacteria are extracellular (Brown et al., 2005, Osborne & Coombes, 2011). This

intracellular transcription is blocked if vacuolar acidification is inhibited by bafilomycin
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(Arpaia et al., 2011), indicating a direct link between virulence gene expression and

acidification of the external environment.

Salmonella can sense and respond to increasing cytosolic ATP concentrations as a result
of increasing environmental (160). However, sensor proteins exposed to the periplasm
can sense acidity directly. Side chains of the amino acids aspartate, glutamate and
histidine have pK, values between 4-6 and therefore are protonated at pH levels observed
within the acidified vacuole. Protonation of histidine imidazole (pKa ~6) has been shown
to have biological consequences leading to changes in protein conformation as reviewed
in (Achilonu et al., 2012). Histidine residues are important for signaling activity of PhoQ
and PmrB in S. enterica and ArsS in Helicobacter pylori (Muller et al., 2009, Perez &
Groisman, 2007, Prost ef al., 2007), and for activity of the diphtheria toxin T domain
(Perier et al., 2007). Here we show that the periplasmic sensing domain of SsrA is
enriched in histidine residues that enhance signaling in response to extracellular
acidification. A strain lacking critical pH-responsive histidines was insensitive to the
acidification-blocking activity of bafilomycin A-1 during macrophage infection, and was
attenuated in mice during competitive infections against wild type Salmonella. Thus, our
data demonstrate that pH-sensing histidine residues confer a selective advantage to

Salmonella in the host environment.
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Results

The SsrA sensor domain has a predicted double PDC domain structure - The
periplasmic domain of SsrA in S. enferica subspecies enterica is closely related to
orthologs in other subspecies and is distantly related to orthologs in Photorhabdus
asymbiotica, Sodalis spp., Yersinia spp., and Pantoea stewartii as identified in BlastP
queries (Figure 2.1A). Attempts to purify any quantity of soluble SsrA protein for
structural studies were unsuccessful and so we pursued alternative informatics methods
using standard modeling approaches. Secondary structure of the periplasmic sensor
domain of SsrA was predicted using the Phyre2 and PSIPRED servers, with the top-
scoring hit from Phyre2 (PDB 3LIC, (Zhang & Hendrickson, 2010)) used for further
analysis. Fold recognition searches, secondary structure predictions, and alignments with
other family 1 sensor domains predict an architecture similar to other tandem-PDC
domain sensor kinases where the membrane-distal periplasmic PDC domain is involved
in ligand recognition (Figure 2.1B). In the SsrA model, a long a-helix (44-85) and two
PDC domains (94-209, 213-281) are bounded by two transmembrane domains (13-42,
292-316) (Figure 2.2A). PDC domains contain an N-terminal a-helix, two f-strands, a
linker region, and ends with three -strands that form a f2-f1-p4-p3 topology (Zhang &
Hendrickson, 2010) (Figure 2.2B). The long N-terminal amphipathic a-helix is predicted
to form a platform on which the two PDC domains would lie, stabilized by hydrophobic
interactions (149, 150, L53, L56, 161 and L63 with PDC domain 2 [membrane-proximal];

A71, A75, L78 and M79 with PDC domain 1 [membrane-distal]; F68 with W177, W188,
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W226 and W274 in the hydrophobic core formed between all three domains) (Figure
2.2C). In the model, the remaining hydrophobic amino acids (V55, M59, V62, Y80 and
L84) in the platform protrude away from the PDC domains. These exposed residues
suggest dimeric interaction sites along the length of helix 1 in a manner similar to other

family 1 structures (Zhang & Hendrickson, 2010).

Sequence alignments of the 250 amino acid periplasmic region of SsrA with its orthologs
revealed 48 conserved residues that we mapped on to the structural model for
downstream validation. Sequence conservation was strongest in the -strands, while the
linker regions (a2 in predicted PDC domain 1, o2 in predicted PDC domain 2) were least
conserved. Sequence conservation was weaker in the predicted membrane-distal PDC
domain 1 compared to the membrane-proximal PDC domain 2 (Figure 2.1B). To better
understand this sequence variation we scored conservation between non-Salmonella
ortholog sequences as well as orthologs within subspecies of Salmonella (little variation
was observed amongst serovars of S. enterica subsp. enterica). Eleven residues conserved
in the non-Salmonella ortholog set were not conserved in the Sa/monella group, with
eight of these in the membrane-distal PDC domain suggesting selection on this domain
(Table 2.1). The Y155 and F120 residues, important for forming the general structure of
the ligand recognition site in PDC 1 domains of HK1 family sensor kinases (Zhang &
Hendrickson, 2010), were conserved. As expected, the major and minor ligand binding
loop sequences that determine ligand specificity were less well conserved. Four residues

in the minor ligand binding loop were conserved across both sets. In the major ligand
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binding loop, no residues were conserved across both sets, while two and three residues
were conserved within Sa/monella respectively (Table 2.1). Mapping the conservation
scores onto secondary structure predictions suggested residues that may be involved in
recognizing a Salmonella-specific ligand, particularly N142 and E143 in the major loop

and Y182 in the minor loop (Figure 2.2D, Table 2.1).
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Table 2.1. Conserved residues identified for SsrA in Salmonella and non-Salmonella

ortholog alignments.

The table groups all residues within the periplasmic sensing domain in to groups (as
shown with a horizontal line) based on level of conservation of the individual residues
across all Salmonella orthologs (Salmonella) or across all non-Salmonella orthologs (non-
Salmonella). The conservation value is a fraction of the number of orthologs that share
residue identity at that position with SsrA. Location with respect to HK1 family is

determined by sequence alignment (74). Order in each group is based on residue position.
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Table 2.1.

Residue  Position
S 41
53
63
65
67
68
71
72
73
74
75
78
98
108
110
120
136
137
155
167
172
177
180
181
187
188
193
211
223
226
228
234
235
236
247
252
255
256
257
260
261
265
266
269

ST - I @ NN 7. B e~ w B~ ~ B o M > -~ R/ ol o

> E Qm Y s oY <~

- 0D QO vOoO EQC MY C g E

Salmonella
1
1
1

Non-Salmonella
1
1
1

Domain
TMR
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
Platform
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDCI
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2

Location

TMR

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

Al

A2

A2-B1 loop

A2-B1 loop

B1 (HK1 family ligand contact)
B2

B2

A3

A3-B3 loop

A3-B3 loop

B3

B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B4

A4

A4-B6 loop

B6

B6

B7

B7

B7

A5

AS5-B8 loop

B8

B8

B8

B8-B9 loop

B9

B9

B9

B9
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Residue  Position  Salmonella Non-Salmonella Domain Location
G 271 1 1 PDC2 B9-B10 loop
P 272 1 1 PDC2 B9-B10 loop
W 274 1 1 PDC2 B10
L 279 1 1 PDC2 B10
P 281 1 1 PDC2 B10
Q 122 0.9 1 PDC1 23|
D 134 0.5 1 PDC1 B1-B2 loop
S 135 0.7 1 PDC1 B2
S 145 0.9 1 PDCl1 B2' (HK1 family Ligand Major Loop)
D 154 0.5 1 PDC1 A3
G 185 0.6 1 PDCI1 B3-B4 loop (HK1 family Ligand Minor Loop)
\% 194 0.9 1 PDC1 B4
K 207 0.5 1 PDC1 B5
D 210 0.9 1 PDC2 A4
L 227 0.9 1 PDC2 B6
G 273 0.9 1 PDC2 B10
M 42 1 0.5 TMR TMR
Q 44 1 0.5 Platform Al
H 48 1 0.16 Platform Al
I 49 1 0.66 Platform Al
D 52 1 0.16 Platform Al
S 54 1 0.66 Platform Al
N 60 1 0 Platform Al
I 61 1 0 Platform Al
Q 66 1 0 Platform Al
E 69 1 0.83 Platform Al
E 70 1 0 Platform Al
Y 80 1 0 Platform Al
Q 81 1 0 Platform Al
C 82 1 0 Platform Al
A 85 1 0 Platform Al
T 86 1 0 Platform A1-A2 loop
H 90 1 0 Platform A1-A2 loop
R 99 1 0.83 PDC1 A2
H 100 1 0 PDC1 A2
L 101 1 0.16 PDC1 A2
N 107 1 0.33 PDC1 A2
T 109 1 0.5 PDC1 A2-B1 loop
L 112 1 0 PDC1 A2-B1 loop
K 116 1 0 PDC1 23|
I 126 1 0 PDC1 B1-B2 loop
N 139 1 0 PDC1 B2
N 142 1 0 PDCI1 B2-B2' loop (HK1 family Ligand Major Loop)
E 143 1 0 PDC1 B2-B2' loop (HK1 family Ligand Major Loop)
L 146 1 0.83 PDC1 B2' (HK1 family Ligand Major Loop)
T 157 1 0.16 PDC1 A3
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Residue
L

~< »nn < T " -0

~ARO K o Z2ZO < »nygorom< oo < n ~

- 0 -0 U H < m a3 " —

< < T 3

Position
158
159
168
170
175
176
178
182
183
191
192
197
199
200
201
208
219
220
221
222
225
229
230
231
233
237
238
241
242
243
244
245
248
250
251
253
254
258
259
262
263
264
267
270
277
280

Salmonella
1
1
1

Non-Salmonella
0.16
0.33
0.16
0.5
0
0.16
0
0.5
0.66
0.66
0.5

0.16
0.5

0.83
0.33
0.5

0.16
0.16
0.83
0.16
0.83

0.16

0.16

0.16

0.16

0.33

0.5

0.83

0.5

0.66

0.5

0.33

0.83
0.66

Domain
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2

Location
A3

A3

A3-B3 loop
A3-B3 loop
B3

B3

B3

B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B4

B4

B4-B5 loop
B4-B5 loop
B4-B5 loop
B5

B5-A4 loop
A4-B6 loop
A4-B6 loop
A4-B6 loop
A4-B6 loop
B6

B6-B7 loop
B6-B7 loop
B6-B7 loop
B7

B7-AS loop
B7-AS loop
A5

A5

A5

A5

A5

A5-B8 loop
A5-B8 loop
AS5-B8 loop
AS5-B8 loop
B8

B8

B8-B9 loop
B9

B9

B9

B9

B9-B10 loop
B10
B10-A6 loop
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Residue Position Salmonella Non-Salmonella Domain Location
Y 282 1 0 PDC2 B10-A6 loop
N 284 1 0 PDC2 B10-A6 loop
L 285 1 0.16 PDC2 A6
L 290 1 0.66 PDC2 A6
K 291 1 0 PDC2 A6
\Y% 43 0.9 0.5 TMR TMR
K 45 0.6 0.5 Platform Al
R 46 0.9 0.83 Platform Al
Q 47 0.9 0.33 Platform Al
I 50 0.6 0.33 Platform Al
E 51 0.6 0.83 Platform Al
\Y% 55 0.2 0 Platform Al
L 56 0.5 0.16 Platform Al
S 57 0.7 0.83 Platform Al
E 58 0.8 0 Platform Al
M 59 0.9 0 Platform Al
\% 62 0.7 0 Platform Al
S 64 0.5 0.5 Platform Al
K 76 0.9 0 Platform Al
N 77 0.6 0 Platform Al
M 79 0.8 0 Platform Al
S 83 0.9 0 Platform Al
L 84 0.6 0.83 Platform Al
E 87 0.2 0 Platform A1-A2 loop
I 88 0.9 0 Platform A1-A2 loop
H 89 0.5 0 Platform A1-A2 loop
N 91 0.9 0 Platform A1-A2 loop
D 92 0.9 0.33 Platform A1-A2 loop
I 93 0.4 0.16 Platform A1-A2 loop
F 94 0.6 0 PDC1 A2
P 95 0.9 0 PDC1 A2
E 96 0.2 0 PDCI A2
\% 97 0.3 0 PDC1 A2
S 102 0.6 0 PDCI A2
\% 103 0.9 0.16 PDC1 A2
G 104 0.9 0 PDCI A2
P 105 0.9 0.33 PDC1 A2
S 106 0.5 0.33 PDC1 A2
T 111 0.8 0 PDC1 A2-B1 loop
N 113 0.7 0 PDC1 A2-B1 loop
G 114 0.5 0 PDC1 A2-B1 loop
E 115 0.2 0.33 PDC1 A2-B1 loop
H 117 0.5 0 PDC1 Bl
R 118 0.7 0.33 PDC1 23|
L 119 0.5 0 PDC1 Bl
L 121 0.9 0 PDC1 23|
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Residue
S

A T COC” A M wn ARmMJ T wm
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Position
123
124
125
127
128
129
130
131
132
133
138
140
141
144
147
148
149
150
151
152
153
156
160
161
162
163
164
165
166
169
171
173
174
179
184
186
189
190
195
196
198
202
203
204
205
206

Salmonella
0.6
0.2
0.9
0.9
0.8
0.2
0.6
0.5
0.3
0.4
0.7
0.9
0.5
0.9
0.7
0.4
0.7
0.6
0.4
0.6
0.9
0.8
0.2
0.2
0.6
0.5
0.5
0.2
0.9
0.7
0.9
0.9
0.9
0.5
0.8
0.9
0.2
0.2
0.5
0.9
0.9
0.8

0
0.9
0.9
0.9

Non-Salmonella
0

=]
S O ©O O O O o o o o <o

o
W

0.83

S O O o o o <

0.16

(=]

0.66
0.83

Domain
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1
PDCl1

Location

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B1-B2 loop

B2

B2

B2

B2' (HK1 family Ligand Major Loop)

B2' (HK1 family Ligand Major Loop)

B2' (HK1 family Ligand Major Loop)

B2'-A3 loop (HK1 family Ligand Major Loop)
B2'-A3 loop (HK1 family Ligand Major Loop)
B2'-A3 loop (HK1 family Ligand Major Loop)
B2'-A3 loop (HK1 family Ligand Major Loop)
B2'-A3 loop (HK1 family Ligand Major Loop)
A3

A3

A3

A3

A3

A3

A3

A3

A3-B3 loop

A3-B3 loop

A3-B3 loop

B3

B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B3-B4 loop (HK1 family Ligand Minor Loop)
B4

B4-BS5 loop

B4-B5 loop

B5

B5

B5

B5

B5
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Residue
P
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Position
209
212
213
214
215
216
217
218
224
232
239
240
246
249
268
275
276
278
283
286
287
288
289

Salmonella
0.2
0.9
0.9
0.2
0.8
0.8
0.5
0.2
0.2
0.7
0.3
0.5
0.2
0.9
0.9
0.7
0.5
0.5
0.9
0.2
0.2
0.9
0.8

Non-Salmonella
0

(=]

0.83
0.16

Domain
PDCl1
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2
PDC2

Location
B5-A4 loop
A4

A4

A4

A4-B6 loop
A4-B6 loop
A4-B6 loop
A4-B6 loop
B6

B6-B7 loop
B7-AS loop
B7-AS loop
A5

A5-B8 loop
B9

B10

B10

B10
B10-A6 loop
A6

A6

A6

A6
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Figure 2.1. Comparison of SsrA to related orthologous proteins

(A) The periplasmic domain of SsrA in S. enferica subspecies enterica is closely related
to orthologs in other subspecies and is distantly related to that of orthologs in
Photorhabdus asymbiotica, Sodalis spp., Yersinia spp., and Pantoea stewartii.
Represented as a neighbor-joining tree without distance corrections. (B) Multiple
sequence alignment of SsrA orthologs. PDC domains are indicated with green and blue
boxes. Secondary structure elements indicated above the alignment. Residues are colored
according to a heat map: blue for least conserved to red for most conserved. Position of
histidine residues in Salmonella enterica Typhimurium LT2 SsrA indicated with dashed

boxes and numbered above alignment. (TM: transmembrane region).
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Figure 2.1.hesis
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Figure 2.2. Analysis of the SsrA sensor domain.

(A) Domain architecture of the periplasmic sensor domain of SsrA (TMR:
transmembrane region). Amino acid positions for domain boundaries are indicated. (B)
Model of the periplasmic sensor domain of SsrA predicted using Phyre2 and PSIPRED
servers and based on top scoring hit from Phyre2 (PDB 3LIC, (Zhang & Hendrickson,
2010)). Backbone is colored according to domain architecture in (4). Sticks are shown for
conserved aromatic residues in the hydrophobic core (black) and for histidine residues
(red). Termini of PDC domains are indicated in black italics with dashes indicating links
to TMR regions. (C) Helical wheel projection of the platform a-helix (residues 44-85)
reveals general amphipathic character (brown, hydrophobic residues; green, polar; blue,
basic; red, acidic). Semi-circle indicates conserved hydrophobic face. (D) Overlay of
alignment information between SsrA and Sa/monella orthologs (blue) and non-
Salmonella orthologs (orange) for the PDC 1 domain. Structural information is indicated
above (a-helix, green; B-sheet, yellow; ligand binding loops, grey). Regions of high
conservation limited to Salmonellae in PDC-1 and PDC-2 in putative ligand major and

minor binding loops are indicated with an asterisk and described in Table 2.1.
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Figure 2.2.
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Response to external acidification is integrated through SsrA — Activation of SsrB by
SsrA is low under alkaline conditions and high in acidic conditions (Deiwick et al., 1999,
Miao et al., 2002). To investigate this phenotype we generated a two-plasmid
complementation and reporter system that reports the level of SsrA activity and variants
thereof. A AssrA strain was generated that kept the upstream promoter and downstream
ssrB gene intact and which did not affect SsrB expression (Figure 2.3A). This mutant was
transformed with pPsseA-lux that reports SsrB-dependent transcription with the
production of bioluminescence, and with a low copy complementation plasmid encoding
either wild type SsrA or mutant variants of SsrA expressed under control of its native
promoter. The sse4 promoter was selected based on its tight dependence on SsrA-SsrB
for transcription, unlike other promoters with more complex regulatory inputs (Osborne
& Coombes, 2011). To verify that this system responds to acidification as expected, we
inoculated log-phase cells into the inducing media LPM at a pH range between 4.25 and 7
and measured luminescence over time. During exponential growth, luminescence
increased as pH decreased (Figure 2.3B), with a 300-fold increase in activity at pH 4.25
over the AssrA empty plasmid complementation strain. We confirmed that this signal was
dependent on SsrA by measuring luminescence from AssrA4, AssrB and AssrAAssrB
mutant strains and their complemented variants (Fig 3C and 3D). The highest level of
acid-promoted activity (pH induction) was observed upon SsrA complementation where
activity was ~20 fold higher at pH 4.25 than at pH 7, confirming that this phenotype is
dependent on SsrA. The sensor kinase PhoQ (76) contributes to post-transcriptional

regulation to SsrA-SsrB (Fass & Groisman, 2009, Yoon ef al., 2009). To determine
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whether other sensor kinases that are activated in the host were involved in this phenotype,
we measured reporter activities in AompR or AphoQ mutants. While the overall signal
magnitude was decreased in these mutants, as expected, the acid-promoted activity of
SsrA was intact in both mutant backgrounds (Figure 2.3E) in keeping with previously

reported data (Miao et al., 2002).
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Figure 2.3. SsrA exhibits acid-promoted activity.

(A) Expression levels of chromosomal SsrB-FLAG from wild type and Assr4 mutants at
indicated time points and pH. (B) Activity of an SsrA-SsrB-dependent sseA-lux
transcriptional reporter was measured over a pH range of 4.25-7. Luminescence was
normalized to culture optical density and is shown as signal change over a Assr4 mutant.
Data are means with standard error from three separate experiments. (C) The response to
acidification is SsrA-dependent and can be complemented. Luminescence was normalized
to culture OD and is shown as signal change over a Assr4B mutant. Data are the means
with standard error from three separate experiments. (D) pH induction measured as a ratio
of activity at pH 4.25 over pH 7 with (+) and without (-) complementation (compl.). Data
are the means with standard errors normalized to culture OD from three experiments. (E)
Reporter activity in ss¥AB, ompR and phoP mutant backgrounds of Sa/monella S1.1344.

Data are the means with standard errors normalized to culture OD from three experiments.
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Figure 2.3.
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Conserved residues in the SsrA sensor domain are not involved in pH-dependent
signaling. To validate the structural model established at the outset of this work, we
generated a series of mutations in the broadly conserved residues and measured reporter
activity at acidic and neutral pH, and calculated pH induction ratios. We were particularly
interested in residues that when mutated, had no effect on the low-level signaling at pH 7
(suggesting correct localization of SsrA and its ability to interact with SsrB), but which
compromised the acid-promoted activity. The amphipathic platform o-helix is predicted
to form a hydrophobic core between the PDC domains using the conserved residue F68.

SsrAF68A

was strongly reduced in signal intensity at both pH conditions (Figure 2.4A), but
was still pH-responsive. Disruption of charged residues in this same a-helix had opposing
effects: SsrAP"** had increased signal while SsrA*"** had decreased signal. Mutants

SsrARYA) SstAF7** SstA“** had decreased signaling at pH 7, however no mutants in this

region were impaired for acid-promoted activity (Figure 2.4B).

In the membrane-distal PDC domain, mutation of tryptophan residues weakened
(SstAV'77%) or abolished signaling (SsrA"'***) at pH 7, consistent with their predicted
position near the hydrophobic core (Figure 2.4C). Interestingly, SsrA"'""* had wild type
signaling at pH 4.25 suggesting that it is dispensable in this activated state. SsrA>*** and
SsrA“'%** had slightly reduced signaling at pH 7. Aside from the tryptophan mutants,
none of the mutants in the membrane-distal PDC domain had impaired pH-
responsiveness (Figure 2.4D). Mutation of tryptophan residues in the membrane-proximal

PDC domain had major effects on signaling (Figure 2.4E). Disruption of tryptophan
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residues W226 and W274 both disrupted signaling at pH 7 but SsrA“**** had wild type
levels of activity at pH 4.25 indicating that it is also dispensable in this activated state.
Mutants SstAP?*** and SsrA®**** had decreased levels of activity under both conditions
but pH-responsiveness was intact when baseline signaling was not abolished (Figure
2.4F). These experiments indicated that conserved residues in the SsrA sensor domain,
while important structurally, are not directly involved in SsrA’s ability to respond to

external acidification.

2
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Figure 2.4. Mutagenesis of conserved residues in the SsrA sensor domain.

Amino acids conserved in the periplasmic domain between SsrA and orthologs were
mapped to the structural model, which were distributed in the putative N-terminal helix,
(A-B); the PDC1 domain, (C-D); and the PDC2 domain, (E-F). Reporter activity was
measured over the range of pH 4.25 to pH 7.00 in LPM media and displayed relative to
wild type or as pH induction where the readings for each strain are normalized its pH 7.00
value. Data are from cultures normalized to OD and are the means with standard errors

from three experiments.
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Figure 2.4.
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The periplasmic domain of SsrA is enriched with histidine residues — Since conserved
residues were not necessary for acid-promoted activity we hypothesized that it may
instead be a Salmonella specific adaptation conferred by residues unique to this group, in
which histidine figures prominently. Given that histidine can drive reversible pH-
sensitive protein conformational changes at ~ pH 6, we focused our investigation on
histidine residues in the SsrA periplasmic domain of which there are 13 (~5% frequency).
A computational analysis of periplasmic histidine frequency in all members of the Cluster
of Orthologous Groups (COG) T (signal transduction) family (>400 amino acids, n=50)
in S. Typhimurium revealed SsrA to be the most histidine-enriched member of this COG
(4.81%, Mean: 1.94% st. dev: 1.03%), and among non-Salmonella SsrA orthologs
(Sodalis spp. 2.7-3.5%, P. asymbiotica 3.9%, P. stewartii 3.9%, Yersinia spp. 3.9%),

suggesting that histidine enrichment in SsrA may be a unique selective adaptation.

Periplasmic histidine residues are required for acid-promoted activity of SsrA — Below
pH 6, the imidazole ring of histidine is protonated, which has been shown in other
proteins to drive conformational changes (Achilonu et al., 2012). When mapped on the
structural model, most of the 13 histidines in the SsrA periplasmic domain lay within
putative loop regions, particularly in the C-terminal end of the membrane-proximal
domain where 6 of 7 histidines are in predicted loops (Figure 2.5A). We substituted each
histidine with alanine and measured the signaling ability of each mutant at low and high
pH (Figure 2.5B) and calculated pH induction ratio (Figure 2.5C). No single histidine

mutant was defective for acid-promoted activity. However we observed a large defect in
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H48A

signaling under both pH conditions for the SstA™""" mutant and an increased activity at

H286A

neutral pH for the SsrA mutant, which we inferred to mean they have structural roles

based on their immediate proximity to TMRs. Mutants SsrAHlOOA, SsrAHmA, SsrAnggA,

H172A

b

and SstA"?"°* had slightly decreased activity at pH 7, whereas mutants SsrA

SsrAM?7%4 had decreased activities at pH 4.25.

Since no single histidine was responsible for the full acid responsiveness of SsrA, we
hypothesized that the concerted action of multiple histidines may be involved, as is the
case for the diphtheria toxin T domain (Perier et al., 2007). We generated compounded
mutants for histidine and measured their activity at neutral and acidic pH (Figure 2.5D)
and pH induction ratios (Figure 2.5E). Histidine residues H48, H286 and H189 were
excluded in this analysis because we concluded from other experiments that they likely
have core structural roles. A compound mutant of the membrane-distal histidine residues
(SstA>*"%) did not differ significantly from wild type while a compound mutant of

AL 7-9-12His

membrane-proximal histidine residues (Ssr ) was defective for acid-promoted

signaling and had acid induction ratio in vitro similar to an ssr4 deletion. A combined

mutant incorporating all ten of these residues (SsrA»'*"™

) was statistically similar to
SsrA»"? 121 consistent with the previous data showing that histidines 2 to 6, while
contributing additively to the pH response, are not the major pH-responsive residues. The
activity of all multisite histidine mutants remained above 75% of wild type at neutral pH,

indicating that these mutations preferentially blunted the acid-promoted activity. Western

blot analysis of the various SsrA histidine mutants confirmed that these substitutions did
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not greatly affect SsrA levels (Figure 2.5F). A first-derivatives analysis of these data
showed a peak activity change at pH 5.5, consistent with the pK, of ~ 6 for histidine
imidazole and that the membrane-proximal histidines are required for this response
(Figure 2.5G). A similar defect in pH response was observed for these mutants when

expressed under control of the native ssr4 promoter following chromosomal replacement

(Figure 2.5H).
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Figure 2.5. Mutagenesis of histidine residues in the SsrA sensor domain.

