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LAY ABSTRACT

Pseudomonas aeruginosa is a major contributor to hospital-acquired
infections and is of particular concern due to its intrinsic resistance to many
frontline antibiotics. To aid in infection, Pseudomonas encodes an arsenal
of virulence factors, including type IV pili (T4P), hair-like adhesins involved
in many processes, such as twitching motility and surface attachment. T4P
are primarily composed of the major pilin, PilA, whose expression is tightly
regulated by the PilS-PilR two-component system. The sensor kinase, PIilS,
monitors the inner membrane PilA inventory and modifies activity of the
response regulator, PilR, to regulate pilA transcription. Here, we
demonstrate that P. aeruginosa virulence in a roundworm infection model
is reduced when the amount of T4P expressed at the cell surface increases,
regardless of the ability of the bacteria to twitch. We propose that
inappropriate increases in surface T4P expression may impair
pathogenicity-associated systems which require intimate host-cell contact.
New genes in the regulon of the PilS-PilR two-component system were also
identified. A tool to fluorescently label and image T4P in real-time using
microscopy was established in the lab. This work highlights the
consequences of increased surface T4P expression, providing potential
new targets for antipseudomonal therapeutics which act on components

involved in T4P expression and function.



ABSTRACT

Type IV pili (T4P) are hair-like adhesins involved in many processes,
including surface attachment, twitching, DNA uptake, electron transfer, and
pathogenesis. These flexible filaments are expressed in various pathogens,
including the opportunistic pathogen Pseudomonas aeruginosa. The pilus
fibre is primarily composed of the major pilin structural subunit, PilA, which
is rapidly polymerized or depolymerized during pilus extension or retraction,
respectively. The transcription of pilA is tightly controlled by the PilS-PilR
two-component system, which responds to fluctuating levels of PilA in the
inner membrane. In addition to pilA, the response regulator, PilR, also
regulates a subset of other non-T4P related genes. Here, we used
hyperactivating point mutants in the PilS-PilR two-component system,
which induce hyperpiliation without loss of pilus function, to assess the
effects of increased surface pili expression on virulence against
Caenorhabditis elegans, and to identify additional non-T4P genes regulated
by the PilS-PiR two-component system. We hypothesized that
dysregulation of the PIilS-PilR two-component system impacts the
expression of pilA and other genes, which impacts both surface piliation and
T4P dynamics, resulting in altered P. aeruginosa virulence. C. elegans slow
killing assays revealed that hyperpiliation, independently of T4P function,
reduces virulence of model P. aeruginosa strains PAK and PA14. We

propose a model whereby a surfeit of pili reduces virulence, potentially



through impeding effective engagement of contact-dependent antagonism
systems, such as the type Ill secretion system. Transcriptomic analysis of
the hyperactive PilR point mutant also identified a subset of 26 genes,
including those related to phenazine biosynthesis, quorum sensing, and
ethanol oxidation, regulated by the PilS-PilR two-component system. Last,
a T4P cysteine-labelling system was implemented for P. aeruginosa,
allowing for the visualization of real-time pilus dynamics. Together, this work
provides new insights into the consequences of hyperpiliation and the scope
of the PilS-PIilR signalling network, as well as novel tools for investigating P.

aeruginosa T4P dynamics in vivo.
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CHAPTER 1. INTRODUCTION

The ubiquitous bacterium Pseudomonas aeruginosa is a Gram negative,
opportunistic pathogen with a broad range of hosts (1). First described in
1872, P. aeruginosa most often infects those with severe burns, cystic
fibrosis, AIDS, and cancer (2, 3). In 2017, the World Health Organization
listed P. aeruginosa as a critical pathogen for which new therapeutics are
needed due to its high levels of antibiotic resistance (4). To aid in infection,
P. aeruginosa produces an arsenal of virulence factors, including type IV
pili (T4P) (5). T4P are hair-like adhesins that allow for attachment to medical
equipment, such as catheters and contact lenses, contributing to

widespread nosocomial P. aeruginosa infections (6).

Type IV filaments are expressed in a broad range of both Gram negative
and positive bacteria, as well as archaea (7-9). Type IV filaments are
categorized into type IVa pili (T4aP), type Vb pili (T4bP), the type I
secretion system, mannose-sensitive hemagglutinin pili, type IVc tight
adherence (Tad) pili, competence pili, and archaeal pili and flagella (10).
These filaments are distinguished by structural and functional differences
(11-13). This work focuses on T4aP in P. aeruginosa, hereby referred to as
T4P, which are composed of repeating major pilin subunits plus a set of
minor pilins (12, 14). An individual pilus ranges in length from 0.5 to 7 um
and is typically 4-6 nm in diameter (15). Based on differences in pilin

structure and post-translational modifications, P. aeruginosa major pilins
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are classified into five groups (I-V) (16—18). Most P. aeruginosa lab strains,
such as PAK, are group Il strains with no post-translational modifications

@an).

1.1 Type IV pili machinery

In P. aeruginosa, the T4P machinery is encoded by approximately 20 genes
dispersed across several gene clusters. Cryo-electron tomography of the
T4P assembly complex in Myxococcus xanthus (19) and Thermus
thermophilus (20) vyielded low resolution three-dimensional structural
models of this machinery and has given new insight into T4P function. This
machinery (Figure 1) can be divided into four components: (i) the pilus itself,
(i) the inner membrane (IM) alignment subcomplex, (iii) the outer

membrane (OM) secretin complex, and (iv) the motor subcomplex.
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Figure 1. Schematic of the T4P machinery in P. aeruginosa. This model

displays the four main components of the T4P machinery: (i) the pilus itself
(pink), (ii) the IM alignment subcomplex (blue), (iii) the OM secretin complex
(grey), and (iv) the motor subcomplex (yellow). Pilins are first translated as
pre-pilins which encode an N-terminal secretion signal that is cleaved by the
pre-pilin peptidase, PilD. The pilus is composed of repeating major pilin
subunits accompanied by a set of minor pilins which form the tip of the fibre.
The pilus is polymerized and depolymerized through the action of three
hexameric ATPases, PilB, PilT, and PilU, which rotate the platform protein,
PilC, and either “scoops up” IM PilA units or recycles pilus-incorporated PilA
monomers back into the IM. The IM alignment complex anchors the T4P
machinery to the IM and connects the motor complex to the OM secretin

complex, which forms a gated pore for pilus extrusion.

Pilus

The pilus is composed of hundreds to thousands of major pilin subunits

accompanied by a set of minor pilins which prime pilus assembly and form
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the pilus tip (21-25). Pilins are first translated as pre-pilins which contain a
unique N-terminal type Ill secretion signal and are inserted into the IM via
the Sec system (26, 27). A specialized pre-pilin peptidase/N methylase,
PilD, cleaves the signal peptide on the cytoplasmic side of the membrane
and methylates the newly exposed N-terminus to produce assembly-
competent mature pilins (28-31). The major pilin, PilA, has a lollipop-
shaped structure composed of an extended N-terminal a-helix connected to
a four-stranded antiparallel C-terminal B-sheet (25). The PilA N-terminal o-
helix can further be divided into two sections: the a1-N and a1-C domains,

which are embedded in the IM and globular B-sheet, respectively (25).

The globular C-terminal domain forms the exterior of the pilus and contains
a conserved disulfide-bonded loop, known as the D region, which is
important for pilin adhesion (12, 32, 33). Recent nanoscale pulling
experiments of T4P also revealed adhesive properties along the entire
length of the exposed pilus (34, 35). The extended N-terminal a-helix is S-
shaped due to proline and glycine/proline residues at positions 22 and 42,
respectively, allowing for efficient packing of the pilin subunits (12, 36, 37).
Recent cryoelectron microscopy reconstructions of P. aeruginosa and N.
gonorrhoeae pilins revealed differences between individual IM-bound and
polymerized pilins. The pilin a1-N domain, flanked by the helix-breaking

residues Glyl4 and Pro22, becomes unstructured in pilus-incorporated
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pilins, while this domain is helical in IM-bound pilins (38). This extended
conformation imparts pilus flexibility, contributes to efficient packing of pilin
subunits, and may play a role in pilin-mediated surface sensing (38). Force-
induced stretching of the N. meningitidis major pilin, PIlE, exposes key
residues at the end of al-C, which are involved in attachment to the
endothelial cell receptor, 2AR (39-41). N. meningitidis pili activate B2AR
upon attachment, leading to opening of the blood brain barrier (40). Similar
force-induced conformational changes have been observed in the
mannose-binding adhesin FimH in E. coli type | pili, to strengthen catch-
bonds and enhance surface attachment (42). The helix-breaking residues
in a1-N are conserved across type IVa pilins and type Vb pilins (39, 43),
suggesting that force-induced changes in pilin conformation may have an

important function in surface sensing.

Inner membrane alignment subcomplex

The IM alignment subcomplex consists of PilM, PilN, PilO, and PilP, which
together anchor the T4P machinery to the IM and connect the motor to the
OM secretin complex (44). The piIMNOPQ gene cluster in P. aeruginosa
(44, 45), Neisseria meningitidis (46), and the homologous comABCDE gene

cluster in Haemophilus influenzae (47) are all essential for T4P function.

PilM is located at the cytoplasmic face of the IM and shares structural

similarity to the actin-like cytoskeletal protein, FtsA (11, 48, 49). The N-
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terminus of PiIN, a mostly periplasmic protein, extends into the cytoplasm
to allow for interactions with PilM (48). PilN and the periplasmic protein,
PilO, form a tetramer of homo- and heterodimers in vivo and the
arrangement of this interaction is important for normal T4P function (50, 51).
The structure of PilN has yet to be characterized, although it is predicted to
resemble PilO, which contains highly conserved, unstructured residues
critical for T4P function (52). Despite maintenance of PilO
homodimerization, site-directed mutations in these conserved residues
disrupt surface piliation and twitching, suggesting that these residues may
be involved in critical protein-protein interactions with PilN or PilP (52). The
IM lipoprotein, PilP, exclusively interacts with PilN-PilO heterodimers
through its unstructured N-terminal region (53), while the C-terminal (-
domain of PIilP interacts with the secretin monomer, PilQ (54). These
interactions form a continuous tetradecameric channel through the
periplasm, from PilM in the cytoplasm to PilQ in the OM, supported by
structural models of the T4P machinery in M. xanthus (19) and T.

thermophilus (20).

Outer membrane secretin complex

A multimer of PilQ forms the gated OM secretin complex (17, 55). PilF is a
lipoprotein that directs PilQ monomers to the OM and is required for T4P

biogenesis and function in P. aeruginosa (55, 56). A multimer of 14 PilQ
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subunits forms a pore in the OM (57, 58). During pilus extrusion, the internal
gate is displaced to the interior walls of this pore and no other
conformational changes are required to accommodate the pilus (57). The
PilQ pore diameter exceeds the 4-6 nm diameter of the pilus, allowing for
the pilus to pass (15, 57). Recent cryo-electron tomography of the P.
aeruginosa secretin (58) revealed a belt-like heptamer of the peptidoglycan-
binding protein, TsaP, surrounding the exterior of tetradecameric PilQ
barrels. Though the role of TsaP is unclear, its overexpression increases
the levels of cyclic-di-GMP (c-di-GMP), the master regulator for biofilm
formation, suggesting that TsaP could be involved in T4P-mediated surface

sensing (58).

Motor subcomplex

The motor subcomplex translates ATPase conformational changes to insert
or extract pilins from the filament. It is composed of the platform protein,
PilC, and three ATPase motors, PilB, PilT, and PilU. PilC coordinates the
activity of PilB and PilT through interactions with its N- and C-terminal
cytoplasmic domains (59). Site-directed mutations in the C-terminal domain
of the Neisseria PilC homolog, PilG, result in T4P-mediated motility defects
due to impairment of platform protein-ATPase interactions (59). In M.

xanthus, PilC directly interacts with and promotes PilB activity (60).
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PilB promotes the polymerization of PilA subunits in the extending pilus (61),
while PilT depolymerizes the PilA subunits during retraction (62). During
ATP hydrolysis, PilB facilitates clockwise rotation of PilC, while a small
cavity in PilC is proposed to “scoop up” PilA from the IM to drive pilus
assembly (63). PilT facilitates counterclockwise rotation and downward
movement of PilC during pilus disassembly, releasing and recycling PilA

subunits into the IM (64, 65).

PilB and PilT are part of the Additional Strand Catalytic ‘E’ superfamily of
ATPases, which are phylogenetically related to, but distinct from FtsK-like
ATPases and AAA+ ATPases (ATPases associated with diverse cellular
activities) (66). These ATPases are capable of binding ATP through their
Walker A and B motifs, which stabilize both hexameric complexes (63).
Each hexameric ATPase resembles a “molecular scrunchie”, whereby each
protomer is elastic and can adopt a given “closed” or “open” conformation.
Recent structural analyses of both T4P ATPases revealed several
conformations which can affect the ATP-binding capacity of each protomer
(63, 65). Interestingly, one of the conformations of Geobacter
metallireducens PilT showed that this ATPase may have the capacity to
switch from counterclockwise to clockwise rotation, allowing for both
extension and retraction, respectively (65). This may explain how, in some
cases, bacteria can retract pili in the absence of a dedicated ATPase or in

a pilT background (67—69).
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1.2 Type IV pilus functions

T4P are involved in many processes such as adhesion (70), twitching
motility (62), bacteriophage defense (71, 72), DNA uptake (68, 73, 74), and
electron transfer (75). The adherent properties of T4P enable bacterial
attachment to both biotic and abiotic surfaces (70, 76—79). This is important
for the establishment of infection and colonization of hosts, contributing to
the pathogenesis of many bacteria, including P. aeruginosa (80-83),
Kingella kingae (76), Acidovorax avenae subsp. citrulli (77), and

Burkholderia pseudomallei (78).

