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Abstract

Entropathogenic Escherichia coli (EPEC) is one of the major causes of death from
infantile diarrheal-related illness in children under 2 years old. EspC, is an
Extracellular Serine Protease Autotransporter (AT) belonging to the
Enterobacteriaceae (SPATE) superfamily that is highly immunogenic. It is
secreted via the type Va classical secretion system which relies on a C-terminal
transporter domain that forms a B-barrel in the outer membrane during
translocation before being cleaved to release the functional protease (passenger
domain). EspC can act as an Enterotoxin, Iron-binding protein and have a
cytopathic effect on the host cells. The complete mechanism of EspC secretion,
pathogenesis, interaction with the type III secretion system and the role of
accessory factors is not completely known. In this study, to better understand
the molecular pathway of EspC secretion, plasmids encoding full length native
EspC, or EspC fused to mCherry in the presence or absence of the B-barrel
transporter were inserted into putative AT secretion accessory factor mutants
(AproW, AslyB, AsapA, AybgC, AygjE and AabrB). To investigate the resultant
localization patterns, immunoblot analysis and fluorescent microscopy were
performed. It appears that the B-barrel transporter domain plays an important
role in the localization of the EspC secretion pattern since in its absence EspC-
mCherry was diffusely distributed, rather than organised at the poles of the
bacteria. Analysis of a mutant strain of MG1655 defective in SlyB (As/lyB) showed
clear morphological differences to the wild type strain. The AslyB mutant of
MG1655 did not produce any detectable EspC-mCherry when attached to the B-
barrel transporter and released more truncated EspC-mCherry compared to
parental E. coli MG1655. To rule out any pleotropic effects, the As/lyB mutant
was genetically complemented by introducing engineered plasmids encoding
either native SlyB, or a version of SlyB containing a His-tag. No significant
difference was observed in terms of EspC stability and secretion between the
mutated and complemented strains, casting doubt about a role of SlyB as an
accessory factor in EspC secretion.Pseudomonas aeruginosa is an opportunistic
pathogen, metabolically adaptable bacterium with diverse antibiotic resistance
mechanisms that can cause hospital-associated infections in
immunocompromised and cystic fibrosis (CF) patients. The PA0328
autotransporter was identified as a cell-surface tethered autotransporter with

arginine-specific aminopeptidase activity and named: arginine-specific
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autotransporter of P. aeruginosa (AaaA). Previous studies suggested the
dynamic spiral localization of EspC during secretion is shared by the
autotransporter AaaA. Here, the same investigative approach has been
employed to track AT secretion using a fluorescent tagging technology that relies
on a small tetracysteine motif (FIAsH) engineered into the AT rather than having
a fusion of the AT to the larger mCherry fluorescent protein, to see if this
affected the function of SlyB. To do this, immunoblot analysis and confocal
microscopy were performed on the parental MG1655 and As/yB mutant strains
producing either AaaA or EspC tagged with FIAsH. EspC and AaaA were identified
as large 173 kDa and 80 kDa proteins respectively and were distributed in a
similar pattern in both WT and AslyB MG1655 cells, irrespective of the presence
of the B-barrel transporter for both AaaA and EspC.

To investigate the regulation of AaaA, a transcriptional reporter was used that
incorporated the native promotor and compared it to one in which a potential
regulatory motif was mutated. Analysis of a range of backgrounds containing
these reporters revealed a complex network of regulation. The motif disrupted in
the aaaA promotor had a negative effect on aaaA expression independent of
RpoN. Observing bioluminescence from the reporters in PA14 Enhancer binding
protein (EBP) mutant backgrounds revealed that compared to the parent strain
background, Paaaa driven expression was significantly decreased in many mutants
when the motif was altered e.g. AphhR AfleQ, AntrC, AcbrB, AacoR and AdctD.
However, this was not always reflected in reduced AaaA activity e.g. AdctD
displayed more AaaA activity than the PA14 parental strain. Mutation of other
EBP encoding genes did not alter Paaaa driven expression e.g. AgscR and AalgB
mutants. Further studies using gRT-PCR and site-directed mutagenesis are
required to decipher the detail of the regulatory network controlling aaaA

function.

Whilst this study was not able to confirm the role of specific accessory factors in
AT secretion, significant findings were a further uncovering of the complex
nature of the regulation of one AT (P. aeruginosa AaaA), with specific
confirmation of the role of RpoN and a defined subset of EBPs that include MvaT
and MvaU.
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Chapter 1

1. Introduction

1.1 Secretion systems overview

Successful bacterial pathogens manipulate and actively interact with their host.
One of the main mechanisms that enable bacterial effective host-pathogen
interaction involves Specialised extracellular proteins with different biological
functions that include enabling motility, signalling, toxicity and alteration of host
cell molecular machineries for the advantage of the invader(1,2). Bacteria have
evolved diverse and highly sophisticated macromolecular nanomachines that
secrete different substrates to undertake these roles that go beyond proteins to
include DNA and small molecules. These substrates are essential for bacteria to
respond to their surrounding environment and highly valued as key survival
physiological mechanisms. Dependent on the type of secretion system, the
bacterial excreted substrates may have any of three possible destinations
beyond the cytoplasm where they are synthesized: an intracellular
compartment, the cell surface or the external milieu. Another possible fate is the

injection of substrates into target prokaryotic or eukaryotic cells(1,3,4).

The remainder of this introduction will focus on proteins produced by Gram
negative bacteria which have two membranes within the cell envelope. An inner
membrane (IM) that surrounds the cytoplasm, and an outer membrane (OM).
Between these is the periplasmic space (Figure 1.1). The most relevant system
to this study is the type V secretion system (T5SS), and the others are outlined

to provide the context of its current characterization.

1.2 Secretion across the inner cytoplasmic membrane of Gram-

negative bacteria

Two translocation machines have been identified for protein translocation from
the bacterial cytoplasm into or across the IM: the secretion (Sec) and the twin
arginine translocation (Tat) pathways. These two pathways are evolutionarily
conserved, and recognized in different domains of life (bacteria, archaea, and
eukarya). Most proteins transported by the Sec and Tat pathways will stay within
the IM or reside in the bacterial periplasm with a minority of proteins being

moved further into the OM or the extracellular space facilitated by other
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secretion systems. Sec and Tat pathways have different structures, mechanisms

of action and translocate a distinct set of proteins (2,3,5-7).

LPS
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Figure 1.1: The cell envelope of Gram-negative bacteria. The
Gram-negative cell envelope is composed of an OM that provides a barrier to the
extracellular environment, a periplasmic space which includes a thin layer of
peptidoglycan and an IM that divided the periplasmic space from the cytosol. The
OM involves lipopolysaccharides (LPS) and different outer membrane proteins
(OMPs), which have a unique -barrel structure. The IM consist of integral

membrane proteins as well as peripherally attached membrane proteins (8).
1.2.1 The Sec Secretion Pathway

The Sec pathway is mainly responsible for translocation of unfolded proteins (2).
Successful translocation by Sec requires a hydrophobic signal sequence at the N-
terminus region of the targeted secreted protein that is usually composed of 20
amino acids and possesses segments including a positively charged amino
terminal, a hydrophobic centre and polar carboxyl terminal (6). Based on the
targeted protein’s fate, signal sequences differ (6). For instance, in many Gram-
negative bacteria, proteins that are destined for the periplasm or extracellular

space have SecB-specific signal sequences (9). SecB acts like a chaperone,
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attaching to pre-secretory proteins and inhibiting protein folding(9). Substrates
are then delivered from SecB to the multifunctional protein SecA. The SecA
ATPase powers translocation through the SecYEG channel (10). Before substrate
translocation, a protease cuts off the signal sequence and the secreted protein is
folded in the periplasm from where it may be translocated to the extracellular

space by the Type II or Type V secretion systems(2,11).

Inner membrane proteins contain another form of Sec-dependent signal
sequence that is recognized by the signal recognition particle (SRP)(2). Such
substrate proteins usually have hydrophobic domains and are not fully stable in
the cytoplasmic environment(2). SRP-dependent preproteins translocate through
the membrane co-translationally directly from the ribosome attached
state(3,12). SRP particles are composed of 4.5S RNA attached to a protein called
Ffh(12). At first, SRP releases from ribosome and binds the transmembrane
domain of proteins(13). SRP then attaches to the docking protein FtsY, which
facilitates delivery of the ribosome-protein complex to the SecYEG translocation
channel(6). Translation of the target protein will provide driving force and energy
requirement of developing protein through the channel(2,14). Finally, the
transmembrane domain of the protein will pass through the channel and remain
attached to the IM (Figure 1.2)(14).

1.2.2 The Twin-Arginine translocation (Tat) Pathway

The Tat secretion pathway is another inner membrane protein translocation
system in bacteria and Archaea (Figure 1.3). Tat is mainly responsible for export
of proteins in their complete folded conformation (7). This secretion pathway is
important because some proteins undergo post-translational modification in the
cytoplasm(2). These modification elements such as redox factors are not
available in the periplasm and extracellular space and therefore, the folding
process and modification need to occur in the cytoplasm before

translocation(15).
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Figure 1.2: Overview of inner membrane Sec pathways secretion
systems. (2). In bacteria, the Sec pathway transports unfolded proteins across
the cytoplasmic membrane with two different specific SecB (A) and SRP (B)
signal sequences based on target protein destination. In bacteria, the Sec
pathway translocates unfolded proteins across the cytoplasmic membrane.
Proteins secreted by this pathway may either become embedded in the inner
membrane or will be released into the periplasm. In Gram-negative organisms,
these periplasmic proteins may be released extracellularly with the help of
another secretion system. (A) Proteins destined for the periplasm (or
extracellular release) are translocated by a posttranslational mechanism and
contain a removable signal sequence recognized by the SecB protein. SecB binds
presecretory proteins and inhibits folding while also delivering its substrates to
SecA. SecA both leads proteins to the SecYEG channel and act as the ATPase
that provides the energy source for protein translocation. Following transport

through the SecYEG channel, proteins are folded in the periplasm. (B) The Sec
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pathway utilizes a cotranslational mechanism of export to secrete proteins
destined for the inner membrane. These proteins include a signal sequence
identified by the signal recognition particle (SRP). During translation, the SRP
binds target proteins as they release from the ribosome and attracts the docking
protein FtsY. FtsY delivers the ribosome-protein complex to the SecYEG channel,
which translocates the nascent protein across the cytoplasmic membrane. During
translocation across the channel, the transmembrane domain can escape
through the side of the channel into the membrane, where the protein remains
attached.

The Tat translocation pathway is composed of 2 or 3 subunits TatA, TatB, and
TatC combined in a multi-functional protein structure(16,17). In Gram-positive
bacteria, TatA and TatB form the complex while in E. coli; TatB and TatC first
attach to the specific signal peptide of Tat-targeted proteins, and then bind to
another subunit TatA that ultimately forms the membrane channel complex(18).
The specific Tat signal sequence has a unique pair of “twin” arginines in the motif
S-R-R at the N-terminus of the target folded protein(18). The destination of
most proteins translocated by the Tat secretion pathway in Gram-positive
bacteria is the extracellular space, while in Gram-negative bacteria substrates
can either remain in the periplasmic space or be translocated outside of the cell
facilitated by the Type II Secretion System(2). In pathogenic bacteria such as
Pseudomonas aeruginosa, Yersinia pseudotuberculosis and E. coli 0157:H7, the
Tat secretion pathway is essential for full clinical manifestation in animal
infection models(19-21). For instance, Phospholipase C is a typical example of
Tat-secreted protein virulence factor that helps bacteria evade the immune
system and promotes intracellular competency(19,22,23). Phospholipase C is a
protease that hydrolyses phospholipids in host cells. Phospholipase C is produced
by pathogenic bacteria such as P. aeruginosa, Legionella pneumophila and

Mycobacterium tuberculosis(24).

E. coli produces different Tat-targeted proteins that their main function identified
as cofactor with enzymatic activity(25). The trimethylamine Noxide (TMAO)
reductase (TorA) is found in E. coli classified as Tat-targeted enzyme that binds
bis-molybdopterin guanine dinucleotide (MGD) as its single cofactor(25). (TorA)
as Tat signal peptide can facilitate protein export and act as a binding site for the
TorD biosynthetic chaperone(25). TorD involves in cofactor loading, Tat

proofreading function and inhibits premature targeting of TorA(25).
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Figure 1.3: Overview of inner membrane Tat pathways secretion

systems. This pathway is composed of 2-3 subunits (TatA, TatB, and TatC). In
Gram-positive bacteria, TatB and TatC bind a specific N-terminal signal peptide
including a “twin” arginine motif on folded Tat secretion substrates. TatB and
TatC then attract TatA to the cytoplasmic membrane, where it forms a
multifunctional channel. Secretion of Folded proteins across the channel follows.
In Gram-negative bacteria, these proteins may stay in the periplasm, or can be
exported out of the cell by the T2S55(2).

1.3 Protein secretion systems beyond the IM of Gram-negative

bacteria

Some Gram-negative bacteria have Sec- or Tat dependent two-step pathways or
independent one step protein secretion pathways. In Sec- or Tat dependent
secretion pathways, proteins are first translocated to the periplasm by the Sec or
Tat secretion systems as described in previous sections, and then delivered to
extracellular environment or injected into host target cells through a second

translocation system.

In Sec- or Tat independent secretion pathways, target proteins are translocated
by specific channels that stretched across both the inner and outer bacterial
membranes of bacteria. The specialized secretion systems in Gram-negative
bacteria are numbered Type I through Type VI, and each one of these systems
secretes a specific subset of proteins(2,3,26,27). These secretion systems are
different from each other in their complexity, structural design and mechanism
of secretion (Figure 1.4)(28-31).
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Figure 1.4: Overview of Secretion systems in Gram-negative
bacteria. (2) Virulence proteins in Gram-negative bacteria pass through
different layers of phospholipid membranes facilitated by specific protein
translocation pathways. Some virulence proteins are released by a two-step,
Sec- or Tat-dependent mechanism. These proteins cross the inner membrane
with the help of either the Sec or Tat translocation pathways and are then
secreted across the outer membrane using a second secretion system. The
T2SSs and T5SSs secrete proteins in these conditions. For Folded substrates,
successful translocation though inner membrane and into the periplasm will
occur first, and then the target protein will be delivered to the T2SS. By contrast,
autotransporters of the T5SS must be in unfolded state before outer membrane
translocation will happen and therefore substrates first translocated across the
inner membrane by the Sec pathway. Moreover, several Gram-negative protein
secretion systems transport their substrates across both bacterial membranes in
a one-step, Sec- or Tat-independent process. These are composed of the T1SSs,
T3SSs, T4SSs, and T6SSs. All these pathways include periplasm-spanning
channels and translocate proteins from the cytoplasm to the outside the cell,
although, their protein secretion pathways are different. Three of these secretion
systems, the T3SS, T4SS, and T6SS can also secrete proteins across an
additional host cell membrane, delivering translocated target proteins directly to
the cytosol of a host cell. Also present, but not shown are: The extracellular
nucleation-precipitation (ENP) pathway or Type VIII secretion system (T8SS) is
found in Gram-negative Enterobacteriaceae mainly among Salmonella spp for
the secretion and aggregation of prepilins for fimbiae biosynthesis including the
prototypical amyloid fibers (curli) that play an important role in biofilm. The
T8SS, found in the outer membrane includes three protein components that help

curli fibers aggregation in the extracellular space(32). In addition, the newly
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identified type IX secretion system (T9SS) is a complex translocon found only in
some species of the Bacteroidetes phylum. This secretion system plays an
important role in gliding motility for commensal microorganism and can also act
as a virulence factor across the outer membrane (OM) in pathogenic bacteria. In
recent studies, major essential genes of this secretion system were
identified(33).

1.3.1 The Type I Secretion System

Type I secretion systems (T1SSs) have been identified in diverse group of Gram-
negative bacteria that cause infections in animals and plants(2,34). The main
features of this secretion pathway are the one-step translocation process and
incorporate a large assembly of proteins incorporating ATP-binding cassette
(ABC) transporters. T1SSs translocate antibiotics and toxins to the extracellular
environment(35). To do so, this secretion system stretches from the inner to
outer membrane(2). Some bacteria may possess multiple T1SSs, each of one of
them allocated for translocation of one or a few unfolded substrates(36). In
terms of function, these substrates have different roles such as proteases and
lipases(2). In addition, adhesins, heme-binding proteins, and proteins with
repeats-in-toxin (RTX) motifs are translocated by this secretion pathway(2,34).
T1SS substrates are typically Sec-independent and usually have an uncleaved C-

terminal signal sequence (2,34)

T1SSs have three main structural elements: an ABC transporter protein in the
inner membrane, a membrane fusion protein (MFP) that passes through the
inner membrane and creates a channel to the outer membrane factor (OMF)
(34). The ABC transporter hydrolyses ATP to obtain the energy for substrate
translocation, MFP interaction and substrate identification(37). The N-terminus
of the MFP is located in cytoplasm and plays an important role in substrate
selection(38,39) After substrate selection, OMF creates a pore in the outer
membrane that facilitates unfolded state substrate translocation(36). In T1SSs,
the multifunctional protein TolC is usually used instead of OMF, and is not only

involved in pore formation but also in helping substrate translocation (2,36,39)
1.3.2 The Type II Secretion System

Type II secretion systems (T2SSs) are identified and reported in most of Gram-

negative bacteria. This secretion system is composed of a channel located in
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outer membrane and their primary role is translocation of folded proteins from
the periplasm to the outer milieu after successful secretion of substrate protein
by Sec or Tat translocation pathways as described in previous sections(40,41).
Type II secretion system substrates must contain a Sec- or Tat-type separable
specific signal sequence at their N termini region and are in a periplasmic folded
state before translocation through the outer membrane channel(2,40).Diversity
and specificity among substrate proteins translocated by Type II secretion
system to extracellular environment have been recognized(2,40). In some
groups of bacteria, T2SS is essential for the translocation of different substrates,
while for others, it is only required for single protein export(42). Proteases,
lipases, and phosphatases are among the most important biological enzymes

that are secreted by this system (2,40).

T2SSs are composed of 15 different proteins, which can classified into 4 sub-
functional units including the outer-membrane complex, the inner-membrane
platform, the secretion ATPase, and the pseudopilus(40). As the name implies,
the outer-membrane complex situated in the outer membrane, where it acts as
the channel gate through which folded periplasmic T2SS substrates are
secreted(43). This channel consists of a multimeric protein called the secretin.
The secretin has an extended N- terminal region in its structure that stretches
the whole periplasm and connects with different T2SS proteins in the inner
membrane(43). The inner membrane platform, which is comprised of different
copies of at least 4 proteins, is situated in the inner membrane and reaches into
the periplasm(40). This platform plays an important role in the translocation
process, by connecting with the secretin, pseudopilus, and the ATPase to
regulate and manage substrate secretion(40). The ATPase unit provides the
energy of the system and is situated in the cytoplasm(2). In terms of evolution
and structure, the T2SS pseudopilus bears anatomical resemblance to proteins
that shape type IV pili on bacterial cell surfaces(44). The piston secretion model
suggests that these pseudopili pull back in order to facilitate T2SS folded
substrate translocation through the outer membrane channel(40,45,46). To do
so, “secretion-competent” proteins in the periplasm first join the periplasmic
domain of the secretin that ultimately trigger the cytoplasmic ATPase to initiate
retraction of the T2SS pseudopili that gives the substrate energy and mobility to

pass through the secretin channel(2).
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Different pathogenic bacteria utilize T2SSs for their virulence factor transport to
extracellular environment(2). Common examples of virulence protein substrates
are toxins such as cholera toxin of V. cholera that causes watery diarrhea and
exotoxin A of P. aeruginosa that inhibits protein synthesis in host cells(47,48).
Other pathogenic bacteria like Legionella pneumophila, enterotoxigenic and
enterohemorrhagic E. coli (ETEC and EHEC), K. pneumonia, Aeromonas
hydrophila and Dickeya dadantii translocate vital enzymes for environmental

adaptability with their host cells and enhance evolution competency(49-55).

1.3.3 The Type III Secretion System

Type III secretion systems (T3SSs) also known as injectisomes are an export
mechanism found in diverse groups of Gram-negative bacterial pathogens to
secrete target virulence substrates (effector proteins) directly into the eukaryotic
host cell. The T3SS substrates pass through inner and outer bacterial membrane
in one step process in order to evade the immune system(2,3). In pathogens
such as Pseudomonas and Yersinia only a handful of effector proteins are
translocated by this needle and syringe like complex, while in other bacteria like
Shigella and EHEC many different substrates are secreted in this manner(2). N-
termini region of T3SS substrates contain inseparable Secretion signals(2). Some
of the effector proteins are equipped with specific chaperones that lead the
substrate toward the T3SS base segment for translocation in an unfolded state
and ATP-dependent manner(2). Type 3 secretion systems (T3SSs) are a key
integral part of two sophisticated bacterial machineries: the flagellum, which
facilitate cell motility, and the non-flagellar T3SS (NF-T3SS), which translocates
effectors into eukaryotic cells(56). Phylogenomic and comparative analyses
suggested that flagellum was primordial and first evolved to transport
extracellular flagellar components. Variants of the flagellar T3SS have also been
identified that transport virulence factors in Campylobacter jejuni and Y.
enterocolitica(56). The NF-T3SS protein delivery function arose from part of

flagellum structure(56).

The T3SS is composed of 9 conserved core proteins and around 20 essential
functional proteins(57,58). The structural elements of this secretion system are
commonly encoded in operons located in pathogenicity islands of the bacterial
chromosome or on plasmids and bacteria obtain T3SS through horizontal gene
transfer(2,59). The secretion pathway found in Shigella is very similar to its
evolutionary distinct species Salmonella and different to E. coli pathotypes EHEC
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and EPEC(59-61). The T3SS can be classified into three main elements: base
complex or basal body, the needle component, and the translocon(57,62). The
base complex contains 15 proteins in cytoplasmic compartments or stretched
through the entire inner and outer membrane with different central rod
rings(62,63). The needle section is a filamentous structure with a wide hollow
inside the core that spans through the secretin into the extracellular
environment. T3SSs translocate unfolded effector substrates(57,58,63). The
T3SS tip complex is situated at the top of the needle, and is essential for host
sensing, interaction and effector substrate regulation(64,65). Moreover, it is vital
for injection of the translocon into host cell membranes(65,66). The T3SS
translocon acts as a bridge and forms a pore structure between effector proteins
and host cell membrane(66-68). The Translocon is assembled after the T3SS
apparatus binds to host cells(66). A two-step secretion model is also proposed
for the T3SS by which effector substrates and translocon elements are first
secreted and remain in structures like lipid vesicles before host cell
attachment(69). After host cell connection, the needle may facilitate pore
formation by sensing the translocon and tip proteins that ultimately release the

effector proteins(70).

T3SS effectors share similar strategies to target host cell functions and key
cellular pathways(71). During infection, these effectors may also cause
antagonistic effects on regulatory pathways(71). These diverse strategies include
targeting of the host cell cytoskeleton in Shigella and Salmonella(71). Another
strategy is targeting of host cell trafficking pathways to regulate host cell surface
receptors, immunomodulatory molecules, and bacterial persistence in Shigella,
Salmonella, and EPEC/EHEC(71). Disruption of epithelium integrity can be
caused by T3SS effectors targeting the cytoskeleton and host cell trafficking(71).
In addition, T3SS-expressing enterobacteria can target host cell death/survival
pathways and modulate critical NF-kB and MAPK signaling cascades to regulate

host inflammatory signals(71).

1.3.4 The Type IV Secretion System

Type IV secretion systems (T4SSs) in terms of evolution and structure is very
similar to the bacterial DNA conjugation systems (2,72). This secretion pathway
is mainly found in Gram-negative bacteria and can translocate a diverse group of
substrates such as single proteins, protein-protein and DNA-protein complexes
through inner and outer membranes and inject them into another bacterial or
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eukaryotic cells(72). Like T3SSs, this secretion system can also stretch into host

cell membranes, enabling secretion of substrates into target cells(2).

One example T4SS multiprotein complex is the VirB/D system of Agrobacterium
tumefaciens that translocate oncogenic T-DNA into plant cells(73).This
secretion pathway is composed of 12 proteins, entitled VirB1-VirB11l and
VirD4(74). Most of these protein subunits are embedded in membrane and
actively interact with each other(74). The VirB6-10 proteins span from inner to
outer membranes and create translocation channel(74). VirB4, VirB11, and VirD4
are found in the inner base membrane and provide the energy requirement by
ATP hydrolysis (75). VirD4 also acts as a chaperone protein, binding substrates
before translocation through the channel(74,75). Major VirB2 and minor VirB5
subunits form the extracellular pilus (74). The role of the T4SS pilus in the
secretion process is still unknown. It seems like that the pilus is vital for

bacterial host attachment or acts as a channel for protein secretion(74,76).

1.3.5 The Type VI Secretion System

Type VI secretion systems (T6SSs) are conserved in most of Gram-negative
bacteria to translocate effector proteins into prokaryotic (contact dependent
manner) and eukaryotic cells(77,78). Our understanding about structure and
function of this secretion system is still limited and it seems like this pathway is
designed for bacterial cell-to-cell communication and adaptive interaction with
their surrounding environment(2,78,79), or competing with rival bacteria for

environmental host colonization(79-81).

In terms of structure, T6SSs are complex and comprise a large apparatus
composed of 21 proteins that include 13 structural conserved proteins which
resembles Phage tails(78). One study suggested that T6SSs might be derived
from inverted phage tails that secrete target effector proteins outside of the
bacterial cell(81). In addition to identified T6SS effector proteins, it has been
suggested that some structural compartments of the T65SS complex may also act
as effector proteins. These effectors have many different shapes and diverse
functions. Most of them involved against the bacterial cell wall and membrane,
which contributes a role for this secretion apparatus in enhancing interspecies
bacterial competition (78,79). The T6SS effector proteins are encoded near a
gene that confers immunity and protection to the producing bacterium, therefore

preventing self-destruction from toxins(78).
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T6SSs provide a diverse modular toolkit to deliver anti-eukaryotic and
antibacterial toxic effectors directly into target cells(82). T6SS effectors can be
grouped into peptidoglycan hydrolyzing effectors with amidase or muraminidase
activity such as the Tae superfamily (type VI amidase effector) that cleaves
peptidoglycan within cross-links(82). Another broad superfamily of T6SS
effectors includes the cell wall effector Tge (type VI glycoside hydrolase effector)
which splits open the glycoside bond between MurNAc and GIcNAc by conserved

catalytic glutamate residue(82).

DNase Nucleic acids are another set of T6SS effectors that include toxin domains
of the HNH (histidine, asparagine, histidine)-endonuclease superfamily such as
Hcp-fused effectors of E. coli and the PAAR-containing P. aeruginosa effector
Tse7(82).

Pore-forming toxins such as VasX from V. cholerae, phospholipases, and
effectors such as P. aeruginosa Tse6 which manipulates the energy balance are

other groups of proteins released by this secretion system(82).

1.3.6 Type V Secretion System

The type V secretion system (T5SS) appears at first sight to be the simplest
mechanism of secretion and most of the protein substrate members of this
diverse group are virulence factors for pathogenic bacteria(2). Previously
discussed bacterial secretion systems were multi-subunit and their unique
translocation mechanism designed in the way for crossing over the membranes
by complex channel-like Nano-machines. By contrast, T5SS effector proteins
appear peculiar as mainly consist of one polypeptide chain containing a
characteristic B-barrel domain specialized for channel formation and insertion in
bacterial outer membranes to effect successful translocation of the remaining
part of secreted protein or a separately encoded protein(28,83). Type V
secretion systems are much smaller in size and only found among the Gram-
negatives(30). As secretion in T5SS happens in outer membrane, effector
substrate must first pass through inner membrane in an unfolded condition by
the Sec pathway. Their N-terminal Sec sighal sequence is then cleaved off during
translocation(2,84). The energy source for Type V secretion systems is not
completely clear and there is no ATPase as a driving force or ATP source in the

periplasm or OM(85,86). Effector Proteins of the Type V secretion system also
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known as autotransporters (ATs) due to the potential self-sufficient nature of

secretion(87).

Type V secretion is divided into subgroups based on their structure, domain
arrangements and function of the passenger domains(87): type Va through type
Ve, and recently identified type Vf (Figure 1.5)(88).

Va Vb Vc \Vd

Vf (?)

Figure 1.5: Schematic of type V secretion system subgroups
based on their topology and transport domain. B-barrels and
Polypeptide-transport-associated (POTRA) domains for recognition of its
corresponding passenger TpsA are shown in blue, linkers and TPS domains in
green, and passengers in orange. The periplasmic extension of type Ve proteins
are in purple. The positions of the N- and C-termini are indicated. Type Vf is not
fully understood as part of the type V secretion scheme; this is shown by the

question mark(87).
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Table 1.1.

Diverse functions of type V

passenger domains(87).

secretion system

Function Mode of action Example AT-Type Reference
Enzyme SPATE Protease EspC Type Va Stein et al.,
Group | (Escherichia coli) 1996
Enzyme SPATE Protease EspP Type Va Roman-
Group | (Escherichia coli) Hernandez et
al., 2014
Enzyme SPATE Protease Hbp Type Va Soprova et
Group Il (Escherichia coli) al., 2010
Enzyme SPATE Protease Pic Type Va | Abreuetal,
Group Il (Escherichia coli) 2016
Enzyme SPATE-like IgA protease Type Va | Diebel et al.,
(N. gonorrhoeae) 2004
Enzyme Non-SPATE NalP protease Type Va | Arenasetal,,
(N. meningitidis) 2013
Enzyme Non-SPATE Sspl and Ssp2 Type Va | Ohnishi et al.,
(Serratia marcescens) 2001
Kida et
al.,2008
Enzyme Non-SPATE LepA Type Vb | Ohnishi and
(P. aeruginosa) Horinouchi,
2009
Enzyme Lipase/esterase EstA Type Va Wilhelm et
(P. aeruginosa) al., 2007
Enzyme Lipase/esterase McaP TypeVa | Timpeetal,
(M.catarrhalis) 2003
Lipski et
al.,2007
Enzyme Lipase/esterase EstA Type Va | Riedeletal.,
(S. liquefaciens) 2003
Enzyme Lipase/esterase ApeE Type Va Carinato et
(S. typhimurium) al., 1998
Enzyme Lipase/esterase PlpD Type Vd | Salacha et al.,
( P.aeruginosa) 2010
da Mata
Madeira et
al., 2016
Enzyme Lipase/esterase FplA Type Vd | Casasanta et
Fusobacterium al., 2017
nucleatum
CDI Growth inhibition of CdiB-CdiA Type Vb | Dineretal,
competing bacteria Enterobacteriaceae 2012
CDI Growth inhibition of BcpA/B Type Vb | Garcia et al.,
competing bacteria B. pseudomallei 2013
Metabolism Alteration of host BadA Type Vb Riess et al.,
cell processes Bartonella henselae 2004
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Metabolism Alteration of host InvD Type Ve | Sadanaetal,,
cell processes Y. pseudotuberculosis 2018
Immune Circumventing host IgA protease Type Va | Zinchenko et
Evasion immune response (Escherichia coli) al., 2018
Function Mode of action Example AT-Type Reference
Immune Circumventing host EtpA Type Vb Roy et al.,
Evasion immune response (Escherichia coli) 2009
Immune Circumventing host YadA Type Vc Schindler et
Evasion immune response (Yersinia spp.) al., 2012
Immune Circumventing host Eib Type Vc Leo and
Evasion immune response (Escherichia coli) Goldman,
2009;
Leo et al.,
2011
Cyto- | s VacA Type Va Cover and
/Hemolysis (Helicobacterpylori) Blanke, 2005
Cyto- | e ShIA Type Vb | Reboud et al.,
/Hemolysis (Serratia marcescens) 2017
Cyto- | e ExIA Type Vb Yang and
/Hemolysis (P. aeruginosa) Braun, 2000
Adhesin Adhesion to AIDA-| Type Va Laarmann
surfaces/receptors (Escherichia coli) and Schmidt,
2003;
Adhesin Adhesion to EhaA Type Va | Charbonneau
surfaces/receptors (Escherichia coli) et al., 2006
Adhesin Adhesion to Pertactin Type Va Arico et al.,
surfaces/receptors (Bordetella pertussis) 1993
Adhesin Adhesion to FHA Type Vb | Serraetal,
surfaces/receptors (Bordetella pertussis) 2011
Adhesin Adhesion to HMW1/2 Type Vb | Buscher et al.,
surfaces/receptors (H. influenzae) 2006
Adhesin Adhesion to YadA Type Vc | Terttietal.,
surfaces/receptors (Yersinia spp.) 1992;
Mihlenkamp
et al.,2017
Adhesin Adhesion to Eib Type Vc Leo and
surfaces/receptors (Escherichia coli) Goldman,
2009
Adhesin Adhesion to Intimin Type Ve | Kennyetal.,
surfaces/receptors (Escherichia coli) 1997
Adhesin Adhesion to InvA Type Ve | Isbergetal.,
surfaces/receptors (Yersinia spp.) 2000
Adhesin Auto-Agglutination Ag43 Type Va Sherlock et
and biofilm (Escherichia coli) al., 2006
formation
Adhesin Auto-Agglutination FHA Type Vb | Serraetal,
and biofilm (Bordetella pertussis) 2011
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formation
Adhesin Auto-Agglutination EtpA Type Vb Roy et al.,
and biofilm (Escherichia coli) 2009
formation
Function Mode of action Example AT-Type Reference
Adhesin Auto-Agglutination YadA Type Vc | Trunketal.,
and biofilm (Y.enterocolitica) 2018
formation
Adhesin Auto-Agglutination Eib Type Vc Leo and
and biofilm (Escherichia coli) Goldman,
formation 2009
Intracellular Activation of actin IcsA Type Va | Goldberg and
motility polymerases (Shigella flexneri) Theriot, 1995
Intracellular Activation of actin YapV Type Va | Besingietal.,
motility polymerases (Yersinia spp.) 2013
Intracellular Activation of actin BimA Type Vc | Benantietal,,
motility polymerases (Burkholderia spp.) 2015

1.4 Classical Autotransporters (Type Va) biogenesis

Autotransporters are a family of secreted proteins with a conserved sequence
that forms a domain that generates a B -barrel in the outer membrane to aid
secretion(89). Originally this was proposed to undertake the role of secretion on
its own, but now it is becoming clear that other proteins are probably also
involved, but it is not clear how the whole mechanism functions(89). Type Va
autotransporters are also known as classical ATs, and the family has been
extensively reviewed in recent years(87). According to evolution biology, it
appears that all members of the AT family known so far originated from
speciation and late gene bacterial duplication events and to a lesser extent
horizontal gene transfer (90,91). The complete mechanism of translocation in
this superfamily of proteins is not fully elucidated, and the term
“Autotransporter” remains debatable as more components of the pathway are
identified. In recent years, diverse groups of periplasmic chaperones and outer
membrane proteins have been identified that might associate with this
translocation process(30). However, unlike the type I to IV secretion systems, it
was first argued, as the name implies, that Autotransporter system requires no
energy or accessory protein for substrate translocation. Instead it was postulated

that secretion was due to the covalently bound B- barrel domain(92).