(A) The positions of the thirteen histidines in the periplasmic domain are indicated with
respect to the secondary structure predictions. (B) SsrA reporter activity expressed as
fraction of wild type from strains expressing wild type SsrA, and the indicated single
SsrA"*-mutations at pH 4.25 and pH 7. (C) Single histidine to alanine mutants over the
range of pH 4.25-7. Luminescence is expressed as the change in signal over that at pH 7.
(D) SsrA reporter data from compound histidine mutants. Reporter activity expressed as
fraction of wild type from strains expressing wild type SsrA, and the compounded
SsrA"*-mutations at pH 4.25 and pH 7. (E) SsrA reporter data from compound histidine
mutants over the range of pH 4.25-7. Luminescence is expressed as the change in signal
over that at pH 7. (F) Expression levels of SsrA:FLAG and mutant variants from the low
copy plasmid pWSK129 under control of the endogenous PssrA promoter during
exponential growth at pH 4.25. (G) SsrA reporter activity from compound mutants
represented as a first derivative to show differences in response between pH 5-6. (H)
SsrA reporter activity from chromosomal ss74 replacement mutants the range of pH 4.25
to pH 7.00 with each mutant reading normalized to its pH 7.00 value. Data are normalized

to culture OD and are the means with standard errors from three experiments.
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Figure 2.5.
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PpH-sensitive histidine residues are required for bacterial fitness during infection — To
determine whether pH sensing by the histidine-enriched periplasmic domain of SsrA
contributes to fitness during infection we replaced ss»4 on the chromosome with the
SsrA*' ™ variant (H89A, H90A, H100A, H117A, H140A, H172A, H216A, H232A,
H253A, H270A). We first tested whether this mutant had decreased levels of the
translocon proteins SseC and SseD. In cells with SsrA™ levels of SseC and SseD
increased within 30 min following transfer to acidic minimal medium but remained low
under neutral conditions (Figure 2.6A). Cells expressing SsrA*' ™, while able to produce
SseC and SseD, had ~50% reduced levels of these proteins compared to wild type. In
keeping with this result, we found that the SsrA*'®""* strain was significantly attenuated

for intracellular survival in macrophages but not to the same extent as Assr4 (Figure
2.6B). Blocking acidification of the SCV with bafilomycin (Rathman et al., 1996) inhibits
gene expression of SsrA-SsrB regulated effectors (Arpaia ef al., 2011). Our signaling
model predicted that the SsrA histidine mutant would be insensitive to the acidification
blocking activity of bafilomycin. In macrophages pre-inhibited with the vacuole
acidification-blocking agent bafilomycin A-1, wild type SsrA reported ~50% less activity
compared to infection of cells without bafilomycin, confirming that failure to acidify the
Salmonella-containing vacuole compromised SsrA signaling activity. However, SsrA+'

was insensitive to bafilomycin and reported equivalently in the presence or absence of the

drug (Figure 2.6C) indicating that the SsrA:'*"* was defective for acid-promoted activity

10His

during infection. In support of this, Sa/monella expressing SsrA: were significantly

attenuated in mice compared to wild type following competition infection (Figure 2.6D).
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These data indicate that SsrA signal amplification achieved by pH-responsive histidines is

selective in the host environment.
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Figure 2.6. Functional analysis of a pH-blind histidine mutant.

ssr4 was replaced on the chromosome with a variant lacking the ten periplasmic

histidines that contribute to acid-promoted activity (SsrA“loHiS

). (A) Expression of effector
proteins SseC and SseD following incubation at indicated time points at indicated pH. (B)
Intracellular replication, expressed as percent of wild type, in macrophages between 2 and
20 h post infection represented as a fraction of wild type. Data are the means with
standard errors from five experiments. (C) SsrA reporter activity following intracellular
infection of bafilomycin-treated macrophages, or DMSO-treated control macrophages.
Data is expressed as bafilomycin-sensitivity of SsrA (luminescence in the presence of
bafilomycin/luminescence without bafilomycin). Data are from three experiments. (D)
Competitive infection of C57BL/6 mice. Mice were infected by intraperitoneal injection

10His

with equal numbers of wild type S. Typhimurium and the SsrA: strain and the

competitive index was calculated after 3 days. Each data point is from one mouse. Data is

from two independent experiments.
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Figure 2.6.
A
SsrA*t SsrA*His SgrA“t SsrAMoHis SsrA"t SsrA*His  SsrA"t  SsrAA10His
pH: 425 7 425 7 425 7 425 7 425 7 425 7 425 7 425 7
S B e R R B R e “ T W — W— —
L - - ™ — - Wk
— - - -_ o— -
0 min 30 min 60 min 120 min
B Intra-macrophage C 2.0+ D 10-
100 - replication . infection T
* £ (t=0) 10His )
s ) > i T SsrAtvs i
-ﬁ 80 -é _g 1.51 ns y |
28 8T | . o g
o > c Q NS L.v 2
o+ - D _— | e =
: o 60 8 c 1.0 Q * g
5% : g : g 17
=] = * = ]
=5 40 - E £ w 3
8 32 05 SsrA £ 1
E ~ g o J
E 20 + O
0 v r v v
0 - 30 40 50 60
ASSTA  SsrAr0His Time (min) 0.1

DnaK

SseC

SseD

mouse infections
SsrAMOHis yg SsrAwt

1 )
spleen liver

66



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

Discussion

Changes in Salmonella gene expression occur rapidly in the host environment, allowing
for adaptive responses to cope with host defenses (Yoon et al., 2009). Vacuolar
acidification is an innate immune response in mammals that serves to limit pathogen
replication. After ingestion of bacteria, the phagosomal compartment is acidified to pH
5.7-6.0 within 6 minutes (Rathman ef al., 1996, Lukacs et al., 1991), thus presenting an
early intracellular cue for bacteria to detect. In Sa/monella, induction of acid tolerance
involves the OmpR/EnvZ and PhoP/PhoQ two component regulatory systems (Bang et al.,
2002, Riesenberg-Wilmes et al., 1996, Bearson et al., 1998)(161-163)(160-162)(159-
161)(158-160)(159-161)(158-160)(157-159), which have regulatory input at the
promoters for ssrA, ssrB, and some effector genes (Osborne & Coombes, 2011, Yoon et
al., 2009). The pH-sensing mechanism we have described for SsrA is independent of
these histidine kinases because the reporter we used is dependent entirely on SsrA-SsrB

and the phenotype persists in AompR and AphoP mutants.

Our data support a model whereby histidine residues in the membrane-proximal
periplasmic sensor domain of SsrA confer acid-promoted signal enhancement. The
apparent enrichment of pH-responsive histidines outside of the canonical ligand-binding
region (PDC-1) of this family of sensors (Cheung & Hendrickson, 2010, Zhang &
Hendrickson, 2010) suggests that SsrA has evolved to integrate pH information in
conjunction with another putative ligand(s). The PhoQ sensor in Sa/monella has also

evolved unique modifications in the membrane-proximal PDC domain to integrate
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multiple inputs such as antimicrobial peptides, pH and fatty acids (Prost et al., 2007,

Viarengo et al., 2013, Bader et al., 2003).

While the genetic regulation of SsrA is well understood, little is known about its structure
and function (Fass & Groisman, 2009). We made numerous attempts to purify SsrA and
variants thereof for structural characterization, however the protein expressed poorly or
was insoluble upon overexpression. Nevertheless, we were able to validate our structural
model by showing that the predicted inter-domain hydrophobic regions are essential for
function. Of interest were two tryptophan residues (W177 and W226) that are required for
SsrA function at neutral pH, but were dispensable for signaling under acidic conditions
suggesting two structural orientations of the protein. These residues may be key to
understanding the structural changes that accompany the acid-promoted activity of SsrA,
and perhaps tandem-PDC sensor kinases in general (Cheung & Hendrickson, 2010,
Sevvana ef al., 2008). Future work will also focus on residues N142, E143, and Y182 in
the putative membrane-distal ligand-binding region, as the conservation of these among
Salmonella subspecies suggests the possibility of a distinct ligand recognized by this

domain in Salmonella.

Previous work has shown that some sensor kinases incorporate amino acids with
ionizable side chains including aspartate, glutamate and histidine in their signaling
mechanism (Muller et al., 2009, Perez & Groisman, 2007, Prost et al., 2007). Localized

histidine protonation can lead to changes in protein function by affecting global protein
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conformational states (Achilonu ef al., 2012). Whereas in other pH-responsive sensor
kinases, single histidine residues were shown to promote acid responsiveness, the SsrA
mechanism uses multisite histidines that work in a concerted manner for acid-promoted
activity. Only one of these histidines is conserved outside of the Sa/monella subspecies,
and which on its own does not significantly contribute to acid sensitivity, suggesting that
SsrA histidine enrichment is a Salmonella-specific adaptation. Given that individual
histidines were additive toward the acid-promoted activity of SsrA, multisite histidine
modification may help set activation thresholds for the regulated activity of SsrA during
transition to the intracellular environment. This activity was selective in the host
environment because Salmonella carrying a pH-blind SsrA variant was significantly
attenuated for competitive infection with wild type, even though it could still produce
modest activity through a pH-independent mechanism. This study represents the first
characterization of the mechanism of pH mediated signal enhancement for SsrA and

provides insight in to the evolution of this regulatory phenotype.
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Experimental Procedures

Growth Medium Compositions. LB media was made as follows: 10 g tryptone, 10 g NaCl,
5 g yeast extract per liter of water. N9 media was made as follows: 0.1 M Tris base, 0.1%
casamino acids, 5 mM KClI, 0.5 mM K,SO4, 1 mM KH;,POy4, 5.2 mM glycerol, 200 uM
bis-TRIS, 12 uM MgCl,, and pH adjusted to indicated pH at room temperature with HCI.
M9 media was made as follows: 0.1% casamino acids, 11.1 mM glucose, 2 mM MgSOy,
1 mM Na;HPO4, 4.5 mM KH,PO4, 1.72 mM NacCl, 3.72 mM NH4Cl, 100 uM CaCl,, and
pH adjusted to indicated pH at room temperature with NaOH. LPM media was made as
follows: SmM KCl, 7.5mM (NHy4)2SO4, 0.5mM K,SO4, 80mM MES, 38mM glycerol,
0.1% casamino acids, 25uM MgCl,, 337uM PO4° and adjusted to indicated pH at room
temperature with NaOH. When used, antibiotic concentrations were ampicillin 100
pg/mL, kanamycin 50 pg/mL, chloramphenicol 34 pg/mL, streptomycin 50 pg/mL. In
test experiments after four hours of bacterial growth in LPM, the pH of the culture

remained accurate to within ~0.2 units.

Culturing conditions. Prior to reporter experiments, Salmonella cultures were grown
overnight in LB with antibiotics at 37°C with shaking, and then sub-cultured 1:50 into LB

with antibiotics for 3 h. This sub-culture was done to avoid stationary-phase activity of

SsrB (164).
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Histidine frequency analysis. Annotation information for all S. Typhimurium LT2 (NCBI
Genbank accession number NC 003197) proteins were loaded from the .ptt genome file
and sequences were loaded from the .faa genome file. One hundred eighty-one proteins
classified as COG category T were further analyzed. To eliminate response regulators 76
proteins of 400 amino acids or greater were retained. These proteins were then manually
annotated for transmembrane domains using the SMART database (Letunic et al., 2012).

The intervening periplasmic regions were scored for histidine frequency.

Cloning. All primers and strains used and generated in this study are listed in
Supplementary Tables A1.4 and A1.5. Mutants were generated using lambda Red
mutagenesis (Datsenko & Wanner, 2000) and verified by sequencing. Resistance markers
were removed by transformation with the helper plasmid pCP20. The wild type
complementation construct was generated by cloning ssrA and its promoter from S.
Typhimurium SL1344 into Xbal/Sall digested pBluescript, subcloning into the low copy
expression vector pWSK 129, and transforming into S. Typhimurium for expression
(Wang & Kushner, 1991). To generate mutant complementation constructs the wild type
gene in pBluescript was modified by site-directed mutagenesis, sub-cloned in to
pWSK129 and transformed in to S. Typhimurium SL1344 for expression. Site-directed
mutagenesis primers containing the desired mutation were used to amplify
pBluscript:PssrA-ssrA with Pfu polymerase (Fermentas). Amplified DNA was purified on
silica columns, digested with Dpnl to remove parent plasmid, and transformed into E. coli

DH5a. Sequence verified plasmids were transformed into the S. Typhimurium SL1344

71



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

AssrA strain containing the pGEN:PsseA-luxCDABE reporter plasmid and recovered on

LB Kn-Amp plates (Lane et al., 2007, Osborne & Coombes, 2011). The alanine mutants,

H172A, H216A, H232A, H253A, H270A H89A, H90A, H100A, H117A, H140A, H172A, H216A, H232A,
SsrA ’ and SsrA

H233A. H2T0A were synthesized by Genscript and sub-cloned from pUC57 in to pWSK 129 as

previously described. Chromosomal replacement mutants were generated by first
replacing the periplasmic domain coding sequence of ssrA with a kanamycin resistance
gene as described above using lambda Red mediated mutagenesis. The PssrA4-ssrA insert
for the periplasmic domain mutant of choice was then sub-cloned from pWSK129 in to
the suicide vector pRE112 and recovered in E. coli DH5a Apir (Edwards et al., 1998).
The vector was then transformed into the conjugation strain E. coli S17-1 Apir and mated
with the kanamycin marked, ssr4 disrupted strain of S. Typhimurium. Single
recombinants were selected on LB Cm-Kn plates, grown in LB with 5% sucrose without
antibiotics, serial diluted and plated on LB containing 5% sucrose. Colonies were replica
plated on LB Sm-Kn-Cm plates to isolate Kn-Cm sensitive recombinants that had
replaced the chromosomal kanamycin marker. Recombinants were verified by amplifying

the PssrA-ssrA-ssrB region and sequencing.

SsrA structural modeling. Domain prediction in SsrA was performed via the CDD
(Marchler-Bauer ef al., 2013), PFAM (Punta et al., 2012), SMART (Letunic et al., 2012)
and Interpro (Hunter et al., 2012) servers. Fold recognition was performed via the Phyre2
(Kelley & Sternberg, 2009) and PSIPRED/GenTHREADER (Buchan et al., 2010) servers.

Secondary structure was predicted via the Phyre2 and PSIPRED servers, with the top
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scoring hit from Phyre2 (PDB 3LIC, (Zhang & Hendrickson, 2010)) used for further
analysis. Transmembrane helices were predicted using the TMHMM server (Kahsay et al.,
2005); amino acids scoring over 0.25 were considered part of a transmembrane helix. o-
helical wheel projections were generated by modifying the output of the server at

http://trimer.tamu.edu/cgi-bin/wheel/wheel.pl. Structure figures were prepared using

Pymol (www.pymol.org).

Macrophage cell-based assays. RAW 264.7 macrophages were seeded 16 h prior to
infection in 24 well plates at 2x10° cells per well in DMEM + 10% FBS and incubated at
37°C with 5% CO,. Bacteria grown overnight in LB were pelleted and resuspended in
400 uL DMEM + 10% FBS and 100 pL human serum for 25 minutes at 37°C. Bacteria
were then diluted in DMEM + 10% FBS to obtain a multiplicity of infection of 100. One-
mL of inoculum was applied to wells and incubated for 30 min for infection. Infected
cells were washed three times with PBS and incubated in 1 mL DMEM + 10% FBS + 100
ng/mL gentamicin for 90 min at 37°C. Cells were washed twice with PBS. Half the wells
were lysed in lysis buffer (1% Triton X-100, 0.1% SDS, PBS), serial diluted in PBS and
plated on LB-Sm plates. Bacteria were counted to represent a 2 h time point. The other
half of the wells were returned to the incubator in I mL DMEM + 10% FBS + 10 pg/mL
gentamicin until 20 h post infection at which point they were washed twice with PBS and
lysed in lysis buffer, serial diluted in PBS and plated on LB-Sm plates. Colony forming

units were averaged and a 20 h/2 h cfu ratio was calculated to represent fold replication
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over the course of the experiment. Experiments were independently performed at least

three times with triplicate technical replicates.

Transcriptional reporter assay. RAW 264.7 murine macrophages were seeded 16 h prior
to infection at a density of 5x10* cells per well in a 96-well plate in complete RPMI
medium (10% FBS, 1% HEPES, 1% L-glutamine, 1% sodium pyruvate, and 1% non-
essential amino acids) and grown overnight at 37°C in 5% CO; in the presence of 100
ng/mL LPS. Prior to infection, cells were treated with either 1% DMSO or 500 nM
bafilomycin A-1 for 30 min. Overnight cultures of S. Typhimurium containing the PsseA-
luxCDABE transcriptional fusion reporter were grown in LB with antibiotics. These
cultures were sub-cultured for 3 h prior to infection for 30 min at a multiplicity of
infection of 20:1. Infected cells were washed and luminescence was recorded over the

first 30 minutes. Cells were lysed, diluted, and plated for cfu determinations.

Mouse infections. All experiments with animals were conducted according to guidelines
set by the Canadian Council on Animal Care and were approved by the Animal Review
Ethics Board at McMaster University. S. Typhimurium (ushA4:Cm) (Coombes et al.,
2005) and the SsrA+'*"* strain were competed in infections of C57BL/6 mice. Equal
volume of each overnight culture was mixed and the bacteria were resuspended in 100
mM HEPES/0.9% NaCl (pH 8.0) to ~5 X 10® cfu/ml. Mice were orogastrically infected
with 200 pl of this suspension. For intraperitoneal infections, the mixed bacterial culture

was resuspended to 107 cfu/ml in PBS and mice were injected intraperitoneally with 100
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ul of this suspension. The input ratio of bacteria was determined by serial dilution and
replica plating on streptomycin and chloramphenicol. Intraperitoneally infected mice
were sacrificed 48 h post-infection while orogastrically infected mice were sacrificed at
72 h post-infection. The cecum, liver and spleen were aseptically removed from each
mouse, homogenized in 1 ml of PBS and serial dilutions of each organ were plated on
LB-Sm100. Colonies were replica plated to LB-Cm34 and LB-Sm100. The competitive
index was expressed as: C.I. = (cfu SsrA*'™™ o /cfu ushd:Cm gupu)/(cfu SsrA O

input/Cful ushA:Cmigpyy).
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Chapter III — Identification of the regulatory logic controlling Sa/monella pathoadaptation

by the SsrA-SsrB two-component system
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Abstract

Sequence data from the past decade has laid bare the significance of horizontal gene
transfer in creating genetic diversity in the bacterial world. Regulatory evolution, in
which non-coding DNA is mutated to create new regulatory nodes, also contributes to this
diversity to allow niche adaptation and the evolution of pathogenesis. To survive in the
host environment, Salmonella enterica uses a type Il secretion system and effector
proteins, which are activated by the SsrA-SsrB two-component system in response to the
host environment. To better understand the phenomenon of regulatory evolution in S.
enterica we defined the SsrB regulon and asked how this transcription factor interacts
with the cis-regulatory region of target genes. Using ChIP-on-chip, cDNA hybridization
and comparative genomics analyses, we describe the SsrB-dependent regulon of ancestral
and horizontally acquired genes. Further, we used a genetic screen and computational
analyses integrating experimental data from S. enterica and sequence data from an
orthologous regulatory system in the insect endosymbiont, Sodalis glossinidius, to
identify the conserved yet flexible palindrome sequence that defines DNA recognition by
SsrB. Mutational analysis of a representative promoter validated this palindrome as the
minimal architecture needed for regulatory input by SsrB. These data provide a high-
resolution map of a regulatory network and the underlying logic enabling pathogen

adaptation to a host.
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Author Summary

All organisms have a means to control gene expression ensuring correct spatiotemporal
deployment of gene products. In bacteria, gene control presents a challenge because one
species can reside in multiple niches, requiring them to coordinate gene expression with
environmental sensing. Also, widespread acquisition of DNA by horizontal gene transfer
demands a mechanism to integrate new genes into existing regulatory circuitry. The
environmental awareness issue can be controlled using two-component regulatory
systems that connect environmental cues to transcription factor activation, whereas the
integration problem can be resolved using DNA regulatory evolution to create new
regulatory connections between genes. The evolutionary significance of regulatory
evolution for host adaptation is not fully known. We studied the convergence of
environmental sensing and genetic networks by examining how the Salmonella enterica
SsrA-SsrB two-component system, activated in response to host cues, has integrated
ancestral and acquired genes into a common regulon. We identified a palindrome as the
major element apportioning SsrB on the chromosome. SsrB binding sites have been
selected to co-regulate a gene program involved in pathogenic adaptation of Salmonella
to its host. In addition, our results indicate that promoter architecture emerging from
SsrB-dependent regulatory evolution may support both mutualistic and parasitic bacteria-

host relationships.
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Introduction

Precise gene regulation is crucial to the successful activation and execution of
virulence programs for all pathogenic organisms. The acquisition of genes through
horizontal gene transfer, a widespread means of bacterial evolution (165), requires a
process to integrate new coding sequence into pre-existing regulatory circuitry. Silencing
of horizontally-acquired genes by DNA binding proteins like H-NS is one way some
incoming genes are initially controlled (30, 31), which can then be subject to regulatory
evolution by mutating cis-regulatory operator regions to select for optional gene
expression. The eventual promoter architecture selected to deploy virulence genes is often
modular and should reflect a design that maximizes organismal fitness while limiting
fitness trade-offs and antagonistic pleiotropy (166). Both simulated (167) and functional
experiments (168, 169) show that mutation of cis-regulatory sequences can be rapid, and
that plasticity - the degree to which regulatory mutation can perturb the larger gene
network - can be well tolerated in bacterial systems.

Promoter architectures that control quantitative traits such as bacterial virulence
are, in fact, modular and evolvable (170). For instance, Salmonella enterica has a multi-
faceted pathogenic strategy fine-tuned by several transcriptional regulators. Intracellular
survival and persistence of Sa/monella requires a type III secretion system (T3SS)
encoded in a horizontally-acquired genomic island called Salmonella Pathogenicity
Island-2 (SPI-2) (110, 171). T3SS are complex secretion machines that deliver bacterial
effector proteins directly into host cells through an injectisome during infection (172,

173). Several ancestral regulators control the genes in the SPI-2 genomic island including
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the two-component systems EnvZ-OmpR and PhoQ-PhoP, and the regulatory protein
SlyA (93). SsrA-SsrB is another two-component regulatory system co-inherited by
genetic linkage with the SPI-2 locus that is essential for gene expression in SPI-2 (113,
174, 175). SsrA is a sensor kinase activated in the host environment that phosphorylates
the SsrB response regulator to create an active transcription factor needed for
spatiotemporal control of virulence genes (93, 95). In the Salmonella genus, the SPI-2
genomic island is found only in pathogenic serotypes of Salmonella enterica that infect
warm-blooded animals and is absent from Salmonella bongori, which colonizes cold-
blooded animals (176). It is generally accepted that SPI-2 was acquired by Salmonella
enterica after divergence from S. bongori, providing a useful pedigree to study regulatory
evolution influenced by SsrB.

We recently demonstrated the evolutionary significance of cis-regulatory
mutations for pathoadaptation of Salmonella enterica serovar Typhimurium (S.
Typhimurium) to an animal host (33). Our focus was on SsrB because of its broad
conservation among the pathogenic Salmonellae and its essentiality for animal infection,
suggesting it coordinates fundamental aspects of Sa/monella pathogenesis beyond the
SPI-2 genomic island. In this study we investigated how regulatory evolution assimilates
horizontally acquired and ancestral genes into the SsrB regulon on a genome-wide scale
using an integrated set of experimental methods. Combining our data with previous
biochemical work, along with comparative genomic analyses with an orthologous T3SS-
encoding genomic island in the tsetse fly endosymbiont, Sodalis glossinidius, we reveal

the flexible DNA palindrome that distributes SsrB in the genome to influence
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transcriptional activation of the SPI-2 T3SS and almost all of its accessory effector
proteins. Our data uncovers the principal SsrB circuitry that appears to have been
conserved to support multiple bacterial lifestyles, including parasitic and mutualist

symbioses.
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Results
Transcriptional profiling of an ssrB mutant

To begin to understand regulatory evolution and network expansion of the SsrB
response regulator, we profiled the transcriptome of an ss7B mutant and compared it to S.
Typhimurium wild type cells grown in an acidic minimal medium that activates the SsrA-
SsrB two-component regulatory system (177). We identified 133 genes that were
significantly down-regulated in the ss7B mutant [z <-1.96] (178) (Table 3.1). This
included almost all genes in the SPI-2 genomic island as well as effector genes encoded
throughout the genome. Next, we performed a Clusters of Orthologous Groups (COQG)
analysis (179) on the 118 genes that had an ortholog in the annotated genome of S.
Typhimurium strain LT2 (15). Among these, 45 genes lacked a functional COG
assignment and the 73 remaining genes were distributed among 86 COGs (Figure 3.1).
The majority of functions in the latter groups are in transport, secretion, and trafficking of
cellular components in addition to protein and membrane modification.

The SsrA-SsrB system was acquired by horizontal gene transfer into the S.
enterica species after divergence from what is now extant S. bongori. As such, S. bongori
has evolved in the absence of SsrA-SsrB and its regulatory architecture has not been
influenced by it. Orthologous genes ancestral to both species but regulated by SsrB in S.
enterica provide evidence for network expansion and regulatory evolution that we
previously showed can be mapped to a single cis-input location by using functional and
comparative genomics (33). To expand on this, we used a reciprocal BLAST-based

analysis and identified 47 orthologs in S. bongori among the 133 genes whose
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transcription was down-regulated in an ss7B mutant (Table 3.1). In AssrB cells, the mean
fold-change of the orthologous genes (-6.1-fold) was subtler than for the S. enterica-
specific gene set (mean -21.2-fold), which included the T3SS and associated effector
genes. We also determined the distribution of down-regulated genes among genomic
islands (180), including prophages, pathogenicity islands (SPI-islands) and additional
regions of difference (ROD) between S. enterica and S. bongori. For this we used a
BLAST-based comparison of genome-wide synteny between S. Typhimurium and S.
bongori and identified 50 ROD that included 17 previously reported SPI-islands and
prophages. Of the 133 down-regulated genes identified, 56 were present within genomic

islands (Table 3.1), with a mean change in gene expression of -25.3-fold in AssrB cells.
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Table 3.1. Summary of microarray and ChIP-on-chip data

Microarray

Total significant SsrB-activated genes, n 133
Genes with S. bongori ortholog, n 47
Mean fold change -15.8 (-6.0)
Median fold change -6.5(-4.5)
Genes within pathogenicity islands, n 45
Genes with S. bongori ortholog, n 2
Mean fold change -27.4 (-6.5*)
Median fold change -13.1 (-6.5*)
Genes within phage islands, n 4
Genes with S. bongori ortholog, n 0
Mean fold change -20.4 (n/a)
Median fold change 9.0 (n/a)
Genes within S. bongori ROD, n 7
Genes with S. bongori ortholog, n 0
Mean fold change -14.6 (n/a*)
Median fold change -7.1 (n/a*)
Genes not in genomic islands, n 77“
Genes with S. bongori ortholog, n 45
Mean fold change -8.9(-6.0)
Median fold change 4.4 (-4.4)
ChIP-on-chip

Probes, n 42,021
Probe size 60-bp
Average probe separation 57-bp
Genome probe average log, signal -0.02
Standard deviation 0.52
Peaks above 3 st. dev., n 256
Peaks within published islands, n 47
Peaks within S. bongori ROD, n 15
Within CDS, n 126
Within/Overlapping IGR, n 130

n, number

*  (value for genes with an ortholog in S. bongori)
“, includes 21 genes on the microarray that could not be mapped because they were not

annotated by the array manufacturer (TIGR).
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Figure 3.1. COG analysis of 133 genes co-regulated with SPI-2.

