s Y

Q . . s.@@ K]
r University of g@ o%
J_ Sl Nottingham e

UK | CHINA | MALAYSIA UWLQWW

Elucidating the mechanism of action
of novel lactams on Pseudomonas

aeruginosa

Paolo Pantalone, MSc.

Thesis submitted to the University of Nottingham for the degree of

Doctor of Philosophy

March 2019



DECLARATION

Unless otherwise acknowledged, the work presented in this thesis is my
own. No part has been submitted for another degree at the University of

Nottingham or any other institute of learning.

Paolo Pantalone

March 2019



ABSTRACT

Biofilms are complex structures derived from the aggregation of bacteria
in suspension or anchored to a surface. Due to their intrinsic biocide and
antibiotic resistance, biofilm development and dispersal in healthcare,
industrial and domestic environments represent a constant challenge. In
bacteria such as Pseudomonas aeruginosa, biofilm maturation depends in
part on quorum sensing (QS), a cell-to-cell communication system. This
can be intercepted, thereby preventing, inhibiting or sensitizing biofilms to
antimicrobials. Several natural compounds and their synthetic analogues
successfully accomplish this strategy by targeting specific QS pathways.
The pursuit of anti-biofilm agents as compatible as possible with the widest
range of environments and applications has led to the development of new
compounds for biofilm control based on the furanones produced by red
algae. The aims of this project were to elucidate the mechanisms of action
of a series of lactams related to the furanones and to describe how they
perturb biofilm development in bacteria including P. aeruginosa,
Staphylococcus aureus and Proteus mirabilis. For P. aeruginosa, reporter
gene fusions, in silico, iso-thermal titration calorimetry, circular dichroism
spectroscopy, protein crystallization and X-ray diffraction studies have
revealed that the most potent compound inhibit 2-alkyl-4-quinolone (AQ)
dependent quorum sensing by binding to and inhibiting the response
regulator protein, PgsR. Transcriptome analysis confirmed these
observations and uncovered additional potential targets involved in cell
motility, RNA processing and biofilm development which were validated
using reporter gene fusions and phenotypic assays. Different biofilm assays
unexpectedly showed an increase of biomass in P. aeruginosa when the

lead lactam was present at high concentrations in the growth medium.

Furthermore, studies of P. mirabilis and S. aureus unveiled the potent
inhibitory properties of the lead lactam on biofilm development on the

former and significant growth inhibitory effects on the latter.

In conclusion, the results of this work provide new insights into the mode
of action of the lactams and suggest strategies for future development and

application.
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1 INTRODUCTION

1.1 PSEUDOMONAS AERUGINOSA

1.1.1 Characteristics and identification

Pseudomonas aeruginosa is a Gram-negative rod-shaped non-
fermentative aerobe, which is capable at surviving in oxygen restricted
environments. It can be identified by its distinct grape-like smell and blue-
green pigmentation, is oxidase and catalase positive, and produces a single
polar flagellum (Colwell, 1964; Trunk et al., 2010). It normally prefers
temperatures between 25 and 41 °C, but isolates have been found to grow
outside of this range from 5.5 to 45 °C (Trunk et al., 2010).

1.1.2 General phylogeny

A vast number of species belong to the genus Pseudomonas and it
continues to expand as more are identified (Gomila et al., 2015). The P.
aeruginosa phylogenetic tree shows a clear division into 3 groups. Group 1
contains the reference strain PAO1, group 2 the wound isolate PA14 and
group 3, PA7 (Freschi et al., 2018). Sequencing of the P. aeruginosa
genome revealed a 6.3 mega bases (Mb) chromosome with 5,570
predicted open reading frames. Of this, 17.5% on average represents the
core genome. Frequent gene rearrangement and acquisition indicates a
high degree of flexibility, supporting successful adaption to numerous
different environments (Boyle et al., 2018; Kung et al., 2010; Stover et
al., 2000).

1.1.3 Clinical and industrial significance

1.1.3.1 P. aeruginosa in industry: uses and issues

P. aeruginosa possess several qualities which can benefit certain industrial
practices, however its versatility can also be problematic for other sectors.
Firstly, P. aeruginosa can metabolise a wide variety of organic molecules

including hydrocarbons, aromatic molecules and recalcitrant insecticides
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(Ebadi et al., 2017; Kotresha & Vidyasagar, 2008; Kulkarni & Kaliwal,
2014; Mukherjee & Bordoloi, 2012; Safdari et al., 2017; Sakthipriya et al.,
2016). It can also take in and use heavy metals such as copper, iron,
magnesium, zinc and chromium (Awasthi et al., 2015; Kang et al., 2015;
Silva et al., 2009). These properties make it a suitable organism for
bioremediation, and it has been effectively utilised to remove

environmental contaminants such as xenobiotics.

P. aeruginosa can also be employed in the production of desirable
molecules. These include polyhydroxyalkanoates (PHAs), used in
biodegradable plastics and in the pharmaceutical industry for drug delivery
(Fernandez et al., 2005; Singh & Mallick, 2009). Another class of products
are the biosurfactant molecules, rhamnolipids, useful as a more
environmentally friendly alternative to other synthetic biosurfactants and
detergents (Maier & Soberon-Chavez, 2000; Nitschke & Costa, 2007;
Soberdén-Chavez et al., 2005). P. aeruginosa also produces useful enzymes
when grown in the presence of certain nutrients. It can therefore be used
in fermenters to generate lipases and proteases (Mahanta et al., 2008;
Sharon et al., 1998).

The principle behaviour which makes P. aeruginosa a nuisance and even a
hazard in industry is its ability to form biofilms. This will be discussed in
greater detail in section 1.4, but essentially means that the bacterium
forms thick, sticky masses which are difficult to eliminate and rapidly
spread (Meliani & Bensoltane, 2015). This results in contamination in the
food industry, the water supply (Geldreich et al., 1972; Moritz et al., 2010;
Raposo et al., 2017) and in home appliances such as dishwashers and
washing machines (Brands & Bockmtuhl, 2015; Raghupathi et al., 2018;
Sanchez-Carrillo et al., 2009)
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1.1.3.2 P. aeruginosa as a pathogen

P. aeruginosa is recognised as an important human pathogen. Its high
prevalence in natural and industrial environments means that the average
person will frequently encounter multiple strains in their life-time.
However, P. aeruginosa normally only becomes a problem for people with
impaired immune defences. It can take advantage of a breach in the body’s
natural barriers, or overcome a suppressed or abnormally functioning

immune response (Goldberg, 2010).

P. aeruginosa has been isolated from a number of different body sites
(Berghmans et al., 2003; Monso et al., 1995; Nicotra et al., 1995; Oliver
et al., 2000; Papi et al., 2006; Smith et al., 1996). One group of high risk
patients are those who are intubated with a respiratory ventilation device.
Ventilator associated pneumonia (VAP) is a serious condition, which affects
the critically ill. Unfortunately, there is a high incidence of antibiotic
resistance/tolerance which is mainly attributed to biofilm growth (Ramirez-
Estrada et al., 2016). This begins with the lumen of the tracheal tube in
the upper respiratory tract and progresses down into the lower airways,
instigating acute leucocytosis and fever (Fricks-Lima et al., 2011). Less
aggressive than VAP, but still a significant health concern, are catheter-
associated urinary tract infections (CAUTI). These also show a high degree
of biofilm mediated antibiotic tolerance (Ramirez-Estrada et al., 2016).
Like VAP, biofilm centred infections begin in the catheter lumen and can
migrate into the bladder and eventually via the ureter to colonise and
damage the kidneys (Cortese et al., 2018).

To underline the frequency of CAUTI, up to 25% of hospitalised patients
rely on catheters during their stay and residents of nursing homes may
need this intervention for months (Warren, 2001; Warren et al., 1989). Of
these, an estimated annual mortality of 7, 500 is associated with infection
of the urinary tract (Stamm, 1991). After E. coli and Enterococci, P.
aeruginosa is the most common bacterium associated with CAUTI (Kunin,
1994). As yet, P. aeruginosa CAUTI biofilms are dealt with by removing the
infected catheter and replacing it with a new one. This is however limited

in success, as infection of the new catheter can quickly occur (Costerton et
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al., 1995; Stewart & Costerton, 2001). Alternative strategies are thus

needed to treat CAUTI biofilms more effectively.

P. aeruginosa can also cause soft tissue infections. Two examples of this
are burn wound infections and diabetic wounds infections involving
ulcerated lower limb lesions. Burn wound infections tend to be more
aggressive, with P. aeruginosa inducing upregulation of acute phase
virulence factors (Turner et al., 2014). In chronic wounds, P. aeruginosa
biofilms have been isolated in combination with other opportunistic
pathogens. Interestingly, P. aeruginosa has been isolated, deeper within
the lungs than its co-infecting neighbours, suggesting that it is better able
to cope with a lack of oxygen than other opportunists such as S. aureus
(Kirketerp-Mgller et al., 2011).

P. aeruginosa constitutes a problem for cystic fibrosis (CF) patients. Risk
of infection increases with age and the majority of patients are colonised
by the time they reach their 18 years of age ("Cystic Fibrosis Patient
Registry ", 2015; Filkins & O'Toole, 2015). Once infected, aggressive
antibiotic therapy is commenced in order to eliminate the invading strain
from the patient’s respiratory tract. This is effective up to a point, but
inevitably there comes a day when the bacterium is not cleared using this
strategy and antibiotics play more of a role suppressing numbers than
removing the infection entirely. P. aeruginosa is far from the only CF
respiratory pathogen, but it tends to dominate the microbiota in late stage
CF lung disease (Acosta et al., 2018; O'Toole, 2018), representing a source
of evidence linking it to disease progression. P. aeruginosa is hugely
successful at adapting to the CF lung environment, typically forming
heavily mucoid biofilms containing alginate, resistant to neutrophil attack
and antimicrobial penetration. It migrates deep within the viscous mucus
layer covering the airway epithelia, an environment which becomes

increasingly hypoxic (Worlitzsch et al., 2002).

The wide variety of infection sites colonised by P. aeruginosa demonstrates
its flexibility both metabolically and in the coordination of a tailored
virulence strategy. The quorum sensing, a global regulatory system
involved in this adaptability will be discussed in detail in section 1.2.
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1.1.4 Virulence

P. aeruginosa produces a multitude of virulence factors including
pyocyanin, rhamnolipids, elastase, pyoverdine and pyochelin (Lau et al.,
2004; Pearson et al., 1997; Zulianello et al., 2006), toxins like exoenzyme
S, phospholipase C, exotoxin A that are all regulated by quorum sensing
(Khalifa et al., 2011). Table 1.1 summarises the common virulence factors
produced by P. aeruginosa and identifies regulation by the QS system
where applicable. The wide variety of infection sites colonised by P.
aeruginosa demonstrates its flexibility both metabolically and in the
coordination of a tailored virulence strategy. The regulation of the
sessile/biofilm phenotype and the alternative virulent/motile behaviour is
controlled by a complex series of interconnected processes
(Balasubramanian et al., 2012; Moradali et al., 2017) summarised in

Figure 1.1.
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Table 1.1 Virulence factors produced by P. aeruginosa

Virulence Factor

Description

Reference

Exoproteases

Elastase

Exoenzymes

Exotoxin A

Phospholipase C

Lipopolysaccharide
(LPS)

Pyocyanin

Pyochelin

Pyoverdin

Rhamnolipids

Flagella

Type IV pili

Type III Secretion
System

Cyanide

Including alkaline  protease,
protease IV and small protease.
Disruptive effect on several
components of the immune
system

Attacks cellular tight junctions

Includes elastase A (LasA) and
elastase B (LasB)

Includes exoenzyme S, U and Y
Cytotoxic

Disrupts protein synthesis and
induces apoptosis

Phosphate scavenging
Hydrolysis of phosphatidylcholine

Resistance to phagocytosis

Cellular toxin
Role in redox balancing
Siderophore, iron chelation

Ion chelator for iron and assorted
other (mainly divalent)
biologically relevant ions

Surfactant involved in surface
motility  (swarming), biofilm
development and immune
defence modulation

Motility (swarming and
swimming)

Biofilm formation and dispersal
Twitching motility

Role in biofilm structure

Toxin transport

Effector proteins production and
release

Toxin

(Suter, 1994)

(Marquart et al.,
2005)

(Engel et al., 1998)
(Wretlind &

Pavlovskis, 1983)

(Iglewski et al., 1978;
Sato et al., 2003)

(Michalska & Waolf,
2015)
(Meyers et al., 1992)

(Darveau & Hancock,
1983; Rocchetta et
al., 1999)

(Dietrich et al., 2008;
Lau et al., 2004)

(Lamont et al., 2009)
(Lamont et al., 2009)

(Itoh et al., 1971;
Pearson et al., 1997)

(Feldman et al.,
1998; O'Toole &
Kolter, 1998a)

(Costerton et al.,
1999)

(Hauser, 2009)
(Williams et al.,

2006)
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1.2 QUORUM SENSING IN BACTERIA

Quorum Sensing (QS) is a bacterial cell-to-cell communication system that
coordinates gene expression as a function of cell population density. QS
cells produce and secrete particular signal molecules (QSSMs) also herein
referred as autoinducers (Als). Once a threshold concentration of Al has
been detected, bacteria synchronize the expression of specific QS

dependent genes in order to benefit the whole population.

At low cell densities (LCDs) the Als do not reach the necessary threshold
concentration, and thus the cells express genes for individual behaviours.
In contrast, high cell densities (HCDs) result in high AI concentrations
which accumulate in the environment and lead to expression of those
genes required for cooperative behaviours. A wide number of physiological
processes are under QS control including virulence factor and antibiotic
production,  bioluminescence, sporulation, motility, conjugation,
competence, and biofilm development (Miller & Bassler, 2001; Williams et
al., 2007). Careful coordination of these processes gives bacteria an
increased survival advantage and facilitates beneficial interactions in

natural habits.

Gram-negative and Gram-positive species employ different QS
communication circuits (Figure 1.2). Gram-positive strains usually produce
autoinducing peptides (AIPs) as signalling molecules whereas Gram-
negative bacteria typically use heterocyclic molecules such as acylated
homoserine lactones (AHLs) and 2-alkyl-4-quinolones (AQs) (Figure 1.3)
(Higgins et al., 2007; Ji et al., 1995; Wei et al., 2011; Williams & Camara,
2009).
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1.2.1 Quorum Sensing in Gram-positive bacteria

In HCD conditions, Gram-positive bacterial AIPs bind and activate two-
component signal transduction pathways (Havarstein et al., 1995). The
binding of an AIP induces the autophosphorylation of the membrane bound
sensor kinase that passes a phosphoryl group to a cytoplasmic response
regulator protein (Hoch et al., 1995; Inouye & Dutta, 2002; Simon et al.,
2007). The phosphorylated response regulator acts as a transcriptional
regulator and activates the expression of QS target genes, usually grouped
in an operon which includes the histidine kinase receptor, response
regulator, pro-AIP peptide and transporter (Novick & Geisinger, 2008).
These last two elements are characteristic of Gram-positive QS systems:
AIPs are secreted and synthesized from precursor peptides (pro-AIP) by
membrane transporters in S. aureus (Havarstein et al., 1995; Magnuson
et al., 1994; Mayville et al., 1999; Otto, 2004). The phosphorylation of the
receptor triggers the transcription of the QS target genes, which results in
a positive self-induction cycle that leads bacteria to collectively switch from

a LCD to a HCD expression program.

1.2.1.1 AIP signalling in Staphylococcus aureus

The agr QS circuit in Staphylococcus aureus is the paradigmatic example
of a Gram-positive QS system (Figure 1.4). Firstly, the pre-AIP encoded
by the agrD gene and the AgrB transporter generate the peptide
thiolactone by truncation and cyclization to form the mature AIP that will
be secreted extracellularly (Ji et al., 1995; Saenz et al., 2000; Thoendel &
Horswill, 2009, 2010). In HCD conditions the AIP is detected by AgrC
located at the membrane, stimulating autophosphorylation of the
cytoplasm domain and transferring a phosphate group to the response
regulator AgrA. The phosphorylated AgrA activates the espression of the
agrBDCA operon called RNAII (Lina et al., 1998; Novick et al., 1995), and
the P3 promoter of hld, related to the d-hemolysin and RNAIII (Janzon &
Arvidson, 1990; Novick et al., 1993). This regulatory RNA is an important
element for S. aureus pathogenicity since it activates the production of a-
toxin and represses the expression of rot, leading to more virulence factor

production, and down-regulation of surface proteins such as the
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fibronectin-binding proteins FnbA and FnbB and immunoglobulin-binding
protein A (Dunman et al., 2001; Geisinger et al., 2009; Morfeldt et al.,
1995; Said-Salim et al., 2003).

Therefore, activation of the agr system promotes virulence while
discouraging the expression of colonization factors (Boles & Horswill, 2008;
Vuong et al., 2000). This regulatory cascade inhibits biofilm formation in
the HCD state, while in the LCD state biofilm development is promoted.
Consequently, in LCD conditions, S. aureus has time to establish a biofilm
community, while in HCD it can secrete virulence factors and allow their
diffusion in the host by inactivating surface colonization factor proteins
(Yarwood et al., 2004).
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Figure 1.4 A canonical Gram-positive two-component-type QS system. From
Rutherford and Bassler (2012).