After the identification of first Autotransporter IgA1l protease in N. gonorrhoeae

that targets human antibodies, similar functional virulence proteins have been
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found in other Gram negative bacteria such as EstA, a lipase from Pseudomonas
aeruginosa (93,94). In all of the Autotransporter proteins, the basic structure is
the same and comprises 3-4 important domains including signal sequence,
passenger domain, linker domain and the translocation unit (Figure 1.6)(95).
ATs are first translated in the cytosol where the polypeptide chain remains in an
unfolded state facilitated by chaperones, and is translocated across the inner
membrane (IM) into the periplasm by the SecYEG translocon(13,96). The signal
sequence or leader sequence located in the N-terminal region of the
Autotransporter proteins enables target protein substrates to find their way to
the inner membrane via recognition by SecB and sometimes alternative SRP
pathway, which allow translocation of the preprotein by targeting the ribosome-
SRP complex directly to the translocon(6,97,98). The passenger domain (also
called a domain or N-domain), carries the functional unit of the
autotransporter(99,100). There are numerous examples of AT passenger
domains with a protease activity. Classical AT proteases are divided into three
groups: SPATE (serine protease autotransporters of Enterobacteriaceae), SPATE-
like, and non-SPATE proteases(90,101). Classical ATs can have other functions
as well e.g. adhesin factor in diffuse adherence (AIDA)-1 from E.coli, Pertactin
from Bordetella pertussis and extracellular virulence factors such as lipases,
serum resistance factors and cytotoxins(3,30,94). A B- domain or helper domain
is located at the C-Terminal of Autotransporters(100,102). This domain forms a
12-stranded B barrel while located in outer membrane, and the main function of
this domain is channel formation and translocation of the N-terminal passenger
domain to the extracellular space(99,103,104). Sometimes the passenger
domain is cleaved off after OM translocation(105-107), and this may be
mediated by the passenger domain of the AT e.g. the passenger domains of
the H. influenzae Hap and B. pertussis SphB1l proteins are cleaved in an
intermolecular autocatalytic manner by an internal endogenous serine
protease(108,109), or sometimes by a separate protease e.g. Shigella IcsA
protein is cleaved by a dedicated accessory protease of the omptin family called
IcsP(110,111). In addition, the passenger domains of different N.
meningitidis ATs including App, Aus I, MspA and the IgA protease are cleaved by
NalP, which encodes a serine protease(3,112). By contrast, the SPATE proteins
are not processed by their internal endogenous serine protease activities.
Instead, the unique cleavage step of passenger or functional domains in these

proteins occurs inside the pore generated by the B domain(3,112).
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Figure 1.6: Different characteristic domains of Autotransporter

proteins, and their function for secretion. (113)

In the periplasm, ATs stay unfolded, and are protected from aggregation by
periplasmic chaperones like SurA, Skp and DegP(114-118). Insertion and
integration of the B-barrel domain into the OM is mediated by the B-barrel
assembly machinery (BAM) complex(30,119). The BAM complex in E.coli is
composed of BamA and four additional helper proteins (BamB to BamE)(120).
This complex integrates most integral OM B-barrel proteins into the OM(121) .
An additional segment in subgroups of autotransporters, called the
Intramolecular chaperone domain (also known as the autochaperone domain)
was identified in recent years located between the C-terminal of the passenger
domain and the linker region(94,122,123). This domain mainly influences proper
folding of passenger functional domain of the autotransporter during and after
secretion across the outer membrane(94,122,123). Once the AT passenger
domain has reached the channel in the outer membrane, the linker domain will

support translocation of the passenger domain to the extracellular space(28).

1.5 The diverse models proposed to explain AT Passenger

secretion

Autotransporter secretion to the bacterial cell surface depends on the AT subtype
(Figure 1.5) (30,88). One reasonable suggestion hypothesises that ATs provide

energy from innate folding to drive secretion. Another explanation proposes a
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Brownian ratchet model is once the export has occurred, the passenger domain
cannot return back into the periplasm, and therefore the passenger is pushed
into extracellular space where it folds(94,124). As an alternative, the presence of
asymmetric charge within the passenger domain structure was also suggested as

an effective energy provision for this secretion system(125).
1.5.1 Passenger hairpin Secretion Pathway (Type Va)

In this proposed secretion pathway (Figure 1.7), the AT passenger domain is
translocated by a C-terminus-first mechanism, and a hairpin-loop is shaped in
this region of the passenger domain in the internal section of the B-barrel. This is
followed by a continuous folding process of the functional domain on the cell

surface, initiating from the C-terminus region(126-129).

outside

periplasm

Figure 1.7: Type Va autotransporter hairpin model.(30) The
autotransporter polypeptide is passed through the inner membrane (IM) by the
general Sec pathway. Signal peptide extensions (in yellow) are not detached
from Sec machine after successful translocation of autotransporter functional
units to the periplasmic space regulate Sec translocon movement. In the
periplasmic space, chaperone proteins such as Skp (orange), FkpA (red) and
SurA (in blue) and DegP (in blue) attach to the autotransporter and keep the

substrate in a competent unfolded state. The chaperone DegP acts as a protease
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and quality control assessor. The signal peptide is cleaved by signal peptidase
(not shown), presenting the functional parts to the periplasm. The C-terminal
membrane anchor (in brown) is identified by the POTRA (P) domains of BamA (in
purple); the Bam complex facilitates binding of the B-barrel membrane anchor
into the outer membrane (OM). The linker region (light green) produces a
hairpin structure within the channel. The passenger domain (dark green) covers
the hole surrounding the passenger domain. Translocation energy may be
provided by passenger domain folding. After successful translocation, the linker
domain that is composed of an a-helical conformation will block the outer
membrane inside the channel. Proteolytic enzymes may contribute to passenger

domain release to outside of the cell.
1.5.2 Two-partner secretion pathway (Type Vb)

The type Vb secretion pathway is also known as the two-partner secretion
system (TPSS). It is composed of two separate polypeptide chains encoded in
one operon (Figure 1.8). An example is the filamentous hemagglutinin FHA found
in Bordetella or adhesion proteins of Haemophilus influenza (93,94,130,131).
This secretion pathway is often utilized for translocation of large effector
proteins(94). One of the two TPSSs proteins is the translocator channel (TpsB),
while the other one is a specialized passenger (TpsA)(87). TpsB consist of a 16-
stranded, OM integral B-barrel protein with two periplasmic POTRA (polypeptide
transport-associated) domains(132). As there are two distinct polypeptide
chains, no proteolytic enzymatic activity is needed to release the passenger into
the extracellular environment(87). The secretion model proposed for Type Vb is
different as the TpsB transporter is first integrated into the outer membrane by
the BAM complex, and then TpsA will identify, bind and interact with TpsB
through the TpsB POTRAs and the N-terminal TPS conserved signal of TpsA. The
TpsA signal remains unfolded in the periplasm and during translocation through
the TpsB barrel(114). Dynamic interaction of the TpsA signal and TpsB POTRA
domains and the pulling force within the barrel facilitate release of TpsA
substrate from its transporter and refolding after translocation has been
confirmed by surface Plasmon resonance, NMR and crosslinking
experiments(133-136). The first model for Type Vb secretion suggested that a
hairpin like structure formed inside the barrel facilitating folding of the main part
of TpsA in a C-to-N direction (117,134,137). A second model proposed that the
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N-terminal domain first folded and was secreted independently, and then the
rest of the protein followed in a N-to-C direction(138-140).

(a)

P P Tpsm @ESEORED oA

N C
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Figure 1.8: Type Vb two-partner secretion model and genomic

organization. (30) Panel A-C show the different genomic organizations for the
TPSS encoding genes. Panel D shows that the TpsB protein first folds into a B-
barrel configuration in the OM, with two periplasmic POTRA domains. Another
polypeptide, TpsA, is translocated by Sec to the periplasm, interacts with
chaperones and delivers the passenger domain for translocation across the OM

into the extracellular space.
1.5.3 Chaperone-usher secretion pathway (Type Vc)

Type Vc secretion system is very similar to type Va classical AT system (Figure
1.9), however due to presence of many intertwined trimeric structures in this
system and their main adhesin function, the proteins are also known as trimeric
autotransporter adhesins (TAAs). An example would be YadA, the Yersinia
adhesin A from Yersinia enterocolitica and Yersinia pseudotuberculosis(141).

These secretion pathway is composed of three similar polypeptide chains and in
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their last folded form they consist of a C-terminal 12 stranded B-barrel (4 B-
strands per monomer), and a trimeric passenger that usually folds into a
marshmallow-like configuration with a coiled spiral stalk and a round head
domain containing the N-terminus region of the protein(142-144). Due to the
trimeric structure of these ATs, passenger secretion is more complicated(87).
Three passenger polypeptide chains must pass through narrow p-barrel
domain(87). First step locates the 12-stranded B-barrel to the OM. Then the
passenger makes a hairpin loop for each of the three domains after folding that
ultimately leads the protein to extracellular translocation(143,145-147).
Periplasmic chaperone proteins prepare a competent folding protein state before
substrate delivery to the translocation channel in the outer membrane(148). This
proposed model is reminiscent uropathogenic E. coli pilin assembly (Chaperone-
usher secretion pathway) and Hia adhesin from Haemophilus influenza(148-
150).

outside

kz periplasm

Figure 1.9: Type Vc model of autotransporter. (30) The protein

substrate is first translocated to the periplasmic space by the Sec-dependent
pathway, trimeric autotransporters are preserved in an unfolded state in the
periplasm with the help of chaperones and the intrinsic low tendency of

substrates to fold. Three monomers associate, and their f-domains associate,
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and integrate in the OM as a 12-strand barrel, through which the passenger

domain is translocated with the aid of the Bam complex.
1.5.4 Type Vd secretion pathway

The type Vd are newly identified autotransporters that overlap main features of
both type Va and type Vb systems within their structure with minor
differences(87). Common prototypical examples of this hybrid group are PIpD
from P. aeruginosa and FplA from Fusobacterium nucleatum(151,152). The C-
terminal B-barrel domain of type Vd ATs resemble type Vb systems. Both contain
16 B-strands but only one POTRA domain is found in type Vd for TpsA substrate
binding before translocation(30). The passenger domain in type Vd is configured
as a a/pB-hydrolase fold, and their main functions are lipases/esterases in
contrast, the passenger domain of type Va ATs exhibit more diverse functions,
and usually fold into a B-helical structure(152-154). The passenger secretion
model for type Vd is not completely understood, but it appears that POTRA
domain found in this system may involve chaperone protection, protease and

cleavage or secretion activity(151,152).
1.5.5 Type Ve (Inverse Autotransporters)

Type Ve ATs have a structure and biogenesis very similar to type Va classical
autotransporters, with their 12-stranded B-barrel domain and monomeric
passenger domain staying connected after secretion(30,87,155). The only main
difference found with classical ATs is inversion of B-barrel and passenger domain
such that they are positioned in a N-to-C configuration, and therefore proteins
using this secretion system are also known as inverse autotransporters(156).
Additional unique long repetitive Ig-like or lectin-like domains found in Type Ve
passenger regions may be involved in providing energy for translocation and
passenger secretion(155,157). Moreover, a periplasmic domain has also been
identified in Type Ve ATs that may help stability and protection during host
pathogen interaction(158). Intimin and invasin from Escherichia coli and Y.

enterocolitica are common examples for the Type Ve secretion system(30,155).
1.5.6 Type Vf is it an autotransporter?

The type Vf secretion pathway are a fairly recently classified autotransporter
superfamily after identification of BapA which is unique to Helicobacter
pylori(159). In terms of structure, this class of autotransporter is composed of
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only 8-stranded B-barrel domain and surface exposed region that is integrated
into the N-terminal domain (159). It seems likely that their passenger domain is
a continuous loop of the B-barrel domain however, their complete topology and

mechanism of secretion is still in early stage discovery(87).

1.6 Evolution and infection biology of Enteropathogenic
Escherichia coli (EPEC)

An example of a Gram-negative pathogen that uses a number of different
secreted proteins as virulence factors is Enteropathogenic Escherichia coli
(EPEC). The Gram-negative bacterium E. coli may have coexisted as a colonizer
in the intestinal mucosa through a commensal or symbiotic ecological
relationship with the human host. Most E. coli strains in the human body are
harmless, beneficial and non-pathogenic that even enable the human host to
develop resistance against colonization by dangerous pathogens(160,161). On
the negative side of the story, prototypic E. coli bacteria can also act as a
multipotent pathogen that are capable of causing a wide range of clinical
diseases that may be different in terms of root cause and etiology, disease
duration, and clinical manifestation in susceptible populations(162,163). In
human hosts, gastrointestinal tract, urinary tract, CNS and hematic system are
more susceptible to pathogenic E. coli colonisation. The different clinical
presentations range from typical diarrhoea and dysentery to more severe extra-
intestinal complications such as haemolytic uremic syndrome (HUS), sepsis or
even renal failure and death(162-164). Most E. coli Pathovars are associated
with outbreaks and sometimes epidemics in both developing and developed
counties due to its low infectivity dose and easy transmission (163,165,166). In
addition, E. coli is subject to gene alteration and mutation due to horizontal gene
transfer mechanisms such as transformation (uptake of free or Plasmid DNA),
conjugation (plasmid or transposon-mediated transfer), and transduction
(phage-mediated transfer) that occur frequently in this bacterium. These
dynamic genetic mechanisms provide diversity, adaptability and an evolutionary
platform for commensal strains to transform into pathogenic forms(162,167-
171). For these reasons, E. coli Pathotypes are considered as a public health
concern, and it appears that concrete surveillance strategies need to be
implemented in developing countries as diarrheal illness and in particular
pathogenic E. coli are responsible for the majority of death related diarrhoea in

children less than 5 years of age in Africa and South Asia (163,172).
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Most commensal E. coli belong to phylogroup A (173,174). Pathotypes of E. coli
contain around 1 million extra base pairs in their genome compared to the
commensal strains (163). This genetic material includes transposons,
bacteriophages, pathogenicity Islands (PAIs) and virulence plasmids (encoding
colonization factors and toxins) that facilitate adaptation, integration and
essential survival traits such as antibiotic resistance, competence and virulence
(174-177).

A pathotype is simply defined as a group of strains in a particular species of
bacteria that share and acquired the same virulence factors through genetic
transfer, and each can cause a common disease(162,178). In immunocompetent
individuals, E. coli Pathotypes must obtain a combination of stable virulence

factors to initiate the infection process (162,179).

Pathotypes of E. coli can be divided into enteric / diarrheal and extra-intestinal
infectious diseases(162,180). In general, important clinical presentations
including enteritis with diarrhea, wurinary tract infections (UTI) and

sepsis/meningitis are associated with different E. coli Pathovars (162).

The diarrheagenic E. coli (DEC) pathogens are more diverse compared to extra-
intestinal strains. The most important enteric pathovars are Entropathogenic E.
coli (EPEC), Entroaggregative E. coli (EAEC), Entrotoxigenic E. coli (ETEC),
Entrohemorragic E. coli (EHEC), Entroinvasive E. coli (EIEC), diffuse adherent E.
coli (DAEC), adherent invasive E. coli (AIEC) and shiga like toxin producing
enteroaggregative E. coli (STEAEC) (Figure 1.10)(160,162,178). Moreover,
extra- intestinal pathogenic E. coli (EXPEC) strains are divided into uropathogenic
E. coli (UPEC), neonatal Meningitis E. coli (NMEC) and sepsis related E. coli
(SEPEC) (160,163,179,181-183).

One of the major causes of death from infantile diarrheal-related illness in
children under 2 years old and probably the first identified Pathotypes of E. coli
is EPEC(184-187). EPEC was first described in 1955 following different outbreaks
of summer infantile diarrheal disease (163,188-190). Population, age, diagnostic
techniques, social and economic level of society and geographical region in
developing countries are associated with prevalence and reported incidence rates
of EPEC (186,191,192). EPEC does not produce enterotoxin or shiga-like toxin
(non-invasive) and it appears that despite invasive characteristics in vitro, it

does not invade tissue cells in vivo (185,193-195). EPEC has the eae gene
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located in a Pathogenicity Island. This gene is responsible for encoding the
intimin receptor(196). Pathogenicity and initiation of infection of EPEC begins
with formation of attaching and effacing (A/E) lesions (Figure 1.10) which help
the bacteria become closely attached to the host plasma membrane resulting in
microvilli destruction or removal and twisting of the enterocyte plasma
membrane(197,198). This interaction between host and pathogen greatly effects
cytoskeletal arrangements in the host cell forming actin-rich bases to which the
bacteria attach (199). Thus, EPEC are called attaching and Effacing (A/E)
pathogens (163,181).
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Figure 1.10 : Host pathogen interactions of pathogenic E. coli.
(162) The six identified categories of diarrhoeagenic E. coli each have unique
characteristics in their pathogenicity with eukaryotic cells. Here, the interaction
of each category with a typical target cell is schematically represented. These
schematic representations are mainly the result of in vitro studies and might not
totally reflect the phenomena that happens in infected humans. a | EPEC attach
to small bowel enterocytes, but destroy the normal microvillar architecture,
inducing the characteristic attaching and effacing lesion. Cytoskeletal

derangements are accompanied by an inflammatory response and diarrhoea. 1.
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Initial adhesion, 2. Protein translocation by type III secretion, 3. Pedestal
formation. b | EHEC also induce the attaching and effacing lesion, but in the
colon. The distinguishing feature of EHEC is the elaboration of Shiga toxin (Stx),
systemic absorption of which leads to potentially serious clinical complications. c
| Similarly, ETEC adhere to small bowel enterocytes and induce watery diarrhoea
by the secretion of heat-labile (LT) and/or heat-stable (ST) enterotoxins. d |
EAEC adheres to small and large bowel epithelia in a thick biofilm and elaborates
secretory enterotoxins and cytotoxins. e | EIEC invades the colonic epithelial cell,
lyses the phagosome and moves through the cell by nucleating actin
microfilaments. The bacteria might move laterally through the epithelium by
direct cell-to-cell spread or might exit and re-enter the baso-lateral plasma
membrane. f | DAEC elicits a characteristic signal transduction effect in small
bowel enterocytes that manifests as the growth of long finger-like cellular
projections, which wrap around the bacteria. AAF, aggregative adherence
fimbriae; BFP, bundle-forming pilus; CFA, colonization factor antigen; DAF,
decay-accelerating factor; EAST1, enteroaggregative E. coli ST1; LT, heat-labile

enterotoxin; ShET1, Shigella enterotoxin 1; ST, heat-stable enterotoxin.

Formation of A/E lesions in the intestinal cells of both typical and atypical EPECs
are encoded by the large Pathogenicity island region called the Locus of
Enterocyte Effacement (LEE) (162,195,200). LEE was first identified in EPEC
strains in 1995 by McDaniel and his colleagues (201-203). The infectivity and
virulence ability of EPEC depends on successful transcription, translation and
translocation of LEE genes (176,204,205). Effacement of enterocyte microvilli
and signal induction of pedestal formation is coordinated after successful
translocation of LEE effector proteins(206-208). Translocation of 7 effector
proteins including Tir, Map, EspB, EspF, EspH, EspZ and EspG by the Type III
secretion system encoded by LEE occurs, and other essential protein genes
encoded in the non-LEE-encoded effector (NLE) regions dispersed throughout the
chromosome contribute to EPEC pathogenicity(202,208-211). Moreover, genes
responsible for Bundle Forming Pilus (BFP), are encoded in Plasmids among
Typical EPEC are also located in the LEE region(212,213). Horizontal gene
transfer of the LEE region to nonpathogenic strain of E. coli, results in the clinical
presentation of A/E lesions in vitro(200,201,214). The 35-kbp LEE region is
composed of 41 Open Reading Frame (ORF) that are grouped into 5 polycistronic
operons and 3 important domains (Figure 1.11)(211,215,216). Core LEE is

mainly conserved—especially among genes coding for the type 3 secretion
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system—whereas genes encoding effector proteins are more variable(217). In
previous studies, significant difference were also found between the 5’- and 3’-

associated flanking regions that show diverse lines of evolution(217).
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Figure 1.11: The LEE PAI is composed of five polycistronic

operons and shorter transcriptional units. (113)

The pathogenesis of EPEC depends on the ability to cross over the gastric
protective barrier and form close attachment to the mucosal layer of the small
intestine and colon (162,181). In general, the infection biology and host-
pathogen interaction of EPEC comprises of colonization of the intestinal mucosa,
an escape strategy and subversion of the host immune system along with
multiplication, exploitation and enterocyte destruction (162,218). According to
Donnenberg and Kaper, the colonization and pathogenesis process in EPEC may
occur in three important phases including micro-colony localized adherence or
initial loose attachment mediated by BFP and flagella, second stage signal
transduction and finally close attachment mediated by type III secretion effector
proteins including EspA, EspB, and EspD. Collectively, these interactions cause
actin cytoskeletal rearrangement and formation of a pedestal structure below the
bacterial attachment site on the infected host cell (162,167,169,212). Intimin, a
94-kDa outer membrane protein, is another important adhesion factor that plays
an important role in EPEC close attachment to host epithelial cells and
cytoskeletal rearrangement(219,220). This protein is encoded by the eae gene
within LEE (221). The conserved N-Terminal region of Intimin is located in the
bacterial outer membrane while the variable and diverse adhesive C- Terminal
region that contains 280 amino acids is located outside of bacterial cell in the

extracellular space (222). According to different arrangement of nucleotide
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sequences in C-Terminal region of intimin protein, around 30 subtypes have
been identified (201,223-227). The C-Terminal region of intimin binds to its
specific 90-kDa receptor protein Tir (Translocated intimin receptor) that
facilitates translocation of intimin protein into the cytosol of host cell via the
Type III secretion system (T3SS) (228). After successful translocation of intimin,
Tir receptor will be placed in the plasma membrane and present its middle
section at the host cell surface in order to create loop shape structure (229).
This translocation facilitates intimin interaction with the Tir receptor loop region
(228-231). After successful attachment, the C -Terminal domain of Tir protein
stimulates actin polymerization and tight junction destruction that ultimately can
causes diarrhea in human host (Figure 1.12, 1.13 and 1.14)(228-232).

Epthelial cell

1

Figure 1.12: Different stages of EPEC pathogenesis composed of
localized adherence, intimate attachment, and signal

transduction that results in diarrhoea in the host. (218)
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Figure 1.13: Translocation of EPEC-secreted proteins (Esps) and
virulence factors occurs through type III secretion system. EspA
forms a filamentous structure protruding from the bacterium and provides
interaction with the host cell. EspB is transferred into the host cytosol and
plasma membrane. EspD integrates in the host membrane and in collaboration

with EspB facilitates pore formation in host cell(221).
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Figure 1.14: EPEC intimate attachment triggers signal
transduction and loss of tight junction. (a) EPEC intimate attachment
to the host cell by intimin-Tir binding. Host cell cytoskeletal rearrangements
stimulate formation of cuplike pedestal under bacterial attachment site and
activate actin polymerization cascade through signal transduction. (b) Different
factors including reduced tight junction, tissue damage, and loss of absorption
surface due to pedestal formation and alteration of epithelial permeability are
associated with diarrhea caused by EPEC (221).

1.7 EspC, The serine protease autotransporter of EPEC

Extensive studies found different autotransporter encoding genes in
diarrheagenic E. coli pathotypes including EPEC(113). EspC was the most
common and active protease AT identified among tEPEC and aEPEC groups(233).
EspC is a SPATE (94,234). EspC is not significantly involved during attachment
or invasion of tissue culture cells(234). EspC, like other members of the SPATE
superfamily is a highly immunogenic protein(235). Serological studies suggested
that EspC is strongly detected in infected individual’'s serum 28 days after
infection and serum negativity was also reported before infection(149,236). EspC
is not encoded within LEE region and is thus classified as a NLEE
autotransporter(237). The espC gene is located within a second EPEC
pathogenicity island at 60 min on the chromosome of E. coli. Recent study
revealed DNA sequences located at 59.35 min in the EHEC1, EPEC2, and EHEC2
strains were not similar to the same location of the chromosome in E. coli K-12
strain MG1655(237). Although EspC is a non-LEE-encoded protein, the regulation
of espC is influenced by the global regulator Ler encoded in LEE that controls
virulence gene expression during EPEC pathogenesis such as genes encoding the

T3SS, secreted Esp proteins, Tir, and intimin(238).

This protease AT first utilizes the classical type Va secretion system to reach the
extracellular space, and then may exploit the type III secretion system for host

epithelial cell interaction and final injection into the target cell(239,240).

Like other classical monomeric autotransporters, EspC is composed of 3
domains. First, the leader peptides located in the N-terminal region that enables
the protein secretion process across the inner membrane(113). Next, the
Passenger domain composed of conserved serine protease motif GDSGS acts as

the functional unit of the autotransporter and finally the COOH terminal domain
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that inserts into the outer membrane to facilitate mature protein translocation to
the target cell(113,236). EspC has a specific sequence motif composed of amino
acids Gly-Phe-Ser (termed as GFS motif) which one study found by site-directed
mutagenesis (SDM) is necessary for successful translocation of EspC(149).
Although espC is located in a second pathogenicity island on the EPEC
chromosome, the role and function of EspC and its pathway of secretion is not
completely known(237). In general, the espC open reading frame (ORF) encodes
a protein of approximately 140 kDa (1,306 amino acids) however, the secreted
version identified in culture supernatants has a size of approximately ~110 kDa
which represents the passenger domain between amino acids 54 to 1,030. The
secreted 110-kDa form of EspC lacks the first 53 amino acid signal sequence and
potentially the C-terminal B-barrel domain is located between amino acids 1,031
to 1,306(234,241).

In recent years, preliminary studies on rat intestinal tissues identified the role
and relationship of EspC with enterotoxin activity when potential and current
differences increased in Ussing chambers(237). In addition, incubation of a high
concentration of EspC with HEp-2 cells (a specific epithelial cell line) in vitro
suggested that this autotransporter can produce and induce cytopathic and
cytotoxic effects (235,237,238). Studies also suggested that the cytotoxicity
effect of EPEC depends on complete fusion of EspC with Epithelial host cell
membranes and translocation of the serine protease motif (passenger domain)
into the target site(238). Another study proposed that injection of EspC protein
into the target cells could produce unique cytopathic effect by generating
abnormal round cells, cell separation and contraction of the actin
cytoskeleton(238,239). This cytopathic effect was explained by EspC protease
activity cleaving cytoskeletal factors such as fodrin, paxillin and focal adhesion
kinase during infection(238,242). In terms of infection biology, it appears that
EspC involvement with epithelial cell damage occurs during attachment and actin
polymerization steps(242). Moreover, cytopathic studies also indicated that EspC
is associated with pepsin factor V and spectrin proteolysis in human
cells(236,242). It is widely accepted that Iron uptake systems from the
environment and human host are necessary for survival of pathogenic
bacteria(243). Recent studies on different EPEC strains revealed the proteolysis
of haemoglobin by EspC, and acquisition of Iron from heme containing proteins
in vitro. It is argued that EspC acts as an Iron-binding protein during infection

(236). As for other AT’s the molecular details of the secretion pathway followed

51



by EspC are unclear. Interestingly, previous study in our laboratory suggested
that EspC follows a spiral pattern of localization as it exits the bacterial cell
producing it(113,244). It is possible that this is mediated by accessory factors
and elucidating the details would shed light on secretion of the AT family or
identify potential novel targets for antimicrobials. Different periplasmic and OM
accessory factors like the BAM complex and TAM have been proposed to facilitate
AT translocation(245,246). It remains unclear if any of these mediate the spiral
distribution of EspC during secretion. New therapeutic targets are needed due to
the rise in AMR, and in order for a new drug to be released its mechanism of
action and target need to be understood. This information is also important to
undertake the development from lead hit molecule to the most effective and

efficacious drug.
1.8 Arginine-specific AT of P. aeruginosa (AaaA)

Pseudomonas aeruginosa is a common Gram-negative opportunistic rod shape
pathogen that is widely distributed in nature(247,248). Due to its dynamic
metabolic pathways, this bacterium survives and adapts in different
environmental conditions including the human body and clinical hospital
settings(249). In the human population, it is responsible for around 10% of
nosocomial infections with high mortality and morbidity worldwide(250,251). A
broad range of illness, from UTI to burn and respiratory infection, are linked to
this microbe and severe forms are usually reported in immunocompromised and
Cystic fibrosis (CF) patients(252-254). Cystic Fibrosis is a multisystem
inheritable genetic disorder where patients suffer from a defect in the CF
transmembrane conductance regulator (CFTR) gene(253). The CFTR regulator
controls electrolytes and chloride transport across the cell membrane and is
involved in homeostasis. In the absence of this regulatory protein, mucus layers
in the lung become thick and sticky(253). However, bacterial infection in CF
patient mucus layers can also cause mortality and morbidity and are mainly
prone to Pseudomonas aeruginosa respiratory infections from early
childhood(248).

P. aeruginosa has a natural resistance to different types of antibiotics and
diverse virulence that is encoded by its large, 6.3 mega Bases (MB), genome and
susceptible to high genetic rearrangement and acquisition(255). P. aeruginosa

Multi-drug and pan-drug resistant strains are increasing worldwide and are
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becoming difficult to treat as these strains are resistant to most used antibiotics
including aminoglycosides, cephalosporins, fluoroquinolones, and
carbapenems(248). In general, the main mechanisms P. aeruginosa uses to
confront antibiotic empirical treatment can be divided into intrinsic, acquired and
adaptive resistance(256). The intrinsic resistance of P. aeruginosa is composed
of different mechanisms such as reducing Outer membrane permeability,
expression of efflux pumps that return antibiotics out of the cell and the
production of specific enzymes that inactive antibiotics(256). The acquired
resistance of P. aeruginosa happens through horizontal transfer of resistance
genes or mutational changes(256). The adaptive resistance of P.
aeruginosa involves biofilm formation in the lungs of chronically infected patients

that prevents antibiotic access to the bacterial cells(256).

Complex genotypic processes help bacterial survival during infection and
antibiotic treatment(248). In the early stages of infection, different virulence
factors and innate antibiotic resistance mechanisms facilitate bacterial
survival(248). Treatment with antibiotics and host inflammatory immune
responses create oxidative stress(248). This environmental stress condition
activates expression of different genes that enable adaption and a switch to

persistent and resistant phenotypes(248).

In early stage of acute infection, host and pathogen interaction is mutually
harmful as bacterial cytotoxic molecules damage the host natural cell metabolic
process and on the other hand, the host immune response creates antimicrobial
agents and induces phagocytosis for bacteria(248). In this condition, motile P.

aeruginosa are better adapted and more pathogenic phenotype(248).

In chronic infection, P. aeruginosa can switch to an immobile lifestyle with less
pathogenicity to enable adaptation and bacterial persistence under harsh
environmental condition(248). In this protective mechanism, bacteria attach to
abiotic and biotic surfaces and create microcolonies through cellular aggregations
after losing motility(248). These structures are so called biofilms and provide
protection against oxidative stresses, metabolic waste, nutrient restriction,
antibiotics and microbial competition(248). The bacterial cells in biofilms are
embedded in a self-produced matrix of extracellular polymeric substances (EPS)

that form their surrounding environment(253). The matrix creates a favourable
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condition for biofilm mechanical stability and bacterial cell to cell

communication(248).

Due to metabolic diversity, P. aeruginosa strains generate different secondary
metabolites and polymers and utilize different carbon sources(248). P.
aeruginosa stains PAO1, PA14 and PA7 are recognized by the International
Pseudomonas aeruginosa Consortium based on single nucleotide polymorphisms

(SNPs) within the core genome comparison (257).

In P. aeruginosa, three classical autotransporter proteins (Va) were identified
from the PAO1 genome(255). These have now been known as EstA (Wilhelm et
al 1999), EprS (Kida et a/ 2013) and AaaA (Luckett et al 2012). In addition,
Proteins belonging to the TPS system (Vb) (Kida et al 2008) and the patatin-like
autotransporters (Vd) (da Mata Madeira et al 2016) secretion system have also

been reported.

PA0328 autotransporter was first recognized as a cell-surface tethered
autotransporter with arginine-specific aminopeptidase activity (AaaA)(258). This
important virulence factor autotransporter is a Va classical AT (259). AaaA
cleaves and releases L-arginine from the N-terminus of peptides or proteins,
although these have not been specifically identified. @ AaaA may also enable
nitrogen uptake under low oxygen conditions such as those found during biofilm
formation by providing arginine as an energy source in microaerophilic pockets
(253,258,260). It has not been ruled out that AaaA may activate a bacterial
protein, or inactivate a host protein to aid virulence, but it has been shown that

it is required for chronic rather than acute infections of the skin and lungs(258).

Like EspC, AaaA has been localized to a spiral within the bacterium that produces
it (homogenously in P. aeruginosa, or heterologously in E. coli). FRET has shown
that the spiral structure is dynamic, ie that EspC and AaaA do not remain in the
same position in the cell for very long, and this provides a potential mechanism
of secretion that pushes the nascent AT from the centre of the bacterium to the
poles as it exits the cell(113,244). The molecular interactions and mechanistic

steps occurring during this translocation are not yet understood.

AaaA is not released into the extracellular environment. Instead it is tethered to
the bacterial outer membrane so that only the passenger domain interacts with

medium (253,258). This feature of AaaA provides an ideal target for novel
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synthetic antimicrobial agents due to its surface exposure and easy accessibility.
It is therefore important to understand its role in pathogenicity and to
characterize the network of regulation that controls its production so that

potential novel treatments can be used effectively.
1.9 Aims and objectives

Since it has become evident recently that ATs do not entirely undertake
secretion in isolation, but likely interact with accessory factors during their
export to the bacterial surface, the following areas of interest were investigated
in this study:

e Characterisation of the potential of putative accessory factors to facilitate
secretion of the EspC and AaaA autotransporters

e Interrogation of the promoter of aaaA to identify potential regulators
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Chapter 2

2. Materials and Methods

2.1 General Chemicals

Chemicals used in this study were provided by Sigma bioscience (UK) unless
otherwise mentioned, and Dbiosafety protocols followed according to

manufacturer’s instructions.
2.2 Bacterial Growth Media

Bacterial strains used in this study were cultured in Lysogeny broth (LB) media.
The LB broth (Oxoid Ltd) was prepared in 1L batches by dissolving 10 g
tryptone, 5 g yeast extract and 10 g NaCl in 950 mL deionized water. pH
adjustment to 7.0 was performed using 1N NaOH before bringing volume up to 1
L as described by Sambrook et al., 1989(261). To prepare LB agar, 0.8% (w/v)
technical agar No. 3 (Oxoid Ltd) was added. Media was sterilized by autoclaving
at 121°C on liquid cycle for 20 min at 15 psi. After cooling in a water bath to
55°C for 5-10 min, antibiotic was added if required (see table 2.1). LB media
were stored at room temperature or 4°C for future use. Pseudomonas Isolation
Agar (PIA) was prepared according to Sigma bioscience (UK) manufacturer’s
instructions. Freshly plated P. aeruginosa and E.coli strains containing plasmids
were always used for plasmid extraction and other DNA analysis to avoid

mutation.
2.3 Growth and storage Conditions

Bacterial strain colonies were obtained after overnight incubation at 37°C on LB
agar. For LB broth, inoculated strains were propagated overnight at 37°C
shaking with 200 rpm. Frozen stocks were prepared by adding 1ml of 50% v/v
Glycerol into the same volume of an overnight LB broth culture to give a 25%
final concentration of glycerol for general storage. Strains were kept frozen in
special cryovial Eppendorf tubes at -80°C for future use. Glycerol stocks for the
School of Life Sciences, Nottingham University main strain collection were also

prepared by mixing overnight culture and sterile 80% v/v glycerol in a 1:1 ratio.
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2.4 Antibiotics

Antibiotics used in this study added to selective media when necessary,

according to table 2.1. Storage aliquots kept at -20°C for future use.