COG categories are indicated to the right of the figure and COG sub-categories are
ordered in terms of decreasing gene representation (blue) within each category. Median
and average fold change values for each sub-category are indicated in green and red,

respectively.
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Figure 3.1.
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Genome-wide SsrB interactions

To examine SsrB allocation on the chromosome in vivo, we isolated functional
SsrB-DNA interactions using chromatin immunoprecipitation and examined the bound
DNA by chip analysis (ChIP-on-chip) using an S. Typhimurium SL1344 array containing
44,021 probes. With this method, we identified 256 significant interaction peaks
distributed throughout the genome that were enriched under SsrB-activating conditions
and with interaction scores three standard deviations greater than the mean probe score
(Figure 3.2A and Table 3.1). Of these 256 peaks, 126 (49%) occurred within coding
regions of genes (CDS) and 130 (51%) were in intergenic regions (IGR). Given the strong
influence of SsrB on horizontally acquired genes (Table 3.1), we plotted the ChIP-on-chip
data against all genomic islands in S. Typhimurium SL1344. From this analysis, 62 of
256 SsrB binding peaks (24.3%) occurred within genomic islands (Figure 3.2B).

SsrB ChIP peaks were observed upstream of previously identified SsrB regulated
genes indicating that our ChIP-on-chip data captured functional interactions. To generate
a consensus set of SsrB regulated genes, we performed an analysis to identify operons in
the S. Typhimurium SL1344 genome that encoded at least one gene down-regulated in
AssrB cells and that possessed an SsrB binding peak in the upstream regulatory region as
defined by our ChIP-on-chip analysis. From this, the 133 down-regulated genes mapped
to 86 operons, 49 of which had an SsrB interaction upstream or within the first gene of
the operon (Table 3.2). This analysis captured all five reported operons in the SPI-2
genomic island in addition to ten operons outside of this island that encode SPI-2

translocated effectors.
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Table 3.2. Predicted operons encoding SPI-2 associated genes

Gene Operon | Fold First Probe

Range Size Change Gene LT2 Ortholog Annotation Location’ ChIP Score’
SL2601-

SL2604 4 -1.45 SL2604 STM2640:rpoE CDS 4.12
SL0991-

SL0991 1 -57.81 SL0991 STM1051:ssel Effector IGR 3.37
SL2256-

SL.2256 1 -43.50 SL.2256 STM2287:sseL Effector IGR 3.02
SL2217-

SL2217 1 -7.07 SL2217 STM2241:sspH?2 Effector CDS 2.95
SL1561-

SL1561 1 -25.20 SL1561 STM1631:sse Effector CDS 2.82
SL1628-

SL1628 1 -51.60 SL1628 STM1698:steC Effector 5'-IGR-overlap 2.48
SL1574-

SL1576 3 -3.41 SL1576 STM1646:ydbH CDS 2.40
SL1325-

SL1326 2 -9.64 SL1326 STM1392:s514 SPI-2 gene IGR 2.31
SL1327-

SL1330 4 -18.09 SL1327 STM1393:s5aB SPI-2 gene IGR 2.31
SL1161-

SL1161 1 -17.23 SL1161 STM1224:sifA4 Effector IGR 2.26
SL1340-

SL1340 1 -10.51 SL1340 STM1406:s5aG SPI-2 gene CDS 1.93
SL0909-

SL0909 1 -15.47 SL0909 STM0972:s0pD2 Effector 5'-IGR-overlap 1.87
SL1027-

SL1027 1 -33.97 SL1027 STM1088:pipB Effector IGR 1.85
SL1331-

SL1336 6 -49.46 SL1331 STM1397:sseA SPI-2 gene IGR 1.81
SL1353-

SL1356 4 -12.90 SL1353 STM1419:ssaR SPI-2 gene 5'-IGR-overlap 1.78
SL1347-

SL1352 6 -16.59 SL1347 STM1413:ssaM SPI-2 gene 5'-IGR-overlap 1.76
SL1563-

SL1566 4 -3.10 SL1563 STM1633 5'-IGR-overlap 1.76
SL2763-

SL2763 1 -195.60 SL2763 STM2780:pipB2 Effector IGR 1.75
SL0083-

SL0083 1 -8.71 SL0083 STMO0082:s7/N IGR 1.54
SL1908-

SL1910 3 -2.68 SL1908 STM1979:1iP 3'-IGR-overlap 1.35
SL2001-

SL2011 11 0.66 SL2011 STM2035:chid IGR 1.30
SL4242-

SL4245 4 -0.98 SL4242 STM4305.S IGR 1.28
SL0700-

SL0700 1 -7.06 SL0700 STMO0719 CDS 1.18
SL3259-

SL3261 3 -1.29 SL3261 STM3288:yhbC IGR 1.13
SL1992-

S1.2000 9 -1.57 S1.2000 STM2024:cbiL CDS 0.96
SL2114-

SL2114 1 -19.35 SL2114 STM2138:srcA Effector CDS 0.94
SL1026-

SL1026 1 -2.64 SL1026 STM1087:pipA4 Effector IGR 0.90
SL1159-

SL1160 2 -5.29 SL1160 STM1223:potC CDS 0.86
SL1341-

SL1346 6 -42.72 SL1341 STM1407:ssald SPI-2 gene 3'-IGR-overlap 0.84
SL1785- 1 -11.81 SL1785 STM1856 IGR 0.81
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SL1785

SL0037-

SL0038 2 -4.00 SL0037 STM0036 5-IGR-overlap 0.78
SL1170-

SL1171 2 2.84 SL1171 STM1233:y¢fC 5-IGR-overlap 0.74
SL1337-

SL1339 3 -8.51 SL1337 STM1403:55¢B SPI-2 gene 3-IGR-overlap 0.72
SL1878-

SL1878 1 -7.65 SL1878 STM1949:yecF IGR 0.72
SL1705-

SL1705 1 -6.08 SL1705 STM1777:hemA 5-IGR-overlap 0.69
SL2193-

SL2196 4 243 SL2193 STM2216:yej4 CDS 0.68
SL4478-

SL4479 2 -1.83 SL4478 STM4547:yji0 IGR 0.67
SL1763-

SL1763 1 21.12 SL1763 STM1834:yebN IGR 0.62
SL0758-

SL0760 3 -6.10 SL0758 STMO781:modA 5-IGR-overlap 0.60
SL1200-

SL1200 1 -10.18 SL1200 STM1265 CDS 0.58
SL1238-

SL1242 5 -1.54 SL1238 STM1303:argD CDS 0.56
SL1958-

SL1961 4 2621 SL1961 - IGR 0.56
SL2210-

SL2211 2 -19.29 SL2211 STM2235 CDS 0.56
SL0701-

SL0703 3 7.94 SL0701 STM0719 5-IGR-overlap 0.55
SL0547-

SL0549 3 -5.97 SL0549 STMO0559:1/b1 IGR 0.55
SL0393-

SL0393 1 -3.20 SL0393 STMO0398:phoR CDS 0.53
SL1689-

SL1692 4 0.78 SL1692 STM1764:narG IGR 0.53
SLO160-

SL0160 1 -3.75 SL0160 STMO159 IGR 0.52
SL1373-

SL1375 3 -1.29 SL1375 STM1443:ydhl IGR 0.52

“, CDS (within coding sequence); IGR (in intergenic region); 5’-IGR overlap (probe
overlaps IGR and 5’ region of CDS)

b, log,
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Figure 3.2. Genome-wide functional genomics analyses for SsrB.

(A) ChIP-on-chip and microarray analysis. Genomic islands are indicated and labelled on
track 1 (outermost circle), where prophages are in green, pathogenicity islands are in red
and regions of difference (ROD) with S. bongori are in blue. ChIP-on-chip interaction
scores (logy) for SsrB-activating conditions are plotted on track 2, where peaks with
signals greater than one standard deviation from the mean probe signal are indicated in
blue. Transcriptional profiling analysis of SsrB-regulated genes is plotted on track 3.
Genes repressed more than 5-fold in an ss7B mutant are indicated in green. G+C content
is plotted on track 4, where values greater than 53% (genome mean) are indicated in red
and less than 53% are indicated in green. (B) Summary of gene expression data and SsrB
binding data for pathogenicity islands, prophage islands, S. bongori ROD and genome
sequence not in islands. The number of SsrB binding peaks identified by ChIP-on-chip
for each of the individual islands is shown in the outermost track, along with the number
of genes down-regulated in the transcriptional profiling analysis (in brackets). The total
number of ChIP-on-chip interaction peaks and genes regulated by SsrB are shown in the
innermost circles along with the percent of total (in brackets). The total genomic content
of each island or conserved regions are shown below each circle, along with the percent
of total genome. The remainder of microarray data (not in islands) includes 194
interaction peaks (75.8%) for ChIP-on-chip and 77 genes (58.0%) for transcriptional

profiling arrays.
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Figure 3.2.
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SsrB binds to six promoters within the SPI-2 genomic island

In order to rigorously evaluate our genome-wide functional genomics data, we
compared it against traditional biochemical experiments describing SsrB-DNA
interactions at the SPI-2 locus. Previous data reported SsrB footprints upstream of 6 genes
in SPI-2: ssrA, ssrB, ssaB, sseA, ssaG, and ssaM (100, 109). Our ChIP-on-chip data
showed discrete SsrB binding at all of these promoters except for the promoter reported to
be between ssr4 and ssrB (109) (Figure 3.3). We attempted to verify functional activity at
this site, but could not using transcriptional fusions (data not shown). Our data also
identified three additional SsrB binding peaks upstream of sse4, within the CDS of ssaJ,
and in the IGR upstream of ssaR (Figure 3.3). Functional interactions were confirmed for

sseA and ssaR in subsequent reporter experiments described below.
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Figure 3.3. The SsrB binding profile at the SPI-2 locus.

Plotted are the SsrB ChIP interaction scores (black trace) for all probes within the SP1-2
locus. ChIP-on-chip experiments were performed with S. Typhimurium grown in SPI-2
inducing (LPM) and non-inducing (LB) conditions. ChIP score was calculated as LB
(control/experimental) / LPM(control/experimental) where LB scores were used to
normalize the data. Regions of SPI-2 footprinted by SsrB are highlighted with vertical

pink bars. G+C content across the region is plotted as a green trace. Genes in the SPI-2

genomic island (top) are plotted to scale and are coloured according to function (see key).
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Identification of a functional DNA element for SsrB binding

Previous attempts by others to identify a conserved SsrB DNA recognition motif
have been unsuccessful. To overcome this, we employed a bacterial one-hybrid screen
originally developed to define binding site preferences for eukaryotic transcription factors
(181). We fused the DNA binding domain of SsrB (SsrBc) to the a-subunit of RNA
polymerase and screened a prey library of ~10° DNA molecules previously counter-
selected against self-activation (Figure 3.4A). We used the PhoP response regulator from
E. coli as a control because a DNA recognition sequence for it was known (182). Bait-
prey combinations surviving selection on medium lacking histidine were purified, and
preys were sequenced and analyzed using the motif-finding program MEME (183). From
189 unique sequences isolated for SsrBc, over 80% contained a degenerate consensus
motif, mCCyTA (Figure 3.4B). In control screens with the PhoP-aNTD fusion, the PhoP
box sequence (G/T)GTTTA was identified in 11% of sequenced preys (12/109, data not
shown) but this sequence was never captured by SsrB-aNTD and vice versa,
demonstrating specificity of the bacterial one-hybrid system for prokaryotic regulatory
proteins.

Next, we examined our ChIP-on-chip data for the presence of a conserved
regulatory motif. We extracted sequence data from the local maxima of the 256 binding
peaks and analyzed the sequences with the computational program MDscan (184). Using
the highest-ranking probes to generate an initial prediction followed by lower-ranking
probes for refinement, this analysis identified motifs that represented either the forward or

the reverse complement of the consensus sequence ACmTTA, which shares consensus
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with the motif identified in the bacterial one-hybrid screen (Figure 3.4B). We identified
variations of this motif within footprinted regions of SsrB-regulated promoters (100, 109),

however sequence degeneracy made it difficult to precisely map the input functions.

Identification of a functional DNA palindrome conserved in S. Typhimurium SPI-2
and the Sodalis glossinidius SSR-3 region

The analysis of regulatory evolution is particularly challenging because it is
difficult to distinguish neutral stochastic change from functional divergence. To solve this
problem in the context of mapping the SsrB binding element, we used comparative
genomics to search for conserved promoter architecture in another organism with a
similar genomic island to Sa/monella SPI-2. The tsetse fly endosymbiont Sodalis
glossinidius contains the Sodalis Symbiosis Region-3 (SSR-3) that is similar in content
and synteny with the S. enterica SPI-2 locus (185). Gene conservation includes the entire
T3SS structural module extending to the regulatory genes ssrA4-ssrB and all other genes
except the effectors sseF’ and sseG, which are not present in Sodalis SSR-3. We aligned
the sequences of the five mapped promoters in SPI-2 with the orthologous SSR-3 regions
to identify local conservation. Highly conserved sites within the promoters were restricted
to regions previously footprinted by SsrB (100, 109), whereas adjacent sequence showed
substantial drift (Figure 3.4C). Within the conserved sites we identified a heptameric
sequence in 7-4-7 tail-to-tail architecture that created an 18-bp degenerate palindrome.
This palindrome was found in all SPI-2 and SSR-3 T3SS promoters with the exception of

the ssed promoter that had only one reasonably well-conserved heptamer in the
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footprinted region (Figure 3.4C and Figure 3.5). Interestingly, two copies of the
palindrome occur upstream of the ssrA4-ssrB operon in S. Typhimurium within the same
footprint, and the conservation of either site in Sodalis was weak. Evaluation of the
heptamer motif in the palindrome showed high similarity to the motifs identified by the
bacterial one-hybrid screen and the ChIP-on-chip experiments (Figure 3.4B and 4D),
giving us confidence that we had identified the major recognition module for
transcriptional input by SsrB. In accord with a previous observation (100), there was not a
strict requirement in the spacing between the SsrB binding site and the downstream

transcriptional start site.

100



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

Figure 3.4. Identification of a conserved palindrome in S. Typhimurium SPI-2 and S.

glossinidius SSR-3 promoters.

(A) Schematic representation of the bacterial one-hybrid screen for functional SsrB
binding sequences. (B) Motif logos generated independently from the bacterial one-
hybrid screen and ChIP-on-chip data show similar but degenerate consensus along 6
nucleotides. (C) Aligned promoter regions from the S. Typhimurium SPI-2 island and S.
glossinidius SSR-3 i1sland containing the putative SsrB DNA recognition palindrome.
Coordinates indicate position of the conserved palindrome with respect to the
translational start site of the downstream gene. The 7°-4-7” tail-to-tail palindrome
sequences are underlined in blue (7’ site) and red (7” site), aligned and highlighted in
yellow. Asterisks indicate conserved nucleotides between S. Typhimurium and S.
glossinidius. The positions of SsrB footprints protected from DNasel (100, 109) are
shown as black text highlighted with a blue horizontal bar. (D) Consensus motif logos for

the palindrome sequences from the SPI-2 promoters shown in C.
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Figure 3.5. S. Typhimurium SL1344 SPI-2 and 8. glossinidius str. ‘morsitans’ SSR-3

motifs.

Sequence logos of the half-site (7° and 7”°) and full-length (7°-4-7") palindrome motif
identified within the promoter regions of SPI-2 in S. Typhimurium and SSR-3 T3SS in S.
glossinidius. ‘Combined’ refers to the consensus sequence based on the single left and
right heptamer sequences within a given organism. ‘Merged’ refers to the consensus

sequence for individual left and right heptamers from both Sa/monella and Sodalis.
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Figure 3.5.
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SsrB directs transcriptional input using a flexible palindrome architecture

The presence of a conserved palindrome sequence in SPI-2 promoters and in
related sequences from the endosymbiont S. glossinidius suggested that regulatory input
by SsrB was through a palindrome sequence architecture. However, other lines of
evidence suggested that the recognition site architecture was flexible in nature: (i) our
bacterial one-hybrid screen isolated functional single hexamer sequences, (if) the SsrB
footprint at the naturally evolved sse4 promoter within SPI-2 (100) contained only one
reasonably well-conserved heptamer, and (iii) degenerate or non-ideal palindromes exist
in the genome. In order to deconstruct this architecture, we designed a set of experiments
to test the palindrome’s tolerance to mutation. We chose the ssaG promoter for these
experiments because 16 of 18 bases were identical between SPI-2 and SSR-3 from .
glossinidius, differing only in the 4-bp spacer between heptamers (Figure 3.4C). We
mutated the palindrome in a series of transcriptional reporters that were otherwise
identical to the evolved ssaG promoter (Figure 3.6A) and promoter activity was
compared to that of a wild type palindrome sequence. Variants in which the first half-site
(7°) or second half-site (7’) was deleted produced similar transcriptional activity to the
wild type palindrome, verifying that a single well-conserved heptamer is sufficient for
transcriptional input under these experimental conditions (Figure 3.6B). Deletion of the 4-
bp spacer sequence between the heptamers - the most degenerate element of the
palindrome - also generated wild type promoter activity. However, the orientation of
individual heptamers was essential for transcriptional input since rewiring the palindrome

in any head-to-head orientation produced negligible promoter activity. However, if the
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two half sites were swapped front-to-back so that they maintained tail-to-tail orientation
(construct labelled “Reverse” in Figure 3.6), wild type promoter activity was restored.
Precise deletion of the entire 18-bp palindrome lead to ~10% residual activity in wild type
cells, which was reduced to less than 1% in an ss»B mutant (Figure 3.6C). To determine
whether the remaining 10% transcriptional activity was a result of an SsrB-dependent
feed-forward mechanism or transcriptional read-through of our chromosomally integrated
reporter, we constructed an ectopic deletion reporter. Assessment of reporter activity for
this construct in addition to wild type constructs in wild type and ss»B mutant
backgrounds showed a similar level of activity to the ss#B mutant (Figure 3.6D).

The results for the half-site deletion constructs, which retained activity similar to
wild type, were unexpected. Therefore, we compared the sequences generated upon
mutation against a consensus palindrome matrix generated from all SPI-2 and other
identified putative elements. The 7°-4-X, X-4-7" and 7’-X-7 mutations introduced a
number of base transitions and transversions never occurring in the matrix, however the
modified 7 base pair heptamer retained 4-5 naturally-occurring bases along with the
unchanged wild type sequence in the other heptamer (Figure 3.7). The possibility existed
that this modified heptamer, although now weaker in consensus, could still be sufficient
for recruitment of a functional form of SsrB when paired with the other wild type
heptamer. To test this, we created an additional ectopic transcriptional fusion construct in
which the left half (7°) of the palindrome was mutated to bases never occurring in the
consensus matrix. When tested in promoter activity experiments, this reporter was unable

to activate transcription and was identical to the X-X-X mutant construct (Figure 3.6D).
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Salmonella SstB and the Sodalis ortholog (SG1279) are 69% identical and 81%
similar at the amino acid level. All of the critical residues in the dimerization helix and
HTH motif required for specific transcriptional activity by SsrB [32] are conserved in the
Sodalis ortholog (Figure 3.8). To demonstrate a functional role for the palindrome
identified in Sodalis, we engineered luciferase transcriptional reporters that either
contained (7°-4-7") or lacked (X-X-X) the identified palindrome from the Sodalis
SG 1292 promoter (ssaG ortholog) and transformed them into wild type S. Typhimurium
and an ss7B mutant. The transcriptional activity from a wild type Sodalis palindrome
sequence was high, but was completely abolished in an ss#B mutant and in experiments
where only the palindrome sequence was precisely deleted (Figure 3.6D). These
experiments demonstrated a functional role for the conserved palindrome in Sodalis and

the requirement for SsrB for transcriptional activation.
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Figure 3.6. The SsrB binding motif architecture is flexible and conserved.

(A) The sequences of the wild type SsrB binding motif and mutated permutations from
the ssaG promoter are shown. The orientation of the 7-bp half sites are indicated, where
the blue arrow represents the 7’ site and the red arrow represents the 7 site as identified
in Figure 4. The orientation of the 4-bp spacer sequence is represented as a black arrow.
The colours of the bases are used to distinguish the different deoxyribonucleotides. (B)
Transcriptional reporter data for the wild type cis-regulatory input (wt) and the seven
permutations as defined in A. Promoter activity is shown at 5 h as measured by -
galactosidase assays normalized to promoter activity from the wild type reporter. (C)
Comparison of ssaG promoter activity between wild type S. Typhimurium and an ss»B
mutant. B-galactosidase assays were conducted for the PssaG X-X-X reporter in both wt
and AssrB cells. Data represents the promoter activity as a percent of wild type. (D) The
conserved palindrome sequence from Sodalis glossinidius is functional. Transcriptional
reporters that either contained (7°-4-7"") or lacked (X-X-X) the 18-bp palindrome
sequence were constructed from evolved orthologous promoters in Salmonella (PssaG)
and Sodalis (PSG1292). An additional reporter that mutated the bases in the left heptamer
to those never occurring in the consensus matrix (scrambled) was also constructed.
Reporters were transformed into wild type Salmonella and an ssrB mutant and tested for
transcriptional activity. Luminescence data was normalized to the OD of the culture.

Shown are the means with standard deviation for three separate experiments.
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Figure 3.7. Frequency matrix analysis of SsrB palindromes.

Presented is a frequency matrix of nucleotides occurring at each position of the 18-bp
position in the 24 identified palindromes in S. Typhimurium SL1344. The 18-bp
palindrome is shown as two 9-bp sequences with positions (-2) and (-1) referring to the
spacer and positions 1-7 referring to the heptamer as indicated at the top of the figure.
Matrices are shown for the left and right components of the palindrome in addition to a

combined matrix.

Preferred, tolerated and disliked nucleotides are assigned based on frequency thresholds
of 0.1 and 0.3 and are indicated by green, blue, and red respectively. Sequences for
generated constructs are shown at the bottom of the figure and sequence identities with
respect to the combined matrix are noted to the right of each construct sequence. The two

possible permutations of the mutated palindrome are shown for the ssaG 7-X-7 construct.
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Figure 3.7.
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Figure 3.8. Alignment of Salmonella SsrB and the ortholog from Sodalis glossinidius.

Full length protein sequences of SsrB from S. Typhimurium strain SL1344 (SL1325) and
the Sodalis ortholog (SG1279) were aligned with ClustalW. The helices are labeled
according to the structure of SsrBc as described by Carroll et al. 2009. Helices H2 and H3
make up the helix-turn-helix DNA binding motif (H168-K191) and the dimerization helix
i1s H4. The conserved aspartic acid residue (D56) and other residues shown to be

important for transcriptional activity by Carroll et al. 2009 are indicated in red.
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Figure 3.8.
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Regulatory evolution of the SPI-2 T3SS effector repertoire

The above results identified the conserved, yet flexible, palindrome sequence
defining DNA recognition by SsrB. To examine the extent to which regulatory evolution
has been selective for this genetic architecture, we created a position weight matrix
(PWM) for the five strongest palindrome sites in SPI-2 and the orthologous sites in
Sodalis SSR-3. We then searched for representative candidates of this motif in the S.
Typhimurium genome using the simple scoring algorithm MotifLLocator (186, 187). This
analysis recovered the motifs upstream of ssaB, ssaG, ssaM, and ssaR that were used to
generate the PWM. The palindrome in the ss#4 promoter was not used to create the PWM
due to its weaker consensus in the left heptamer, however, it was recovered in the
computational analysis in a second group of lower-scoring motifs (Figure 3.9A). We
identified 24 palindromes co-occurring with ChIP-on-chip peaks upstream of 24 different
SsrB-regulated genes or operons. Applying a stringent threshold to the output allowed us
to identify two groups - genes with high-scoring upstream palindromes (ssaB, ssaG, ssaM,
ssaR, sopD?2, sifA, sifB, sseK2, sseK3, sseL, ssed’, steC, and srcA) and those with
medium-scoring palindromes (0.7-0.8 threshold; ssr4, STM1633, ssel, sirP sspH2, pipB,
sseJ, pipB2, srfN, sseA and steB) (Figure 3.9A) (sse4’ denotes the SsrB palindrome
sequence upstream of sseA that falls within the ssaE CDS, while sseA refers to the SsrB-
footprinted IGR site with only one conserved heptamer defined in Figure 3.4C).
Remarkably, this accounted for 17 of 22 SL1344 genome-encoded effectors translocated
by the SPI-2-encoded T3SS (exceptions are chromosomal sted, gogB, and ssekK, and

plasmid-encoded spvB and spvC). These genes either lacked an upstream ChIP peak
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above our 3-standard deviation cut-off (sseK) or had such a peak but did not reach
statistical significance in our transcriptional profiling experiments (ste4, gogB).