Twitching motility

T4P mediate a surface-associated form of crawling, known as twitching
motility, which occurs in most, but not all, T4P-expressing bacteria (6). First
described in P. aeruginosa, twitching involves repeated extension,
attachment, and retraction of T4P, pulling bacteria along a solid or semi-
solid surface (84). PilB and PIilT facilitate this movement. PilB, the extension
ATPase, incorporates PilA monomers from the IM into the growing pilus.
Upon surface attachment, an unknown mechanosensory signal results in
swapping of PilB in the motor subcomplex for the retraction ATPase, PIilT,
which retracts and recycles PilA monomers in the IM at an estimated rate
of ~1000 units s (64). Similar to a molecular grappling hook, this forceful

retraction translocates the cell body towards the direction of pilus
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attachment (64). Optical tweezer experiments in N. gonorrhoeae revealed
that a single T4P retraction event could generate forces up to 100 pN,
making PilT the strongest biological motor to be characterized (85). A third
PilT-dependent retraction ATPase, PilU, is inessential for twitching but is
thought to assist PilT with T4P retraction when twitching along high friction

surfaces (86, 87).

The involvement of twitching in pathogenesis has been highlighted in
studies using retraction-deficient mutants, which retain T4P but cannot
twitch (88—90). In P. aeruginosa, the loss of PilT results in less cytotoxicity
in a murine model, which corresponded with reduced bacterial adhesion to
epithelial cells and liver colonization (88). Retraction-deficient Neisseria
species had reduced pathogenicity against human epithelial cells due to a
partial defect in cortical plaque formation (89). The ovine footrot-causing
pathogen, Dichelobacter nodosus, was significantly less capable of causing
sheep footrot lesions when retraction-deficient, which was directly linked to
loss of twitching (90). The reduced pathogenicity in these species could be
due to the steric inhibition of other contact-dependent virulence factors (ex.
type lll secretion system), a loss of host-pathogen stabilizing interactions,
or disruption of signalling pathways which rely on stimuli produced by

mechanical forces generated during T4P retraction (6).

Surface sensing
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For many pathogens, virulence is directly related to surface association, as
host colonization is contact-dependent (91). A clear example of this is
enterohemorrhagic E. coli, a foodborne pathogen that upregulates the
expression of type Il secreted effector proteins, adhesins, and Shiga toxins
in response to shear forces from direct contact with a host (92). In P.
aeruginosa, the T4P adhesin, PilY1, is implicated in surface sensing and
activation of virulence. This sensing is independent of surface type or host,
allowing P. aeruginosa to infect a broad range of hosts, although the exact
mechanosensory signal leading to virulence is unknown (93, 94). A 200
amino acid segment at the N-terminus of PilYl shares weak sequence
similarity with a von Willebrand factor A (VWA) domain, a conformationally
flexible structure commonly found in eukaryotic extracellular and cellular
adhesion proteins (95, 96). A similar domain was identified in the
Streptococcus agalactiae PilY1 homolog, PilA, and is essential for adhesion
to epithelial cells, the first to be functionally characterized in prokaryotes
(97). In P. aeruginosa, deletion of the VWFa domain is thought to “activate”
PilY1 and increases the virulence of planktonic cells against amoebae (93).
The shear force from surface attachment is hypothesized to partly unfold
this region of PilY1. This signal is then propagated along the length of the
pilus in an unknown manner to a periplasmic or membrane sensor protein,
leading to downstream upregulation of virulence factor expression (93).

Signaling could occur via activation of the diguanylate cyclase, SadC, to
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increase c-di-GMP levels (98-101) or via the minor pilin-regulated TCS
FimS-AIgR (83, 102). The consequences of specific mutations must be
considered when evaluating phenotypes, as pilYl deletion strains are
nonpiliated, making it difficult to dissociate phenotypes associated with loss
of T4P assembly and function from those related specifically to loss of PilY1
(93). Complementation of pilYl mutants using multicopy plasmids has
additional consequences, as PilY1l and its partners PilVWX negatively
control their own expression via the FimS-AlgR TCS. Overexpression of
these components in trans represses expression of genes in the broader
AlgR regulon, while deletion of minor pilins or PilY1 leads to AlgR activation

(83).

Association of bacteria with surfaces is implicated in the regulation of
virulence factor expression and quorum sensing via changes in levels of c-
di-GMP (93, 100, 103, 104). Upon surface association, c-di-GMP, a
secondary messenger that controls expression of biofilm-forming genes, is
upregulated through yet uncharacterized signalling mechanisms (100, 105).
The mechanical signal from T4P retraction is potentially involved in c-di-
GMP upregulation, as knockout mutants of the retraction ATPase, PilT, are
deficient in a c-di-GMP response (100). Kuchma et. al (2010) also showed
that PilY1 is involved in the regulation of swarming motility through c-di-
GMP signalling via the T4P alignment complex and diguanylate cyclase,

SadC (96, 99). Expression of the cyclic-AMP-dependent virulence factor
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regulator (Vfr) cascade is also regulated by PilY1 in a contact-dependent
manner (99, 106). More recently, the sensitization of surface-associated P.
aeruginosa to quorum sensing was identified. Unlike other surface-
associated behaviours, the upregulation of the quorum sensing regulator,
lasR, was independent of PilA expression and instead, relied on the
retraction ATPases (PilT/U) and several minor pilins (PilW, PIlE, and PilX)

(104).

1.3 Two component systems

Signal transduction pathways in eukaryotes have been widely studied,
however, the ability of prokaryotes to sense and respond to specific stimuli
in their environment is less understood. In eukaryotes, protein kinases
regulate protein expression by phosphorylating themselves or another
protein at a serine, threonine, or tyrosine residue (107). Prokaryotes use
two-component systems (TCS) to respond to environmental stimuli and
regulate the expression of housekeeping genes, toxins, and virulence
factors (108). TCSs are present in Gram negative and Gram positive
pathogenic bacteria and involve a phospho-relay between two central
proteins: a histidine kinase (HK) and response regulator (RR) (107, 108).
HKs are membrane-bound, homodimeric proteins typically composed of a
highly variable, periplasmic N-terminal sensing domain coupled to a highly

conserved, cytoplasmic C-terminal kinase domain (107, 109). One HK
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subunit phosphorylates a given His residue on its partner subunit, though
some HK subunits can self-phosphorylate. The phosphate is then
transferred to an Asp residue on the RR (107). Some HKs also have
phosphatase activity against their RR for fine-tuning regulation (110). RRs
act as transcriptional switches by regulating the transcription of certain
genes in response to their cognate HK (107). A highly conserved N-terminal
regulatory domain on the RR interacts with the phosphorylated HK subunit
and catalyzes the transfer of the phosphate to itself (107). The RR variable
C-terminal effector domain(s) then activates or represses the activities of
effectors, usually DNA at a promoter element, in a phosphorylated-

dependent manner (107).

P. aeruginosa has a significantly higher number of TCSs encoded in its
genome compared to other bacterial species (111). They include the GacS
TCS for switching between acute and chronic infection, the Cup TCS for
surface adhesive components, and most notably for this work, the PilS-PilR
TCS, hereby referred to as the PiISR TCS, which regulates expression of

the major pilin, pilA (112-114).

The PIISR TCS

The expression of T4P on the surface of bacteria is energetically costly, as
it requires the conversion of chemical energy from ATP binding and

hydrolysis to mechanical energy for pilus extension and retraction (66, 115).
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Hundreds to thousands of PilA subunits are incorporated into a single pilus
and recycled in the IM upon retraction to be used in subsequent pilus
assembly events (66, 116). Two ATP molecules appear to be required for
the insertion or extraction of each PilA monomer into the filament (65, 66).
PilA contains a high percentage of metabolically-inexpensive amino acids,
with glycine, alanine, serine, and threonine accounting for ~38-47% of
residues (117). This reduces the synthetic cost of this highly abundant
protein without sacrificing the stability of PilA (118). P. aeruginosa also
conserves energy by tightly regulating the expression of pilA through the

PiISR TCS (Figure 2) (119).

The P. aeruginosa PilSR TCS acts to regulate PilA inventory through a
phospho-relay between the IM HK, PIilS, and cytoplasmic RR, PilR (120,
121). In the absence of intramembrane PilA, PilS autophosphorylates its
conserved, cytoplasmic His 319 residue, which is then transferred to Asp
54 on PIlR (116, 121, 122). Phosphorylated PilR coordinately binds to cis
elements upstream of the pilA protomer region along with RNA polymerase
containing the alternative o factor, RpoN (c°%) (123, 124). RpoN enables
RNA polymerase to access specific promotor regions and is a common
sigma factor associated with bacterial TCSs (123, 125, 126). Both
unphosphorylated and phosphorylated PiIR bind DNA with similar
specificity, however, phosphorylation of D54 is thought to increase the

affinity of the PiIR-RNA polymerase-RpoN complex for the pilin promoter
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region, as seen in the E. coli OmpR transcriptional activator (124, 127, 128).
Adjacent to the His 319 phosphorylation site at residues 320-323, PilS has
an ExxN phosphatase motif which is essential for PilA autoregulation (116).
High levels of PilA in the IM promote the phosphatase state of PilS,

dephosphorylating PilR, and suppressing pilA expression (116).
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Low pilin levels High pilin levels

Swimming motility
ﬂaR —

PIIR

l \ Hypothetical or unannotated genes

G N e

Figure 2. Overview of the PilISR TCS and PilR regulon. A. When the IM
pilin inventory is low, the IM sensor kinase, PilS, autophosphorylates and
relays this phosphate to the cytoplasmic response regulator, PilR. Activated
PilR then binds to the pilA promoter and upregulates pilA transcription.
Inversely, high IM pilin levels promote the phosphatase state of PilS, which
dephosphorylates and deactivates PilR, resulting in downregulation of pilA
transcription. B. In addition to pilA, the PiISR TCS regulates the expression

of the fleSR TCS and components of the fleSR regulon which control flagella
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biosynthesis, genes (hcpA and hcpB) encoding secreted proteins
associated with the type VI secretion system, and eight hypothetical or

unannotated genes.

Other T4P-expressing bacteria, including D. nodosus (129), K. kingae
(130), M. xanthus (131), G. sulfurreducens (132), and Neisseria species
(133, 134), also tightly regulate T4P expression with TCSs, although their
regulatory mechanisms vary. For example, in contrast to the P. aeruginosa
PiISR TCS, unphosphorylated PilR in G. sulfurreducens activates pilA

transcription.

PilS and PilR

PilS is a 37 kDa protein spanning the IM of P. aeruginosa (120, 135). This
protein is localized to the cell poles by its transmembrane domains and
interactions with PilO (136—138). PilS topology is atypical, composed of six
transmembrane domains connected by short periplasmic and cytoplasmic
loops (135). Unlike most HKs, the sensing domain of PilS is located in
transmembrane segments which interact directly with the N-terminal
segment of PilA (116, 135). In addition to PilA, PIlE and FimU also interact
with PilS, although only PilA and PilE regulate the transcription of pilA (116).
PilS also phosphorylates SagS and GcbA (139). Sags is involved in motility
and biofilm formation, while GcbA promotes initial surface attachment
through motility regulation, suggesting that the PilISR TCS may play a role

in surface sensing (140, 141).
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The 50 kDa cytoplasmic protein, PilR, shares significant overall similarity
(62.2%) with the NtrC family of response regulators, which activate the
transcription of RpoN-dependent promoters (121, 142). The 40 bp PilR-
DNA binding region has four essential binding sites located 120-80 bp
upstream from the pilA transcriptional start site, including direct repeats of
5'(N)4-6(C/G)TGTC-3" (124). NtrC-family response regulators have a
phosphorylation-dependent ATPase activity, which can help to form an
open complex at the transcriptional start site to initiate transcription (143,
144). As both phosphorylated and unphosphorylated PilR bind to the pilin
promoter region, the potential phosphorylation-dependent ATPase activity
of PilR could explain why only the phosphorylated form activates pilA

expression (124).

The PIIR regulon

In G. sulfurreducens (145, 146), D. nodosus (129), and Lysobacter
enzymogenes (147), PilR regulates several pathways. PR in G.
sulfurreducens is essential for soluble and insoluble Fe (I11) reduction, which
acts as a terminal electron transfer for the protein nanowires in this species
(145). Genome-wide analysis of G. sulfurreducens also revealed genes
related to pili, flagella, chemotaxis, and cell wall synthesis whose promoter
regions contain PilR recognition sites and, thus, may be coordinately

regulated by PilR (146). Transcriptional profiling of D. nodosus identified
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several surface-exposed proteins with unknown function that are regulated
by PilR in addition to the major pilin (129). The production of antifungal
compounds in the ubiquitous soil bacterium L. enzymogenes is also
regulated by PilR via a c-di-GMP-dependent pathway (147). Recently, a
transcriptomic analysis of P. aeruginosa uncovered both characterized and
uncharacterized genes regulated by PIlR, including those related to

twitching, swimming, and virulence (148).

Both pilin-dependent and -independent PilR regulons were recently
identified in P. aeruginosa (148). A comparative analysis of the
transcriptomes of T4P-deficient pilA and pilR mutants was performed to
identify genes regulated exclusively by PilR (148). Loss of PilA results in
downregulation of cAMP, an important signalling molecule for the
expression of over 200 P. aeruginosa genes, including those associated
with virulence (149). Thus, genes with altered expression in both pilA and
pilR mutants were excluded, as transcriptional changes may have been due
to loss of T4P (148). Expression of 24 genes was >3-fold altered in pilR but
unaffected in the pilA background, 12 of which were flagellar-related (148).
Flagellum biosynthesis and function are regulated by the FIeSR-TCS (150).
fleS, fleR, and eight additional flagellar biosynthetic genes were
downregulated in the pilR mutant, along with PA1967 and PA4326, two
hypothetical FleR-regulated proteins (148, 151). Transcription of fleSR is

controlled predominantly by FleQ (151, 152), although fleQ was not
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differentially expressed in pilR mutants, suggesting that PiISR directly
promotes fleSR transcription (148). Swimming motility in pilS and pilR
mutants was also significantly impaired, consistent with the idea that the
PiISR TCS is involved in regulating flagellar expression and motility (148).
Loss of the FleSR TCS was also shown to modestly impact twitching and

pilA expression (148).