Table 2.1: List of antibiotics and concentration used for

selective media preparation.

Antibiotic Stock Concentration Working Concentration
Ampicillin 100 mg/mL 100 pg/mL
Chloramphenicol 25 mg/mL E. coli 25 pg/mL

(in ethanol) P. aeruginosa 400ug/ml
Gentamycin 10 mg/mL 10 pg/mL
Kanamycin 50 mg/mL 50 pg/mL
Tetracycline 10 mg/mL E. coli 10 pg/mL
(in 50% ethanol) P. aeruginosa 200ug/ml

2.5 Optical density (ODeoonm)

The spectrophotometer (Thermo Scientific) was used in all experiments to
measure cell density prior to normalisation. A volume of 1 ml was placed into a
cuvette (Fischer Scientific) and the readings compared to a blank medium
sample. Cultures with readings greater than 1.0 ODeoonm were diluted to fall

within the range of accuracy of the spectrometer.
2.6 Gene Expression and induction condition

The pBAD vector system was used in this study for expressing recombinant
proteins in bacteria. This system is based on the araBAD operon, which controls
E. coli L-arabinose metabolism. The gene of interest is placed into the pBAD
vector downstream of the araBAD promoter, which drives expression of the gene

of interest in response to L-arabinose and is inhibited by glucose.

For gene expression of pBAD vectors under the control of araBAD promotor, L-
Arabinose was used for induction prior to protein sample preparation. 20% (w/v)
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L-arabinose stock solution prepared and 0.22 pm filters provided by Sartorius
Stedim Biotech (Minisart®) were used before storage. 0.2% final concentration
(w/v) of prepared L-arabinose stock solution was added to each sample for gene

expression.

For recombinant protein expression, bacterial overnight cultures were diluted
1:100 in fresh LB broth. Growth of bacterial cells was measured by absorbance
readings at a wavelength of ODsoonm, using a Thermo Biomate 3
Spectrophotometer until it reached 0.5, when the arabinose was added and then

cultures were incubated for 2 hour more with shaking at 37 °C.
2.7 Plasmids used to investigate aaaA expression and regulation

Mini CTX-Pkan-lux (constitutive control) and mini CTX-PaaaA-lux plasmids (WT)
were previously constructed by other PhD students in our group. Mini CTX
PaaaAArpoNmotif -lux was constructed in this study. All plasmids for aaaA

expression and regulation listed in Supplementary Table 1.
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2.8 Plasmids used for AT localization experiments

All plasmids in this study for localization listed in Table 2.2.

Table 2.2: List of Plasmids used in this study for characterizing the Localisation

EspC and AaaA.

of fluorescently labelled

Plasmid Description Construct depiction Protein Antibiotic Ref.
Size
pLA33C1 pBAD33 containing native espC gene under the control
of an araBAD promoter. Belll
140 kDa Cm" (244)
S.P Passenger domain Transporter domain
pLA33C1imc pBAD33 encoding EspC-mCherry fusion (mCherry ORF
was inserted at the Bg/Il site approximately in the pelll - Bell
.
middle of passenger domain of EspC) under the control B ey Tosporter domain 174 kDa Cm (244)
of an araBAD promoter.
pMAC33 pBAD33 encoding truncated EspC-mCherry (a stop
Balll Bglll
codon introduced at the end of mCherry gene causes a
S.P. mCherry Transporter domain N70 kDa Cmr (244)

frameshift to truncate translation before the transporter

domain) under the control of an araBAD promoter

TAG
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Plasmid Description Construct depiction Protein Size Antibiotic Ref.
pbadSlyBhis( | s/lyB + his tag in C-term cloned into pBad24 Arabinose
A) under the control of an araBAD promoter. _ A
ot 28KDa Amp (262)
pBR ori
pbadSlyB slyB gene cloned into pBad24 under the control Arabinose
of an araBAD promoter.
25KDa Amp (262)
pLA33AaaA pBAD33 containing native aaaA gene under the
Control Of an a[’aBAD promoter. LR Passenger domain Transporter domain
80 kDa Cm" (244)
pLA33C1-TC espC gene tagged with FIAsH tag CCPGCC at CCPGCC
531aa position 531aa
SP Passenger domain Transporter domain 80 kDa Cmr (244)
pLA33AaaA- aaaA tagged with CCPGCC at 292aa and further cereee
TC-TAG343aa | inserted with amber stop codon at position 343aa
SP Passenger domain Transporter domain 80 kDa Cmr (244)

to generate AaaA truncated version

TAG
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2.9 Bacterial Strains

The bacterial strains used in this study are listed in Supplementary Table 2.
2.10 Molecular DNA Analysis and DNA manipulation

2.10.1 DNA preparation

GenElute™ plasmid miniprep kits (Sigma) were used for extraction of plasmids according
to manufacturer’s instruction. Elution was performed with water rather than the provided
elution buffer.

Chromosomal DNA was extracted using a genomic DNA kit (Promega wizard) according
to the manufacturer’s instructions. Purification of DNA was achieved by using the DNA
clean up kit (Qiagen).

Concentration and absorbance characteristics of extracted DNA were measured by the
NanoDrap® ND-1000 (Nanodrop Technologies). 1.5ul of samples was applied for

measure purity.
2.10.2 Restriction enzyme digestion of DNA

Restriction enzymes used in this study were provided by New England Biolabs (UK) and
Promega (UK). These enzymes were used according to the manufacturer’s instruction.
In general, a 25-50ul total volume reaction was prepared from 500-1000ng plasmid
DNA, 2.5-5 pl of 10x suitable restriction buffer and molecular biology grade H20 (Fisher
Scientific, UK) added up to desired final reaction volume. A volume of 0.5-1pl restriction
enzyme was mixed into the reaction last for effective digestion. Samples then incubated

in 37°C for 1-2 h and analysed by agarose gel electrophoresis.
2.10.3 DNA analysis on gel electrophoresis

A DNA sample of 5ul was combined with 2ul of New England Biolabs (UK) loading dye
before being loaded onto a 0.8% (W/V) agarose gel. Agarose gels were prepared using
agarose BioReagent for molecular biology (sigma) mixed with 1x tris-acetate-
ethylenediaminetetraacetic acid (TAE) buffer(263). An aliquot of 5 pl SYBR® Safe DNA
Gel Stain concentrate was used before loading the samples on the prepared gel. The gel
was then transferred in 1x TAE buffer and electrophoresis conducted at 100V for 50min.

DNA fragments were visualized on Biorad Gel DOC™ XR+ with image Lab™ Software.
2.10.4 Molecular Weight Marker

4-5 pl of 1kb DNA ladder (New England Biolabs (N3232S), UK) were used for estimation

and measurement of DNA fragments.
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2.10.5 Oligonucleotide primers

Primers used in this study are listed In table 2.5 .

Table 2.3: list of all primers used in this study for plasmid confirmation and sequencing. Bold part are

restriction digestion sequences.

Primer Name

Primer sequence (5'->3')

Restriction sites

Gene Ref (Plasmid)

FslyB ACG GTT TCT AGA TCA ATG ATT AAACGC GTATT xbal Louise Arnold: hybridises from 3bp upstream of slyB atg

RslyB CGT AAC GAG CTC TAT TTA GCG CGG AGA AACGG | sacl Louise Arnold: hybridises over stop codon plus 3bp downstream slyb

FproU GGT TAC GAG CTC ATA ATG GCT GAT CAA AAT AA | sacl Louise Arnold: hybridises from 3bp upstream of proW atg

RproU ATT GCA TCT AGA GTG CAG AGT TAC TTAATGAAT | xbal Louise Arnold: hybridizes over stop codon plus 9bp of proW

RyqjE TAT GGT GAG CTC ACT TTA CTG CTC ACG GGACT sacl Louise Arnold: hybridises over stop codon plus 3bp of ygjE

FyqjE ATG GCT TCT AGA TAA TAC CGC CTG TGA GTA GT xbal Louise Arnold: Zebrafish and listeria

RybgC GCA TGC GAG CTC GTG AAT ACAACG CTG TTT CG sacl Louise Arnold: hybridizes over stop codon plus 3bp upstream of ybgC
(gene backwards)

FybgC TAT CGT TCT AGA AGT CACTGC TTA AACTCC GC xbal Louise Arnold: hybridizes from 2bp downstream of ybgC atg

Rnei ACT GGA GAG CTC ACC ATG CCT GAA GGC CCG GA | sacl Louise Arnold: hybridises from 5 bp upstream of atg of nej

Fnei GCT TAG TCT AGA GGC CTA GTG CTG GCA GCCAG | xbal Louise Arnold: hybridises over stop codon of nei

yqjEF*2 AGC CTA GAA TTC ATG GCG GAC ACT CAT CAC ecoRl Louise Arnold: hybridises over start codon of ugjE

yqjER*2 GCATCATCT AGA TTA CTG CTC AGG GGA CTC xbal Louise Arnold: human chromosome

slyBF*2 TCT AGC GAA TTC ATG ATT AAACGC GTATTG ecoRl Louise Arnold: hybridises from 3bp upstream of slyB atg
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Continued from previous page...

Primer Name

Primer sequence (5'>3')

Restriction sites

Gene Ref (Plasmid)

slyBR*2 CTG AAT TCT AGA TTA GCG CGG AGA AAC GGT xbal Louise Arnold: hybridises over stop codon plus 3bp downstream slyb

FsapA ACT GTGGGTGCno hitsonblast | ... Louise Arnold: thesis acg ctg aaa ctg tgg gtg c hybridizes in middle of
sapA, 400bp from stop codon

RsapA GTT CGC GAG CTCTAATCATGG TTTTTT CACCT sacl Louise Arnold: hybridises over stop codon plus 3bp of sapA (gene
backwards)

F-espC TTTATCGCAACTCTCTACTGTTT | ... Designed by Mahmoud M. Ashawesh

R-Apal-espC TGCATGCCTGCAGGGCCCGGTCGACTCTAGG Apal Designed by Mahmoud M. Ashawesh

RpoN SDM ATCCTAATTTCCGCGGCGCGAGCAT Sacll Designed by Frances Smith

Forward Il

RpoN SDM | GCGGATTGTTTCATGTCTCTGGAGCACGAATTGAC | ....... Designed by Frances Smith

Reverse |l

SA1 Forward TCCTGAGTATTATTTCACAAATACC | ... In this study

SA2 reverse GCGTAATACGACTCACTATAGG | e In this study

PDM4 CACAGGAACACTTAACGGCTG | s In this study

Forward

PDM4-Reverse | GGGTGATGCTGCCAACTTAC | e In this study

Forward AaaA | CATGCACGGCCTGAAGCG | .o In this study

PAO1 Primer

Reverse PAO1 | CGCGAGCATCATTCGATGC | ... In this study

AaaA primer

rpon-FW PAO1 | GTTTCGCAACCACGAGTGC | ... In this study

Primer

rpon Reverse | CAGTTTCTCGCCGACATAGTC | ... In this study

PAO1 primer
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2.10.6 Q5 Site-Directed Mutagenesis Kit (NEB) and KOD DNA

Polymerase

The primers for site-directed mutagenesis were designed using the web-based
NEBaseChanger® tool (http://nebasechanger.neb.com). Substitution mutations
were made in the 500bp upstream promoter region using site directed
mutagenesis according to the recommendations in the Q5 SDM protocol. Briefly,
PCR amplification was carried out based on following KOD Xtreme standard
reaction setup and step-down cycling conditions (tables 2.6, 2.7). The PCR
reaction product was then dialysed to remove excess salts and then treated with
Kinase (phosphorylation), ligase (intramolecular ligation/circularization) and
DpnI (template removal) to leave only the synthesised plasmid. Together, these
enzymes allow for rapid circularization of the PCR product and removal of the
template DNA. KLD reaction was incubated for 5 minutes at RT. This was then
transformed into chemically competent E. coli NEB5a by heat shock Procedure
and the cells were grown on tetracycline 30 pg/ml LB agar overnight at
37°C(264).

Table 2.4: Q5 SDM recommended conditions used in this study.

Component Volume Final Concentration
2X Xtreme Buffer 25 ul 1X
dNTPs (2 mM each) 10 ul 0.4 mM (each)
PCR Grade Water Xul

Sense (5" Primer (10 M) 15ul 0.3 uM
Anti-Sense (3") Primer (10 pM) 1.5l 0.3 uM
Template DNA® Y ul

KOD Xtreme™ Hot Start DNA Polymerase (1 U/ul) 1 pl 0.02 U/l
Total reaction volume 50 ul
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Table 2.5: Step down cycling PCR conditions for site directed
mutagenesis used in this study. Annealing temperature modified

based on the nature of primers.

Step-down cycling

1. Polymerase activation 94°C for 2 mun

2. Denature 98°C for 10 s°

3. Annealing/Extension 74°C for 1 mun/kbp

Perform Steps 2 and 3 for 5 cycles

4. Denature 98°C for 10 s°
5. Annealing/Extension 72°C for 1 min/kbp

Perform Steps 4 and 5 for 5 cycles
6. Denature 98°C for 10 s
7. Annealing/Extension 70°C for 1 mun/kbp

Perform Steps 6 and 7 for 6 cycles

8. Denature 98°C for 10 s°

9. Annealing/Extensions 68°C for 1 min/kbp

2.10.7 Conventional PCR Amplification

For standard or conventional PCR, 25 pl total volume reaction prepared from
Q5® High-fidelity PCR Kit (New England BioLabs (E0555S/L), UK) was use
according to manufacturer’s instructions(265) . Prepared reactions were then
transferred into the SensoQuest Labcycler (SensoQuest GmbH) for 35-cycle heat

reaction.

2.10.8 DNA Sequencing

DNA sequencing was performed by Source BioScience, Nottingham using Sanger
sequencing services and ABI3730XL sequencer. Prepared sequence data were
downloaded via Source BioScience SpeedREAD automated data delivery system
and analysed using the SnapGene® software. Alignment of DNA or protein
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sequences to identify homology was achieved using the Basic Local Alignment
Search Tool '‘BLAST’ provided by NCBI (http://blast.ncbi.nim.nih.gov/Blast.cgi).
The Sequences of the pre-determined DNA and protein were obtained from the
NCBI (http://www.ncbi.nlm.nih.gov/) using gene and protein databases,

respectively.

Table 2.6: Conventional PCR condition used in this study.

Annealing temperature modified based on the nature of primers.

PCR Mix

Components Volumes Final concentration
Q5 High-Fidelity 2X Master Mix 12.5 ul 1X
10 pM Forward primer 1.25 pl 0.5 pM
10 pM Reverse primer 1.25 ul 0.5 uM
DNA template variable 25 ng-75 ng
Nuclease-Free Water to 25 ul
Thermocycling conditions

Cycle Stage Temperature Time and Repetitions
Initial denaturation 98°C 30 sec / one cycle
Denaturation 98°C 10 sec
Annealing 55°C * 30 sec 35 cycles
Extension 72°C 30 sec every 1kb
Final Extension 72°C 2 min / one cycle
Hold 4°c Pause

2.11 Transfer of genetic material into bacteria

The plasmids used in this study were either conjugated or transformed into P.
aeruginosa or E. coli strains as is described in Sambrook et al (1989) molecular

cloning laboratory manual(263).
2.11.1 Conjugation

The E. coli strain S17-1 Apir (table 2.4) was used in conjugation reactions as the
donor strain. Conjugations were performed based on Westfall et al (2004).

Single colonies of E. coli S17-1 Apir and the recipient P. aeruginosa strain were
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grown overnight in 10 ml of LB at 200 rpm. E. coli S17-1 Apir was grown at 37°C
while P. aeruginosa was grown at 42°C to reduce the effect of the
restriction/modification system. An aliquot of 1ml from each of the overnight
cultures was transferred into Eppendorf tubes and subsequently washed twice
with LB using a microfuge to centrifuge the cells (Biofuge Pico Heraeus) for 5
min at 2571 X g. The pellet was then resuspended in 50ul of LB. The donor and
recipient strains were combined at a ratio of 1:1. The cells were plated onto well
dried LB agar plates and incubated for 6 hours at 30°C. Following this, the cells
were scraped off using a sterile loop and placed into an Eppendorf tube
containing 1 ml of LB. 50ul suspension was plated onto PIA plates containing the

appropriate antibiotic for selection.
2.11.2 Chemical bacterial transformation

Competent mutant E. coli cells were first prepared from 1:100 dilution of 1ml
overnight E. coli culture into 99ml of sterile LB broth in 500ml flasks. Second,
the flasks were incubated at 37°C with shaking at 200 rpm for around 2 hours
until they obtained ODeoonm of 0.4-0.6. Bacterial cells were harvested by
transferring 100ml of LB into centrifuge tubes and spun (Allegra™X-22R
centrifuge, Beckman Coulter) at 3000 rpm for 10min at 4°C and the supernatant
discarded. The cells were resuspended in 25ml 100mM MgCl> (Sigma-Aldrich,
UK) at 3000 rpm for 10min at 4°C and the supernatant discarded. Afterwards,
bacterial cells were resuspended with 50ml 100mM Cacl2 (Sigma-Aldrich, UK).
Incubate on ice for 60min and then supernatant discarded after spin at 3000
rpm for 10min at 4°C for harvesting the cells. The pelleted cells were
resuspended on ice with 5 ml 100 mM CaCl: (Sigma-Aldrich, UK). Finally,
competent cells were transferred into pre-chilled Eppendorf tubes and aliquots of
300ul of competent cells used for heat shock transformation. For longer storage,

competent cells were stored in -80°C in 10% glycerol.
2.11.3 Heat shock Transformation

Heat shock transformation was conducted by transferring 100ng (1-2ul) to 300ul
CaClz prepared competent cells. Next, E. coli cells were incubated on ice for 45
min before 1-2 min heat shock following 2 min incubation on ice. 500 pl of LB
liquid was added to recipient cells and incubated at 37 °C for 60 min with
shaking. After incubation, cells were centrifuged for 2 min at 5500 rpm and the

supernatant discarded. Cells were then resuspended with 60ul sterile LB broth.
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Volumes of 10ul or 50ul of cells were applied to LB plates containing appropriate
antibiotics. Plates for further investigation and colony observation were
incubated overnight at 37°C. For each batch of competent cells, a negative
control of heat-shocked cells without plasmid were prepared and for each
transformation a separate plate lacking antibiotics was inoculated to verify

viability.
2.11.4 Transformation by electroporation

The E. coli strains DH5a were used in transformation reactions. electroporation

was also the transformation method of choice.
2.11.5 Preparation of electrocompetent cells

Electroporation was used for transformation of plasmid DNA into E. coli
electrocompetent cells. Bacterial cultures were grown overnight with appropriate
antibiotics in LB, diluted 1/100 into 200ml of LB and grown to ODsoonm = 0.3 at
37°C. Cells were harvested at 3000 rpm (Allegra™X-22R centrifuge, Beckman
Coulter) for 20 mins at 4°C. Washed three times in 20ml of cold dH20 and then
washed one time in sterile 10% v/v/ glycerol. Final pellets were resuspended in
500 pl 10% glycerol. Aliquots of 100 ul were frozen at -80°C immediately for

future use.
2.11.6 Electroporation

Electroporation Gene Pulser®/MicroPulser™ Cuvettes (Equibio) were chilled on
ice for 15 mins before use. 50pul of competent cells were mixed with 10-100ng
(1.5ul) of plasmid DNA. The cuvettes were dried and immediately electroporated
using a Bio-Rad Gene Pulser set at EC2 for 2ml and 2.4kV. A volume of 500ul of
prewarmed LB broth was added to the cuvettes immediately after
electroporation, and cells were incubated shaking at 37°C for 1 hours. Cells were
then incubated overnight on selective LB agar plates. Cells with the addition of

1yl of nuclease-free water were used as a negative control.
2.11.7 Screening of colonies following transfer of DNA

In the case of the miniCTX-/ux vector, post-conjugation and post-transformation
plates were viewed under the light camera (Hamamatsus, Wasabi software) and

colonies selected which produced light.
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2.12 Gene replacement using pDM4

Colonies from pDM4 double mutant plates were grown in LB overnight at 37°C
with shaking at 200 RPM with 20 ul of these cultures used to inoculate 5 ml of LB
broth containing 5% (w/v) sucrose (Sigma). These were grown for 24 hrs at
37°C with shaking at 200 RPM. After around 5 hours, recombinant cultures were
seen to slow in the rate of growth in comparison to wild type and these were
maintained and grown for 24 hours. Subsequently, these cultures were used to
inoculate LB agar plates containing 5% sucrose (w/v) (Sigma), and incubated
overnight at 37°C.

2.13 P-nitroanilide degradation assay

To measure AaaA activity, a colourimetric assay using the molecule L-arginine-P-
nitroanilide was utilised. When P-nitroanilide was released from L-arginine, a
yellow colour was observed and the concentration of this quantified using an
automated plate reader (Anthos LUCY). Strains were assayed in minimal media P
(MMP) prepared according to Haas, D et al/ (1997) containing Na2HPO4 10.4 mM,
KH2PO4 4.8 mM, MgSOs4 1.7 mM, FeSOs4 6.6 pM (Sigma). L-arginine- P-
nitroanilide was added at a final concentration of 0.5mM. Overnight cultures
were normalized to 0.25 ODsoonm. The cells were then washed 2 times in MMP
with centrifugation at 3707 Xg for 5 minutes to separate the pellet from
supernatant. Following the final centrifugation, the supernatant was discarded,
and the pellet resuspended in 1 ml of MMP. For each bacterial strain, 3 wells in a
sterile clear bottomed 96 well plate (Greiner biol F bottom) were prepared with
150ul of the 1 mM working solution of arginine-p-nitroanilide and 150pul of the
ODeoonm 0.25 bacterial suspensions. The degradation of arginine-p-nitroanilide
was determined by 1h measurements of ODaosrm for 24 h at 37°C in an

automated plate reader.

2.14 Tecan assay to measure gene expression using the miniCTX-

lux transcriptional reporter

Mini CTX-lux was chosen as the reporter for this study. This luciferase reporter
provides rapid and quantitative measurements of gene expression. 500bp
upstream region of aaaA containing the promoter was cloned into a plasmid next
to the /ux operon that encodes for enzymes that generate light (Mini CTX-PaaaA-

lux reporter). As a control: the constitutive promoter of the kanamycin
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resistance cassette was also cloned next to the /ux operon to monitor whether
the production of light altered independently of the aaaA promoter (Mini CTX-
Pkan-lux). The CTX-lux reporters were introduced into mutants of regulators
hypothesized to play a role in regulation of aaaA expression and light production

was measured during growth over 24 hours.

Minimal media P (MMP) was prepared including M9 salt, 1M CaClz, 1M MgS04 and
1M Glucose. The O/N cultures were normalised to an ODeoonm of 0.05. A volume
of 200 ul was added in triplicate to Greiner 96 well flat black microtitre plates. To
prevent evaporation wells surrounding the samples were always inoculated with
LB media.

Cell density (ODsoonm) and Bioluminescence were measured in an Infinite 200
(Tecan). Readings were taken every 30 minutes during the run, temperature of

37°C was maintained and no shaking was included.
2.15 Statistical analysis

Statistical analyses Paired Student’s t tests were performed using the GraphPad
Prism 6 Software and General ANOVA summary test analysis also measured. A
non-significant result is indicated by ‘ns’, a P value of <0.05 by 1 asterisk, <0.01
by 2 asterisks, <0.001 by 3 asterisks and <0.0001 by 4 asterisks.

2.16 Protein analysis
2.16.1 E. coli whole cell and secretory protein preparation

For protein analysis, E. coli stains were first cultured in LB broth overnight. After
finishing the induction time, the ODeoonm Of the culture was measured and 1 ml
aliquots removed from the culture and used to prepare the samples.
Supernatants and pellets were obtained by centrifugation for 1-2 min at 13,000

rpm (Eppendorf™ Benchtop Microcentrifuge).

E. coli whole cell preparation was undertaken by resuspension of pallet with 200
ML of 1 X sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) loading buffer (50 mM Tris-HCI, pH 6.8, 100 mM dithiothreitol (DTT), 2%
(w/v) sodium dodecyl sulphate (SDS), 0.1% (w/v) bromophenol blue and 10%

(v/v) sterile Glycerol).
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Secretory proteins of E. coli strains were obtained by TCA precipitation of
supernatant. Supernatants were first separated from pallet as previously
described and precipitated with 10 % (v/v) trichloroacetic acid (TCA) for 30 min
on ice. Next, the samples were centrifuged for 15min at 13,000 rpm
(Eppendorf™ Benchtop  Microcentrifuge) and discard the supernatant.
Afterwards, the pellet was washed with 500ul ice-cold acetone and centrifuged
for 5min at 13,000 rpm (Eppendorf™ Benchtop Microcentrifuge) before the
supernatant discarded and tubes air dried for 15min. Dried pellets were finally
resuspended with 200ul 1X SDS loading buffer. Both whole cell and secretory
proteins were boiled in 100°C for 5min before loading on SDS-PAGE gel for

analysis.
2.16.2 SDS gel preparation

For SDS gel and protein profile analysis, 9% polyacrylamide separating gels and

3% stacking gel was prepared in this study(266).

Prepared SDS gels were kept overnight in the cold room covered with wet tissue
and aluminium foil. Samples were loaded the next day into wells of the stacking
gel and the gels transferred into Bio-Rad Mini-Protein® Tetra Cells system filled
with 1X electrophoresis running buffer (0.025 M Tris base, 0.19 M Glycine and
0.08% (w/v) SDS) using a PowerPac™ HC power 16 mA per gel were applied
until the loading dye reached the top of the running gel. Afterwards, 40 mA per
gel were applied for sample protein separation. 5 pl of ColorPlus Prestained
Protein Marker, Broad Range (7-175 kDa) (New England Biolabs, P7709V) was

loaded for protein molecular weight measurement.
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Table 2.7: A separating and stacking gel preparation for SDS
protein analysis (*Stacking Gel Buffer 3% contains 0.5M Tris PH
6.8 + 0.4% SDS; **Separating Gel Buffer 9% contains 1.5M Tris
PH 8.8 + 0.4% SDS).

Preparation of | Quantity Preparation of | Quantity

Stacking gel (3%) Separating gel (9%)

Stacking Gel Buffer* 2ml Stacking Gel | 2.5ml
Buffer**

Acrylamide 400ul Acrylamide 3ml

Water 1.45ml Water 4.44ml

TEMED 5 L TEMED 5 uL

APS 50 uL APS 50 uL

2.16.3 Immunoblotting

Protein profiles of each sample was first separated by SDS page gel (section
2.9). Next, the SDS gel was transferred into nitrocellulose membrane by Mini
Trans-Blot® Electrophoretic Transfer Cell (BioRad, UK). Blotting was performed
in cold 1x transfer buffer (20 mM Tris base, 150 mM Glycine and 20% (v/v)
MeOH) at 150 mA for 60 min. Then, nitrocellulose membrane was separated
from the SDS gel and blocked in PBS supplemented with 0.5% (v/v) Tween-20
(PBST) and 5% (w/v) dried skimmed milk powder at 4°C overnight. Next day,
nitrocellulose membrane was incubated with primary antibody, which was diluted
in blocking solution as mentioned in the table below at room temperature for 60
min for specific protein detection. Then, the membrane was washed (3 x 5 min)
with 0.5% PBST before incubation with Anti-rabbit IgG horseradish peroxidase
(HRP) secondary antibody (1:10000 dilution in 0.5% PBST) under the same
conditions as described for primary antibody. Finally, immunoblotting was
revealed by using Pierce® ECL Western Blotting substrate (ThermoFisher
Scientific, UK) and the Amersham Hyperfilm™ chemiluminescence film (GE

Healthcare Limited, UK) according to the manufacturer’s instructions.
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Table 2.8: Primary antibodies used for immunoblotting in this

study.

Rabbit primary antibody Dilution Reference
a-EspC 1:1000 (149)
a-dsRed 1:10,000 Source Bioscience
a-AaaA 1:2000 (258)

a -Histag 1:1000 Sigma

2.17 Fluorescence Microscopy and imaging

Microscopy images were observed on a Nikon Eclipse 50i using a 100X oil lens
fitted with Nikon intensilight C-HGFI for light illumination. For microscopy cell
preparation, colonies of bacterial culture were inoculated and propagated in 4 ml
fresh LB broth in appropriate selective antibiotics. Next day, Fresh overnight
cultures were diluted to ODeoonm = 0.02 into the same medium and grown at
37°C in a shaking water bath to ODeoorm = 0.1 to 0.2. Afterward, 0.2% final
concentration of 20% arabinose was added for protein induction. Cell growth was
continued with shaking for an additional 2 hours. To prevent bacteria motility
under the cover slip, a 1.2% (w/v) agarose pad was prepared and 1.5ul of
bacterial cells covered with cover slip. Images were captured by using Nikon
Digital Sight DS-U3 connected to Nikon NIS-Elements F4.00.06 software and

image analysis were processed by Image ] software.
2.18 FlAsH labelling tetracysteine-tagged recombinant proteins

AaaA fluorescent tags were created via the small tetracysteine tag technology.
The tetracysteine TC-Tag (Cys-Cys-Pro-Gly-Cys-Cys) was fused within the gene
of interest. The encoded fusion protein can then be specifically recognized by a
biarsenical labelling reagent (FIAsH-EDT2). The labelling reagent finally becomes

fluorescent upon binding to recombinant proteins containing the TC-Tag.

For identification of recombinant proteins including tetracysteine motif, the

membrane-permeable biarsenical dye, FIAsH-EDT2 (Invitrogen), was used.
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Strains of bacteria were cultured, inoculated for overnight and induced by 0.02%
arabinose as previously described unless otherwise stated. Cells producing TC-
tagged protein were harvested by centrifugation at 5500 rpm

(Eppendorf™ Benchtop Microcentrifuge)

for 2 min and washed once with 1x HEPES buffered saline BioUltra (Sigma), ice
cold, and resuspended in 1 ml to 1.0 of ODsoonm using the same buffer. The cells
were centrifuged once more, and the pellet was resuspended (slowly) in 500 pl
1x HEPES buffer containing 3-5 pM (final concentration) FIAsH-EDT2 substrate
followed by incubation for 35-45 min in darkness at RT. After incubation, cells
were harvested by centrifuging as before and the supernatant discarded
according to the University of Nottingham guidelines. Subsequently, cells were
washed twice with 1 ml 1x British Anti-Lewisite (BAL) wash buffer at final
concertation of 0.25 mM as recommended by the manufacturer (added twice
volume of wash buffer to the volume of added substrate). Finally, cells were
further washed once again with the 1x HEPES buffered saline, ice cold and
resuspended to approximately 0.5 of ODeoonm. An aliquot of 2 ul of washed cells
were mounted on microscope slides with a 1.2% agarose pad, covered with a
coverslip, sealed with transparent nail polish and examined under fluorescent

confocal microscope.

Table 2.9: The fluorescent excitation and emission spectra for
the FIAsH and ReAsH reagents

Labeling Reagent Excitation Maximum Emission Maximum
FIAsH reagent 508 nm 528 nm
ReAsH reagent 593 nm 608 nm

2.19 Confocal fluorescence microscope

To generate more specific images, a Zeiss LSM 700 compact confocal laser
scanning microscope was used fitted with HXP 120C lamp for light illumination
and a Zeiss alpha-Plan-Apochromat 60x/1.46 Oil objective lens. Images were
captured by using AxioCam digital microscopecamera connected to ZEN software

and analysed using image ] software.
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Chapter 3

Localization of EspC and AaaA in mutants deficient

of putative secretion accessory factors.

3.1. Introduction
3.1.1. Diverse localization patterns of autotransporter secretion

ATs are large proteins (90 to 200 kDa) with a characteristic C-terminal
transporter domain produced by Gram-negative bacteria (113). Their secretion
journey and localization during translocation has not yet been fully elucidated
and may require currently uncharacterized accessory factors. Two different

distribution patterns have been reported for ATs: polar and spiral.
3.1.2. Polar localization of autotransporters

A polar localization pattern has been reported for IcsA, SepA, AIDA-I and BrkA
(113,267). The polar localisation of Shigella IcsA AT was observed by following
the production of translational fusions with green fluorescent protein (GFP).
Constructions of IcsA-GFP that lacked either the amino signal peptide sequence
or the carboxyl pB-barrel domain revealed that polar localization still
occurred(268), leading to the conclusion that neither domain was essential for
polar localization(268). In addition, this study also highlighted the need of two
nonadjacent regions (amino acids 58-103 and amino acids 507-729) within IcsA
for localization of IcsA-GFP in order place in the old poles(268). A similar pattern
of IcsA-GFP localization to old poles was detected for Enterobacteriacae and
Vibrio(268). Interestingly, IcsA localized in a similar manner when produced in a
ASecA strain of E. coli and polar localization happened independently in the
cytoplasm prior to SecA ATPase and the SecYEG membrane channel (translocon)
facilitated secretion(269). A cytoplasmic chaperone (DnaK) was postulated as
being an important factor for IcsA polar localization and secretion after screening
of a genomic library of polar putative secreted E. coli proteins and it appears that
this accessory factor is important for chaperoning of autotransporters for polar
localization in the cytoplasm(270). The cell division protein FtsQ was also

essential for localization of IcsA and other autotransporters to the pole (271).
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Probing of intact wild-type S. flexneri with antiserum to SepA another
autotransporter with 150-kDa serine protease indicated punctate foci at the
bacterial pole similar to the pattern seen for IcsA, which localizes more
favourably to the older pole(267). AIDA-I, a 132-kDa autotransporter which is
involved in adhesion to human cells by pathogenic diffusely adherent E.
coli (DAEC) strains was found in a polar localization on the surface of wild-
type E. coli when expressed from plasmid pIB264(267). In the same study,
localization of the Bordetella 103-kDa autotransporter BrkA was examined from
plasmid pD0O6935 in wild-type E. coli and similar polar localization was found on
the surface of 96% £ 5% of intact organisms(267).

Non-autotransporter proteins with different functions in processes such as
motility, attachment and cell communication, plus cell division factors and toxins
have a polar localization(272,273). Recent studies suggested that polar
localization could be driven by an interaction with the bacterial cytoskeleton actin
homologue, MreB. To support this claim, one study perturbed MreB in P.
aeruginosa with A22 (S-3,4-dichlorobenzyl isothiourea). This A22 treatment
altered the polar localization of the type IV pilus retraction ATPase (PilT) and
weakened twitching motility(274). Moreover, production of IcsA-GFP and GFP-
EpsM (a polar IM protein from Vibrio cholerae, tagged with GFP at the N-
terminus) in mreB deficient cells resulted in asymmetrical distribution on the
whole cell surface and scattered several fluorescent foci(275). These findings
suggest that MreB could be involved in a mechanism that enables protein
distribution with cell polarity and structural organization of polar
positioning(276-278).

3.1.3. Spiral localization of autotransporters

Helical localization of the autotransporter EspC has been observed in our
research group(244). EspC was fluorescently tagged by fusion with mCherry,
and with an intact B-barrel it was localized in a spiral pattern reminiscent of the
cytoskeleton (113). To verify that this observation was not an artefact of
insertion of the sizeable mCherry into EspC, and to determine if the spiral
localization was a feature of more than one autotransporter, the study was
extended to incorporate AaaA and fluorescent tags were created via the small
tetracysteine tag technology(113,244). The tetracysteine TC-Tag (Cys-Cys-Pro-
Gly-Cys-Cys) when fused to a gene of interest allows the encoded fusion protein
to be specifically recognized by a biarsenical labelling reagent. A biarsenical
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labelling reagent, FIAsH-EDT2, becomes fluorescent upon binding to recombinant
proteins containing the TC-Tag(113). Using this approach it was revealed that
EspC and AaaA share a spiral localization dependent on their B-barrel transporter
domains(113,244).