One unique feature of the S. aureus agr quorum sensing system is the
strain-to-strain hypervariability in agrD, agrB and agrC genes. This
phenomenon implies that the different AIPs can only activate QS by binding
with their cognate AgrC sensor kinase (Dufour et al., 2002). If a receptor
detects a non-cognate AIP, the interaction may result in QS inhibition
(Jarraud et al., 2011). This feature allows S. aureus to establish a “priority
order” during infection: the first invading strain can activate its own QS
cascade while “competitors” are inhibited. S. aureus can also be
categorized in 4 specific groups (I-IV) based on the variability of AIP
structure (Figure 1.4)(Ji et al., 1997; MDowell et al., 2001).
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1.2.1.2 The extracellular processing of AIPs in B. cereus

In other Gram-positive bacteria, the processing of pro-peptides is mediated
by extracellular proteases rather than membrane proteins such as AgrB
from S. aureus. Pro-AlPs are secreted and imported back in the cytosol as
mature AIPs to bind to transcription factors. In Bacillus cereus (Figure 1.5),
for instance, a secretory system is able to export the precursor peptide
PapR, which is processed into the mature signal heptapeptide by the
extracellular protease NprB (Pomerantsev et al., 2009). The AIP is taken
up into the bacterium via the Opp permease (Gominet et al., 2001), it will
modify the conformation of the DNA-binding protein PIcR, enabling the
transcription of p/lcR and papR genes and the divergent gene nprB
(Declerck et al., 2007; Okstad et al., 1999). In addition to creating a
feedback circuit for QS gene expression, the PIcCR-AIP complex activates
and regulates a plethora of extracellular proteins such as phospholipases,
proteases, enterotoxins and haemolysins (Agaisse et al., 1999; Gohar et
al., 2008; Lereclus et al., 1996). Finally, the specificity of PapR and AIP
binding sites allows the classification of B. cereus in four groups (Slamti &
Lereclus, 2005) and the low-compatibility of ligands suggests the presence

of an inter-species competition mechanism, as in S. aureus.
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Figure 1.5 B. cereus QS circuit. From Rutherford and Bassler (2012).
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1.2.2 Quorum Sensing in Gram-negative

bacteria

1.2.2.1 LuxIR-like QS systems: from V. fischeri to P.
aeruginosa
This basic regulatory circuit is the most studied QS system since the finding
that the bioluminescence of the marine symbiotic species Vibrio fischeri is
directly linked to bacterial population density within the light organ of the
squid Euprymna solopes (Kempner & Hanson, 1968). The emission of light
in response to population density is dependent on the autoinducer N-acyl
homoserine lactone concentration, and hence QS (Ruby, 1996). The
synthesis of AHLs is determined by LuxI which catalyses acylation and
lactonization between the precursor S-adenosylmethionine (SAM) and an
acyl carrier protein (ACP). The related /uxI gene is part of the luxICDABE
operon and its transcription is mediated by the cytosolic transcriptional
regulator LuxR (Engebrecht et al., 1983; Engebrecht & Silverman, 1984).
When AHLs achieve a critical threshold concentration, they bind to LuxR
and its activation forms an autoinduction positive feedback loop
culminating in an amplification of signal molecule production and
luminescence. AHL molecules, unlike Gram-positive AIPs, are able to

passively cross the membrane of bacteria.

A large number of Gram-negative bacterial species possess LuxI/LuxR
homologs (Case et al., 2008) and each strain produces different kinds of
AHLs, which have different side chain lengths and substituents (Fuqua et
al., 2001). Moreover, the LuxR proteins have different binding pockets to
accommodate a specific AHL, resulting in a highly specific intraspecies cell-

cell communication system (Vannini et al., 2002; Watson et al., 2002).

1.2.3 P. aeruginosa and QS

QS exerts a crucial role in the lifestyle of P. aeruginosa due to its control
over a wide number of genes. This pathogen uses three main QS systems,
which are mutually and hierarchically connected. Two of these employ
acylated homoserine lactones (AHLs) as QSSMs, while a third, the PQS
system, employs 2-alkyl-4-quinolones (AQs).
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1.2.3.1 The AHL-signalling systems

Both LasIl and RhII are autoinducer synthases and Lasl produces N-(3-
oxododecanoyl)-L-homoserine lactone (30C12HSL) while RhII produces N-
(butanoyl)-L-homoserine lactone(C4HSL) (Latifi et al., 1996). The LasR
protein (LuxR homologue) binds to 30C12HSL when the molecule reaches
a critical threshold level, depending on the relative rates of production and
turnover of the AHL, as well as RhIR and C4HSL. The LasR/30C12HSL
complex activates the transcription of several secreted virulence factors
including elastase LasB, protease LasA, exotoxin A and an alkaline protease
AprA (Laarman et al., 2012; Park et al., 2000; Pearson et al., 2000; Wolz
et al., 1994). LasR activates the /asI gene generating a feed-forward loop
in which the level of 30C12HSL is constantly maintained by the
transcriptional repressor Rsal. This counteracts the loss of AHLs by

diffusion or by pH-dependent lactonolysis (Yates et al. 2002).

Further targets of the LasR/30C12HSL complex are rhl/I and rhiIR, the
second /uxI/luxR homologues in P. aeruginosa (Latifi et al., 1996). RhIR
binds the second AI, C4HSL, produced by RhII. This is activated via the
RhIR-C4HSL complex itself, which leads to the autoinduction. The RhIR-
C4HSL complex also promotes the expression of aprA and lasB, already
controlled by LasR-30C12HSL, and new target genes encoding for other
pathogenicity determinants. These include rhamnolipids, cyototoxic lectins
LecA and LecB, exoproteases, elastases, siderophores, cyanide and
pyocyanin (Gallagher et al., 2002; Khalifa et al., 2011; Lau et al., 2004;
Pearson et al., 1997; Winzer et al., 2000; Zulianello et al., 2006).

Therefore the Lasl/LasR circuit activates rh/I/rhIR expression, triggering
the second circuit. However, as previously mentioned, the large number of

regulatory genes involved in QS adds further levels of control.

1.2.3.2 The AQ-signalling system

Apart from the LuxI/LuxR systems, P. aeruginosa also uses an
autoinducing system dependent on 2-alkyl-4-quinolones (AQs). The
Pseudomonas Quinolone Signal (PQS) (2-heptyl-3-hydroxy-4(1H)-
quinolone) and its precursor HHQ (2-heptyl-4(1H)-hydroxyquinoline) are
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the major AQs responsible for activating this specific QS pathway and are
characterized by a C7 alkyl chain (Figure 1.14). Albeit different C9- chained
AQs like NHQ (2-nonyl-3-hydroxy-4H-quinolone) and C9-PQS (2-nonyl-3-
hydroxy-4H-quinolone) are as active as the C7 congeners (Diggle et al.,
2007; McGrath et al., 2004; Wade et al., 2005; Xiao et al., 2006b). The
biosynthesis of AQs depends on the pgsABCDE operon, regulated by the
LysR-type transcriptional regulator PgsR (MvfR) (Figure 1.6) (Gallagher et
al., 2002; Xiao et al., 2006b). PgsA encodes for an anthranilate coenzyme
A ligase that activates anthranilate (Coleman et al., 2008), while PgsB and
PgsC are acyl carrier proteins that elongate the acyl side chain of AQ
precursors (Dulcey et al., 2013). PgsE, a putative metallo-B-lactamase (Yu
et al., 2009) acts as a thioesterase hydrolyzing 2-aminobenzoyl-
acetylcoenzyme A to form 2-aminobenzoylacetate, the HHQ precursor,
however the thioesterase TesB may act as a substitute when PqgsE is
inactived; its deletion reduces production of virulence factors such as
pyocyanin and rhamnolipids (Deziel et al., 2005; Diggle et al., 2003;
Farrow et al., 2008; Rampioni et al., 2010). Recent transcriptome studies
revealed its PQS-independent control over expression of pyocyanin and the
MexGHI-OpmD efflux pump, however the way by which PgsE controls
virulence factor expression in an AQ independent manner has yet to be
elucidated (Diggle et al., 2003; Rampioni et al., 2016).
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Figure 1.6 Alkylquinolones biosynthesis AA, anthranilic acid; CoASH, Coenzyme A;
MCoA, malonyl-CoA; 2-ABA-CoA, 2-aminobenzoylacetyl-CoA; 2-ABA, 2-
aminobenzoylacetate; DHQ, dihydroxyquinoline; 2-AA, 2-aminoacetophenone; 2-HABA,
2-hydroxylaminobenzoylacetate; HHQ, 4-hydroxy-2-heptylquinoline; HQNO, 4-hydroxy-2-
heptylquinoline-N-oxide; PQS, Pseudomonas Quinolone Signal, 2-heptyl-3,4-
dihydroxyquinoline. From Allegretta et al. (2017).

PgsR also activates transcription of anthranilate synthase genes phnAB
placed adjacent to the pgsABCDE operon and before pgsR. The pgsH and
pgsL genes are also involved in AQ biosynthesis, but their location is far
from the other AQ system genes. The monoxygenase PqsH introduces a
hydroxyl group at position 3 of HHQ quinolone ring, converting it to PQS
which has additional functionalities compared with HHQ. For example, PQS
is responsible for microvesicle formation, interacting with the Lipid A side
of LPS (Mashburn-Warren et al., 2008) and iron chelation, inducing
expression of the pyoverdine and pyochelin (Diggle et al., 2007). PgsR
possesses a ligand-binding domain, described in Ilangovan et al. (2013).
This study described the crystal structure of the PgsR co-inducer/ligand
binding domain (PqsR®®P) and a complex of PgsR with its agonist NHQ
(Figure 1.7). NHQ and the other AQs localize within the co-ligand binding
domain assuming the same pose: the bicyclic ring is buried within a region
called pocket B whilst the alkyl chain extends into the A pocket, the
extension of which may determines activity. Also, structure-activity

relationship studies led to the generation of new AQ analogues such as 7Cl-
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PQS, which is the most potent PgsR agonist so far described (ECs50,=0.01
HMM).

POCKET A
POCKET B

Figure 1.7 Charge surface representation of the PqsR¢EP pockets A and B with
NHQ. The colours discriminate residues by pH, acidic (red) and basic (blue). Modified from
Ilangovan et al. (2013).

The AQ dependent system is regulated by Las and Rhl circuits, thus it is an
additional link in these two P. aeruginosa QS systems. For instance,
RhIR/C4HSL negatively regulates pgsR and pgsA, whereas the transcription
of pgsR is positively regulated by LasR/30C12HSL (Diggle et al., 2007;
Xiao et al., 2006a). In addition, the PqsR/AQ complex triggers the Rhl
circuit by enabling the synthesis of C4-HSL, only after activation of the Las
cascade (Figure 1.8). This particular feed-forward loop between the circuits
produces accelerated pulse-like responses (Alon, 2007).
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Figure 1.8 Representation of the AHL-dependent and AQ-dependent QS network
in P. aeruginosa. From Williams and Camara (2009).
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1.3 INHIBITING QUORUM SENSING: STRATEGIES AND
TARGETS

Interception of QS cell-cell communication systems is a promising strategy
for preventing biofilm development and bacterial virulence. Common
antibiotics exert their action on vital biochemical pathways which lead to
the insurgence of antimicrobial resistance by selective pressure (Davies &
Davies, 2010). For this reason, QS is considered a promising target for the
attenuation of bacterial activity with a limited risk of resistance outbreak
(Williams, 2017).

QS inhibition can be achieved by blocking cell-cell communication, a
phenomenon known as “quorum quenching” (QQ). There have been a
variety of approaches to QQ, which can be broadly divided into the
following categories: inactivation of AIs by sequestration or direct
degradation, disruption of signal molecule biosynthesis, and inhibition of
Al-receptor binding (Figure 1.9) (Rampioni et al., 2014).

Qsl

Sender CB\II/ J- Vcelver cell
- O >

Signal molecule Signal molecule
biosynthesis reception/decoding

Signal molecule
sequestration

Figure 1.9: Potential targets within a generalized QS system. From Rampioni et al.
(2014)

1.3.1 Inactivation of AI signals

Als can be disrupted before reaching the threshold required for QS
activation. The main strategy is to degrade the AHLs by enzymatic
hydrolysis. Lactonases hydrolyze the HSL ring of AHLs, while acylases are
able to break the amide bond of AHLs in an acyl chain length-Dependent
Manner (Yates et al., 2002). Therefore the action of acylases is more
specific than lactonases which can disrupt a wider range of AHLs (Hong et
al., 2012). Enzymatic or alkaline lactonolysis are identical and both can be
reversed by acidification (Yates et al., 2002).
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Figure 1.10 Examples of mechanisms of AHL-degrading enzymes. A. AHL lactonase
and acylase reactions. B. AHL oxido-reductase reaction. From Fetzner (2015).

Another strategy consists of modifying or changing the activity rather than
hydrolyzing the AHL by the use of oxidases and reductases (Chan et al.,
2011). Lastly, antibodies (Kaufmann et al., 2006) and molecularly-
imprinted polymers (Piletska et al., 2011) have been developed to
specifically sequester AHLs. In S. aureus, signal sequestration has revealed
itself to be an efficient strategy since AIPs proved to be unexpectedly
resistant to proteases. Indeed, monoclonal antibodies for AIP-IV for S.
aureus reduced virulence in a mouse skin infection model (Park et al.,
2007).

1.3.2 Inhibition of AI biosynthesis

Compared to the other strategies, relatively few biosynthesis inhibitors
have been developed. However, this is thought to be a promising approach
as several studies present evidence that the deletion of genes involved in
Al synthesis negatively affects biofilm formation. In P. aeruginosa for
example, mutation of /asI abolishes synthesis of 30C12HSL and results in
the formation of thinner biofilms where cells are more closely packed
compared to the wild type (Shih & Huang, 2002). One method used to
disrupt AHL biosynthesis is through inhibition of S-adenosyl-methionine
(SAM) and/or fatty acid biosynthesis. To produce AHLs, LuxI type proteins
transfer an acyl group from an acylated acyl carrier protein to the
methionyl amino group of S-adenosyl-methionine (SAM). S-adenyl-
homocysteine (SAH), sinefungin, 5-methylthioadesine (MTA), SAM
analogues and cycloleucine (a SAM biosynthesis inhibitor) have been used

to inhibit AHL production in this manner (Hanzelka & Greenberg, 1996).
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In P. aeruginosa, the antibiotic azithromycin reduces bacterial adhesion
and interferes with AHL production (Favre-Bonte et al., 2003; Tateda et
al., 2001). Furthermore, PgsA, the first enzyme in the PQS biosynthetic
pathway (Amara et al., 2009), is a promising target for virulence
attenuation. It is required for AQ production and its deletion negatively
impacts biofilm formation (Allesen-Holm et al., 2006; Kim et al., 2015;
Rampioni et al., 2010). PgsA is a CoA-ligase which converts anthranilic acid
into anthraniloyl-CoA (Figure 1.6) (Amara et al., 2016; Amara et al.,
2009). The first approach at inhibiting this enzyme was to expose it to
substrate analogues, for example halogenated anthranilate derivatives. For
an effect to be detected, a high concentration (millimolar) of the inhibitor
was required and thus these anthranilate analogues are not sufficiently
active to be therapeutically useful (Coleman et al., 2008; Lesic et al.,
2007).

Another approach executed by Ji et al. (2016) designed and created
anthraniloyl-AMP analogs by replacing the phosphate bridge present in the
native molecule with a sulphonamide based linker. When presented to P.
aeruginosa in an in vitro enzymatic assay, the inhibitors only reduced AQ
biosynthesis and associated pyocyanin production to a small extent,
suggesting that PgsA was only being weakly inhibited, that there was a
compensating mechanism, or (most likely) the molecules were unable to
permeate the cell envelope efficiently (Chang et al., 2014; Ganin et al.,
2013; Ji et al., 2016).

The future looks more promising for the design of more powerful PgsA
inhibitors which are able to penetrate the cell envelope. Witzgall et al.
(2017), has now resolved the crystal structure of the PgsA ligand binding
domain. This will facilitate greater opportunities for in silico-based design

and development of inhibitors.
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1.3.3 Targeting the QSSM receptors: deception

of the signal transduction cascade

Several inhibitors have been generated by modifying the structure of
native QS agonists in order to obtain an antagonist that binds to but does
not activate the QSSM receptor. Focusing on P. aeruginosa, many AHL
analogues have been discovered that are able to competitively inhibit LuxR
proteins (Figure 1.11). The compounds S7 and mBTL are excellent
antagonists of AHLs. The first is solely able to antagonize LasR, while mBTL

is effective against both LasR and RhIR.

An alternative approach is to recognize accessible sites in the binding
pocket that could be susceptible to covalent modification. For example,
compound 1 has been developed by following this concept and it is able to
modify an accessible cysteine residue in the LasR binding site (Figure 1.11)
(Amara et al., 2009).

Many natural products that quench QS have been described. Some
organisms have developed molecular deception methods in response of the
widespread use of QSSMs by bacteria. Many of these compounds have
shown to have inhibitory effects on AHL-dependent QS. For example allicin
and ajoene were extracted from garlic and some Penicillum species were
identified to negatively affect QS (Rasmussen et al., 2005). Similarly,
bergamottin and dihydroxybergamottin isolated from grapefruit and
pomelos have exhibited inhibitory effects on the AHL-dependent system,
reducing biofilm formation in P. aeruginosa (Adonizio et al., 2008;
Girennavar et al., 2008).
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Figure 1.11 Structures of AHL (1) and AHL-dependent QS system inhibitors (2-10)

1.3.3.1 The furanone molecules as inhibitors of QS in P.
aeruginosa
Moreover, some of the earliest natural molecules discovered to inhibit AHL
QS are the furanones from the marine macroalga Delisea pulchra (Hentzer
et al., 2002). The particular biological properties of this alga were reported
by Pettus Jr et al. (1977) which described this organism as “remarkably
free of normal fouling organisms (micro and macro) which colonize other
algae in the immediate area”. A number of halogenated furanones of the
compounds produced by Delisea pulchra have been termed fimbrolides
(Kbnig et al., 1995). A specific class of fimbrolides (Figure 1.12-1), the
brominated furanones, have been described to inhibit the AHL-mediated
QS (Givskov et al., 1996). In particular, they were shown to act as
antagonists of the Vibrio fischerii LuxR receptor (Manefield et al., 1999).
These compounds also inhibited QS-dependent phenotypes in other
species like V. harveyi, Erwinia carotovora, Serratia liquefaciens and
Chromobacterium violaceum (Givskov et al., 1996; Manefield et al., 2000;
Manefield et al., 2001; Martinelli et al., 2004). Nevertheless, the natural
brominated furanones exhibited a weak inhibition in LasR-dependent AHL
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biosensor tests (Hentzer et al., 2002). C30, a synthetic analogue of these
halogenated furanones shown to be a QS antagonist using the same
biosensor and to significantly inhibit P. aeruginosa QS in a murine lung

infection model (Hentzer et al., 2003).
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Figure 1.12 Natural fimbrolides from Delisea pulchra (1), their synthetic
analogues, the dihydropyrrol-2-ones (2) and C-30 furanone (3). Modified From Goh
et al. (2007)

This has encouraged the synthesis of new compounds for this purpose,
such as the 1,5-dihydropyrrol-2-ones (lactams), derived from the
modification of the furanone ring of the fimbrolides (Figure 1.12). This
modification improves its stability in physiological conditions by reducing
the susceptibility of the lactone to ring-opening reactions. Numerous
methods for the production of pyrrol-2-ones have been discussed in the
literature, (Egorova et al., 2001; Ghelfi et al., 2003; Mase et al., 1999) but
many lack the preservation of the halogenated substitutions on the ring
that are important for biological activity (Rittschof, 2001). However, an
efficient lactone-lactam conversion reaction was developed by Goh et al.
(2007) that overcomes such limitations. Although some compounds
generated with this technique target AHL-mediated QS system, through an
in silico antagonistic binding with LasR (Goh et al., 2015), other lactams
negatively interact with mannitol dehydrogenase (MDH) and extracellular
DNA, as described by in silico and activity studies in Ye et al. (2015).