Interestingly, a subset of ten genes with an expression pattern similar to pilA
were identified, suggesting that their transcription is responsive to pilin
levels in the membrane (148). RNAseq analysis revealed genes with >5-
fold increased expression in a pilA mutant and >5-fold decreased
expression in a pilR mutant (148). These included two characterized genes
(hcpA and hcpB, part of the type VI secretion system, T6SS) and eight
uncharacterized genes (148). A subset of transposon mutants with
insertions in hcpA, hcpB, and the eight uncharacterized genes had motility
defects, substantial increases in biofilm formation, and a reduction of
virulence in a C. elegans model, while others had wild-type phenotypes in

these assays (148, 153).

1.4 Hypothesis and aims

Although the contributions of T4P to host cell attachment and twitching
during P. aeruginosa infection are well documented (64, 88), the underlying

regulatory mechanisms controlling T4P expression and dynamics during
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infection remain poorly understood. Recent studies in P. aeruginosa have
identified the signal to which PilS responds (pilA), as well as additional
genes regulated by PilR (116, 148). However, the potential impacts of PilISR
dysregulation on both P. aeruginosa virulence and the expression of genes
within the PIISR signalling network have yet to be assessed. The
overarching hypothesis guiding this work was that dysregulation of PilSR
signalling impacts the expression of pilA, as well as a subset of other genes,
disrupting both surface piliation and T4P dynamics, thus resulting in altered

P. aeruginosa virulence.

This hypothesis was tested through three research aims:

1. To determine the effects of hyperactivity of PilISR on pathogenicity

in a C. elegans infection model.

Several studies have described the importance of retractile T4P for P.
aeruginosa infection across a broad range of hosts (154-157). The
virulence of retraction-deficient P. aeruginosa pilT mutants is significantly
reduced in murine and human infection models (88, 158), which was
attributed to a loss of twitching and pilus dynamics. However, the effects of
pilin overproduction on virulence are unclear. We used a C. elegans slow
killing model to show that hyperpiliation, not loss of pilus retraction, reduces
virulence of P. aeruginosa strains PAK and PA14. Hyperactivating point

mutations in the PiISR TCS increased levels of surface pili to the same
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extent as deleting pilT, without impairing twitching. Taken together with data
from other hyperpiliated mutants outside of the known PilSR regulatory
network, we propose a model whereby a surfeit of surface pili reduces
virulence, potentially through the prevention of effective engagement of

contact-dependent virulence factors.

2. To characterize the PilR regulon and investigate how these PilR-

regulated genes alter virulence.

Recent RNAseq studies of pilA versus pilR deletion mutants identified PilR-
regulated genes, including a subset of ten “pilin-responsive” genes inversely
dysregulated >5-fold by pilA and pilR (148). Transposon insertions in some
of these genes revealed pathogenicity-associated phenotypes, including
those related to biofilm formation, motility, and interbacterial competition
(148). This finding poses the question as to whether PilR activation
connects T4P dynamics and upregulation of P. aeruginosa pathogenicity-
associated genes. We aimed to validate the expression patterns of these
genes in a hyperactive PilR point mutant via transcriptomics, as well as to

identify novel genes in the PilSR regulon.

3. To visualize T4P in P. aeruginosa through cysteine-labelling of

PilA.
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With their average diameter of 6 nm (15), live imaging of T4P in vivo is
challenging, as their size is below the diffraction limit of standard light
microscopy. Studies of T4P have thus relied on comparisons of piliated cells
with nonpiliated or genetically modified systems, or on static imaging
methods (19, 34, 85, 159). While these studies provide insight into T4P
structure, the dynamics of T4P expression in vivo are lost. We applied a
cysteine-labelling system originally developed to visualize T4P in C.
crescentus (67) to P. aeruginosa, allowing for the fluorescent labelling and

subsequent visualization of T4P in vivo.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Bacterial strains and plasmids

Strains and plasmids used in this work are listed in Table 1. Bacteria were
grown overnight at 37°C in 5 ml lysogeny broth (LB) Lennox, or on 1.5%
agar LB plates, unless otherwise specified. When required, gentamicin
(Gm) was added at 30 pg/mL for P. aeruginosa or 15 pug/mL for E. coli, and
L-arabinose was added at 0.02% to induce pBADGr expression. For
expression of the T3SS, P. aeruginosa strains of interest were transformed
with the plasmid pBADGr containing the exsA gene and grown at 37°C in

tryptic soy broth (TSB) supplemented with 2 mM EGTA.

Table 1. Bacterial strains and plasmids used in this study.

Strain Characteristics ‘ Source

E. coli strains

F- @80lacZAM15 A(lacZYA-argF)U169
E. coli DH5a recAl endAl hsdR17(rk-, mk+) phoA Invitrogen
SupE44 thi-1 gyrA96 relA1 A
c con o P U
E. coli OP50 (L.T. MacNeil)
P. aeruginosa strains
PAK WT WT, Group Il T4P (J. Boyd)
PAK WT + pBADGr-exsA WT with pBADGr containing exsA (This work)
PAK WT + pBADGr WT with pBADGr (This work)
PA14 WT WT, Group Il T4P O'('I(';oﬁI.e)
PAK pilA Chromosomal deletion of pilA (This work)
PAK pilA + pBADGr-exsA Chromosomal delet_io_n of pilA with (This work)
pBADGr containing exsA
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Chromosomal deletion of pilA with

PAK pilA + pBADGr DBADGr (This work)
PAK pilS Chromosomal deletion of pilS (This work)
PAK pilR Chromosomal deletion of pilR (This work)
PAK pilT Chromosomal deletion of pilT (This work)
. Chromosomal deletion of pilT with ,
PAK pilT + pBADGr-exsA DBADG containing exsA (This work)
) Chromosomal deletion of pilT with .
PAK pilT + pPBADGr DBADGr (This work)
Chromosomal substitution of PilS
PAK PilS N323A phosphatase motif residue N323 to (116)
alanine
) Chromosomal substitution of PilS
PQAKDP(gEe’\)I(zi?’A * phosphatase motif residue N323 to (This work)
P alanine with pBADGr containing exsA
) Chromosomal substitution of PilS
PQAKDPC';rS N323A + phosphatase motif residue N323 to (This work)
P alanine with pBADGr
Chromosomal substitution of PilR
PAK PilR D54E phosphorylation site D54 to glutamic (This work)
acid
PAK with a chromosomal substitution
PAK PilR D54E + of PilIR phosphorylation site D54 to (This work)
pBADGr-exsA glutamic acid with pBADGr containing
exsA
Chromosomal substitution of PilR
PAK PilR D54E + pBADGr | phosphorylation site D54 to glutamic (This work)
acid with pBADGr
) Chromosomal substitution of residue
PAK PIlO M2A M92 to alanine in PilO (51)
. Chromosomal substitution of residue
PAK PIIO M92K M92 to lysine in PilO (51)
PAK PilO M92K/pilA PilO M92K st_raln Wlth chromosomal (This work)
pilA deletion
PAK pilA::FRT/pilT::FRT FRT scar in pilA and FRT scar at (116)

position 540 in pilT
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PAK pilA::FRT/pilT::FRT +

FRT scar in pilA and FRT scar at

DBADGI-exsA position 540 in plIT with pBADGr (This work)
containing exsA
PAK pilA::FRT/pilT::FRT + FRT scar in pilA and FRT scar at (This work)
pBADGr position 540 in pilT with pBADGr
PAK PilS N323A/pilA Disrupted PilS ph_osphatqse motif and (This work)
clean pilA deletion
PiIR D54E/pilA Altered PilR p_hosphor_ylatlon site and (This work)
pilA deletion
Chromosomal deletion of the Type lli :
PAK pscN secretion ATPase pscN (This work)
Chromosomal deletion of the Type I
PAK pscN + pBADGr-exsA | secretion ATPase pscN with pBADGr (This work)
containing exsA
Chromosomal deletion of the Type lli :
PAK pscN + pBADGr secretion ATPase pscN with pBADGr (This work)
Chromosomal deletion of Type I
, secretion ATPase and chromosomal ,
PAK pscN/PIIS N323A substitution of PilS residue N323 to (This work)
alanine
Chromosomal deletion of Type Il
PAK pscN/PilS N323A + secretion ATPase and chromosomal (This work)
pBADGr-exsA substitution of PilS residue N323 to
alanine with pBADGr containing exsA
Chromosomal deletion of Type Ili
PAK pscN/PilS N323A + secretion ATPase and chromosomal (This work)
pBADGr substitution of PilS residue N323 to
alanine with pBADGr
Chromosomal deletion of pscN and
PAK pscN/PilS N323A/pilA pilA combined with PilS N323A (This work)
substitution
. Chromosomal deletion of pscN and
Z’;ZK;’AS/ER'ATSB DG pilA combined with PilS N323A (This work)
substitution and pBADGr containing
exsA
exsA
. . Chromosomal deletion of pscN and
PAK pscN/PIIS N323A/PIIA | = i combined with PilS N323A (This work)

+ pBADGr

substitution and pBADGr
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PAK pscP Chromosomal deletion of pscP (This work)
Chromosomal deletion of pscP with ,
PAK pscP + pBADGr-exsA DBADGF containing exsA (This work)
Chromosomal deletion of pscP with :
PAK pscP + pBADGr DBADGT (This work)
. Chromosomal deletion of pscP :
PAK pscP/PIlS N323A combined with PilS N323A substitution | (TS WOrk)
. Chromosomal deletion of pscP
PQKSS?ZZE N323A + combined with PilS N323A substitution | (This work)
P and pBADGr containing exsA
Chromosomal deletion of pscP
PAK pscP/PilS N323A combined with PilS N323A substitution | (This work)
and pBADGr
PAK pilT/pscP Chromosomal Sseclz%tlon of pilT and (This work)
PAK pilT/pscP + pBADGr- Chromosomal deletion of pilT and (This work)
exsA pscP with pPBADGr containing exsA
. Chromosomal deletion of pilT and :
PAK pilT/pscP + pBADGr 0scP with pBADGr (This work)
: Chromosomal substitution of PilA
PAK PIIAT101C residue T101 to cysteine (116)
PA14 pilA Chromosomal deletion of pilA (This work)
PA14 pilS Chromosomal deletion of pilS (This work)
PA14 pilR Chromosomal deletion of pilR (This work)
. Chromosomal substitution of ,
PA14 PIIS N323A PilS residue N323 to alanine (This work)
. Chromosomal substitution of :
PA14 PilR D54E PilR residue D54 to glutamic acid (This work)
PAOL1 fliC pilA + pBADGr- | Chromosomal deletion of fliC and pilA (This work)
exsA with pBADGr containing PAK exsA
PAO1 fliC pilA + pBADGT Chromosomal deletion of fliC and pilA (This work)

with pBADGr
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Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue A76

PAOL pilA + pBADGr-
pilAazec

Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue A77

PAOL1 pilA + pBADGI-
pilAa77c

Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue D78

PAOL1 pilA + pBADGI-
pilAp7sc

Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue K81

PAO1 pilA + pBADGr-
pilAksic

Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue T84

PAOL pilA + pBADGr-
pilAtsac

Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue A86

PAOL1 pilA + pBADGr-
pilAagsc

Chromosomal deletion of pilA with
pBADGr containing PAK pilA with a (This work)
cysteine substitution at residue T101

PAO1 pilA + pBADGr-
pilAt101c

Chromosomal deletions of pilA and
PAO1 pilA pilT + pBADGr- | pilT with pPBADGr containing PAK pilA

pilAt101c with a cysteine substitution at residue (This work)
T101
: : Chromosomal deletion of pilA with :

PAOL pilA + pBADGr-pilA 0DBADGT containing PAK pilA (This work)
C. elegans species

C. elegans N2 WT Bristol strain (L.T. MacNeil)

Bacteriophage
JBD26 (161)
DMS3 (162)
. JBD26 with gp58-59-60 replaced by

JBD26 chimera gp48-49-50-51 from DMS3 ()

JBD68 (161)

MP22 (163)
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Vector Characteristics Source
PEX18GM Suicide vector used for gene (116)
replacement
Broad host range arabinose inducible
pBADGr vector used for complementation; ori (164)
araC-PBAD Gmr mob*
pBADGr+pilA pBADGr expressing PAK PilA (16)
pBADGr+ exsA pBADGr expressing PAK ExsA (This work)
. pBADGr expressing PAK PilA with ,
PBADGr+pilAazsc cysteine substitution of residue A76 (This work)
. pBADGr expressing PAK PilA with :
PBADGr+pilAarrc cysteine substitution of residue A77 (This work)
. pBADGr expressing PAK PilA with :
PBADGr+pilAo7ac cysteine substitution of residue D78 (This work)
. pBADGr expressing PAK PilA with :
PBADGr+pilAkeic cysteine substitution of residue K81 (This work)
. pBADGr expressing PAK PilA with ,
PBADGr+pilAtesc cysteine substitution of residue T84 (This work)
. pBADGr expressing PAK PilA with :
PBADGr+pilAassc cysteine substitution of residue A86 (This work)
PBADGr-pilATi01c pBADGr expressing PAK PilA with (This work)

cysteine substitution of residue T101

2.2 Cloning procedures

Primers used for cloning are listed in Table 2. Deletion constructs were

generated by amplifying 500-1000 bp upstream and downstream of the

gene. These flanking regions were restriction digested and ligated into the

pPEX18Gm suicide vector. Site-directed mutagenesis was performed using
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overlap extension polymerase chain reaction (PCR) (165). Overlap
extension products were digested and ligated into the pEX18Gm suicide
vector. Constructs were verified with Sanger Sequencing (Mobix, McMaster

Genomics Facility, Hamilton).