In separate studies in our group (Louise Arnold thesis), a random transposon
screen identified a number of genes that appeared to encode proteins that
facilitate EspC secretion(149). The proteins encoded by the mutated genes had

not previously been implicated in autotransporter secretion.
3.1.4. ProW

ProW is an inner membrane permease involved in the function of the
osmoregulation transporter ProU that has a 100-residues long periplasmic N-
terminal tail followed by seven transmembrane segments(279,280). The ProU
transport system, encoded in the proVWX operon is composed of 3 functional
elements: ProV, an ATPase protein, ProW, an inner membrane protein, and ProX,
a periplasmic substrate binding component, that collectively contribute to
transport betaine and proline betaine into the Shigella cytoplasm(281).The
Shigella ProU osmosensing system plays an important role in enhancing the
growth, replication, and survival of Shigella within the cytosol of infected
cells(281).Previous studies found that transcriptional activity of the proVWX
operon is significantly increased upon infection of both epithelial cells and
macrophages(282). In addition, in vitro studies found that the ProU system

senses the ionic strength of the environment(281).
3.1.5. SlyB or PCP (PAL cross-reactive protein)

SlyB or PCP (PAL cross-reactive protein) is a tiny lipoprotein consist of 158
amino acids which is conserved in a diverse group of Gram-negative
bacteria(262). In recent studies, the slyB gene of Pasteurella multocida has been
found to be upregulated during infection; however, its main protein function
remains unknown(283). In E. coli and Salmonella enterica, slyB is downregulated
by high Mg2+ concentration, mediated by the PhoP/PhoQ two-component
system(284,285). SlyB may be involved in outer membrane stability by reducing
cell dependency to Mg2+ as a counterion(284,285). Comprehensive study
conducted by Brokx et al. based on microarray and RT-PCR analysis revealed

that slyB is highly expressed in E. coli(286). Another study suggested that the
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production of virulence factors in Serratia marcescens is unaffected by AslyB and
it appears that SlyB is not associated with regulatory function(287). In P.
aeruginosa, slyB expression is highly dependent on sigma factor AlgU that
regulates alginate production and is involved in adaptive response to periplasmic
stress(288,289). Proteome analysis of a fraction enriched for membrane proteins
in Burkholderia multivorans suggested that SlyB is associated with cell envelope

integrity and found as a major protein of the OM(262).

3.1.6. SapA

Host-derived antimicrobial peptides (AMPs) are mainly amphipathic, cationic
nonspecific immune system molecules that attack bacterial membranes, change
transmembrane potential, and stimulate cytoplasmic leakage resulting in
apoptosis(290,291). Sap transporters have been found as important virulence
factors involved in antimicrobial peptide resistance in different Gram-negative
pathogens of both animal and plant hosts(292). The sap (sensitivity to
antimicrobial peptides) operon encodes an inner membrane ABC-transporter,
found actively involved in resist killing against AMPs and acts as a virulence
factor in Haemophilus ducreyi (292). Previous study found that SapA in
Nontypeable Haemophilus influenzae (NTHI), which is periplasmic substrate
binding protein of the Sap transporter, binds to AMPs(293). In addition, other
studies found that SapA is essential for virulence and persistence of infection in a
middle ear of a mammalian host model of otitis media (293,294). However, the
complete mechanism by which the Sap transporter complex can provide AMP
resistance is still unknown. Recent study found SapA contributes to bacterial
virulence and is required for Haemophilus influenzae by directly providing
protection from AMP lethality in vivo(295). recent data also suggested that
AsapA was unable to obtain heme for growth after iron starvation(296). SapA
was found essential for iron translocation across the Haemophilus influenzae
inner membrane, however, the exact mechanism of Iron uptake system for this
pathogen remains unknown(296). It appears that SapA consists of a shared
substrate binding site for heme and AMPs within the host cell microenvironments
and this multifunctional role for the Haemophilus influenzae Sap transporter is
necessary for both metabolic iron needs and resistance to host immune response
effector(295,296).
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3.1.7. YbgC

The Thioesterase superfamily plays an important role in metabolism, membrane
biosynthesis, signal transduction, and gene regulation(297). The Tol-Pal system
is found in many different Gram-negative bacteria, and composed of five core
proteins (TolQ, TolR, TolA, TolB and Pal) with accessory genes for YbgC and YbgF
proteins located in the cluster operon(298,299). This Tol-Pal system stretches
across the cell envelope and most proteins encoded by this system are involved
in keeping cell envelope integrity and the cell division process(298). However,
the complete physiological and metabolic role of YbgC is still unknown. A
proteomics analysis of the YbgC protein in Salmonella enterica serovar Enteritidis
identified that the ybgC gene as essential for growth and cell survival in the
presence of whole egg white(300). In addition, expression of to/lR and tolA was
reduced in the AybgC mutant strain indicating relationship between the Tol-Pal
system and YbgC AF protein(300). Another study highlights the role of ybgC
gene in lysozyme resistance in egg white filtrate of Salmonella enterica(301).
The outer membrane permeability, cellular structure and morphology, along with
fatty acid composition of Salmonella enterica exposed to lysozyme are all
changed in AybgC mutant(301).

YbgC involvement in phospholipid metabolism and a main thioesterase activity
have been found in E. coli, H. influenzae, and H. pylori(302,303). Acyl carrier
protein (ACP) is an important cofactor that mediates fatty acid and phospholipid
synthesis(304). In this metabolic reactions ACP interacts with a diverse group of
enzymes, which includes the thioesterase YbgC(304). Another novel finding
suggested the role of thioesterase YbgC affects motility by modulating c-di-GMP

levels in Shewanella oneidensis(297).

3.1.8. YqjE

YqgjE, conserved inner membrane protein is another accessory factor utilized in
this study. Previous studies suggested a possible role of this protein in inhibition
of translation in an unknown mechanism and may also contribute to enhance a
dormant or latent state in E. coli following prolonged exposure to nitrogen
starvation(305,306). Most bacterial cells are stressed, and therefore, some
become resistant to antibiotics by initiating a latent phase known as persistence.
recent studies found YQjE can increase bacterial antibiotic tolerance, mainly by
reducing cell growth(307,308).
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3.1.9. AbrB

abrB is putative regulator in E. coli and in previous study was predicted to be
involved in transport across membranes(149). The E. coli aidB gene is controlled
by two different mechanisms, an ada-dependent pathway stimulated by methyl
damage to DNA and an ada-independent pathway triggered when cells are
grown without oxygen(309). In previous studies, AabrB causes an unstable
phenotype with respect to anaerobic, Ada-independent expression of the aidB
gene(309).

Using the strains and plasmids from these previous studies, the aim of the work
presented in this chapter was to ascertain whether the putative secretion
accessory factors played a role in the spiral localisation of autotansporters.
Towards this aim, plasmids producing fluorescent versions of EspC were inserted
into the AT accessory factor secretory mutants (AproW, AslyB, AsapA, AybgC,
AyqgjE and AabrB), and EspC localisation tracked by immunobloting and
microscopy. This analysis revealed that SlyB did affect EspC secretion. To better
understand the role of SlyB, genetic complementation was attempted with
plasmids producing SlyB with or without a His tag. In addition, the study was
expanded to incorporate another autotransporter, AaaA. To do this, plasmids
encoding AaaA were introduced into the As/lyB mutant. Moreover, to discount the
possibility that the large mCherry was influencing the observations, AaaA was

labelled with FIAsH and compared to similarly tagged EspC.

The aim of this chapter was based on previous studies conducted by Louise
Arnold, Stephanie Pommier and Mahmoud Ashawesh. Initially Louis Arnold
identified transposon mutants deficient in EspC secretion. Following this study,
Dr Stephanie Pommier constructed defined clean mutants, using lambda red.
The strategy used to create clean mutant accessory factors was to amplify
1000bp before and after the genes of interest followed by cloning the PCR
product in pBluescript for sequencing. The amplified product was then cloned
into a suicide vector pDM4 vector. Following a double recombination step,
deletion of the gene of interest was obtained. The previous finding revealed the
defined clean mutants did not show the same reduced secretion of EspC. Another
study by Dr Mahmoud Ashawesh suggested EspC and AaaA ATs exit bacteria
through dynamic spiral secretion(244). This study combines microscopy with AT
accessory factor candidates with aim of elucidating interactions and mechanism
involved in secretion (Figure 3.1, 3.2).
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Novel accessory factors required for EspC secretion

This study combines microscopy with AT accessory factor candidates with
aim of elucidating interactions and mechanism involved in secretion

Figure 3.2: Predicted Ilocalization of accessory factors
implicated in the secretion of EspC. Previously, a transposon
mutagenesis screen was undertaken that identified mutants deficient
in EspC secretion (310)(Panel 1). Subsequently defined mutations in
the identified genes were constructed by Stephanie Pommier (Panel
2). The predicted cellular localisation for each encoded protein is
shown in the cartoon (Panel 3). Panel 4 represents the hypothesis that
a dynamic spiral localisation pathway is followed by ATs to exit the
producing bacterium(244). This study aimed to investigate whether

the AFs contributed to this spiral path of AT secretion.
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Table 3.1: List of accessory factor secretory mutant and their

function (149).

Interrupted | Genbank Gene function Reference
Gene ID
proW GI 147374 Inner membrane protein involved in (149)
osmoregulation
slyB GI Outer membrane lipoprotein (149)
15802055
sapA GI Part of ABC transporter uptake system (149)
1787551
ybgC GI homologue in H. influenzae identified (149)
15800451 as a catalyst for acyl-coenzyme A
thioester hydrolysis
yqjE GI putative membrane protein in (149)
1789486 Salmonella Spp
abrB EG 13310 Transport protein (149)
3.2. Results
3.2.1. Previously constructed plasmids encode the expected

fluorescently-tagged EspC suitable for monitoring secretion accessory in

factor mutants

Three plasmids encoding EspC were selected for insertion into the AT secretion
accessory factor mutants (Figure 3.1). One plasmid encoding native EspC
(pLA33C1) and two producing EspC fused to the red fluorescent protein mCherry
were used to facilitate tracking within the cell. Of the latter, one encoded a
product with an intact transporter domain (pLA33C1MC), and the other lacked
the C-terminal B-barrel domain (pMAC33). The mCherry fusions remain tethered
to the bacterial cell surface rather than being released to the surrounding media,
and thus provide a tool to assess whether any of the AT AFs contribute to the
dynamic spiral secretion pathway. E. coli MG1655 containing these plasmids
and

individually were grown overnight in LB containing chloramphenicol,
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plasmids were extracted and subjected to PCR (Supplementary Figure 1 Panel A)

and restriction digestion (Supplementary Figure 1 Panel B & C).

As expected, DNA products of 4028bp, 4753bp and 4753bp were observed with
plasmids pLA33C1, pLA33C1MC and pMAC33 by PCR (Supplementary Figure 1
Panel A). Moreover, restriction digestion with HindIII generated DNA fragments
of 9293bp for PLA33C1 and 10,010bp for PLA33C1MC and PMAC33 plasmids,
(Supplementary Figure 1 Panel B) as expected. In addition, restriction digestion
with BglII also produced the expected DNA fragments of 9293bp for pLA33C1; a
fragment of 717bp representing mCherry was separated from 9265bp that
represents the rest of the vector for pLA33C1MC; and finally for pMAC33 a
fragment of 718bp representing mCherry separated from 9294bp that accounted

for the rest of the vector (Supplementary Figure 1 Panel C).

After confirming that the plasmids were correct, it was important to assess
whether the expected proteins were produced from them. To do this, protein
profile analysis and immunoblotting of arabinose induced MG1655(pLA33C1),
MG1655 (pLA33C1MC) and MG1655 (pMAC33) was performed using whole cell
lysates along with culture supernatants since native EspC is a secreted protein.
Immunoblotting was performed with Anti-EspC or anti-Dsred as primary
antibody so that both the size of the EspC (native or fusion) and the presence of

mCherry could be confirmed respectively (Figure 3.3 Panel B,C).

The SDS-PAGE analysis clearly revealed more proteins in the whole cell lysates
than in the culture supernatant as expected (Figure 3.3 Panel A). In addition, it
was evident that the samples contained equivalent levels of protein overall.
There was also proteins migrating at the size expected for EspC (145kDa) or
EspC-mCherry (172kDa).
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EspC fused to mCherry from plasmids pLA33C1MC or pMAC33
respectively as expected. Protein profile of pLA33C1, pLA33C1MC and
pMAC33 pellet and supernatant analyzed by SDS-PAGE, Coomassie stained.
EspC (145kDa) migration through the gel (Panel A). Western blotting analysis of
arabinose induced MG1655 (pLA33C1), MG1655 (pLA33CiMC) and MG1655
(pPMAC33) using whole cell lysates along with culture supernatants. Panel B:
Immunoblotting analysis using primary antibody Anti-EspC; 145kDa protein
(shown in red) detected for MG1655 (pLA33C1) in the culture supernatant as
expected. Panel C: Immunoblotting analysis using primary antibody anti-dsred;
172kDa protein (shown in Yellow) of MG1655 (pLA33C1MC) and 65kDa protein
(shown in green) of MG1655 (pMAC33) identified in the whole cell lysate as

expected.

Absolute negative controls (empty vectors) had previously been performed
during construction of the plasmids used(113). The immunoblot analysis
demonstrated that MG1655(pLA33C1) did not produce any proteins that could be
detected by anti-dsRed, in line with the absence of mCherry. Moreover, the anti-
EspC detected a protein in the culture supernatant of 145kDa as expected. In
contrast, anti-dsred recognized a protein of 172kDa in the whole cell lysate of
MG1655(pLA33C1MC) and a smaller one (65kDa) in the whole cell lysate of
MG1655(pMAC33) which is commiserate with both containing mCherry (27kDa)
and the latter lacking the p-barrel. Neither MG1655(pLA33C1MC) nor
MG1655(pMAC33) had any proteins in their culture supernatant that could be
detected by either of the antibodies used.

3.2.2. Transformation of pLA33C1, pLA33C1MC and pMAC33 into defined
AT secretion accessory factor mutants revealed that the EspC secretion
defect observed in the transposon mutants was not retained, and that

the absence of slyB may affect EspC stability or cell integrity.

Having confirmed the plasmid construction and profile of protein production was
correct in parental MG1655; each plasmid (pLA33C1, pLA33C1MC and pMAC33)
was transformed into the set of AT secretion accessory factor mutants (AproW,
AslyB, AsapA, AybgC, AyqjE and AabrB). Subsequently, plasmids were prepared
and confirmed by PCR and restriction digestion as previously (Supplementary
Figure 2 Panels A-C) shows the expected DNA PCR fragments and
(Supplementary Figure 2 Panels D-M) shows the expected Restriction enzyme
products for the AT AFs AproW, AslyB, AsapA, AybgC, AyqjE and AabrB
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respectively. After successful transformation of pLA33C1l, pLA33C1MC and
pMAC33 into the set of AT secretion accessory factor mutants (AproW, AslyB,
AsapA, AybgC, AyqgjE and AabrB) ATs were induced with arabinose as described
in section 2.6. Immunoblotting of whole cell lysates and culture supernatants
followed for comparison with wild type and detection of possible defects in the
mutant (Figure 3.4 Panels A-F). Primary antibodies Anti-EspC and anti-dsred
were used for confirmation of presence of EspC (native or fusion) and mCherry

protein.

Non-quantified visual inspection of Immunoblots (Figure 3.4) of AT AF deficient
mutants compared to MG1655 revealed that a 175kDa protein was detected for
pLA33C1 in all whole cell lysates as expected (Panel A). A 145kDa protein was
detected for pLA33C1 in all culture supernatant as expected (Panel B). A 173kDa
protein was detected for pLA33C1MC in the whole cell lysate of MG1655 and all
the other mutants except As/yB (Panel C). No protein was detected for
pLA33C1MC in the culture supernatant of any of the strains (Panel D). A 65kDa
protein was detected for pMAC33 in the whole cell lysate of all strains as
expected since it lacks the translocation domain and suggests that the AF
mutants did not degrade it (Panel E). A 65kDa protein was detected for pMAC33
in AslyB and AsapA mutant backgrounds in the culture supernatant (Panel F). As
expected, the MG1655 (pLA33C1MC) whole cell lysates control provided a visible
protein at the expected size and no protein was detected for the MG1655
(pPMAC33) whole cell lysate control. Since the secretion of the native EspC was
not reduced in the mutants, this data contradicts the previous findings by Louise
Arnold (310). This may mean that in addition to the transposon insertion that
another mutation occurred which is not present in the defined mutants

constructed by Stephanie Pommier (Figure 3.2).
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Figure 3.4: AslyB does not produce detectable FL EspC-mCherry
and releases more tEspC-mCherry than MG1655. Plasmids pLA33C1,
pLA33C1MC and pMAC33 were transformed into AproW, AslyB, AsapA, AybgC,
AyqjE and AabrB autotransporter accessory factors. Immunoblot analysis of AT
AF deficient mutants compared to MG1655: EspC wild type whole cell lysate (A),
culture supernatant (B) using Anti-EspC and EspC FL mCherry whole cell lysate
(C), culture supernatant (D), Truncated EspC mCherry whole cell lysate (E) and
culture supernatant (F) using anti-dsred. MG1655 (pLA33C1MC) whole cell lysate
were applied as a control. A 65kDa protein was detected for pMAC33 in the
whole cell lysate of all strains as expected (E). No protein was detected for the

MG1655 (pMAC33) whole cell lysate which was applied as a control.

3.2.3. Localisation of EspC-mCherry is not altered in the AT AF
mutants, whilst localisation of tEspC-mCherry mirrors the wild
type control in all AT AF mutants except AslyB, where it is less

polar.

Previous data in our lab revealed that EspC-mCherry localizes in a spiral pattern
during secretion. Our Immunoblotting data was suggestive of altered stability of
EspC-mCherry or potentially the promotion of cell lysis in AslyB. One possibility
would be that the overproduced protein forms inclusion bodies. To investigate
this further, bacterial physiology was evaluated in parallel with localizing the
fluorescently tagged AT in each potential AF mutant. Transformed AT accessory

factor mutants (AproW, AslyB, AsapA, AybgC, AyqjE and AabrB) containing
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pLA33C1, pLA33C1MC and pMAC33 were cultured and induced for florescent
microscopy observation as described in section 2.17. Control cells were also
prepared for comparison. As expected in induced bacterial cells, protein
localization observed in red during florescent light exposure. Localization of
EspC-mCherry in all AT AF mutants mirrors the wild type control (Figure 3.5).
Similarly, Localization of tEspC-mCherry mirrors the wild type control in all AT AF

mutants except AslyB, where it is less polar (Figure 3.6).
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Figure 3.5: Localization of EspC-mCherry in all AT AF mutants
mirrors the wild type control. MG1655 (Control) and derived accessory
factor mutants producing FL. EspC-mCherry form pLA33C1MC were first grown in
LB, induced in 0.2% arabinose of ODsoonm=0.5 and subjected to fluorescent
microscopy as described in section 2.17. The images were visually inspected,
thus conclusions are not based on quantification and should be interpreted with

caution as it is a subjective assessment.
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Figure 3.6: Localization of tEspC-mCherry mirrors the wild type
control in all AT AF mutants except AslyB, where it is less polar.
MG1655 (Control) and derived accessory factor mutants producing truncated
EspC-mCherry form pMAC33 were first grown in LB, induced in 0.2% arabinose
of ODsoonm=0.5 and subjected to fluorescent microscopy as described in section
2.17. The images were visually inspected, thus conclusions are not based on
quantification and should be interpreted with caution as it is a subjective

assessment

3.2.4. Plasmids encoding SlyB with and without His tag did not

detectably complement secretion of EspC from the As/yB mutant

In order to complement AslyB containing pLA33C1, pLA33C1MC and pMAC33,
SlyB overproduction vectors (2 versions of pBAD24: one encoding SlyB fused to
a C-terminal His tag and the other with SlyB lacking a -His tag) under arabinose
promotor control and with ampicillin resistance were cotransformed into each
mutant strains. The two plasmids were first extracted from DH5a and confirmed
by restriction digestion and sequencing. Plasmids were digested with Clal and
Sphl from the multiple cloning site. A 3191 bp DNA fragment separated from the
1651 bp fragment bearing the arabinose promotor and partial slyB gene as
expected based on the plasmid map (Supplementary Figure 3 Panel A).
Confirmed plasmids were then transformed into AslyB competent cells by

electroporation.

After successful transformation of plasmids into Asl/yB containing pLA33Cl1,
pLA33C1MC or pMAC33, these newly made complemented mutants (along with
AslyB and MG1655 WT strains) were cultured in appropriate antibiotic and
induced with 0.2% arabinose final concentration at ODsoonm= 0.5. Analysis of
protein profiles by SDS-PAGE and Immuno blotting of whole cell lysates and
culture supernatants followed as described in section 2.16.3. Primary antibodies
Anti-EspC, anti-dsred and anti-His tag were used for confirmation of the
presence of EspC (native or fusion), mCherry and the 6 histidine tag protein
respectively. For EspC, a 175kDa protein was detected for MG1655 WT, AslyB
and the complemented strains in the whole cell lysate as expected. In addition,
a 145kDa protein was detected in the culture supernatants as expected,
although the levels in the complemented mutants were very low (Figure 3.7
Panel A). For EspC-mCherry, 173kDa and 65KDa proteins were detected for all

strain backgrounds in the whole cell lysate and supernatant as expected,
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although levels were lower in the supernatants of the AslyB mutant regardless of
whether it was complemented (Figure 3.7 Panel B). Moreover, for tEspC-
mCherry, a 65kDa protein was detected for all strains in the whole cell lysate
and supernatant as expected, again with levels being lower in the supernatants
of the complemented As/lyB mutant (Figure 3.7 Panel C). For confirmation of
complementation, the 28kDa SlyB with 6-histidine residues fused to the C-
Terminus was observed in the whole cell lysates and not found in the
supernatant as expected (Figure 3.7 Panel D). Overall, Figure 3.7 reveals that
the AslyB mutant containing pLA33C1, pLA33C1MC and pMAC33

produced a similar protein profile as the complemented mutant.
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Truncated EspC mCherry
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Figure 3.7: The AslyB mutant containing pLA33C1, pLA33C1MC
and PpMAC33 produced a similar protein profile as the
complemented mutant. Immunoblot analysis of whole cell and supernatants
fractionated from MG1655 (pLA33C1) and the AslyB mutant in the presence and
absence of complementation plasmids plus either pLA33C1, pLA33C1MC or
pMAC33. Cells were grown, induced in 0.2% final concentration of arabinose.
Blots were incubated in primary anti-EspC 1:1000 dilution (Panel A), anti-dsRed
1:1000 dilution (Panels B,C) or anti-HIS tag 1:1000 dilution (Panel D). black
arrow indicates 175-kDa and 145kDa EspC wild type (Panel A). Protein profiles of
pellet and supernatant stained by Coomassie Brilliant Blue on SDS-gel are also
presented with samples applied in the same order (Panels A ,B, C). Red arrow
indicates 173-kDa EspC-mCherry and Blue arrow indicates 65kDa mCherry
(Panel B). Red arrow indicates 65-kDa tEspC- mCherry (Panel C). Blue arrow

indicates 28-kDa SlyB-HIS tag (Panel D). No protein was detected in supernatant
(Panel D).
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3.2.5. Localisation pattern of EspC-mCherry and tEspC-mCherry in the
presence and absence of SlyB is unaltered when analysed by fluorescent

microscopy

Genetic complementation of the putative AT secretion accessory factor SlyB was
assessed for its impact upon AT localization by fluorescent microscopy. To do
this, strains containing pLA33C1MC and pMAC33 were cultured in appropriate
antibiotics and induced as described in section 2.17. The Asl/lyB mutant and
MG1655 WT strains were also used for comparison with the complemented Asl/yB
mutant. Plasmids encoding SlyB and also SlyB-His were analysed. As expected in
induced bacterial cells, protein localization was detected in red during florescent
light exposure for all samples. In MG1655, EspC-mCherry localises throughout
the cells and is most prominent in the poles and center of the bacterium whilst
for tEspC-mCherry exhibited a more diffuse pattern (Fig 3.8, 3.9). This was in
agreement with the previous analysis (Fig 3.5 and 3.6). In the As/lyB mutant,
EspC-mCherry and tEspC-mCherry displayed similar localization patterns. As
would be expected, the complemented AslyB mutants mirrored this distribution.
The control mCherry was observed as a diffuse red cloud with no preference for

the bacterial poles (Figure 3.8 and 3.9).
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Figure 3.8: Localization of EspC-mCherry in the complemented

AslyB mutant mirrors the As/yB mutant and parental MG1655 by

being located mainly towards the bacterial poles. EspC-mCherry,

produced in MG1655 and the AslyB mutant in the presence and absence of

complementation plasmids was grown, induced in 0.2% arabinose and

ODsoonm=0.5. Cells were then analyzed by fluorescent microscopy as described in

section 2.17. Cytoplasmic mCherry cells were prepared in parallel as control.
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Figure 3.9: Localization of tEspC-mCherry in the complemented
AslyB mutant mirrors the As/yB mutant and parental MG1655 by
being located mainly towards the bacterial poles. tEspC-mCherry,
produced in MG1655 and the AslyB mutant in the presence and absence of
complementation plasmids was grown, induced in 0.2% arabinose and
ODeoonm=0.5. Cells were then analyzed by fluorescent microscopy as described in

section 2.17. Cytoplasmic mCherry cells were prepared in parallel as control.
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3.2.6. MG1655 and the Asl/yB secretion accessory factor mutant produce

similar levels of another fluorescently tagged AT, AaaA.

Although fluorescent microscopy could not detect the role of SlyB in EspC
localization, it was hypothesized that a different AT may reveal its contribution.
AaaA was selected as it is an AT that naturally remains tethered to the bacterial
cell surface (unlike EspC), and since a proportion would not be lost to the
supernatant, it was reasoned that changes in localization may be more evident.
It had previously been demonstrated that like EspC, AaaA follows a spiral path
out of the bacteria (113). The monitoring of AaaA secretion had been achieved
with the fluorescent FIAsH tag, and this was selected for the experiments here
as it is significantly smaller than mCherry, and thus less likely to obstruct the

observation of a secretion defect.

In order to compare with EspC AT secretion, plasmids encoding AaaA were
selected for insertion into the parental MG1655 WT and AslyB accessory factor
mutant. All plasmids contain the motif for FIAsH tagging (CCPGCC) within the
autotransporter gene to facilitate tracking within cells by confocal microscopy.
One plasmid encoded native AaaA tagged at position 531aa (pLA33AaaA-TC),
one has the FL EspC gene control tagged at position 531aa by SDM (pLA33C1-TC
531aa) while the other produced AaaA tagged at position 292aa and also
containing an amber stop codon at position 343aa to generate a truncated
version of AaaA lacking the p-barrel (pLA33AaaA-TC-TAG343aa). E. coli MG1655
containing these plasmids individually were grown overnight in LB containing
chloramphenicol, and plasmids were extracted. After plasmid extraction, DNA
was transformed into parental MG1655 and the AslyB accessory factor mutant.
Transformations were then confirmed by double digest with BglIl and Sall. As
expected, ~1064 bp upstream portion of EspC and 2059bp native AaaA
fragments were separated from 5327 bp open pBAD33 vector (Supplementary
Figure 4 Panel A-C). After confirming that the plasmids were correct, it was
important to assess whether the expected proteins were produced from MG1655
and the accessory factor mutant in whole cell lysates. Towards that end,
immunoblotting was performed with Anti-EspC and anti-AaaA as primary
antibody so that both the size of the EspC and the presence of AaaA could be
confirmed respectively (Figure 3.10). The immunoblot analysis revealed similar

patterns between MG1655 and the As/yB mutant containing AaaA AT variants.
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Figure 3.10: Parental MG1655 and the As/yB mutant containing
native AaaA (pLA33AaaA), FL EspC FIAsH tag (pLA33C1-TC
531aa) and AaaA truncated version (pLA33AaaA-TC-TAG343aa)

produced similar detectable AaaA and EspC protein in whole cell
lysates. Immunoblot analysis of whole cell lysates from MG1655 and the AslyB
mutant bearing these plasmids was undertaken. Cells were grown, induced in
0.2% final concentration of arabinose and incubated in primary a-EspC antibody
in 1:1000 dilution and a-AaaA in 1:2000 as described in section 2.16.3. 80-kDa
AaaA was detected in both MG1655 and the As/lyB mutant containing native
AaaA (pLA33AaaA) and tAaaA (pLA33AaaA-TC-TAG343aa). The larger
unprocessed >135kDa AaaA was only detected when pLA33AaaA was present as
expected (Top panel). 174kDa EspC was only detected in MG1655 and the AslyB
mutant bearing EspC (pLA33C1-TC 531aa) whole cell lysate as expected (Bottom
Panel).
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3.2.7. Confocal microscopy of EspC, AaaA and tAaaA in MG1655 WT and
the AslyB mutant verified that the contribution of SlyB to AT secretion is
not sufficiently impactful to be interrogated using this approach with the

current resolution available.

Previous study suggested that different ATs adopt a helical localization during
secretion. To investigate if SlyB has a role in this distribution, localization of
surface exposed AaaA and its truncated version were compared with EspC in
parental MG1655 and the As/lyB mutant. In order to track the secretion of the
AaaA, the intracellular FIAsH labelling technology for TC-tagged AaaA was
performed according to conditions described in the section 2.18. MG1655 and
the AslyB mutant containing pLA33aaaA (control), pLA33C1-TC 531laa and
pLA33AaaA-TC-TAG343aa were diluted 1:100 in LB containing Cm, grown to
ODsoonm Of 0.05 and induced with 0.2% arabinose for 2h. Subsequently, cells
were harvested and prepared for FIAsH staining following the protocol described
in section 2.18. Confocal fluorescence images revealed that the AslyB mutant
localizes autotransporters in the similar manner compare to MG1655. Full-length
proteins (AaaA and EspC) localized in a spirals pattern while truncated AaaA

forming discrete foci within the cells (Figure 3.11).

MG1655 + AaaA AslyB + AaaA

MG1655 + EspC AslyB + EspC

MG1655 + trunc
AslyB + trunc

Figure 3.11: Full-length proteins (AaaA and EspC) localized in a
spiral pattern while truncated AaaA formed discrete foci within
the cells of both MG1655 WT and the AslyB mutant. MG1655 and
the AslyB mutant containing pLA33aaaA (control), pLA33C1-TC 531laa and
pLA33AaaA-TC-TAG343aa were diluted 1:100 in LB containing Cm, grown to
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ODeoonm of 0.05 and induced with 0.2% arabinose for 2h. Subsequently, cells
were harvested and prepared for FIAsH staining following the protocol described
in section 2.18 and visualized by confocal microscopy. I would like to
acknowledge the contribution of Dr. James Brown from CBS, Nottingham

University for confocal microscopy imaging and processing.

3.3. Discussion and future work

Bacterial proteins are not fixed objects, and they localise to different positions
within the cell such as the cytoplasm, membranes, or periplasm. Localisation can
occur via diffusion and/or directed movement mediated by mechanical secretion
pathways and active intracellular transport systems. Correct location enables
virulence protein function, and thus pathogenicity so it is important to
characterize the mechanisms involved. Progress has been made in recent years
to study protein localization and also the interactive dynamics that proteins
participate in, following discovery of fluorescent tracking protocols based on the
green fluorescent protein (GFP) from Jellyfish and the red fluorescent protein
(DsRed) and higher resolution microscopy. This chapter describes the use of
fluorescent protein fusions and labelling with smaller fluorescent tags to compare

the localization of autotransporters in putative secretion accessory factors.

The red fluorescent monomer mCherry was chosen for this study due to its
unique characteristics. mCherry consists of a GFP-type terminus which facilitates
stability of N- or C-terminal fusions. In addition, it provides higher photostability,
speeds up maturation and pH resistance. Moreover, it indicates long excitation
and emission wavelengths (587/610 nm) and better fluorescence quality along
with reducing artefacts(311-313). Being a monomer, it is also conducive to
membrane translocation. Moreover, mCherry fluorescence can be detected in an

active form in the periplasm.

The autotransporters chosen for this study were EspC and AaaA as the
laboratory had access to the tools required for their analysis. All the plasmids
used were verified genetically and the production of the expected proteins
confirmed by immunoblotting. Likewise, introduction of these plasmids into the
AT accessory factor secretory mutants (AproW, AslyB, AsapA, AybgC, AygjE and
AabrB) was confirmed prior to AT localization. The only putative secretion

accessory factor mutant showing potential after the EspC-mCherry screen was
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the AslyB mutant, however using EspC-TC or AaaA-TC tracked proteins, a role in

AT secretion could not be reliably observed in this study.

The putative AT secretion accessory proteins had been identified by a screen of
transposon mutants for deficient EspC secretion conducted by Louise
Arnold(310). Following on from this, the defined mutants used in this study were
constructed by Dr Stephanie Pommier using Lambda Red (unpublished). Previous
characterization that had given us hope that the putative AT secretion accessory
proteins might influence AT localization includes the following. ProW (accessory
factor of the osmoregulatory transporter ProU) gathers at the poles of the cells
and polar localization was reported to occur in a phospholipid cardiolipin
independent manner(279). SapA is a periplasmic protein that is putatively
involved in peptide transport. In previous studies SapA was revealed to play a
role in resistance to antimicrobial Peptide PR-39 and is considered as a virulence
factor of Actinobacillus pleuropneumoniae(314). PR-39 is a linear porcine
antimicrobial peptide including 39 amino acid residues with a high proline profile.
PR-39 enhances expression of the sapA gene in A. pleuropneumoniae (314).
Another study found SapA in the periplasm along with FhuD, and with PstS in the
inner membrane. This forms an ABC transporter complex associated with other
IM proteins during active transport(315,316). YbgC is part of the Tol-Pal system
which is found in diverse groups of Gram-negative bacteria, and its function is
mainly described as protection of the cell envelope and periplasmic
translocation(317). In E. coli, the tol-pal gene cluster encodes seven proteins:
YbgC is a cytoplasmic protein, whilst TolA, TolQ, and TolR are inner membrane
proteins, TolB and YbgF are periplasmic proteins, and Pal is a
peptidoglycan-associated lipoprotein(318). The function of the YbgC protein and
its pathway is not fully characterized, and its homolog found in Pseudomonas sp.
is CBS3 4-hydroxybenzoyl-CoA (4-HBA-CoA) thioesterase(303). Another study
suggested that deletion of ybgC caused Salmonella enteritidis to adopt an egg
white morphology involving a change to a round shape and cell lysis that could
be genetically complemented(300). Recent studies in S. enteritidis also revealed
that deletion of ybgC activates membrane lipid composition-related genes that
ultimately reduced resistance to lysozyme(301). YqjE is a putative inner
membrane protein found in E. coli that is also known as non-TA toxic protein and
can increase the persistence and dormant state in bacteria by reducing cell
growth(307). AbrB is known as a regulatory protein of antibiotic resistance in B.

subtilis(319-321). This protein regulates genes involved in biofilm formation and
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bacterial response to environmental stress(319,320). SlyB is a tiny lipoprotein
that consists of only 158 amino acids. SlyB is located in the outer membrane of
different Gram-negative bacteria, and plays an important role in cell envelope
integrity(262). In Burkholderia multivorans, a mutant in s/lyB produced long
filamentous cells which were not identified in our cultures of wild type or slyB-
complemented cells (262). The slyB mutant also revealed high sensitivity to
EDTA and SDS and low siderophore activity(262).