1.3.3.2 Inhibition of the P. aeruginosa PQS System

The LysR-type transcriptional regulator PgsR has been considered as a
target for QS inhibition in P. aeruginosa. Lu et al. (2012) modified the
molecule HHQ by modifying the aliphatic chain and the benzene moiety of
the quinolone ring thereby identifying a PqsR antagonist (1a and 1b in
Figure 1.13). Using an E.coli reporter system, a promising inhibitory

activity was observed. However, when the inhibitors were tested for their
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effect on pyocyanin production by P. aeruginosa a disappointingly small
effect was seen and accordingly little change to elastase, rhamnolipid and
AQ generation occurred (Lu et al., 2012) (Lu et al., 2017). The discrepancy
between the two findings was explained by a PqsH mediated oxidation of
the quinolone ring, which converted them into potent agonists. At the light

of this, a new more potent compound was designed (1c in Figure 1.13)

Another group of PgsR inhibitors has been described by Klein et al. (2012).
These were modified from N-hydroxybenzamides, with changes to the
para-position and triazole scaffold. These also were only weakly inhibitory
with one compound (2 in Figure 1.13) showing an ICso of 26 pM (Boles et
al., 2005) and another compound (3 in Figure 1.13). showing an ICso of
23.6 uM (Welsh et al., 2015) in P. aeruginosa. The production of pyocyanin
was slightly affected at these concentrations of inhibitor.

Through a structure-activity design, Ilangovan et al. (2013) synthesized a
set of natural ligand-derivatives and novel quinazolinone analogues,
subsequently analysing their effect on biofilm development and virulence
factor production. One of the competitive antagonists developed, 3-NH2-
7-CI-C9-QZN (QZN) (Figure 1.14a), was shown to strongly inhibit PgsR
activity, being the first to possess an ICso in low micromolar range. Crystal
soaking experiments demonstrated that this compound binds within the
PqsR®BP ligand binding pocket similar to the natural agonists, but forms
more H-bonds to the side chain of Thr265 and the main chain of Leu207,
on its carbonyl group. This tighter binding prevents PgsR from assuming
the active conformation for transcriptional regulation (Figure 1.14-B).
Indeed, QZN addition reduced the production of pyocyanin, AQs and biofilm
in P. aeruginosa (Ilangovan et al., 2013). In addition, Starkey et al. (2014)
and Spero Therapeutics developed a PqgsR antagonist which showed
efficacy at submicromolar concentrations, additionally having a remarkable
impact on virulence determinants although only at concentrations higher
than 1 pM (4 in Figure 1.13) (Maura & Rahme, 2017; Zahler, 2016).
Further development of these inhibitors has not yet been disclosed. Finally,
Soukarieh et al. (2018) developed several PgsR inhibitors (5 in Figure 1.13)

working in the low micromolar range which were able to inhibit AQs
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synthesis, pyocyanin, and inhibit biofilm development in synergy with

tobramycin.
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Figure 1.13 Structures of PqsR inhibitors.
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Figure 1.14 A) Structures of the PqsR agonists PQS, 7CI-PQS, HHQ, NHQ and the
PqsR antagonist 3-NH2-7CI-C9-QZN. B) Orientation of the bicyclic rings of 3-NH2-
7CI-C9-QZN (left) and HQN (right) within the pocket B of PqsR¢BP, The dotted line
represents the hydrogen bond between Thr265 and Cl which causes a small conformational
change. From Ilangovan et al. (2013).
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1.4 BIOFILM FORMATION

1.4.1 General

When microbes aggregate together to form a structured group of cells
which are embedded in a self-produced gel-like substance composed
principally of exopolysaccharides and DNA, the community as a whole is
termed a biofilm (Donlan & Costerton, 2002). Biofilms are ubiquitous in
nature and originate from a multitude of microbial organisms. They can be
single or multispecies, and are frequently found in natural environments
(Aruni et al., 2015; Tyson et al., 2004).

Bacterial cells in biofilms are more tolerant to host defences and standard
antimicrobial treatments, making biofilm development an effective
strategy for growth in hostile environments (Stewart & Costerton, 2001).
This community-based resistance is thought to have both a structural and
biological basis. Penetration of antibacterials is impeded due to their
interactions with the outer layers of the biofilm and extracellular polymeric
substances (EPS) layer. The cells in the biofilm also show an altered
metabolic rate, with cells deeper from the biofilm surface exhibiting
reduced metabolic activity (Fux et al., 2005; Stewart & Costerton, 2001).
This is illustrated in Figure 1.15 by Stewart and Costerton (2001).

Moreover cells can disengage from the biofilm surface and reverting to a
motile state. This allows dispersal into other environments to colonize new
surfaces and/or infect new sites (Lindsay & von Holy, 2006; O'Toole &
Kolter, 1998b). Thus, biofilms can act as a depot for the generation of
repeated colonisation, withstanding the environmental insults which

remove their planktonic counterparts (Rasamiravaka et al., 2015).
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Figure 1.15 How biofilms confer antibiotic resistance. From Stewart and Costerton
(2001).

1.4.2 P. aeruginosa biofilms

P. aeruginosa biofilms have been found in numerous settings including both
industrial and clinical environments (Costerton et al., 1987; Khoury et al.,
1992; Watters et al., 2013; Worlitzsch et al., 2002). Although varying
depending on the specific environment, they are typically composed of the
substances described below and follow the same cyclic growth pattern
(O'Toole et al., 2000; Rasamiravaka et al., 2015; Stoodley et al., 2002).

1.4.2.1 The EPS matrix

EPS represents an average of 85% of the total biofilm mass and forms a
biological scaffold to structure the encased cells (Rasamiravaka et al.,
2015). It is a highly hydrated mixture comprised of exopolysaccharides,
extracellular DNA (eDNA), polypeptides and assorted biomolecules such as
membrane vesicles (MV) (Flemming et al., 2007; Rasamiravaka et al.,
2015; Schooling & Beveridge, 2006). The particular make-up of a biofilm’s

EPS varies depending on the environment. A classic example of this is the
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overproduction of the polysaccharide alginate by mucoid P. aeruginosa
strains isolated from cystic fibrosis patients (Ciofu et al., 2008). The main

components are summarised below.

Three main polysaccharides have been identified in P. aeruginosa biofilms:
Pel, Psl and Alginate. The polymer Pel is composed of 1-4 linked
galactosamine and glucosamine which are partially acetylated. It is
positively charged and this probably facilitates interaction with the
negatively charged eDNA also present in the matrix. The charge depends
on the pH (7 and slightly lower) which represents that of typical
microcolony environment (Jennings et al., 2015; Wilton et al., 2016). Psl
is a polymer composed of L-rhamnose, D-mannose and D-glucose (Byrd et
al., 2009). Showing no charge (unlike Pel) at the aforementioned pH
values, crosslinking with eDNA does not occur and thus Psl supports the
biofilm in a different manner to that of the other exopolysaccharides (Byrd
et al., 2009). Overrepresentation of alginate in biofilm EPS is a feature
mainly associated with chronic cystic fibrosis lung infections and arises
through a mutation in the mucA gene. Alginate is made up of the
monomers D-mannuronic acid and L-gluluronic acid and plays a role in fluid

and nutrient retention (Ertesvag & Valla, 1998).

Whitchurch et al. (2002) demonstrated the importance of eDNA for the
structural integrity of P. aeruginosa biofilms by showing their vulnerability
to dispersal by detergents, following DNAse I treatment. eDNA facilitates
cellular interconnections and together with Type IV pili, helps to align cells
within the biofilm (Gloag et al., 2013). eDNA can also be used by the cells
as a nutrient, particularly when resources are scarce (Finkel & Kolter,
2001). There is evidence linking the release of eDNA with the PQS system
and thus the impaired biofilm production seen in P. aeruginosa pgs mutants
could be due to a reduced secretion of eDNA (Allesen-Holm et al., 2006;
D'Argenio et al., 2002; Thomann et al., 2016; Yang et al., 2007). The PQS
system is not the only player involved in eDNA release however and the
global regulatory mechanism remains to be discovered (Turnbull et al.,
2016). The distribution of eDNA throughout the biofilm is also a process
which has yet to be understood completely. Although its release has been

shown to be evenly divided throughout the matrix and its structural shape
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is dependent on the Psl network (Mann & Wozniak, 2012), other evidence
has shown the distribution of eDNA to be located in distinct areas of the
biofilm (Parsek & Tolker-Nielsen, 2008; Yang et al., 2007).

Aside from the polysaccharide and eDNA components of a biofilm, this
closely associated group of cells is also rich with secreted proteins,
membrane vesicles and cyclic B glucans (Wei & Ma, 2013). These have
been reported to improve the structural integrity of the biofilm as well as
perform functions such as iron sequestration, metabolism under hypoxia,

and virulence (Toyofuku et al., 2012).

1.4.2.2 Cellular life

Analogous with multicellular organisms, cells within a biofilm differentiate
to perform separate functions which in combination make the biofilm very
resilient to external forces and hostile environments (Klausen et al., 2003).
Cells furthest from the microcolony surface have an altered, slower
metabolism, with a component of these differentiating into persister cells.
These deep-lying cells are highly resistant to antibiotics and allow the
biofilm to regenerate after such an attack (Ciofu et al., 2017; Wood et al.,
2013). Cells at the surface tend to be more metabolically active and show
greater motility. A subset of these surface-dwellers are dispersed for the
colonisation of new niches (Hall-Stoodley et al., 2004; Mann & Wozniak,
2012). The arrangement of the cells within the biofilm depends largely on
the environment; the carbon source, for example, influences whether a

mushroom or flat architecture is achieved.

1.4.2.3 Life cycle of the P. aeruginosa biofilm

Biofilm growth is a cyclical process requiring a high level of coordination.
This process includes reversible attachment, irreversible attachment,
structural maturation and dispersal (O'Toole et al., 2000; Stewart, 2003;
Stoodley et al., 2002).
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Figure 1.16 Life cycle of a P. aeruginosa biofilm. (1) Reversible attachment, (2)
irreversible attachment, (3) expansion of microcolonies, (4) maturation,
differentiation and dispersal. From Gilmore (2011), adapted from Harrison et al. (2005).

1.4.2.3.1 Reversible attachment

Planktonic bacteria encounter a surface or group of cells and form an
attachment to it. This process can be facilitated by eDNA, rhamnolipids,
flagella, Type I and Type IV pili, but the role these factors play can vary
upon the environment (Costerton et al., 1999; Mattick, 2002a; O'Toole et
al., 2000; Pamp & Tolker-Nielsen, 2007; Vallet et al., 2004). QS and lectins
help coordinate this process (De Kievit et al., 2001; Diggle et al., 2006b;
Tielker et al., 2005).

1.4.2.3.2 Irreversible attachment

The attached cells begin the transformation to a sessile, biofilm phenotype.
Signals are released and gene expression altered in response to these.
Microcolonies begin to form and secretion of the EPS is initiated. Type IV
pili and eDNA work in combination to align and combine cells (Allesen-Holm
etal., 2006; Gloag et al., 2013; Klausen et al., 2003; Stoodley et al., 2002;
Wei & Ma, 2013).

1.4.2.3.3 Maturation

A structured, differentiated community of cells with a developed EPS is
formed. The presence of water channels can also be observed at this stage,
which are thought to facilitate nutrient acquisition and waste removal
(Donlan & Costerton, 2002).

1.4.2.3.4 Dispersal
Some cells near the surface of the biofilm differentiate from a sessile to

planktonic state. These cells are then released to find new sites to attach
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to and to begin the formation of new biofilm (Chua et al., 2015). The exact
nature of this process is still under investigation and involves a combination

of molecular signalling and environmental stimuli (Kim & Lee, 2016).

1.4.2.3.5 Global coordination of biofilm development by c-di-GMP

The intracellular concentration of the global secondary signalling molecule
bis-(3’-5")-cyclic dimeric guanosine monophosphate (c-di-GMP) stimulates
either a planktonic or sessile growth strategy (Liberati et al., 2006). A high
concentration of c-di-GMP promotes a biofilm lifestyle through stimulation
of surface adhesion, cell aggregation and production of EPS (Hengge,
2009; Romling et al., 2005). The amount of c-di-GMP is the result of a
balancing reaction between diguanylate cyclase (DGC) and
phosphodiesterase (PDE)(Merritt et al., 2010) mediated enzyme activity.
DGCs catalyse the formation of c-di-GMP from 2 molecules of GTP; PDE'’s
then catalyse the conversion of c-di-GMP to 5’-phosphoguanylyl-(3’-5')-
guanosine (pGpG) and/or GMP(Figure 1.17).

Motility Sessility
Single cell dispersal Biofilm formation
Virulence Adhesion
2GTP c-di-GMP pGpG

Figure 1.17 Schematic of synthesis and hydrolysis of c-di-GMP

These enzymes respond to environmental and intracellular inputs including
oxygen, light, starvation and the presence of antibiotics (Jenal & Malone,
2006; Klebensberger et al., 2007; Ryan et al., 2006). Mutants of
oligoribonucleases involved in c-di-GMP catabolism system, such as Orn,
lead to high accumulation of c-di-GMP levels, with consequent improved
biofilm development (Cohen et al., 2015; Orr et al., 2015).

1.4.2.4 Motility and its role in biofilm growth

P. aeruginosa has two appendages which facilitate different types of
movement (Tremblay & Deziel, 2010; Yoon et al., 2011). The first is a
flagellum, which allows P. aeruginosa to swim towards (chemotaxis)

desired substances (chemo-attractants) through liquid media or away from
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toxic substances (chemo-repellents). It also facilitates coordinated
migration through semi-solid media, called swarming, when combined with
rhamnolipids, which fulfil the roles of biosurfactants that reduce surface
tension and are depend on the rhl and pgs systems for expression. Type
IV pili, the second motility appendage, may also be required for swarming
but this is still debated (Anyan et al., 2014; Overhage et al., 2005). Flagella
are composed of over 20 different proteins (Dasgupta et al., 2004) and are
encoded on 3 separate gene clusters in non-contiguous regions. The
regulators involved in managing flagella motion and target purpose (in
swimming or attachment for example), include RpoN, FliA, FliQ, FIiR, FIiN,
FIiSR and FleQ but are not limited to these factors (Dasgupta et al., 2004).
FleQ has generated particular interest because of its interaction with c-di-
GMP and indeed studies have demonstrated the importance of flagella for
biofilm formation. The appendage appears particularly important for the
initial attachment and dispersal stages in biofilm development and this
importance is dependent on the environmental conditions (Costerton et al.,
1999; Klausen et al., 2003; O'Toole et al., 2000).

Type IV pili facilitate a type of movement called twitching, which happens
along a surface. The fine protrusions extend and retract to pull the
bacterium along. Over 40 genes are involved in making and regulating
Type IV pili. These reside in the pil operon and are under the control of
various regulators including RpoN, Vfr, AlgR and PilSR (Beatson et al.,
2002; Mattick, 2002a). Type IV pili are also implicated in biofilm
development. Their role is principally thought to join the small clusters of
initially attached cells together because loss of function mutants typically
form large separated microcolonies which expand only through clonal
growth conditions (Costerton et al., 1999; Klausen et al., 2003; O'Toole et
al., 2000). Moreover, attachment of Type IV pili to a surface has been
shown to stimulate c-di-GMP and cAMP/Vfr activity and as such helps

promote biofilm growth when appropriate to the cell (Luo et al., 2015).

1.4.3 Mixed species biofilms

The previous sections describe the processes undergone by a single

species, P. aeruginosa, when forming biofilms. In nature, however, it is
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more common to find multispecies biofilms (Aruni et al., 2015; Tyson et
al., 2004). These frequently develop in clinical settings such as in the
urinary tracts of long-term catheterised patients (CAUTI). Such
polymicrobial infections can complicate treatment and reduce favourable
outcomes (Azevedo et al., 2017; Cole et al., 2014, Li et al., 2016).

Dual species biofilms are subject to cooperation and competition between
the species. Microbes can help each other metabolically; while there can
also be fierce competition for space and nutrients (Burmglle et al., 2006;
Cowan et al., 2000; Hibbing et al., 2010). The environment can exacerbate
competition, with infection sites quickly becoming depleted of essential
nutrients such as iron, carbon and nitrogen sources. Strategies to combat
nutrient limitation can involve antibiosis (normally antimicrobial attack
from one species to another) and scavenging, which by their nature are
usually antisocial (Arias et al., 2015; Hibbing et al., 2010; Tanabe et al.,
2012; West & Buckling, 2003). Interestingly, the type of relationship
existing between the cohabiting microbes is often reflected in its structure.
A cooperative relationship is indicated by a compartmentalised biofilm
where the different bacteria reside in different, metabolically diverse,
niches. Competitive style biofilms on the other hand, typically exhibit a
domination of the space by one of the species. The combination of more
than one species in a biofilm can influence the structure and even
susceptibility to antibiotics (Burmglle et al., 2006; Cowan et al., 2000;
Hibbing et al., 2010).

1.4.3.1 Coexistence of P. aeruginosa and P. mirabilis

An example of dual species biofilms are those produced by P. aeruginosa
and Proteus mirabilis (Li et al., 2016). P. mirabilis is connected with a
biomineralisation process which arises in urinary tract infections through
alkalinisation mediated via bacterial urease (Griffith et al., 1976). The
mineral crystals formed are made of struvite (magnesium ammonium
phosphate) or apatite (hydroxyl calcium phosphate)and can cause
encrustation and blockages of the catheter (Jacobsen & Shirtliff, 2011;
Stickler et al., 1993; Wilks et al., 2015) which leads to a multitude of
complications for the patient (Jones et al., 2007). A study by Li et al.

(2016) compared P. mirabilis-P. aeruginosa biofilms grown in conditions
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favouring biomineralisation with those that inhibited it. Under both
conditions, P. aeruginosa was initially more abundant, however after 18
hours there was a divergence in phenotypes. In biomineralisation
favourable conditions, mineral formation became more apparent and the
biomass of P. mirabilis increased. Furthermore, there was vertical
stratification of the two species, with P. mirabilis occupying the surface of
the biofilm with P. aeruginosa residing in the lower, deeper locations. The
co-location of the mineral deposits and P. mirabilis was positively
correlated. The non-mineralised biofilm showed an overall dominance of P.
aeruginosa with no stratification. Similarly, P. aeruginosa out-competed P.
mirabilis in planktonic conditions. This study illustrates the importance of
considering environmental factors when studying interspecies biofilms and

using model systems.