Table 2. Primers used in this study?P®.

Egmgr Sequence (5'—3")

pilA F1 GCG GAATTC GTG TTG GCG GAC CAG CTT

pilA R1 GCACCC GGG GCCTTT TTG AGC TTT CAT

pilA F2 GCA CCC GGG CCG AAA GGT TGC TCT AAG TAA

pilA R2 ATT GCA TGC ATT GCC GAG GCC CGG

pilS F1 GTT GAATTC GCC GGA AAACCAGGATC

pilS R1 GTT GGA TCC CAG ACG GAG GATGCG TTG

pilS F2 GTT GGA TCC GGAAGG CGG CGG CTG C

pilS R2 GTT AAG CTT ACT GAT GTA GAC CGG CGC

pilR F1 GTC AGA ATT CCT CCC GTC GCC GCC AGG C

pilR R1 TGA CGG ATC CGACGATCAGGG CTTTTT G

pilR F2 GTC AGG ATC CCG CCT GAA AAAGCT GGG C

pilR R2 TGA CAA GCT TGG CCT GGA ACT GCC CGT G

pilT F1 CTT AGA ATT CGATGA ACG CTATGC G

pilT R1 CTT AGG ATC CGT TCATGATGT CGT AG

pilT F2 CTT AGT CGA CCA CGA GAT CATGAT C

pilT R2 CTT AAAGCT TCAGGG TGT TCT TCA G

pilB F1 ATA GAG CTC CCA CGA GAAAGC GC

pilB R1 ATA GGA TCC CAGGCCGCT CAGT

pilB F2 ATA GGA TCC GGA GGA AGT CAA CCG

pilB R2 ACT AAG CTT GCC AGACTG TTC CCC

PIIRD54EF | GAC CTG TGC CTC ACC GAG ATG CGC CTG CCG GAC
PIIRD54ER | GTC CGG CAG GCG CAT CTC GGT GAG GCA CAG GTC
PilS N323A F | GCC CAT GAG ATC CGC GCC CGC CTG GGC GCG ATC
PilS N323A R | GAT CGC GCC CAG CGG GGC GCG GAT CTC ATG GGC
pscN F1 ATT GAA TTC GGT GGG CGA TCA GCG CCT

pscN R1 ATT GGA TCC CGA TGG CGT GGC GCATCC

pscN F2 ATT GGA TCC AGC GAT TAC GCA CAG GCC

pscN R2 GGC AAG CTTTTC CAG TTC GCC TTC CTC

pscP F1 GTC AGA GCT CCG CAC AGG CCTGCG CGCA
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pscP R1 GCT AGG ATC CGT CGG ACG ACA CGA GCG
pscP F2 GCT AGG ATC CCG CTC GCG GCAACG TCG C
pscP R2 GCT AAAGCT TCA GGC CGG GCCATT GCAG
exsA F ATT AGA ATT CGT TCT TAT AAT ATG CAA GGA GCC
exsAR ATT AAAGCT TTC AGT TATTTT TAG CCC GGCATTC
0507 F1 ATT AGA GCT CAA GAA AGC CGC CGA CTC
0507 R1 ATT AGG TAC CAA GTC GAATAC CTC ATC G
0507 F2 ATT AGG ATT CTT CTACGA AGC CAAGCT G
0507 R2 ATT AAA GCT TAT CTT GTA GGA GCC GTC
0951a F1 ATT AGA ATT CAT TGT TGC TGG GGG CC
0951aR1 ATT AGA GCT CTAATC CGG TTC AAACGC TC
0951a F2 ATT AGG ATC CTG AGA AAG CGC GGG AC
0951a R2 ATT ACT GCA GAATCT CGG TCC GGC AG
0952 F1 ATT AGA ATT CAG GTT TCG CAC CCA ACC
0952 R1 ATT AGA GCT CAATGT TGT AGT CCG CGA C
0952 F2 ATT AGG ATC CAG GAG TTC TTC GTACAAG
0952 R2 ATT AGT CGA CCG AAAACCCTGTTC GGG
4027 F1 ATT AGA GCT CAT CAATCC TGC CAC CGA
4027 R1 ATT AGG TAC CAT GGT CGA AGG GCA G

4027 F2 ATT ACT GCA GTATCG CAACTG CAT CTC
4027 R2 ATT AAA GCT TAA CAC CAG TTC GGC GC
4683 F1 ATT AGA ATT CTG TTC GCC GAG CAG G

4683 R1 ATT AGA GCT CTT TGA GGA AGG CGATCG
4683 F2 ATT AGG ATT CAT CAACCC CGC CCG C

4683 R2 ATT AAA GCT TAT GAT GGT GCT GTC GTG
5228 F1 ATT AGA ATT CAA GAT GGT TAT CCT AGC AC
5228 R1 ATT AGA GCT CAG TTG TCG ATA GAG GGC
5228 F2 ATT ACT GCA GTC ACAAAC CGACGC TG
5228 R2 ATT AAAGCTTTT CTT CTT CGG CGC GC
hcpB F1 ATT AGA GCT CAG TTG TTC GCC CTG ATG
hcpB R1 ATT AGG TAC CAC TTC GTG GTT GAA GCC
hcpB F2 ATT AGG ATC CAC TTC ACC TAC CGC AAG
hcpB R2 ATT AAAGCT TTT TCT CGA AGT CGT AGT C
hcpC F1 ATT AGA ATT CAACTACCAGCAGGCTTC
hcpC R1 ATT AGA GCT CAATCC TCG GTG AAG GC
hcpC F2 ATT AGG ATC CAA GAC GTG CACTTC ACC
hcpC R2 ATT AAA GCT TCT TTC GGT GAA AGG CCG
PIIAT101CF | ATT AACCGG ATCCTG CTGATG GTTGTG C
PilAT101CR | ATT AGC ACA ACCATC AGC AGGATCCGG T

a8 — Restriction sites are underlined.

b — Mismatched bases for site-directed mutagenesis are bolded.
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2.3 Mutant generation by allelic exchange

Allelic exchange was used to delete or generate site-directed mutations in
P. aeruginosa genes (166). Deletion constructs or point mutations were
introduced into E. coli SM10 using heat shock transformation and
conjugated into the PAK parent strain. Mating mixtures were plated on
Pseudomonas isolation agar (PIA) supplemented with 100 pg/mL Gm and
grown overnight at 37°C for selection of colonies with pEX18Gm integrated
onto the chromosome. Colonies were streaked onto 5% LB sucrose-no salt
plates and incubated overnight at 37°C to select against merodiploids.
Bacterial colonies were then patched onto LB or PIA supplemented with 100
Hg/mL Gm and grown overnight at 37°C to select for resistant colonies.
Constructs were amplified using PCR and confirmed with Sanger

sequencing (Mobix, McMaster Genomics Facility, Hamilton).

2.4 Twitching assay

Twitching assays were performed as described previously (167). Briefly, a
single colony of each strain of interest was stab-inoculated to the agar-
plastic interface of an LB 1% (w/v) agar plate. Plates were incubated at 37°C
for 24-48 h. Following incubation, the agar was carefully removed from the
plate and discarded, and twitching zones were visualized by staining the
plastic plate with 1% (w/v) crystal violet for 20 min. Plates were washed with

water and imaged using a flatbed scanner. Twitching zones were measured
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using Imaged (http://imagej.nih.gov/ij/, NIH, Bethesda, MD). Three

independent replicates were performed.

2.5 Transmission electron microscopy

Strains of interest were grown overnight in TSB supplemented with 2 mM
EGTA, arabinose, and Gm. Overnight cultures were diluted 1:50 in 1X PBS
or 1X VBMM and 100 pL was applied on glow-discharged carbon grids.
Cultures were incubated on the grids for 30 min to allow for bacterial
binding, followed by a 1.5-3 h incubation in fresh 1X PBS or 1X VBMM at
37°C. The grids were washed four times with 1X PBS or 1X VBMM. The
cells were negatively stained with aqueous 1% uranyl acetate and then
viewed with a JEOL JEM 1200 EX TEMSCAN transmission electron
microscope (JEOL, Peabody, MA) operating at an accelerating voltage of
80 kV. Images were acquired with an AMT 4-megapixel digital camera
(Advanced Microscopy Techniques, Woburn, MA). Images were analyzed
using AMT Image Capture Engine (Version 7.0.0.264) software and higher
magnification insets were generated using Adobe lllustrator (Version

25.2.3).

2.6 Secretion assay

Overnight bacterial cultures were diluted to OD=0.1 in TSB with2 mM EGTA

and grown at 37°C. At an OD = 0.4-0.5, 1 mL of culture was pelleted at

34


http://imagej.nih.gov/ij/

M.Sc. Thesis — K. Graham; McMaster University — Biochemistry

maximum speed for 4 min. The supernatant was transferred to a fresh 1.5
mL tube containing 350 puL of 50% trichloroacetic acid (TCA), mixed by
inversion, and incubated overnight at 4°C for protein precipitation. The
precipitated proteins were collected at maximum speed (~12,000 g;
Eppendorf Centrifuge 5415D) for 15 min and the supernatant discarded
without disturbing the pellet. The pellet was resuspended in 1 mL of acetone
and collected at maximum speed for 5 min. Once the supernatant was
discarded, the protein was collected at maximum speed for 1 min and any
residual liquid was removed by micropipette. To dry the pellet, the 1.5 mL
tube was left open on benchtop for 10 min. Fifteen pL of SDS-PAGE sample
buffer (125 mM Tris [pH 6.8], 2% B-mercaptoethanol, 20% glycerol, 4%
SDS, 0.001% bromophenol blue) and 1 uL 1M Tris (pH=8.0) were added to
the dried pellet. Twelve pL of each sample was separated on 12.5% SDS-
PAGE and proteins visualized by staining with Coomassie brilliant blue
(0.1% Coomassie brilliant blue R-250, 50% methanol, 10% glacial acetic
acid). Densitometry of ExoS/T or PilA was performed using ImagelJ

(http://imagej.nih.gov/ij/, NIH, Bethesda, MD). Three independent replicates

were performed.

2.7 Caenorhabditis elegans slow killing assay

C. elegans slow killing assays with P. aeruginosa strains were completed

as described in (168). C. elegans populations were propagated on NGM
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plates supplemented with E. coli OP50. To obtain a synchronized C.
elegans population, eggs were collected from the NGM E. coli OP50 plates
in M9 buffer. The suspension was bleached (20% NaClO, 10% 5N NaOH)
for 5-7 min to degrade all nematodes, leaving only intact eggs. Eggs were
washed in M9 and hatched overnight on a shaker at 20°C in M9 buffer.
Hatched worms (L1) were plated onto NGM E. coli OP50 for 45 h to develop
into early adult (L4) worms. During nematode development, slow killing
media (SKM; 0.35% peptone, 50 mM NaCl, 2% agar, 1 mM CacClz, 5 pg/mi
cholesterol, 1 mM MgSOQOa4, 20 mM KH2PO4, 5 mM KzHPO4, 100 yM FUDR)
plates seeded with 100 pL of a P. aeruginosa strain grown overnight at 37°C
in LB were prepared. Seeded SKM plates were incubated at 37°C for 16-18
h. L4 worms were resuspended and washed with M9 buffer prior to plating
on SKM plates. At least 30-40 L4 worms were transferred to each assay
plate. Plates were incubated at 25°C and scored for live worms daily using
a dissecting microscope. Worms that were unresponsive to touch with a
platinum worm picker were considered dead and removed each day.
Survival curves were generated using Prism 8.3.1 (GraphPad, La Jolla, CA)
and statistically significant differences in pathogenicity between strains

were calculated using Gehan-Breslow-Wilcoxon analysis.

2.8 RNA isolation, library preparation, cDNA synthesis, and analysis
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RNA isolation, library preparation, cDNA synthesis, and analysis were
performed as previously described in (148). To isolate RNA, bacterial
strains of interest were streaked in triplicate onto half of a 1.5% LB agar
plate and incubated overnight at 37°C. Cells were scraped off the plates
and immediately resuspended in 1.5 mL RNAprotect Bacteria Reagent
(Qiagen) to maintain RNA integrity. The RNeasy Mini Kit (Qiagen) was used
to lyse cells and isolate bacterial RNA, as per the Qiagen protocol. Two
DNAse on-column treatments were performed following isolation to deplete

excess DNA. RNA was then eluted with 50 uL of RNAse-free water.

Library preparation and cDNA synthesis were completed by the Farncombe
Metagenomics Facility (McMaster University, Hamilton, Ontario). rRNA was
depleted from the samples using the Ribo-zero rRNA depletion kit
(lumina), and cDNA libraries were prepared with the NEBnext Ultra
Directional library kit. RNAseq was then performed using paired-ends 75 bp
reads on the MiSeq system (lllumina). Reads were mapped back to the
PAOL1 reference genome and alterations in gene expression quantified by

Rockhopper software (169).

2.9 Phage plaquing assays

Phage plaque assays were performed as described previously in (71).
Bacteria were grown overnight at 37°C with shaking and subcultured 1:100

for 3 h at 37°C with shaking in LB supplemented with 8 mM MgSOa4. The
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subculture was standardized to an OD = 0.3 and 100 pL was mixed with 8
ml top agar (0.6% LB agar plus 8 mM MgSOa4) which was overlaid on a pre-
poured rectangular 1.5% LB agar plus 8 mM MgSOs plate supplemented
with Gm and arabinose. Phage stocks were standardized to a plaque-
forming unit per ml of 108. 5 pl of tenfold serially diluted phage stocks
suspended in LB plus 8 mM MgSOa4 were spotted on prepared plates. After
drying the spots for ~10 min, the plates were incubated for 18 h at 37°C
inverted. Phage plaques were then imaged on an Epson scanner. Three

independent replicates were performed.