In this study, plasmids encoding fluorescently tagged EspC and AaaA were
introduced into the defined putative accessory factor mutants, and the
construction of these new strains was verified at the genetic and protein level.
During the preparation of the data presented in this chapter, a number of
optimisation steps were developed, although further changes could also be
considered as outlined below. In the first PCR analysis for the plasmids
presented here, primer-dimers were observed (Supplementary Figure 1 panel A).
The result was optimised by increasing the annealing temperature to 60°C and
preparing 1:10 dilution of F-espC and R-Apal-espC primers. Therefore, non-
specific bands disappeared in the PCR confirmation of plasmid transformation
(Supplementary Figure 2 Panels A-C). Concerning restriction enzyme digestion,
preparation of 50pul reaction mixes and 5ul buffer for 1000ng plasmid DNA along
with an increase in the incubation period for up to 1.5 hour generated clearer
bands for both primary plasmid verification and plasmid transformation
confirmation. In terms of transformation, the primary control for competent cells
and original mutant strains was set following optimisation and incorporated using
a maximum of 100 ng (1.5pul) of plasmid DNA. Furthermore, utilising 2ml instead
of 1ml of the bacterial overnight for plasmid preparation increased the quality of
the DNA, and subsequently the efficiency of chemical transformation was
significantly increased. In addition, it appeared that using DNAase-free water
instead of gene elution buffer (provided by the manufacturer) increased the
efficiency and sharpness of bands for following restriction enzyme digestion. As
an alternative for competent cell preparation, the less time-consuming, one-step

protocol of Transformation storage solution (TSS) could have been used(322).

The defined mutants (created by Dr Stephanie Pommier using lambda red) did
not show the same reduced secretion of EspC that the transposon mutants had
done, with some unexpectedly secreting higher levels. The distribution of EspC-

mCherry between whole cells and culture supernatant was different in the AslyB
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deficient mutant compared to in the parental MG1655 E. coli. A difference was
observed when EspC was fused to mCherry, irrespective of the presence of the
B-barrel. In general, Immunoblotting was suggestive of altered stability of EspC-
mCherry, or potentially the promotion of cell lysis, in the As/lyB mutant. One
possibility would be that the overproduced protein forms inclusion bodies. The
rapid accumulation of the overproduced protein may lead to an increase in the
tendency to form inclusion bodies. When it was induced at 25°C, the enzyme
production rate was slower compared to when it was induced at 37°C and
equally the lower concentration in terms of the proteins could help in the
prevention of the formation of the insoluble aggregates(323).Bacterial
physiology was evaluated in parallel with localizing the fluorescently tagged AT in
each potential AF mutant. Microscopy revealed that EspC fused to mCherry with
a functional B-barrel transporter (pLA33C1MC), accumulated in discrete patches
in AT AF mutants and the parent (MG1655) in a similar way. When EspC lacking
its C-terminal B-barrel transporter domain was fused to mCherry (pMAC33), it
was detected diffusely along the length of the bacterial cell but appeared to have
distinct foci in the parent (MG1655) and AT AF mutants except for AslyB. In the
AslyB mutant, the localization of tEspC-mCherry resembled that of full length
EspC-mCherry. In general, it appears that lack of B-barrel transporter domain

has an effect on the localisation and dispersion of the the EspC secretion pattern.

In general, no significant difference was identified between the complemented
AslyB mutants, the AslyB mutant and MG1655 parental strains containing EspC,
EspC-mCherry and tEspC-mCherry for both protein secretion and microscopy
localization patterns, but there was the possibility that the resolution of
fluorescent microscopy was not sufficient to detect subtle changes. It is also
possible that in the complemented strains that the necessity to include two
antibiotics in the culture medium to select for the plasmids may have hampered
growth and affected the analysis. This may have been circumvented by altering

the induction conditions to increase the number of induced cells.

In order to compare localization patterns at a greater resolution, another
labelling technique (small tetracysteine tag technology) was employed, and the
study was extended to include two ATs. This Flash tag technology is widely used
to investigate protein dynamics (localisation over time and stability) and activity
inside eukaryotic cells. Compared to mCherry fusion, this technique is more

technically convenient. In addition, the TC-tag is composed of only 6 amino acids
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compared to mCherry (~235) that provides better understanding of localization
and protein function since it provides the potential for higher resolution.
Stability, brightness and color diversity are other advantages of using this

technology.

Localization of EspC and AaaA variants in both MG1655 and the As/yB mutant
were analyzed by FLASH tag labelling and confocal Microscopy. The data
suggested that the localization patterns were similar between MG1655 and the
AslyB mutant. The tAaaA looked like it was in discrete foci while EspC and AaaA
adopted a distribution that resembled the previously observed spiral pattern in
some bacteria. The low fluorescence of EspC observed in this experiment may be
as the construct used has the non-optimal substrate-binding motif (CCKGCC)
instead of the optimal one (CCPGCC). Recent studies have extensively explained
diverse applications for small tetracysteine tag technology in protein localization
both in eukaryotic and prokaryotic cells to follow up the dynamics, motility and
interactions of molecules inside living cells(324-328). Advantages of FlAsH-tag
technology include the freedom to insert the TC motif at a specific site in the
protein of study(329,330). In addition, the TC-Tag is composed of only a small
(6 amino acid) sequence compared to ~235 amino acids (mCherry) which
facilitates insertion and study of the activity of the target protein(331). However,
a high level of background staining can cause low specificity in this
technology(332,333). In addition, non-specific binding to cysteine pairs
increases toxicity(332,333).

For future work and microscopy optimization, it would be advisable to compare
these constructs in terms of fluorescent intensity and incubate for different time
intervals with different arabinose concentrations to determine if there were any
side effects of the labelling. Super resolution analysis would also be useful for
better detection of the localization pattern. However, as there was no major
difference between the strains, it may be more beneficial to understand other
aspects of AT production. Novel super resolution imaging technologies, for
example electron cryotomography, which can identify molecules in near-native
states, enhancing the certainty about localization, might be considered in future
studies(311). In general, the use of advanced imaging technologies to detect
protein localization provides better understanding about their behaviour than

conventional fluorescence microscopy(334).
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Since the data shown here suggested that the transposon screen had not
identified bone fide AT secretion accessory factors, the decision was made to
follow a related direction that would have the potential to optimize the conditions
for another screen. As an alternative to pursuing the identification of AT
secretion accessory factors immediately, the regulation of AaaA production was
interrogated, and is presented in the following chapter. The aim of this was to
enable AaaA secretion to be studied with more optimal growth conditions e.g. at
endogenous production levels rather than following high level overproduction. In
addition, such an analysis would have the potential to inform the
characterization of the role of AaaA in pathogenesis of P. aeruginosa, which is
currently an unexplored field. A number of tools including transcriptional

reporters were available in the laboratory to facilitate such an investigation.

Table 3.2: Phenotypic analysis of secretion and localization of AF

mutants.
AT AF Interrupted gene pla33cl pLA33C1MC pMAC33 Phenotype
Analysis
Absent Absent Secretion
prow
Absent Polar Polar Localisation
WT> Absent WT< Secretion
slyB
Absent Polar Diffuse Localisation
WT> Absent WT< Secretion
sapA
Absent Polar Polar Localisation
WT< Absent Absent Secretion
ybgC
Absent Polar Polar Localisation
_ WT> Absent Absent Secretion
YqjE L
Absent Polar Polar Localisation
WT> Absent Absent Secretion
abrB
Absent Polar Polar Localisation
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Chapter 4

Investigation of gene expression in response to
internal regulators of the aaaA promoter by using
Mini CTX-lux

4.1. Introduction

The previous chapter revealed that the transposon mutagenesis undertaken
previously by Louise Arnold (Figure 3.2) had not reliably identified AT secretion
accessory factors(310). Since this may be due to the high level AT production
form the overexpression plasmid present in the strain mutated, it was possible
that a screen of a bacteria producing endogenous AT levels. To settle on the
appropriate conditions for a new transposon mutagenesis, the project focussed
on identifying optimal conditions of AT production, using AaaA as the target.
Transcriptional activation of aaaA is predicted to be complex since motifs
potentially recognized by various transcriptional factors have been previously
identified in its promotor. Understanding this regulation will enable more in
depth functional analysis of AaaA since it would facilitate studying the bacteria
under conditions that AaaA is most active. Since AaaA liberates arginine from an
unknown proteinaceous substrate, and as arginine can serve as a source of
nitrogen for metabolism or as an alternative energy source when oxygen is
scarce, it was hypothesized that aaaA may be regulated by regulators linked to

arginine metabolism, nitrogen and oxygen(258).
4.1.1. Metabolism in P. aeruginosa

The large genome in P. aeruginosa provides diverse metabolic pathways for this
organism. Ideally, this bacterium will aerobically obtain energy but it can also
survive in oxygen-limited conditions and is therefore classified as a facultative

anaerobic bacterium (335).
4.1.2. Regulation of aerobic respiration

For aerobic respiration, P. aeruginosa can use 3 different cytochrome ¢ oxidases
and 2 quinol oxidases(253). Bacterial cytochrome cbb3 oxidases are members of

the haeme-copper oxidase superfamily that facilitate energy conservation in low
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level oxygen environments for a diverse group of proteobacteria(336). In P.
aeruginosa, two operons are found that each potentially encode a cbb3 oxidase
(cbb3-1 or cbb3-2). Previous studies found that each of the two P. aeruginosa
cbb3 oxidases varied in their respiratory and regulatory functions and that the
cbb3-1 enzyme had an important role in oxygen rich cultures as well(336). cbb3
oxidases of P. aeruginosa PAO1l in anaerobic conditions can change anaerobic
growth, the denitrification process, cell morphology and facilitate biofilm
formation through cell elongation induced by NO accumulation(337). Their
affinity towards oxygen is different from each other and therefore provides a
selection mechanism that can be exploited as a survival advantage in certain
environmental conditions (253). Regulation occurs mainly through the
transcriptional regulator ANR, the two-component transcriptional regulator
RoxSR and RpoS, the stationary phase sigma factor(335,338,339). The main
oxidases identified in recent years and their regulation mechanisms are shown in
Table 4.1.

P. aeruginosa prefers to utilize carbon from the surrounding environment and
represses acquisition of alternative nutritional sources in the process known as
carbon catabolite repression (CCR)(340). CCR enables bacteria to manage
available nutritional resources to maximise growth(341). Unlike E. coli, P.
aeruginosa prefers to utilize amino acids and some organic acids instead of
glucose as their central energy source. Further evidence supported that the
presence of succinate and acetate inhibit gluconate, glycerol, fructose and
mannitol related genes(342). It appears that hydrocarbons are the last resort

nutritional source used by P. aeruginosa(253,343).
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Table 4.1: The aerobic oxidases elements and regulation of aerobic

respiration in P. aeruginosa(253).

Oxidase Group Regulation Oxygen Role
affinity
Cbbs-1 Cytochrome c oxidase Upregulated by High Dominant oxidase
RoxSR expressed
Cbbs-2 Cytochrome c oxidase Upregulated by ANR High Upregulated in low oxygen
or stationary phase
Upregulated by conditions
RoxSR
aas Cytochrome c oxidase Downregulated by Low Induced under carbon,
RoxSR nitrogen or iron starvation

Upregulated by RpoS

Bos Quinol oxidase Upregulated by Low Induced under iron
RoxSR starvation or presence of s-
nitrosoglutathione (NO
producer)
CIO Quinol oxidase Down regulated by Low Important low oxygen
ANR concentrations when
cyanide concentrations
Upregulated by inhibit haem-copper
RoxSR oxidases
Upregulated by RpoS Expressed under conditions

of copper starvation

4.1.3. Aerobic Arginine metabolism and related catabolic pathways

The preferred Arginine succinyltransferase (AST), the arginine decarboxylase
(ADC) and the arginine dehydrogenase or transaminase (ADH, or ATA) pathways
are the 3 main aerobic arginine catabolic mechanisms identified in P. aeruginosa.
In addition, conversion of D-arginine to L-arginine via chemical or heat reaction

(racemization pathway) was also found in recent studies(253,344-347).

In the AST pathway, before glutamate formation, a group of enzymes encoded
by aruCFGDBE operon are initially active (253). After glutamate is synthesized,
the gdhB gene contributes by encoding an enzyme that converts glutamate into
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2-ketoglutarate(Figure 4.1)(253). In the presence of environmental arginine,
ArgR induces the aruCFGDBE operon and gdhB gene (346,348,349). In the
absence of the AST pathway, the ADH (ATA) mechanism is an alternative option
(Figures 4.1, 4.2) (253). The ArgR arginine sensing and utilization regulator is
not involved in the induction process of this pathway, but recent studies
suggested that an argR mutant upregulates ADH (ATA) in the absence of AST
and another operon known as aruHI (350). This is triggered through the AruRS
two-component system (TCS) that helps arginine activation(344,345,348).

ADC pathway is another aerobic catabolic pathway in which arginine is converted
to agmatine and putrescine (Figure 4.3)(253). The main goal of this metabolic
mechanism is proposed to be for putrescine provision that can be converted to
spermidine (351). Instead of ArgR regulation, agmatine, N-carbamoylputrescine
and arginine upregulate aguBA (agmatine deiminase operon) and N-
carbamoylputrescine amidohydrolase, that convert agmatine to putrescine
(352,353). Moreover, the ADC pathway is regulated by CCR and nitrogen
repression(352,353). Previous studies suggested that succinate or citrate repress
this pathway in media including arginine or agmatine; a mixture of succinate and
ammonia or glutamine inhibit agmatine deiminase and N-carbamoylputrescine
amidohydrolase(253,352).
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Figure 4.1: The arginine succinyltransferase (AST) pathway(253). L-
arginine is converted by the arginine succinyltransferase (AST) enzyme to N2-
Succinyl L-arginine releasing CoA. N2-Succinyl L-arginine is then converted to
N2-Succinyl L-ornithine by N2-Succinylarginine dihydrolase (SADH), releasing
ammonia and carbon dioxide. N2-Succinyl L-ornithine is converted to N2-
Succinyl L-glutamate 5-semialdehyde by N2-Succinylornithine 5-
aminotransferase (SOAT) with the release of L-glutamate. N2-Succinyl L-
glutamate 5-semialdehyde is converted to N2-Succinyl L-glutamate by N-
Succinylglutamate 5-semialdehyde dehydrogenase (SGSD) with the conversion
of NAD+ to NADH. N2-Succinyl L-glutamate is converted to L-glutamate and
succinate by N-Succinylglutamate desuccinylase (SGDS). Succinate enters the
TCA cycle while L-glutamate is converted by the NAD+ dependent glutamate
dehydrogenase (NAD-GDH) to 2-ketoglutarate with the conversion of NAD+ to
NADH and release of ammonia. The 2-ketoglutarate enters the TCA cycle. The
operon aruCFGDBE encodes AST, SADH, SOAT, SGSD and SGDS. The gene gdhB
encodes NAD-GDH. Both aruCFGDBE and gdhB are upregulated by ArgR (Yang
and Lu 2007; Li and Lu 2009; Itoh 1997; Lu and Abdelal 2001; Nakada and Itoh
2003).
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Figure 4.2: The arginine dehydrogenase (ADH, or ATA) pathway(253). L-
arginine is converted to 2-ketoarginine with the L-arginine dehydrogenase (ADH)
enzyme, with the addition of pyruvate and release of alanine. The 2-ketoarginine
decarboxylase enzyme converts 2-ketoarginine to 4-guanidinobutyralehyde with
the release of CO2. The 4-guanidinobutyraldehyde dehydrogenase (GUBAL)
enzyme converts 4-guanidinobutyralehyde to 4-guanidinobutyrate with the
conversion of NAD+ to NADH. The 4-guanidinobutyrase enzyme converts 4-
guanidinobutyrate to 4-aminobutyrate with the release of urea. The 4-
aminobutyrate aminotransferase converts 4-aminobutyrate to succinate
semialdehyde with the input of 2-ketoglutamate (2KG) and release of glutamate.
Finally, succinate semialdehyde dehydrogenase converts succinate semialdehyde
to succinate with the conversion of NAD+ to NADH. Succinate enters the TCA
cycle (not shown). Regulation of the aruHI operon encoding ADH and 2-
ketoarginine carboxylase is through AruRS which responds to arginine. The gbu
gene, which encodes the 4-guanidinobutyrase enzyme, is regulated by Gbu and
its substrate 4-guanidinobutyrate (Yang and Lu 2007; Li and Lu 2009; Itoh
1997).
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Figure 4.3: The ADC pathway(253). L-arginine is converted to agmatine by
arginine decarboxylase (ADC) with the release of ammonia. Agmatine is
converted to N-carbamoylputrescine by agmatine deiminase. N-
carbamoylputrescine is converted to putrescine by N-carbamoylputrescine
amidohydrolase with the release of ammonia and carbon dioxide. Putrescine can
then be converted to 4-amminobutyraldehyde with the addition of pyruvate and
release of alanine. The enzyme 4-aminobutyrate dehydrogenase then converts
4-amminobutyraldehyde to 4-aminobutyrate with the conversion of NAD+ to
NADH. Penultimately, 4-aminobutyrate is converted to succinate semialdehyde
with 4-aminobutyrate aminotransferase. Succinate semialdehyde is then
converted to succinate by succinate semialdehyde dehydrogenase. When only
arginine is available for growth, the arginine decarboxylase is activated. This
enzyme is encoded on the operon speABCDE. Agmatine deiminase and N-
carbamoylputrescine amidohydrolase are encoded on the aguBA operon. Both
agmatine and N-carbamoylputrescine upregulate activity of these enzymes but
not arginine (Mercenier et al 1980; Nakada and Itoh 2003).
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4.1.4. Regulation of anaerobic respiration

When availability of oxygen is limited in the environment, the denitrification
process and its related genes are stimulated and P. aeruginosa can utilize nitrate
or nitrite as an alternative electron acceptors (253,354). The denitrification
pathway is illustrated below (Figure 4.4). Three nitrate reductases are directly
involved in P. aeruginosa anaerobic respiration: Nar, Nap and Nas(253,355,356).
Nap and Nas are also involved in redox regulation and nitrate regulatory function
respectively(253,357).

Nitrate (NO5-)

NAR < | narkiKQGH_|
Nitrite (NO,-)

NIR < { irSMCFDIGHIEN |

Nitric oxide (NO)

J NOR < — inorCBD |
[

Nitrous oxide N,O

l N,OR < inosRZDFYLE

Nitrogen N,

Figure 4.4: The denitrification pathway in P. aeruginosa(253). Nitrate
(NOs3-) is reduced by the nitrate reductase Nar encoded by the narKiK2GHJI
operon. Nitrite (NO2-) is reduced by the nitrite reductase Nir encoded by the
nirSMCFDLGHJEN operon. Nitric oxide (NO) is converted into nitrous oxide (N20)
by Nor, a nitric reductase encoded by norCBD, and the nitrous reductase N2OR
(nosRZDFYL operon) completes the process through conversion of nitrous oxide
into nitrogen. (Berks et al 1995; Arai 2011; Palmer et al 2007).

In anaerobic conditions with high nitrate availability, regulation of the genes for
the denitrification pathway is mainly mediated by ANR and DNR that are very
similar to the E. coli fumarate and nitrate reductase (FNR) activator along with
the nitrate sensing TCS NarXL (Figure 4.5) (253,358-361). Nar expression
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(narK1K2GHJI) causes activation of ANR, DNR and NarXL(253,362-365). In
addition, Nir (nirSMCFDLGHJEN) is regulated by NirQ(366,367). NirQ provides
equilibrium to NO concentration and reduces the cytotoxic effect on cells (Figure
4.6)(368,369). NirQ is regulated by DNR, which is under the control of ANR and
NarXL(253). The norCBD (Nor) operon, is also controlled by NirQ
regulation(370,371). N2OR (nosRZDFYL) is another reductase in denitrification
process that is regulated by DNR. dnr gene expression is controlled by NarXL
and ANR (253,372,373).
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In figure 4.5c NOR reduces nitric oxide to nitrous oxide. NOR is regulated by NirQ (Schreiber et al 2007; Arai et al 2003). In figure 4.5d

nitrous oxide is reduced to nitrogen by N20 reductase which is regulated by DNR (Arai et al 1997; Trunk et al 2010).
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Figure 4.6: An overview of the potential effects of NO on P. aeruginosa
biofilm dispersal process. In P. aeruginosa, NO can be produced directly by
the endogenous enzyme nitrite reductase (NIR) or as a by-product of specific
metabolic pathways, such as denitrification in limited oxygen conditions. This
process is regulated by the arginine nitrate regulation (ANR) and dissimilative
nitrate respiration regulator (DNR) transcription factors. In addition, NO may
also be produced from external sources such as eukaryotic host cell NO donors
such as SNP to target pathogenic bacteria. As NO triggers NIR synthesis, the two
internal and external sources may be connected with each other. The NO
molecule can enhance motility directly, by acting on flagella, pili, and/or
rhamnolipid production, or indirectly trigger NIR expression to generate more NO
or to help flagellum aggregation. NIR expression or activity is also regulated by
QS (RhIR and PQS), which in turn controls NO levels in response to population

density. NO-induced biofilm dispersal also includes the decrease of c-di-GMP
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intracellular levels. Two main signalling pathways are identified that lower c-di-
GMP concentrations. These pathways are the chemotaxis receptor BdIA and the
membrane protein NbdA. Another possible effector of c-di-GMP decrease is the
Lap system, whose mechanism of action is not completely clear. NO-sensitive
transcriptional regulators and remodelling of the extracellular matrix mechanism

require further investigation(374).

4.1.5. The role of pyruvate and arginine in P. aeruginosa

In anaerobic conditions, P. aeruginosa can adapt and survive by utilizing the
energy arginine and pyruvate(253). Pyruvate fermentation is used mainly for
bacterial survival in both aerobic and anoxic conditions in the presence of nitrate
(Figure 4.7); pyruvate is converted to acetate that is prerequisite for the Krebs
cycle(253). In anoxic non-nitrate environmental conditions, pyruvate is
metabolised into 3 components: lactate, acetate and succinate(Figure 4.7)(253).
The presence of Arginine can enhance this metabolic process due to
complementary effect of low pH of acidic pyruvate fermentation components and
the high pH generated from ammonia in arginine fermentation(253,375). ack-
pta operon encodes the phosphotransacetylase (PtA) and the acetate kinase
(Ack) regulated by ANR and integration host factor (IHF)(375). Integration host
factor (IHF) is a heterodimeric 22 kDa DNA-binding protein, composed of two
subunits of IHFa encoded by himA and IHFB encoded by hip or himD gene(376).
In terms of structure and function, IHF is considered a nucleoid-associated
architectural protein, binds to a specific sequence of DNA and forms a U-turn
structure(376). IHF is involved in many bacterial cellular processes and
metabolic  activities including site-specific recombination, replication,
transcription and biofilm formation (376,377). IHF also facilitates 654 and RNA
polymerase access to promoters and therefore, triggers formation of closed

complexes for transcription initiation (376,378).

Propionate can act as a single carbon source for a wide range of bacteria and its
metabolism is directly related to malonate and central metabolic pathways such
as tricarboxylic acid (TCA)(379). Propionate is converted to pyruvate through the
methylcitrate pathway. PrpR is a sigma-54-dependent transcriptional factor (TF)
classified in the Fis family. It acts as transcriptional activator of the prp gene in
E.coli(379).
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In the presence of arginine, P. aeruginosa can survive and even utilize this
amino acid to grow gradually in anaerobic conditions devoid of a nitrate
nutritional source by the specific arginine deiminase (ADI) catabolic pathway
(Figure 4.8)(253). Minimum arginine requirement for specific yeast extract
medium is around 30-40 mM(347). Arginine first enters the cells via the
arginine/ornithine antiporter and is then transformed into ornithine by a cascade
of reactions mediated by arginine deiminase (ADI), catabolic ornithine
carbamoyltransferase (cOTC) and carbamate kinase (CK) enzymes(253,380-
383). These proteins are encoded on the arcDABC operon (253). In oxygen
limited conditions, the arcDABC operon is activated in response to the ANR
regulator while the global arginine regulator, ArgR, can also upregulate the
operon. Moreover, different metabolites such as carbon, phosphate and low

energy levels can activate the process(253,352,353).

Lactate @ __________ Succinate
-7
fumarate
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malate
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Figure 4.7: Overview of pyruvate fermentation in P. aeruginosa(253).
Pyruvate is metabolised into acetate, lactase and succinate in anaerobic
conditions lacking nitrate. The gacS-Idh and ack-pta operons are essential to this
pathway. The NADH-dependent lactate dehydrogenase LdhA is encoded by gacS-

Idh. Encoded by ack-pta is the acetate kinase Ack and phosphotransacetylase
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Pta. AdhA is alcohol dehydrogenase and PycA is pyruvate carboxylase. The ack-
pta operon is regulated by ANR and IHF. Based on Eschbach et a/ 2004.

Environmental Nitrate can activate NarXL to stimulate preferable and effective
denitrification mechanisms that ultimately inhibit ADI catabolic pathway(253). In
addition, previous studies suggested that different metabolites such as glucose,

fumarate, citrate and pyruvate inhibit ADI pathway as well(352,353).
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Figure 4.8: The arginine deiminase (ADI) pathway(253). Arginine enters
the cell through the arginine-ornithine antiporter and is converted to citrulline by
the arginine deiminase (ADI) enzyme. Citrulline is then converted to carbamoyl
phosphate by the catabolic ornithine carbamoyltransferase (cOTC) with the
addition of phosphate (Pi). Ornithine is released as a by-product and can either
be transported outside of the cell through the arginine-ornithine antiporter or
converted to L-glutamate by the aruCFGDBE operon. Each molecule of
carbamoyl phosphate is used to generate 1 molecule of ATP with the assistance
of the carbamate kinase enzyme (CK). Carbon dioxide and ammonia is released
(Lu et al 2001; Maghnouj et al 1998).

ANR is involved in direct oxygen sensing and acts as a global regulator for
anaerobic gene expression of P. aeruginosa (Figure 4.9, 4.10). ANR was found to

participate in the transcriptional activation of the cco2 genes under low oxygen
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conditions. ANR also activates the expression of cbb3-2, which is a high affinity
enzyme and predicted to be dominant under low oxygen conditions(335). ANR
also represses the expression of cio that is involved in copper starvation and the
inhibition of other oxidases(335) .
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Figure 4.9: Schematic model of the regulatory network controlling the
multiple terminal oxidases in P. aeruginosa. The sensing signals for the

regulators are shown in the left column(335).

Two transcriptional regulators, ANR and DNR (dissimilatory nitrate respiration
regulator), are required for full expression of all denitrification genes (Figure
4.10)(335). Expression of DNR is under the control of ANR(335). Thus, the ANR-
mediated anaerobic induction of the denitrification genes is an indirect event that
occurs by way of DNR(335). It is not completely clear how ANR and DNR
distinguish their target promoters(335).

ANR, the anaerobic regulatory protein is essential for induction of the arcDABC
operon, which encodes an arginine:ornithine antiporter and enzymes of the ADI
pathway, exogenous arginine can further induce its expression level through the
interactions of ANR and ArgR(335).

In P. aeruginosa, ArgR, the arginine-responsive regulator protein, is autoinduced
from the aot-argR operon for arginine uptake and regulation(348). The ArgR
protein of P. aeruginosa belongs to the AraC/XylS family of transcriptional
regulators. In the presence of exogenous arginine, the ArgR protein of PAO1
seems to repress the expression of only 3 out of 10 enzymes of the arginine

biosynthetic pathway encoded by argF, carAB, and argG(348).
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In addition to regulating arginine metabolism, previous studies found that ArgR
also regulates genes encoding arginine transporters, that help bacteria to uptake
arginine from an extracellular source(384,385). ArgR is a regulatory protein that
can function as both a transcriptional repressor and an activator(386). In E.coli,
ArgR negatively regulates the expression of the arginine biosynthetic genes (the

arg regulon) in response to intracellular I-arginine levels(386,387).
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Figure 4.10: Schematic model of the regulatory network controlling the
denitrification genes in P. aeruginosa. ANR activates the expression of
DNR under anaerobic or low oxygen conditions. DNR activates the
expression of all denitrification genes in response to nitric oxide. A two-
component nitrate sensing regulator, NarXL is required for expression of
the nar genes encoding nitrate reductase. Both ANR and DNR can
activate the nar gene expression. NirQ is predicted to be involved in the
fine tuning of the activities of nitrite reductase and nitric oxide
reductase. NAR, NIR, NOR, and N20OR indicate nitrate reductase, nitrite
reductase, nitric oxide reductase, and nitrous oxide reductase,

respectively(335).

4.1.6. Regulation and diverse Sigma factors in P. aeruginosa

Sigma factors are regulatory proteins that interact with core RNA polymerase,
form holoenzyme complex and enhance transcriptional selectivity after binding to
their unique target promoters(253,388,389). These accessory elements of the

bacterial transcriptional process play an important role in their regulation(390).
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In P. aeruginosa, nearly 25 different sigma factors have been identified and
classified based on their consensus recognition sequence, type of promoter they
target plus their adaptation and pathogenic function (Table 4.2). There are
alternative sigma factors and extra-cytoplasmic function sigma factors
(ECF)(391,392). Transcription initiation is triggered by recognizing specific
nucleotide motifs upstream of the desired gene through sigma factors and
directing the core polymerase to the transcription initiation point. For instance,
sigma 70 factors only recognise -35/-10 of upstream region in
promoters(253,391,393).

Table 4.2 : Summary of main function of sigma factors identified in P.

aeruginosa(253,391).

Sigma factor group Sigma factor Description

a70 RpoD o070 Binds to a large number of housekeeping
gene promoters.
Stimulates promoters during exponential
phase (Fujita et al 1994).
Recoginises TAtAAT at the -10 and TTGcCc at
the -35 sites (Dominguez-Cuevas and Sylvia
2004.

032 RpoH 032 Heat-shock induction response.

Transcription dependent on AlgU oE.
oE AlgU oE Heat shock and mucoidy.

028 FilA (RpoF or 028) Flagellin biosynthesis

oS RpoS (oS or 038) Regulates QS (Whiteley et a/ 2000)
Activates genes at the beginning of stationary
phase (Latifi et al 1996).

054 RpoN (a54 or oN or Nitrate assimilation, motility, pili formation
NtrA) and cell-cell communication (Ishimoto and
Lory 1989; Totten et a/ 1990).
Consensus binding motif of -12GC and -24GG.
Transcriptional activator needed.

oECF Various including PvdS Regulate genes which provide bacteria with
advantages in particular environments.
Many linked to OM ferric-siderophore
receptors.

4.1.7. RpoN (sigma54), the activator dependent sigma factor

RpoN in P. aeruginosa, also known as o054 and NtrA (253), is an alternative
sigma factor that depends on a specialised class of transcription activator, the so
called bacterial enhancer-binding proteins (bEBPs) as well as integration host
factor (IHF)(253,394,395). It also requires ATP hydrolysis to form an open

promoter complex by RNA polymerase (RNAP) holoenzyme during transcription
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initiation(253,394). The transcriptional activator often attaches upstream of the
RpoN binding site and usually an integration host factor (IHF) binding site
mediates close connection between activator-RpoN complex with the rest of the
holoenzyme(253,395,396).

EBPs are unique among transcription factors, because they interact exclusively
with the sigma factor RpoN to activate transcription of target genes(397). EBPs
are the essential machinery of RpoN-mediated transcription(397). They provide
spatial and temporal specificity to this process(397). Importantly, signals leading
to RpoN-mediated transcription are parlayed through EBPs(397). The signals
themselves might be sensed by the EBPs directly or by histidine kinases (HK),
which upon receiving the signal, phosphorylate their cognate or partner
EBPs(397). The ‘active’ EBPs interact with RpoN to initiate transcription from
target genes(397).

Based on sequence and function, Sigma54 contains two highly conserved
domains (Regions I and III) separated by a flexible linker (Region II) (395). The
main function of Region I is to keep a closed promoter complex structure and
prevent DNA melting along with inhibition of the EBP binding site that ultimately
shapes the DNA fork junction near the downstream portion of the promoter in
the —12 element(398-400). Region II is a large acidic structure but the role and
function is not completely clear(401). Region III is composed of different
elements including CBD, helix-turn-helix motif (HTH, residues 365-385) that
interrelates with the —12 promoter sequence, and the RpoN domain (residues
386-477) for —24 promoter DNA binding(394,395,402-404). Region III is
mainly involved in binding to the promoter DNA at several sites(253). The
binding motif for RpoN identified as a -24/-12 format with a highly conserved
binding motif region of GG-10bp-GC (Figure 4.11)(253). RpoN can involve and
mediate gene repression directly or indirectly through sigma factor binding site
competition(253,405).

Recent studies suggested that RpoN regulates a wide range of genes involved in
different metabolic pathways including nitrogen fixation and production of
glutamine(253,391,406). In addition, RpoN plays an important role in
dicarboxylic acid transport, toluene and xylene catabolism, hydrogenase
biosynthesis, Quorum sensing via positive regulation of RhII, and Alginate
exopolysaccharide production(253,391,406-408). Moreover, this alternative
sigma factor also has roles in structural and pathogenic factors of bacteria such
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as pilus production, motility Flagellin biosynthesis and mucin adhesion,
internalization into host cells, transport of nutrients, colonization and biofilm
formation (253,391,406,409,410). RpoN was also found in Bacillus subtilis to
have regulatory effects on arginine and ornithine uptake (411). Recognition of
arginine and nitrate promoters by RpoN can unlock the relationship between the

two metabolic pathways(253).
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Activator binding
-12 fork junction interaction
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Figure 4.11: Structure of o0°*-RNAP and transcription initiation
process(395). (A) Domain structure of o>. NMR structures of the CBD and
RpoN domains are illustrated (PDB entries 2K9L and 208K). (B) Crystal structure
of 0>* (PDB entry 5BYH). Individual domains are coloured as in (A). (C-E) o°*-
RNAP holoenzyme in different orientations, coloured by subunits, a — grey; B —
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wheat; B’ — teal; w — light pink. The dotted line in (E) depicts the trajectory of

the 0> RpoN domain in (D) before binding to the promoter.

4.1.8. Quorum sensing, regulator of virulence gene expression in P.

aeruginosa

Much of the P. aeruginosa virulence gene expression occurs in a cell density
related manner by utilizing a quorum-sensing (QS) network(412). QS uses small
diffusible chemicals (autoinducers) to sense and facilitate communication
between adjacent cells within bacterial communities and regulate their behaviour
via gene expression changes (Figure 4.12) (413,414). Classical QS systems are
composed of an autoinducer synthase along with a specific receptor which
detects the cognate signal molecule (253,415,416). As the bacterial population
increases, the autoinducers produced and released into the environment rise
until they reach a critical concentration. At this quorum threshold, the signal
molecule and receptor induce effector gene transcription (253,415,416). Bacteria
can possess more than one QS system (417). in P. aeruginosa, 4 QS systems
have been reported (253). N-acyl-homoserine lactones (AHL) was the first group
of autoinducers found in P. aeruginosa(418). The Pseudomonas Quinolone Signal
(PQS), that is one of a superfamily of alkylquinolones (AQs), was identified as
another QS system(419).