Our ChIP-on-chip data revealed three additional strong SsrB binding peaks within
SPI-2: one in the IGR directly upstream of ssaR, a second within the CDS for ssaJ/, and a
third within the CDS for ssaE that would be predicted to influence transcription of the
downstream effector/chaperone operon beginning with sse4. The analysis described
above recovered SsrB palindrome sequences at the sse4’ and ssaR locations prompting
further validation of these sites. No palindrome was identified for the ssaJ interaction
peak and so further characterization was not pursued. For the IGR palindrome upstream
of ssaR, we tested both a chromosome-integrated transcriptional fusion and an
autonomous episomal reporter. In wild type cells these reporters were as active as other
SPI-2 promoters, whereas promoter activity was abrogated in AssrB cells, implicating this
IGR as a functional promoter for ssaR (Figure 3.9B and Figure 3.10). We next tested the
function of the intragenic palindrome within ssaF (sseA’). For this, we constructed a
single-copy transcriptional reporter that either contained (WT PsseA) or lacked (PsseA
del) the single heptamer site in the sse4 IGR and integrated this reporter into wild type
cells and mutants lacking either ss#B or the ssaE coding sequence that removed the high-
scoring intragenic palindrome sse4 ". These experiments showed that the ssed ’ sequence
contributes approximately 75% of transcriptional output at the sse4 promoter (Figure
3.9C), since deleting the single heptamer in the sse4 IGR had little effect on
transcriptional output in any of the strain backgrounds. These reporter data are in line

with the respective binding scores for the ChIP-on-chip interaction peaks (Figure 3.3) and
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the sequence similarity for these elements with respect to the consensus palindrome
(Figure 3.9A and Figure 3.4D). Together, these data provide compelling evidence for the
identity of the DNA recognition element that has been selected through evolution to co-

regulate an SsrB-dependent gene program involved in adaptation to a host.
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Figure 3.9. Genome-wide identification of SsrB palindrome sequences.

(A) A position weight matrix was generated from all naturally-evolved palindromes in
SPI-2 and used to search the genome for similar sequences. Palindromes identified in
regulatory DNA that co-occurred with ChIP peaks upstream of SsrB-regulated genes
were selected, aligned and binned according to those scoring >0.8 against the position
weight matrix (top box) and those scoring between 0.7-0.8 (lower box). The left (7°) and
right (7°) heptamers and the 4-bp spacer are displayed as a heat-map to show bases of
high conservation (dark blue) from degenerate regions (light blue/white). The genes
controlled by these promoters are indicated to the left of the sequences and coloured
according to function: structural components of the T3SS (orange), effectors (blue),
regulatory elements (red), T3SS chaperones and translocon (green) and SsrB-regulated
genes of unknown function (black). (B) The high-scoring palindrome in the ssaR IGR is
functional. A single-copy ssaR reporter was integrated on the chromosome and tested for
functional activity in wild type cells and in Ass7B. Promoter activity is shown as the mean
with standard error from three separate experiments. (C) Functional validation of the
intragenic high-scoring palindrome in the ssaF coding sequence. A single-copy
transcriptional reporter that either contained (WT PsseA) or lacked (PsseA del) the single
heptamer site in the sse4 IGR was integrated on the chromosome in wild type cells, or
mutants lacking either ss7B or the ssaE coding sequence that removed the high-scoring
intragenic palindrome (PsseA ’). Transcriptional activity at 6 h is shown as the mean of

triplicate determinations with standard error.
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Figure 3.9.
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Figure 3.10. Episomal transcriptional reporter for the ssaR palindrome.

Luminescence production from a PssaR-lux transcriptional fusion indicates an active,
SsrB-dependent promoter at this location, in accord with SsrB binding to this location in
vivo. Shown are data (mean with standard deviation) from triplicate determinations from
three separate experiments. Luminescence was normalized to the optical density of the

culture.
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Figure 3.10.
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Discussion

Horizontal gene transfer is a well-recognized mechanism of bacterial evolution
that gives rise to new phenotypes due to the coordinated expression of novel genetic
components (165). A good example of this is acquisition of type III secretion by
mutualists and pathogenic bacteria enabling new colonization strategies within a host
(188, 189). Evolved changes to regulatory circuitry can also give rise to phenotypic
diversity at the species level (33). In both cases, regulatory evolution is required to
correctly deploy gene products during infection, yet the extent to which regulatory
evolution contributes to pathogenic adaptation is only beginning to be realized (170). The
SsrA-SsrB two-component regulatory system in S. enterica has been the focus of our
efforts to understand the significance of regulatory evolution for pathogenic adaptation.
This regulatory system was co-acquired with a T3SS encoded in the SPI-2 pathogenicity
island and likely contributed to immediate and gradual phenotypic diversity as new
regulatory nodes were explored and acted upon by natural selection.

Extensive work has been reported on the characterization of SsrB dependent genes,
including functional evaluation of genes encoded within SPI-2 in addition to genome-
wide transcriptional studies (113, 175). In this study we identified genes co-expressed
under SsrB-inducing conditions and found those with strong levels of expression
localized predominantly to mobile genetic elements, recently acquired genomic islands or
other annotated islands. We also identified many weakly co-expressed genes, some of

which may represent ancestral Sa/monella genes recruited into the SsrB regulon like the
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previously reported s#fN (176). Some of these genes may not be directly regulated by
SsrB and will require further experimental investigation.

Direct profiling of SstB-DNA interactions using ChIP-on-chip was used to
identify SsrB binding sites in the genome. This analysis identified many interactions
which have not been previously described and interaction sites within coding regions of
genes which may represent non-canonical functions for SsrB. Other groups have reported
the existence of similar numbers of ChIP-on-chip interactions within intragenic regions
for other transcription factors (190, 191) suggesting that this phenomenon is not restricted
to SsrB. In light of the disparate number of microarray genes in comparison to ChIP-on-
chip peaks we attempted to generate a more comprehensive picture of the SsrB regulon
by combining these data sets at the operon level. In doing so we believe that the nineteen
operons containing differentially expressed genes determined by microarray and
containing a ChIP-on-chip peak three standard deviations above the mean captured by
this analysis represent the genes directly activated by SsrB (Table 3.2). Those operons
having a ChIP-on-chip peak directly upstream in the IGR region encompass the majority
of known SsrB regulated genes while those possessing a ChIP peak within the CDS of the
first gene may represent non-functional interactions that deserve follow-up experimental
investigation.

The ChIP-on-chip data not only provided information on the identities of SsrB-
regulated genes but also gave insight as to the identity of the SsrB recognition element
specified by the interaction site sequences. The regulatory architecture governing SsrB

input has been elusive despite several SsrB footprints being defined biochemically (33,
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100, 109). Our ChIP-on-chip data further suggested that SsrB binding within SPI-2 was
specific, with binding peaks overlapping precisely with regions of the DNA footprinted
by SsrB (100, 109). By using a genetic screening strategy together with functional and
comparative genomics, we were able to define the essential SsrB regulatory element as
being an 18-bp palindrome with a conserved 7-4-7 internal organization.

In support of the palindrome as the functional entity we showed the loss of SsrB
dependence as a result of deletion of this element for the ssaG promoter. Evaluation of
the 7-4-7 palindrome in the ssaG promoter revealed the minimal architecture and
sequence orientation required for transcriptional input. Deletion of the entire palindrome
resulted in less than 1% activity in wild type cells, an equivalent level of activity to those
lacking ssrB entirely. A search of the S. enterica genome for this palindromic motif
revealed candidates upstream of the previously noted SsrB dependent genes, including
two additional SPI-2 sites; one IGR site upstream of ssaR that until now had been cryptic,
and one intragenic palindrome upstream of sseA in the ssaE CDS. In both cases these
input sites were found to be functional.

Although palindrome architecture was conserved upstream of SsrB-regulated
genes, degenerate palindromes in which one half-site was more conserved were also
functional. As a result of our mutational analyses we conclude that so long as the
orientation of a single heptamer of the palindrome is conserved with respect to the
downstream gene, SsrB is tolerant of degeneracy in the adjacent spacer and heptamer
sequences. While we were able to identify a number of limited palindrome-like sequences

from our bacterial one-hybrid screen, this tolerance in addition to the library size required
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to pull out an 18-bp palindrome in large numbers may explain why we isolated functional
single heptamer sequences and why degenerate palindromes naturally exist in the genome.
A recent report by Carroll et al, postulated that SsrB first interacts with DNA as a
monomer, followed by dimerization (116). Our findings also suggest that dimerization is
likely required for transcriptional activation however strong recognition by one monomer
may stabilize interaction of a second monomer with a less than ideal sequence. The
finding that a flexible palindromic sequence can be selective for SsrB input raises many
interesting questions around the nature of regulatory evolution. The ability to use a short
functional half-site adjacent to an uncharacterized threshold level of tolerated bases
would reduce the period of neutral evolution required to generate an inverted repeat
sequence twice the length (192), and would limit the loss of intermediate variations to
drift while a more desirable palindrome is created by regulatory evolution. For bacteria
that make use of horizontal gene transfer, this could increase the tempo with which new
DNA is integrated into the regulatory circuitry of the cell.

We showed that the SsrB regulatory palindrome is also present in the orthologous
SSR-3 island of the endosymbiont Sodalis glossinidius and that the palindrome evolved in
Sodalis can act as a cis regulatory input function in Salmonella. Thus, in addition to
supporting a pathogenic lifestyle within a host in Salmonella, it seems probable that this
common promoter architecture may direct the activation of the SSR-3 T3SS of S.
glossinidius in its endosymbiotic relationship with the tsetse fly host, although we
acknowledge this requires experimental validation. The SSR-3 region in S. glossinidius is

fully conserved in gene synteny and content with that of SPI-2 (185), with the exception
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of two effector genes missing in SSR-3 (sseF’ and sseG) that are required to localize
vacuolar Salmonella to the perinuclear Golgi in host cells (137, 193). The SsrB ortholog
in S. glossinidius 1s ~30% divergent with SsrB at the protein level, initially leading us to
think that they might have different binding site preferences. To the contrary, high local
conservation in the promoters evolved in Salmonella and Sodalis was the crux in defining
the functional SsrB input among stochastic noise. This analysis revealed strong
palindrome sequence conservation in five promoters identified in SPI-2 and in the
orthologous sequences in Sodalis SSR-3.

Among palindrome-containing promoters, the ssr4 promoter is exceptional for
two reasons: a lack of conservation between Salmonella and Sodalis, and the evolution of
tandem palindromes in Salmonella. One possible interpretation of this divergent
regulatory architecture in front of ss74 might relate to bacterial lifestyle. Salmonella may
have retained or evolved SsrB input here to create a positive feedback loop on the
regulatory system to rapidly adapt to the host environment during infection, similar to
transcriptional surge described for the PhoP response regulator (194). The endosymbiotic
relationship of Sodalis with the tsetse fly - where long-term vertical transmission has
ostensibly been formative in shaping regulatory circuitry at certain promoters - may
obviate the need for rapid transcriptional surge, leading to regulatory drift or selection
against positive feedback. With the structure of SsrB available (116) and its recognized
sequence now identified, future studies will be able to build a picture of how SsrB
interacts with both its target DNA, RNA polymerase and potentially other transcription

factors including nucleoid associated proteins in order to direct transcription of its regulon.
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In summary, this work highlights the evolutionary significance of cis-regulatory
mutation for the adaptation of Salmonella to a host animal. The DNA module that
choreographs SsrB-mediated pathogenic behaviour in Salmonella appears to have been
conserved for mutualism as well, thereby shedding new light on the significance of cis-

regulatory mutations for bacteria evolving in different ecological settings.
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Methods

Ethics statement

All experiments with animals were conducted according to guidelines set by the Canadian
Council on Animal Care. The Animal Review Ethics Board at McMaster University

approved all protocols developed for this work.

Bacterial strains and growth conditions

The Salmonella strain used for microarray and ChIP-on-chip analysis was Salmonella
enterica serovar Typhimurium strain SL1344. Bacterial strains and plasmids used in this
work are described in Table Al.1. Primer sequences used to generate constructs are
available upon request. Bacteria were grown in LB medium unless otherwise indicated.
Low-phosphate, low magnesium (LPM) medium was used as bacterial growth medium
for microarray, ChIP-on-chip, and transcriptional reporter experiments (177). Liquid
cultures were routinely grown at 37°C with shaking. Antibiotics were added to media as
follows when necessary: ampicillin (Amp, 100 pug/mL), chloramphenicol (CM, 34
pg/mL) kanamycin (Kan, 30 or 50 pg/mL), and streptomycin (SM, 50 pg/mL). NM

medium was used in the bacterial one-hybrid experiments as described previously (181).

Transcriptional profiling
Microarray experiments were conducted and analyzed as described previously (174).
cDNA was synthesized from RNA harvested from wild type cells and an Assr»B mutant.

cDNA from 2 replicate experiments was hybridized to InGen arrays and analyzed using
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ArrayPipe version 1.309 (178). Probe signals underwent a foreground-background
correction followed by a printTipLoess normalization by sub-grid. Duplicate spots were
merged followed by averaging of the two replicates. Local intensity z scores were

calculated for determination of significance.

Genome-wide operon and island analysis

For operon analysis, S. Typhimurium SL1344 operons were defined as groups of genes
encoded on the same strand with a maximum intergenic distance of 30-bp. Operons
selected for further investigation were those possessing at least one significantly down-
regulated gene from the cDNA microarray analysis of an ss7B mutant. A cDNA
microarray score was assigned based on the average fold-change value of all genes within
the operon. For ChIP-on-chip analysis, a top ChIP interaction score was defined as that of
the highest scoring probe within the first gene or the intergenic region upstream of the
first gene of the operon. For the analysis of regions of difference (ROD) between S.
enterica serovar Typhimurium and Salmonella bongori, a reciprocal-best BLAST
analysis was performed to identify orthologous genes between S. Typhimurium and S.
bongori. Orthologs were defined as reciprocal best BLAST pairs with E-values less than
0.005. Comparison of gene synteny between regions encoding orthologous genes was
performed to identify regions of low conservation including gene deletions and insertions.
The location and names of genes flanking the comprehensive list of genomic islands

compared to those predicted using IslandViewer (195).
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Bacterial one-hybrid screen and analysis

The bacterial one-hybrid (B1H) experiments were conducted as outlined previously using
a single-step selection procedure (181). Full-length phoP from E. coli and the C-terminal
domain of ssrB (ssrBc) from S. Typhimurium were cloned into pB1H1 to create a fusion
to the aNTD of RNA polymerase. Each bait vector was transformed into E.coli AhisB
ApyrF, purified, and then cells were transformed again with purified prey library that was
previously counter-selected for self-activating preys using S-fluoro-orotic acid.
Transformants were recovered for 1 h in SOC medium, washed with NM medium
supplemented with 0.1% histidine (NM + his) and allowed to grow for 2 h in this medium.
Cells were washed four times with water, once with NM medium lacking histidine (NM —
his), then resuspended in NM —his and plated on 150 x 15 mm dishes containing NM —
his media supplemented with either I mM (for PhoP screen) or 5 mM (SsrBc screen) 3-
aminotriazole. Selection was for ~48 hours at 37°C. Individual clones were selected from
plates containing <600 colonies, the prey plasmids were isolated and sent for sequencing
(Macrogen USA). Sequences were parsed to extract the 18-bp prey sequence, then
inputted into MEME (version 4.1.1) for motif generation (183). MEME was run with
default parameters and included searching for motifs of length 5-17 bp in either forward
or reverse direction and with no limit on the number of occurrences within an input string.

Motif logos were generated using Weblogo, version 2.8.2 (196).

Chromatin immunoprecipitation-on-chip (ChIP-on-chip)
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Chromatin immunoprecipitation-on-chip (ChIP-on-chip) was conducted as described
previously using an SL1344 strain containing an ssrB-3xFLAG allele on the chromosome
(33). The primer sequences used to generate the DNA for recombination were: 5’GAG
TTA CTT AAC TGT GCC CGA AGA ATG AGG TTA ATA GAG TAT GAC TAC
AAA GAC CAT GAC GG3’ and 5’ATC AAA ATA TGA CCA ATG CTT AAT ACC
ATC GGA CGC CCC TGG CAT ATG AAT ATC CTC CTT AG3’. This strain was
generated by an allelic replacement method described previously (197) and causes lethal
infection of C57BL/6 mice similar to wild type SL.1344 (Figure 3.11).
Immunoprecipitated DNA from three experiments under SsrB-inducing conditions (LPM
growth medium) and one experiment under non-inducing conditions (exponential growth
in LB medium) was hybridized to a single chip printed with four whole genome arrays
designed on S. enterica serovar Typhimurium strain SL1344 (Oxford Gene Technology,
Oxford UK). Signals for each probe within an experiment were normalized to the median
channel signal for the respective array. Signal ratios were obtained for both inducing and
non-inducing conditions by calculating the ratio of the control probe value and
experimental probe value. A final interaction score was obtained by taking the log, value
of the ratio between the non-inducing and inducing conditions for each probe to remove
SsrB interactions that occur under non-inducing conditions. Parsing and data analyses
were performed using the Python scripting language. Genome-wide ChIP-on-chip data

was plotted using Circos v.0.51 (198).
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Figure 3.11. Mouse virulence data for the ssrB-FLAG SL.1344 strain.

Groups of C57BL/6 mice were infected by oral gavage with 10° colony forming units of
wild type S. Typhimurium strain SL.1344, SL1344 lacking ss7B or SL1344 containing an
allelic replacement of ssrB-FLAG. Mice were monitored for endpoint and sacrificed when
they had lost 20% of their initial body weight. The percent of mice surviving on each day

after infection is shown. There is no statistical difference between the groups.
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Figure 3.11.
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Genome-wide motif analysis

ChIP probes were ordered according to their position on the S. Typhimurium SL1344
genome and local maxima for ChIP interaction scores were defined as interaction peaks.
Peaks with scores greater than three standard deviations from the mean probe signal were
considered significant ChIP interaction peaks and were ranked in order of descending
interaction score. The sequence of the top-scoring probe for each peak was exported to a
text file and used for analysis by MDscan (184). The background parameter was run with
output generated by the included genomebg program from the S. Typhimurium SL1344
genome sequence. The initial motif was generated from sequences from the top ten SsrB
interaction peaks and refined using the top 25 peak sequences.

To identify instances of the palindrome motif in S. Typhimurium, ten 18-bp 7-4-7
palindromic motifs in the promoters of the SPI-2 genes ssrA4, ssaB, ssaG, ssaM, ssaR and
their orthologous SSR-3 genes were used as input for MDScan to identify a consensus
motif and to determine the position specific scoring matrix (PWM). This PWM was used
with MotifLocator to identify instances of this motif in the S. Typhimurium SL1344
genome. A background file specific to SL1344 was generated using the associated script

called CreateBackgroundModel. A stringent threshold value of 0.8 was used (186, 187).

Transcriptional reporter experiments
Transcriptional fusions to lacZ for the ssaG and sse4 promoter palindrome analysis were
generated using chemically synthesized double-stranded DNA (Genscript Corp).

Promoter DNA was ligated into pIVETS5n, then the plasmid was subsequently conjugated
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into SL.1344 to generate single-copy transcriptional fusions integrated on the chromosome
as described previously (177). Luciferase reporter constructs for the Sodalis glossinidius
SG1292 and ssaR promoters were generated by PCR amplification of promoter regions
from genomic DNA templates. The luciferase reporter construct for the PssaG scrambled
substitution was created by PCR product splicing via overlap extension using the existing
ssaG promoter cloning primers and two additional internal primers containing the desired
mutation sequence (DTMO0061R, 5’CGC GAA AGC AAC GAT TAC TCC GGC GCA
CG3’ and DTMO0061.1F, 5’GAG TAA TCG TTG CTT TCG CGA TAC CGG ATG TTC
ATT GCT TTC TA3’). This DNA was ligated into pCS26 and transformed into SL.1344
to generate plasmid-based reporters. Overnight cultures of Salmonella were sub-cultured
into LPM medium and grown with shaking for 7 h. Samples were removed hourly to
measure -galactosidase activity via a chemiluminescence-based assay as described
previously (177) or luminescence directly from cultures (EnVision, Perkin-Elmer).
Output was relative light units (RLU) normalized to OD600. Each experiment was
performed in triplicate then averaged. Reporter activity from mutant and rewired

promoters was normalized to that from wild type promoters.

Data deposition
All ChIP-on-chip data can be retrieved from the NCBI Gene Expression Omnibus at

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE20192. Data files for viewing in

Artemis (http://www.sanger.ac.uk/Software/Artemis/) are available upon request.
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Chapter IV — Type VI Secretion System Associated Gene Clusters Contribute to

Pathogenesis of Sa/monella enterica serovar Typhimurium
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Abstract

The enteropathogen Salmonella enterica serovar Typhimurium employs a suite of tightly
regulated virulence factors within the intracellular compartment of phagocytic host cells
resulting in systemic dissemination. A Type VI Secretion System (T6SS) within the
Salmonella Pathogenicity Island 6 (SPI-6) has been implicated in this process however
the regulatory inputs and the roles of non-core genes of this system are not well
understood. Here we describe four clusters of non-core T6SS genes in SPI-6 based on a
comparative relationship with the T6SS-3 of Burkholderia mallei and report that
disruption of these genes results in defects in intracellular replication and systemic
dissemination in mice. In addition, we show that expression of SPI-6 encoded Hcp and
VgrG encoded orthologs is enhanced during late stages of macrophage infection. We
identify six regions that are transcriptionally active during cell infections and which have
regulatory contributions from the regulators of virulence SsrB, PhoP and SlyA. We show
that levels of protein expression are very weak under in vitro conditions and that
expression is not enhanced upon deletion of ssrB, phoP, slyA, gseC, ompR or hfg
suggesting an unknown activating factor. These data suggest that the SPI-6 T6SS has
been integrated into the Sa/monella Typhimurium virulence network and customized for

host-pathogen interactions through the action of non-core genes.
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Introduction:

Protein secretion is an essential determinant of virulence for pathogenic bacteria. Multiple
systems have evolved in order to secrete proteins in to the extracellular environment or
across the membranes of target cells (11). In Gram-negative Proteobacteria these systems
include the well characterized type I1I and type IV secretion systems that permit
translocation of protein effectors from the bacterial cytoplasm directly in to target cells to
modulate the host environment (199, 200). An additional type of protein secretion system
involved in protein translocation known as a type VI secretion system (T6SS) has been
found to contribute to interactions between bacteria and both bacteria and eukaryotic cells
including unicellular and multicellular eukaryotes (201). This system employs an
assortment of membrane associated proteins in order to coordinate localization and
assembly of the system, however the secretory apparatus itself is composed of proteins
that are structurally analogous to that of an inverted contractile bacteriophage tail (153,
154, 202). This coordinated contractile tail is utilized to deliver effector proteins to targets
including the actin cytoskeleton in eukaryotic cells and peptidoglycan in bacterial cells

(151, 203).

Salmonella enterica subspecies enterica serovar Typhimurium (S. Typhimurium)
employs two well characterized type III protein secretion systems (T3SS) to manipulate
host cells through effector translocation in order to invade gut epithelial cells and

disseminate systemically within phagocytic cells (11, 34). Most serovars of Salmonella
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enterica subspecies enterica also encode a T6SS within Sa/monella Pathogenicity Island
6 (SPI-6), while two other classes of T6SS have been described in Salmonella bongori
and Salmonella enterica subspecies arizonae at SPI-2 and SPI-6 respectively (26, 28,
204). The S. enterica subspecies enterica T6SS was first described as part of the
Salmonella enterica centisome 7 genomic island (SCI) as a contributing factor to
eukaryotic pathogenesis (156). Aside from the T6SS, SCI also encodes the adhesin and
invasin PagN, the fimbrial gene cluster safABCD and the transcriptional regulator sinR
(205, 206). Deletion of SCI resulted in an approximate 50% reduction in internalization in
HEp-2 cells that could not be complemented by PagN expression, however
complementation with the safABCD or sinR genes was not tested (156). Disruption of
SPI-6 has also been found to result in a defect in systemic dissemination in orally infected
BALB/c mice (207). In support, a number of SPI-6 T6SS encoded genes have been
implicated in long term persistence in macrophages and mice through transposon
mutagenesis, however these transposon mutations have not been verified by precise
deletions (208-210). Contrasting with these reports, another study described a
hypervirulence phenotype in BALB/c mice upon deletion of the core structural gene sciS,
and found an increase in numbers of bacteria within macrophages after six hours
suggesting a time dependent effect on replication (157). Further supporting a role in
interactions with macrophages, genome-wide transcriptional profiling of S. Typhimurium
during macrophage infections found that many of the SPI-6 T6SS genes were upregulated
during macrophage infection although an increase over time between 4 and 12 hours was

not observed (211). An earlier gene expression profiling study also observed a trend
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towards increased expression of some of these genes however statistical significance was
not met (212). The mechanism leading to upregulation in this environment is unknown,
however an in vivo, host-dependent activation mechanism has been previously described

for the T6SS of Vibrio cholerae which requires endocytosis by phagocytic cells (213).

Distinct classes of T6SS maintain a core set of thirteen genes required for localization of
the system to the bacterial inner membrane and for functional secretion (149). T6SS
employ these encoded proteins to coordinate secretion of protein substrates via assembly,
contraction and disassembly of a phage-like tail (155, 202). For some T6SS harboring
organisms, the core gene encoding the tail-spike protein encodes a fusion protein that
allows translocation of an effector domain (155). However, in S. Typhimurium and other
T6SS harboring organisms, no evolved tail-spike protein is present (28). In addition to the
core genes, organisms that possess a T6SS typically encode less well conserved T6SS
associated genes that differ extensively in their number and location throughout the
genome and some of these genes have been described to act as effector or regulatory
proteins (155, 214, 215). Recently, a set of genes encoding T6SS-secreted toxin proteins
were identified in Pseudomonas aeruginosa that are involved in interbacterial
competition (203). While S. Typhimurium encodes a number of non-core T6SS
associated genes, their role in pathogenesis of the host small intestine or intracellular

environment is poorly understood (28).
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Non-core T6SS encoded genes are known to play a role in the integration of T6SS in to
global regulatory networks. In Vibrio cholerae, some strains constitutively express T6SS
associated proteins while others do not suggesting niche adaptation (155). Regulatory
control has been observed to occur at the transcriptional level by the activator of the
alternative sigma factor 54 VasH in V. cholerae (216). In addition, post-translational
regulation by a T6SS encoded threonine phosphorylation pathway has been described for
the T6SS of Pseudomonas aeruginosa (217). The non-core T6SS associated gene TagR
has been characterized as acting as a post translational repressor of this phosphoylation
dependent mechanism (218). Cues from within the host intracellular environment likely
play a role in the regulation of the S. Typhimurium T6SS as it has been determined that
transcription of sciS increases approximately sixteen hours post-invasion of macrophages,
and transcript levels are negatively correlated with activity of the two component
response regulator of the SPI-2 T3SS, SsrB (157). Two component signaling plays a
major role in the regulation of virulence in S. Typhimurium and these systems may
regulate T6SS activity in concert with non-core T6SS encoded genes as is the case for the
sensor kinases LadS and RetS in Pseudomonas syringae (219). A hallmark of T6SS
activity has been the stable expression of the phage-like proteins Hcp and VgrG that form
the phage tail-tube and tail-spike respectively (with the ortholog of the latter annotated as
VrgS in S. Typhimurium). The expression of these proteins in some organisms is absent
under experimental conditions, likely due to the absence of inducing stimuli. This can be
circumvented by the use of strains with constitutive T6SS activity such as in the case of a

retS mutant in P. syringae or the V52 V. cholerae strain (155, 219). Whether or not stable
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expression and secretion of the Hep and VrgS proteins occurs under in vitro or in vivo
conditions in S. Typhimurium is currently unknown. However, plasmid based over-
expression of the /cp ortholog in the SPI-6 T6SS of S. Typhi results in secretion in vitro

suggesting a functional system that can contribute to bacterial pathogenesis (220).