2.10 Fluorescently labelling T4P

Labelling of T4P was completed as described in (170). PAK strains were
grown overnight at 37°C in 5 mL of LB Lennox. Overnight cultures were
diluted 1:1000 in LB and grown for 4 h at 37°C in the shaker. 100 pL of the
culture was pelleted and resuspended in phosphate buffer solution (PBS).
The suspension was stained with 0.5 pL of 5 mg/mL AlexaFluor (AF)-
488/AF-594 Cs maleimide dye (ThermoFisher Scientific) for 30-60 min,

washed with PBS, and then transferred to a 1% LB agarose pad.

2.11 Fluorescence microscopy

LB 1% agarose pads were prepared by transferring 80 pL of melted 1% LB

agarose to a microscope slide and mounting with a coverslip. Agarose pads
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were dried for ~30 min at room temperature and the cover slip was then
removed. Bacterial strains to be imaged were incubated overnight in a
shaker at 37°C, sub-cultured 1:1000, stained with AF-488/AF-594 Cs
maleimide dye (ThermoFisher Scientific), and 1 pL of labelled bacteria was
transferred onto the agarose pad. Cultures were dried for ~5 min on the
agarose pad and bacteria were then mounted with a glass coverslip directly
prior to imaging. Differential interference contrast (DIC) and fluorescence
microscopy were used to image bacteria on a Nikon Al confocal
microscope through a Plan Apo 60X (NA=1.40) oil objective. All confocal
image acquisition was done using Nikon NIS-Elements Advanced Research
(Version 5.11.01 64-bit) software and images were adjusted using ImageJ
software (1.52K). Deconvolution was performed using the Nikon Denoise.ai

software.

CHAPTER 3. RESULTS

3.1 Increased signalling via PilSR causes hyperpiliation without loss

of pilus function

The PiISR two-component system controls the transcription of the major
pilin gene, pilA (120-122). We showed previously that the system can be
constitutively activated using a specific point mutation in the conserved
phosphatase motif of PilS, N323A, preventing deactivation of phospho-PilR

(116, 171). To test if hyperactivation of PilR also led to increased surface
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piliation, we generated a point mutant, D54E, which mimics the active,
phosphorylated state of the response regulator (172, 173). Both point
mutations were introduced at the native pilSR loci on the chromosome to
ensure WT expression levels. Similar to PilS N323A, the PilR D54E mutant
expressed more PilA compared to WT. Electron microscopy revealed that
PilS N323A and PilR D54E strains are hyperpiliated (Figure 3EF). This
phenotype resembled that of mutants lacking the retraction ATPase, pilT
(174), or with an M92K mutation in the alignment subcomplex protein, PilO
(175). In contrast to the retraction-deficient pilT mutant that fails to twitch or
the PilO M92K mutant which has reduced twitching, the PilS and PilR point
mutants retain WT levels of twitching, suggesting that their pili are fully
functional (Figure 3l). This set of hyperpiliated mutants, representing a

range of pilus functionality, was used in further studies.

Surface pili expression was further characterized in a subset of the mutants
used in this study using transmission electron microscopy (Figure 3).
Deletion of pilT (Figure 3C) or constitutive activation of PilS or PilR via the
N323A (Figure 3D) or D54E (Figure 3E) point mutations, respectively,
resulted in increased surface piliation at both poles compared to WT (Figure
3A) and non-piliated pilA mutants (Figure 3B), which expressed several or
no pili at one pole. Interestingly, the PiIS N323A and PilR D54E

hyperpiliated mutants, but not the retraction-deficient pilT mutant, also
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produced peritrichous T4P, similar to those recently observed in

Acinetobacter baylyi (176).

PilS PilR
pilR pil T N323A D54E
PilO PilO PilO o PilS PilR PilS PilS
M92A M92K M92K pilA pilT pilA N323A PilA D54E pilA  N323ApilB  N323A pilT
- ) —

J
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Figure 3. PilS N323A and PilR D54E point mutants produce functional,

peritrichous T4P, while the pilT deletion mutant is hyperpiliated at both
poles. A. WT produces pili and flagella at one pole. B. Deletion of PilA
results in a non-piliated strain with a single polar flagellum. C. PilT deletion

results in a hyperpiliated phenotype with an abundance of pili expressed at
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both poles and a flagellum expressed at one pole. D. and E. PilS N323A
and PilR D54E point mutants are hyperpiliated, but express polar and
peritrichous T4P. F. Type lll secretion system (T3SS) needles were not
observed in the pscP strain under T3S-inducing conditions. G. and H.
Deletion of PscP in the PilS N323A background resulted in a loss of
hyperpiliation, while loss of pscP in the pilT background had no effect on
hyperpiliation. White and black arrows denote T4P and flagella,
respectively. I. Representative twitching phenotypes of a subset of the
mutants used in this study. The PilS N323A and PilR D54E mutants have
levels of surface pili similar to a pilT mutant, but their twitching is similar to
WT. In addition to being hyperpiliated, the PilO M92K mutant has reduced
twitching, consistent with a retraction defect (175).

3.2 Hyperactive PilSR point mutants are less pathogenic towards C.

elegans

To clarify the roles of piliation versus twitching in P. aeruginosa
pathogenicity, we used a C. elegans slow killing infection model, where
worms propagated on solid media feed on the bacterial strains of interest.
As in previous studies (78, 81), non-piliated mutants including pilA, pilS, and
pilR had slightly decreased pathogenicity compared to WT. In contrast,
hyperactivation of PilS or PilR via the N323A or D54E point mutations,
respectively, significantly decreased pathogenicity, with 50% killing that
took on average 4 days longer than WT (Figure 4A). To confirm that this
was not a strain-specific phenotype, we also tested the pathogenicity of PilS

N323A and PilR D54E point mutants of the PA14 strain, which Kkills C.
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elegans more rapidly than PAK (168). We saw similar reductions in
pathogenicity for the PA14 point mutants (Figure 5). To clarify whether this
phenotype was dependent on increased pilin expression, versus changes
in expression of other members of the PiISR regulon (148), pilA was deleted
in the PiIS N323A and PilR D54E backgrounds. In both cases, the
pathogenicity of the double mutants was comparable to that of PAK,

suggesting that reduced pathogenicity in the PIISR mutants was PilA-

dependent (Figure 4B).
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Figure 4. Hyperpiliation, not loss of pilus function, reduces
pathogenicity in a pilin-dependent manner. A. The hyperpiliated PilS
N323A and PilR D54E mutants are significantly less pathogenic in slow
killing assays than the PAK parent strain or its isogenic pilA, pilS, or pilR
mutants; all of which lack surface pili. B. Deletion of pilA in the PilS N323A
or PiIR D54E backgrounds restores pathogenicity to levels similar to PAK
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and the pilA control. C. Loss of pilA in the pilT background, which is
significantly less pathogenic than WT, restores pathogenicity to levels
similar to WT and the pilA control. D. The hyperpiliated PilO M92K mutant
is less pathogenic than PAK or an isogenic PilO M92A mutant, and
pathogenicity is restored by deletion of pilA in the M92K background.
*p<0.05, *** p<0.001, *** p<0.0001. Shown are representative datasets
from triplicate or quadruplicate experiments.
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Figure 5. Hyperpiliated mutants of PA14 have reduced pathogenicity
towards C. elegans. Hyperpiliated PilS N323A and PilR D54E point
mutants of the highly virulent P. aeruginosa PA14 strain are less pathogenic
than wild type or its isogenic non-piliated pilA, pilS, or pilR mutants. These
data show that loss of pathogenicity in those mutant backgrounds is not
strain-specific. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Three
biological replicates are shown.

3.3 Other hyperpiliated mutants have similarly reduced pathogenicity
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To understand how the level of surface piliation influences pathogenicity in
C. elegans, we compared the pathogenicity of a pilT deletion mutant with a
double mutant lacking both pilT and pilA. As expected, the pilT mutant was
hyperpiliated and unable to twitch (Figures 3B and 3l). In the slow killing
assay, loss of pilT significantly reduced pathogenicity, but pathogenicity was
restored to WT levels by deletion of both pilA and pilT (Figure 4C). As
neither of these mutants can twitch, loss of pilus-mediated motility is not

correlated with reduced pathogenicity in this infection model.

Each of the single mutations above has the potential to directly or indirectly
modulate transcription of the pilin gene because of their effects on levels of
pilin inventories in the IM (121, 122, 177). For example, a pilT mutant has
low levels of PilA in the IM due to its inability to disassemble extended pili,
while a pilA mutant has none. While both these mutations activate the PilSR
system, the pilT and pilA mutants have different virulence phenotypes in C.
elegans. To further separate the contributions to pathogenicity of changes
in the levels of surface pili versus regulation of pilA transcription, we
examined the pathogenicity of strains that were hyperpiliated due to
mutations in genes outside of the known PiISR regulatory network (148).
We previously identified two point mutations in the T4P alignment
subcomplex protein, PilO, that differently affected surface piliation even
though intracellular levels of PilA are similar (175). PilO M92A has no

detectable impact on surface piliation or motility, while a charged residue at
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the same position, M92K, causes a hyperpiliated phenotype coupled with
reduced motility (Figure 3l). Consistent with the results above, the
hyperpiliated PilO M92K mutant, but not the M92A mutant, was significantly
impaired in its ability to kill C. elegans, with the time to 50% mortality
increased by an average of 2 days (Figure 4D). Deletion of pilA in the PilO
M92K background restored WT Kkilling kinetics, further supporting our

hypothesis that hyperpiliation is detrimental to pathogenicity in C. elegans.

3.4 Dysregulated type Il secretion contributes to the decreased

pathogenicity of hyperpiliated mutants

To explain the decreased pathogenicity in hyperpiliated P. aeruginosa
strains, we considered potential changes in the interaction between the
bacteria and C. elegans. Efficient T3S relies on intimate cell-cell contact
between bacteria and host, and T3S is important for virulence in many
infection models (178). The role of T3S in P. aeruginosa Kkilling of
nematodes has been controversial and may depend on the specific P.
aeruginosa strain tested. For example, studies using highly-virulent strain
PA14 suggested that T3S has a negligible role in C. elegans slow killing
(179), whereas others using the less-pathogenic PAO1 strain indicated that

loss of T3S diminishes pathogenicity (180).

46



M.Sc. Thesis — K. Graham; McMaster University — Biochemistry

A- PilS N323A PilS N323A  PilS N323A
PAK ApilA ApilT ApilA BApilT ~ ApscN ApscP PISN323A  ApscN  ApilAApscN  ApscP ApilT ApscP
kDa - + - + - + - + - + - + - + - + - + - + - +
75 75 !
63 «— ExoT 63 «— ExoT
<“—ExoS =] “«—ExoS
48 18 .
100 269 050 072 050 065 0.12 0.12 0.10 0.13 0.07 0.07 024 236 013 0.09 0.10 031 0.10 0.09 0.19 0.77
B' PilS N323A PilS N323A  PilS N323A
PAK ApilA ApilT ApilA ApilT  ApscN ApscP PilS N323A ApscN ApilA ApscN ApscP ApilT ApscP
kDa - + - + - + - + - + - + kDa + - + - + - + - +
75 ” 75
63 ExoT 63
3 “Eos -— pamt 2o
48 48 -
100 157 025 1.02 060 184 0.13 0.18 0.14 0.11 0.11 0.10 048 274 016 0.14 0.14 016 0.18 0.16 089 1.67
C. PilS N323A PilS N323A PilS N323A )
KD PAK ApilA ApilT ApilA DpilT ApscN ApscP PilS N323A ApscN  ApilA ApscN  ApscP  ApilT ApscP
a
+ - + - + - + - + - + - + - + - + - + - +
75
«— ExoT
63 — <— ExoS
48 .

100 535 064 129 085 403 061 089 054 068 064 052 156 581 030 037 044 120 031 031 135 195
Figure 6. Hyperpiliated mutants secrete T3SS exotoxins, while
deletion of PscN or PscP abolishes T3SS function. Strains were grown
in T3S-inducing conditions and supplemented with either pBADGr (-) or
pBADGr-exsA (+). WT PAK, pilT, and PilS N323A strains had comparable
secretion of ExoS/T, while pilA, pilA pilT, and pilT pscP strains had less
ExoS/T in culture supernatants. Excluding the pilT pscP strain, strains
harbouring a deletion in PscN or PscP had no detectable ExoS/ExoT in
culture supernatants. Three biological replicates are shown. Pixel density of
EXoS/T relative to WT (-) are displayed in each lane.

We tested the contribution of T3S to slow killing of C. elegans by strain PAK
by generating a pscN deletion mutant lacking the T3SS ATPase, which
prevents the secretion of toxic effectors as shown for Yersinia enterocolitica
(181) and a number of other T3SS-expressing pathogens (182-185). As
expected, deletion of pscN resulted in a loss of ExoS/T secretion (Figure 6)

and significantly reduced the pathogenicity of PAK in the slow killing assay
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(Figure 7A). In contrast, when the pscN mutation was introduced into the
less pathogenic PilS N323A mutant, it did not further reduce pathogenicity.
However, deleting pscN in the PilS N323A pilA double mutant — which has
WT levels of virulence — decreased its pathogenicity. Together, these data
suggest that T3S is important for C. elegans slow killing by PAK, and that

hyperpiliation of P. aeruginosa may impair injection of T3SS exotoxins into

host cells.
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Figure 7. Impaired T3S contributes to the decreased pathogenicity of
hyperpiliated mutants and deletion of the T3SS ruler protein disrupts

hyperpiliation and restores pathogenicity. A. Deletion of pscN, encoding
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the T3SS ATPase, reduces pathogenicity of PAK towards C. elegans,
showing that virulence of this strain is T3SS-dependent. Combining the
pscN and PilS N323A mutations does not further decrease virulence. While
loss of pilA in the N323A background increases pathogenicity, further
deletion of pscN in the N323A pilA background reduces pathogenicity,
confirming that virulence is T3SS-dependent. B. While deletion of pscP,
encoding the T3SS ruler protein that controls needle length does not impair
virulence of PAK towards C. elegans, deletion of this gene in the
hyperpiliated N323A background increases pathogenicity. *** p<0.001, ****
p<0.0001. These are representative datasets from triplicate experiments.