The lasR/I and RhIR/I systems are both members of AHL-based QS systems in P.
aeruginosa. The Las system is composed /asR(encodes the transcriptional
regulator protein LasR) and /asI (AHL synthase) for the production of N-(3-
oxododecanoyl)-L-homoserinelactone (3-oxo0-C12-HSL) (412,420-422). The Rhl
system consists of rh/l (encoding the AHL synthase RhII) and rh/R genes
(transcriptional activator RhIR) for the production of N-butanoyl-L-homoserine
lactone (C4-HSL)(422-424). The two QS systems are interlinked, with the Rhl
system positively regulated by the Las system(423). Rhl can also act
independently from Las system as /asR mutants are still able to produce
pyocyanin(425). Previous study from our lab (Paredes 2014) suggested that

RhIR could have a negative effect on aaaA transcription(253).

PQS (2-heptyl-3-hydroxy-4-quinolone) is responded to by PqsR(426-428). PQS
is induced and activated by the /asIR system and inhibited by rh/IR system while
it activates the rh/IR system(253,427,428). 2-(2-hydroxyphenyl)-thiazole-4-

carbaldehyde (IQS) autoinducer is a newly identified QS system in P. aeruginosa,
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activated upon phosphate starvation during infection by a mechanism that
depends upon /asR(253,429).

QS systems play an important role in pathogenicity and biofilm formation(253).
For instance, elastase, LasA protease, alkaline protease and exotoxin A are all
regulated by the /as system(253,430). The rh/ system is involved in the
regulation control of cyanide, pyocyanin and lectin(253,430). The PQS system is
involved in iron chelation, redox homeostasis and induces nanoparticle
Membrane vesicles (MVs) production which can promote bacterial
adaptability(431).

", lasA, toxd, xcpP.R, apr,

biofilms, others?

. rhlAB, apr, pyocyanin, others?
/
3-0x0-C, HSLEY) o

Figure 4.12: Proposed model of the P. aeruginosa QS (430). The QS
cascade begins with induction when cells reach a threshold density. Vfr
induces /lasR, and the concentration of 3-oxo0-Ci2-HSL increases to the point
where it binds to and activates LasR. The LasR-3-ox0-Ci2-HSL complex induces
genes controlled by the /as quorum-sensing system, including a negative

regulator gene (rsalL), rh/IR, and an unidentified gene required for PQS
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production. PQS either directly or indirectly induces rhl/I, which leads to the
production of C4-HSL that binds to and activates RhIR. The RhIR-C4-HSL complex
can then induce genes controlled by the rh/ quorum-sensing system. At this
time, it is not known whether PQS is capable of directly activating RhIR or acts
through another regulator. (Two additional unanalyzed LuxR homologs, which
may play a role in the activity of PQS, are encoded byP.

aeruginosa [www.pseudomonas.com].) Genes and proteins are indicated by

thick arrows and unfilled circles, respectively. Plus or minus symbols indicate
transcriptional activation or repression of the gene(s) at the end of an arrow,
respectively. Blocking of the association between RhIR and C4-HSL by 3-0x0-Ci2-
HSL is indicated by a minus symbol next to the arrow between 3-oxo0-Ci2-HSL
and Cs4-HSL at the bottom of the figure. Question marks indicate an unknown
member(s) of the PQS synthesis pathway that is affected by LasR-3-ox0-Ci2-
HSL.

4.1.9. Rsal, global regulator and QS homeostasis provider of

Pseudomonas aeruginosa

Rsal is another important and central QS system regulator protein, encoded by
the rsalL gene. Rsal, along with LasR, can repress expression by binding to Pass
and significantly effects 30Ci2-HSL formation(432,433). Rsal is classified as a
QS system inhibitor that directly relies upon LasR-30ci2-HSL for its own
expression and plays an important role in quorum sensing signal
homeostasis(434,435). RsalL is a global regulator that acts as transcriptional
activator for more than 130 genes by inhibiting 30C12-HSL production or direct
interaction with target gene promoters(435). Another study suggested that rsalL
mutant can enhance pathogenicity, twitching and swarming motility, biofilm
formation along with hypersecretion of virulence factors such as pyocyanin,

elastase, hemolysins compared to the WT strain(436).
4.1.10. AaaA complex regulatory network

Deciphering the regulatory network controlling aaaA is key to unlocking the
relationship between this autotransporter and the surrounding environment. It
appears that internal and external factors regulate aaaA expression in P.
aeruginosa. Initial investigation of this regulatory network has been undertaken
by Esteban Paredes Osses and Daniella Spencer (253,258). This chapter aims to

extend this investigation, by examining the role of the proposed RpoN binding
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motif identified in the promoter of aaaA in mutants that are likely to have altered

aaaA expression.

The regulatory network of P. aeruginosa is considered as the third most complex
system among bacteria, and was first proposed and identified in 2011 based on
pooled RT-PCR, gel-shift assays, and DNA-foot printing data(253,437). Among
the diverse network of regulatory effector elements, a few systems have
relevance to aaaA. AaaA has a role in biofilm formation because the aaaA-
deficient mutant did not form bacterial clusters in murine (Luckett et al,2012) or
human skin chronic infection models like its parent(258). Work by others with
the same chronic skin wound infection model (conducted in collaboration with Dr
Kendra Rumbaugh, Luckett et al,2012) has shown that aaaA expression is
upregulated in this context (Marvin Whitely unpublished), and AaaA is amongst
the 20 most produced proteins in PA biofilms(258,438). The global regulatory
systems of c-di-GMP (biofilm co-ordination) Ret/Gac/Rsm (acute/chronic switch)
and QS (cell density) could all indirectly regulate aaaA via their interaction with
biofilm formation and pathogenicity (439-443). Moreover, recent studies have
shed light on the role of effector regulators in metabolic pathways associated
with AaaA, and their effect on aaaA promoter (PaaaA) activation by miniCTX-/ux

based transcriptional reporter(253,258).

4.1.10.1 The role of arginine in P. aeruginosa and its effect on aaaA

expression

As previously discussed, the AST, ADH (or ATA) and ADC pathways are the main
catabolic pathways for L-arginine metabolism in oxygen rich conditions, while the
ADI pathway is designed for anaerobic environmental conditions to generate ATP
energy for the cell (Figure 4.13) (253). The presence of arginine is a
prerequisite for activation of these catabolic pathways(253). For instance, when
Arginine is available to the cell, ArgR activates gene expression and controls
transcription in both a positive or negative fashion after attaching to its specific
motifs (348,384,444). ArgR triggers activation of the AST pathway genes, at the
same time as blocking the ADH pathway(253,348,349). Arginine can be used
through alternative two-component system (TCS), AruRS, that upregulates aruH
for activation of ADH pathway(253). Arginine, agmatine and N-
carbamoylputrescine can all induce and trigger ADC pathway however, ArgR

doesn’t play a key role in activation process(253).
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In oxygen limited or anaerobic conditions, ArgR increases transcriptional activity
of the ADI pathway operon, arcDABC and arginine-ornithine transportation
operon, aotJQMOP-argR that can also effect on ArgR regulator and upregulate it
(253,348,384,445). Previous studies found a relationship between AaaA as
arginine-releasing enzyme and regulators of Arginine metabolic pathways
described above(253,258,348). At first it was thought that aaaA expression
occurs when P. aeruginosa is in an arginine deficit environment (253). However,
the data from our lab suggested that ArgR activation triggers aaaA expression
(253,258,348). Previous study (Paredes Osses thesis 2014) showed that aaaA
expression was inhibited when arginine is processed during metabolic pathways
in aerobic conditions by a negative feedback mechanism. Arginine availability in
oxygen limited or anaerobic condition impacts AaaA differently and the complete
molecular mechanism is still unknown. Previous study (Paredes Osses thesis
2014) also suggested that elements within ADI pathway contribute in activation
and expression of Paaaa. Moreover, ANR positively upregulated aaaA expression
which could happen indirectly by the ADI pathway after attachment to Paaaa or
via other alternative pathways(253,258).

A group of the arginine anabolic pathway components (argF, argG and argJ) can
also activate P.aas, however, in the presence of arginine, ArgR can inhibit these
arginine biosynthetic genes(253,348). As arginine anabolic pathway genes along
with ArgR can both activate aaaA expression it appears that arginine is a small

part of a sophisticated regulatory network of aaaA(253).
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Figure 4.13: Model of relationship between arginine, arginine catabolic
pathways, and AaaA (253). The functional significance of AaaA in
pathogenicity has been previously reported(258). How this could intercalate with
bacterial arginine utilization is represented. Panel A: How AaaA could respond to
arginine through the global arginine sensor ArgR. Ai) although counter-intuitive,
argR stimulates rather than inhibits aaaA expression. B) Arginine stimulates the
arginine catalytic pathways in either an ArgR dependent (ADI, AST) or
independent manner (ADH, ADC). Components of the AST, ADH and ADC
pathway inhibit aaaA expression. Green arrows represent a positive influence on
expression and red arrows an inhibitory effect. ADI=arginine deiminase pathway,

ADC=arginine decarboxylase pathway, ADH (ATA)=arginine
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dehydrogenase/transaminase  pathway, AST=arginine succinyltransferase
pathway. Based on data by: Paredes Osses (2014) and Lu et al/ (2004). Panel B:
Hypothesis of how the metabolic feedback loops differ in different oxygen
tensions. Data from Paredes Osses (2014) suggests that aaaA expression is
under a negative feedback loop in aerobic conditions and under a positive
feedback loop in anaerobic conditions. ADI=arginine deiminase pathway,
ADC=arginine decarboxylase pathway, ADH (ATA)=arginine
dehydrogenase/transaminase  pathway, AST=arginine succinyltransferase

pathway.

4.1.10.2 Sigma factor RpoN, EBPs, and DNA bending proteins:

relationship with aaaA expression

Previously (Paredes 2014), our lab reported that RpoN can inhibit aaaA
expression and play an important role in nitrate-related repression of
aaaA(253,258). In addition, RpoN can also activate rh/R which inhibits aaaA
expression(258,408). RpoN may exert its inhibitory effect by interacting with
Paaaa directly or indirectly(253).

RpoN functions with the transcriptional activators known as EBPs
(396,397,446). In previous studies in our lab, Paredes (2014) showed that 2
EBPs known as Sfa2 and Sfa3 are involved in aaaA upregulation. In addition,
their related binding sites were identified in the T6SS genetic locus and with

RpoN found to regulate expression of the gene encoding H2-T6SS5(253,447).

Histone-like nucleoid-structuring proteins (H-NS) are another group of proteins
that affect transcription(253). MvaT and MvaU are both H-NS like proteins found
in P. aeruginosa(253). The function of these effector proteins, unlike RpoN sigma
factor, is not entirely depending upon recognition of a specific sequence motif.
They usually bind to curved areas of DNA with AT rich content(253,448-450).
Recent studies revealed that these regulatory proteins are involved in the
regulation of the arginine uptake and direct repression of the operon aotJQMOP-
argR(349). Our lab (Paredes 2014) has data that suggested MvaT and MvaU can
inhibit aaaA expression by direct negative regulation of the aaaA promoter or
may indirectly repress the ArgR and Aot]. Double MvaT/MvaU deletion mutant
also had an inhibitory effect on pyocyanin secretion and it appears that these

regulatory proteins are involved in anaerobic metabolic pathways including
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arginine uptake(253,349). MvaT, MvaU and RpoN are all members of the

polyamine modulon, and it appears that they all negatively regulate aaaA(253).
4.1.10.3 Complex regulatory network impacting the aaaA promoter

Thus it appears that aaaA is subjected to a complex regulatory network that
requires unravelling (Figure 4.14). Previous studies found conserved putative
motifs potentially recognized by different transcription factors or sigma factor
binding through Prodoric Virtual Footprint method in the promotor
(253,258,451,452). Virtual Footprint is an online framework especially designed
to analyse transcription factor binding sites in whole bacterial genomes and their
underlying regulatory networks. This included an RpoN binding site and

transcriptional initiation site located in the aaaA upstream region (258,453) .

To evaluate the regulation of aaaA, a transcriptional reporter containing the aaaA
promoter was constructed by Paredes (2014), and conjugated into different
mutants that were deficient in regulatory proteins hypothesized to be
involved(258). Paredes (2014) showed that the promoter region of aaaA was
negatively regulated by RpoN, RhIR, MvaT and MvaU, and positively regulated by
ArgR using a bioluminescent transcriptional reporter. Although their regulatory
effects have been identified, it is not yet clear whether these effects are caused
by direct binding of these regulatory proteins to the aaaA promoter putative
binding regions or not. The aim of this study is to decipher the influence of RpoN
upon aaaA expression. To see if RpoN regulates aaaA expression through direct
interaction with the rpoN binding motif identified in the aaaA promotor, it was
mutated and the aaaA promoter with the disrupted rpoN binding motif was
cloned upstream of the /ux genes to generate a new transcriptional reporter.
This novel reporter was then conjugated into different mutants potentially
related to aaaA expression, and their transcriptional driven light activity
monitored alongside the relative activity of AaaA to provide a parallel measure of

translation.
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Figure 4.14: Interrogation of the promoter of aaaA to identify potential
regulators. Paredes (2014) showed that the promoter region of aaaA was
negatively regulated by RpoN, RhIR, MvaT and MvaU (Red lines), and positively
regulated by ArgR (blue arrow) using a bioluminescent transcriptional reporter.
Although their regulatory effects have been identified, it is not yet clear whether
these effects are caused by direct binding of these regulatory proteins to the
aaaA promoter putative binding regions or not.The aim of this study is to
decipher the influence of RpoN upon aaaA expression. To see if RpoN regulates
aaaA expression through direct interaction with the rpo/N binding motif identified
in the aaaA promotor, it was mutated and the aaaA promoter with the disrupted
rpoN binding motif was cloned upstream of the /ux genes to generate a new
transcriptional reporter. This novel reporter was then conjugated into different
mutants potentially related to aaaA expression, and their transcriptional driven
light activity monitored alongside the relative activity of AaaA to provide a

parallel measure of translation.
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4.2. Results

4.2.1. The putative RpoN binding site in the promoter region of aaaA

was successfully mutated

To further understand the regulation of aaaA, substitution mutations were made
in the 500bp upstream promoter region using site directed mutagenesis (Figure
4.15). The 500bp upstream region of aaaA had previously been cloned onto a
plasmid encoding the /ux operon, called miniCTX:paaaA:lux by Paredes (2014).
Mini CTX-lux was chosen as the reporter for this study because this luciferase
reporter provides rapid and quantitative measurements of gene expression. To
see if RpoN regulates aaaA expression through direct interaction with the
putative RpoN binding motif identified in the aaaA promotor, it was mutated. The
aaaA promoter with the disrupted RpoN binding motif was cloned upstream of
the lux genes to generate a new transcriptional reporter. To do so, site directed
mutagenesis was carried out according to section 2.10.6. First,
miniCTX:paaaA:lux vectors were extracted from DH5a cells. Then, PCR
amplification was carried out based on KOD Xtreme standard reaction setup and
step-down cycling conditions with the mutant primers RpoN SDM Forward II and
Reverse II (Table 2.4 and 2.5). The PCR reaction product was then extracted
from the gel and digested with KLD mix reaction from NEB to remove methylated
template DNA. The product was then transformed into competent cells by
chemical transformation. After transformation, plasmids were extracted, and the
expected DNA fragment obtained. For further confirmation, plasmids were
sequenced and it was confirmed that the predicted RpoN binding site was

mutated with SA1 Forward and SA2 reverse sequencing primers.

137



A ACAA R | . L A A A A A ACA T¢ )
...................
| AOA AA AA AA JAA JCAQ 4 AA AA A .
50 bo UPS
- AA
.............................................................................................................
A AGAGAGA AA A A AA ~ 3TO0A A A AA A - B 10 AOO A
500 bp P
bt
AA -
'D" A A B A A A A JAGOAAA AA A A A
..............
A AAA A AA TA STAOCAY ) ACAA AA ACA ACA A
500 b P o
[ mpon | o
ArgR
IHF RpoN

PaaaAArponotif -lux

10kb 12.0 * ¢

PaaaAArpaNmotif -lux PaaaA ArpoNmotif -lux

10kb 12.0

Figure 4.15: The successful strategy desighed using the
miniCTX:paaaA:lux vector for putative rpoN binding motif mutation by
site directed mutagenesis. The strategy for mutating binding sites in the
promoter region of aaaA by site directed mutagenesis is shown above the gel
images. One IHF site overlaps an ArgR binding site and is in a good location to
bring the RpoN binding site into contact with other transcription regulator sites.
Orange boxes show IHF, the green box shows ArgR and the mauve box show
RpoN putative binding site. The red box shows the putative start of transcription
(Panel A). In this study, miniCTX:paaaA:/lux vectors were extracted from DH5a

cells. Then PCR amplification was carried out based on KOD Xtreme standard
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reaction setup and step-down cycling condition with the mutant primers RpoN
SDM Forward II and Reverse II (Panel B). In Panel (B-D) the asterisks indicate
the expected amplification products of 12kb for Paaaa ArpoNmotif -lux
transcriptional reporter (yellow). The PCR reaction products were then extracted
from the gel (Red) and digested with KLD mix reaction from NEB to remove
methylated template DNA (Panel C). The products were then transformed into
competent cells by chemical transformation. After transformation, plasmids were
extracted and expected DNA fragment (green) obtained (Panel D). For further
confirmation, plasmids were sequenced and confirmed with SA1 Forward and

SA2 reverse sequencing primers.

4.2.2. AaaA negatively affects its own expression and disruption of the

putative RpoN binding motif prevents this negative effect

After successful site directed mutagenesis of the predicted RpoN binding motif in
the aaaA upstream region and confirmation of nucleotide substitution by
sequencing, the Paaaaarponmotit—/ux transcriptional reporter was transformed into
the E. coli S17-1 strain. The reporter was then conjugated into P. aeruginosa
PAO1 WT and AaaaA mutants. As a control the previously constructed
constitutive promoter of the kanamycin resistance cassette cloned next to the
lux operon was used to monitor whether the production of light altered

independently of the aaaA promoter (Mini CTX-Pkan-iux)(258).

It had been previously observed that transcription of the /ux operon from the
Paaaa promoter changed considerably in the absence of active AaaA. Thus,
expression from the Mini CTX-Paaaa-lux reporter was monitored in the
background of the P. aeruginosa PAO1 WT and AaaaA mutant. To do this, the
bacterial strains were incubated O/N at 37°C in LB medium containing
tetracycline 150 pug/mL. The next day, the cells were normalized to ODesoonm 0.05
and placed into a 96 well-plate. The reading of relative luminescence units (RLU)
and absorbance (600nm) was analysed in parallel in the TECAN reader System
(Infinite® 200 pro) at 37°C for 24 h. The data were plotted (RLU, ODsoonm and
RLU/ODsoonm) and the average under the curve RLU measured for each strain. No
significant difference was observed across all conditions with the Pwan strains.
However, when the aaaA gene was absent, light production driven from the
intact Paaaa promoter was more than doubled. A paired t-test generated a p-value

of <0.0001, revealing that this difference was significant (Figure 4.16).
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To see if the putative RpoN binding motif plays a role in this autoregulation, the
light production from P. aeruginosa PAO1 WT or the AaaaA mutant carrying the
Paaaaarponmotif-lux reporter was similarly analysed. The bioluminescence was
monitored over 24 hours since mutants can grow at different speeds, and it is
important to identify whether the level of light is low overall, or delayed. This
data (Figure 4.16) suggests that disruption of the putative RpoN binding motif in
the aaaA promotor prevented the negative autoregulation of aaaA since no

significant difference was observed between WT and the AaaaA mutant carrying

Paaaaarponmotif-lux reporter.
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Figure 4.16: AaaA negatively effects its own expression and disruption
of the RpoN motif prevents this negative effect.

P. aeruginosa PAO1 WT and P. aeruginosa PAO1 AaaaA carrying the Paaaa-lux
reporter (either intact or with the disrupted putative RpoN binding motif) or Pan
reporter were grown and bioluminescence analysed over time. The bacterial
strains were incubated O/N at 37°C in LB medium containing tetracycline 150
Mg/mL. The next day, the cells were normalized to ODsoonm 0.05 and placed into
a 96 well-plate. The reading of relative luminescence unit (RLU) and absorbance
(600nm) was analysed in parallel in the TECAN reader System (Infinite® 200
pro) at 37°C for 24 h. The data were plotted (RLU/ODsoonm) for each strain.
Three biological replicates were used for each sample and the bar represents the

average of these. The error bars show the standard deviation from the mean.
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General ANOVA summary test analysis performed and P value <0.0001 reported

with **** indicating a significant difference.

4.2.3. Exogenous arginine has minimal effect on aaaA expression

Based on the rationale that AaaA liberates arginine from its substrates(258), and
thus its expression may be regulated by environmental arginine concentrations,
different concentrations of exogenous arginine were applied to the reporter
strains to investigate whether arginine had an inhibitory feedback effect,
particularly with regard to negative regulation in the WT. PAO1 WT and AaaaA
mutants carrying mini CTX-Paaaa-lux and mini CTX-Pan-lux were incubated in
ASM with no exogenous arginine; normal arginine levels (36 pM); and twice the
amount of arginine (62 pM). Data plotted is area under the curve: luminescence
overgrowth at ODeoonm for 24h (Figure 4.17).

Arginine showed no complementation effect. A similar observation was also
made previously by Jack Whitmore and Daniella Spencer, indicating it was
reproducible that free arginine does not regulate aaaA (253). The slight
differences in bioluminescence across all strains may suggest that another group
of genes is involved in regulation and expression of aaaA and suggests that

arginine deficiency is not the main controller of aaaA upregulation.
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Figure 4.17: Exogenous arginine has minimal impact on aaaA
expression. PAO1 WT and the AaaaA mutant carrying either mini CTX-Paaaa-lux
or mini CTX-Pan-lux reporters were incubated in ASM with no exogenous
arginine; normal arginine levels (36 uM); and twice the amount of arginine (62
MM). Data plotted is area under the curve: luminescence over growth at ODeoonm
for 24h. Each experiment was performed in triplicate; error bars indicate the
standard deviation. General ANOVA summary test analysis performed and P

value <0.0001 reported.

4.2.4. The motif disrupted in the aaaA promotor has a negative effect on

aaaA expression independent of RpoN

Previous study found RpoN negatively regulates the aaaA promoter after
conjugation of Mini CTX-Paaasa-lux and Mini CTX-Pkan-lux reporters into one P.
aeruginosa strain, PA14 (258). Luminescence expression in the ArpoN mutant
was five times higher than in the parent strain according to Paredes Osses
(2014). In order to further investigate the role of RpoN and its putative binding
motif in expression of aaaA, in this study P. aeruginosa stain PAO1 was used. WT
and ArpoN mutant (plus its complement) were grown carrying the intact Paaasa
reporter, or the Paaaa reporter with a disrupted putative RpoN binding motif.
Bioluminescence was analysed over time. These strains were grown in LB
medium at 37 °C, and luminescence emission followed in the TECAN reader
System (Infinite ® 200 pro) as previously. Figure 4.18A shows that mutation of
rpoN reduces bioluminescence from the intact Paaasa reporter in the PAO1
background. In Figure 4.18B, it can be seen that when the putative RpoN binding
motif sequence is altered, luminescence expression is five times higher in the
rpoN deficient mutant compared to WT, and this can be genetically
complemented by providing RpoN from a plasmid. General ANOVA summary test

p-value of <0.0001, revealing that this difference was significant.

Interestingly, in the rpoN mutant background, the reporter driven by the altered
promoter generates considerably more bioluminescence than the intact Paaaa-
reporter, suggestive of a negative effect of the motif upon aaaA expression. It is
likely that RpoN binds to the aaaA promoter at a site distant to the previously
identified binding motif. A double rpoN/aaaA mutant is required for future

studies to see if AaaA negatively regulates itself using this motif.
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Figure 4.18: The motif disrupted in the aaaA promotor has a negative
effect on aaaA expression independent of RpoN. P. aeruginosa PAO1 WT
and P. aeruginosa PAO1 ArpoN and its complement carrying the Paaaa-lux
reporter (either intact or with the disrupted putative RpoN binding motif) were

grown and bioluminescence analysed over time as described in Figure 4.12.
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Three biological replicates were used for each sample and the bar represents the
average of these. The error bars show the standard deviation from the mean.
General ANOVA summary test analysis performed and P value <0.0001 reported,

with **** indicating a significant difference.

4.2.5. AaaA activity in the AaaaA, ArpoN and complemented rpoN

mutant was reduced in P. aeruginosa PAO1

Since aaaA is autoregulated, in a AaaaA mutant there is high level of
transcription generated from the aaaA promoter reporter, but no AaaA activity is
measured. To understand in all constructs whether transcription and translation
of aaaA/AaaA mirror each other. In order to investigate translational AaaA
activity in the AaaaA, ArpoN and complemented ArpoN mutants, the Arginine-p-
nitroanilide degradation assay was performed. To do this, overnight cultures of
each strain were normalized to an ODeoonm=0.25. The cells were then washed 2
times in MMP with centrifugation at 3707 Xg for 5 minutes to separate the pellet
from supernatant. Following the final centrifugation, the supernatant was
discarded and the pellet resuspended in 1 ml of MMP. For each bacterial strain, 3
wells in a sterile clear bottomed 96 well plate (greiger biol F bottom) were
prepared with 150 pl of the 1 mM working solution of arginine-p-nitroanilide and
150 pl of the ODeoonm 0.25 bacterial suspensions. The degradation of arginine-p-
nitroanilide was determined by hourly measurements of ODaosnm over 24 h at

37°C in an automated plate reader.

The data showed that AaaA activity in the AaaaA, ArpoN and complemented
ArpoN mutants was reduced (Figure 4.19). This suggests that reduction of aaaA

transcription was reflected directly in lower levels of AaaA activity.
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Figure 4.19: The arginine-p-nitroanilide degradation assay for AaaA
verified that AaaA activity in the AaaaA, ArpoN and complemented
ArpoN mutants was reduced in P. aeruginosa PAO1. Overnight cultures
were normalized to ODeoonm=0.25. The cells were then washed 2 times in MMP
with centrifugation at 3707 Xg for 5 minutes to separate the pellet from

supernatant. Following the final centrifugation, the supernatant was discarded
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and the pellet resuspended in 1 ml of MMP. For each bacterial strain, 3 wells in a
sterile clear bottomed 96 well plate (Greiner biol F bottom) were prepared with
150 ul of the 1 mM working solution of arginine-p-nitroanilide and 150pul of the
ODeoonm=0.25 bacterial suspension. The degradation of arginine-p-nitroanilide
was determined by hourly measurements at ODasosnm for 24 h at 37°C in an
automated plate reader. Zero-normalised absorbance 370nm (Panel A) and
Endpoint zero normalised absorption 370nm (Panel B) plots were analysed by
Graphpad prism software and Friedman test P value reported <0.0001, with

**** indicating a significant difference.

4.2.6. In the absence of MvaT or MvalU, aaaA expression decreased when

the motif in the aaaA promotor was altered

Previous data from our lab suggested more light was produced from the aaaA
promoter-/lux reporter when it is in a mutant deficient in either of the HN-S
proteins MvaT or MvaU whilst the constitutive kan promoter was unaffected by
either mutation of mvaT or mvaU (258). It was not known if the suggested
negative effect of MvaT and MvaU was mediated through the putative RpoN-
binding motif. To find this out the Paaaaarponmotit —lux reporter was conjugated into
PAO1 AmvaU and AmvaT mutants.

P. aeruginosa PAO1 WT, AmvaU, and AmvaT mutants carrying the mini-CTX-
Paaaa-lux reporter or the mini-CTX Paaaaarponmotif —Iux were then compared in terms
of light expression level by Tecan assay as described previously. Figure 4.20
shows that in the absence of MvaT or MvaU, light production decreased when the
motif in the a@aaaA promotor was altered, indicating that these proteins may
interact in this region of the promotor. This suggested that in contrast to the
negative effect of MvaT and MvaU on the intact aaaA promoter, these HN-S
proteins have a positive effect on the genetically altered aaaA promoter. Thus, it
is possible that either these two proteins may interact with the mutated motif
directly or indirectly. Tukey's multiple comparisons test p-value of <0.0001,

revealed that this difference between WT and mutants was significant.
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Figure 4.20: In the absence of MvaT or MvaU, aaaA expression
decreased when the motif in the aaaA promotor was altered. P.
aeruginosa PAO1 WT or P. aeruginosa PAO1 AmvaU, AmvaT mutants carrying
the intact Paaan reporter either intact (Panel A) or with a disrupted RpoN motif
(panel B) were grown and bioluminescence analysed over time as described in
Figure 4.16. Each experiment was performed in triplicate; error bars indicate the
standard deviation. General ANOVA summary test analysis performed and P

value <0.0001 reported, **** indicating a significant difference.
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4.2.7. AaaA activity in the AmvaU or AmvaT mutants was reduced in P.

aeruginosa PAO1

To investigate translational AaaA activity in the AmvaU and AmvaT mutants and
verify if this echoes the transcriptional profile, the arginine-p-nitroanilide
degradation assay was performed as described previously. Figure 4.21 shows
that AaaA activity in AmvalU and AmvaT mutants was reduced in line with the

transcription of aaaA.
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Figure 4.21: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in the AmvaU or AmvaT mutant was reduced in P.
aeruginosa PAO1. Overnight cultures were normalized to 0.25 OD600 nm. The
cells were then washed 2 times in MMP with centrifugation at 3707 Xg for 5
minutes (PAO01-N) to separate the pellet from supernatant. Following the final
centrifugation, the supernatant was discarded and the pellet resuspended in 1 ml
of MMP. For each bacterial strain, 3 wells in a sterile clear bottomed 96 well plate
(Greiner biol F bottom) were prepared with 150 ul of the 1 mM working solution
of arginine-p-nitroanilide and 150 pl of the OD 600 nm 0.25 bacterial
suspensions. The degradation of arginine-p-nitroanilide was determined by 1h
measurements of OD 405 nm for 24 h at 37°C in an automated plate reader.
Zero-normalised absorbance 370nm (Panel A) and Endpoint zero normalised
absorption 370nm (Panel B) plots were analysed by Graphpad prism software
and general ANOVA summary test analysis performed and P value <0.0001

reported, **** indicating a significant difference.

4.2.8. In the absence of ArgR (arginine sensing and utilization
regulator), aaaA expression was unaffected when the motif in the aaaA

promotor was altered

Since AaaA releases arginine from peptides it was not surprising when the
arginine responsive regulator ArgR was found to influence aaaA transcription
(258). In P. aeruginosa PAl14 WT AargR did not significantly affect the
constitutive CTX-Pwan-lux reporter. However, the arginine regulatory protein ArgR
positively regulated the light production from the intact Paasa reporter as
significantly less light was measured in the AargR mutant compared to WT
(Esteban Paredes 2014).

To investigate whether the influence of ArgR upon aaaA expression was
mediated through the predicted RpoN-binding motif, the PaaaaarpoNmotif—/ux
reporter was conjugated into PA14 WT and the AargR mutant, and light
production monitored as described previously. Figure 4.22 confirms that in the
absence of ArgR, light production from the intact aaaA promoter reporter was
significantly reduced. However, light production was unaffected when the motif
in the aaaA promotor was altered and no significant difference found between
the AargR mutant and WT. It appears that this arginine sensing regulator has no

major effect on the aaaA promoter when the motif is disrupted.
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Figure 4.22: In the absence of ArgR, aaaA expression was unaffected
when the motif in the aaaA promotor was altered. P. aeruginosa PA14 WT
or the AargR mutant carrying the intact Paaaa reporter or the reporter with the
disrupted motif were grown and bioluminescence analysed over time as
described in Figure 4.16. Each experiment was performed in triplicate; error bars
indicate the standard deviation. Friedman test analysis performed and P value

<0.0001 reported, **** jndicating a significant difference.
4.2.9. AaaA activity in the AargR was reduced in P. aeruginosa PA14

To investigate translational AaaA activity in the AargR, the arginine-p-nitroanilide
degradation assay was performed as described previously. Figure 4.23 shows
that AaaA activity in AargR was reduced, in line with the observed reduction of

aaaA expression (Figure 4.19).
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Figure 4.23: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in the AargR was reduced in P. aeruginosa PAOL1.
Overnight cultures were normalized to 0.25 OD600 nm. The cells were then
washed 2 times in MMP with centrifugation at 3707 Xg for 5 minutes (PAO1-N) to
separate the pellet from supernatant. Following the final centrifugation, the
supernatant was discarded and the pellet resuspended in 1 ml of MMP. For each
bacterial strain, 3 wells in a sterile clear bottomed 96 well plate (Greiner biol F

bottom) were prepared with 150ul of the 1 mM working solution of arginine-p-
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nitroanilide and 150pl of the ODsoonm 0.25 bacterial suspensions. The degradation
of arginine-p-nitroanilide was determined by 1h measurements of OD 405 nm for
24 h at 37°C in an automated plate reader. Zero-normalised absorbance 370nm
(Panel A) and Endpoint zero normalised absorption 370nm (Panel B) plots were
analysed by Graphpad prism software and General ANOVA summary test
analysis performed and P value <0.0001 reported, **** indicating a significant

difference.

4.2.10. In the absence of the enhancer binding protein Sfa3 in PA14,
aaaA expression significantly decreased when the motif in the aaaA

promotor was altered

The enhancer binding proteins (EBPs) Sfa2 and Sfa3 are RpoN activators (454).
They were implicated in the regulation of aaaA expression previously by
monitoring the CTX-Paaaa-lux reporter in P. aeruginosa PAO1 Asfa? and Asfa3
mutants(258). The constitutive control reporter indicated that the kan promoter
was unaffected by both mutants. However, for the CTX-Paaaa-lux reporter, light
production in Asfa? and Asfa3 mutants was significantly lowered compared to P.
aeruginosa WT, suggesting Sfa2 and Sfa3 positively regulate the aaaA intact

promoter expression.

To verify and investigate the role of Sfa2 and Sfa3 on aaaA expression further,
the CTX-Paaaa-lux, Paaaaarponmotit —=/ux and Pkan-/ux reporters were conjugated into
PAO1 and PAl14 Asfa?2 and Asfa3 mutants and bioluminescence monitored as

described previously in section 2.14.

In the PA14 background, no significant difference in light production was found
between Asfa?2 and WT for either reporter. By contrast, lower levels of light
production were found in the Asfa3 mutants when the motif in the aaaA
promotor was altered suggesting this EBP may have a positive effect on the
mutated aaaA promoter (Figure 4.24). Tukey's multiple comparisons test p-value
of 0.0039, revealing that this difference between WT and mutant was significant.
However, no significant difference was found between Asfa3 and WT using the
intact aaaA promoter reporter. Since this differs from the phenotype observed in

ArpoN, it appears that Sfa3 is not an activator of the native paaaA.
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Figure 4.24: In the absence of Sfa3 in PA14, aaaA driven expression
significantly decreased when the motif in the aaaA promotor was
altered. P. aeruginosa PA14 WT and P. aeruginosa PAl14 Asfa?2 and Asfa3
mutants carrying reporters with Paaaa either Pran reporter (Panel C), intact or with
a disrupted putative RpoN-binding motif (Panel A and Panel B) were grown and
bioluminescence analysed over time as described in Figure 4.16. Each
experiment was performed in triplicate; error bars indicate the standard
deviation. General ANOVA summary test analysis performed, and no significant
difference reported for Sfa2 and P value 0.0039 reported for Sfa3 as showed by

** indicating a significant difference.

4.2.11. In the absence of Sfa2 and Sfa3 in PAO1 strain, aaaA expression
was significantly decreased in Asfa2 and significantly increased in Asfa3

when the motif in the aaaA promotor was altered

In contrast to the observations in PA14, when light production from P.
aeruginosa PAO1 Asfa? and Asfa3 mutants carrying reporters was observed, a
different trend was noted. In both mutants, with the intact Paaasa promoter, there
was more bioluminescence in the mutant than the WT which contradicted the
observation in PA14 (Figures 4.24 , 4.25), although the extent of this increase in
bioluminescence was more evident in the Asfa2 mutant which produced 4 times
more light than the WT and a paired t-test generated a p-value of <0.0001,
revealing that this difference was significant and therefore suggests that sfa2

negatively regulates the aaaA intact promoter driven expression in this context.