1.4.3.2 Coexistence of P. aeruginosa and S. aureus

P. aeruginosa and S. aureus can also form biofilms together and these can
be more resistant to immune and antimicrobial action than the biofilms
formed from the single species (Dalton et al., 2011; Folkesson et al., 2012;
Maliniak et al., 2016; Sibley et al., 2008). Why this is, is still being
investigated and as the study of multispecies biofilm studies is relatively
extensive, there remains much to be discovered (Baldan et al., 2014;
DelLeon et al., 2014a; Kumar & Ting, 2015b; Michelsen et al., 2014). P.
aeruginosa-S. aureus biofilms have been isolated from a number of
infection sites including: diabetic foot and leg ulcers, sinusitis, burn wounds
and cystic fibrosis (CF) respiratory tracts (Serra et al., 2015; Zhang et al.,
2015), indicating that this is not a phenomenon linked with a particular
infection type or host location. However, these infections have in common
a chronic nature and this likely to be the key to allowing coexistence of the
two pathogens. Illustrating this argument is the difference in behaviour
observed between laboratories, or early CF isolated P. aeruginosa strains,
and later stage CF isolated P. aeruginosa strains. The early isolated, more
acute strains are more aggressive towards S. aureus and outcompete it,
whereas the more chronic isolates are able to coexist with S. aureus
(Baldan et al., 2014).
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The CF respiratory tract is an excellent example of P. aeruginosa and S.
aureus coinfections. On the face of it, there is a negative correlation
between P. aeruginosa colonisation and the presence of S. aureus in the
lungs of CF patients, with P. aeruginosa ‘replacing’ S. aureus as the patient
ages ("Cystic Fibrosis Patient Registry ", 2015; Harrison, 2007; Hauser et
al., 2011; Sagel et al., 2009). However, this is now thought not to be the
whole story. S. aureus and P. aeruginosa together appear to induce greater
lung damage and confer enhanced antibiotic resistance than either species
alone (Hauser et al., 2011; Hubert et al., 2013; Sagel et al., 2009). This
effect of poorer disease prognosis is not limited to CF respiratory infections.
Coinfection of the two bacteria in wounds has been shown to delay wound
healing and stimulate an increased inflammatory response, as well as
increased tolerance to antibiotics (Dalton et al., 2011; Pastar et al., 2013;
Seth et al., 2012). The studies suggest that P. aeruginosa as the dominant
(most aggressive and present in the highest numbers) pathogen, is
responsible for ‘choosing’ whether to eliminate or coexist with S. aureus
and this is largely mediated via QS (Hotterbeekx et al., 2017).

Competitive and cooperative mechanisms of interaction between P.
aeruginosa and S. aureus have begun to be identified. A study by
(Lightbown & Jackson, 1954), showed that 2-heptyl-4-quinolone-N-oxide
(HQNO) production by P. aeruginosa, effectively inhibited cytochrome b
mediated electron transport in S. aureus, which promoted small colony
variant (SCV) formation (Hoffman et al., 2006; Lightbown & Jackson,
1954). Furthermore, Hoffman et al. (2006) found that P. aeruginosa
secreted LasA (elastase A, staphylolysin) which lysed S. aureus (Fugere et
al., 2014; Mashburn et al., 2005). Not to be forgotten is the cytotoxic,
redox active secondary metabolite pyocyanin, which appears to act
antagonistically on S. aureus and other gram-positives, giving P.
aeruginosa a competitive edge (Hotterbeekx et al., 2017).0n the
cooperative side, P. aeruginosa was shown protecting S. aureus from
phagocytic attack by the slime mould Dictyostelium discoideum, when the
species were co-cultured in a biofilm (Yang et al., 2011). Additionally,

interactions between CF adapted P. aeruginosa isolates and CF respiratory
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commensals are supported by multiple studies (Antonic et al., 2013;
Baldan et al., 2014; Michelsen et al., 2014).

P. aeruginosa secreted biofilm components, such as EPS, can support
multispecies biofilms. The three main polysaccharides found in P.
aeruginosa (Pel, Psl and Alginate (section 1.4.2.1)) are present in different
proportions depending on external conditions, affecting the structure.
Some biofilm structural types have been associated with the promotion of
multispecies biofilms. Psl dominant P. aeruginosa, show the production of
a looser biofilm, where there is a lesser amount of cross-linking within the
extracellular matrix. This is thought to allow other micro-organisms such
as S. aureus to infiltrate the biofilm. Psl dominant P. aeruginosa on the
other hand, produce a more elastic matrix due to strong cross-linking
between Psl and other EPS components (Chew et al., 2014). The location
of S. aureus in a Ps| dominant biofilm seems to be less clear than in Pel
dominant biofilms, with some studies (Chew et al., 2014) showing the
formation of species specific separate microcolonies with other (Billings et
al., 2013) showing S. aureus residing at the air-liquid interface. As well as
affecting the architecture of the biofilm, the type of dominating
polysaccharide can affect the level of resistance to specific antibiotics. For
example, Psl resists penetration by colistin and polymyxin B, while Pel is a
more effective shield against aminoglycosides (Billings et al., 2013; Colvin
et al., 2012). Regardless of whether the relative proportions of Pel or Psl,
existing in a biofilm with P. aeruginosa can protect S. aureus from external
antibiotics, the Gram positive bacterium has to withstand the antimicrobial
metabolites produced by P. aeruginosa itself (Hotterbeekx et al., 2017). In
contrast to Pel and Psl, alginate has not been associated with the
enhancement of S. aureus biofilm formation. As afore mentioned, heavily
alginated P. aeruginosa biofilms are usually a product of chronic CF
infections, facilitating the resistance of macrophages and macrophage
secreted chemicals (Ryder et al., 2007). More information is needed to
determine whether this type of biofilm is amenable to S. aureus co-

residence.

Finally, it has been shown that Type IV pili help P. aeruginosa to form

mixed species microcolonies with S. aureus, likely by interacting with
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eDNA. This was demonstrated by Yang et al. (2011) who showed DNAse I
addition to mixed P. aeruginosa and S. aureus biofilms retarded the growth
of microcolonies. Nevertheless, protein A (SpA) is an adhesive protein
produced by S. aureus that it is thought to work alongside the Type IV pili
of P. aeruginosa. It binds to either Type IV pili or Psl, helping or hindering
interactions between S. aureus and P. aeruginosa. (Armbruster et al.,
2016).
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1.5 HYPOTHESIS AND AIMS OF THE PROJECT

The lactam technology developed by Unilever consists of a series of
compounds that were reported to inhibit biofilm formation or development
by bacterial species including P. aeruginosa, P. mirabilis and S. aureus.
Certain lactams were also noted to inhibit N-acylhomoserine lactone
dependent quorum sensing in Chromobacterium violaceum. Among the
lactams, preliminary Unilever structure activity analysis identified the five
most potent compounds (Figure 2.1). These required a concentration of at
least 100 puM to prevent biofilm formation (Unilever, unpublished data).
However further improvement of lactam efficacy requires a detailed

understanding of their mechanism of action and biological activities.

The primary objective of this study is to gain further insights into the
mechanism(s) of action of the lactams as quorum sensing and biofilm
inhibitors in P. aeruginosa. Literature on the synthetic furanones and
pyrrolones frequently reports that N-acylhomoserine lactone-based QS is
the main target for the anti-biofilm action (section 1.3.3.1). Hence if QS
inhibition is detected, the mechanism of action will be studied in detail
using an array of assays. Biofilm formation in static and fluidic conditions
will be tested to verify the impact of the compounds and their potential
applications. The biofilm, growth inhibitory and mode of action of the
lactams on other species including P. mirabilis and S. aureus will also be

investigated.
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2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1

General chemicals

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich.

AQs and QZN were synthesized by Alex Truman (University of Nottingham)

as described in Diggle et al. (2006a), dissolved in methanol for 10 mM
stocks and stored at -20° C.

2.1.2

Bacterial strains

Table 2.1 Strains used in this study

Strain Genotype Source or
reference
E. coli
S17-1 Apir recA, thi, pro, hsdR-M+RP4: 2- (Simon et al., 1983)
Tc:Mu:Km Tn7 Apir, TpR SmR
DH5 F- ®80/acZAM15 A(lacZYA-argF) (Grant et al., 1990)
U169 recAl endAl hsdR17 (rK-, mK*)
phoA supE44 \- thi-1gyrA96 relAl
BL21(DE3) fhuA2 [lon] ompT gal (A DE3) [dcm] EMD4Biosciences

P. aeruginosa

PAO1-L
PAO1-N

PAO1-UW

PAO1-UW
mTurquoise
PAO1-UW
mCherry
PAO1-L ApgsA

PAO1-L ApgsR

PAO1-L AlasR
PAO1-L ApgsAH

AhsdS
A DE3 = A sBamHIo AEcoRI-B
int::(lacl::PlacUV5::T7 genel) i21
Anin5

Lausanne subline, wild-type
Nottingham subline, wild-type

University of Washington subline,
wild-type

mTurquoise-tagged TcR?, UW subline
mCherry-tagged TcR, UW subline
pgsA chromosomal deletion mutant
pgsR chromosomal deletion mutant
lasR chromosomal deletion mutant

pgsAH chromosomal double deletion
mutant

Holloway collection
Holloway collection

(Stover et al., 2000)

Laboratory collection
(unpublished)
Laboratory collection
(unpublished)
(Aendekerk
2005)
Laboratory collection
(unpublished)
(Heurlier et al., 2005)
(Diggle et al., 2007)

et al.,

60



PAO1-N ApgsAHR

PA ATCC 15442

PAO1-Unilever

PA14
PA14 AL191

PAK 6085
PA7 48
Proteus

mirabilis
P. mirabilis

pgsAHR chromosomal triple deletion
mutant

Environmental (animal room water
bottle) isolate

LIMU, environmental (washing
machine) isolate

wild type

CF clinical isolate from Minchen, ID
1350, =295 % PA14 homology

CF clinical isolate from Québec, ID
1331, 295 % PAK homology

CF clinical isolate from Montréal, ID
1975020911BSL_PA3,

295 % PA7 homology

Hauser 1885, wild type

(Ilangovan et al.,
2013)

Unilever, accession
no. AYUC00000000
on
DDBJ/EMBL/GenBank
Unilever R&D
Collection

(Matheeg, 2018)
Université Laval
collection
Université Laval
collection
Université Laval
collection

(Wenner & Rettger,
1919)

P. mirabilis DsRed-tagged GmR, Hauser 1885 Laboratory collection
DsRed
Staphylococcus
aureus
SH1000 Derivative of NCTC 8325 (Horsburgh et al.,
2002)
SH1000 eGFP-tagged CmR, SH1000 Laboratory collection
eGFP
USA300 Clinical isolate. MecR, EryR, CliR, TetR (McDougal et al.,
2003)
ATCC 6538 Subsp. aureus Rosenbach 1884 Unilever R&D
Collection
2.1.3 Plasmids
Table 2.2 Plasmids used in this study
Plasmid Characteristics Source or
reference
CTX-lux P.aeruginosa integration (Becher & Schweizer

CTX::PpgsA-lux

CTX::PlasI-lux

CTX::PrhlI-lux

promoterless  vector with
luxCDABE operon

pgsA promoter region fused to
luxCDABE and inserted in
EcoRI/Pstl sites of pminiCTX-
lux TcR

lasI promoter region fused to
luxCDABE and inserted in
BamHI/HindIII sites of
pminiCTX-/ux TcR

rhlI promoter region fused to
luxCDABE and inserted in
BamHI/HindIII sites of
pminiCTX-/ux TcR

2000)

(Diggle et al., 2007)

(Rampioni et al., 2006)

This study
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CTX::

CTX::

CTX::

CTX::

BBRMCS-5-pgsABCD

ET28a::pgsRc94-309

2.1.4

PtacAlacI?-lux

PphzA1-lux

PlecA-lux

Porn-lux

tacAlacl? gene fused to
luxCDABE and inserted in
XholI/EcoRI sites of pminiCTX-
lux TcR

phzA1 promoter region fused
to luxCDABE and inserted in
EcoRI/XholI sites of pminiCTX-
lux TcR

lecA gene promoter region to
luxCDABE and inserted in
Sall/EcoRI sites of pminiCTX-
lux TcR

orn gene promoter region to
luxCDABE and inserted in
EcoRI/BamHI sites of
pmMiniCTX-/ux TcR

PgsABCD operon inserted in

pBBRMCS-5
pgsR?4-3%construct inserted in
pET28a KmR CmR

Primers

This study

(Higgins et al., 2018)

(Fletcher et al., 2007)

This study

(Niewerth et al., 2011)

(Ilangovan et
2013)

al.,

Oligonucleotide primers were synthesised by Sigma-Aldrich (UK). Primer

sequences used in this work are listed in Table 2.3.

Table 2.3 Primers used in this study

Primer

Sequence 5’ to 3’

Function

rhlI_FW

rhlI_RV
tac_FW
tac_Rv
PgGsA_FW
pPgsA_RV
lasI_FW
lasI_RV
orn_FW
orn_ RV

pPgsR’*_FW

CATCTCAAGCTTCGAGCGCGAGGAAAT

TTCCAGGGATCCAGAGAGCAATTCGAT

AAACTCCTCGAGCATCAAATGAAACTG

GAGCTCGAATCCTGTTTCCTGTGTGAA

CTGTGAGAATTCGGAGGCGATTTGCCG

TGGCCACTGCAGACATGACAGAACGTT

TCCAGAAAGCTTCCTGGCTTTCCCGTC

ACTTGTGGATCCCGCCCAGCAGTTTTT

TATAAGCTTCGACCTCTACCTGAA

TATGGATCCGATCCAGATAAGGTT

TGCTAGCAATCTCCGGGTGCTGCT

rh/I amplification with
HinDIII recognition site

rh/I amplification with
BamHI Recognition site
tac amplification with
Xhol recognition site
tac amplification with
EcoRI recognition site
pgsA amplification with
EcoRI recognition site
pgsA amplification with
PstI recognition site
las amplification with
HinDIII recognition site
las amplification with
BamHI recognition site
orn amplification with
EcoRI recognition site
orn amplification with
BamHI recognition site
pgsR amplification with
Nhel recognition site
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pgsR3%_RV  CGATAAGCTTTCAGCTCGGTTGCCAGGC

2.1.5

pgsR amplification with

Hindlll recognition site

Unilever Lactams

The lactams provided by Unilever (Port Sunlight, UK) are listed in Table
2.4 and shown in Figure 2.1 and Figure 2.2. Dimethyl sulfoxide (DMSO),

according to the datasheets provided by Unilever, is the ideal solvent for

lactams; however, due to its toxicity towards P. aeruginosa (Ansel, H. C.

et al 1969), the compounds were also solubilized in methanol (MeOH) to

reduce solvent impact on bacterial growth if required. MeOH proved to be

an acceptable solvent for compound stock concentrations of up to 50 mM,

allowing the testing of high final concentrations necessary for dose-

response assays.

Table 2.4 Unilever lactams

Trivial Name Molecular Molecular
ID Formula Weight
131 5-hydroxy-5-methyl-4-phenyl-1,5- C11H11NO2 189.21
dihydro-2H-pyrrol-2-one

258 4-(4'-fluorophenyl)-5-hydroxy-5- C11H10FNO2 207.20
methyl-1,5-dihydro-2H-pyrrol-2-one

316 4-(4'-bromophenyl)-5-hydroxy-5- C11H10BrNO2 268.11
methyl-1,5-dihydro-2H-pyrrol-2-one

488 4-(4'-chlorophenyl)-5-methylene- C11HsCINO 205.64
1,5-dihydro-2H-pyrrol-2-one

491 5-methylene-4-(p-tolyl)-1,5- Ci2H11NO 185.23
dihydro-2H-pyrrol-2-one

295 4-(4'-bromophenyl)-5-methylene- C11HsBrNO 250.1
1,5-dihydro-2H-pyrrol-2-one

2022339 3-(4'-chlorophenyl)-5-methylen-1- C12H10CINO 219.668

methyl-2h-pyrrol-2-one

483 - - 193.63

310 4-(2'-fluorophenyl)-5-methylene- C11HsFNO 189.19
1,5-dihydro-2H-pyrrol-2-one

490 4-(5'-chlorophenyl)-5-methylene- C11HsCINO 205.641
1,5-dihydro-2H-pyrrol-2-one

495 4-(2'-chlorophenyl)-5-methylene- C11HsCINO 205.64
1,5-dihydro-2H-pyrrol-2-one

Cationic - - 185.22

lactam
476 4-(4'-chlorophenyl)-5-hydroxy-5- C11H10CINO2 223.66

methyl-1,5-dihydro-2methyl-pyrrol-
2-one
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Figure 2.1 Structures of the first set of lactams provided by Unilever
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Figure 2.2 Structures of the second set of lactams provided by Unilever.

2.1.6 Bacterial Growth Media

All media were autoclaved at 121°C for 20 minutes after preparation if not
stated otherwise. Fresh media were always used where possible.
Antibiotic(s) were added for selection and maintenance when required: for
P. aeruginosa tetracycline (125 ug ml?), for E. coli tetracycline (10 pg ml-
1), chloramphenicol (30 pg ml?!) and kanamycin (50 pg ml?t), for P.

mirabilis gentamycin (25 pg mlt) and for S. aureus chloramphenicol (25

Mg ml?).

2.1.6.1 Lysogeny Broth Media

All strains were grown in LB broth (Hussain et al., 2012b), unless otherwise
stated. LB broth was prepared by adding 10 g tryptone, 10 g NaCland 5 g
yeast per litre of distilled water. LB agar was prepared by adding 0.8%
(w/v) Technical Agar No. 3 (Oxoid).

2.1.6.2 Pseudomonas Isolation Agar

PIA was purchased from Sigma-Aldrich and contains 20 g enzymatic digest
of gelatin (peptone), 1.4 g MgCl,, 10 g K,04S dipotassium sulfate, 0.025 g
5-chloro-2-(2,4-dichlorophenoxy) phenol (Irgasan™) and 13.6 g Technical
Agar No. 3 (Oxoid) and made up to 1L with distilled water. This medium
was used primarily for bacterial conjugation processes to inhibit the growth

of E. coli.
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2.1.6.3 Artificial Urine Medium

Artificial Urine Medium was prepared following Brooks and Keevil (1997).
One gram of peptone L37, 0.005 g yeast extract, 0.1 g lactic acid, 0.4 g
citric Acid, 2.1 g NaHCOs, 10 g urea, 0.07 g uric acid, 0.8 g creatinine, 0.37
g CaCly-2H,0, 5.2 g NaCl, 0.0012 g FeS0O4-7H:0, 3.2 g Na,0,S -10 H,O,
0.95 g KH2PO4, 1.2 g HK,0,P, 1.3 g NH4Cl were made up to 1 L with distilled
water. HCI (molarity e.g. 2.5 M) was used to adjust the pH to 6.5. Finally,
the medium was filter-sterilized via a 0.22 ym membrane-filter (Millipore).

2.1.6.4 Tryptone Soya Broth

Tryptone soya broth (TSB) was prepared by adding 30 g of dehydrated TSB
culture medium (Oxoid - containing 17g pancreatic digest of casein, 3g
enzymatic digest of soya bean, 5 g NaCl, 2.5 g K;HPO4 and 2.5 g glucose)
and making up to 1 L with distilled water. TSB agar was prepared by adding
1.5% (w/v) Bactoagar (Oxoid).

2.1.6.5 Brain Heart Infusion Broth

Brain Heart Infusion Broth (BHI) was purchased from Sigma-Aldrich and
contains beef heart (infusion from 250g), 5 g L™}, calf brains (infusion from
200g), 12.5 g L%, disodium hydrogen phosphate (2.5 g L), D(+)-glucose
(2 g L), peptone (10 g L™1), sodium chloride (5 g L™1).