In this study we determined that both the SPI-6 core T6SS and associated genes
contribute to systemic dissemination during in vivo infections of mice and contribute to
intracellular replication in macrophages. We used cell infections to determine that the
Hcp and VrgS proteins are most highly expressed during late stages of infection of
macrophages. We identified six transcriptionally active regions within the SPI-6 T6SS,
three of which receive transcriptional input during growth in vitro from SsrB, PhoP, and
SlyA. We then show that expression of Hcp and VrgS proteins in vitro does not change
significantly upon deletion of these and other key virulence regulatory proteins
suggesting that induction of this system may rely on an unknown activator specific to the

T6SS in vivo.
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Methods and Materials:

Ethics Statement
All experiments with animals were conducted according to guidelines set by the Canadian
Council on Animal Care. The Animal Review Ethics Board at McMaster University

approved all protocols developed for this work.

Informatics

Genome sequences were retrieved from NCBI Genbank (Salmonella enterica subsp.
enterica serovar Typhimurium str. LT2 accession number AE006468.1,
Burkholderia_mallei ATCC 23344 accession number NC 006349.2,
Burkholderia_pseudomallei K96243 accession number NC 006351.1) and Wellcome
Trust Sanger Institute (Salmonella enterica subsp. enterica serovar Typhimurium str.
SL.1344). BlastP searches were performed online using the NCBI BLAST servers against
the non-redundant protein sequence database (nr) and protein sequences were obtained
from the S. Typhimurium str. LT2 genome file NC _003197.faa. The non-core gene search
analysis employed an expect threshold of 1 and target sequences was limited to 1,000. A
custom Python script was used to parse the Blast results for organisms with at least two of

the proteins queried that did not belong to the Genus Salmonella.

Strains and Growth Conditions
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All S. enterica strains used in this study for experimental work were Salmonella enterica
subspecies enterica serovar Typhimurium strain SL1344 derivatives. Constructs were
designed using the S. Typhimurium LT2 genome and tested in S. Typhimurium SL1344.
These genomes differ within the SPI-6 T6SS region by a silent mutation in sciG, a
M1175T mutation in sciS, an in-frame 5 amino acid mutation (A50-L54) in scil and an in-
frame 166 amino acid mutation (V620-Q786) in rAsi. None of these mutations are
expected to have affected the results of experiments. Media employed included LB broth
(1%(w/v) tryptone, 1%(w/v) sodium chloride, 0.5%(w/v) yeast extract), acidic low
phosphate low magnesium (LPM) minimal media (SmM KCI, 7.5mM (NH4),SO4, 0.5mM
K>S04, 80mM MES, 0.3% glycerol, 0.1% casamino acids, 24uM MgCl,, 337uM PO,>),
M9 minimal media (5SmM Na,HPOy4, 22mM KH;PO4, 8.6mM NaCl, 18.6mM NH4Cl,
11.1mM glucose, 2mM MgSO4, 100uM CaCl,, 0.1% casamino acids, pH 7.4) or
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum (Life
Technologies). Bacteria were grown at 37°C with shaking at 225 RPM.

Construct inserts were amplified from S. Typhimurium SL1344 genomic DNA using
platinum taq DNA polymerase high-fidelity (Life Technologies), purified on PCR
purification spin-columns (Qiagen), digested using restriction endonucleases (NEB) and
ligated using T4 DNA ligase (NEB). Constructs were propagated through Escherichia
coli DHS alpha, and electroporated into S. Typhimurium SL1344 competent cells.
Integrated chromosomal transcriptional fusion reporters were generated by cloning the
intergenic regions of interest into the integrative plasmid pIVET5n and conjugating these

into S. Typhimurium SL1344 through E. coli SM10 lambda pir (177). Deletion mutants
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were generated using the lambda red mutagenesis method (221). Hemagglutinin tags were
introduced on the chromosome using a modified lambda red mutagenesis method (197).
Lambda red cassettes were amplified using platinum taq DNA polymerase (Life
Technologies) from template plasmids pKD3 (Cm replacement), pKD4 (Kn replacement),
pSUB314 (Cm marked HA fusion) or pSUB315 (Kn marked HA fusion), purified on
PCR purification spin-columns (Qiagen) and electroporated in to water and glycerol
washed competent S. Typhimurium SL1344 competent cells containing the helper
plasmid pKD46 (197, 221). Plasmid based luciferase transcriptional fusion reporters were
generated by cloning the intergenic regions of interest into the pGEN-luxCDABE plasmid
(222). Flag epitope expression constructs were generated by cloning the indicated genes
in to the pFLAG-CTC expression vector (Sigma), induced with 0.5 mM IPTG and
secretion assays were performed in LPM minimal media as previously described (174).
Briefly, after six hours growth in LPM, bacteria were pelleted at 10,000 g, media was
removed and filtered through a 0.2um acrodisc syringe filter (PALL), trichloroacetic acid
was added to 10%, and incubated on ice at 4°C overnight. Samples were pelleted at
18,000 g for 30 minutes at 4°C, washed with 1mL acetone, pelleted again at 18,000 g for
30 minutes and pellet was allowed to air dry. Pellet was then resuspended in OD600
normalized volume of 2x SDS loading dye. For sciG complementation, sciG and its
upstream region were cloned in to the low copy pWSK29 plasmid (223). Antibiotics were
added to media as follows when necessary unless otherwise specified: ampicillin (Amp,
100pg/mL), chloramphenicol (Cm, 34 pg/mL), kanamycin (Kn, 50ug/mL), streptomycin

(Sm, 50pg/mL), and gentamycin (Gent, 10 or 100 pg/mL). All strains and plasmids
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employed here are listed in Table A1.1. All primers used to generate constructs are listed

in Table A1.2.

Mouse infections

Bacteria from LB stationary phase cultures were washed and diluted in inoculation buffer
(0.1 M HEPES buffer, 0.9% NaCl) and 10-15 week old female C57BL/6 mice were
infected orally with 100 pL of 2 x 10" CFU in groups of 3-5. Endpoint analyses and
competitive infections were performed as previously described (174). For endpoint
experiments, mice were monitored for endpoint and sacrificed when they had lost 20% of
their initial body weight. For competitive infections, mixed inoculums of wild type
(pseudogene ushA::Cm marked) and mutant were used. At 72 hours post-infection, mice
were sacrificed and spleen and liver were harvested, homogenized in PBS and plated to
determine bacterial numbers, which were compared to initial inoculum plating numbers
as a ratio of CFU (mutant output/wild type output)/(mutant input/wild type input). For
sciG complementation the wild type reference strain also possessed the empty pWSK29
plasmid. Statistical analyses were performed in Prism using the nonparametric Wilcoxon
signed rank test to determine whether mutant CI values differed from 1 (P < 0.05 at CI of

95%).

Cell infections
RAW 264.7 macrophages were seeded at 2 x 10° CFU per well in 24-well plates and

grown at 37°C supplemented with 5% CO; in DMEM media supplemented with 10%
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fetal bovine serum (Life Technologies). Bacteria from overnight LB cultures were
pelleted, resuspended in DMEM/10% FBS and opsonized in human serum and
macrophages were infected with an MOI of 50 for 30 minutes followed by two PBS
rinses, a 1.5 hour incubation in DMEM/10% FBS + 100pug/mL gentamicin, followed by
two PBS rinses, and incubation to the given lysis time point in DMEM/10% FBS +
10pg/mL. (174). At the indicated time points, infected cells were washed with PBS, lysed
in cell lysis buffer (ImL PBS, 1% Triton X-100, 0.1% SDS), and plated to establish
bacterial counts. For epithelial cell co-culture experiments, HeLa cells and HEp-2 cells
were seeded at 1 x 10° CFU per well in 24-well plates and co-cultured at an MOI of 10
from pelleted and DMEM/10% FBS washed three hour exponential phase LB cultures.
For epithelial cell infections, HeLa or HEp-2 cells were seeded at 1 x 10° CFU per well in
24-well plates and infected with an MOI of 50 from pelleted and DMEM/10% FBS
washed three hour exponential phase LB cultures for 15 minutes, followed by two PBS
washes and allowed to complete invasion in fresh DMEM/10% FBS for 20 minutes. Cells
were then washed twice and incubated in DMEM/10% FBS + 100pg/mL gentamicin for
1.5 hours, followed by two PBS washes and lysis in cell lysis buffer. Lysates and
infection inoculum were plated and counted to calculate invasion efficiency. For sciG
complementation the wild type reference strain also possessed the empty pWSK29

plasmid. Statistical analyses were performed in Prism using a one sample T test.

Transcriptional reporter assays
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For beta-galactosidase assays, strains were grown overnight in M9 media and then sub-
cultured 1:50 into LPM media and grown at 37°C with shaking. At defined time intervals,
optical density at 600nm (OD600) was read using a spectrophotometer and 200uL culture
samples were pelleted and frozen for analysis. For analysis pellets were resuspended in
200uL PBS, and lysed with the addition of 50uL chloroform. 2uL of the lysate was
combined with 100uL of Tropix Galacto-star detection reagent (Applied Biosystems) and
Relative Light Units (RLU) were measured using an Envision plate reader (PerkinElmer)
(177). For intracellular luminescence assays, macrophages in four sets of wells were
identically infected as previously described. At each time point, one set of wells was
washed with PBS and luminescence was measured using an Envision plate reader. Cells
were then lysed in cell lysis buffer and plated to determine bacterial counts. Statistical

analyses were performed in Prism using a one sample T test.

Immunoblotting

Strains were grown overnight in LB media at 37°C. Cultures were pelleted, washed and
diluted into DMEM containing 10% FBS. Inoculum was added to 12-well tissue culture
plates with or without eukaryotic cells for co-incubation protocol or were infected as
previously described. Plates were incubated at 37°C under 5% CO,. At defined time
points, the contents of the well was collected, pelleted and washed in PBS. Pellets were
lysed in 200 puL 2x SDS sample buffer (100mM Tris-HCL pH 6.8, 20%% (v/v) glycerol,
4% (w/v) SDS, 0.002% (w/v) bromophenol blue, 4M urea and 0.2M dithiothreitol).

Samples were boiled 10 minutes at 100 °C, centrifuged 1 minute at 17,900 g and loaded
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into 15% SDS-PAGE gels. Protein was transferred to PVDF membrane, incubated
overnight with 1:10,000 mouse anti-DnaK (Stressgen), 1:1,000 mouse anti-HA (Covance)
or 1:5,000 mouse anti-FLAG antibodies (Sigma). Blots were then washed in Tris-
buffered saline tween-20 (TBST), incubated with 1:5,000 goat anti-mouse HRP
antibodies (Sigma), washed in TBST, and detected using enhanced chemiluminescence
(Western Lightning — PerkinElmer). Low signal Western blots of samples collected from
regulator mutant bacteria were detected using SuperSignal West Femto (Thermo

Scientific).
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Results:

The SPI-6 T6SS non-core genes include T6SS-associated gene pairs

The S. Typhimurium SPI-6 T6SS encodes 13 core T6SS genes in addition to other
uncharacterized genes (28). Many T6SS have undergone preliminary characterization in
other sequenced bacteria and we hoped to gain insight into these uncharacterized genes
by identifying a similar characterized system. Using the SPI-6 T6SS core protein
sequences, we performed a BlastP search of the NCBI BLAST non-redundant protein
sequences (nr) database to identify an organism that encodes a similar T6SS. We
observed that the T6SS-3 (Tss3) of Burkholderia mallei and B. pseudomallei is highly
similar (224) (Figure 4.1). These systems have been previously reported to be closely
related through phylogenetic analyses (28, 149, 150). The Burkholderia spp. systems
encode 15 genes in common with S. Typhimurium representing 13 core genes and share
synteny in core T6SS genes aside from their VgrG ortholog, which is positioned at
opposite sides of the island. The two systems differ in the number of additional non-
conserved genes: four genes in a single cluster in the Burkholderia variants (BMAA
Cluster) and ten genes within three clusters in the S. Typhimurium T6SS (STM Clusters
1-3). These clusters encode genes sciJ-scil (STM0274A4-STM0278), sciQ-sciR (STM0283-
STMO0284), and sciT-sciV (STM0286-STM0288) respectively. A fourth cluster of genes
(STM Cluster 4): sciW-sciY (STM0290-STM0298), located between the T6SS and
safABCD operon, encodes recombination hotspot (Rhs) elements, poorly conserved genes

and transposases.
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In order to better understand the non-core genes that are not conserved between the S.
Typhimurium SPI-6 T6SS and the Burkholderia Tss-3 we searched for organisms in
which orthologs for at least two of these genes exist. We did not include sciK, a paralog
of sciM, in cluster 1 given its extensive conservation as an Hcp encoding gene even
though it is absent from the B. mallei Tss3. In cluster 1, STM0274A and sciJ were not
well conserved outside of Salmonella and were found to exist in only Escherichia sp.
TWO09308. In contrast, orthologs of sciL and STM0278 were found to co-occurr in 14
other genomes, including species of Escherichia, Enterobacter, Erwinia, and Frateuria,
in close proximity to an sciS ortholog (suggestive of a T6SS), and in Advenella, Pantoea,
and Pseudomonas, not in close proximity to an sciS ortholog. In cluster 2, orthologs of
sciQ and sciR were found to co-occur only in Agrobacterium tumefaciens in close
proximity to an sciS ortholog. In cluster 3, orthologs for sciU and sciV were found to co-
occur in four genomes, including species of Bordetella in close proximity to an sciS
ortholog and in Delftia, and Vibrio, not in close proximity to an sciS ortholog. While not
always in close proximity, all the organisms indicated here that possessed these gene pairs
did encode at least one sciS ortholog. While many genomes were found to encode
orthologs of genes within cluster 4, only Enterobacter hormanechei ATCC 49162,
Cronobacter sakazakii ATCC BAA-894, Cronobacter turicensis z3032, Escherichia coli
TA280 and Pantoea sp. SLL1_MS5 encoded orthologs of these genes near orthologs of

genes from clusters 1-3.
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Our search also recovered the previously identified orphan Hep encoding gene, STM3131
which is not linked with the SPI-6 T6SS and likely has a distinct origin from the S.
enterica subspecies enterica and subspecies arizonae SP1-6 T6SS (28). Recognizing the
possibility that STM3131 could encode a gene product functionally relevant to the

Salmonella SP1-6 T6SS, we included this gene in downstream experiments.
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Figure 4.1. Genetic diagram of the SPI-6 T6SS.

Gene diagram showing the fifteen T6SS genes encoded in common between the S.
Typhimurium LT2 SPI-6 T6SS and the B. mallei ATCC 23344 Tss-3 T6SS. Orthologs
are indicated by shading with the same color. Non-conserved genes in B. mallei (BMAA
Cluster) and S. Typhimurium (STM Clusters) are displayed in boxes on the left side of the
figure and their positions relative to the core genes are indicated by black lines. Observed

transcriptionally active regions are denoted by an asterisk (*).
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Figure 4.1.
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The SPI-6 T6SS contributes to pathogenesis in a mouse model of typhoid.

We generated mutants for both sciG (the clpV ortholog), and sciS (the icmF ortholog),
genes which have been established as essential for T6SS assembly and functional
secretion in other systems (147, 225). When mice were infected with wild type and
mutant strains of S. Typhimurium, mice infected with the mutant strains reached endpoint
approximately one to two days later than mice infected with wild type S. Typhimurium
(Figure 4.2A). The major process leading to mortality in this model is systemic
dissemination and replication of the bacteria in organs including the spleen and liver. To
determine whether the T6SS contributes to this process, we performed competitive
infection experiments with the sciG and sciS mutants against the wild type strain (Figure
4.2B). We obtained combined (liver and spleen) CI values for these mutants of 0.39 and
0.43 respectively that was in agreement with previously reported data for deletion of the
entire SPI-6 locus (207). This defect in systemic dissemination was successfully

complemented by plasmid-based expression of sciG under control of its native promoter.

The SPI-6 non-core gene clusters contribute to pathogenesis in mice.

Since we were able to measure a virulence effect for the T6SS core genes by oral
infection of mice we employed this model to test the contribution of the SPI-6 non-core
gene clusters to systemic dissemination. We generated deletion mutants for clusters 1
through 4. When competed against wild type in oral infections, clusters 2 and 4 yielded
combined organ CI values of 0.47 and 0.37, values similar to that obtained by deletion of

the core genes sciG and sciS (Figure 4.2C). Combined CI values for clusters 1 and 3 did
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not differ significantly from wild type although we observed clustering of values for the
cluster 3 deletion near the CI value of the core mutant deletion (average = 0.82, median =
0.49) and therefore included this cluster for further analysis. To identify specific genes
contributing to this fitness defect, we generated additional single gene deletion strains for
clusters 2, 3 and 4. When competed against wild type the individual mutants for cluster 2
both had combined CI values of 0.69, and were not as low as the cluster 2 mutant
combined CI of 0.47 (Figure 4.2D). CI experiments for individual cluster 3 mutants
showed that sciT and sciV had combined CI values below wild type (0.55 and 0.67) while
deletion of sciU was found to trend towards increased systemic dissemination with a
combined CI value of 1.39, albeit not significant (Figure 4.2E). CI experiments for
selected, individual cluster 4 mutants revealed a low combined CI of 0.32 indicating a

strong defect for the 7452 mutant on systemic dissemination (Figure 4.2F).
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Figure 4.2. Contribution of the SPI-6 T6SS to S. Typhimurium pathogenesis in mice.

(A) Survival curve of SPI-6 T6SS mutant bacteria in C57BL/6 mice. Mice infected with
AsciG (ATPase) and AsciS (icmF) mutant bacteria reached endpoint two days later than
those infected with wild type bacteria. (B-F) Competitive infections between wild type
and SPI-6 T6SS mutant bacteria in C57BL/6 mice orally infected with 10° CFU. (B)
AsciG and AsciS mutants were less fit in the liver and spleen than wild type bacteria, a
defect that could be resolved by plasmid-based complementation of sciG (*, P<0.05). (C)
Deletion of non-core gene clusters 2 and 4 resulted in similar CI values to deletion of
essential T6SS genes (core), while deletion of cluster 3 resulted in a CI of intermediate
value. (D) Deletion of individual genes within cluster 2 could not recapitulate the defect
caused by deletion of the entire cluster. (E) Deletion of individual genes within cluster 3
with a non-significant trend towards increased replication in the sciU mutant. (F) Deletion

of individual genes within cluster 4 showed a strong defect for Aras2.
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The SPI-6 T6SS contributes to intracellular replication in macrophages

Systemic dissemination is dependent on survival within phagocytic cells. To determine
whether the SPI-6 T6SS contributes to intracellular replication we assessed the
intracellular survival/replication rates for T6SS core gene and non-core gene mutants in
mixed infections with wild type Salmonella 24 hours post infection in the murine
macrophage line RAW 264.7 (Figure 4.3A). Compared to the wild type S. Typhimurium
parent strain, the sciG and sciS core T6SS gene mutants were found to have a ratio of
intracellular replication of approximately 0.5 compared to a ratio of intracellular
replication of 0.13 for an sseC SPI-2 T3SS translocon mutant that is defective for
intracellular persistence. Plasmid based expression of sciG was able to complement the
sciG mutant to near wild type levels of intracellular replication. We observed a significant
decrease in replication over the wild type strain for clusters 1 and 3. Individual deletions
within cluster 1 revealed a significant contribution for STM0278, while no individual
gene was found to have a significant contribution for cluster 3 (Figure 4.3B). While not
significant, we again observed a trend towards increased replication for the cluster 3

single gene mutant sciU.

To determine whether this replication phenotype was specific to macrophages, we
performed invasion assays in HeLa and HEp-2 epithelial cells. While we observed a clear
defect in invasion for our Afg mutant control that is defective for invasion, we saw no
significant effect on invasion in both cell types for any of our core and non-core SPI-6

T6SS mutants (Figure 4.4).
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Figure 4.3. Assessment of SPI-6 T6SS to replication in macrophages cell culture.

Intracellular replication of SPI-6 T6SS mutants in RAW 264.7 murine macrophage-like
cells expressed as a fraction of wild type at 24 hours post-infection compared with a
AsseC SPI-2 T3SS translocon mutant (*, P<0.05). Decreased intracellular replication was
observed for core gene mutants AsciG and AsciS, with near wild type levels for the sciG
complemented strain. Replication defects were also observed for non-core gene cluster 1
and 3 mutants. Decreased intracellular replication was only observed for STM(0278 when
single gene mutants were tested while a non-significant increase was observed for

individual mutants of non-core gene cluster 3.
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Figure 4.3.
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Figure 4.4. Invasion efficiencies of SPI-6 T6SS mutants.

(A) In contrast with an 4Afg mutant that is deficient for invasion, core and non-core

cluster mutants do not differ significantly from wild type in their ability to invade HelLa

epithelial cells. (B) Similar results are observed for HEp-2 epithelial cells.
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Figure 4.4.
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Hcp and VrgS protein expression is enhanced during infection of macrophages.
Secretion of Hep and VgrG orthologs is the hallmark of a functional T6SS. Hep-1, Hep-3
and VrgS were cloned and over-expressed as C-terminal FLAG fusion proteins and
assayed for expression and secretion following IPTG induction in wild type and sciG
mutant strains (Figure 4.5). While all proteins were observed in the cytoplasmic fraction,
only Hep-3 was found to be secreted. In addition it was determined that Hcp-3 secretion
to the media was not dependent on the T6SS ATPase SciG. The Hcp proteins were
observed at their predicted sizes of approximately 17 kDa while the VrgS protein was
observed to migrate at approximately 70 kDa rather than the predicted 80 kDa based on
the S. Typhimurium LT2 annotation suggesting a possible misannotated start codon.
BlastP searches indicate low complexity sequences within the first 100 amino acids and
this region falls outside conserved Vgr protein domains TIGR03361, COG3501,
TIGRO1646 identified by the Blast integrated conserved domain database (226).
Interestingly, trace levels of DnaK were observed only in the secreted fraction of VrgS

suggesting that over expression of VrgS may be slightly toxic.

In order to characterize the stable expression of SPI-6 T6SS proteins we constructed
chromosomal hemagglutinin epitope fusion proteins for the Hep paralogs SciK (Hep-1),
SciM (Hcp-2), and STM3131 (Hep-3) and for the VgrG ortholog VrgS such that their
expression was controlled by their native chromosomal promoters. During in vitro growth
conditions, only Hcp-3 was detectable after 24 hours when bacteria were grown in rich

(DMEM/10% FBS) or minimal media (LPM) (Figure 4.6A).
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Some T6SS have been shown to require target cell contact for activation (213). To
determine whether the absence of chromosomal expression of Hep and VrgS proteins in
vitro was due to the lack of induction by host cell signals, strains harboring
chromosomally tagged genes were used to infect either RAW 264.7 murine-like
macrophages or were grown in tissue culture medium in the absence of macrophages
(Figure 4.6B). We observed only weak expression for Hep-1, Hep-2 and VrgS in the
absence of macrophages whereas the abundance of these proteins was increased
following macrophage infection. In contrast, Hcp-3 appears to be constitutively expressed
under all conditions tested. To determine whether this induction is specific to phagocytic
cells or the intracellular environment, HeLa cells were grown in the presence of wild type
or invasion deficient inv4 mutant strains. No induction of Hcp-1, Hep-2 or VrgS
expression was observed after 24 hours (Figure 4.7). Hcp-3 was expressed in both
backgrounds. It was noted that Hcp-1 appears to have stronger expression than Hcp-2 and
VrgS under cell culture conditions both in the absence of macrophages and by wild type

cells in the presence of HeLa cells.

A previous report had shown that transcript levels of the icmF ortholog, sciS, remain low
until late time points (>16 hours) in macrophage infections (157). To determine whether
Hcp and VrgS expression followed this pattern, we collected the contents of individual

wells of infected RAW 264.7 cells at 4, 8, 16 and 24 hours post-infection. Hep-3
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expression was evident at early time points, while VrgS, Hep-1 and Hcep-2 expression was

weak. By 16 h, expression of Hep-1, Hep-2 and VrgS was observed (Figure 4.6C).
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Figure 4.5. Expression of SPI-6 T6SS Hep and VrgS.

Expression of plasmid-encoded Hcp and VrgS C-terminal FLAG epitope fusion proteins
in the minimal media LPM following IPTG induction. (A) Expression of all proteins is
observed in the cytoplasmic fraction. (B) Only Hcp-3::FLAG is observed in the secreted

fraction. Expression of Hep-3::FLAG is not dependent on the ATPase sciG.
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Figure 4.5.
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Figure 4.6. Expression of Hcp and VrgS C-terminal chromosomal HA epitope fusion

proteins.

(A) Following 24 hour growth in DMEM and the minimal media LPM, expression of
only Hep-3::HA is observed. (B) 24 hours post-infection of RAW264.7 macrophages
with opsonized bacteria, Hcp-1::HA, Hep-2::HA and VrgS::HA expression is enhanced
compared with bacteria grown under identical cell culture conditions in the absence of
eukaryotic cells. Expression of Hcp-3::HA is not enhanced. (C) Expression of Hep-2::HA
and VrgS::HA are detected by 16 hours post-infection of RAW 264.7 macrophages with

opsonized bacteria.
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Figure 4.6.
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Figure 4.7. Expression of SPI-6 T6SS Hcp and VrgS in co-culture.

Expression of chromosomal-encoded Hcp and VrgS C-terminal HA epitope fusion
proteins after 24 hours co-incubation with HeLa cells. Expression of Hep-3::HA is
observed by both wild type and invasion deficient bacteria. Hcp-2::HA and VrgS::HA
expression is not observed by either wild type or invasion deficient bacteria. Expression

of Hep-1::HA i1s observed only by the wild type cells.
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Figure 4.7.

Hcp-1::HA
Hcp-2::HA
VrgS::HA

Hcp-3::HA

a-DnaK

70kDa-
25kDa-

a-HA

a-HA

15kDa- *

174



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

The SPI-6 T6SS is not induced by deletion of regulators of intracellular virulence.