However, lower levels of light production were found in Asfa2 compared to WT
when the motif in the aaaA promotor was altered and a paired t-test generated a
p-value of <0.0001, revealing that this difference was also significant and this

EBP has a positive effect on the aaaA Promoter in RpoN motif disruptive state.

For Sfa3 in PAO1 background strain, Asfa3 produced higher light expression
compared to WT for both intact aaaA promoter reporter and when the motif in
the aaaA promotor was altered. Tukey's multiple comparisons test generated a
p-value of 0.0016 for intact promoter and <0.0001 for RpoN motif disruptive
state. Since the differences between mutant and WT were significant and Sfa3
has negative effect on both intact and disrupted motif of aaaA Promoter

expression, it could be a direct or indirect repressor.
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Figure 4.25: In PAO1, aaaA expression significantly decreased in Asfa2
and significantly increased in Asfa3 when the motif in the aaaA
promotor was altered. P. aeruginosa PAO1 WT and P. aeruginosa PAO1 Asfa2
or Asfa3 mutants carrying lux reporters with the intact Pzaaa (Panels A, C), or
Paaaaarponmotif promoters were grown and bioluminescence analysed over time as
described in Figure 4.16. Each experiment was performed in triplicate; error bars
indicate the standard deviation. General ANOVA summary test analysis
performed and P value <0.0001 reported shown by the asterisks and ****
indicating a significant difference. P value of 0.0016 also reported for intact

promoter, ** indicating a significant difference.

4.2.12. AaaA activity in the Asfa2 and Asfa3 was reduced in P.

aeruginosa PA14

To investigate if the transcriptional influence of the EBPs Sfa2 and Sfa3 are
reflected in changes in AaaA translation, AaaA activity was determined in the
Asfa2 and Asfa3 mutants using the arginine-p-nitroanilide degradation assay as
described previously in section 2.13. In Figures 4.26 and 4.27 it is evident that
AaaA activity in Asfa2 and Asfa3 mutants was reduced, with the effect being
more obvious in the Asfa?2 mutant. This is in contrast with the transcription of

the promoter which was increased, but may reflect the autoregulation of aaaA.
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Figure 4.26: Arginine-p-nitroanilide degradation assay for AaaA revealed
that AaaA activity in the Asfa2 was reduced in P. aeruginosa PA14.
Overnight cultures were normalized to 0.25 OD600 nm. The cells were then
washed 2 times in MMP with centrifugation at 3707 Xg for 5 minutes to separate
the pellet from supernatant. Following the final centrifugation, the supernatant
was discarded and the pellet resuspended in 1 ml of MMP. For each bacterial
strain, 3 wells in a sterile clear bottomed 96 well plate (Greiner biol F bottom)
were prepared with 150pul of the 1 mM working solution of arginine-p-nitroanilide

and 150ul of the OD 600nm 0.25 bacterial suspensions. The degradation of
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arginine-p-nitroanilide was determined by 1h measurements of OD 405nm for 24
h at 37°C in an automated plate reader. Zero-normalised absorbance 370nm
(Panel A) and Endpoint zero normalised absorption 370nm (Panel B) plots were
analysed by Graphpad prism software and General ANOVA summary test

analysis performed and P value <0.0001 reported, **** indicating a significant

difference.
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Figure 4.27: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in the Asfa3 was reduced in P. aeruginosa PA14.
Overnight cultures were normalized to 0.25 OD 600nm. The cells were then

washed 2 times in MMP with centrifugation at 3707 Xg for 5 minutes to separate
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the pellet from supernatant. Following the final centrifugation, the supernatant
was discarded and the pellet resuspended in 1 ml of MMP. For each bacterial
strain, 3 wells in a sterile clear bottomed 96 well plate (Greiner biol F bottom)
were prepared with 150ul of the 1 mM working solution of arginine-p-nitroanilide
and 150ul of the OD 600 nm 0.25 bacterial suspensions. The degradation of
arginine-p-nitroanilide was determined by 1h measurements of OD 405 nm for
24 h at 37°C in an automated plate reader. Zero-normalised absorbance 370nm
(Panel A) and Endpoint zero normalised absorption 370nm (Panel B) plots were
analysed by Graphpad prism software and General ANOVA summary test
analysis performed and P value <0.0001 reported, **** indicating a significant

difference.

4.2.13. AaaA activity in the Asfa2 and Asfa3 mutants was reduced in P.

aeruginosa PAO1

To determine if PA14 exhibited similar translational regulation of AaaA as PAO1
when mutated for sfa2 and sfa3, the arginine-p-nitroanilide degradation assay
was performed on the mutants as described in section 2.13. As can be seen in
Figure 4.28, AaaA activity in Asfa2 and Asfa3 mutants of PA14 was also reduced,
but this time the reduction was more extreme with AaaA activities closely
mimicking the AaaaA mutant. This provides supporting evidence that the aaaA
autoregulation may be occurring to boost transcription from the promoter

because the native gene product is not being produced.
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Figure 4.28: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in the Asfa2 and Asfa3 was reduced in P. aeruginosa
PAO1. Overnight cultures were normalized to 0.25 OD600 nm. The cells were
then washed 2 times in MMP with centrifugation at 3707 Xg for 5 minutes (PAO1-
N) to separate the pellet from supernatant. Following the final centrifugation, the
supernatant was discarded and the pellet resuspended in 1 ml of MMP. For each
bacterial strain, 3 wells in a sterile clear bottomed 96 well plate (Greiner biol F
bottom) were prepared with 150ul of the 1 mM working solution of arginine-p-

nitroanilide and 150pl of the OD 600 nm 0.25 bacterial suspensions. The
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degradation of arginine-p-nitroanilide was determined by 1h measurements of
OD 405 nm for 24 h at 37°C in an automated plate reader. Zero-normalised
absorbance 370nm (Panel A) and Endpoint zero normalised absorption 370nm
(Panel B) plots were analysed by Graphpad prism software and General ANOVA
summary test analysis performed and P value <0.0001 reported, **** indicating

a significant difference.

4.2.14. In PAO1, in the absence of QS, expression from the intact aaaA
promoter increased. Similar, but more obvious changes were seen with

expression driven by the altered motif in the aaaA promoter.

It is hypothesized that AaaA plays a role in biofilm formation, and that this
underlies its contribution to chronic infections caused by P. aeruginosa in skin
and lungs. Thus it was interesting to investigate aaaA expression in mutants of
regulators of biofilm formation such as QS. Previously, P. aeruginosa PAO1
AlasR, ArhIR, and ApgsE carrying CTX-lux reporters were monitored (Esteban
Paredes 2014). The constitutive control reporter indicated that the kan promoter
was unaffected by QS. No significant difference in /ux expression was observed
in AlasR and ApgsE mutants compared to WT with the intact Pasaa-lux reporter.
However, more light was measured in the ArhIR mutant, suggesting RIhR

negatively regulates aaaA (Esteban Paredes 2014).

In this study, to investigate whether RhIR, or the other QS regulators could
influence aaaA expression through the disrupted motif in aaaA promoter, the
reporters CTX-Paaaa-lux (Esteban Paredes 2014) and Paaaaarponmetit —luX were
conjugated into PAO1 WT and QS-regulator mutants (AlasR, ArhIR, ApgsE) as

described in section 2.11.1.

In Figure 4.29, it can be seen that there was no significant difference in fux
expression from the intact Paaaa promoter in AlasR and ApgsE mutants compared
to WT. By contrast, a significant difference was found in Arh/IR (Paired t test P

value 0.0089), where greater light production was observed.

Notably, with the Paaasarponmotift —luX reporter a significant difference in light
production was observed in all the QS related mutants: AlasR (Paired t test P
value <0.0001), Arh/R(Paired t test P value 0.0002), ApgsE (Paired t test P value

<0.0001) compared to WT. In all 3 mutants, light production increased,
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suggesting QS negatively regulates the aaaA promoter when the motif is altered

and it is similar to what was seen previously in PAO1 ArpoN.
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Figure 4.29: In the absence of the QS and biofilm regulator in PAO1,
aaaA expression significantly increased in AlasR, ArhiR, ApqgsE when the
motif in the aaaA promotor was altered. P. aeruginosa PA01 of WT, AlasR
and ArhIR, ApgsE carrying the intact PaaaA reporter, disrupted RpoN motif were
grown and bioluminescence analysed over time as described in Figure 4.16. Each
experiment was performed in triplicate; error bars indicate the standard
deviation. General ANOVA summary test analysis performed and P value
<0.0001 reported, **** indicating a significant difference. Paired t test P value
0.0089, ** indicating a significant difference and Paired t test P value 0.0002,

*** indicating a significant difference.

4.2.15. AaaA activity in all QS related mutants was increased in P.
aeruginosa PAO1

As described previously, the translation of AaaA was characterized by assessing
its activity using the arginine-p-nitroanilide activity assay in the AlasR, ArhIR,
and ApgsE mutants. Figure 4.30 shows increased AaaA activity in all the QS
related mutants, despite no significant differences being observed in

transcription from the intact promoter reporter (Figure 4.29).
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Figure 4.30: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in all QS related mutants and biofilm regulator was
increased in P. aeruginosa PAO1. Overnight cultures were normalized to 0.25
OD600 nm. The cells were then washed 2 times in MMP with centrifugation at
3707 Xg for 5 minutes (PAO1-N) to separate the pellet from supernatant.
Following the final centrifugation, the supernatant was discarded and the pellet
resuspended in 1 ml of MMP. For each bacterial strain, 3 wells in a sterile clear
bottomed 96 well plate (Greiner biol F bottom) were prepared with 150ul of the
1 mM working solution of arginine-p-nitroanilide and 150pl of the OD 600 nm
0.25 bacterial suspensions. The degradation of arginine-p-nitroanilide was

determined by 1h measurements of OD 405 nm for 24 h at 37°C in an
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automated plate reader. Zero-normalised absorbance 370nm and Endpoint zero
normalised absorption 370nm plots were analysed by Graphpad prism software
and General ANOVA summary test analysis performed and P value <0.0001

reported, **** indicating a significant difference.

4.2.16. In the absence of the denitrification regulatory protein NirQ in
PAO1-L, aaaA expression significantly increased when the motif in the

aaaA promotor was altered

P. aeruginosa can survive under anaerobic conditions through denitrification
using nitrate as an electron receptor to produce atmospheric N2(455)(456). The
complete denitrification process is composed of four continuous stages to reduce
nitrate (NO3) to dinitrogen (N2) converted by nitrite (NO2z), nitric oxide (NO), and
nitrous oxide (N20)(455). This metabolic pathway is catalyzed by (denitrification)
enzymes including nitrate reductase (Nar), nitrite reductase (Nir), nitric oxide
reductase (Nor), and nitrous oxide reductase (Nos)(455). Transcription of the
genes encoding these metabolic effectors is mediated by transcriptional
regulators classified into different groups including the FNR-like Crp family
transcription factors ANR and DNR, the two-component system NarXL, and the
CbbQ family protein NirQ(455)(370).

Since AaaA liberates arginine, a potential source of nitrogen when oxygen is
scarce, the role of AnirQ on aaaA expression through the disrupted motif in aaaA
promoter was investigated. The reporters CTX-P«an-lux control (Esteban Paredes
2014), CTX-Paaaa-lux reporter (Esteban Paredes 2014) and Paaaaarponmotir —lux were
conjugated into PAO1 L WT, and 4nirQ mutant.

Although Figure 4.31 shows a significant difference between AnirQ and WT with
the Pxan constitutive promoter strains (Paired t test P value <0.0001), this was in
the opposite direction to that seen with the Paaaasrponmotic —lux reporter (Paired t
test P value 0.0003). The increased light production suggests that NirQ
negatively regulates the aaaA promoter when the motif is disrupted. The effect
of NirQ on the pKan control cannot currently be explained, and requires a
separate constitutive expression reporter to investigate further. NirQ is likely to

interact with RpoN as it is similar to the previous observations in PAO1 ArpoN .
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Figure 4.31: In the absence of the denitrification regulatory protein in
PAO1 L, aaaA expression significantly increased in AnirQ when the motif
in the aaaA promotor was altered. P. aeruginosa PAO1 WT and P. aeruginosa
PAO1 AnirQ carrying the intact PaaaA reporter, disrupted RpoN motif and Pkan
reporter were grown and bioluminescence analysed over time as described in
Figure 4.16. Three biological replicates used for each sample and the bar
represents the average of these. The error bars show the standard deviation
from the mean. General ANOVA summary test analysis performed and P value
<0.0001 reported, **** indicating a significant difference. Paired t test P value

0.0003 also reported, *** indicating a significant difference.

4.2.18. AaaA activity in the denitrification regulator AnirQ mutant was

decreased in P. aeruginosa PAO1 L

To investigate translational AaaA activity in the denitrification regulator AnirQ
mutant, the arginine-p-nitroanilide degradation assay was performed. Figure
4.32 shows that AaaA activity in the AnirQ mutant was reduced, mirroring what

had been observed with the expression from the native promoter (Figure 4.31).
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Figure 4.32: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in denitrification regulator AnirQ was decreased in P.
aeruginosa PAO1. Overnight cultures were normalized to 0.25 OD600 nm. The
cells were then washed 2 times in MMP with centrifugation at 3707 Xg for 5
minutes (PAO1-N) to separate the pellet from supernatant. Following the final
centrifugation, the supernatant was discarded and the pellet resuspended in 1 ml
of MMP. For each bacterial strain, 3 wells in a sterile clear bottomed 96 well plate
(Greiner biol F bottom) were prepared with 150 pl of the 1 mM working solution
of arginine-p-nitroanilide and 150 ul of the OD 600 nm 0.25 bacterial

suspensions. The degradation of arginine-p-nitroanilide was determined by 1h
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measurements of OD 405 nm for 24 h at 37°C in an automated plate reader.
Zero-normalised absorbance 370nm (Panel A) and Endpoint zero normalised
absorption 370nm (Panel B) plots were analysed by Graphpad prism software
and General ANOVA summary test analysis performed and P value <0.0001

reported, **** indicating a significant difference.

4.2.19. Systematic evaluation of putative EBPs in aaaA transcription and

activity.

Since RpoN functions with the input from EBPs, and because a potential RpoN-
binding motif had been mutated in the aaaA promoter, expression of the
reporter was monitored in mutants in all the predicted EBPs. The mutants in
putative EBPs were kindly provided by Dr Nicholas Tucker (Strathclyde Institute
of Pharmacy and Biomedical Sciences, and originated from the Held et al (2012)
Washington transposon mutant library created in PA14. In each case the
reporters were conjugated into the mutant, and the light production monitored
as a measure of transcription as described previously in section 2.11.1 and 2.14.
In addition, the activity of AaaA was characterized in each mutant as a reflection
of translation using the previously described arginine-p-nitroanilide assay, see

section 2.13.

4.2.20. In the absence of phhR and dctD in PA14 strains, Paaaa driven
expression significantly decreased in AphhR and AdctD when the motif

in the aaaA promotor was altered

P. aeruginosa PA14 AphhR, AgscR, AalgB and AdctD mutants exhibited similar
light emission compared to WT with the intact PaaaA-lux reporter (Figure 4.33).
Similarly, no significant difference in light production was observed between the
AgscR and AalgB mutants compared to WT when the motif in the aaaA promotor
was altered. However, a significant difference in light production by the AphhR
mutant (Tukey's multiple comparisons test P value 0.0012) and AdctD mutant
(Tukey's multiple comparisons test P value 0.0018) was observed. In both cases,

the reduced light suggests positive regulation.
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Figure 4.33: In the absence of phhR and dctD in PA14 strains, Paaaa
driven expression significantly decreased in AphhR and AdctD when the
motif in the aaaA promotor was altered. P.aeruginosa PA14 of WT, AphhR,
AgSscR, AalgB and AdctD carrying the intact PaaaA reporter (Panel A),
disrupted RpoN motif (Panel B) and P«an reporter (Panel C) were grown and
bioluminescence analysed over time as described in Figure 4.16. Each
experiment was performed in triplicate; error bars indicate the standard
deviation. General ANOVA summary test analysis performed and P value 0.0007

reported, ** indicating a significant difference.

4.2.21. AaaA activity in the AphhR and AalgB mutants were reduced
while, AaaA activity in the AdctD was increased in P. aeruginosa PA14.
AaaA activity in the AgscR mutant was similar compare to WT in P.
aeruginosa PA14

Figure 4.34 shows that AaaA activity in the AphhR and AalgB mutants were

reduced while, AaaA activity in the AdctD was increased in P. aeruginosa PA14.
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AaaA activity in the AgscR mutant was similar compared to WT in P. aeruginosa

PA14.
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Figure 4.34: Arginine-p-nitroanilide degradation assay for AaaA verified

that AaaA activity in the AphhR and AalgB mutants was reduced in P.

aeruginosa PA14 while, AaaA activity in the AdctD was increased in P.
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aeruginosa PA14. AaaA activity in the AgscR mutant was similar
compare to WT in P. aeruginosa PA14. Overnight cultures were normalized
to 0.25 OD600 nm. The cells were then washed 2 times in MMP with
centrifugation at 3707 Xg for 5 minutes to separate the pellet from supernatant.
Following the final centrifugation, the supernatant was discarded and the pellet
resuspended in 1 ml of MMP. For each bacterial strain, 3 wells in a sterile clear
bottomed 96 well plate (Greiner biol F bottom) were prepared with 150ul of the
1 mM working solution of arginine-p-nitroanilide and 150ul of the OD 600 nm
0.25 bacterial suspensions. The degradation of arginine-p-nitroanilide was
determined by 1h measurements of OD 405 nm for 24 h at 37°C in an
automated plate reader. Zero-normalised absorbance 370nm (Panel A-D) and
Endpoint zero normalised absorption 370nm (Panel E-H) plots were analysed by
Graphpad prism software and General ANOVA summary test analysis performed

and P value <0.0001 reported, **** indicating a significant difference.

4.2.22. In PA14 strains, lux expression significantly decreased in AfleQ ,
AntrC , AcbrB and AacoR mutants when the motif in the aaaA promotor

was altered

P. aeruginosa PA14, AfleQ, AntrC, AcbrB and AacoR mutants showed a trend
towards reduced light emission from the reporters, which was most evident with
mMini-CTX Paaaaarponmotift —/ux (Figure 4.35), suggesting they could positively

regulate aaaA.

4.2.23. AaaA activity in the AfleQ and AntrC mutants were similar
compared to WT in P. aeruginosa PA14. AaaA activity in the AcbrB was
increased while AaaA activity in the AacoR was reduced in P. aeruginosa
PA14

Figure 4.36 shows that AaaA activity in the AfleQ and AntrC mutants were
similar compared to WT P. aeruginosa PA14, indicating that the potential positive
regulation did not alter functional activity. AaaA activity in the AcbrB was
increased in line with the expression. In contrast, AaaA activity in the AacoR was
reduced, that does not align with the expression and suggests a more

complicated regulatory influence.
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Figure 4.35: In the absence of fleQ, ntrC, cbrB and acoR in PA14 strains,
Paaaa driven expression significantly decreased in AfleQ , AntrC , AcbrB
and AacoR when the motif in the aaaA promotor was altered.
P.aeruginosa PA14 of WT, AfleQ , AntrC , AcbrB and AacoR carrying the intact
PaaaA reporter (Pane A), disrupted RpoN motif (Panel B) and Pxan reporter (Panel
C) were grown and bioluminescence analysed over time as described in Figure
4.16. Each experiment was performed in triplicate; error bars indicate the
standard deviation. General ANOVA summary test analysis performed and AntrC
(P value 0.0498) and AacoR (P value 0.0363) reported for intact promoter, *
indicating a significant difference. AfleQ (P value 0.0367), AntrC (P value
0.0058), AcbrB (P value 0.0008) and AacoR (P value 0.0004) reported for RpoN

motif disruptive state promoter. *, ** *** indicating a significant difference.
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Figure 4.36: Arginine-p-nitroanilide degradation assay for AaaA verified

that AaaA activity

in the AfleQ and AntrC mutants were similar

compared to WT in P. aeruginosa PA14. AaaA activity in the AcbrB was

increased while AaaA activity in the AacoR was reduced in P. aeruginosa

PA14. Overnight cultures were normalized to 0.25 OD600 nm. The cells were

then washed 2 times in MMP with centrifugation at 3707 Xg for 5 minutes to

separate the pellet from supernatant. Following the final centrifugation, the

supernatant was discarded and the pellet resuspended in 1 ml of MMP. For each

bacterial strain, 3 wells in a sterile clear bottomed 96 well plate (Greiner biol F
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bottom) were prepared with 150ul of the 1 mM working solution of arginine-p-
nitroanilide and 150ul of the OD 600 nm 0.25 bacterial suspensions. The
degradation of arginine-p-nitroanilide was determined by 1h measurements of
OD 405 nm for 24 h at 37°C in an automated plate reader. Zero-normalised
absorbance 370nm (Panel A-D) and Endpoint zero normalised absorption 370nm
(Panel E-H) plots were analysed by Graphpad prism software and General
ANOVA summary test analysis performed and P value <0.0001 reported, ****

indicating a significant difference.

4.2.24. In PA14 strains, Paaaa driven expression significantly decreased
in AfleR, ANorR and AmifR mutants while no significant difference was
found in the AddaR mutant when the motif in the aaaA promotor was

altered

Figure 4.37 shows no significant difference in lux expression in ANorR, AddaR
and AmifR mutants compared to WT with the intact Paaaa reporter. However, the
AfleR mutant showed a significant reduction in light emission (Tukey's multiple
comparisons test P value 0.0020) compared to WT. With the mini-CTX
Paaaaarponmotif —lUX reporter, all except the AddaR mutant showed a significantly
reduced light emission suggesting a potential to be involved in positive

regulation for all except DdaR.

4.2.25. AaaA activity in the AfleR, ANorR and AddaR mutants were
reduced while AaaA activity in the AmifR mutant was similar compare to

WT in P. aeruginosa PA14

Figure 4.38 shows that AaaA activity in the AfleR, ANorR and AddaR mutants
were reduced in line with observed expression. In contrast, AaaA activity in the
AmifR mutant was similar to WT in P. aeruginosa PA14 suggesting no functional
impact of the potential positive regulation of MifR indicated by the transcriptional

reporter assay.
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Figure 4.37: In the absence of fleR, NorR, ddaR and mifR in PA14
strains, Paaaa driven expression significantly decreased in AfleR, ANorR
and AmifR while no significant difference found in AddaR compared to
WT when the motif in the aaaA promotor was altered. P.aeruginosa PA14
of WT, AfleR , ANorR , AddaR and AmifR carrying the intact PaaaA reporter
(Panel A), disrupted RpoN motif (Panel B) and Pan reporter (Panel C) were
grown and bioluminescence analysed over time as described in Figure 4.16. Each
experiment was performed in triplicate; error bars indicate the standard
deviation. General ANOVA summary test analysis performed and P value 0.0020
reported for intact promoter, ** indicating a significant difference. while AfleR P
value <0.0001, ANorR P value 0.0298 and AmifR P value 0.0254 reported for
RpoN motif disruptive state promoter, **** and * indicating a significant

difference.
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Figure 4.38: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in AfleR, ANorR and AddaR mutants were reduced
while AaaA activity in the AmifR mutant was similar to WT in P.
aeruginosa PA14. Overnight cultures were normalized to 0.25 OD600 nm. The
cells were then washed 2 times in MMP with centrifugation at 3707 Xg for 5
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minutes to separate the pellet from supernatant. Following the final
centrifugation, the supernatant was discarded and the pellet resuspended in 1 ml
of MMP. For each bacterial strain, 3 wells in a sterile clear bottomed 96 well plate
(Greiner biol F bottom) were prepared with 150 pl of the 1 mM working solution
of arginine-p-nitroanilide and 150 pl of the OD 600 nm 0.25 bacterial
suspensions. The degradation of arginine-p-nitroanilide was determined by 1h
measurements of OD 405 nm for 24 h at 37°C in an automated plate reader.
Zero-normalised absorbance 370nm (Panel A-D) and Endpoint zero normalised
absorption 370nm (Panel E-H) plots were analysed by Graphpad prism software
and General ANOVA summary test analysis performed and P value <0.0001

reported, **** indicating a significant difference.

4.2.26. In PA14 strains, Paaaa driven expression is significantly
decreased in AeatR and 413000 mutants, while no significant difference
is found in AhbcR compared to WT when the motif in the aaaA promotor

was altered

Figure 4.39 shows that in the P. aeruginosa PA14 background, /lux expression in
AeatR, A13000 and AhbcR mutants is similar to WT with the intact Paaaa.
However, with the mini-CTX Paaaaarponmotif —/ux reporter, whilst the AhbcR mutant
remained similar to the WT, the other two mutants produced significantly less
light: AeatR (Tukey's multiple comparisons test P value <0.0001), A13000
(Tukey's multiple comparisons test P value 0.0370) suggesting positive

regulation.

4.2.27. AaaA activity in the AeatR, A13000 and AhbcR mutants was

reduced in P. aeruginosa PA14

Figure 4.40 shows that AaaA activity in the AeatR, A13000 and AhbcR mutants
were reduced in P. aeruginosa PA14 in line with the expression detected from

the reporter.
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Figure 4.39: In the absence of eatR, 13000 and hbcR in PA14 strains,
Paaaa driven expression significantly decreased in AeatR and A13000
while no significant difference was found in AhbcR compared to WT
when the motif in the aaaA promotor was altered. P. aeruginosa PA14 of
WT, AeatR, A13000 and AhbcR carrying the intact PaaaA reporter (Panel A),
disrupted RpoN motif (Panel B) and P«an reporter (Panel C) were grown and
bioluminescence analysed over time as described in Figure 4.16. Each
experiment was performed in triplicate; error bars indicate the standard
deviation. General ANOVA summary test analysis performed and P value
<0.0001 reported for RpoN motif disruptive state promoter, **** indicating a
significant difference. A13000 (P value 0.0370) also reported, * indicating a
significant difference.
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Figure 4.40: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in the AeatR, A13000 and AhbcR mutants was
reduced in P. aeruginosa PA14. Overnight cultures were normalized to 0.25
OD600 nm. The cells were then washed 2 times in MMP with centrifugation at
3707 Xg for 5 minutes to separate the pellet from supernatant. Following the
final centrifugation, the supernatant was discarded and the pellet resuspended in
1 ml of MMP. For each bacterial strain, 3 wells in a sterile clear bottomed 96 well
plate (Greiner biol F bottom) were prepared with 150pl of the 1 mM working
solution of arginine-p-nitroanilide and 150ul of the OD 600 nm 0.25 bacterial
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suspensions. The degradation of arginine-p-nitroanilide was determined by 1h
measurements of OD 405 nm for 24 h at 37°C in an automated plate reader.
Zero-normalised absorbance 370nm (Panel A-C) and Endpoint zero normalised
absorption 370nm (Panel D-F) plots were analysed by Graphpad prism software
and General ANOVA summary test analysis performed and P value <0.0001

reported, **** indicating a significant difference.

4.2.28. In PA14, with the reporter bearing the altered motif in the aaaA
promoter, /ux expression was significantly decreased in the ApilR
mutant while no significant difference was found in ArtcR and A39360

mutants

Figure 4.41 shows that in the P. aeruginosa PA14 background, no significant
difference is observed in lux expression in ApilR, ArtcR, and A39360 mutants
compared to WT with the intact Paaaa reporter. With the mini-CTX PaaaaarpoNmotif —
lux reporter, light production in the ArtcR and A39360 mutants was also similar
to WT but was significantly reduced in the ApilR mutant (Tukey's multiple

comparisons test P value 0.0476) suggesting positive regulation.

4.2.29. AaaA activity in the ApilR mutant was increased while in the
ArtcR mutant it was similar to WT in P. aeruginosa PA14. AaaA activity

in the A39360 mutant was reduced in P. aeruginosa PA14

Figure 4.42 shows that AaaA activity in the ApilR mutant was increased while in
the ArtcR mutant was similar compare to WT in P. aeruginosa PA14, reflecting
the expression measured from the intact promotor reporter. AaaA activity in the
A39360 mutant was reduced in P. aeruginosa PA14, which did not match the

expression from the intact reporter, suggesting a potential indirect regulation.
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Figure 4.41: In the absence of pilR, rtcR and 39360 in PA14 strains, Paaaa
driven expression significantly decreased in ApilR while no significant
difference found in ArtcR and A39360 compared to WT when the motif
in the aaaA promotor was altered. P. aeruginosa PA14 of WT, ApilR, ArtcR,
A39360 carrying the intact PaaaA reporter (Panel A), disrupted RpoN motif
(Panel B) and Pxan reporter (Panel C) were grown and bioluminescence analysed
over time as described in Figure 4.16. Each experiment was performed in
triplicate; error bars indicate the standard deviation. General ANOVA summary
test analysis performed and P value 0.0471 reported for RpoN motif disruptive

state promoter, * indicating a significant difference.
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Figure 4.42: Arginine-p-nitroanilide degradation assay for AaaA verified
that AaaA activity in the ApilR was increased in P. aeruginosa PA14.
Overnight cultures were normalized to 0.25 OD600 nm. The cells were then
washed 2 times in MMP with centrifugation at 3707 Xg for 5 minutes to separate
the pellet from supernatant. Following the final centrifugation, the supernatant
was discarded and the pellet resuspended in 1 ml of MMP. For each bacterial
strain, 3 wells in a sterile clear bottomed 96 well plate (Greiner biol F bottom)
were prepared with 150pul of the 1 mM working solution of arginine-p-nitroanilide
and 150l of the OD 600 nm 0.25 bacterial suspensions. The degradation of
arginine-p-nitroanilide was determined by 1h measurements of OD 405 nm for

24 h at 37°C in an automated plate reader. Zero-normalised absorbance 370nm
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(Panel A-C) and Endpoint zero normalised absorption 370nm (Panel D-F) plots
were analysed by Graphpad prism software and General ANOVA summary test
analysis performed and P value <0.0001 reported, **** indicating a significant

difference.

4.3. Discussion and future work

The large genome of P. aerugunosa with its wide variety of regulators, enables
the bacterium to be successful in a range of environmental conditions. The
selective advantage that this brings enables P. aeruginosa to optimally control its
virulence and be such a successful opportunistic pathogen. In this study, To
further understand the regulation of aaaA and to see if RpoN regulates aaaA
expression through direct interaction with the putative RpoN binding motif
previously identified in the aaaA promotor, a substitution mutation strategy was

successfully performed.

The data presented in this chapter shows that AaaA, like many other P.
aeruginosa virulence factors, is subject to dynamic multifactorial regulatory
system. Previous studies found AaaA could give P. aeruginosa an advantage in
chronic lung and skin infections, and therefore it is essential to unlock the factors
involved in its regulation. Dr Esteban Paredes Osses (2014) found a group of
putative regulators of aaaA by using a miniCTX-/lux based reporter system to
measure the expression of aaaA in different transposon mutants. Further
analysis of the promoter of aaaA was carried out in silico by Daniella Spencer
(2018). Different putative regulator binding sites were found in previous studies
and it was hypothesized that these regions could interact with each other to

control aaaA expression in different conditions.

In this study, data suggests that AaaA negatively effects its own expression and
disruption in the putative RpoN binding motif prevents this negative effect. This
confirms previous findings in which transcription of the /ux operon from the Paaaa

promoter can change considerably in the absence of active AaaA.

The discovery that aaaA is involved in a negative feedback loop was surprising
and posed the question of whether it was a direct or indirect influence. Direct
regulation is unlikely, as AaaA is not predicted to have any domains for DNA
binding. Moreover, AaaA is bound to the external surface of the outer

membrane, making it difficult to understand how it will come in contact with the
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chromosome. Two unbiased ways to screen for intermediates in this auto-
regulation would be: (i) comparative transcriptomics of an aaaA deficient mutant
and its parental counterpart, or (ii) scanning a random transposon library
generated in the aaaA deficient mutant bearing the CTX-Paaaa-lux reporter for a
loss of bioluminescence. Both of these approaches would benefit from
understanding the optimal conditions for AaaA production. To determine this,
evaluation of AaaA levels in a variety of environmental niches would be useful,
and might also indicate how such factors favour aaaA autoregulation. Previous
work has already highlighted a wide range of relevant conditions such an
availability of arginine, nitrogen and oxygen. This chapter took a step towards
narrowing down the variables by targeting some specific factors already
implicated in a@aaaA regulation for more in depth analysis, with the hope that
there might be a link to aaaA's self-regulation. Some of the strongest evidence
for regulation of aaaA derives from a logical link with arginine availability and
metabolism. For example, expression of a reporter driven by the native Paaaa was
shown previously to be controlled by enzymes and regulators involved with

arginine assimilation and degradation.

As AaaA releases arginine from its substrates, its expression may be regulated
by external source of arginine, thus different concentrations of exogenous
arginine were applied to the reporter strains and it was found that exogenous
arginine has minimal effect on aaaA expression, further confirming previous
findings that Arginine showed no complementation effect. The data suggested

that arginine deficiency is not the main controller of aaaA upregulation.

One of the overriding controls in this arginine-influenced network is the sigma
factor RpoN, and in the promoter of aaaA there is a putative RpoN-binding motif
which in this study was successfully mutated to create the reporter Paaaaarponmotit —
lux. The engineered CTX-Paaaa-lux transcriptional reporters allowed the discovery
that aaaA negatively regulates its expression, and that superimposed on this is
the negative regulation of the alternative sigma factor RpoN. Previous study
found RpoN negatively regulates the aaaA promoter after conjugation of Mini
CTX-Paaaa-lux and Mini CTX-Pkan-lux reporters into P. aeruginosa PA14 WT. in this
study, the role of RpoN and its putative binding motif in expression of aaaA was
investigated, and the data suggested that the motif disrupted in the aaaA
promotor has a negative effect on aaaA expression independent of RpoN. In

addition, the arginine-p-nitroanilide degradation assay for AaaA verified that
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AaaA activity in the AaaaA, ArpoN and complemented rpoN mutant was reduced
in P. aeruginosa PAO1. It is more likely that RpoN binds to the aaaA promoter at
a remote site to the previously identified binding motif. A double rpoN/aaaA
mutant is required for future studies to see if AaaA negatively regulates itself

using this motif.

Several attempts have been made to conjugate pDM4:AaaaA into PAO1 ArpoN to
construct the double rpoN/aaaA mutant. First pDM4 plasmid carrying AaaaA was
extracted and transformed into E. coli S17-1. The transformant was then
conjugated with PAO1 ArpoN. Different optimizations including changing O/N
temperature between 42°C and 37°C, volumes of cultures combined, incubation
time and antibiotic (chloramphenicol) concentration above 375mg/ml. Only in
42°C scenario with 100ml culture mixture obtained Pseudomonas following
growth on 400mg/ml chloramphenicol O/N. The candidate double mutant was
cultured and crossing over was successful to make a presumed clean double
mutant. To further test the double mutant, the genomic DNA was extracted, but
PCR did not confirm the presence of rpoN and aaaA mutations as no DNA
fragments were amplified for either gene. One possibility would be PAO1 ArpoN
is intrinsically resistance to CM. To test this hypothesis, PAO1 Nottingham strain
was cultured in LB4+CM and no colonies grew discounting this. Transformation of
pDM4 containing AaaaA into PAO1 ArpoN also did not work. A new gene transfer
strategy such as phage transduction or use of a different compatible suicide

plasmid may be useful to construct the double rpoN/aaaA mutant in the future.