3.5 Deletion of the T3SS ruler protein disrupts hyperpiliation and

restores pathogenicity

Secretion of ExoS/T by the pilT and PilS N323A hyperpiliated strains was
comparable to WT (Figure 6) despite the reduced virulence of these
mutants in the slow killing model (Figure 7). This result suggested that while
exotoxin secretion was not impaired in these strains, efficient T3S into host
cells may be impaired by hyperpiliation. We reasoned that hyperpiliated P.
aeruginosa strains might be able to overcome the potential impairment of
T3SS engagement, even in mutants with an overabundance of surface pili,
if we extended the length of T3SS needles. pscP encodes the T3S ruler
protein, and Pseudomonas mutants lacking PscP were reported to produce
longer needle structures that can reach up to 1um in length (186). In Y.
enterocolitica, deletion of the PscP homolog, YscP, produces longer yet

functional T3S needles (187). However, we could not detect ExoS/T in the
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supernatants of pscP or PilS N323A pscP mutants, though the pilT pscP

strain secreted ExoS/T (Figure 6).

While deletion of pscP in a strain with WT piliation had no significant effect
on pathogenicity against C. elegans, deleting pscP in the hyperpiliated PilS
N323A strain restored pathogenicity to near-WT levels (Figure 7B). Despite
repeated attempts, we could not see longer (>50 nm) T3SS needles in the
pscP, PilS N323A pscP, and pilT pscP mutants under T3SS-inducing
conditions (Figure 3), though this phenotype was previously reported in a

P. aeruginosa H103 fliC pscP mutant (186).

Deletion of pscP in the PilS N323A background unexpectedly reduced
surface pili expression (Figures 3G and 8), while the pilT pscP strain
remained hyperpiliated (Figures 3H and 8). Deletion of pscN only slightly
reduced surface pilin expression in the PilS N323A background (Figure 8),
suggesting that the loss of hyperpiliation in the PilS N323A pscP strain is
PscP-dependent. Our original hypothesis was that deletion of PscP would
increase the length of T3S needles enough to contact host cells, even in
mutants with an overabundance of surface pili. The lack of appreciable
ExoS/T secretion and loss of hyperpiliation in the PilS N323A pscP strain
instead suggests that deletion of pscP in this genetic background disrupts

both T3S function and surface pili expression.
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Figure 8. Deletion of PscP in the PilS N323A background reduces

surface pili expression. Strains were grown in T3SS-inducing conditions

and supplemented with pBADGr-exsA. While WT, pilT, pscN, pscP, PilS
N323A, PilS N323A pscN, and pilT pscP strains had detectable PilA (15.5

kDa), PilA was undetected in strains harbouring a genetic lesion in pilA and
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the PilS N323A pscP mutant. Pixel density of PilA relative to WT are

displayed in each lane.

3.6 Hyperactivity of PilR dysregulates a subset of genes, including
those related to phenazine biosynthesis, quorum sensing, and ethanol

oxidation

Given that hyperactivation of PilSR reduces P. aeruginosa virulence, we
next wanted to rule out that this reduction in virulence was not the result of
significant dysregulation of virulence-associated genes in the PilR D54E
hyperpiliated point mutant. RNAseq was performed on the WT and PilR
D54E strains, revealing twenty-six genes that were dysregulated =2-fold by

PilR D54E (Table 3).
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Table 3. Genes dysregulated 22-fold by PilR D54E.

PA Gene WT PAK PilR D54E | log2Fold p Value Function
Count Count Change
PA4210 0 31 -7.809 0.002 pHZA1 - phenazine synthesis
PA3330 16 285 -4.483 NA
PA3332 11 192 -4.444 NA
PA3334 10 131 -4.134 0.008
PA3331 36 415 -3.918 NA
PA3328 23 244 -3.753 NA Hypothetical operon - cytochrome P450
PA3333 33 322 -3.693 NA
PA3329 29 281 -3.641 NA
PA3335 30 219 -3.244 NA
PA3327 221 1615 -3.240 NA
PA4213 3 23 -3.138 0.001 PhzD - phenazine biosynthesis protein
PA1905 7 37 -2.692 0.002 PhzG2 - probable pyridoxamine 5'-phosphate oxidase
PA4211 15 73 -2.635 NA PhzB1 - probable phenazine biosynthesis protein
PA1904 7 32 -2.428 0.003 PhzF2 - probable phenazine biosynthesis protein
PA1901 13 54 -2.413 0.003 PhzC2 - phenazine biosynthesis protein
PA3326 466 1878 -2.361 0.046 ClpP2 - Clp protease proteolytic subunit
PA3479 26 96 -2.231 0.001 RhIA - rhamnosyltransferase chain A
PA4212 19 70 -2.224 0.069 PhzC1 - phenazine biosynthesis protein PhzC
PA3476 307 1070 -2.143 0.046 Rhll - autoinducer synthesis protein Rhll
PA2591 41 137 -2.076 0.045 V(gsR - positive regulation of secondary metabolite biosynthetic process
PA1891 3 12 -2.057 0.012 Hypothetical protein
PA Gene WT PAK PilR D54E | log2Fold p Value e
Count Count Change
PA1219 9 3 1.434 0.081 hypothetical protein
PA1980 39 11 1.607 0.108 response regulator EraR (ethanol oxidation)
PA3866 24 7 1.610 0.009 pyocin S4
PA1982 236 55 0.141 ExaA - quinoprotein ethanol dehydrogenase
PA1983 85 17 NA ExaB - cytochrome ¢550

Of the 21 genes upregulated =2-fold by PilR D54E, seven were related to

phenazine synthesis. Phenazines are produced by fluorescent
Pseudomonas species and contribute to several virulence pathways,
including redox cycling, biofilm formation, and lung damage in cystic fibrosis
patients (188). 1-hydroxyphenazine, phenazine-1-carboxylic acid, and
pyocyanin are essential for C. elegans fast killing by P. aeruginosa PA14
(189). Two seven-gene biosynthetic loci are involved in phenazine
synthesis, phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2.
Biosynthetic genes from both operons were upregulated in PilR D54E

(PHZA1B1C1D1, pHZC2F2G2).
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Nine (PA3327, PA3328, PA3329, PA3330, PA3331, PA3332, PA3333,
PA3334, PA3335) of the twenty-seven genes upregulated =2-fold by PilR
D54E are located within a hypothetical cytochrome P450 operon.
Cytochrome P450s (CYPs) are heme-thiolates that function as iron-
dependent monooxygenases and are found in both eukaryotes and

prokaryotes (190).

The remaining five genes upregulated =2-fold by PilR D54E included one
gene encoding a hypothetical protein (PA1891), as well as genes involved
in rhamnolipid production (rhlA, rhll) (191, 192), protein cleavage (clpP2)

(193), and quorum sensing (vqsR) (194).

Five genes were downregulated =2-fold by PilR D54E (Table 3). Three of
the downregulated genes are involved in ethanol oxidation, including the
qguinoprotein ethanol dehydrogenase exaA gene (195), the cytochrome
c550 exaB gene (196), and the transcriptional regulator eraR (197). P.
aeruginosa produces two soluble (S) pyocins, pyocin S2 and pyocin S4,
which are bacteriocins that enter non-immune P. aeruginosa cells by
hijacking siderophore receptors (198). The remaining gene (PA1219)

downregulated =2-fold by PilR D54E encodes a hypothetical protein.

The expression of the ten “pilin responsive” genes previously identified by
Kilmury and Burrows (148) was assessed (Table 4). We expected to see

similar gene expression profiles in the pilA and PilR D54E strains, since PilR
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is continuously active in both strains, promoting the transcription of both pilA
and the PIIR regulon (148). Unexpectedly, none of the ten genes were
dysregulated 2=2-fold in the PIIR D54E background. Even more
unexpectedly, the expression of pilA was not significantly upregulated by
PilR D54E (Table 5). Both WT PAK and PilR D54E strains were validated
with Sanger sequencing prior to RNAseq analysis. Previous RT-PCR by
Kilmury and Burrows (148) demonstrated that PilR D54E strains have a ~4-
fold increase in pilA expression compared to WT PAK. It is unclear why the
expression of both PilR-regulated genes and pilin genes are not consistent

between pilA and PilR D54E strains.

Table 4. Differential expression profile of “pilin responsive” genes in

PAK wt and PilR D54E.

Gene PA PAK wt | PilR D54E | log2 Fold
Name | Gene | Count Count Change |p Value Function
PA0951a| 4434 4459 -0.249 0.223 [Unannotated
PA0952a| 3250 3142 -0.178 0.208 [Unannotated
PA0952 3250 3142 -0.178 0.208 [Unannotated
hcpB PA5267 122 115 -0.150 0.600 [Secreted protein (T6S)
PA5228 852 764 -0.067 -0.418 |Hypothetical protein
PA5228a 852 764 -0.067 -0.418 |Hypothetical protein
PA0507 141 114 0.091 0.639 [Acyl-CoA dehydrogenase
PA4027 518 365 0.256 0.350 [Hypothetical protein
hcpA PA1512 210 139 0.356 0.191 [Secreted protein (T6S)
PA4683 1575 1020 0.385 1.774 |Hypothetical protein
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Table 5. Expression of T4P-related genes in PAK WT and PilR D54E.

PAK PilR log2
Gene wit D54E Fold
Name| PA Gene |Count| Count | Change |p Value Function
pilX PA4553 1264 1351 -0.316 0.085 |Type 4 fimbrial biogenesis protein PilX
pilWW  |PA4552 2072 2198 -0.303 0.094 [type 4 fimbrial biogenesis protein PilW
pilY1 |PA4554 6979 7386 -0.297 0.082 |[Type 4 fimbrial biogenesis protein PilY1
pilY2 |PA4555 890 935 -0.285 0.039 |[Type 4 fimbrial biogenesis protein PilY2
pilQ PA5040 24093 25055 -0.272 0.053 [Type 4 fimbrial biogenesis outer membrane protein PilQ
pilP PA5041 4743 4875 -0.252 0.032 [Type 4 fimbrial biogenesis protein PilP
fimU PA4550 2082 2121 -0.247 0.108 [Type 4 fimbrial biogenesis protein FimU
pilE PA4556 1822 1845 -0.241 0.098 [Type 4 fimbrial biogenesis protein PilE
pilN PA5043 4490 4532 -0.229 0.063 [Type 4 fimbrial biogenesis protein PilN
pil T PA0395 4997 5030 -0.226 0.036 |Retraction ATPase PilT
pilU PA0396 4848 4858 -0.225 0.072 [Probable retraction ATPase PilU
- predicted RNA | 3321 3314 -0.216 0.070 [Antisense: fimX PA4958
vir PA0652 7559 7495 -0.215 0.117 [cAMP-regulatory protein
pilM PA5044 11504 11419 -0.208 0.077 |[Type 4 fimbrial biogenesis protein PilM
algZ |PA5262 815 802 -0.207 0.230 |Alginate biosynthesis protein AlgZ/FimS
pilZ PA2960 1456 1438 -0.206 0.130 [Type 4 fimbrial biogenesis protein PilZ
pilR PA4547 1422 1400 -0.199 0.142 |[Two-component response regulator PilR
pilO PA5042 4538 4484 -0.196 0.069 |[Type 4 fimbrial biogenesis protein PilO
pilH PA0409 3433 3396 -0.195 0.063 [Twitching motility protein PilH
pilV PA4551 1321 1301 -0.194 0.156 [Type 4 fimbrial biogenesis protein PilV
pild PA0411 13158 12969 -0.190 0.102 [Twitching motility protein PilJ
pilG PA0408 4935 4786 -0.171 0.079 [Twitching motility protein PilG
pilA PA4525 54176 | 51725 -0.164 0.272 |Type 4 fimbrial PilA
pilS PA4546 1270 1219 -0.157 0.195 [Two-component sensor PilS
fimX [PA4959 5402 5191 -0.154 0.134 [Protein FimX
pilD PA4528 3403 3253 -0.151 0.186 |[Type 4 prepilin peptidase PilD
pilF PA3805 1609 1517 -0.127 0.317 |[Type 4 fimbrial biogenesis protein PilF
pill PA0410 2721 2554 -0.120 0.264 |Twitching motility protein Pill
pilK PA0412 2673 2478 -0.108 0.376 [Methyltransferase PilK
algR [PA5261 1053 954 -0.099 0.622 |Alginate biosynthesis regulatory protein AlgR
fimT  [PA4549 21 19 -0.075 0.879 |[Type 4 fimbrial biogenesis protein FimT
fimV  [PA3115 20690 18800 -0.075 0.505 |Motility protein FimV
fimL PA1822 3637 3304 -0.070 0.505 [Hypothetical protein
- predicted RNA | 2419 2174 -0.062 0.522 [Antisense: PA1821 fimL
pilB PA4526 9496 8336 -0.020 0.866 [Type 4 fimbrial biogenesis protein PilB
- PA0499 19 16 -0.016 0.972 |[Probable pili assembly chaperone
- predicted RNA | 5964 5203 -0.010 0.934 [Antisense: PA3806 pilF
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3.7 Cysteine-labelled P. aeruginosa T4P can be visualized with

fluorescent microscopy

The dynamics of type IV filaments in Caulobacter crescentus and Vibrio
cholerae were recently visualized using a pilus labelling system (67, 68). A
cysteine point mutation in the major pilin allows for staining of PilA subunits
with a fluorescent maleimide dye, allowing for direct visualization of pili
dynamics (170). With their average diameter of ~6 nm (15), live imaging of
T4P in vivo is challenging, as their size falls below the diffraction limit of
standard light microscopy. Studies of T4P have thus relied on comparisons
of piliated cells with non-piliated or genetically-modified systems, or static
methods, such as indirect force spectroscopy (34, 85, 159) and electron
microscopy (19). While these studies provide insight into T4P structure, the

dynamics of T4P expression in vivo are lost.