A previous report suggested that the SPI-6 T6SS is induced in response to host cell
signaling as a result of regulatory de-repression, possibly through the transcription factor
SsrB (157). In order to further investigate regulatory contributions we identified
transcriptionally active regions by cloning intergenic regions greater than 40 base pairs in
the SPI-6 T6SS as transcriptional fusions to luciferase. Measurement of luminescence
normalized to the number of recovered bacterial cells was performed during RAW 264.7
macrophage cell infections to assess transcriptional activity (Figure 4.8A). At 24 hours
post infection, active transcription was observed from regions upstream of the six genes,
sciF, sciG, sciH, scil, sciR, and vrgS. Transcription from regions upstream of sciF, scil,
and sciR were much lower than those of sciG, sciH and vrgS during exponential growth in

vitro (Figure 4.9).

To determine if these transcriptionally active regions were targets for regulatory input
from SsrB, lacZ transcriptional reporters were chromosomally integrated downstream of
these regions to generate merodiploid reporter strains. The transcriptional activity of these
reporters was measured in vitro in the defined minimal low phosphate and magnesium
medium LPM that provides an environment in which SsrB, and upstream regulators of
virulence genes, PhoPQ and SlyA, are active (177). We assessed transcriptional activities
of our reporters in backgrounds deficient for these proteins involved in intracellular
pathogenesis (175). We observed altered profiles for transcriptionally active regions

upstream of sciF, sciG, and vrgS (Figure 4.8B). In an ssr4B mutant background,
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transcriptional activity for the regions upstream of sciF' and vrgS were increased slightly
by less than two-fold. Transcriptional profiles in phoP and sly4A mutant backgrounds were
identical and revealed an increase in transcription for the region upstream of sciF by

approximately 2.5 fold and a two-fold decrease for the regions upstream of sciG and vrgS.

To determine whether expression of the SPI-6 T6SS is repressed by the activity of
regulators of intracellular virulence, we assessed levels of the chromosomal fusion protein
VrgS::HA expressed under its native promoter in backgrounds deficient for regulators of
intracellular pathogenesis (175). These included the two component systems PhoPQ,
OmpR/EnvZ, QseBC, PmrAB, SsrAB and the RNA binding protein Hfq, regulators
important for intracellular pathogenesis (Figure 4.8C). Expression of VrgS in these
mutant backgrounds in LB media after 24 hours remained barely detectable using an
enhanced sensitivity chemiluminescence system although expression appeared slightly
higher in an Afg background. When expression of Hep-1, Hep-2, and VrgS were assessed
after 24 hours growth in DMEM under cell culture conditions we failed to see an increase
in expression for either ss7B or hfg background strains over wild type (Figure 4.8D).
Expression of these proteins was weaker during growth in LPM and also failed to show

increased expression over wild type (data not shown).

A PmrA box motif was previously identified upstream of the orphan Hep-3 gene,
STM3131, although the regulatory input was not confirmed (227). In order to determine

whether a regulatory interaction for PmrA occurs at this site we generated a lacZ
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transcriptional fusion on the chromosome downstream from S7M31731. We also generated
lacZ transcriptional fusions on the chromosome for the PmrA activated promoter of pmrC
and the PmrA repressed promoter of pmrD. Assessment of transcriptional activity
indicated that transcription increased two-fold in a pmr4 mutant background, similar to
that of the PmrA repressed promoter of pmrD, suggesting that PmrA acts as a

transcriptional repressor of this gene (Figure 4.9).
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Figure 4.8. Effect of regulator mutations on SPI-6 T6SS gene expression.

(A) Activities of nine SPI-6 T6SS intergenic regions directly upstream of the indicated
genes that were cloned as transcriptional fusions with the /luxCDABE genes.
Luminescence data was collected as relative light units (RLU) and normalized to colony
forming units (CFU). At 24 hours post infection of RAW264.7 macrophages, six of the
nine intergenic regions were transcriptionally active. The constitutive synthetic promoter
em?7, and the SsrB dependent promoter of ssaG are also shown as controls. (B) Activities
of the six transcriptionally active intergenic regions when cloned as /acZ chromosomal
transcriptional fusion reporters in regulator mutant backgrounds and measured during log
phase growth in LPM (*, P<0.05). Luminescence data was collected as RLU and
normalized to ODggo. Transcriptional activity of the region upstream of sciF is increased
in phoP/slyA/ssrAB mutant backgrounds and that of vrgS is increased only in an ssr4B
mutant background. Those of sciG and VrgS are decreased in phoP/sly4A mutant
backgrounds. (C) Expression of VrgS::HA protein assessed by Western blot. Trace levels
of VrgS::HA fusion protein expressed under native promoter control on the chromosome
can be detected after 24 hours growth in LB media and expression is not strongly
upregulated in phoP, ssrAB, gseC, ompR, hfg mutant backgrounds. (D) Expression of
native promoter expressed Hcp-1::HA, Hep-2::HA, and VrgS::HA chromosomal fusion
proteins assessed by Western blot in ss74AB and Afg mutant backgrounds after 24 hours
growth in DMEM/10% FBS under cell culture conditions. No significant difference in

expression is observed.
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Figure 4.8.
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Figure 4.9. Transcriptional activity of SPI-6 T6SS promoters.

Transcriptional activities of the intergenic regions upstream of the indicated genes as
transcriptional fusions to the lacZ reporter gene in merodiploid strains or to the
luxCDABE operon on the reporter plasmid pGEN. (A) Transcriptional activity of
luciferase reporters during exponential growth in the minimal media LPM at 37C with
shaking at 225RPM. (B) Transcriptional activity from the region upstream of STM3131 as
a lacZ reporter fusion is increased in a 4pmrA mutant in a similar manner to that of the

PmrA activated gene pmrD unlike the PmrA repressed gene pmrC (*, P<0.05).
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Figure 4.9.

>

2500000.04

2000000.0+

1500000.0+

1000000.0

500000.04

Normalized RLU (OD600)

0.0~
sciF sciG sciH sciL sciR vrgS

Fold WT (OD600 Normalized RLU)

STM3131 pmrD pmrC

181



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

Discussion:

T6SS variants have been acquired at least three times within the Salmonella lineage with
little being known about their function and mechanism, although most reports have
implicated roles for the S. Typhimurium SPI-6 T6SS in pathogenesis of mice and
infection of macrophages (19, 21, 26, 28, 157, 207, 208, 228). We found that disruption
of the non-core T6SS clusters 2 and 4 caused significant defects in systemic
dissemination in mice and that disruption of non-core gene clusters 1 and 3 resulted in a
significant intracellular replication defect in macrophages. Further supporting this role in
intracellular pathogenesis we showed an increase in Hcp and VrgS protein expression in
association with macrophages. Finally, we showed that deletion of a previously identified
negative regulator of this system enhances levels of transcription of this system from
defined transcriptionally active regions but does not lead to increased levels of Hep and

VrgS protein expression upon deletion.

Distinct T6SS are encoded by S. bongori, S. enterica subspecies arizonae, and serovars of
S. enterica subspecies enterica as the most proximal element to the tRNA genes within
SPI-6 or SPI-2 suggesting relatively recent acquisition events (26, 28). In spite of the
number of T6SS in Salmonella, an evolved VgrG effector gene has only been identified
in S. enterica subspecies arizonae suggesting that if the S. Typhimurium SPI-6 T6SS
functions to deliver effector proteins, they are not encoded as evolved VgrG genes (28).

The SPI-6 T6SS closely resembles the Burkholderia Tss3 (224), present in B. mallei and
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B. pseudomallei, but lacks a reported role in pathogenesis and is absent in B.
thailandensis (229). In order to understand the role of the SPI-6 T6SS we focused on non-
core T6SS genes. Non-core T6SS gene transposon mutants of S. Typhimurium have been
found to be defective in long term persistence in mice and macrophages; these include
sciR in cluster 2 (208); sciU in cluster 3 (208); sciW, rhsl, and STM0298 in cluster 4
suggesting that these genes may encode proteins important for T6SS activity (208-210).
Using a blast-based analysis we found that some of these genes are restricted to
Salmonella while others exist as gene pairs in other T6SS-encoding organisms. The gene
pair sciL-STM0278 in cluster 1 is extensively conserved and is a particularly interesting
candidate for further investigation. Cluster 2 was found to be poorly conserved and exists
as a conserved gene pair in only one other non-Salmonella organism. The genes sciU-scilV
also exist as a conserved pair in a limited number of organisms although the association
with T6SS is not as strong as that of sciL-STM0278. Many orthologs were identified for
genes within cluster 4, including for the gene pair sciW-rhsl, however the extensive
conservation of ras-associated genes and their close similarity made drawing conclusions
about these genes difficult. Evidence of conservation of gene pairs within each of these
clusters is particularly interesting given the presence of toxin-antitoxin gene pairs

encoded in other T6SS encoding organisms (152).

In order to quantify the contribution of the SPI-6 T6SS in host pathogenesis we assessed
systemic dissemination of core and non-core mutants in a murine mouse model of typhoid

and found significant contributions for non-core gene clusters 2 and 4. Deletion of
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individual genes within non-core gene cluster 2 did not decrease systemic dissemination
to the same extent as deletion of the entire cluster suggesting that the transcriptionally
active region upstream of sciR may be a contributing element to pathogenesis.
Interestingly, the orthologous gene pair of sciQ-sciR in A. tumefaciens is in a different
orientation and lacks this intergenic region. In the deletions within cluster 3, individual
mutants in sciT and sciV revealed decreased fitness and a trend towards increased fitness
for the sciU mutant. Deletion of all three genes may result in either the increased or
decreased fitness in vivo depending on uncontrolled host factors. The sciU and scil genes
may function as a gene pair given that these two genes exist as an orthologous gene pair
in the absence of sciT in four other Proteobacteria member genomes. Deletion of cluster 4
had the greatest effect on systemic dissemination of all clusters tested indicating that it
may encode an element essential for T6SS-associated pathogenesis in vivo. This cluster
encodes recombination hotspot (Rhs) family genes and Rhs-associated genes that are
commonly linked with T6SS and which are extensively distributed in Gram-negative
Proteobacteria (230). We disrupted sciW, rhsl and rhs2 and found that rAs2 had the same
defect on systemic dissemination in mice as disruption of core T6SS genes and the entire
SPI-6 locus (207). This Rhs element is encoded with sciX in a bicistronic operon and may
also function as a toxin/immunity gene pair participating in contact dependent growth

inhibition (231).

Survival and replication within host cells permits systemic dissemination in vivo and

disruption of the SPI-6 T6SS resulted in reduced intracellular replication in macrophages.
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In contrast with systemic dissemination, we found that only non-core gene cluster
mutants 1 and 3 had significant effects on intracellular replication in cell culture. Deletion
of individual genes within cluster 1 revealed a significant replication defect for STM0278.
Like rhs2-sciX, this gene is also part of a bicistronic gene pair with scil and may also
function as a toxin/immunity gene pair. We found that orthologs of these genes are
present in close association with T6SS loci in a number of other members of the family
Enterobactericeae. Given that this gene pair is the most strongly conserved of all non-core
T6SS associated genes in clusters 1-3 we are further pursuing their characterization.
Deletion of individual genes within cluster 3 were not significantly attenuated, and in fact
showed a non-significant increase in intracellular replication. Interestingly, the gene
mutant sciU within cluster 3 showed a trend towards increased intracellular replication
and systemic dissemination upon deletion. These genes may have redundant functions, or
attenuation in the non-core gene cluster 3 mutant may be due to polar effects of the
disruption. The difference in mutant fitness between in vivo systemic dissemination and
cell culture intracellular replication experiments may be explained by differences in the
length of experiment and cell types encountered as assessment of intracellular replication
in cell culture is a simplified model of one aspect of systemic dissemination. Oral
infection of mice with S. Typhimurium involves passage through the gut environment
before systemic dissemination and it is possible that genes in clusters 2 and 4 may be
involved in interbacterial competition in this milieu. These multiple gene sets may act to
repurpose the general type 6 secretory apparatus for delivery of effector proteins to

different cell targets. While other T6SS such as that of Pseudomonas aeruginosa and V.
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cholerae have been found to have antibacterial properties we were unable to observe this
phenomenon for the S. enterica T6SS using solid LB agar-based competition assays
against E. coli (data not shown) (152, 232). In addition, a previous report found that
deletion of the entire SCI genomic island resulted in a 50% reduction of HEp-2 epithelial
cells but we were unable to observe an effect on invasion of both HeLa and HEp-2
epithelial cells for our sciG and sciS mutants suggesting that gut epithelial cells may not
be the target for this system and that this reduction in invasion may be due to a different
SCI-encoded factor (156). Interestingly, sciL (cluster 1) and rhs2 and sciX (cluster 4)
were found to be upregulated in macrophages and not HeLa epithelial cells (211). SciL is
encoded in a bicistronic operon with STM(0278 in cluster 1 which had the most notable
contribution to intracellular replication in macrophages. r4s2 and sciX are encoded as a
bicistronic operon in cluster 4, and rAs2 had the most notable contribution to systemic
dissemination in mice. Additionally, the scil, STM0278, rhs1 and rhs2 genes have the

largest number of orthologs of all genes in clusters 1-4.

Given the number of environments encountered by S. Typhimurium, virulence systems
require regulatory control to achieve appropriate situational expression. Arguing against a
general role for the SPI-6 T6SS, we observed only weak chromosomal expression and we
did not observe plasmid-based secretion of Hep-1, Hep-2 or VrgS following growth under
in vitro conditions after 24 hours. In contrast, Hcp-3 appears to be constitutively
expressed, negatively regulated by PmrA and secreted under these conditions however the

secretion of Hcp-3 is curiously not dependent on sciG. The ClpV ATPase is a core T6SS
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gene and its abrogation results in the inability of the T6SS to assemble and secrete Hep in
V. cholerae (225). Hep-3 differs significantly in coding sequence from Hcp-1 and Hcep-2,
more closely resembling the Hep proteins of S. bongori and Pseudomonas and may have
evolved to perform alternative functions as is the case for the fourth S. enterica Hep
encoding gene paralog 4i/E (156). Hep-3 may therefore have an unrelated function and
may be accessing the extracellular environment through an alternate secretory pathway.
SciG may be dispensable for functional secretion in S. Typhimurium however, the
equivalent defect observed for sciG and sciS in both systemic dissemination in mice and
intracellular replication in macrophages makes this unlikely. The expression of Hcp-1 and
Hcp-2 are not identical as we observed expression of Hep-1 in the absence of
macrophages in DMEM media, in contrast with Hep-2 and VrgS, the expression of which
is barely detectable. Hep-1 is encoded by sciK within non-core gene cluster 1 and its
expression is perhaps a reflection of promoter changes during its acquisition or

duplication from sciM.

The absence of expression and secretion of Hcp-2 and VrgS proteins suggests a system
under tight regulatory control. Expression of S. Typhimurium SPI-2 T3SS virulence
genes important for replication and survival in macrophages are upregulated upon
exposure to the intracellular compartment (61). In a similar manner, we found that the
Hcp and VrgS genes are differentially expressed in the presence or absence of
macrophages and between in vitro and tissue culture conditions. Hcp-1 is encoded within

non-core gene cluster 1, and like Hep-2 and VrgS, expression was clearly enhanced
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during late stages of macrophage infections. The difference in expression between in vitro
and cell culture conditions for these proteins suggests an activating signal specific to
growth in the presence of macrophages but may also be in response to general cell stress.
Expression of the SPI-6 T6SS may rely on regulatory inputs from the host environment in
a similar manner to the T6SS in Vibrio cholerae that requires internalization of bacteria
(213). With regard to S. Typhimurium, expression of the T6SS does not appear to occur
until after 8 hours of infection and has been previously hypothesized to be a result of the
loss of repression through an SsrB dependent regulatory pathway. It was hypothesized
that induction may be relevant to host cell death and bacterial escape (157). Another
group reported upregulation of some SPI-6 T6SS genes during macrophage infection but
did not observe an increase over time (211). It is possible that this induction relies on the
onset of host cell death which can be affected by differing multiplicities of infection and
experimental conditions. Indeed, when MOI values were much reduced we observed that
Hcp and VrgS expression was lower (data not shown). An important consideration is that
expression levels of this system, even in the context of macrophage infection, remain low
and we have not yet been able to observe translocation of tagged proteins to the host cells
and therefore further work will be necessary to determine whether this system is activated

within the intracellular compartment or activated simply in the presence of macrophages.

Induction of the SPI-6 T6SS could be similar to that of the HSI-1 T6SS in Pseudomonas
spp. where deletion of the sensor kinase RetS leads to enhanced secretory activity of

effector proteins (152). We pursued this hypothesis by identifying transcriptionally active
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regions within the SPI-6 T6SS. We found six transcriptionally active regions including
one within the non-core gene cluster 2, active in vitro and in association with host
macrophages. A previous report observed increased numbers of transcripts of sciS in ssrB
null mutants during late stages of host cell infection (157). We also found increased levels
of transcription for the T6SS in an ss7B mutant background, with increased transcriptional
activity from regions upstream of sciF' and vrgS. The regulatory proteins PhoP and SlyA
are involved in activation of SsrB (103, 106) and we found that transcriptional activity
upstream of sciF also increases in this mutant background, however activity for sciG and
vrg$ decrease suggesting additional regulatory inputs to this system between PhoP and
SsrB. Transcriptional profiles for all six reporters in both phoP and s/y4A mutant
backgrounds were identical suggesting that they act through a common regulatory input.
We previously reported the genome-wide interaction map of SsrB using chromatin
immunoprecipitation and found only two interaction sites within the SPI-6 T6SS,
upstream of scifF” and sciR (233). Given our observation of increased transcriptional
activity upstream of sciF' and the previously reported increase in sci$ transcripts in a ssrB
mutant background, we asked whether the loss of these regulatory inputs have a
significant effect on VrgS protein expression through regulatory deregulation. Other
regulatory proteins aside from PhoP-PhoQ, SsrA-SsrB and SlyA are necessary for
intracellular survival during host infection (175). VrgS levels were not affected in phoP,
ssrB, qseC, ompR, or hfg mutant backgrounds although disruption of these proteins
results in extensive changes to S. Typhimurium gene expression and leads to abrogation

of pathogenesis (175). While not extensive, we believe that these results argue for the
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presence of an activating factor that controls T6SS upregulation in response to inducing
signals. An unbiased transposon screening approach will likely be necessary to identify

such a regulator.

In summary, these findings further support a role for the SPI-6 T6SS during host infection,
likely mediated through interactions with macrophages and enabled by the SPI-6 T6SS
encoded non-core genes STM0278 and rhs2. Two transcriptionally active regions of this
system receive negative regulatory input through the SsrB regulatory network however

expression of this system appears to be controlled by a yet unknown regulatory factor.
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Chapter V - Discussion

192



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

Chapter V — Discussion

The preceding chapters described advances in understanding the structure and
function of the two-component regulatory system SsrA-SsrB as well as the genes
regulated by SsrB that contribute to systemic dissemination in vivo in mice and in vitro in
cultured cells. The following discussion places this work in the context of the field and

proposes future avenues of investigation for these areas of research.

Characterization of the Sensor Kinase SsrA

Chapter 2 discussed the two-component regulatory system sensor kinase SsrA. It
has been established that acidification of the intracellular vacuolar environment is
essential for correct maturation of the phagolysosome as well as full induction of
virulence in S. enterica (49). This intracellular host cue is integrated by multiple sensors,
including PhoQ and PmrB (76, 234). Preliminary work in the field suggested that SsrA
also integrates a pH cue during induction in vitro and in vivo, however the mechanism of
this process was unknown (61, 99, 115). In this work we showed that pH sensing is
dependent on histidine residues within loop regions of the membrane-proximal PDC
domain.

A mechanism of integrating input through compounding conformational change
could be at work in sensing pH by SsrA. Six histidine residues distributed throughout
flexible loop regions drive two conformational changes in the diphtheria toxin T domain

of Corynebacterium diptheriae in response to acidification of the vacuole (235). In
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addition, histidine residues have been implicated in pH sensing by the sensor kinase ArsS
of Helicobacter pylori (236). Histidine residues are also used as biological switches in the
sensor kinases PmrB and PhoQ (76, 234). Only in the case of the diptheria toxin T
domain have structural methods been used to understand the effects of histidine
protonation on overall structure, where it was found that at least three such events were
necessary to generate sufficient conformational strain to drive large scale structural
transition to an alternate form (235). Further structural investigation of SsrA under
various pH conditions could determine whether strain is generated by protonation of the
imidazole rings and whether this strain is resolved through adoption of an alternate
structural conformation. Preliminary investigation using alternate histidine mutants
suggests that each histidine protonation state is unique in the role it plays in stabilizing
the two states (Figure A1.5). We used a structural model to interpret our data; however,
there are regions that are of low confidence, such as the histidine containing loop regions
and the membrane-distal PDC domain. Purification of SsrA and elucidication of the SsrA
structure would therefore provide great insight for further investigation. Preliminary work
with various truncated forms of SsrA showed it is not sufficiently soluble for purification
due to a tendency to aggregate in inclusion bodies.

Recent work on PhoQ showed that sensor kinases can be tuned to environmental
signatures that consist of multiple cues rather than a single ligand (75-77). While a pH
cue is clearly integrated by SsrA, it also modulates a basal level of signal, the source of
which is unknown. We showed that a mutant defective in pH sensing had similar levels of

activity under acidic and neutral pH conditions however this mutant was highly activated
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under otherwise inducing conditions compared to the null ss¥4 mutant strain. We
hypothesize that this pH-independent activation is a result of activation of the membrane
distal domain. This region encodes a ligand-binding pocket and specificity-determining
major and minor binding loops which are highly conserved amongst related orthologs
(74). We showed that key residues within the ligand binding pocket are conserved and
that those residues within the major and minor ligand binding loops that confer ligand
specificity in other orthologs are conserved within Salmonella. However, they are distinct
from those in orther orthologs, suggesting that SsrA recognizes a specific ligand. In
contrast with SsrA, the pH-sensing histidine residue of PhoQ is positioned within the
membrane-distal domain while primary antimicrobial peptide signaling occurs by way of
the membrane-proximal domain (237). Therefore the double PDC domain scaffold
appears to be a useful starting point for environmental sensing on which selection for
various cues can act.

If such a putative SsrA ligand exists, then it would be expected to be present
within the intracellular environment of the SCV. The overall trend for non-critical
residues mutagenized suggests that destabilizing the SsrA structure drives pH-
independent activation. In addition, lowering concentrations in vitro of divalent cations
leads to increased SsrA-dependent signaling, suggesting that a specific signal for SsrA in
vivo may function to drive signaling by way of promoting an alternate conformational
state (Figure A1.2). Limiting concentrations of divalent cations in vitro and antimicrobial
peptides in vivo both destabilize the sensor platform and drive activation of the sensor

kinase PhoQ (77). Alternatively, such a ligand may not drive transition to an alternate
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conformational state, but instead may simply stabilize this alternate conformation. An
answer to this question requires identification of the ligand, which may be possible using
a high throughput screen where a pH-insensitive SsrA mutant strain is exposed to a panel
of small molecules.

An additional question that remains unresolved is whether dimerization of SsrA
has a role in function. Characterized sensor kinases require dimerization in order to
undergo autotransphosphorylation (79). Similar sensor kinases have been crystalized in a
dimeric form where the monomers interact along the length of the N-terminal alpha
helical stalk, burying this stalk in the center, with hydrophobic contacts along the
periphery of the PDC domains (73). This configuration both buries exposed hydrophobic
regions and brings the four transmembrane helices into position to form a trans-
membrane coiled-coil helical bundle. We found evidence to support such a structure — for
SsrA — specifically, conserved hydrophobic residues in otherwise solvent-exposed regions
of the alpha-helical stalk. The thermodynamic implications of such residues are that SsrA
would be predicted to form a dimer under all conditions. This idea could be assayed in
vitro through the use of FRET, where two SsrA monomers with translationally fused
FRET compatible fluorophores are co-expressed (238). Co-expression of these constructs
should result in FRET under all conditions, or only under SsrA inducing conditions if
dimerization only occurs under such conditions. If dimerization is required for activity
and oligomerization only occurs in the activated state then this may present an additional

level of regulation for SsrA.
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A topic not addressed in the literature is whether SsrA has SsrB-specific
phosphatase activity and whether this activity is constitutive or regulated by the N-
terminal sensor platform. Most work on sensor kinase phosphatase activity has occurred
in vitro and debate continues about the importance of this activity in vivo (239). However,
a series of mutants could be used to indirectly examine phosphatase activity in vivo,
particularly a phosphorylation defective SsrA mutant D739E. SsrB activity would be
predicted to be lower in the presence of this D739E mutant than in the absence of SsrA
entirely. SsrA phosphatase activity might explain the constitutive activity of SsrB when
overexpressed. Small molecule phosphodonors, and a long half-life of phosphorylated
SsrB, or weak autodephosphorylation activity may necessitate phosphatase activity by
SsrA to minimize SsrB activity (81). This might also explain the added level of regulation
of SsrB made possible by the ss#B promoter (105). In any case, while multiple groups
have used genetic tools to show the connection between SsrA and SsrB, specific
interaction remains to be demonstrated in vitro using purified protein to demonstrate
either phosphorylation or phosphatase activity.

In summary, this work provides an additional system where a simple
environmental trigger can be used to study the relationship between protein conformation

and function, and how alternative protein states are stabilized and maintained in vivo.

Characterization of the Response Regulator SsrB
Chapter 3 described identification of the regulon and DNA-binding sequence of

the two-component regulatory system response regulator SsrB. Previous work by

197



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

numerous groups identified individual members of the SsrB regulon through usage of a
ssrA DNA microarray (113), DNase I footprinting (100, 105, 109), and transcriptional
reporters (118). Since the complete data set for the former microarray was not publically
available, and due to the possibility that SsrA activated other downstream proteins, we
used a DNA microarray to determine the complete regulon for SsrB. We validated this set
of genes with those members of the regulon for which there is transcriptional evidence as
well as generated a list of genes for future investigation for which traditional roles in
virulence are not immediately evident. Traditionally, genes that appear to play a role in
metabolism have been ignored; however, recent studies showed that Sa/monella can use
the inflammatory environment to generate nutrient sources during infection (240). One
SsrB regulated protein has been recently found to contribute to intracellular virulence by
directing transport of D-alanine within the SCV(241). Therefore, identification of these
genes unexpectedly regulated by SsrB may present an opportunity to discover other novel
strategies of host exploitation by a pathogen.