Confirmation that the RpoN putative binding site is necessary for expression is
required to find out how it regulates aaaA expression. Previous studies
suggested that RpoN is the only sigma factor to interact directly with PaaaA and
that this involves the EBP, NtrC, interacting with a closed RpoN complex in low
level nitrate conditions to initiate transcription(253). FleQ can also interact with
RpoN in a similar manner when c-di-GMP (Baraquet et a/ 2012) is available
during biofilm formation. Another study (Schaefer et al 2015) suggested that
RpoN could compete with another sigma factor such as RpoS. However, for
further confirmation, comparing PaaaA activation in Arpos, ArpoN, and
ArpoSArpoN mutants using the miniCTX-/ux reporter can be investigated. In
addition, two transcript feedback mechanisms proposed by Zafar et al (2013)

found that RpoN could also work with another sigma factor.
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In this study it is shown that in the absence of MvaT or MvaU, aaaA expression
decreased when the motif in the aaaA promotor was altered and our data
suggested that in contrast to the negative effect of MvaT and MvaU on the intact
aaaA promoter, these HN-S proteins have a positive effect on the genetically
altered aaaA promoter. Moreover, we found that AaaA activity in the AmvaU or

AmvaT mutants was reduced in P. aeruginosa PAO1.

According to previous studies, activators of aaaA seem to be arginine, limited-
oxygen and limited-nitrate. In nitrate-low level conditions, NtrC would activate
Paaan. Previous study found aaaA is positively controlled by the arginine-
responsive regulator ArgR, the anaerobic adaptation regulator ANR, genes
encoding arginine-absorbing transporters, and the ADI pathway. Our data
suggested that in the absence of ArgR (arginine sensing and utilization
regulator), aaaA expression was unaffected when the motif in the aaaA promotor
was altered. It seems like the arginine sensing regulator has no major effect on
the aaaA promoter when the motif is disrupted. However, AaaA activity in the

AargR was reduced in P. aeruginosa PA14.

The enhancer binding proteins (EBPs) Sfa2 and Sfa3 are RpoN activators.
Previous study found that Sfa2 and Sfa3 positively regulate the aaaA intact
promoter expression in P. aeruginosa PAO1l. In this study our data suggested
that in the absence of the enhancer binding protein Sfa3 in PAl4, aaaA
expression significantly decreased when the motif in the aaaA promotor was
altered and no significant difference in light production was found between Asfa2
and WT for either reporter. By contrast, in the absence of Sfa2 and Sfa3 in PAO1
strain, aaaA expression was significantly decreased in Asfa2 and significantly
increased in Asfa3 when the motif in the aaaA promotor was altered. Our data
also showed that AaaA activity in the Asfa2 and Asfa3 was reduced in both P.
aeruginosa PA14 and PAO1. Strain to strain variation and genetic differences in
P. aeruginosa has been previously documented and could be influencing the

variation of sfa response (457).

Regulation of aaaA expression by QS was studied because QS influences the
expression of several P. aeruginosa virulence genes affecting biofilm
development. This is relevant because AaaA is produced at later growth stages
and an aaaA deficient mutant is impeded in its ability to form biofilms in vitro
and in vivo (unpublished results, personal correspondence Owen Darch and
Daniella Spencer). Previous study showed that AaaA plays a role in biofilm
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formation and chronic infection. Of the three QS regulators assessed here (LasR,
RhIR, PgsE), only RhIR impaired the transcription from the native Paaasa, which
was revealed by increased expression of the reporter in the rh/R-deficient
mutant. Presumably, because the altered expression was moderate, it was not
sufficient to trigger AaaA-autoregulation since in the Arh/R mutant the AaaA-
activity was also raised. The RhIR transcriptional regulator binds to unique
sequences called Rhl-boxes in P. aeruginosa. In the presence and absence of C4-
HSL, RhIR dimerizes and attaches to certain DNA areas. The mild repression of
aaaA expression reported for RhIR is supported by the prediction in Virtual
Footprint v3.0 (http:/www.prodoric.de/vfp/vfp promoter.php) showing two
regions in the 500bp upstream sequence of aaaA where motifs with the capacity

for RhIR binding occur.

In previous study, aaaA expression in mutants of regulators of biofilm formation
such as P. aeruginosa PAO1 AlasR, ArhIR, and ApgsE carrying CTX-/ux reporters
were monitored. No significant difference in /ux expression was observed in
AlasR and ApgsE mutants compared to WT with the intact Paaaa-lux reporter.
However, more light was measured in the ArhIR mutant, suggesting RIhR
negatively regulates aaaA (Esteban Paredes 2014). In this study it was shown
that in PAO1, in the absence of QS, expression from the intact aaaA promoter
increased supporting previous findings. Similar, but more obvious changes were
seen with expression driven by the altered motif in the aaaA promoter. In
addition, AaaA activity in all QS related mutants was increased in P. aeruginosa
PAO1.

Since AaaA liberates arginine, a potential source of nitrogen when oxygen is
scarce, the role of AnirQ on aaaA expression through the disrupted motif in aaaA
promoter was investigated. Our data suggested that in the absence of the
denitrification regulatory protein NirQ in PAO1-L, aaaA expression significantly
increased when the motif in the aaaA promotor was altered. Significant
difference between AnirQ and WT with the Pkan control constitutive promoter
strains was also found in this study, so testing another WT Pxan control
constitutive promoter for further confirmation of our finding is recommended.
The data here also suggested that AaaA activity in the denitrification regulator

AnirQ mutant was decreased in P. aeruginosa PAO1-L.

In this study, systematic evaluation of putative EBPs in aaaA transcription and
activity was successfully conducted through conjugation of reporters in each
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mutant. The data suggested that in the absence of phhR and dctD in PAl4
strains, Paaaa driven expression significantly decreased in AphhR and AdctD when
the motif in the aaaA promotor was altered. In addition, In PA14 strains, lux
expression significantly decreased in AfleQ, AntrC, AcbrB and AacoR mutants
when the motif in the aaaA promotor was altered. Moreover, In PA14 strains, lux
expression significantly decreased in AfleR, ANorR and AmifR mutants while no
significant difference was found in the AddaR mutant when the motif in the aaaA
promotor was altered. In another series of putative EBPs it was found that aaaA
expression is significantly decreased in AeatR and A13000 mutants, while no
significant difference was found in AhbcR compared to WT in PA14 strains when
the motif in the aaaA promotor was altered. In the last EBP series of PA14, with
the reporter bearing the altered motif in the aaaA promoter, /ux expression was
significantly decreased in the ApilR mutant while no significant difference was
found in ArtcR and A39360 mutants. The data also revealed that AaaA activity in
the AfleQ, AntrC, AmifR, ArtcR and AgscR mutants was similar to WT in P.
aeruginosa PA14 while AaaA activity in the AcbrB, ApilR and AdctD mutants was
increased. By contrast, AaaA activity in the AphhR, AalgB, AacoR, AfleR, ANorR,
AddaR, AeatR, A13000, AhbcR and the A39360 mutants was reduced in P.
aeruginosa PA14. For better comparison between putative EBPs, conjugation of

the Pkan-lux reporter into appropriate WT PA14 mutants is needed.

To undertake this study, a number of tools available in the laboratory were
utilized. It is possible that since they were designed and created, that more data
has become available that should be incorporated into the analysis. For example,
transcriptomics is now available that maps the real transcriptional start sites of
Pseudomonas genes (458). This should be mined to identify the true +1 site that
has been experimentally determined and compared to the theoretically predicted
ones incorporated in the reporters. If there is a difference, a systematic
comparison could be undertaken to determine whether this influences the

regulation of aaaA.

Future studies using gRT-PCR and site-directed mutagenesis can now be
designed to clearly identify the putative regulator binding sites and provide
better understanding regarding aaaA function within its regulatory network.
Further mutagenesis of the other predicted regulator binding sites in the aaaA
promoter could be desighed to determine if they are targeted by the expected

regulators, or whether regulatory mutant factors examined in this study can

187



control the expression of aaaA by binding in any of these regions. There is a
need to construct double/triple mutations and complementation strains as well
as defined (ie non transposon) mutants to remove the potential for downstream
genes influencing the data. Exploring the direct regulation networks of aaaA
expression will provide better understanding of its function in vivo and its

contribution to the P. aeruginosa pathogenic life cycle in chronic infections.
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Figure 4.43: An overview of different AF mutants potentially related to
aaaA expression used in this study. AaaA negatively affects its own
expression and disruption of the putative RpoN binding motif prevents this
negative effect. In the absence of the QS and biofilm regulator in PAO1, aaaA
expression significantly increased in AlasR, ArhIR, ApgsE when the motif in the
aaaA promotor was altered. In the absence of the denitrification regulatory
protein in PAO1 L, aaaA expression also significantly increased in AnirQ when the
motif in the aaaA promotor was altered. However, In the absence of ArgR, aaaA
expression was unaffected when the motif in the aaaA promotor was altered.
Systematic evaluation of putative EBPs in aaaA transcription and activity was
successfully conducted through conjugation of reporters in each. In addition, No
significant difference found in ArtcR , AhbcR , AddaR and A39360 compared to
WT when the motif in the aaaA promotor was altered. By contrast, PaaaA driven
expression significantly decreased in AphhR , AfleQ, AacoR, AfleR, A13000,
ApilR, AdctD, AntrC, AcbrB, AmifR, ANorR and AeatR when the motif in the

aaaA promotor was altered.
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Chapter 5

Final conclusions and future directions

In this study, individual localization of potential accessory factors and their
possible role in facilitating secretion of the EspC and AaaA autotransporters was
compared. Entropathogenic E. coli (EPEC) has evolved with conserved bacterial
secretion systems for the transport of substrates across the cell membrane.
These secretion systems play an important role in pathogenic nutritional uptake,
cell-to-cell communication and exploitation of host cells. In addition, through
these multi- protein complexes, diverse virulence factors such as adhesions,
proteases, toxins, and effector proteins are secreted during colonization of host
cells by pathogens. Autotransporters are important virulence factor proteins and
utilize the simplest secretion system discovered so far in Gram-negative
bacteria. Autotransporters have a characteristic extracellular passenger (a-
domain) translocated by a B-barrel transmembrane domain (Transport domain
that is inserted in the Outer membrane (OM). Different periplasmic and OM
factors like the BAM complex and TAM have been proposed to facilitate
translocation. Moreover, the EPEC autotransporter, EspC may utilize T3SS to
enter host cells. However, the complete mechanism of EspC secretion, role in
pathogenesis, interaction with T3SS system and Bam Complex along with energy
source for translocation is not yet completely clear. In previous studies, a
transposon screen suggested 6 E. coli proteins have a potential role as accessory
factors (AF) in EspC secretion(149). In this study, we explored the role of each
of the 6 potential AT AFs in EspC secretion and undertook parallel investigations
with the autotransporter produced by the opportunistic pathogen Pseudomonas
aeruginosa, AaaA. Since the production of AaaA is influenced by a potentially
complex network of regulatory factors, investigations using a transcriptional
reporter were also undertaken to identify whether there was a predominate

regulator governing AaaA production.

This study utilized previously constructed plasmids encoding native EspC
(pLA33C1), and two versions of EspC fused to the red fluorescent protein
mCherry to facilitate tracking within the cell. Of the latter, one encoded a
product with an intact transporter domain (pLA33C1MC), and the other lacked
the C-terminal B-barrel domain (pMAC33). These plasmids were successfully

transformed into the AT accessory factor secretory mutants (AproW, AslyB,
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AsapA, AybgC, AygjE and AabrB). The only putative secretion accessory factor
mutant showing potential after the EspC-mCherry screen was the As/yB mutant,
however using EspC-TC or AaaA-TC tracked proteins, a role in AT secretion could

not be reliably observed in this study.

Screening of transposon mutants for deficient EspC secretion would further
investigate and find other groups of potential accessory factor mutants to
provide a better understanding of the role of the C-terminal B-barrel domain.
Previous study in our group suggested that localization of both EspC and AaaA
not only requires the AT B-barrel domain but also involves the bacterial
cytoskeleton actin homologue MreB along with the Sec translocon, and occurs
through discrete patches in a helical pattern surrounding bacterial cytoskeleton.
The use of high-resolution imaging technologies for AT localization studies will
provide better understanding into the molecular interactions and associated
accessory factors in the localization of EspC(113). For instance, co-localization
studies of EspC with MreB or other accessory factors investigated in this study
like SlyB would be useful to learn whether the previously observed patchy
arrangements will be found or not(113). Such observation would enable the
proposition of a descriptive model for the AT secretion pathway. Two-hybrid
screening could also be used to study AT interaction with accessory
proteins(459).

Characterizing the exact secretion pathway and localization along with molecular
accessory factors involved in the spiral secretion of EspC would offer the
potential to discover inhibitors that might serve as a novel antimicrobials. New
antimicrobial agents are urgently needed due to the increasing number of AMR
cases in hospital and communities(460). Inhibition of secretion by targeting
different segments of the AT structure and other areas of the pathway including
Sec machineries, signal peptidase, periplasmic chaperones and OM BAM complex
and their associated factors could lead to development of new antibiotics or

vaccine candidates in the future(461).

Future studies should also investigate alternative means of fluorescent labelling
for the ATs. Smaller tags e.g FIAsH would have the advantage of providing
proteins closer to the native form to follow during secretion(244). In addition,
this study could be extended to incorporate different types of AT e.g. adhesins.
Through these comprehensive studies we would be able to understand more

about the function of AT accessory factors(462).
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According to previous data in our lab, AaaA is an aminopeptidase specific for
arginine tethered to the surface in P. aeruginosa. The work presented here has
provided evidence of aaaA regulatory controls by successful creation of new
reporter through site directed mutagenesis. One of the main regulators in this
arginine-influenced network is the sigma factor RpoN, and in the promoter of
aaaA there is a putative RpoN-binding motif which was successfully mutated to
create the reporter Paaaaarponmotif —/ux and compared with constitutive and intact
aaaA promoter driven reporters in different mutant backgrounds. For future
studies, an appropriate WT control in the PA14 background is required since the
Pkan-/ux reporter could not be introduced. Moreover, it is necessary to repeat the
analysis presented to assess reproducibility. The data presented here confirmed
the previous finding that AaaA exerts a negative feed-back over its own
expression(258). It would be interesting to perform this experiment in different
oxygen concentrations and bacterial growth phases. It would also be an
interesting idea to test the effect of diverse periplasmic chaperones (i.e. SurA,
Skp and DegP) on aaaA expression, and their possible role in autoregulation
when the motif disrupted in the aaaA promotor and compare them with intact

and constitutive promoters for each mutant(461).

In this study, different QS regulators were evaluated to see if they control the
aaaA promoter. For future study the impact of the arginine binding protein AotJ,
the inner membrane protein ArcD, global regulator ANR, three components of
the urea cycle (ArgF, ArgG and Argl) and one component of the arginine
descarboxylase (ADC) pathway, SpeA along with one component of the arginine
succinyltransferase (AST) pathway, AruB could be investigated in the same
manner using transcription and activity assays for each mutant in the PAl14

Washington strain background using the transposon mutants available(258).

Future studies could alternatively be targeted to in vivo studies, e.g. tissue
culture-based infection models (e.g. skin, lungs)(463,464). AaaA is an ideal
target for inhibition as it is crucial for chronic infections and surface exposed.
The interaction between autotransporters and their role in bacterial metabolic
regulation and infection process is a complex journey and requires novel
microscopic analysis tools. New technological platforms will help us to analyse
the metabolome and virulence factors at the same time in single bacterial cells in
the near future through secondary ion mass spectrometry (SIMS) imaging such

as cryo-0 rbi SIMS and Nano-SIMS, and Raman coupled to confocal microscopy
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or fluorescence in situ hybridisation (FISH) which will provide new prospect in
this area(465-467).
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Figure 5.1: Simplified representation of the pathways and effectors
involved with arginine metabolism in P. aeruginosa. Mutants lacking the
enzymes and proteins highlighted in green were selected for this study. Only

relevant intermediates and genes are indicated.

Previous study found that oxygen availability, pH and NaCl play an important
role in AaaA activity and biofilm formation(253). For future studies, these
conditions should also be tested with the mutants investigated in this study.
Recent study also found environmental conditions such as arginine, nitrate,
glutamine, cell density and biofilm growth could influence AaaA via the identified
putative regulator binding sites in the promoter of aaaA(253). For future study,
all these environmental conditions should also be tested in parallel for all
reporters used in this study with appropriate controls. It seems like AaaA is
required in low nitrate, low oxygen, and mid to high cell densities, while arginine
induces a positive feedback loop(253). The relationship between RpoN, NtrC,
FleQ and MvaU/T could be further studied through site-directed mutagenesis and
gRT-PCR, or the creation of double and triple mutants into which the reporters
are introduced. In addition, microarrays, RNA-Seq, high-throughput sequencing
technologies and Quantitative reverse transcription PCR (RT-qPCR) can be used

to investigate transcriptional study(468).
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Supplementary Figure 1: E. coli MG1655 secretes native EspC from
plasmid pLA33C1, or accumulates intracellular full length or
truncated EspC fused to mCherry from plasmids pLA33C1MC or
PMAC33 respectively as expected. Plasmids pLA33C1, pLA33C1MC and
pMAC33 were amplified by PCR using primers F-espC and R-Apal-espC and the
products separated on a 0.8% agarose gel alongside the 1kb molecular weight
marker. A control PCR lacking template DNA was also prepared in parallel. The
asterisks indicate the expected products of 4028bp (yellow) for pLA33C1 and
4753bp (blue) for pLA33C1MC and pMAC33 plasmids (Panel A). Plasmids
pLA33C1, pLA33C1MC and pMAC33 were digested with HindIII (panel B) and
BglII (Panel C) as described in the methods. Digestion products were applied to
a 0.8% gel alongside the 1kb molecular weight marker. In Panel B the asterisks
indicate the expected products of 9293bp for pLA33C1 (Yellow) and 10,010bp for
pLA33C1MC and pMAC33 plasmids (Blue and green). In Panel C the asterisks
indicate the expected products of 9293bp for pLA33C1 (Green), 717bp mCherry
(Red) separated from 9265bp (Blue) that represents the rest of the vector for
pLA33C1MC and 718bp (Yellow) mCherry separated from 9294bp rest of the
vector for pMAC33 (Orange).
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Supplementary Figure 2 : AslyB does not
produce detectable FL EspC-mCherry and
releases more tEspC-mCherry than MG1655.
Plasmids pLA33C1, pLA33C1MC and pMAC33 were
transformed into AproW, AslyB, AsapA, AybgC, AyqjE
and AabrB autotransporter accessory factors. For DNA
confirmation, plasmids were amplified by PCR using
primers F-espC and R-Apal-espC and the products
separated on a 0.8% agarose gel alongside the 1kb
molecular weight marker. A control PCR lacking
template DNA was also prepared in parallel. The
asterisks indicate the expected products of 4028bp
(Blue) for pLA33C1 and 4753bp (Red) for pLA33C1MC

5
&
m

L]
pLA33CIMC

pLA33CIMC
pMAC33
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*

and pMAC33 plasmids (Panel A-C). For confirmation, plasmids were digested with BamHI as described in the section 2.10.2 (Panel D-I).
Digestion products were applied to a 0.8% gel alongside the 1kb molecular weight marker. The asterisks indicate the expected products
of 9293bp for PLA33C1 (Blue) and 10,010bp for pLA33C1MC and pMAC33 plasmids (Red). Further confirmation, plasmids were digested
with Sacl and HindIIl as described in the methods (Panel J-M). Digestion products were applied to a 0.8% gel alongside the 1kb
molecular weight marker. The asterisks indicate the expected products of 3985bp (Green) and 5308bp (Blue) that indicated the rest of
the vector for pLA33C1, 4695bp EspC- mCherry (Yellow) separated from 5315bp (Red) that represents the rest of the vector for
pLA33C1MC and 4696bp (Orange) EspC- mCherry separated from 5315bp rest of the vector for pMAC33 (Red).

242



Supplementary Figure 3 : The AslyB mutant containing pLA33C1,
pPLA33C1MC and pMAC33 produced a similar protein profile as
the complemented mutant. Confirmation of the s/yB expression vectors
transformed into DH5a cells by restriction digestion with Clal and Sphl. The
3191 bp DNA fragment indicated by blue stars was separated from the 1651 bp
arabinose promotor and partial s/lyB indicated with green stars as expected
(Panel A).
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Supplementary Figure 4 : Parental MG1655 and the As/yB mutant containing native AaaA (pLA33AaaA), FL
EspC FIAsH tag (pLA33C1-TC 531aa) and AaaA truncated version (pLA33AaaA-TC-TAG343aa) produced similar
detectable AaaA and EspC protein in whole cell lysates. Plasmids pLA33AaaA, pLA33C1-TC 531aa and pLA33AaaA-TC-
TAG343aa were transformed into MG1655 WT and the derived AslyB secretion accessory factor mutant. Transformation was confirmed by
double digest with Bg/II and Sall. In FL EspC (pLA33C1-TC 531aa) ~1064 bp upstream portion of espC was separated from 5327 bp open
pBAD33 vector as expected (Panel C). 2059bp native aaaA fragment from native aaaA (pLA33AaaA) and aaaA truncated version
(pLA33AaaA-TC-TAG343aa) were separated from 5327 bp rest of the vector (Panel A & B).

244



Supplementary Table 1: list of Plasmids used in this study with description for expression and regulation of AaaA.

Plasmid

Description

Origin

PAO1 WT Mini CTX-Pkan-/ux

Wild type strain plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis, 2014

PAO1AaaaA Mini CTX-Pkan-lux

In-frame aaaA deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis ,2014

PAO1 ArpoN Mini CTX-Pkan-lux

In-frame ArpoN plus the Mini CTX-Pkan-/ux vector. TetR

Spencer Thesis, 2018

PAO1 AmvaU Mini CTX-Pkan-/ux

In-frame mvaU deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis ,2014

PAO1 AmvaT Mini CTX-Pkan-/lux

In-frame mvaT deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis ,2014

PAO1 Asfa2 Mini CTX-Pkan-lux

In-frame sfa2 deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis ,2014

PAO1 Asfa3 Mini CTX-Pkan-/lux

In-frame sfa3 deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis ,2014

PAO1 ApgsE Mini CTX-Pkan-/ux

In-frame pgsE deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis, 2014

PAO1 AlasR Mini CTX-Pkan-/lux

In-frame /asR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis, 2014

PAO1 ArhIR Mini CTX-Pkan-lux

In-frame rhIR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis, 2014

PAO1 Arsal Mini CTX-Pkan-lux

In-frame rsal deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis, 2014

PAO1 L AnirQ Mini CTX-Pkan-/ux

In-frame nirQ deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study
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Plasmid

Description

Origin

PA14 AargR Mini CTX-Pkan-/ux

In-frame argR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

Esteban Thesis, 2014

PA14 Asfa2 Mini CTX-Pkan-lux

In-frame sfa2 deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AphhR Mini CTX-Pkan-/ux

In-frame phhR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AalgB Mini CTX-Pkan-/ux

In-frame algB deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 APIiIR Mini CTX-Pkan-/ux

In-frame PilR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AdctD Mini CTX-Pkan-/ux

In-frame dctD deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AfleQ Mini CTX-Pkan-/ux

In-frame fleQ deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AmifR Mini CTX-Pkan-/ux

In-frame mifR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AntrC Mini CTX-Pkan-/ux

In-frame ntrC deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AcbrB Mini CTX-Pkan-/ux

In-frame cbrB deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 ArtcR Mini CTX-Pkan-lux

In-frame rtcR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AacoR Mini CTX-Pkan-lux

In-frame acoR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AeatR Mini CTX-Pkan-/ux

In-frame eatR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 A13000 Mini CTX-Pkan-lux

In-frame 13000 deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 ANorR Mini CTX-Pkan-/lux

In-frame NorR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AgscR Mini CTX-Pkan-/ux

In-frame gscR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 ASfa3 Mini CTX-Pkan-lux

In-frame Sfa3 deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AhbcR Mini CTX-Pkan-lux

In-frame hbcR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 A39360 Mini CTX-Pkan-/ux

In-frame 39360 deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AddaR Mini CTX-Pkan-/ux

In-frame ddaR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study

PA14 AfleR Mini CTX-Pkan-lux

In-frame fleR deletion mutant plus the Mini CTX-Pkan-/ux vector. TetR

In this study
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Plasmid

Description

Origin

PAO1 WT Mini CTX-PaaaA-lux

Wild type strain plus the Mini CTX-PaaaA-/ux vector. TetR

Esteban Thesis ,2014

PAO1AaaaA Mini CTX-PaaaA-lux

In-frame aaaA deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis ,2014

PAO1 ArpoN miniCTX-/ux::PaaaA

PAO1 ArpoN with miniCTX-lux aaaA promoter fusion

Spencer Thesis, 2018

PAO1 ArpoN att Tn7:rpoN +

miniCTX-lux::PaaaA

Complemented ArpoN with miniCTX-/ux aaaA promoter fusion

Spencer Thesis, 2018

PAO1 AmvaU Mini CTX-/ux::PaaaA

In-frame mvaU deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis ,2014

PAO1 AmvaT Mini CTX-/ux::PaaaA

In-frame mvaT deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis ,2014

PAO1 Asfa2 Mini CTX-lux::PaaaA

In-frame sfa2 deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis ,2014

PAO1 Asfa3 Mini CTX-lux::PaaaA

In-frame sfa3 deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis ,2014

PAO1 ApgsE Mini CTX-lux::PaaaA

In-frame pgsE deletion mutant plus the Mini CTX-PaaaA-lux vector.TetR

Esteban Thesis, 2014

PAO1 AlasR Mini CTX-lux::PaaaA

In-frame /asR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis, 2014

PAO1 ArhIR Mini CTX-/ux::PaaaA

In-frame rhIR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis, 2014

PAO1 Arsal Mini CTX-lux::PaaaA

In-frame rsal deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

Esteban Thesis, 2014

PAO1 AnirQ Mini CTX-/ux::PaaaA

In-frame nirQ deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study
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Plasmid

Description

Origin

PA14 AargRMini CTX-/ux::PaaaA

In-frame argR deletion mutant plus the Mini CTX-PaaaA-lux vector.TetR

Esteban Thesis, 2014

PA14 Asfa2 Mini CTX-lux::PaaaA

In-frame sfa2 deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AphhR Mini CTX-/ux::PaaaA

In-frame phhR deletion mutant plus the Mini CTX-PaaaA-lux vector.TetR

In this study

PA14 AalgB Mini CTX-lux::PaaaA

In-frame algB deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 APIiIR Mini CTX-/ux::PaaaA

In-frame PilR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AdctD Mini CTX-/ux::PaaaA

In-frame dctD deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AfleQ Mini CTX-/ux::PaaaA

In-frame fleQ deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AmifR Mini CTX-/ux::PaaaA

In-frame mifR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AntrC Mini CTX-lux::PaaaA

In-frame ntrC deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AcbrB Mini CTX-lux::PaaaA

In-frame cbrB deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 ArtcR Mini CTX-/ux::PaaaA

In-frame rtcR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AacoR Mini CTX-lux::PaaaA

In-frame acoR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AeatR Mini CTX-lux::PaaaA

In-frame eatR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 A13000 Mini CTX-/ux::PaaaA

In-frame 13000 deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 ANorR Mini CTX-/ux::PaaaA

In-frame NorR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AgscR Mini CTX-/ux::PaaaA

In-frame gscR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 ASfa3 Mini CTX-lux::PaaaA

In-frame Sfa3 deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AhbcR Mini CTX-lux::PaaaA

In-frame hbcR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 A39360 Mini CTX-/ux::PaaaA

In-frame 39360 deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AddaR Mini CTX-/lux::PaaaA

In-frame ddaR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study

PA14 AfleR Mini CTX-/ux::PaaaA

In-frame fleR deletion mutant plus the Mini CTX-PaaaA-lux vector. TetR

In this study
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Plasmid

Description

Origin

PAO1 WT PaaaAArpoNmotif -lux

Wild type strain plus the Mini CTX- PaaaAArpoNmotif -lux vector. TetR

In this study

PAO1AaaaA PaaaAArpoNmotif -lux

In-frame aaaA deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 ArpoN att Tn7:rpoN +
PaaaAArpoNmotif -lux

Complemented ArpoN with the Mini CTX- PaaaAArpoNmotif -lux vector. TetR

In this study

PAO1 AmvaU PaaaAArpoNmotif -lux

In-frame mvaU deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 AmvaT PaaaAArpoNmotif -lux

In-frame mvaT deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 Asfa2 PaaaAArpoNmotif -lux

In-frame sfa2 deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 Asfa3 PaaaAArpoNmotif -lux

In-frame sfa3 deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 ApgsE PaaaAArpoNmotif -lux

In-frame pgsE deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 AlasR PaaaAArpoNmotif -lux

In-frame /asR deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 ArhIR PaaaAArpoNmotif -lux

In-frame rh/R deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 Arsal PaaaAArpoNmotif -lux

In-frame rsal deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PAO1 AnirQ PaaaAArpoNmotif -lux

In-frame nirQ deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector.TetR

In this study

249




Plasmid

Description

Origin

PA14 AargR PaaaAArpoNmotif -lux

In-frame argR deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 Asfa2 PaaaAArpoNmotif -lux

In-frame sfa2 deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 A phhR PaaaAArpoNmotif -lux

In-frame phhR deletion mutant plus the Mini CTX- PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 AalgB PaaaAArpoNmotif -lux

In-frame algB deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 APiIR PaaaAArpoNmotif -lux

In-frame PilR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector.TetR

In this study

PA14 AdctD PaaaAArpoNmotif -lux

In-frame dctD deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 AfleQ PaaaAArpoNmotif -lux

In-frame fleQ deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector.TetR

In this study

PA14 AmifR PaaaAArpoNmotif -lux

In-frame mifR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 A13000PaaaAArpoNmotif -lux

In-frame 13000 deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector.TetR

In this study

PA14 ANorR PaaaAArpoNmotif -lux

In-frame NorR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 AgscR PaaaAArpoNmotif -lux

In-frame gscR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 ASfa3 PaaaAArpoNmotif -lux

In-frame Sfa3 deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 AhbcR PaaaAArpoNmotif -lux

In-frame hbcR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 A39360 PaaaAArpoNmotif -lux

In-frame 39360 deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 AddaR PaaaAArpoNmotif -lux

In-frame ddaR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study

PA14 AfleR PaaaAArpoNmotif -lux

In-frame fleR deletion mutant plus the Mini CTX-PaaaAArpoNmotif-lux vector. TetR

In this study
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Supplementary Table 2: Bacterial strains used in this study

Strain Name Description Antibiotic resistance Bacteria Reference

MG1655Anei defined, non-polar mutant in nei created by lambda | Chloramphenicol (CM) E. coli Stephenie Pommier,2012
red recombination

MG1655AproW | defined, non-polar mutant in proW created by | ------- E. coli Stephenie Pommier,2012
lambda red recombination

MG1655AS/yB | defined, non-polar mutant in S/lyB created by lambda| = ------- E. coli Stephenie Pommier,2012
red recombination

MG1655AsapA | defined, non-polar mutant in sapA created by lambda | ~ ------- E. coli Stephenie Pommier,2012
red recombination

MG1655AybgC | defined, non-polar mutant in ybgC created by lambda| ------ E. coli Stephenie Pommier,2012
red recombination

MG1655AyqgjE | defined, non-polar mutant in ygjE created by lambda|  ------ E. coli Stephenie Pommier,2012
red recombination

MG1655AabrB | defined, non-polar mutant in abrB A created by| ------- E. coli Stephenie Pommier,2012

A lambda red recombination

MG1655 F- A-ilvG- rfb-50 rph-1. | mmmme- E. coli Mahmoud Ashawesh, 2016

DH5a F'/endAl, hsdR17(R- M+), supE44, thi-1, recAl,|  ------- E. coli Mahmoud Ashawesh, 2016
gyrA, relAl, A(lacZYA-argF) U169, deoR [®80d
lacA(lacz) M15].

S17-1 Apir E.coli strain capable of conjugation into |  —-m---- E. coli Paredes, 2014

P. aeruginosa
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Strain Name Description Bacteria Reference
PAO1 WT Wild-type . aeruginosa ATCC15692
PAO1 WT L Wild-type . aeruginosa Arat et al., 2015
PAO1 AaaaA In-frame aaaA deletion mutant . aeruginosa Luckett et al., 2012
PAO1 ArpoN (PA06358) Deletion mutant of rpoN . aeruginosa Heurlier et al (2003)
PAO1 ArpoN att Tn7:rpoN+ Complemented ArpoN . aeruginosa Heurlier et al (2003)
PAO1 Amvau P. aeruginosa PAO1 mvaU deletion mutant . aeruginosa Esteban Thesis ,2014
PAO1 AmvaT P. aeruginosa PAO1 mvaT deletion mutant . aeruginosa Esteban Thesis ,2014
PAO1 Asfa2 sfa2 mutant of PAO1 . aeruginosa Esteban Thesis ,2014
PAO1 Asfa3 Sfa3 mutant of PAO1 . aeruginosa Esteban Thesis ,2014
PAO1 ApgsE P. aeruginosa PAO1 pgsE deletion mutant . aeruginosa Steve Higgins’s Thesis, 2014
PAO1 AlasR P. aeruginosa PAO1 /asR deletion mutant . aeruginosa Steve Higgins's Thesis, 2014
PAO1 ArhIR P. aeruginosa PAO1 rh/R deletion mutant . aeruginosa Steve Higgins’s Thesis, 2014
PAO1 Arsal P. aeruginosa PAO1 rsal deletion mutant . aeruginosa Steve Higgins’s Thesis, 2014
PAO1 L AnirQ P. aeruginosa PAO1 L nirQ deletion mutant . aeruginosa Arat et al., 2015
pDM4:AAaaA PAO1AaaaA CM R . aeruginosa Owen Matthew Darch Thesis, 2014
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Strain Name

Description

Bacteria

Reference

PA14 WT Wild-type P. aeruginosa Dietrich et al (2013)
PA14 AargR argR deletion mutant in P. aeruginosa PA14 | P. aeruginosa Esteban Thesis, 2014
PA14 Asfa2 Sfa2 deletion mutant in P. aeruginosa PA14 | P. aeruginosa Jacobs et al (2003)
PA14 AphhR phhR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AalgB algB mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 APiIR PilR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AdctD dctD mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 AfleQ fleQ mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AmifR mifR mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 AntrC ntrC mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AcbrB cbrB mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 ArtcR rtcR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AacoR acoR mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 AeatR eatR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 A13000 13000 mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 ANorR NorR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AgscR gscR mutant of PA14 P. aeruginosa Jacobs et al (2003)
PA14 ASfa3 Sfa3 mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AhbcR hbcR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 A39360 39360 mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AddaR ddaR mutant of PA14 P. aeruginosa Held et al (2012)
PA14 AfleR fleR mutant of PA14 P. aeruginosa Held et al (2012)
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