2.1.6.6 Soft top agar
LB soft top agar was prepared by adding 10 g tryptone, 5 g NaCl, 6.5 g
Technical Agar No. 3 (Oxoid) and making up to 1 L with distilled water.

2.1.6.7 M9 minimal medium

M9 medium contains 240.7 mgL?! MgS0Os4, 11.098 mgL?! CaCl. and D-
glucose at 0.4 %. A 5x stock solution of M9 salts was prepared for a final
concentration of: 1 gL NH4Cl, 6.78 gL' NasHPO4, 3 gL' KH,PO4 and 0.5
gL* NaCl.

2.1.6.8 RPMI 1640 medium
Roswell Park Memorial Institute (RPMI) 1640 medium was purchased from
Lonza (UK) without L-Glutamine or phenol red.
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2.1.6.9 Fastidous Anaerobic Broth

Fastidous Anaerobic Broth (FAB) medium was supplemented with glucose
10 mM. One litre of modified FAB medium contained the following
components: 2g of (NH4)2S04, 6g NaxHPO4-2H20, 3g KH2PO4, 3g NaCl, 93g
MgCl;, 11mg CaCl. and 1ml of trace metals solution. The trace metals
solution contained CaSO 4 :2H,0 (200 mg L), FeS0O4 -7H,0 (200 mg L),
MnSO4 -H.0 (20 mg L™1), CuS04:5H,0 (20 mg L™1), ZnSO 4+:7H.0 (20 mg
L-1), CoS04:7H.0 (10 mg L), NaMoO4 -H,O (10 mg L™%), H3BOs (5 mg
L-1).

2.1.6.10 Christensen’s Urea Agar

Christensen’s Urea Agar was purchased from Sigma Aldrich and contains
peptic digest of animal tissue 1 g, dextrose 1 g, Sodium chloride 5g,
Disodium phosphate 1.2g, Monopotassium phosphate 0.8 g, Phenol red
0.012 g and agar 15 g.

2.2 METHODS

2.2.1 Bacterial growth conditions and storage

All bacterial strains were grown at 37°C in 5 ml LB medium in 50 ml Falcon
tubes overnight with shaking at 200 rpm, unless otherwise stated.
Recombinant P. aeruginosa and E.coli S17-1 strains were grown in LB
medium containing gentamicin 25 pg/ml unless otherwise stated. All the
strains were stored at -80°C in screw topped 2 mL Eppendorf tubes in
glycerol at a concentration of 25% v/v in water; 750 ul of washed overnight
culture was added to 750 pl of sterilized glycerol 50% v/v in water. Before
conducting an experiment, the frozen strain was plated and the following
day an overnight culture was made from a single colony. Freshly plated
strains were always used to avoid differences in strain behaviour due to
random mutations. The strains used in this work are summarised in Table
2.1. When required, a spectrophotometer (Thermo Scientific) was used to
measure the optical density of a culture at a wavelength of 600 nm (ODeoo
nm). For the measurement, the culture was diluted 1:10 in its liquid

medium into a 1 cm depth cuvette (Fischer Scientific) and the readings
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were compared to a blank medium sample. In all experiments involving
lactams, the solvent used was present in an equal amount for all the
samples tested, never exceeding 6% and 0.6% v/v for MeOH and DMSO

respectively.
2.2.2 Nucleic acid techniques

2.2.2.1 Chromosomal DNA isolation

Chromosomal DNA (gDNA) was extracted using of the Promega genomic
DNA kit according to the manufacturer’s instructions. A starting culture
volume of 1 ml was used and a yield of 50 ul gDNA solution eluted.

2.2.2.2 Polymerase Chain Reaction

Primer design was achieved with the help of Primer-Blast, a NCBI online
tool where the likelihood of non-specific binding was checked and a
screening for potential secondary structures was performed ("Primer-
BLAST website," 2019). For the development of biosensors and protein
expression vectors, Q5® High-Fidelity DNA Polymerase was used according
to the manufacturer’s (New England Biolabs) recommended conditions. To
check for DNA contamination after RNA extraction, OneTaq® DNA
polymerase (Promega) was used as high fidelity was not required in this
case. For cloning, primers were modified to include restriction sites specific
to the vector of choice (Table 2.2). In general, the following thermocycling
steps were used: a 30 secs initial denaturation of 98 °C, then 30 cycles of
30 s denaturation (98 °C), 30 s annealing (45 °C) and 45 s extension (72
°C). A final 2 min extension of 72 °C preceded a holding step at 4°C. Table
2.3 lists the primers used in this study.

2.2.2.3 DNA gel electrophoresis and DNA gel extraction

Gels were prepared as described by Sambrook (2012) using 1% w/v
agarose in 65 mL 1x TAE buffer with =2 ul Syber Safe. The DNA samples,
in DNA loading buffer (NEB) (1:5), were loaded into the wells. One pg of 1
kb marker was loaded into the first well to verify the size of DNA.
Electrophoresis was performed at 100 V for 1 h. Agarose gel
electrophoresis was used to analyse digestion products and to identify the

appropriate sized bands for excision and purification using a Monarch gel
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extraction kit (New England Biolabs) according to the manufacturer’s
instructions. The DNA extracted was eluted in 10 pl of molecular biology

grade water.

2.2.2.4 DNA restriction and ligation

Following PCR, ~1ug DNA was digested for 1-2 h at 37 °C using 0.5pl of
each of the appropriate restriction enzyme (New England Biolabs) and 1x
Cutsmart Buffer into a final volume of 50 uL. The fragments were ligated
together with T4 DNA ligase (Promega). Ligations were performed using a
1:5 vector to insert ratio at 16°C for 2 h and at 4°C overnight.

2.2.2.5 Plasmid extraction from E.coli

The E.coli strain carrying the selected plasmid was cultured overnight in 5
mL. 1 mL of culture was used for plasmid extraction. DNA isolation was
carried out using the Qiagen Miniprep Kit according to the manufacturer’s
protocol. The final elution from the cell lysate was performed using 50 pl

of distilled water.

2.2.2.6 DNA quantification

The Nanodrop Spectrophotometer 1000 (Thermo Scientific) was used to
establish the quantity and purity of DNA. The measurement was based on
1 pl of material, blanked with 1 ul of molecular biology grade water.

2.2.2.7 Preparation of electrocompetent E. coli

Electrocompetent E.coli cells were prepared by inoculating 1 % (v/v)
overnight E. coli culture into 100 ml LB in a 1 L conical flask and grown at
37 °C, 200 rpm to an ODsego of 0.4-0.8 for 6 hours. The culture was
centrifuged at 5500 g for 10 min at 4 °C and washed twice in sterile, ice
cold 10 % (v/v) glycerol containing 1 mM 4-Morpholinepropanesulfonic

acid (MOPS) before being resuspended in 1 ml of the same buffer.

2.2.2.8 Transformation of E. coli

For cloning and protein expression purposes, constructs were transformed
into either E. coli DH5a or BL21 (DE3). After each cloning step, DNA
constructs were screened by PCR and sequenced. Prior to electroporation,
salts were removed from the DNA solution using filter dialysis on 0.025 pm

Millipore filters for a minimum of 30 min. Electroporation was performed in
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0.2 cm electrode gap Gene Pulser cuvettes containing 50 ul of competent
cells and 2-3 pl dialysed DNA. Immediately after the electroporation pulse
(electroporation time ~5 ms), 1 ml of LB broth was added to the cells which
were then incubated at 30 °C for 1 h. 1/10 of the culture was subsequently
plated onto LB agar plates containing appropriate antibiotics to select for
the desired transformants and grown overnight at 37 °C. In case of the
miniCTX-/ux plasmid, the transformation was verified by viewing the plates
under a light camera (Hamamatsu, Wasabi software), which facilitated the
selection of bioluminescent colonies. For negative controls,
electrocompetent cells with no plasmid were treated likewise, in parallel

with the samples.

2.2.2.9 Conjugation

E. coli S17-1 was used as the donor strain to transfer plasmid DNA into a
P. aeruginosa recipient strain. Both strains were incubated overnight but
under different temperature conditions: donor cells (E. coli) were grown at
37°C, while recipient cells (P. aeruginosa) were grown at 42°C in order to
inactivate restriction/modification enzymes that degrade donor DNA. The
cells were washed twice in LB broth by centrifugation at 5500 rpm for 5
min. The final pellets were resuspended in 100 pl of LB broth. Donor and
recipient cells in a ratio of 1:1 were mixed in an Eppendorf and spotted
onto an LB agar plate. The spots were air-dried and the plates incubated
at 30°C for 4-8 h. The cells were resuspended in 1 ml LB broth in an
Eppendorf, centrifuged at 10000 rpm for 5 min and then re-suspended
again in 100 ul of LB broth. Fifty microliters of each final product was plated
on a PIA agar plate containing an antibiotic to select for the correct
transconjugant and incubated overnight at 37 °C. After conjugation and
transformation with the miniCTX plasmid, the plates were viewed under
the light camera (Hamamatsu, Japan; Wasabi software) in order to select

bioluminescent colonies.

2.2.2.10 RNA extraction, quantification and quality control

RNA was extracted from biological triplicates of P. aeruginosa PAO1-L in
presence and absence of lactam 488 at 50 and 100 uM at two time points,

8 and 12 h. Briefly, the initial cultures were standardized at OD600=0.01 in
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10 mL of LB and incubated at 37°C and 200 rpm and total RNA extracted
after 8 h and 12 h. Since 488 inhibits the growth of Staphylococcus aureus
ATCC 6538, the lactam was added to the culture grown to mid-log phase
(4.5h) in TSB at concentrations of 15 or 25 uM and incubated for 1 h. In
both cases, cells were collected and adjusted to an ODsoo of 1.5 and 4.7
for P. aeruginosa and S. aureus respectively. RNA extraction was carried
out using RNAprotect and the RNeasy Mini Kit (QIAGEN) following the
manufacturer’s protocols for prokaryotic organisms. After incubation with
488, 1500 pL RNAprotect reagent (Qiagen) was added to 500 uL of each
culture, incubated for 5 min at room temperature and centrifuged for 10
min at 4000 rpm. Supernatant was removed and the pellets stored at -80
°C. After thawing and resuspension in 200 pL TE buffer (30 mM Tris-HCI,
1 mM EDTA, pH 8.0) containing 15 mg/mL lysozyme and 20 pL of 15
mg/mL proteinase K solution for Pseudomonas or lystostaphin 50 pg/mL
for Staphylococcus, samples were incubated for 10 and 15 min
respectively. After mixing with 700 pL of buffer RLT Plus (QIAGEN, UK)
containing 10 pl B-mercaptoethanol, the homogenate was mixed with 500
ML of 100 % EtOH and transferred to RNeasy Mini spin column for
purification until final collection with 50 pl of water. Before storage at -
80°C, the elution was treated with Ambion® Turbo DNase according to the
manufacturer guidelines, the efficacy of which was tested through PCR and
gel electrophoresis. A Nanodrop Spectrophotometer 1000 (Thermo
Scientific) was employed to quantify the RNA concentration and to check
for contaminants from the extraction process. Finally, RNA integrity was

confirmed using an Agilent 2100 BioAnalyzer.

2.2.2.11 RNA sequencing

Samples were sent to the Centre for Genomic Research at the University
of Liverpool for sequencing and data generation. For each sample, 1 ug of
total RNA was depleted with the Illumina Ribo-Zero rRNA Removal (Kit for
mixed bacteria) from Illumina, Inc. (UK). The extent of depletion was
checked visually on a Bioanalyzer RNA pico-chip. RNA-Seq libraries were
prepared from the enriched material using the NEB Ultra Directional RNA
Library Preparation Kit. All of the enriched material was used as input

material and following 15 cycles of PCR amplification, the libraries were
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purified using AMPure XP beads (Beckman Coulter, USA). Each library was
quantified using Qubit (ThermoFisher) and the size distribution assessed
using the Agilent 2100 Bioanalyzer. The final libraries were pooled in
equimolar amounts using the Qubit and Bioanalyzer data. The quantity and
quality of each pool was assessed by Bioanalyzer and subsequently by
gPCR using the Illumina Library Quantification Kit from Kapa (KK4854) on
a Roche Light Cycler LC480II according to manufacturer's instructions. The
template DNA was denatured according to the protocol described in the
Illumina User guide and loaded at 300 pM. Sequencing was carried out on
one lane of an Illumina HiSeq4000 at 2x150 bp paired-end.

2.2.2.12 Transcriptomic analysis

The expression of each gene was calculated from read alignment files using
Htseqg-count (Anders et al., 2015). The count numbers were also converted
into FPKM (Fragments per Kilobase per Million reads) values. The count
numbers per gene were used during the subsequent differential expression
analysis. The main analytical processes employed included data variation
assessment, data modelling, model fitting, testing and DE (Differentially
Expressed) gene detection. All the DE expression analyses were performed
in an R (version 3.2.2) environment using the edgeR (Robinson et al.,
2010) package. Differential expression analysis was applied to gene count
values. Variations of the count data were modelled by a negative binomial
distribution and modelled using a generalized linear model (GLM)(Nelder &
Wedderburn, 1972). A GLM containing 6 parameters, representing the
mean expression of corresponding sample groups, was used. Finally, the
log> Fold Change (logFC) values for the required comparisons of sample
groups were computed based on the model fitting results. Therefore, the
contrasts obtained describe the change in expression among the
treated/untreated samples and the two time points. The functional groups
analysis relies on the mapping of clusters of orthologous groups of proteins
(COG) for P. aeruginosa PAO1l based on the 2014 update available at
NCBI's COG database ("NCBI's COG database" 2014).
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2.2.3 Lux-based reporter gene fusion assays

The TECAN Infinite® 200 microplate reader was used to monitor
bioluminescence as Relative Light Units (RLU) and cell density (ODeoo) of
bacteria in Greiner 96 well flat black microtiter plates. Before conducting
readings, cultures were normalized to an ODego 0.1 in a final volume of 200
hl of LB per well. Readings were automatically performed every 30 min at
37°C for 24 h. Negative and positive controls were employed: a strain
defective of the gene for the related /ux promoter fusion provided the
negative control, whilst the positive controls were achieved by using a
constitutive Ptac::lux promoter fusion biosensor and by adding the same
concentration of solvent as the samples with highest concentration of
lactam. For the dose-response curves, a range of linear dilutions of lactams
were made. Each sample was monitored in triplicate and its luciferase
activity (bioluminescence) calculated dividing the RLU value by ODego. Only
the maximum value over time (peak RLU/OD ¢00) was taken into account
for the analysis. The raw data were analysed using Microsoft Excel 2010
software. ECso and ICso values were extrapolated from sigmoidal dose-
response curves generated by Graphpad Prism software 6 and 7 (San
Diego, USA).

2.2.4 Phenotypic assays

2.2.4.1 Growth curves

Growth curves were generated by growing biological triplicates of bacterial
cultures with a gradient of increasing concentrations of lactam in 96-well
plates and measuring the ODesoo with @ TECAN Infinite® 200 microplate
reader. Where possible, cells were grown in 100 mL flasks and aliquots
were taken every 1 or 2 h over the growth curve to obtain the ODeoo until

stationary phase together with a final ODeoo after 24 h.

2.2.4.2 Pyocyanin production

Pyocyanin levels were measured using an assay based on the method of
Essar et al. (1990). Overnight bacterial cultures were adjusted to ODego 1.0
before being diluted 1 in 100 in 10 ml LB and grown in 100 ml flasks at 37
°C with shaking at 200 rpm for 16 h. The culture was then centrifuged and
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7.5 ml of the resulting supernatant was filter-sterilized with a 0.22 ym
membrane-filter. A 4.5 ml volume of chloroform was added to the filtered
supernatant and mixed. The resulting blue coloured chloroform layer was
transferred to a fresh tube and mixed with 1.5 ml of 0.2 M HCI. After
vortexing, the sample was centrifuged and the top pink layer, containing
0.2 M HCI, was removed and the absorption read at 520 nm using a
spectrophotometer (Novaspec II; Pharmacia).The pyocyanin concentration
(Mg/ml) was calculated by multiplying the value obtained by 17.072, its
mass extinction coefficient value, and then again by 1.5 to compensate for
the loss during the chloroform step. The concentrations were divided by

the ODeoo Of the cultures. Assays were repeated in triplicate.

2.2.4.3 Elastase activity assay

The elastin-Congo Red assay was used to quantify elastase production in
P. aeruginosa strains, as described in Caballero et al. (2001). Cultures set
up in biological triplicate were standardized at ODsoo 0.01 and incubated
for 16 h at 37°C 200 rpm. For each sample, the cell amount was
standardized and the supernatant obtained by filter-sterilization of the
centrifuged culture. One hundred microliters of the supernatant was
transferred to a 2 ml Eppendorf containing 900 ul of the ECR buffer (12.1
g/L Tris base, 194.7 mg/L CaCl,, pH 7.5) and 20 mg/mL of elastin-Congo
red (insoluble). To allow the elastase to optimally break its substrate, the
samples were incubated at 37 °C, shaking at 200 rpm for 4 hours. Finally,
the samples were centrifuged and 800 pl of supernatant was collected and
transferred into a plastic cuvette to measure the absorbance at 495 nm
with a spectrophotometer. The measurements were blanked with an un-
inoculated LB medium control which was treated likewise by adding 900 ul
of ECR and elastin-Congo Red.

2.2.4.4 Motility media

The medium used for swarming and swimming motility assays was 0.8 g/L
Nutrient Broth No.2 (Oxoid) with 0.5% and 0.3% (w/v) Bacto agar (Difco)
respectively. After autoclaving, all motility media were cooled to 50 °C in
a water bath for 1 h prior to use. The medium used for the twitching assays

consisted of 1 % tryptone, 0.5 % yeast extract, 1 % NaCl and 1% agar
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2.2.4.5 Swarming assay

Swarming assays were performed on plates with 20 mL of agar medium
supplemented with D-glucose 0.5% (v/v), as described in Ha et al.
(2014a). After pouring, the medium was allowed to solidify at room
temperature for 10 min and dried for 30 min under laminar flow. For the
inoculum, an overnight culture was standardized to ODsoo=1 and washed
once with the equivalent volume of LB. Three microliters of these cells were
spotted onto the surface of the plates which were incubated at 37 °C for
16 h.

2.2.4.6 Swimming assay

Plates were left to solidify and dry on the bench prior to use for 15 min.
Condensation from the lids was removed by drying to minimize the
moisture within the plate. One microlitre of standardized ODsoo=1
overnight culture was inoculated into the semi-solid agar. Plates were
incubated at 37 °C for approximately 16 h. This assay was performed
according to Ha et al. (2014b).