The DNA-binding motif was configured as a heptameric palindrome, suggesting
that the functional state of SsrB is that of a dimer, despite the DNA-binding C-terminal
truncated monomeric form being constitutively active (116). We found that the sseA
promoter has only one well defined heptamer although other reports have described an
approximate 17bp DNAasel footprint (100). This finding suggests that in the presence of
one well-defined heptamer, the second monomer has high tolerance for sequence
degeneracy. Transcriptional reporter experiments where portions of the SsrB motif were

scrambled in an attempt to address this question supported this tolerance of degeneracy;
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however, strategies that more directly assess the interaction between DNA and protein
such as electromobility shift assays (EMSA) would be more useful in addressing this
question. Another question relating to the oligomeric state of SsrB is whether
dimerization follows recruitment to the promoter, phosphorylation or whether it exists as
a dimer in both active and inactive conformations (80, 81). The oligomeric state of SsrB
could be assayed in a similar manner to that of SsrA by employing FRET and fluorophore
tagged constructs (242). A D56A mutant unable to be phosphorylated and a constitutively
active DS6E mutant could be used as controls to explore this question. They have been
generated and verified for this purpose.

Previously, a cryptic promoter was identified upstream of ss#B demonstrating that
transcription of ssr¥4 and ss¥B was uncoupled (105). We discovered and characterized an
additional promoter upstream of ssaR. In addition, we observed a strong interaction site
upstream of ssaF which was found to contribute to transcriptional activation of
downstream genes. These additional promoters provide added sites at which
spatiotemporal regulation might occur in order to properly assemble the T3SS apparatus
(123). Additionally, many interaction sites for SstB were found throughout the genome,
both within promoters and within the coding regions of genes. The latter set presents an
interesting question as to whether these sites confer positive or negative regulatory effects.
An example of such a negative regulatory interaction is observed upstream of a SPI-6
T6SS gene, the expression of which is increased in the absence of SsrB (157).

During our investigation we used sequence alignments between promoter regions

of SPI-2 SsrB-dependent genes with those of SSR-3, a genomic island of Sodalis
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glossinidius encoding orthologs of the former island with identical gene synteny but
lacking sseF and sseG (185). S. enterica and S. glossinidius are of sufficient evolutionary
distance that sequence drift has occurred at those positions under neutral selection,
revealing positions conserved under positive selection by sequence alignments.
Sequences other than the SstB DNA-binding motif in the promoters of SsrB-dependent
genes were also conserved, notably a stretch within the promoter of ssaG suggesting that
this strategy may be useful to identify additional regulatory elements, aside from SsrB,
for SPI-2 promoters not yet identified (64, 96). Experiments focusing on these elements
would not only provide insight in to the regulation of SPI-2 genes in S. enterica but also
SSR-3 genes in S. glossinidius, an organism which encodes two additional T3SS but
which appears to be a transitional obligate endosymbiont of an insect fly host (185, 243).
An interesting observation made from this work was that the SsrB motif identified
by one-hybrid analysis, the one within SPI-2 and the one outside of SPI-2 were not
identical in their degeneracies. This variation may reflect different conditions under
which these sequences evolved. The first was selected in vitro for high expression to
rescue an auxotrophic strain. The second was evolved in an unknown organism and
acquired as part of SPI-2, and the third was evolved in Salmonella. This provides an
opportunity to investigate how constraints on a system feed into regulatory evolution.
One of the SsrB recognition sites identified in this work was for a SsrB-regulated
promoter upstream of a gene ancestral to both S. enterica and S. bongori, which was
found to have evolved to be regulated by SsrB following acquisition of SPI-2 (33). The

modular nature of SsrA-SsrB and its T3SS therefore provides an exciting opportunity to
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study the global effects on a genome as a result of acquisition of a regulatory protein. The
genomes of S. enterica and S. bongori are highly similar aside from differences in
horizontal acquisitions, notably at SPI-2 where a T3SS is present in the former and a
T6SS is present in the latter (26). An evolved genome can therefore be compared to a
naive genome with respect to the presence of SsrB, which allows for identification of
ancestral gene promoters that have undergone regulatory evolution as a result of SsrA-
SsrB acquisition. The extensive number of SsrB interaction sites throughout the genome
in S. enterica suggests that SsrB could have recruited RNA polymerase sufficiently close
to many transcriptional initiation sites following acquisition and expression. Whole
transcriptome sequencing (RNAseq) of S. enterica (ssrAB mutant) and S. bongori strains
expressing SsrB or an empty plasmid would allow characterization of all these SsrB-
dependent transcripts. A first internal comparison (SsrB + : SsrB -) would identify genes
under the control of SsrB and a second comparison (SsrB evolved : SsrB naive) would
identify ancestral genes that have either gained or lost SsrB regulation by selection. While
one ancestral gene’s promoter that has undergone regulatory evolution has been identified
in Salmonella, gene promoters that have undergone negative selection following
acquisition of a novel regulatory protein have not been identified or characterized in S.
enterica nor has it been a topic in the literature in general.

In summary, with the knowledge of SsrB and genetic tools at our disposal, this
unique system in S. enterica provides an opportunity to learn about regulatory evolution

which could be applied to other organisms and particularly in the context of how
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horizontally acquired genes such as antibiotic resistance genes are integrated in to the

global regulon of pathogens.

Characterization of the SPI-6 T6SS

Chapter 4 discussed the contributions of SPI-6 T6SS genes to S. enterica
virulence and the regulatory inputs to this system which include SsrB. Previous work by
other groups established that selected genes of this system contribute to pathogenesis (157,
207) and we were able to determine that both core genes, and three of four accessory
islands identified by comparative genomics, are involved in systemic dissemination in
mice.

It remains unclear how the T6SS contributes to systemic dissemination during
murine infections. Many T6SS in proteobacteria have interbacterial competition functions
(244); however, we showed that the contribution to systemic dissemination was identical
when the bacteria were delivered by intraperitoneal injection thereby demonstrating that
the effect on systemic dissemination was not a result of interactions with the host
microbiota encountered during oral delivery. This finding suggests that the contribution to
intracellular dissemination of the T6SS is one between host cells and bacterium. It is
possible that the T6SS has an interbacterial function, as expression of this system was not
observed under most conditions in vitro. Indeed, the presence of a number of paired genes
suggests possible toxin/immunity pairs involved in interbacterial competition. Despite
these observations, previous work had suggested that the T6SS may be involved in late

stages of intracellular infection (157). This idea is supported by our observation that
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expression of T6SS proteins peaked during late stages of intracellular growth in cell
culture. The exact spatiotemporal role of the T6SS therefore remains to be elucidated.
Generating transcriptional and translational chromosomal fusions followed by animal
infections, recovery of infected cells by fluorescence activated cell sorting (FACS) and
examination by microscopy will be required. This investigation should be extended to
include promoters and genes of the SPI-1 and SPI-2 T3SS not only to understand the
spatiotemporal role of the T6SS, but also how it relates to these other systems. Recent
work has begun to show that there is T3SS regulatory cross-talk and that expression of
apparatus and specificity of effectors overlap (93, 245). It seems likely therefore that the
T6SS has also been integrated at a higher level of the S. enterica virulence program (246).
While it is possible that the SPI-6 T6SS contributes to vacuolar escape or modulation of
pyroptosis during late stages of host cell infection, function in the host will remain
unknown in the absence of identification of a secreted effector protein.

In support for regulatory cross-talk between secretion systems in S. enferica, our
work and that of others has identified a role for SsrB in T6SS repression (157). SsrB has
no characterized repression activity and the low levels observed suggest that repression is
mediated by an intermediate regulatory factor. However, we did identify an SstB DNA
binding interaction upstream of sciS, the downregulated SPI-6 T6SS gene. If this
regulation is mediated by another factor its identity needs to be elucidated, possibly
through promoter mapping of SsrB-regulated T6SS promoters as has been done for the

SPI-2 T3SS (100, 105, 109).
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A major limitation encountered during investigation was the low level of
expression of the T6SS in vitro. While a phenotype could be clearly identified in vivo,
expression in vitro was low under conditions tested, including low salt conditions known
to activate T6SS in other bacteria (203). While this limitation has been overcome in other
organisms by identification of a mutant with constitutive T6SS expression (147, 247) or
knowledge of regulatory repressing proteins (219), we were unable to identify such a
mutant in S. enterica using transposon mutagenesis. Identification of conditions in vitro
that stimulate high levels of activation of this system or a mutant with increased T6SS
activity would be useful in identifying a secreted effector protein that would likely
provide insight as to SPI-6 T6SS function.

A direct question resulting from our investigation pertains to the function of the
accessory island genes. Three of four islands have a role in systemic dissemination in
mice however it is not clear whether these genes represent apparatus, effector, chaperone
or other accessory genes. Further complicating understanding is that such T6SS accessory
genes are poorly conserved and present in few genomes, most of which have T6SS,
suggesting that these genes have evolved to provide very specific functions, possibly
acting to specialize the T6SS for specific host targets (150). Interestingly, S. enterica
serovar Typhimurium is primarily a pathogen of humans, yet the SPI-6 T6SS was found
to have a role in a murine model of typhoid-like disease suggesting it may target
processes conserved amongst mammals rather than having a role in specific host tropism

like those of Burkholderia (229).
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In summary, it appears that the S. enterica SPI-6 T6SS has been applied to a host-
pathogen interaction rather than interbacterial competition. This system provides an
additional delivery mechanism for effectors during the spatiotemporal interaction
between Salmonella and host cells during infection. Better understanding of the function
and regulation of this system might provide a target for antivirulence strategies or provide
understanding of late stages of infection of infection of host cells by bacterial pathogens,

particularly in the context of pyroptosis.
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Appendix 1
This appendix contains material relevant to the previous chapters.

The following tables are referenced by the previous chapters but have been placed in the
appendix for brevity.

Chapter 2:
Table Al.1. Primers and strains used in this study
Table A1.2. Strains used for generation of data in this study

Chapter 3:
Table A1.3. Strains and plasmids used in this study

Chapter 4:
Table A1.4: Strains used in this study.
Table A1.5: Primers used in this study.

The following figures are relevant to the previous chapters but were not included in the
original manuscripts.

Chapter 2:
Figure Al.1. Diagram of the dual plasmid reporter and complementation system.
Figure A1.2. SsrA-SsrB-dependent reporter activity in various media.
Figure A1.3. Conservation of SsrA platform and PDC-2-domains.
Figure A1.4. SsrA H48 and H286 mutagenesis data.
Figure A1.5. Additional SsrA histidine mutagenesis data.

Chapter 3:
Figure A1.6. Conservation of S. enterica SPI-2 T3SS and S. glossinidius SSR-3.

Chapter 4:
Figure A1.7. Complementation of S. enterica ssrB with S. glossinidius SG1279
Figure A1.8. Alignment of S. bongori SP1-2 T6SS with those of Pseudomonas spp.
Figure A1.9. Ancestral T6SS associated genes in S. Typhimurium and S. bongori.
Figure A1.10. Transcriptional activity of T6SS promoters in regulatory mutants.
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Table Al.1. Primers used in this study

Name
DTM 0177 F
DTM 0177 R

DTM_0208 R

DTM 285 F
DTM 285 R

DTM 301 F
DTM 301 R
DTM 302 F
DTM 302 R
DTM 0179 F
DTM 0179 R
DTM 0180 F
DTM 0180 R
DTM_0181_F
DTM 0181 R
DTM 0182 F
DTM 0182 R
DTM 0183 F
DTM 0183 R
DTM_0184 F
DTM 0184 R
DTM 0185 F
DTM 0185 R
DTM 0186 F
DTM 0186 R
DTM 0187 F
DTM 0187 R
DTM 0188 F
DTM 0188 R
DTM 219 F
DTM 219 R
DTM 220 F
DTM 220 R
DTM 226 F
DTM 226 R
DTM 227 F
DTM 227 R
DTM 230 F

Sequence
ACGCGTCGACacataaatgggagtttctatcaaattc
GCTCTAGAttaagtaatggtgtagtttttgaagatca

GCTCTAGATttacttgtegtcategtecttgtagtcagtaatggtgtagtttttgaagatcat

caacaataattatttggctgctatctgtgcttaccgeagcettatatatcagtgtaggctggagetgettcg
aaccagcaaaaagccgacgtcatcaacaccaatgetgttaatgtaaagggcatatgaatatcctectta

atgaataaatttgctcgecattttctgecgetgtegetgegggttcggtgtaggctggagetgcttcg
ttattcctetttetgtgtgggatgctgtcggecaaaaacgacctccataccatatgaatatectectta
ctgcgggaaagtcataccat

caagaaagtcgggccagtta

atctcagtcgctaatgaggcttgatacattaaatttttag
aaaatttaatgtatcaagcctcattagcgactgagattca
cegtttagegtcggegtggeatttgaaggaccgacagata
ctgteggtecttcaaatgecacgecgacgetaaacggaga
tcatcgatatcagaggaggecagaaagagacggtgcttct
agcaccgtctctttctggeetcetetgatatcgatgaaaa
tgattaagaataaaactggegcgacgaaagctattttcat
aaaatagctttcgtcgegecagttttattcttaatcataa
aaaggctgtagagttgaggeatctgaagggttatcagtag
ctgataacccttcagatgectcaactctacagectttaac
ctccagtaaaaccecggeggeggttgggtataaaggaaage
tteetttatacccaaccgeegecgggttttactggagtga
ggctectttgecgtttatgtattetggttcactggegtaaaacceggeatgggttg
gccagtgaaccagaatacataaacggcaaaggagececacgcettcegttgeggttge
aataagtggttgttttgggccagecatactcgaatactat

gtattcgagtatggctggeecaaaacaaccacttattgec

Description

PssrA-SsrA forward cloning
primer (Sall)

PssrA-SsrA reverse cloning primer
(xbal)

ssrA flag tag, primer, use with 17F
or 177F

amplification of pKD4 cassette for
periplasmic ssrA domain
disruption

phoQ lambda red primers to
generate phoQ mutant

phoQ deletion screening primers

SsrA C82A mutant (2)

SsrA C108A mutant (3)

SsrA Q122A mutant (4)

SsrA D134A mutant (5)

SsrA Y155A mutant (6)

SsrA H172A mutant (7)

SsrA W177A,W188A mutant (8)

SsrA D228A mutant (9)

ggcetecggggcecatgeaaggttgtgegtaatatcagaaatcegggaatttgetgggetecatcatgeagegttacat SsrA W256A,W274A mutant (10)

gcccageaaattcceggatttetgatattacgcacaaccttgeatggecceggagecagtetggttacgetgtacee

gagcgatgtagtaaccaggcaaaagecgacgtcatcaaca
tgatgacgtcggcttttgeetggttactacatcgeteact
tagatgatagtattcgagtagecctggatcaaaacaaccacttattg
caataagtggttgttttgatccagggcetactcgaatactatcatcta
ttcccggatttctgatattagecacaaccttgeatggececggatg
catccggggccatgeaaggttgtggetaatatcagaaatccgggaa
ggtttgaagaagcetgaacgtgecgctaaaaatttaatgtatca
tgatacattaaatttttagcggeacgttcagcttcttcaaacc
atcaacggtttgaagaagctgeecgtgacgctaaaaatttaatgta
tacattaaatttttagcgtcacgggceagcttcttcaaaccgttgat
acataaacggcaaaggatgggecgettcegttgeggttgecga

SsrA C312A mutant (11)

SsrA W226A (15)

SsrA R266A (16)

SsrA D74A (22)

SsrA E72A (23)

SsrA HI89A

225



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

DTM 230 R
DTM_231 F
DTM 231 R
DTM 232 F
DTM_232 R
DTM 233 F
DTM 233 R
DTM_234 F
DTM 234 R
DTM 241 F
DTM_241 R
DTM 270 F
DTM 270 R
DTM_271_F
DTM 271 R
DTM 272 F
DTM_272 R
DTM 273 F
DTM 273 R
DTM_274 F
DTM 274 R
DTM 275 F
DTM 275 R
DTM 313 F
DTM 313 R
DTM 314 F
DTM 314 R
DTM 315 F
DTM 315 R
DTM 316 F
DTM 316 R
DTM 325 F
DTM 325 R
DTM 326 F
DTM 326 R
DTM 327 F
DTM 327 R
DTM 328 F
DTM 328 R
DTM 329 F
DTM 329 R

tcggcaaccgeaacggaageggeccatectttgeegtttatgt
ccgatctcattactaagagcgecctgccattagatgatagtat
atactatcatctaatggcagggcegctcttagtaatgagatcgg
tatggctggatcaaaacaacgcecttattgeegttttcatacat
atgtatgaaaacggcaataaggcegttgttttgatccagecata
agttagaaaatgtaacgctggecegatggatggcagceaaattce
ggaatttgctgecatccatcggecagegttacattttctaact
tgatattacgcacaaccttggeeggececggatggagtetggt
accagactccatccggggecggecaaggttgtgcgtaatatca
tgcatgatggatgggececaaattcecgggtttetgatattacgcacaac
cgtaatatcagaaacccgggaatttgggeccatccatcatgeagegtta
caatggttcagaaacggcaggegataatagaggatttatcegtte
gaacggataaatcctctattategectgecgtttctgaaccattg
caatgctcattagcgactgagattgeggegaacgatattttcectgaggtgage
gctcacctcagggaaaatatcgttegeegeaatctcagtcgetaatgageattg
cgatattttccctgaggtgagecgggegctatetgteggtecttcaaattge
gcaatttgaaggaccgacagatagegeccggetecacctcagggaaaatatcg
cgacgctaaacggagagaaggegegtctctttctgeagtecte
gaggactgcagaaagagacgegecttctctecgtttagegteg
gctttcgtcgegatagttttattcttaatgegaaaaatgagatttegttattatctac

gtagataataacgaaatctcatttttcgcattaagaataaaactatcgegacgaaage

cgctgtacccatacggtaatctagegaatcgeatcttaaaaattatectte
gaaggataatttttaagatgcgattegetagattaccgtatgggtacageg
caacccatgcegggttttacgegagtgaaccagaatacataaacgg
ccgtttatgtattctggttcactegegtaaaacceggeatgggttg
gaatacataaacggcaaaggagegeacgcttcegttgeggttgeeg
cggcaaccgeaacggaagegtgegetectttgeegtttatgtatte
gtaacgctgcatgatggagegeagceaaattcceggatttetg
cagaaatccgggaatttgctgegetccatcatgeagegttac
caaccttgcatggeeceggagegagtetggttacgetgtacecatac
gtatgggtacagegtaaccagactegetceggggcecatgeaaggttg
gaatattgtactaagcaatcaagegtttgaagaagcetgaacgtgac
gtcacgttcagcttcttcaaacgettgattgettagtacaatatte
gtactaagcaatcaacgggeggaagaagetgaacgtgacge
gcgtcacgttcagettettcegeccgttgattgettagtac
cgatattttccctgaggtggegeggcatctatetgteggtee
ggaccgacagatagatgecgegecacctcagggaaaatateg
cttaatcataaaaatgagattgcgttattatctactgataaccc
gggttatcagtagataataacgceaatctcatttttatgattaag
ggttttactggagtgaaccagegtacataaacggcaaaggatg
catcctttgecegtttatgtacgetggttcactccagtaaaacc

SsrA H216A

SsrA H232A

SsrA H253A

SsrA H270A

SsrA Q257A (Xmal)

SsrA H48A

SsrA H89A H90A

SsrA H1I00A

SsrA HI77A

SsrA H140A

SsrA H286A

SsrA W177A

SsrA W188A

SsrA W256A

SsrA W274A

SsrA R67A

SsrA F68A

SsrA S98A

SsrA S145A

SsrA E181A
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Table A1.2. Strains used for generation of data in this study

Genotype
wild type
del ssrA
ssrA:ssrA10
ushA:cm10
wild type
del ssrA
ssrA:ssrA10
del ssrA

del ssrA

del ssrAB
del ssrA del

phoQ
del ssrA del

phoQ

del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA
del ssrA

Shorthand Plasmid 1

wt

ssrA10

pWSK129:PssrA-ssrA
pWSK129
pWSK129

pWSK129:PssrA-ssrA

pWSK129
pWSK129:PssrA-ssrA E72A,D74A
pWSK129:PssrA-ssrA C82A
pWSK129:PssrA-ssrA C108A
pWSK129:PssrA-sstA Q122A
pWSK129:PssrA-ssrA D134A
pWSK129:PssrA-sstA Y155A
pWSK129:PssrA-sstA H172A
pWSK129:PssrA-ssrA D228A
pWSK129:PssrA-ssrA C312A
pWSK129:PssrA-sstA W226A
pWSK129:PssrA-ssrA R266A
pWSK129:PssrA-sstA D74A
pWSK129:PssrA-sstA E72A
pWSK129:PssrA-sstA HI89A
pWSK129:PssrA-sstA H216A
pWSK129:PssrA-ssrA H232A
pWSK129:PssrA-ssrA H253A
pWSK129:PssrA-sstA H270A
pWSK129:PssrA-ssrA Q257A (Xmal)
pWSK129:PssrA-ssrA H48A
pWSK129:PssrA-ssrA HS9A H90A
pWSK129:PssrA-sstA HI00A
pWSK129:PssrA-sstA H177A
pWSK129:PssrA-sstA H140A
pWSK129:PssrA-sstA H286A
pWSK129:PssrA-sstA W177A
pWSK129:PssrA-sstA W188A
pWSK129:PssrA-sstA W256A
pWSK129:PssrA-sstA W274A
pWSK129:PssrA-sstA R67A

Plasmid 2

pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux

pGEN:PsseA-lux

pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
pGEN:PsseA-lux
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del ssrA pWSK129:PssrA-sstA F68A pGEN:PsseA-lux
del ssrA pWSK129:PssrA-ssrA S98A pGEN:PsseA-lux
del ssrA pWSK129:PssrA-sstA S145A pGEN:PsseA-lux
del ssrA pWSK129:PssrA-ssrA E181A pGEN:PsseA-lux
del ssrA N5 pWSK129:PssrA-sstA H89A H90A H100A H117A HI140A pGEN:PsseA-lux
del ssrA C2 pWSK129:PssrA-sstA H172A H253A pGEN:PsseA-lux
del ssrA pWSK129:PssrA-sstA H172A H253A H270A pGEN:PsseA-lux
del ssrA C4 pWSK129:PssrA-sstA H172A H232A H253A H270A pGEN:PsseA-lux
del ssrA C5 pWSK129:PssrA-sstA H172A H216A H232A H253A H270A pGEN:PsseA-lux
pWSK129:PssrA-ssrA HS9A H90A H100A H117A H140A H172A H216A
del ssrA 10 H232A H253A H270A pGEN:PsseA-lux
pWSK129:PssrA-sstA HS9A H90A H100A H117A H140A H172A H216A
del ssrA 11 H232A H253A H270A H286A pGEN:PsseA-lux
del ssrA C3 pWSK129:PssrA-sstA H172A H216A H253A pGEN:PsseA-lux
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Table A1.3. Strains and plasmids used in this study

Strain or plasmid

Strains
DH5a

DH5a Apir

E. coli SM10 Apir

E. coli BIH

SL1344

SL1344 ssrB::aphT

SL1344 AssrB

SL1344 AssakE

SL1344 ssrB::3FLAG-kan

SL1344 PssaG::pIVET-PssaG
SL1344 PssaG::pIVET-PssaG-X47
SL1344 PssaG::pIVET-PssaG-7X7
SL1344 PssaG::pIVET-PssaG-74X
SL1344 PssaG::pI VET-PssaG-XXX
SL1344 PssaG::pIVET-PssaG-H2H
SL1344 PssaG::pI VET-PssaG-Rev
SL1344 PssaG::pIVET-PssaG-7"-4-7"
SL1344 PsseA::pIVET-PsseA
SL1344 PsseA::pIlVET-PsseAdel

SL1344 AssrB PsseA::pIVET-PsseA

SL1344 AssrB PsseA::pIVET-PsseAdel

SL1344 AssaE PsseA::pIVET-PsseA

SL1344 AssaE PsseA::pIVET-PsseAdel

SL1344 PssaR::pIVET-PssaR

Plasmids
pB1HI
pB1H1-ssrBe
pB1H1-phoP
pH3U3
pIVET5n
pCS26
pIVET-PssaG

pIVET-PssaG-X47
pIVET-PssaG-7X7
pIVET-PssaG-74X

pIVET-PssaG-XXX

Genotype or description

supE44 Dlacul69 (f80 lacZDM15) hsdR17 recAl endA1 gyrA96 thi-1

relAl

supE44 Dlacul69 (f80 lacZDM15) hsdR17 recAl endA1 gyrA96 thi-1

relAl

thi recA thr leu tonA lacY supE RP4-2-Tc::Mu Apir

uso F' pyrF hisB; bacterial one-hybrid host strain

Wild-type S. enterica sv. Typhimurium, SmR

Marked deletion of ssrB, KanR

Unmarked, in-frame deletion of ssrB

Unmarked, in-frame deletion of ssaE

Encodes chromosomally FLAG-tagged ssrB, KanR

Merodiploid containing integrated PssaG-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-X47-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-7X7-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-74X-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-XXX-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-H2H-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-Rev-tnpR-lacZ reporter
Merodiploid containing integrated PssaG-7"-4-7'-tnpR-lacZ reporter
Merodiploid containing integrated PsseA-tnpR-lacZ reporter

Merodiploid containing integrated PsseAdel-tnpR-lacZ reporter
ssrB mutant, merodiploid containing integrated PsseA-tnpR-lacZ
reporter

ssrB mutant, merodiploid containing integrated PsseAdel-tnpR-lacZ
reporter

ssaE mutant, merodiploid containing integrated PsseA-tnpR-lacZ
reporter

ssaE mutant, merodiploid containing integrated PsseA-tnpR-lacZdel
reporter

Merodiploid containing integrated PssaR-tnpR-lacZ reporter

Bacterial one-hybrid bait plasmid, CmR

Bait plasmid carrying the C-terminal domain of ssrB (ssrBc), CmR
Bait plasmid carrying E. coli phoP, CmR

Bacterial one-hybrid prey plasmid, KanR

tnpR-lacZ, sacB, R6K ori, bla, AmpR

pSC101 ori, luxCDABE, KanR

ssaG promoter fused to tnpR-lacZ in pIVET5n, AmpR

ssaG promoter with "X-4-7" mutation fused to tnpR-lacZ in pIVET5n,
AmpR

ssaG promoter with "7-X-7" mutation fused to tnpR-lacZ in pIVET5n,
AmpR

ssaG promoter with "7-4-X" mutation fused to tnpR-lacZ in pIVET5n,
AmpR

ssaG promoter with "X-X-X" mutation fused to tnpR-lacZ in pIVET5n,

AmpR

Reference

Lab strain

Apir Lab strain
Lab strain
(1]

2]

[3]

This work
This work
[4]

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work
This work

This work
This work

[1]
This work
This work
(1]
[5]
[6]
This work

This work
This work
This work

This work
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ssaG promoter with "H2H" mutation fused to tnpR-lacZ in pIVET5n,

pIVET-PssaG-H2H AmpR This work
ssaG promoter with 'Rev" mutation fused to tnpR-lacZ in pIVET5n,
pIVET-PssaG-Rev AmpR This work
ssaG promoter with "7"-4-7"" mutation fused to tnpR-lacZ in pIVET5n,
pIVET-PssaG-7"-4-7' AmpR This work
pIVET-PsseA sseA promoter fused to tnpR-lacZ in pIVET5n, AmpR This work
sseA promoter with motif deletion mutation fused to tnpR-lacZ in
pIVET-PsseAdel pIVET5n, AmpR This work
pIVET-PssaR ssaR promoter fused to tnpR-lacZ in pIVET5n, AmpR This work
pCS26-PssaG ssaG promoter fused to luxCDABE in pCS26, KanR This work
ssaG promoter with “X-X-X" deletion fused to luxCDABE in pCS26,
pCS26-PssaG-XXX KanR This work
Sodalis glossinidius SG1292 promoter fused to luxCDABE in pCS26,
pCS26-PSG1292 KanR This work
Sodalis glossinidius SG1292 promoter with “X-X-X" deletion fused to
pCS26-PSG1292-XXX luxCDABE in pCS26, KanR This work
pCS26-PssaR ssaR promoter fused to luxCDABE in pCS26, KanR This work
pCS26-PssaG mut(1-9) Scrambled ssaG promoter fused to luxCDABE in pCS26, KanR This work

Reference list for Table

1. Meng X, Brodsky MH, Wolfe SA (2005) A bacterial one-hybrid system for
determining the DNA-binding specificity of transcription factors. Nat Biotechnol
23: 988-994.