This labelling method involves introduction of site-directed cysteine
substitutions at solvent-exposed positions in the globular C-terminal domain
of pilins (170). The modified T4P can then be fluorescently labeled with a
thiol-reactive maleimide dye (67, 170). The contributions of single amino
acid residues to pilin structure and function, as well as the relative surface
accessibility of residues (199), must be considered, as mutations of
nonconserved, solvent-exposed residues are more likely to produce

functional labeled T4P (170). Although many type IV pilins contain a
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disulfide bond critical for their folding and polymerization, addition of a third
Cys residue does not impact function if the site is carefully selected.
Cysteine point mutations at residues A76, A77, D78, K81, T84, A86, and
T101 within the globular C-terminal of PAK PilA were generated, with
varying effects on phage susceptibility and twitching (Figure 9). The PilA
T101C mutant had near WT twitching and was susceptible to T4P-specific
phage, so this mutant was used for imaging to maximize our chances of
observing a T4P extension and retraction event. Using the methods
described by Ellison et. al (170), strains were stained with AF-conjugated,
thiol-reactive maleimide dyes.
A. WTPIA A76C ; A77C D78C K81C T84C A86C T101C
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Figure 9. Phage susceptibility and twitching of PilA cysteine point

8¢
@

mutants. A. Plaque assays using 5 pl of serial tenfold dilutions of the
phages indicated on the left (JBD26, DMS3, chimera, JBD68, MP22)
against the PAO1 pilA strains expressing either WT PAK PilA or PilA
cysteine point mutants. B. Twitching phenotypes of the PAK PilA cysteine
point mutants. PilA A77C and PilA T101C have twitching similar to WT,
while PilA A76C/D78C/K81C/T84C/A86C mutants have reduced or no
twitching.
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Figure 10. AF488-labelled T4P in a retraction-deficient P. aeruginosa
PAO1 strain. PAOL pilA pilT + pBADGr PAK PIilA T101C was stained with
AF488-maleimide dye for 45 min and imaged on a Nikon Al confocal

microscope with a 60X Plan Apo oil objective (numerical aperture (NA)
=1.40) and an FITC filter set. White arrows denote labelled T4P.

The PilA T101C construct was electroporated into the retraction-deficient

PAO1 pilA pilT strain (Figure 10). Multiple T4P were primarily observed at

59



M.Sc. Thesis — K. Graham; McMaster University — Biochemistry

one cell pole in the AF-488-stained PAO1 pilA pilT + pBADGr PAK PilA
T101C, though the middle panel shows T4P expressed at both poles. This

confirmed labeling of the mutant P. aeruginosa pilin.

Labelled T4P were also observed in the PAO1 pilA + pBADGr PAK PilA
T101C strain at 60X magnification (Figure 11). Interestingly, AF-488-
stained pili were only visualized in dividing cells; single cells with cysteine

labelled T4P were not observed.

As a negative control, a PAO1 pilA + pBADGr PAK PIlA strain expressing
wild-type PilA was labelled with maleimide dye and imaged (Figure 12).
PilA has no surface-exposed cysteines, so minimal labelling with the thiol-
reactive maleimide dye was expected. Minimal periplasmic labelling was
observed for all bacteria, which could be due to the maleimide dye reacting

with surface-exposed cysteines in other membrane proteins.

To expand our applications of the T4P cysteine-labelling system, the PilA
T101C mutant was also stained with the AF-594 maleimide dye. Ellison et.
al (170) noted that the brightness of labelled pili can vary across different
dyes for certain cysteine substitutions. Multiple T4P were observed in the
AF-594-stained PAOL pilA pilT + pBADGr PAK PilA T101C at one bacterial
cell pole (Figure 13A), while the PAO1 pilA + pBADGr PAK PIilA strain had
no visible staining with the AF-594 dye (Figure 13B). This confirms that the

PilA T101C substitution is compatible with both AF-488 and AF-594
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conjugated maleimide dyes, providing more flexibility for imaging T4P

alongside other fluorescent proteins.

FITC

Figure 11. AF488-labelled T4P in a P. aeruginosa PAO1 PilA point
mutant. PAOL1 pilA + pBADGr PAK PilA T101C was stained with AF488-
maleimide dye for 45 minutes and imaged on the Nikon Al confocal
microscope with a 60X Plan Apo oil objective (NA=1.40) and an FITC filter

set. White arrows denote labelled T4P.
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Figure 12. AF488-labelling of WT P. aeruginosa PAO1. PAOL pilA +
pBADGr PAK PilA was stained with AF488-maleimide dye for 45 minutes

and imaged on the Nikon Al confocal microscope with a 60X Plan Apo oil
objective (NA=1.40) and an FITC filter set.
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Figure 13: AF594-labelling of T4P in PAO1. (A) PAOL1 pilA pilT + pBADGr
PAK PilA T101C and (B) PAOL pilA + pPBADGr PAK PilA were stained with
AF594-maleimide dye for 45 minutes and imaged on the Nikon Al confocal
microscope with a 60X Plan Apo oil objective (NA=1.40) and an TRITC filter
set. White arrows denote labelled T4P. Scale, 2 um.
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CHAPTER 4. DISCUSSION

4.1 Hyperpiliation, not loss of pilus retraction, reduces pathogenicity

T4P are important virulence factors for P. aeruginosa and other bacterial
pathogens (12, 62, 76, 80, 81, 154-156, 200-203). Most studies compare
the pathogenicity-associated phenotypes of piliated strains to isogenic non-
piliated mutants. While these studies highlight the importance of T4P
expression during infection, uncovering the dynamics and signalling
pathways involved in T4P-mediated surface attachment and subsequent
upregulation of virulence-related genes proves difficult. A loss of T4P
dynamics via deletion of pilT reduces virulence or surface attachment of D.
nodosus in sheep (90), Pantoea ananatis in onion seedlings (204), P.
aeruginosa in murine and human infection models (88, 158), Acidovorax
avenae in seed transmission assays (77), and N. meningitidis in mice (205).
These studies attributed a loss of virulence to loss of pilus dynamics and
twitching, though the contributions of increased surface piliation to virulence

were not assessed.

Use of a set of hyperpiliated mutant strains with a range of twitching
phenotypes enabled us to separate the contributions of surface piliation
levels and motility to pathogenicity. Although pilT, PilS N323A, PilR D54E,
and PilO M92K mutants are all hyperpiliated compared to WT, only pilT is

completely deficient in twitching.
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PilS N323A and PilR D54E mutants produced peritrichous T4P, similar to
T4P expression patterns recently observed in A. baylyi (176). The functional
consequences of T4P localization along the long axis of the cell were not
confirmed in A. baylyi (176), though PilS N323A and PilR D54E mutants
have fully functional pili and WT twitching. The localization of T4P in the
hyperpiliated point mutants could be connected to the PilA-interacting
protein, PilJ (164). Components of the Pil-Chp chemosensory system and
T4P machinery are proposed to co-localize at cell poles in a FimV-
dependent manner (206). A previous study showed that, under native
expression levels, PilJ localizes to both cell poles, whereas pilJ
overexpression results in peritrichous PilJ localization (207). It is plausible
that constitutive upregulation of PilA in the PIISR hyperactive mutants
results in increased PilJ signalling and expression, leading to peritrichous

PilJ expression and co-localization of TAP-components.

Conversely, the hyperpiliated PilO M92K mutant has partial twitching,
suggesting a role for this protein in modulating extension and retraction
dynamics (175). Regardless of their twitching phenotypes, all hyperpiliated
mutants had PilA-dependent defects in pathogenicity in C. elegans. These
results help to explain the important role of PilSR in the regulation of pilA
expression and modulation of the levels of surface piliation (116). If too

many pili are produced, it can negatively impact virulence.
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Prior studies showed that injection of the T3S effector, ExoS, requires T4P
(208) and the retraction ATPase, PIlT (209). Both pilA and pilT single
mutants secreted less ExoS/T compared to WT, while T3SS-related
exotoxins were undetectable in the pilA pilT double mutant, suggesting that
PilA and PIlIT play an important role together in exotoxin secretion.
Interactions between PilA and the methyl-accepting chemotaxis protein
(MCP)-like chemosensory receptor, PilJ, require contact with a surface and
subsequent retraction (116, 164). When bound to surface-attached pilins,
PilJ promotes CyaB activity via ChpA, leading to subsequent cAMP-Vir
signalling (164). Here, a loss of T4P-mediated surface attachment and
retraction upon deletion of pilA and pilT, respectively, reduces PilJ and Vfr-
mediated signalling, leading to downregulation of the Vfr regulon, including
pilus biogenesis genes and the T3SS activator, exsA (210). The ExsA
regulon contains exoS/T (211), so reduced expression of these exotoxins in
the pilA, pilT, and pilA pilT mutants is likely due to reduced signalling via

PilJ and Vir.

Studies in PA14 indicated that while the T3SS is expressed during infection
of C. elegans, it is not required for full pathogenicity (179), but also
suggested that loss of the effector ExoU impaired PA14 virulence (212). In
PAOQO1, the T3SS plays a major role, as loss of function significantly reduces
pathogenicity (180). PAK is more closely related to PAO1 than to PA14, with

PAK and PAO1l expressing the T3SS effectors ExoSTY, while PA14
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expresses ExoSTU (213, 214). Consistent with the PAO1 data, a PAK pscN
mutant had significantly reduced virulence towards C. elegans. Given the
increased virulence of PA14 towards C. elegans relative to PAK and PAO1,
it is possible that T3SS contributes to PA14 pathogenicity, but that more
potent virulence factors produced by that strain kill C. elegans rapidly before
the contributions of T3SS effectors become obvious. Even so, our data

show that hyperpiliated strains of PA14 are less pathogenic than WT.

The PilS N323A pscN double mutant had levels of pathogenicity similar to
single PilS N323A and pscN mutants, and a PilS N323A pscN pilA triple
mutant had decreased virulence compared to the PilS N323A pilA strain.
These data refute previous conclusions that a functional T4P system is
required for T3SS engagement (208, 209), as the non-piliated PilS N323A
pilA mutant lacks pili but was more pathogenic than the triple mutant that
lacks PscN. Deletion of pscP in the PilS N323A background reduced

surface pili expression and restored pathogenicity to near-WT levels.

While PscP expression is independent of PilSR (148) and its deletion did
not affect pathogenicity in an otherwise WT background, our data suggests
that PscP may play a role in regulating surface pili expression, potentially
through the cAMP-Vir signalling system. Inappropriate increases in
functional surface pili increase signalling via the Pil-Chp chemosensory

system, a complex signalling transduction pathway that controls both
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twitching and cAMP production through the activation of the adenylate
cyclase, CyaB (99, 149, 215, 216). Increases in intracellular cAMP activate
Vir, which controls the expression of more than 100 pathogenicity-
associated genes, including the T3SS activator exsA and components of

the T4P machinery (Figure 14) (99, 217).
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Figure 14. Model for integrated regulation of pilA, T3S, quorum
sensing, phenazine synthesis, and ethanol oxidation. The PiISR TCS
regulates the IM PIilA inventory. PilA interacts with PilJ, an MCP-like
chemosensory receptor, which undergoes a conformational change that
promotes autophosphorylation of the kinase ChpA. ChpA, in complex with
Pill, promotes CyaB activity, leading to upregulation of cAMP and
subsequent activation of Vfr and its regulon (164), which includes both pilA
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and the T3SS activator exsA. The T3SS needle length regulator, PscP,
disrupts hyperpiliation in the PilSR hyperactive point mutants, although the
signaling mechanism is unclear. In addition to pilA, PilR dysregulates a
subset of genes, including those related to quorum sensing, phenazine

synthesis, and ethanol oxidation.

Taken together, these data challenge the idea that loss of twitching reduces
P. aeruginosa pathogenicity in C. elegans and other eukaryotic models.
Instead, we suggest that inappropriate increases in the amount of surface
pili, even if they are functional, reduce Pseudomonas virulence through
disruption of intimate attachment with host cells. This has previously been
observed in TEM of retraction-deficient N. meningitidis, whereby pilT strains
could make direct contact with epithelial cells but were unable to intimately
attach to these cells to cause destruction to microvilli (218). We propose
that disruption of intimate host cell contact via hyperpiliation interferes with
the function of contact-dependent antagonism systems, like the T3SS

(Figure 15).
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Figure 15. Hyperpiliation impedes intimate host cell contact and
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reduces virulence. A. P. aeruginosa can retract its T4P upon contact with
the epithelial cells lining the gut of the worms, leading to intimate
engagement of contact-dependent antagonism systems, such as the T3SS.
B. The T3SS of hyperpiliated mutants (lacking the retraction ATPase PIlT,
or with specific point mutations in PilO, PilR, or PilS) are unable to effectively
engage with host cells to inject effectors, and thus, are less pathogenic. C.
In those hyperpiliated backgrounds, removing surface pili — which are not
critical for pathogenicity in the slow killing model of C. elegans (83) — via
pilA mutations or through disruption of hyperpiliation via deletion of the

T3SS ruler protein gene pscP restores virulence.
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4.2 Hyperactivation of PilR dysregulates expression of multiple genes,
including those involved in phenazine biosynthesis, quorum sensing,

and ethanol oxidation

We performed comparative RNAseq between the WT strain and PilR D54E
mutant to identify genes dysregulated in the hyperpiliated point mutant. A
previous study by Kilmury and Burrows (148) identified ten genes,
consisting of hcpA, hcpB, and eight unannotated genes, upregulated in a
pilA mutant and downregulated in a pilR mutant, which were deemed “pilin
responsive” (148). As the PilR D54E mutant has constitutively activated
PilR, we expected that the 10 genes of interest would be upregulated in this
context, similar to the pilA background. Given that this mutant can twitch,
we also expected to uncover previously unidentified genes, including genes
related to surface sensing. Surprisingly, none of the ten “pilin responsive”
genes were dysregulated 22-fold in the PilR D54E background. Even more
unexpectedly, the expression of pilA was not significantly upregulated by
PilR D54E. However, we identified twenty-six genes dysregulated =2-fold
by PilR D54E, most notably those related to phenazine synthesis, quorum

sensing, and ethanol oxidation (Figure 14).