2.2.4.7 Twitching assay

Plates contained 15 ml of medium which after pouring was dried for 15 min
under laminar flow. Overnight colonies from a freshly streaked plate were
stabbed to the bottom of each plate using sterile toothpicks as described
by Turnbull and Whitchurch (2014) and incubated at 37 °C for 48 h inside
a semi-sealed bag containing damp paper towel to retain high humidity.
Finally, the agar layer was carefully removed and the twitching cells were

stained with 1 % crystal violet.

2.2.4.8 Urease activity test.

P. mirabilis cells were inoculated into plates of Christensen’s Urea Agar by
stabbing the surface with a sterile toothpick, used to pick a single colony
from a freshly streaked plate. Urease action was assessed by the presence
of the pH indicator Phenol Red which turns red in response to ammonia

release. Plates were visualised after 24 h of incubation at 37 °C.
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2.2.5 Statistical analysis

Statistical analyses were performed using Graphpad Prism software 6 and
7 (San Diego, USA). Comparisons between each treated and untreated
were analysed with unpaired t-test with Welch's correction and asterisks
were used for reference as follows (*) if p value <0.05, (**) if p value
<0.01, (***) if p value £0.001 and (****) if p value <0.0001.

2.2.6 Biofilms

2.2.6.1 P. aeruginosa biofilms

2.2.6.1.1 Static biofilms

Overnight cultures of P. aeruginosa were standardized to ODe0oo=0.05 in
500 pl of the appropriate growth medium in polystyrene 24-well plates
(Greiner). After a seeding step of 2 h static growth at 37 °C, the plate was
moved to an incubator shaking at 200 rpm and at 37 °C. Visualization or
quantification was assessed using either live/dead. For the former, the
BacLight Bacterial Viability Kit L7007 (Thermo Fisher) was employed which
consists of two stock solutions: “A” containing SYTO 9 dye, 1.67 mM and
Propidium iodide (PI), 1.67 mM and “B” containing SYTO 9 dye, 1.67 mM
and PI, 18.3 mM. The final staining solution was prepared with 1.5 pl of
each solution (A and B) diluted into 1 mL of Tris-buffered Saline (TBS) (150
mM NaCl, 50 mM Tris-HCI, pH 7.6). After removing the planktonic cells,
the biofilm was covered in foil and incubated at room temperature with
300 pl of the staining solution. It was then washed with water to allow

visualization/quantification.

Alternatively, biofilms were grown in LB 10% in 96 well plates (Greiner)
and stained with 0.1 % w/v crystal violet in water with 5 % v/v EtOH for
15 min after one wash with PBS pH7.4. Excess CV was washed three times
with PBS pH7.4, and, once dry, the absorption measured at 595 nm in a
TECAN plate reader.

75



2.2.6.1.2 Microfluidic biofilm

The microfluidic Bioflux™ system (Conant et al., 2009) was employed to
emulate biofilm growth under shear flow conditions. The specifically-
designed 48-well plates were used along with the Bioflux™ 200 system.
Firstly, each channel was primed by adding 100 pL of sterile LB 10 % in
the outlet well and allowing it to flow at 2 dyn/cm? for 3 min until a drop
appeared in the connected inlet. Subsequently, 50 pL of standardized
(ODsoo =0.05) P. aeruginosa culture was added to the outlet and pushed
through the channel at 2 dyn/cm? for 5 sand a further 200 ul of sterile LB
10% v/v was added to the inlet. The inclusion of the growth media in the
inlet was carried out to help balance the system and counteract gravity.
The bacterial culture in the outlet was pushed through the channel at 2
dyn/cm2 for 5 s. After the injection of bacterial cells, the seeding step was
continued by incubating the plate for 1 h at 37 °C without flow. Finally, the
inlet wells were filled with 1000 pl of LB 10 % v/v supplemented with 1 pL
of the A+B (50%+50%) mixture of BacLight Bacterial Viability Kit L7007
and the Bioflux was set to run in the direction of inlet>outlet with a flow
rate of 0.25 dyn/cm? for 16 h. To ensure a consistent temperature was
maintained throughout the experiment, the plate was placed on a heated
block (37 °C). Upon completion of the run, the biofilms were observed
under CLSM.

2.2.6.1.3 Rotating immersion biofilm

The rotating immersion biofilm is an innovative technique where a P.
aeruginosa biofilm is formed under shear conditions by cyclic immersions
of circled glass cover slips (Fisherbrand) into a bacterial suspension
(unpublished) (Figure 2.3). Firstly, the coverslips were attached to a wheel
and autoclaved along with a glass tank supporting a volume of 900 ml
medium (10 mM glucose enriched FAB). Following sterilisation, an
overnight of P. aeruginosa was used for the inoculum (ODego=0.05) which
was poured into the tank. After attaching the wheel to the motor engine,
the whole system was transferred into an incubator at 30 °C for 24 h. Two
containers of water were also placed inside the incubator to maintain
humidity and reduce evaporation. Two to four coverslips were recovered,

washed in PBS and water, before staining with 70 pL of staining solution
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(1 ml TBS with 3 pl of A+B mixture from BacLight Bacterial Viability Kit
L7007, Thermo Fisher). Samples were observed with CLSM. The remaining
coverslips were placed inside 4 petri dishes containing clean FAB medium
with 10 mM glucose supplemented with DMSO 0.4% v/v only, ciprofloxacin
180 uM (60 pg/ml), 488 200 uM and ciprofloxacin 60 ug/ml with 488, 200
MM respectively. The dishes were incubated for a further 24 h at 30 °C and
stained as described for CLSM visualization (section 2.2.7.1). This further
incubation was performed to test the antibiotic susceptibility on preformed

biofilms exposed to 488.

Figure 2.3 Rotating immersion biofilm assay.

2.2.6.2 P. mirabilis biofilms

P. mirabilis biofilms were set up in polystyrene 24-well plates (Greiner)
using artificial urine (AU) supplemented with calcein (2 pM). After adjusting
the ODsoo to 0.05, a culture of DsRed-tagged P. mirabilis Hauser 1885 was
incubated statically at 37 °C for 2h and then incubated under gentle
shaking (70 rpm) for 72h. Bacterial attachment and biomineralisation were

imaged and quantified using CLSM.

2.2.6.3 S. aureus biofilms

A eGFP-labelled S. aureus SH1000 overnight culture in TSB was washed
once and restarted in a clean 5 ml volume of BHI. Once ODe0o0=0.3 was
reached, the cells were diluted to ODeoo 0.05 and 1 mL of the standardized
culture was transferred into the relative well of the polystyrene 24-well
plates (Greiner). The biofilms were left growing at 37 °C for 2 h in static

conditions and shaking (70 rpm) for 16 h.
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2.2.6.4 Multi-species biofilms

A multi-strain biofilm experiment was carried out with DsRed-labelled P.
mirabilis Hauser 1885, mTurquoise-labelled P. aeruginosa PAO1-UW and
eGFP-labelled S. aureus SH1000. The ODeoo for each strain was adjusted
for the inoculum at 0.05 with AU medium in polystyrene 24-well plates
(Greiner), left seeding for 2 h statically at 37 °C and incubated for a further
22 h at 70 rpm for a total of 72 h. P. mirabilis was grown first, followed by
P. aeruginosa and finally S. aureus for a total of 72 h. Before addition of
the new inoculum, the medium was carefully removed and the new

bacterial suspension gently added.

2.2.6.5 Biofilm quantification and analysis

Single-species P. aeruginosa biofilms grown in 24 well plates and treated
with live/dead staining were analysed and quantified using a TECAN
infinite® F200 PRO plate reader for crystal violet staining and a TECAN
Spark® Multimode Microplate Reader for live/dead staining. To enable
analysis of Z-stack images generated with Confocal Laser Scanning
Microscopy (section 2.2.7.1), 3D pictures were processed using the
Maximum intensity Projection function in Zen 2.3 SP1 (black) software
(Carl Zeiss, Jena, Germany). This tool generates a bi-dimensional (2D)
image per channel, constituted by pixels containing the maximum value
over all images in the Z-stack at the single pixel location. Each new picture
was exported in tiff format (64bit) with no compression into Zen 2.3 (Blue
edition). Analysis and quantification were performed on the entire image
using the Measure function in Imagel 1.52i software (Rueden et al., 2017)
implemented with Fiji plugin bundle (Schindelin et al., 2012). The data
generated per single picture are the man grey value defined as sum of the
grey values of all the pixels, divided by the number of pixels and the related
standard deviation. Final data represent the mean values of the samples
grown under a specific condition as the average of the mean grey values
generated among the collected images per well.
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2.2.7 Microscopy

2.2.7.1 Confocal Laser Scanning Microscopy

Confocal Laser Scanning Microscopy (CLSM) was used to visualize and
generate Z-stack representations for the bioflux, rotative immersion, P.
mirabilis, S. aureus and mixed species biofilms. Visualisation was
performed with a Zeiss LSM 700 confocal laser scanning microscope (Carl
Zeiss, Ltd, Welwyn, UK) controlled by the ZEN 2009 software platform (Carl
Zeiss, Ltd, Welwyn, UK), using a 5x or 10x objective. The acquisition
settings depended on the fluorescence: pinhole 1.0, laser intensity 5%-
15% and gain between 450 and 700 for bio-fluorescent strains. Laser
intensity 15%, gain 460 and pinhole 1.0 were the settings used for samples
treated with live-dead staining. Nevertheless, once adjusted to optimize
the visualization, settings were never modified within an experiment to
facilitate an unbiased comparison. The Z-stack height was set for each
acquisition in a new well by starting from the first point where no emission
was detected (just prior to the start of the biofilm), through the biofilm
itself, until a point of no emission was again reached, which was set as the
last slice. Spacing, once set, was kept constant within the experiment.
Spacing and height was kept constant among all the rotating immersion

biofilm experiments.

2.2.7.2 Transmission electron microscopy

The fixation solution was prepared by mixing 600 pL 25% glutaraldehyde
in 2.5 mL of 0.2 M cacodylate buffer (pH 7.4), diluted with 1.9 mL distilled
water. For fixation, 50 pL of each overnight culture of P. aeruginosa PAO1-
L standardized to ODsoo = 0.5 was diluted into the fixation solution and
incubated for 1 h. Cells were then centrifuged at 4000 rpm for 5 minutes
and the supernatant was removed. Samples were washed 3 times
interspaced with a 10 minute incubation step using 1 mL of 0.1 mM of
cacodylate buffer before each centrifugation. The final pellet was
resuspended in 100 pL of molecular grade water and fixed cells were placed
on 200 mesh copper grids with carbon support. The single cells were

visualised with a Tecnai T12 Biotwin transmission electron microscope at
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an accelerating voltage of 110 kV and photographed using a Mega View

SIS camera.
2.2.8 Chemistry analysis

2.2.8.1 2-alkyl-4-quinolones extraction

The extraction of AQs was based on the protocol described by Ortori et al.
(2014). Triplicate cultures of P. aeruginosa strains were standardised to
ODegoo 0.05 in 10 ml LB and incubated for 16 h at 37°C and 200 rpm. After
centrifugation at 10000 g for 5 min, the supernatants were collected and
filtered (0.22 um) of which 100 pL were then diluted with 400 L of distilled
water. An internal standard, deuterated PQS (d4-PQS), was added to a
final concentration of 20 nM. Five hundred microlitres of acidified ethyl
acetate (0.1% acetic acid) were added and mixed by vortexing for 2 min.
After centrifugation, the top organic layer was transferred into a 2 ml
Eppendorf. The extraction step was repeated twice more, combining the
extracts of each sample into one ~1.5 ml extract before drying by
evaporation using a rotary Speedvac evaporator (R-114, Buchi). Dried

samples were stored at -20°C.

2.2.8.2 Thin Layer Chromatography and overlay with
bioluminescent reporter
The assay was performed as described in Fletcher et al. (2014). A phase
silica 60r254 (Merck) TLC plate was soaked for 30 min in 5 % (w/v) KH2PO4
and activated by baking at 100 °C for 1 h. 5 upl of AQs extracted as
previously described were spotted in line 3 cm from the bottom of the
plate. For the control, a lane was reserved for 2 pl of 10 mM synthetic PQS
and HHQ. Once dried and placed in a closed chamber, the extracts were
separated using a dichloromethane (DCM): MeOH (95:5) mobile phase
until it reached the top of the plate. The plate was visualised using a UV
transilluminator (UVP, USA). The TLC plates used to detect AQs were
overlaid with 0.3 % (w/v) LB soft top agar seeded with 0.5 % (v/v) of
overnight culture of the P. aeruginosa ApgsA pCTX::PpgsA-lux bioreporter.
This mutant is unable to produce endogenous AQs but responds to
exogenous AQs on the TLC surface. After incubation at 37 °C for 16 h,

bioluminescence was imaged using a CCD camera (model C5405-51), an
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amplifier (C2741-30H) and an intensifying unit (M4314, Hamamatsu
Photonics K.K., Hamamatsu, Japan). Pyocyanin was visualized and
photographed under visible light.

2.2.8.3 Liquid Chromatography Tandem Mass Spectrometry
(LC-MS/MS)

AQ extracts (2.2.4.4) were resuspended in 100 pL of MeOH. For each
sample, 2 uL was injected onto into the appropriate liquid chromatography
column (Phenomenex Gemini C18, 3.0 um, 100 x 3.0 mm) at a flow rate
of 450 pL/min, 40°C with mobile phases composed of: A) 0.1% (v/v)
formic acid (CH.0;) in water containing 2 mM 2-picolinic acid; B) 0.1%
(v/v) CH20, in MeOH. AQs were separated with a linear gradient consisting
of 30% to 99% mobile phase B over 5 min, 99% B for an additional 3 min
before going down to 30% B for 1 minu. A further 4 min were required to
allow for column equilibration. An Applied Biosystems Qtrap 4000 hybrid
triple-quadrupole linear iron trap mass spectrometer (Foster City, CA, USA)
was employed as the MS platform with an electrospray ionisation interface.
The system was controlled with Analyst software (Foster City, CA, USA).
The LC eluents were screened using positive electrospray (+ES) with
multiple reaction monitoring (MRM). Finally, AQs were quantified by
calculating peak area and dividing the analyte peak area by the internal
standard (d4-PQS) peak area.
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2.2.9 PqsRCBP purification and ligand binding

studies

PgsR co-inducer binding domain (CBD) protein-related cloning, expression,
purification and crystallization conditions were based on Ilangovan et al.
(2013). Thus, the construct PqsR-C°%332 was expressed in E.coli BL21 DE3
pET28a::pgsRc?#309

2.2.9.1 In silico molecular modelling of PqsR/lactam
interactions
Molecular modelling was carried out as described below. To investigate the
molecular dynamics of the interaction between the lactams and PgsR, the
crystal structure of the PgsR®®P, binding modes and docking scores were
generated using Maestro software (Schrédinger, LLC) a molecular
modelling and visualization program. Firstly, the crystal structure of the
PgsR“®P/3NH,-7CI-C9QZN antagonist complex (PDB-ID: 4JVD) from the
RCSB Protein Databank was loaded into the software. The final structure
of the protein for the docking was subsequently obtained by removing the
quinazolinone (QZN) ligand molecule. The lactam structures were drawn
using ChemBioDraw Ultra software (PerkinElmer Inc.) and loaded into the
Maestro graphic environment to calculate all the probable conformations
within a binding pocket grid, generated from the residues Alal102, Pro129,
Ile149, Thr166, Ala 168, Val 170, Ile186, Ile189, GIn194, Ser196, Leu196,
Leul97, Leu207, Leu208, Pro210, Val211, Trp234, Gly235, Pro238 and
Ser255. The inner and outer grid boxes were set to 10 A and 20 A
respectively. Finally, the docking scores of the lactams were calculated as

an evaluation of the strength of the interactions of the docked molecules.

2.2.9.2 Expression of the PqsR¢BP

A colony of E.coli BL21 (DE3) (Novagen) pET28a::pgsR“®#3%? from a
kanamycin (50pg/mL) and chloramphenicol (35 pug/mL) resistant plate was
transferred to 2.5 mL of LB and left to grow overnight at 37°C and 200
rpm. This starter culture was used to inoculate 0.5 L of LB media containing
LB agar plate was transferred to 2.5 mL of LB and left to grow overnight

at 37°C and 200 rpm. This starter culture was used to inoculate 0.5 L of
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LB medium containing kanamycin (50 ugmL™), which was incubated at 37°
to an ODego of 0.8, whereupon 0.5 mL of 1M IPTG was added to give a final
concentration of 1 mM. The culture was incubated for a further 24 h at
16°C and 200 rpm. Bacterial cells were harvested by centrifugation at 4°C
at 5,000 g for 30 min in two 500 ml bottles and the cell-free supernatant
removed. Each pellet was resuspended in 35 ml of 20 mM Tris-HCI, 150
mM NaCl, pH 7.4. The resuspended cells were frozen at -80°C until use
and to facilitate cell lysis.

2.2.9.3 Purification of PqsR¢BP by Ni2+ affinity
chromatography
The expression vector pET28a::pgsR43% contains a histidine (His) tag at
the 5’end of a multiple cloning site allowing purification by nickel affinity
chromatography. The frozen bacteria were thawed and then lysed by
sonication (Thermo Fisher). The culture was sonicated on ice for 20 cycles
consisting of a 15 s pulse at an amplitude of 15 microns with 15 s pauses.
The cell lysate was centrifuged at 13,000 g for 30 min to remove insoluble
cell debris and the supernatant decanted and passed through a 0.45 pm
filter (Millipore, UK). The lysate was loaded using with a peristaltic pump
at a flowrate of 1 ml/min onto a 5 mL HisTrap™ HP column (GE Healthcare),
precharged with NiCl.. A liquid chromatography handling system
(AKTAprime, GE Healthcare) was used to run a gradient elution of 0 - 500
mM imidazole at a flowrate of 2 mL/min, collecting 5 mL eluent fractions

which were analysed via SDS-PAGE.

2.2.9.4 Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS PAGE) and Coomassie blue staining
SDS-PAGE analysis was carried on polyacrylamide gels prepared using the
Mini PROTEAN® System (BioRad) using the components listed in Table 2.5.
After the addition of N,N,N’,N’-tetramethylethylenediamine (TEMED) and
ammonium persulphate (APS), the resolving gel was poured between the
glass plates and topped with 1 mL layer of isopropanol. Once
polymerization was complete, the isopropanol was removed and the
stacking gel was poured on top of the resolving gel. A plastic comb
(BioRad) was inserted in the stacking gel to create the wells required for
sample loading. The comb was removed gently after the gel had solidified.
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Table 2.5 Resolving and stacking SDS gels components

16% - Resolving gel 6% - Stacking gel

Acrylamide (30 % stock) 4.27 mL 1mL

1 M Tris-HCI (pH 6.8) - 1.25 mL

1.5 M Tris-HCI (pH 8.8) 2 mL -
Distilled water 1.6 mL 2.6 mL

10% SDS 80 pL 50

10% APS 80 pL 50 pL
TEMED 8 uL 5L

Before loading, samples were mixed with 6 x loading buffer (Promega) and
boiled for 10 min at 95°C in a heat block (Grant QBA2, Scientific Laboratory
Supplies). The gel was simultaneously placed in an electrophoresis tank
(Biorad) and immersed in SDS running buffer. As molecular weight
markers, the standard broad range pre-stained protein ladder (NEB) was
loaded. Electrophoresis was performed at 200 V for 45 min or until samples
reached the bottom of the glass plate. Gels were stained with 25 v/v %
ethanol, 10 % v/v acetic acid and 0.25 % w/v Coomassie Blue R for 1 h
and destained with a solution of 10 % v/v ethanol containing 12 % v/v

acetic acid.