2. Wray C, Sojka WJ (1978) Experimental Salmonella typhimurium infection in calves.
Res Vet Sci 25: 139-143.

3. Knodler LA, Celli J, Hardt WD, Vallance BA, Yip C, et al. (2002) Salmonella effectors
within a single pathogenicity island are differentially expressed and translocated
by separate type III secretion systems. Mol Microbiol 43: 1089-1103.

4. Duong N, Osborne S, Bustamante VH, Tomljenovic AM, Puente JL, et al. (2007)
Thermosensing coordinates a cis-regulatory module for transcriptional activation
of the intracellular virulence system in Salmonella enterica serovar Typhimurium.
J Biol Chem 282: 34077-34084.

5. Brown NF, Vallance BA, Coombes BK, Valdez Y, Coburn BA, et al. (2005)
Salmonella Pathogenicity Island 2 Is Expressed Prior to Penetrating the Intestine.
PLoS Pathog 1:e32.

6. Beeston AL, Surette MG (2002) pfs-dependent regulation of autoinducer 2 production
in Salmonella enterica serovar Typhimurium. J Bacteriol 184: 3450-3456.
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Table A1.4: Strains used in this study.

Strains

T6SS mutant strains
AsciG

AsciG complementation
AsciS

Acluster 1

Acluster 2

Acluster 3

Acluster 4

AsciK

Ascil

ASTM0278

AsciQ

AsciR

AsciT

AsciU

AsciV

AsciW

Arhsl

Arhs2

Additional mutant strains

Ahfy
AsseC
ApmrA
AssrAB
AphoP
AgseC
AompR
Ahfy
AinvA4

HA chromosomal epitope fusion expression

strains

STM0276::HA-Kn
STM0279::HA-Kn
STM0289::HA-Kn
STM3131::HA-Kn
STM0276::Cm-Kn
STM0279::Cm-Kn
STM0289::Cm-Kn
STM3131::Cm-Kn

Relevant Characteristics
Locus ID

ASTM0272

ASTMO0272, pWSK29:PSTM0272-STM0272
ASTMO0285
ASTMO0274A-STM0278
ASTM0283-STM0284
ASTM0286-STM0288
ASTM0290-STM0298
STMO0276::kn
STMO0277::kn
STMO0278::kn

ASTMO0283

ASTM0284

ASTM0286

ASTMO0287

ASTMO0288

ASTM0290

ASTM0291

ASTM0292

Locus ID
STM4361::kn
STM1400::kn
ASTM4292
ASTM1392-STM1391
STM1231::Cm
STM3178::Cm
ASTM3502
STM4361::Cm
STM2896::Kn

Multiple strain backgrounds

wt, phoP::Cm, AssrAB, gseC::Cm, AompR, hfg::Cm
wt, phoP::Cm, AssrAB, gseC::Cm, AompR, hfgq::Cm
wt, phoP::Cm, AssrAB, gseC::Cm, AompR, hfq::Cm
wt

invA::kn

invA::kn

invA::kn

invA::kn

Source

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
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Flag ectopic epitope fusion expression strains
pCTC-Flag:STM0279
pCTC-Flag:STM0289
pCTC-Flag:STM3131

Ectopic luciferase transcriptional reporter
strains

pGEN-LuxCDABE:Pem?7

pGEN-LuxCDABE:PssaG

pGEN-LuxCDABE:Pstm0271
pGEN-LuxCDABE:Pstm0272
pGEN-LuxCDABE:Pstm0273
pGEN-LuxCDABE:Pstm0276
pGEN-LuxCDABE:Pstm0277
pGEN-LuxCDABE:Pstm0279
pGEN-LuxCDABE:Pstm0280
pGEN-LuxCDABE:Pstm0284
pGEN-LuxCDABE:Pstm0289

Merodiploid lacZ transcriptional reporter
strains

PSTMO0271:PSTM0271-tnpR-lacZ
PSTMO0272:PSTM0272-tnpR-lacZ
PSTMO0273:PSTM0273-tnpR-lacZ
PSTMO0277:PSTM0277-tnpR-lacZ
PSTM0284:PSTM0284-tnpR-lacZ

PSTMO0289:PSTM0289-tnpR-lacZ
PSTM3131:PSTM3131-tnpR-lacZ
PpmrD:PpmrD-tnpR-lacZ
PpmrC:PpmrC-tnpR-lacZ

Plasmids
pKD46
pKD3
pKD4

pCP20
pSUB315
pGEN-LuxCDABE

pWSK29

pIVET5n

Multiple strain backgrounds

wt, ASTM0272, pCTC-Flag:STM0279
wt, ASTM0272, pCTC-Flag:STM0289
wt, ASTM0272, pCTC-Flag:STM3131

Multiple strain backgrounds

wt, pGEN-LuxCDABE:Pem?7

wt, pGEN-LuxCDABE:PssaG

wt, pPGEN-LuxCDABE:Pstm0271
wt, pGEN-LuxCDABE:Pstm0272
wt, pPGEN-LuxCDABE:Pstm0273
wt, pPGEN-LuxCDABE:Pstm0276
wt, pPGEN-LuxCDABE:Pstm0277
wt, pPGEN-LuxCDABE:Pstm0279
wt, pPGEN-LuxCDABE:Pstm0280
wt, pPGEN-LuxCDABE:Pstm0284
wt, pPGEN-LuxCDABE:Pstm0289

Multiple strain backgrounds

wt, AssrAB, phoP::cm, slyA::kn, AompR, hfq::kn,
AgseC

wt, AssrAB, phoP::cm, slyA::kn, AompR, hfq::kn,
AqgseC

wt, AssrAB, phoP::cm, slyA::kn, AompR, hfq::kn,
AgseC

wt, AssrAB, phoP::cm, slyA::kn, AompR, hfq::kn,
AgseC

wt, AssrAB, phoP::cm, slyA::kn, AompR, hfq::kn,
AqseC

wt, AssrAB, phoP::cm, slyA::kn, AompR, hfq::kn,
AgseC

wt, ApmrA
wt

wt

Description

lambda red helper plasmid
lambda red template plasmid
lambda red template plasmid

lambda red curing plasmid
lambda red template plasmid

luciferase reporter plasmid
expression plasmid

integrative lacZ reporter plasmid

This study
This study
This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study
This study
This study
This study
This study

This study
This study
This study
This study

Datsenko (Wanner)
(12)
Datsenko (Wanner)
(12)
Datsenko (Wanner)
(12)
Datsenko (Wanner)
(12)
Uzzau (Bossi) (54)

Lane (Mobley) (28)
Coombes (Finlay)
(56)

Coombes (Finlay)
(10)
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Table A1.5: Primers used in this study.

Primer

Description

Lambda red mutagenesis primers

DTM 0011 F
DTM 0011 R
DTM 0012 F
DTM 0012 R
DTM_0005_F
DTM_0005 R
DTM_0057_F
DTM_0057 R

DTM 0081 F
DTM 0081 R
DTM_0082_F

DTM 0082 R
DTM_0083.1
F

DTM_0083_R
DTM 0084 F

DTM 0084 R
DTM_0096 F
DTM_0096 R
DTM_0097 F
DTM_0097 R
DTM_0098 F
DTM_0098 R
DTM_0099 F
DTM_0099 R
DTM_0100_F
DTM_0100 R
DTM 0107 F
DTM 0107 R
DTM 0159 F
DTM 0159 R
DTM 0160 _F
DTM 0160 R
DTM 0161 F
DTM 0161 R
DTM 0162 F
DTM 0162 R
DTM 0164 F
DTM 0164 R

STMO0272 F
STMO0272 R
STMO0285 F
STMO0285 R
pmrA F

pmrA R

STMO0291 F

STM0291 R

CDS STM0274A-STMO0278
EDS STM0274A-STMO0278
EDS STM0283-STM0284
EDS STM0283-STM0284
EDS STM0286-STM0288
EDS STM0286-STM0288
EDS STM0290-STM0298
EDS STM0290-STM0298
R

STMO0283 F
STM0283 R
STMO0284 F
STM0284 R
STMO0286 F
STM0286 R
STMO0287 F
STM0287 R
STMO0288 F
STM0288 R
SL4295 (hfq) forward
SL4295 (hfq) reverse
STMO0276 forward
STMO0276 reverse
STMO0277 forward
STMO0277 reverse
STMO0278 forward
STMO0278 reverse
STMO0290 forward
STM0290 reverse
STMO0292 forward
STM0292 reverse

Sequence

cctgtttcacgeagtgcegttgtatggaaaactggecggeccactattcegggtgtaggetggagetgctteg
gatctcaaaaacaatctgcetcatcaccattaacgeegatatcaatetgectcatatgaatatectectta
tttcttagtetgcettttttceccggegegegetggeagttgtgggegttctggtgtaggetggagetgetteg
cctecgecgggeaactgaagttetgecaacageteceggetgaccgggttaaacatatgaatatectectta
ctgattgttgaagacgacacgctattattacaggggttaatactcgeegtgtaggetggagetgctteg
ctcagtggcaaccageatgtagccaaacccgegaaccgtgegaatgegeatatgaatatectectta
tatgaagcagcccgtgtggatgatcctatctaccacaccagegegetegegtgtaggetggagetgetteg

tgcttcaacttccccattaattttctcgececttacagttatgttttctgeatatgaatatectectta
acaaaactgccgtcagtgaagcagggcaatgectgatatatattttgtgaGTGTAGGCTGGAGCTGCT
TCG

ccataaattcatcagagcaagagaacgtatgcttttaatatctttgaatt CATATGAATATCCTCCTTA
gggcgaaaaaccgtegggtggaaattetggtagtggagtgaatgaGTGTAGGCTGGAGCTGCTTC
gcagactaagaaatttttgcattatatttcgactcgccacccaataatcaatattCATATGAATATCCTCCT
tT(;/:gccgggagctgttgcagaacttcagttgcccggcgagggcgctgtaaGTGTAGGCTGGAGCTGC
;tZaca(c}cacagcacgtccagacacgataatttcatccggttttaacggtaCATATGAATATCCTCCTT
jttgccccccttctcacctctgagtgatctgaattaaacctggagttcthTGTAGGCTGGAGCTGCTT
CG

aatagacccgttttagttccatgcatttttaagattccggecagataacgCATATGAATATCCTCCTTA
aaatcaacctatgatgtgtctcatcattcggcagtatgtggegtgacggtgtaggetggagetgettcg
gggatactctattaatttatttatgataagttcagccgegegagaattcatatgaatatcetectta
ttggtgggtgttcctgecatttettatgegeacgattatgggtgtgctgtgtaggetggagetgctteg
ggataaagtaatataaccattaaatcttacagaacactcatcagcattcatatgaatatcctcctta
gcagtggtatcagceceggegatgttcggeaggetgeeggaccagegegtgtaggetggagetgctteg
ctgacctctatttttttcatccaccaaccgcagegeatccacataccgeatatgaatatectectta
gctgtagaggttctgtttatgtctgectgtgecaggaatgtteetgeecgtgtaggetggagetgctteg
tgtacaacgtatcattagcgecagcettctgatccegtacagactggttcatatgaatatccetectta
agactgacttttgacgggcaaaagctgacatggectggtatcgggatagtgtaggcetggagetgctteg
accattcgtttgctgaccagaaacatacttaacattaaccgtaaatgtcatatgaatatcctectta
caatctttacaagatccgttcctgaacgeattgegtcgggaacgtgttgtgtaggetggagetgctteg
catcacggtagcaacgegeaggggtetactgegcaacaggacagegaacatatgaatatectectta
atggcttatgacatttttttgaaaattgacggcattgatggcgagtcaatggtgtaggetggagetgctteg
aaaacaataaaaccagccagacataacatctggecggaaaaacagecegttacatatgaatatectectta
atgaacagaccttcattcaatgaagegtggttagcettttaggaaggtgaatgtgtaggctggagetgctteg
tcacggcagtatccacagtgtcccaacttcaggaacaaatggtccattatccatatgaatatcctectta
gtggatactgccgtgaaatggttaatattagttactttcagcataagtggagtgtaggctggagetgetteg
ttacttctcgacacgcecttttaattaattcatttaattcectgtcatggatcatatgaatatcctectta
atggatcgaccataccgcatacaggaagggtgttttgtcctgectgaaacagtgtaggetggagetgctteg
ttattcgtttttatccggetgaaagectgecagecaggtgttccagagtageatatgaatatectectta

cccatcaatccggagacgegetaceggtacgatgegetgggeaggegggtggtgtaggetggagetgetteg
ttaacatttatcatctcecttagagtcagagegatgeggatgttgtgggeccatatgaatateetectta
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DTM 0209 F  STM0293 forward
DTM_0209 R STMO0293 reverse

Complementation cloning primers
DTM_0158_F  STMO0272 xbal F
DTM 0158 R STMO0272 sall R

Lambda red epitope tagging primers
DTM 0036 F  STM0276 forward
DTM_0036_R  STMO0276 reverse
DTM 0037 F  STM0279 forward
DTM_0037_ R  STMO0279 reverse

DTM_0038 F  STM0289 forward
DTM_0038_R  STMO0289 reverse

DTM 0039 F  STM3131 forward

DTM 0039 R STM3131 reverse

Flag epitope cloning primers

DTM_0194_F STM0276 Ndel F
DTM_0194 R STM0276 Kpnl R
DTM_0195_F STMO0279 Ndel F
DTM 0196 F STM3131 Ndel F
DTM 0196 R STM3131 Kpnl R

PIVET cloning primers

DTM_0006_ F  P(STM3131) (Xhol) F
DTM_0006.1_

R P(STM3131) (EcoRI) R
DTM_0007_F  P(STMO0271) (Xhol) F
DTM_0007.1_

R P(STMO0271) (EcoRI) R
DTM_0008 F  P(STMO0272) (Xhol) F
DTM_0008.1_

R P(STMO0272) (EcoRI) R
DTM_0009_F P(pmrC) (Xhol) F
DTM_0009.1_

R P(pmrC) (EcoRI) R
DTM_0021_F P(pmrD) (Xhol) F

DTM_0022 R P(pmrD) (EcoRI) R

DTM 0052 F  P(STM0284) (Xhol) F
DTM_0052.1 _

R P(STMO0284) (Mfel) R
DTM 0171 F  P(STM0273) (Xhol) F

DTM 0171 R P(STM0273) (Mfel) R
DTM 0172 F  P(STM0276) (Xhol) F
DTM 0172 R P(STM0276) (Mfel) R
DTM 0173 F  P(STM0277) (Xhol) F

atgttaaattcaaatatgtctgaacttagaatcgaactggagaatgeggtgtaggctggagetgctteg

ttacttaatggttgagcatacaatcaaatcaccatgatcattttcacacatatgaatatcctectta

gctetagaggcggcagtaaatacgatgt
acgcgtegacttagatgaatttctgegegetat

geggeggeaccatcaccgeaggcetacgacttcaaggecaacaaagaaatt TATCCGTATGATGTTCC
tT(;Sa/:acaataaaaccagccagacataacatctggccggaaaaacagcchTATGAATATCCTCCTT
:c(g}gcggcaccatcaccgcaggctacgacttcaaggccaacaaagaaattTATCCGTATGATGTTCC
;(c}a/:aataataaatccggccagatataaatctggccggaaaaacagcchTATGAATATCCTCCTT
:c(g}gcacagccgtaaccgccgatgatattgccccccttctcacctctgagTATCCGTATGATGTTCCT
GA

ttectgtatgeggtatggtegatecatgagaactccaggtttaattcagaATATGAATATCCTCCTTAG
aggagtccagaacgtcagtatgggatctggegatgaaccagatagggaaal ATCCGTATGATGTTCC
TGA
ctcaaccaagagcctgtcgaatagecgegaccggaatggttggtgtcatcaATATGAATATCCTCCTTA
G

GGAATTCCATATGATGGCTTATGACATTTTTTTGAAAATTG
GGGGTACCAATTTCTTTGTTGGCCTTGAAG
GGAATTCCATATGATGTCTTATGACATTTTTCTGAAAATTG
GGAATTCCATATGGATGCGATTTTTTTAAAGCTCG
GGGGTACCTTTCCCTATCTGGTTCATCGC

ccgetegageggegtatggtttgcaacctgtg

ccggaattecggttacgcatccatgatttatctee
ccgetegageggggatctggtaatgecgaaga

ccggaattecggttaggeggcagtaaatacgatgt
ccgetegageggggcggcagtaaatacgatgt

ccggaattecggttagatctggtaatgccgaagaa
ccgetegageggcaatettcgeacgggttaat

ccggaattccggttacagecgagtttaacggtaggt
ccgetegagagacgtgaacctegetgaat
ccggaattcttacttaaccaaccattccatag

ccgetegagecgattaacgeaggattcat

ccgeaattgttacaacagacagaccattacct
ccgetegagtgatatcggegttaatggtg
ccgeaattgttagaatttctgcgegetattgtt
ccgetegagacgcaaccaatacctgette
ccgceaattgttaatcaatgecgtcaattttcaa

ccgetegaggctacgacttcaaggecaac
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DTM 0173 R
DTM 0174 F
DTM 0174 R
DTM 0175 F
DTM 0175 R
DTM 0176 F
DTM 0176 R

P(STM0277) (Mfel) R
P(STM0279) (Xhol) F
P(STM0279) (Mfel) R
P(STM0280) (Xhol) F
P(STMO0280) (Mfel) R
P(STMO0289) (Xhol) F
P(STMO0289) (Mfel) R

PGEN-LuxCDABE cloning primers

DTM_0072_F
DTM_0072 R
DTM_0073_F
DTM_0073 R
DTM_0074 F
DTM_0074 R
DTM_0075_F
DTM_0075 R
DTM_0076_F
DTM_0076 R
DTM_0077 F
DTM_0077 R
DTM_0078_F
DTM_0078 R
DTM_0079 F
DTM_0079 R
DTM_0080 F
DTM_0080 R

P(STM0271) (-) (BamHI)
P(STM0271) (-) (SnaBI)
P(STM0272) (+) (BamHI)
P(STMO0272) (+) (SnaBI)
P(STMO0284) (-) (BamHI)
P(STMO0284) (-) (SnaBI)
P(STMO0289) (-) (BamHI)
P(STMO0289) (-) (SnaBI)
P(STM0273) (-) (BamHI)
P(STMO0273) (-) (SnaBI)
P(STMO0276) (-) (BamHI)
P(STMO0276) (-) (SnaBI)
P(STM0277) (-) (BamHI)
P(STMO0277) (-) (SnaBI)
P(STM0279) (-) (BamHI)
P(STMO0279) (-) (SnaBI)
P(STMO0280) (-) (BamHI)
P(STMO0280) (-) (SnaBI)

ccgeaattgttagacggaatgattcaccttc
ccgetegaggggttgaaatataacggttcg
ccgeaattgttagtgcatggtggattcctgat
ccgetegaggctacgacttcaaggecaac
ccgceaattgttactgtgattcgaggtcaggt
ccgetegagttctggtcagcaaacgaatg

ccgeaattgttaccctcccataccggatttat

CGGGATCCggatctggtaatgccgaaga
gctTACGTAttaggcggcagtaaatacgatgt
CGGGATCCggcggcagtaaatacgatgt
gctTACGT Attagatctggtaatgccgaagaa
CGGGATCCccgattaacgcaggattcat
gctTACGT Attacaacagacagaccattacct
CGGGATCCttctggtcagcaaacgaatg
gctTACGT Attaccctcccataccggatttat
CGGGATCCtgatatcggcgttaatggtg
gctTACGT Attagaatttctgegegcetattgtt
CGGGATCCacgcaaccaatacctgcttc
gctTACGT Attaatcaatgccgtcaattttcaa
CGGGATCCgctacgacttcaaggccaac
gctTACGT Attagacggaatgattcaccttc
CGGGATCCgggttgaaatataacggttcg
gctTACGTAttagtgcatggtggattcctgat
CGGGATCCgctacgacttcaaggccaac
gctTACGT Attactgtgattcgaggtcaggt
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Figure A1.1. Diagram of the dual plasmid reporter and complementation system.

SsrA is provided in trans from a low copy plasmid, SstB is expressed from the
chromosome, which is activated by SsrA in response to extracellular signals and goes on
to activate downstream promoters including Psse4 which is cloned on to a second

plasmid as a transcriptional fusion with the luciferase operon /uxCDABE.
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Figure A1.1.
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Figure A1.2. SsrA-SsrB-dependent reporter activity in various media.

(A) SsrA-SsrB-dependent reporter activity in the defined rich media M9 and defined
minimal media LPM. Data are from cultures normalized to optical density and expressed
as a fold-change above reporter activity from an Assr4 mutant. Data are the means with
standard errors from three independent experiments. (B-C) Reporter activity at 4 hours is
decreased by approximately 50% by media supplementation at pH 7 or pH 4.25 but pH
response is unaffected. (D-E) Reporter activity of SsrA mutants are similarly affected at
pH 7 and pH 4.25 at times indicated. G = Glucose, M = Magnesium, P = Phosphate, N =
Sodium, C = Calcium. Data are the means with standard errors from three separate

experiments.
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Figure A1.2
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Figure A1.3. Conservation of SsrA platform and PDC-2-domains.

An overlay of sequence alignment information between SsrA and Salmonella orthologs
(blue) and non-Sal/monella orthologs (orange) for the platform domain. Structural
information is indicated above (a-helix:green, -sheet:yellow, ligand binding loops:grey).
Regions of high conservation only in Sa/monella are indicated with an asterisk. (C) An
overlay of sequence alignment information between SsrA and Salmonella orthologs
(blue) and non-Sal/monella orthologs (orange) for the membrane-proximal PDC 2 domain.
Structural information is indicated above (a-helix:green, (3-sheet:yellow, ligand binding
loops:grey). Regions of high conservation only in Salmonella are indicated with an

asterisk.
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Figure A1.3.
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Figure A1.4. SsrA H48 and H286 mutagenesis data.

Mutant reporter activity in LPM media for indicated double plasmid
complementation/reporter mutants. (A) H48 mutants at pH 4.25 and pH 7.00. (B) H286
mutants at pH 4.25 and pH 7.00. Reporter activity profiles over the range of pH 4.25 to
pH 7.00 with each mutant reading normalized to the pH 7.00 value. Data are from
cultures normalized to optical density. Data are the means with standard errors from three

separate experiments.

242



Ph.D. Thesis - D.T. Mulder; McMaster University - Biochemistry.

Figure Al1.4.
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Figure A1.5. Additional SsrA histidine mutagenesis data.

Mutant reporter activity in LPM media for indicated double plasmid
complementation/reporter mutants. (A) pH sensing histidine mutagenesis to arginine at
pH 4.25 and pH 7.00. (B) Histidine to phenylalanine mutants at pH 4.25 and pH 7.00. (C)
pH induction profiles for histidine to phenylalanine mutagenesis. Reporter activity
profiles over the range of pH 4.25 to pH 7.00 with each mutant reading normalized to the
pH 7.00 value. Data are from cultures normalized to optical density. Data are the means
with standard errors from three separate experiments. (D) H172 mutagenesis at pH 4.25
and pH 7.00. (E) pH induction profiles for H172 mutagenesis. Reporter activity profiles
over the range of pH 4.25 to pH 7.00 with each mutant reading normalized to the pH 7.00
value. Data are from cultures normalized to optical density. Data are the means with

standard errors from three separate experiments.
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Figure A1.5.
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Figure A1.6. Conservation of S. enterica SPI-2 T3SS and S. glossinidius SSR-3.

BlastP conservation scores are presented for S. enterica SPI-2 T3SS proteins compared to

S. glossinidius SSR-3 orthologs.
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Figure Al.6.
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Figure A1.7. Complementation of S. enterica ssrB with S. glossinidius SG1279.

Sodalis glossinidius SstB (SG1279) can complement for SsrB. Cloning of SG7280

(ortholog of ssr4) was not successful after many attempts and expression is likely toxic to

E. coli, requiring cloning under an inducible, silenced promoter.
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Figure A1.7.
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Figure A1.8. Alignment of S. bongori SPI-2 T6SS with those of Pseudomonas spp.

The S. bongori T6SS at SPI-2 strongly resembles a T6SS encoded within Pseudomonas.
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Figure A1.8.
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Figure A1.9. Ancestral T6SS associated genes in S. Typhimurium and S. bongori.

It was found that one of the T6SS-associated genes encoding an Acp ortholog is encoded

within both S. Typhimurium and S. bongori even though these organisms do not share a

common T6SS.
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Figure A1.9.
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Figure A1.10. Transcriptional activity of T6SS promoters in regulatory mutants.

Transcriptional activity of promoter fusions with a lacZ reporter. From experiments done

in triplicate. S. enterica SL1344 genotype as indicated.
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Figure A1.10.
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