Genes from two phenazine biosynthesis operons were upregulated by PilR
D54E (pHZA1B1Ci1D1, pHZC2F2G2). Phenazine biosynthesis is

dependent on 2-heptyl-3-hydroxy-4-quinolone, the Pseudomonas
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Quinolone Signal (PQS) guorum sensing (QS) molecule, and occurs as part
of the Pseudomonas stress response, including under conditions of high
cell density and nutrient limitation (219, 220). Another quorum sensing-

associated gene, rhll, also was upregulated 22-fold by PilR D54E.

In addition to the phenazine biosynthetic genes, nine genes located within
a hypothetical CYP operon were upregulated =2-fold by PilR D54E. The
function of cytochromes in P. aeruginosa are not well understood, although
a subset of cytochromes drive biofilm formation and matrix production for
uropathogenic E. coli infection (221). With the exception of PA3327, the
genes in this operon were previously shown to be regulated by the quorum
sensing-associated proteins, LasR and Rhll, as well as the virulence and
quorum sensing regulator (VgsR) (194, 222, 223). The altered expression
of the hypothetical cytochrome P450 is likely due to downstream signalling
via VgsR and Rhll, as the expression of both vgsR and rhll were increased

22-fold by PilR D54E.

P. aeruginosa encodes two caseinolytic peptidases (ClpP) isoforms, ClpP1
and ClpP2, which through unknown mechanisms play roles in motility,
pigment production, iron scavenging, and biofilm production (193).
Surprisingly, both ClpP1 and ClpP2 were not upregulated by PilR D54E, as
the ClpP2 functions characterized to date are reliant on ClpP1 expression

(193).
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Three of the eight genes downregulated =2-fold by PilR D54E are involved
in ethanol oxidation, including the quinoprotein ethanol dehydrogenase
exaA gene (195), the cytochrome c550 exaB gene (196), and the
transcriptional regulator eraR (197). The remaining two genes
downregulated =2-fold by PilR D54E, PA3866 and PA1219, encode pyocin
S4 and a hypothetical protein, respectively. Pyocins S2 and S4 both use the
siderophore pyoverdine receptor FpvAl to enter competing cells (198). A
possible connection between PilR signalling and pyocin S4 production is

unclear. The hypothetical protein may be subject to future studies.

Based on the low numbers of genes dysregulated by PilR D54E identified
by RNAseq and discordance with previous data (116, 148), this
transcriptomic analysis will need to be repeated. RNA quality is critical for
accurate quantification of transcripts, and degradation of RNA leads to
significant loss of transcript library complexity (224). Here, the RNA sample
collection may have yielded low quality samples due to technical error,
which significantly reduced the number of transcripts identified. Further,
transcript degradation is not uniform within a sample, with different
transcripts degrading at different rates (224). The twenty-six genes
dysregulated =2-fold by PilR D54E may have more stable RNA transcripts
compared to previously identified PilR-regulated genes or T4P-associated

genes, contributing to our conflicting transcriptomic data.
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4.3 Fluorescent labelling of T4P in vivo is a broadly applicable method

for studying T4P dynamics

To complement the genetic manipulations of the PilISR TCS, this work also
applied a newly developed T4P-labelling method to P. aeruginosa to
investigate T4P dynamics in vivo. We identified a functional, labelable
cysteine point mutant, PilA T101C, in PAK which was expressed on
pBADGr in both the single pilA mutant and retraction-deficient pilA pilT
double mutant. AF488- and AF594-labelled T4P were directly observed
using static microscopy, which revealed polar T4P localization in several
cells in both the pilA and pilA pilT mutants expressing pBADGr-pilAtio1c. In
contrast to our TEM data, fluorescently labelled T4P were primarily
expressed at one pole in the retraction-deficient mutant. This discrepancy
could be a consequence of PilA overexpression, as plasmid-based
overexpression of PilA reduces native PilA levels in the cell through PilSR-

mediated negative feedback regulation on pilA transcription (116).

We were unable to observe real-time T4P dynamics using our experimental
setup. Ideally, we would use total internal reflection fluorescence (TIRF)
microscope to resolve individual T4P (64) and charge-coupled device
camera to resolve individual T4P (170). Our laser scanning confocal
microscope cannot provide a rate fast enough or at a high enough resolution

to capture T4P extension and retraction. Nonetheless, the development and
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optimization of a reproducible T4P labelling system in P. aeruginosa that is
compatible with multiple fluorescently conjugated maleimide dyes will foster
future studies to uncover the mechanisms driving twitching and T4P-

mediated surface attachment.

75



M.Sc. Thesis — K. Graham; McMaster University — Biochemistry

CHAPTER 5. CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Future directions

Identify other contact-dependent virulence factors affected by hyperpiliation

P. aeruginosa encodes an arsenal of virulence factors that contribute to
acute infection across a variety of hosts (5), including contact-dependent
antagonism systems for both interbacterial competition and virulence
against eukaryotic hosts, such as the T6SS and T3SS, respectively (225,
226). This work identified three potential connections between the T3SS
and surface pili expression; (i) hyperpiliation may sterically hinder T3SS
function, (ii) deletion of pilA and/or pilT reduces the secretion of T3SS
effectors, and (ii) deletion of the needle length regulator, PscP, reduces
surface pili expression in some hyperpiliated strains. This suggests that not
only does hyperpiliation affect contact dependent killing via the T3SS, but
also that there are signalling pathways connecting pilA expression and T3S
that have yet to be characterized. This poses the question of whether other
contact-dependent antagonism systems are affected by hyperpiliation,
including CdiA-associated contact-dependent growth inhibition (CDI)
systems and the T6SS. CDI systems secrete the CdiA toxin into the
periplasm of target bacterial cells (227) and have been implicated in biofilm
formation and cell-to-cell adhesion (228, 229). CDI systems and T3SS

needles extend ~33 nm and ~60-80 nm, respectively, from the bacterial cell
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surface (227, 230), so we predict that hyperpiliation may also impede
effective secretion of the CdiA toxin. Interestingly, Kilmury and Burrows
(148) identified hcpA and hcpB, which encode the primary structural
components of the T6SS (231), as “pilin-responsive”, which may represent
a previously unknown connection between T4P expression and the T6SS.
Preliminary data (not shown) also indicates that Hcp expression is
upregulated in the PAK PilR D54E and PilS N323A mutants. Future work
should assess whether interbacterial antagonism is affected in these
strains. If so, this would further our hypothesis that hyperpiliation reduces
virulence through disruption of the intimate host cell contact required for

effective engagement of contact-dependent antagonism systems.

How does deletion of the T3S needle length regulator reduce surface pili

expression?

Our electron microscopy and secretion assay data revealed a potential
regulatory connection between PilSR and the T3SS needle length regulator,
PscP. Upon deletion of PscP in the PilS N323A hyperpiliated background,
surface pili expression was reduced, while the pilT pscP strain remained
hyperpiliated. Deletion of pscN only slightly reduced surface pilin expression
in the PilS N323A background, suggesting that the loss of hyperpiliation in
the PilS N323A pscP strain is PscP-dependent. To validate this phenotype,

secretion assays, sheared surface protein preparations, and TEM should
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be performed on the PilS N323A pscP mutant complemented with pscP in
trans to assess whether hyperpiliation is restored in this background.
Deletion of pscP in the hyperpiliated mutants could result in Vir-mediated
downregulation of T4P assembly and expression due to reduced PilA-PilJ
interactions (99, 164, 217), although it is unclear why surface PIlA
expression is not reduced in the single pscP mutant. The strains harbouring
a deletion in pscP have been validated with Sanger sequencing, so the
phenotypes observed in these strains is likely due to loss of pscP and not

polar effects from disruptions to expression of neighbouring genes.

In Salmonella enterica, the Salmonella pathogenicity island 1 (SPI1)-
encoded T3SS is negatively regulated by the PhoPQ TCS through
repression of the T3SS activators, HilD, HilC, and RtsA (232). While the
genetically distinct PhoPQ TCS encoded by P. aeruginosa plays a critical
role in virulence against epithelial cells, there is no evidence that it controls
T3SS expression in this species (233). We guestioned whether deletion of
pscP dysregulates T3SS-mediated secretion of a negative regulator,
leading to downregulation of both the T3SS and T4P expression. P.
aeruginosa secretes the negative regulator, ExsE, which is involved in a
regulatory cascade controlling the transcriptional activity of ExsA (234, 235),
though connections between ExsE- and ExsA-mediated regulation and T4P
expression have yet to be characterized. ExoS and several domains of

ExoT also contribute to feedback inhibition of T3SS-mediated effector
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secretion in P. aeruginosa (236), though this likely does not contribute to
loss of hyperpiliation in the PilS N323A pscP mutant, as we did not observe

appreciable ExoS/T secretion in this strain.

To confirm that this finding applies to both PilS and PilR, the pscP mutation
will also be introduced into the PilR D54E hyperpiliated mutant and surface
PilA expression will be quantified. As deletion of pscP in the retraction-
deficient pilT background does not alter surface T4P expression, it will also
be important to assess whether PilA expression is altered in the PilO M92K
hyperpiliated background when PscP is deleted, as this will help to

distinguish whether this phenotype is PilSR-specific.

Repeat the RNAseq analysis to validate genes dysregulated by PilR D54E

Transcriptomics revealed twenty-six genes dysregulated =2-fold by PilR
D54E, including a subset related to phenazine synthesis, quorum sensing,
and ethanol oxidation. These genes did not align with previous RNAseq
data of pilA and pilR mutants from Kilmury and Burrows (148), though we
expected the pilA and PilR D54E strains to have comparable transcriptomes
as both strains have constitutive signalling via PilSR. Unexpectedly, pilA
was not dysregulated by PiIR D54E. Due to the low number of genes
identified and discordance with previous data (116, 148), this RNAseq
analysis should be repeated. The low complexity of the transcript library

could be a result of RNA degradation during sample preparation (224), so
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future work should ensure that the RNA concentration and purity are of high

enough quality prior to transcriptomic analysis.

If the genes identified in this follow-up RNAseq analysis align with the
twenty-six genes identified here, their expression, along with any newly
identified genes, will be confirmed with real-time reverse transcription PCR
(RT-PCR). We are also currently generating in-frame deletions of the ten
“pilin-responsive” genes inversely dysregulated >5-fold by pilA and pilR,
including hcpA, hcpB, and eight uncharacterized genes (148).
Pathogenicity-associated phenotypes in these deletion constructs,
including biofilm formation, C. elegans virulence, motility, and interbacterial
competition, will be tested to characterize the function of the eight
unannotated genes. Other assays may be required to assess novel

phenotypes.

Expand the T4P labelling system to other P. aeruginosa genetic

backgrounds

We expressed cysteine point mutants of PilA on the pBADGr expression
vector to fluorescently label and visualize T4P in retraction-deficient and
functional backgrounds. For PilA point mutants expressed from pBADGr,
both Gm and arabinose are required for selection and induction of
expression, respectively (164). Now that a functional and labelable PilA

point mutant (PilA T101C) has been identified, we want to express other
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fluorescently tagged T4P-associated proteins (ex. PilU, PilT, PilB) alongside
cysteine-labelled T4P to assess pilus dynamics in real time. We generated
a PilA T101C chromosomal knock-in and are working on obtaining real-time
videos of T4P dynamics using a high-resolution TIRF microscope.
Introducing the PilA T101C mutation into the PilS N323A and PilR D54E
strains will also be the subject of future work, as this will confirm the
peritrichous localization of T4P and help to determine whether T4P
expressed along the long axis of the cell are functional. Previously
developed mCherry fusions to PilO and PilQ will also be transformed into
the hyperpiliated mutants to confirm the peritrichous localization of the T4P
machinery. Neisseria species express peritrichous T4P yet exhibit
directional twitching (237), which is proposed to be a result of directional
memory (238). Marathe et al. (238) used theoretical and experimental
methods to demonstrate that N. gonorrhoeae persist in one direction by re-
elongation of T4P from membrane-standing complexes that are stable for
several seconds following retraction, as well as through small pilus bundle
formation at the leading pole. Directional memory could explain the normal
twitching phenotype observed in the PiISR hyperpiliated point mutants

despite their peritrichous T4P localization.

5.2 Conclusions
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The establishment of P. aeruginosa infection is a complex process involving
the coordinated regulation of multiple virulence factors, including T4P. T4P
facilitate initial contact and attachment to host cells, twitching, and biofilm
formation. The expression of T4P is tightly regulated at the transcriptional
level by the PiIISR TCS, which regulates pilA expression. Here, we
challenged the paradigm that loss of twitching reduces P. aeruginosa
virulence. We instead show that inappropriate increases in T4P expression,
even if they are functional in terms of motility, reduces virulence by
potentially impacting the expression and/or function of contact dependent
virulence systems, such as the T3SS. Additional genes dysregulated by
hyperactivity of the PiISR TCS were also identified, including those related
to phenazine synthesis, quorum sensing, and ethanol oxidation. A T4P
cysteine labelling system was also implemented for P. aeruginosa, allowing
for further characterization of the dynamics involved in T4P extension and
retraction. With recent calls for anti-Pseudomonas treatments (239), a
greater understanding of how T4P regulation and dynamics alter virulence

may aid in the targeted development of novel antipseudomonal therapies.
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