2.2.9.5 Dialysis

The fractions eluted from the gradient were dialysed overnight at 22°C
using a sealed dialysis membrane (molecular weight cut off 6-8 kDa)
(Spectra/Porl, Spectrum Labs) suspended in 500 ml of buffer containing
20 mM Tris-HCI, 0.5 mM DTT and 1mM EDTA, pH 7.4 . The dialysis ensured
the cleaning of the samples from an excess of imidazole and salts whilst
the reducing agents prevented precipitation of the protein. The dialysis
ensured removal of excess imidazole and salts whilst the reducing agents

prevented precipitation of the protein.

2.2.9.6 Determination of protein concentration

Protein content and concentration was determined using a Nanodrop
Spectrophotometer 1000 (Thermo Scientific). The measurement was
based on 3 ul of material, blanked with 3 ul of corresponding buffer. Protein

concentration was determined through the Beer-Lambert law equation
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using the extinction coefficient value for PqsRBP calculated with the online
program ProtParam (ExPASy). The calculation is described by the following

equation:

absorbance at 280 nm

Protein| =
[ ] Extinction coef ficient

2.2.9.7 Purification of PqsR ©BP by gel filtration

Size exclusion chromatography (SEC) was used increase the purity of the
PqsR®BP protein after Ni?* affinity chromatography for crystallization,
isothermal titration calorimetry (ITC) or synchrotron radiation dichroism
(SRCD). A HiLoadTM 26/600 Superdex™ 75 gel filtration column
(Amersham Biosciences) was initially washed and equilibrated with a
running buffer (SEC buffer) consisting in 20 mM Tris-HCI, pH 7.4, and 150
mM NacCl. The 10 mL sample loop was washed with 10 mL of running buffer
prior to loading the protein sample. The gel filtration proceeded using a
flowrate of 2 ml min™. The eluted protein fractions were analysed by SDS-
PAGE before snap-freezing and storage at -80°C, unless they were

concentrated for crystallization.

2.2.9.8 Iso-thermal titration calorimetry (ITC)

ITC was performed using the MicroCal PEAQ-ITC from Malvern Panalytical
(UK). Before each set of experiments, the sample-cell was deep-cleaned
by soaking with MeOH for 1 h. Additionally, the sample-cell and syringe
were washed and rinsed between each experiment. PqsR®®P protein and
lactam 488 were diluted in SEC buffer supplemented with 4% v/v DMSO
for 400 uM and 20 uM final concentrations respectively. The temperature
was set at 25 °C and differential power at 5 with high feedback. The
titration curve was constructed starting with the first injection of 2 pL
ligand into the cell containing PqsR“®P for 150 s, followed by 18 injections
every 90 s. The analysis was conducted with the Malvern analysis software

(Malvern Panalytical, UK).

2.2.9.9 Synchrotron radiation circular dichroism (SRCD)
xperiments were performed using a nitrogen-flushed Module A for
temperature studies and Module B for far UV ligand titration studies using

the HT-CD multi-cell system end-station spectrophotometer at B23
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Synchotron Radiation CD Beamline at the Diamond Light Source (Didcot,
UK) (Hussain et al., 2016; Hussain et al., 2012a, 2012b; Hussain &
Siligardi, 2016; Javorfi et al., 2010; Siligardi & Hussain, 2015; Zinna et al.,
2017) as well as ChirascanPlus CD spectro-polarimeter (Applied
Photophysics Ltd, Leatherhead, UK) for near-UV measurements. Five
achiral ligands were used: C7-PQS, NH.-PQS, 488, 3-NH.-7-CI-C9-QZN,
and HHQ. The ligands were dissolved to 100 uM 0.5% v/v DMSO solution
for far-UV measurements and 200 uM in neat DMSO for near-UV CD
measurements. PsqR®8P was supplied as a frozen aliquot of 500 ul per tube
in 20 mM Tris-HCI, pH 7.4 containing 150 mM NaCl. Scans were acquired
using an integration time of 1 s, a path-length of 0.02 cm for the far-uv
measurements 1.2 nm bandwidth, 2 nm for the near-UV measurements at
20 °C. Results obtained were processed using CDApps (Provencher &
Glockner, 1981) and OriginLab™. Spectra were normalized using an
average amino acid molecular weight of 113. Secondary structure
estimation from CD spectra was carried out using CDApps using Continll
algorithm (Provencher & Glockner, 1981).

2.2.9.10 Crystallization of PqsR “8? and soaking with lactam 488
Crystallization experiments were carried out with protein purified on the
same day to avoid precipitation and using the highest quality sample
available. Therefore, the protein was concentrated with Vivaspin 2 MWCO
10,000 spin column (GE Healthcare) to 7, 10 and 15 mg/ml and spotted
into 24 well hanging-drop plates. Reservoirs contained 0.1 M trisodium
citrate and 0.2 M ammonium acetate with a range of pHs (from 5 to 6 -
top to bottom wells) and 2-Methyl-2,4-pentanediol (MPD) % v/v (1 to 6 -
left to right wells). Crystals appeared after 24 h at 19°C although the
incubation was continued for one further week to allow the crystals to grow
in size, thus providing better diffraction. Before the biggest crystals were
left soaking overnight at 19° C with lactam 488 dissolved in ethylene

glycol.

2.2.9.11 Diffractometry
The 488-soaked crystals were harvested from the precipitant solution (0.1
M tri-sodium citrate pH-6.0, 0.2 M ammonium acetate and 5% MPD (v/v))

and transferred to a cryoprotectant solution with 30% ethylene glycol for
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several minutes before being flash-frozen in liquid nitrogen. The 488-
soaked PqsR“®Pcrystals were sent for Synchrotron experiments to the 124
beamline at Diamond Light Source (Didcot, UK) (Figure 2.4). Using a
wavelength of 0.97 A, the crystals were exposed to X-ray beams with 50
Mm apertures for 0.25 s per 0.5° oscillation (total of 180°, 90s) and the
detector distance was set to 510.75 mm. The protein structure was solved
with Phaser from the CCP4 software suite (McCoy et al., 2007) using the
structure of PqsR“B® from RCSB (PDB-ID: 4JVD) and the model refined
with Refmac5 (Vagin et al., 2004) The 488 ligand was apparent in the later
stages of refinement and were added into the model.

Figure 2.4 A PqsRC°BP crystal soaked in 488 held in a fibre cryoloop.
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3 UNILEVER LACTAMS AS QUORUM
SENSING INHIBITORS IN P.
AERUGINOSA

INTRODUCTION

The dihydropyrrol-2-ones (lactams) provided by Unilever are synthetic
analogues, of fimbrolides (halogenated furanones) isolated from the
marine red alga Delisea pulchra (Goh et al., 2007). These molecules were
found to possess quorum sensing (QS)-inhibitory properties, specifically
against N-acyl-L-homoserine lactone (AHL)-mediated QS systems thus
affecting QS-regulated related phenotypes (Hentzer et al., 2002; Manefield
et al., 1999; Shetye et al., 2013). Through LuxR-based E. coli reporter
activity studies, additional fimbrolide analogues have recently shown
similar inhibitory activities. In silico docking studies with the P. aeruginosa
LuxR orthologue LasR suggested that the lactams could also bind to the
LasR ligand binding site. However, no biological assays were carried out to
confirm the in silico analysis (Goh et al., 2015). Internal Unilever studies
have also reported inhibitory effects of the lactams on biofilm formation on
different species. Against this background, the impact of each lactam on
QS in P. aeruginosa was first explored, as the mechanism of action had not

been established.

3.1 IMPACT OF THE LACTAMS ON QUORUM SENSING IN

P. AERUGINOSA

P. aeruginosa was chosen as the first bacterial species to investigate the
QS inhibitory activity of the first set of Unilever lactam analogues provided
(Figure 2.1). The expression of rhl, pgs and las genes was evaluated using
lux-based rhlI, pgsA and lasI promoter fusions. These genes were selected
as they represent the primary targets of the transcriptional regulators

LasR, PgsR and RhIR. The /ux-based promoter fusion constructs were
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constructed using the miniCTX-luxCDABE plasmid system (Becher &
Schweizer, 2000) which facilitates integration of surrogate promoter
fusions into the CTX phage site in the P. aeruginosa chromosome. Thus the
resulting bioluminescence is related to the expression of the /ux-fused
promoter and can be quantified independent of the original gene.

P. aeruginosa PAO1-N Ptac::lux was used as a positive control as it
constitutively expresses luxCDABE and hence light. Any reduction in light
output in this strain in the presence of a lactam will indicate whether or
not a compound has an adverse effect on light output. The lack of reduction
light output from Ptac::/lux shows that there is no interference between the
compounds and either the luciferase or fatty acid reductase (Figure 3.1).
As shown in Figure 3.2 and Figure 3.5, the compounds 491 and 488, in
particular, are more potent than the others especially on PpgsA::/ux gene
expression (Figure 3.2). Moreover, 488 caused a ~40% reduction in the
expression of lasI (Figure 3.3). The five lactams had little effect on rhiI

expression with 488 and 491 reducing expression by <10% (Figure 3.4).
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Figure 3.1 Effect of lactams (100 pM) on tac promoter expression using the PAO1-
L pCTX::PtacAlacI?-lux biosensor. This bioreporter was constructed and employed to
test the eventual impact on the lux operon or on bioluminescence metabolism. Positive
control (solvent only) is shown on the left column. Error bars represent standard deviation
of biological triplicates.
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Figure 3.2 Effect of lactams (100 pM) on pgsA promoter expression using the
PAO1-L pCTX::PpgsA-lux biosensor. Positive control (solvent only) is shown on the left
column. Error bars represent standard deviation of biological triplicates. Statistical
significance was calculated with Welch’s t test, (***) represents p value <0.001, (****)
<0.0001.
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Figure 3.3 Effect of lactams (100 pM) on /asI promoter expression using the PAO1-
L pCTX::PlasI-lux biosensor. Positive control (solvent only) is shown on the left column.
Error bars represent standard deviation of biological triplicates. Statistical significance was
calculated with Welch'’s t test, (**) represents p value <0.01.
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Figure 3.4 Effect of lactams (100 pM) on RAII promoter expression using the
PAO1-L pCTX::PrhiI-lux biosensor. Positive control (solvent only) is shown on the left
column. Error bars represent standard deviation of biological triplicates. Statistical
significance was calculated with Welch’s t test, (*) represents p value <0.05, (**) p value
<0.01.
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Figure 3.5 Overview of the effect of lactams at 100 pM on QS reporter genes
expression in P. aeruginosa PAO1-L. For each biosensor, the expression was normalized
by the value of the respective solvent only control. Error bars represent the standard
deviation between biological triplicates. A series of t-tests were performed on the original
data to determine statistical significance in each group, (**) represents p value <0.01,
(***) p value <0.001 (****) p value <0.0001.
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3.2 EVALUATION OF THE INHIBITORY EFFECTS OF
LACTAM 488 AND 491 ON PQS SYSTEM

EXPRESSION

3.2.1 Antagonism assays

The preliminary data shown in Figure 3.5 reveals that lactams 488 and 491
at 100 uM are primarily inhibitors of the pgs QS system in P. aeruginosa.
Hence, to quantify the degree of inhibition was assayed by employing the
PAO1-L PpgsA::lux biosensor was subjected to linearly increasing
concentrations of lactams in order to construct a dose-response curve for
each lactam from which ICso values can be derived. Lactam 488 exhibited
a lower ICso value than 491, and was therefore the more active of the
compounds tested (Figure 3.6 and Figure 3.7). ICso values of 21.72 £ 0.71
MM for 488 and 43.91 £1.87 puM for 491 were calculated, confirming the
previously reported preliminary observations (Figure 3.2 and Figure 3.5).
Furthermore, 491 did not reduce pgsA expression to zero at maximal
activity since significant residual light output remained (Figure 3.7).
Lactam 488 reduced pgsA expression to close to zero at a concentration of

200 pM and so was considerably more potent (Figure 3.6).
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Figure 3.6 Effect of lactam 488 on expression of PpgsA::lux in PAO1-L (ICso =21.72
+ 0.71). Error bars represent standard deviation of technical triplicates.
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Figure 3.7 Effect of lactam 491 on expression of PpgsA::lux in PAO1-L (ICs0 43.91
+1.87). Error bars represent standard deviation of technical triplicates.

The impact of the lactams on pgsA expression in P. aeruginosa strains PA14
and ATCC 15442 was also evaluated following the introduction of a
chromosomal PpgsA: :lux fusion. Figure 3.8 shows that 488 has comparable
inhibitory effects on strain PA14 to those previously described for strain
PAO1l. For PA14, the ICso extrapolated from the inhibition curve was
calculated as 19.84+3.2uM.

Figure 3.9 shows that 488 does not inhibit PpgsA::lux expression in strain
ATCC 15442. However the very low light output and hence pgsA expression
in this strain, along with the lack of pyocyanin, suggests the PQS system
is inactive, conferring similar phenotypic characteristics as that observed
for e.g pgsA mutants (Aendekerk et al., 2005; Gallagher et al., 2002).
Indeed, after a BLASTP analysis of the PQS genes from the ATCC 15442
genome, using sequences from the PAO1-L WT genome as query, a
missense mutation was detected in PgsR in position 176
(Histidine>Proline). Being very close to the binding site, this mutation
could affect the protein structure and its substrate binding affinity.
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Figure 3.8 Effect of lactam 488 on expression of PpgsA::lux in PA14 (ICso

=19.8413.2). Error bars represent standard deviation of technical triplicates.
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Figure 3.9 Effect of lactam 488 on expression of PpgsA::lux in PA ATCC 1544, Error

bars represent standard deviation of technical triplicates.
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3.2.2 Competition assays

The major quorum sensing signal molecules in the P. aeruginosa pqgs
system are the alkylquinolones, PQS and its precursor HHQ (Williams &
Camara 2009). HHQ biosynthesis depends on the PqgsABCDE enzymes and
is converted to PQS by the activity of the mono-oxygenase PqsH. Both
HHQ and PQS can drive autoinduction of their own biosynthesis through
activation of the transcriptional regulator PgsR. The inhibitory action of
lactam 488 may therefore involve inhibition of AQ biosynthesis or it may
behave like an antagonist and block ligand-dependent activation of the PQS
receptor, PgsR. Consequently, experiments were designed to determine
the nature and degree of this inhibitory action, starting from the analysis

of potential PgsR inactivation.

To determine whether the antagonism between PQS and 488 was
competitive or non-competitive, four dose response curves were
constructed using PAO1-L ApgsA, PpgsA::lux. Due to deletion of pgsA this
strain in unable to produce any AQs and hence produce light but
nevertheless it responses proportionally to the provision of exogenous PQS
or HHQ. The curves were thus generated activating the bioreporter with
increasing amounts of AQ in presence of fixed concentrations of lactam.
The experiment was initially carried out employing PQS molecule as the
exogenous AQ necessary for bioluminescence. The results obtained (Figure
3.10) show that as 488 concentrations are increased, maximal light output
is substantially reduced, suggesting 488 functioning as a non-competitive

antagonist.

However, due to the poor water solubility of PQS (Lépine et al., 2003), the
dose response curves did not reach a plateau at high concentrations such
that a definite competitive dose response curve could not be obtained. The
assay was repeated using the PQS analogue 7CI-PQS (Figure 3.11). 7Cl-
PQS is ~200 times more active (ECso 0.014 uM) as a PgsR agonist than
PQS (ECso ~2-3 uM) and is the most powerful PqsR agonist so far described
thanks to its 7Cl substituent that can form a hydrogen bond with the side
chain of Thr625 within the PqsR®®P ligand binding pocket. 7CI-PQS induces
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higher levels of pgsA expression at lower concentrations (Ilangovan et al.,
2013). This characteristic allowed a full dose response curve to be

generated, overcoming the limits previously described for PQS (Ilangovan

etal., 2013).
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Figure 3.10 Effect of 488 at 0, 50, 100, 200 pM on the exogenous PQS-dependent
expression of PpgsA::lux in P. aeruginosa PAO1l1l-L ApqgsA. (Standardized
response). Error bars represent standard deviation of technical replicates.

Figure 3.11 compares the 7CI-PQS dose response curves obtained in the
absence or presence of 488 at different concentrations. With increasing
concentrations of the antagonist, the respective curve plateau decreases,
indicating the inability of the agonist to reach a full response. Therefore,
the shape of the curves and the lack of significant changes of ECso values

suggest that 488 behaves as a nhon-competitive inhibitor.
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Figure 3.11 Effect of 488 at 0, 50, 100, 200 pM on the exogenous 7CI-PQS-
dependent expression of PpgsA::lux in P. aeruginosa PAO1l-L ApgsA.
(Standardized response). Error bars represent standard deviation of technical triplicates.
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3.2.3 Evaluation of the inhibitory effects of
lactam 488 on the PQS-dependent, PqsR-
independent activation of pgqsA

PQS is capable of weakly activating pgsA in the absence of PgsR via a
mechanism that is not entirely understood but appears to be partially
depending on the iron-chelating properties of PQS (Rampioni et al., 2016).
The aim of this experiment was to clarify whether lactam 488 is also
inhibitory for pgsA expression via the PgsR independent response. The
PpgsA::lux biosensor based on the triple mutant PAO1-N ApgsAHR is
defective for the production of AQs because the genes coding for the key
biosynthetic enzymes (PgsA and PgsH) and regulation (PgsR) have been
deleted but still responds to exogenous PQS. This response is, however,
much weaker that the PqsR-dependent response. Figure 3.12 shows the
impact of 488 on the PgsR-independent expression of pgsA in the presence
or absence of 40 uM PQS. 488 has a small inhibitory effect on the PgsR-

independent pathway at high concentrations.
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Figure 3.12 PgsR-independent activity of 488 on the expression of PpgsA::lux in
PAO1-N ApgsAHR with and without PQS 40 pM. Error bars represent standard
deviation of technical replicates.
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3.2.4 Evaluation of partial agonist effects of

lactam 488 on P. aeruginosa

A PAO1-L ApgsA PpgsA::lux biosensor-based assay was performed to
determine whether lactam 488 exhibits any partial agonist activity at
higher concentrations. A partial agonist is a molecule that can bind to and
activate a receptor resulting in a non-complete response compared with a
full agonist. Graphically, an antagonist that is also a partial agonist exhibits
agonist activity at high concentrations. Figure 3.13 shows that 488 has no
partial agonist activity as it was unable to activate pgsA expression at
concentrations up to 800 pM. This observation disagrees with its activity

as an antagonist in the presence of 10 or 40 uM PQS.
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Figure 3.13 Effect of lactam 488 on the expression of PpgsA::lux in PAO1ApgsA in
the presence of PQS at 0 uM, 10 pM or 40 pM. Error bars indicate standard deviation
of technical triplicates.
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3.3EFFECT OF 488 ON ALKYL-QUINOLONE

PRODUCTION

3.3.1 Qualitative AQ biosynthesis analysis

To determine whether 488 is capable of inhibiting the enzymes (PqsABCD)
involved in AQ biosynthesis, the P. aeruginosa PAO1-N ApgsAHR was
exploited. This mutant cannot produce AQs because the genes coding for
the key biosynthetic enzymes (PgsA and PqgsH) and regulation (PgsR) have
been deleted. To restore HHQ production in a PgsR-independent manner
in PAO1-N ApgsA, the pgsABCD genes were introduced into a plasmid
(pBBR::pgsABCD). P. aeruginosa PAO1-N ApgsAHR and P. aeruginosa
PAO1-N ApgsAHR pqsABCD were both incubated overnight in LB in the
presence or absence of 488 (200 uM). The cultures were extracted with
acidified ethyl acetate, the organic phase removed, dried and resuspended
in methanol subjected to thin layer chromatography (TLC). After
chromatography using a dichloromethane-methanol mobile phase, the TLC
plates were overlaid with a thin agar layer containing the AQ biosensor
strain PAO1-L ApgsA PpgsA::lux (Fletcher et al., 2007) incubated and
examined for reporter output. Figure 3.14.panel A shows the TLC plate
under UV illumination after chromatography. The biosensor strain produces
light (Figure 3.14 panel C) and pyocyanin (Figure 3.14 panel B) in response
to AQs present on the TLC plate which bind to PgsR and activate the pgsA
promoter. Qualitatively, no HHQ production change was observed
according to the pyocyanin production and luminescence production while,
as expected, PQS molecule was not detected from PAO1-N ApgsAHR and
PAO1-N ApgsAHR pgsABCD extractions.

The combined employment of TLC and AQ biosensor overlay provide a
sufficient sensitivity to discriminate between the two AQs without the use
of sophisticated techniques. On the other hand, only methods like Liquid
chromatography-mass spectrometry (LCMS) or RP-HPLC are able to reach
the sensitivity required for a definitive quantitative chemical analysis of the
culture extracts (Diggle et al., 2006a; Lépine et al., 2004).
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Figure 3.14 TLC analysis of HHQ production. (Panel A) TLC plate under UV light at
312 nm, showing PQS (lane 1 upper spot) and HHQ (lane 1 lower spot) standards together,
488 standard (lane 2), organic solvent supernatant extracts of PAO1-N ApgsAHR grown
without (lane 3) and with (lane 4) the compound 488 and organic solvent supernatant
extracts of PAO1-N ApgsAHR pgqsABCD grown without (lane 5) and with 488 (lane 6).
Pyocyanin production (Panel B) and light output (Panel C) occurs via PAO1l-L ApgsA
PpgsA::lux present in the agar overlay. Both pyocyanin and light output are dependent on
the presence of AQs. Bioluminescence was captured using a luminograph photon camera.
The uppermost bright spot on the UV illuminated plate (Panel A, lanes 2,4 and 6) is 488

LEGEND Figure 3.14

PQS, 10 mM + HHQ, 10 mM, 2 yL

488 10 mM, 5 pL

PAO1-N ApgsAHR organic extract, 10 pl

PAO1-N ApgsAHR + 488 200 uM organic extract, 10 pL

PAO1-N ApgsAHR pgsABCD organic extract, 10 pL

PAO1-N ApgsAHR pgqsABCD + 488 200 uM organic extract, 10 pL

AUV A WNPR
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3.3.2 Liquid chromatography-mass
spectrometry (LC-MS) analysis of AQs

production

In order to obtain more quantifiable data compared to the TLC overlay,
and to study the effect of the lactam 488 on AQ production, Liquid
Chromatography Tandem Mass Spectrometry (LCMS/MS) was used. The
AQs were extracted and LC-MS performed as described in the Materials
and Methods (section 2.2.8.3). The uniformly deuterated PQS-analogue
d4-PQS was spiked at a 20 nM final concentration into each sample
immediately before the extraction process and used to permit
quantification of the data. The results of all strains tested are summarised
in Figure 3.15. Several PQS system mutants including PAO1-L ApgsA,
PAO1-L ApgsR and PAO1-N ApgsAHR were employed as negative controls
to check for the presence of contamination during the analytical process
and to verify that no AQs were retained on the columns during the elution
steps. None of the negative-control strains produced AQs (Figure 3.15).
The P. aeruginosa strain ATCC 15442 was also analysed and the absence
of AQ production confirmed that this strain has an inactivated PQS system.
The other strains analysed were PAO1-L, PA14, PAO1-N ApgsAHR
pgsABCD, PAO1 Unilever and the cystic fibrosis (CF) clinical isolates PA14
AL191, PA7 48, PAK 6085. The strains PA14 AL191 and PA7 48 both have
several mismatches compared to the PAO1 pgsA reference gene sequence.
However, only one of the mismatches translates into a unique substitution
in the PgsA protein, G285S for PA14 AL191 and A345T for PA7.
Furthermore, PA14 AL191 has a missense mutation in PgsR which changes
A288V. Nevertheless, no significant phenotypic differences were observed
due to the described changes on the analysed strains, although PA14
AL191 showed a low pyocyanin production (Figure 3.18) (Oton, 2018). It
is worth mentioning that, apart from the pgsA and pgsR genes, no other

alignment analysis were performed on these strains.

Whereas 488 had little effect on AQ production in PAK 6085 (Figure 3.16
F) (Figure 3.15), at high concentrations, it reduced AQ production by PA14
AL191 and PA7 48 (Figure 3.16 C and D). Indeed, the highest impact was
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observed on PA7 48 and PAO1 Unilever, which was the most 488-sensitive
strain (Figure 3.16 G). As also observed from the TLC overlay, PAO1-N
ApgsAHR pgsABCD does not produce PQS due to the lack of PgsH and
synthesizes HHQ and HQNO regardless of the presence of 488 (Figure 3.16
E). Wild type strains PAO1-L and PA14 also are not or slightly affected
(Figure 3.16 A and B).
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Figure 3.15 Overview of absolute quantification of AQs produced by different P.
aeruginosa strains with 488 at 100 and 200 pM using LC-MS. Error bars represent
the standard deviation of the technical triplicates.
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Figure 3.16 Quantification of AQs (HHQ, HQNO, PQS) produced by different P.
aeruginosa strains with 488 at 100 and 200 pM using LC-MS. Panel A PAO1-L, panel
B PA14, panel C PA14 AL191, panel D PA7 48, panel E PAO1-N ApgsAHR pgsABCD ,panel
F PAK 6085, panel G PAO1 Unilever. Deuterated internal standard d4-PQS was used at
20 nM. Error bars represent one standard deviation of technical triplicates.
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3.4 IMPACT OF 488 ON PQS DEPENDENT PHENOTYPES

3.4.1 Pyocyanin

Pyocyanin is a secondary metabolite produced by P. aeruginosa that plays
a fundamental role during infections by increasing bacterial virulence (Lau
et al., 2004). Since the PQS system controls pyocyanin expression (Cao et
al., 2001), its downregulation constitutes an potential target for reducing
P. aeruginosa virulence. Pyocyanin was extracted and quantified following
the method described in section 2.2.4.2 (Essar et al., 1990). For a more
robust comparison, the supernatants employed for the LCMS/MS analysis
were assayed for pyocyanin. As shown in Figure 3.17, all the pyocyanin-
producing strains are strongly affected by the presence of 488: pyocyanin
levels decreased with 100 uM 488 (except for PAO1-L) and drastically with
200 uM in PA 14. PAO1-N ApgsAHR, PAO1-N ApgsAHR pGsABCD, PAO1-L
ApgsA, PAO1-L ApgsR, ATCC 1544 were used as negative controls. The
strain PA14 AL191 showed only a modest reduction in of pyocyanin The
differences between AQ levels and pyocyanin could be explained by the
direct effect of 488 on pgsE expression, which is able to act in both PgsR-
dependent and independent ways and up-regulates the phenazine (phz)
biosynthesis genes (Farrow et al., 2008; Rampioni et al., 2016; Rampioni
et al., 2010).

Figure 3.17 Pyocyanin production by PAO1-N grown in the presence of lactam
488 in 0 (1), 100 (2) and 10 M (3). (4) is a LB only control.
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Figure 3.18 Quantification of pyocyanin production of P. aeruginosa strains
treated with 488 at 100 and 200 pM. Methanol only was used as the solvent control.
Error bars indicate the standard deviation of biological triplicates. Multiple t-tests were
performed to determine statistical significance in each group (*) represents p value < 0.05,
(**) p value < 0.01 and (***) p value < 0.001.

To be effectively synthesized, pyocyanin requires the expression of the
either or both phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2 operons
which are directly responsible for the production of phenazine-1-carboxylic
acid (PCA), the pyocyanin precursor (Mavrodi et al., 2001). As the first
gene in the operon, the expression of phzAl was studied using the
transcriptional reporter PAO1-L pCTX::PphzA1-lux. Albeit the expression of
the homologues gene phzA2 must be also analysed, phzA1 downregulation
confirms the inhibitory activity of 488 on pyocyanin production (Figure
3.19). Further assays will be required to confirm any possible direct

interactions between 488 and pgsE.

106



400000 -

300000 -

200000 -

100000 4

Max R.LUJ'ODﬁ["]

0 T T
-4 -2 0 2 4

Log[488], uM

Figure 3.19 Effect of lactam 488 on expression of PphzA1::lux in PAO1-L (ICso
282.7118.06).

3.4.2 Elastase production

Elastase is a metallo-protease and a virulence factor involved in tissue
destruction; its expression depends on the QS regulation, mainly on the
las and rhl systems (Calfee et al., 2001; Diggle et al., 2007). For this
reason, the /asR-mutant strain (PAO1-N AlasR) was used as a negative
control along with PAO1-N ApgsA which, as shown in this experiment,
showed a slight difference from the wild type. Furthermore, 488 shows no
effects on elastase production by PAO1-N and negligible effects in the pgsA
mutant (Figure 3.20). The lack of significant 488-dependent inhibition in
PAO1-N is surprising since 488 reduced /asI expression by ~40% in PAO-
1-L (Figure 3.3)
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Figure 3.20 Elastase activity assay in P. aeruginosa. Quantification was performed by
reading the absorbance (ODa49gs) after incubating the filtered supernatant for 4 hours with
Elastin-Congo red. Error bars represent standard deviation from biological replicates.
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3.4.3 Lectin expression

The galactose specific lectin, LecA is a widely described virulence factor in
P. aeruginosa; it has a structural function in mature biofilms and exerts
cytotoxic effects on lung tissue by reducing respiratory cilia beating
frequency and respiratory cell growth during P. aeruginosa infections
(Bajolet-Laudinat et al., 1994; Diggle et al., 2006b). The expression of the
P. aeruginosa lecA and lecB genes is controlled by RpoS and QS, in
particular by the Rhl and the PQS system (Diggle et al., 2003; Winzer et
al., 2000). Against such background, a PAO1-L biosensor constructed with
pCTX::PlecA-lux was used in order to test whether 488 was able to reduce
lecA expression. An antagonism assay was performed with linearly
increasing concentrations of 488 and a sigmoidal dose-response curve was
generated yielding an ICspor 159.6+6.6 (Figure 3.21).
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Figure 3.21 Effect of lactam 488 on expression of PlecA::lux in PAO1-L (ICso
=159.6+6.6). Error bars indicate standard deviation of technical triplicates.
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3.5 THE LACTAMS AND PQSR

3.5.1 In silico docking of the lactams into the
PgsR ligand binding site

Although the biosensor-based assays described the competition between
the AQs (PQS and 7CI-PQS) and 488 as non-competitive, an in-silico study
to model how the lactams may interact with the PQS system receptor PgsR
was carried out. The simulation was performed employing the crystal
structure of the complex PgsR®BP (co-inducer/ligand binding domain)
occupied by the PgsR inhibitor, 3-NH>-7CI-C9-QZN described in Ilangovan
et al. (2013). As outlined in section 2.2.9.1, the study was performed using
the structure of the complex without the QZN molecule as it represents the
conformation assumed by the receptor during the interaction with an
antagonist. The docking score, describing the affinity of the molecule for
the PQS/HHQ ligand binding site, was generated for each lactam, using the
Glide module of the Schrédinger Software Suite. In this study, the presence
and absence of a molecule of water inside the CBD did not influence the
final outcome. The lactam structures are shown in Figure 3.22Error!
Reference source not found.. Figure 3.23 shows the possible lactam
orientations within the ligand binding domain and Table 3.1 summarizes
the docking scores generated by the analysis. According to the docking
analysis, lactam 488 was predicted to be the most potent lactam inhibitor
with a score of -10.5 even lower then 3-NH>-7CI-C9-QZN (docking score-
9), the most potent PgsR antagonist discovered by Ilangovan et al. (2013)
(Figure 3.23, Table 3.1). The high affinity of 488 is determined by the
presence of several hydrogen bonds within the binding pocket “"B”. The -
NH of the pyrrolone ring interacts through a water-mediated hydrogen
bond with GIn194. The carbonyl group in position 2 with the amine group
of Leul97 while the chlorine located in position 4 on the phenyl ring
interacts with Thr265 forming an H-bond with its side chain (Figure 3.23
panel A). As described for 3-NH,-7CI-C9-QZN, this bond is thought to be
responsible of the stronger binding of the molecule compared to native
ligands. In fact, the halogen bond between the 7-Cl and Thr265 stabilizes
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the QZN within the pocket B by clamping it with the more common, among
PgsR natural ligands, H-bond with Leu207. Besides, such an interaction
might play a role in conformational modifications of the receptor since it
should maintain the protein in an inactive state (Ilangovan et al., 2013).
Only lactam 491 assumes a 488-like conformation due to the interactions
with Leu197 and GIn194 and, consistent with the observations made so far
in this study, it is the second highest affinity lactam with a docking score
of -8.2. Lactams 131, 258 and 316 gave approximate docking scores of -
6.5 (Table 3.1), revealing ~35% lower predicted binding affinities
compared with 488. These lactams adopt a different conformation due to
their interactions with Leu197 and Ala237 within the binding pocket.

F Br Cl
HN OH HN OH HN OH HN HN
131 258 316 488 491

Figure 3.22 Structures of the original lactams.
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Figure 3.23 Interactions between lactams 488, 491, 316, 131 and 258 with amino
acid residues within the PqsR®BP, Lactams are represented as bold sticks, interactions
as dotted lines highlighted by typology with coloured dotted circle; in red, halogen bond
with Thr265; in yellow, hydrogen bond with Leul197; in orange, water mediated hydrogen
bond with GIn194; in green, hydrogen bond with Ala237. In panel A 488; B 491; C 316; D
258; E 131. In panel F, Surface charge representation of PqsR®®P. 488, represented as
sticks, sits within the cavity occupied naturally by the AQ bicyclic ring.

To further probe the structure-activity relationships via PgsR®2 docking,
two lactams were designed in silico (Figure 3.24 and Figure 3.25). The new
lactams were initially designed assuming the groups in position 5 of the
pyrrolone ring and position 4 of the phenyl ring are the main structural
variables. The first new lactam (476) has hydroxyl and methyl groups at
the 5 position of the pyrrolone ring and chlorine at 4 position of the phenyl
ring (4-(4'-chlorophenyl)-5-hydroxy-5-methyl-1,5-dihydro-2H-pyrrol-2-

one). The second lactam (491-F) has a methylene group in position 5 of
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the pyrrolone ring and a fluorine group in position 4 of the phenyl ring (4-

(4'-fluorophenyl)-5-methylene-1,5-dihydro-2H-pyrrol-2-one).

The hydroxyl group of 476 forms a hydrogen bonding interaction with
Leu207 thus the lactam assumed a different position from the other
lactams within the binding site (Figure 3.25 left panel) therefore keeping
the CI group far from the Thr265. The consequent weaker interaction
resulted in a docking score of -5.1 (Table 3.1). However, the new lactam
491-F assumed the same orientation as 491 and 488 (Figure 3.23 and
Figure 3.25 right panel) obtaining a docking score of -9.6 (Table 3.1).

This test suggests that the interactions with GIn194 and Leul197 are likely
to facilitate H-bonding with the Thr265 and offer options for further

chemical synthesis.

cl F

476 491-F

Figure 3.24 Structure of in-silico designed lactams: 476 and 491-F.

Figure 3.25 Interactions between the in-silico designed lactams (476, left panel
and 491-F, right panel) and the amino acid residues of the PqsRBP, Lactams are
represented as bold sticks, interactions as dotted lines highlighted by topology with
coloured dotted circles; in red, halogen bonding with Thr265; in yellow, hydrogen bonding
with Leul97; in orange, water mediated hydrogen bonding with GIn194.
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Compound

Docking score

488
491-F

3-NH_-7CI-C9-QZN

491

316

258

131

476

-10.501
-9,628
-9.097
-8,242
-6.715
-6.385
-6.122
-5,090

Table 3.1 Summary of the docking scores of the lactams and the PqsR inhibitor,

3-NH2-7CI-C9-QZN dgenerated via the in-silico docking analysis.

Each score

corresponds to the higher probable orientation of the lactam within the PgsR ligand binding

site with a molecule of water. The in-silico designed lactams are underlined.
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3.5.2 In silico docking of the second set of

lactams

Following the insights provided by in-silico investigations, several
additional lactam analogues were provided by Unilever for testing as
potential PgsR inhibitors. These lactams analogues are distinguished by
the presence on the phenyl ring of halogens in different positions. In this
series, the pyrrolone ring possesses a phenyl group in position 4 as in 488,
apart from lactam 202239, which carries an N-methyl substituent at
position 1 and the phenyl ring in position 3 (Figure 3.26). Because of these
similarities, the new lactams assume poses and interactions within the
PgsR binding pocket analogous to those of 488 and 491 (Figure 3.27) apart
from 490, 476 and 2022339. Compound 490 is the only one that positions
the pyrrolone ring in close proximity to Thr265 (Figure 3.27 panel C) while
476 and 2022339 do not orientate within ligand binding site similar to the
native ligand and 3-NH_ -7CI-C9-QZN antagonist. Despite the location of

the Cl in position 4 as for 488, 476 and 2022339 present different
substituents on the pyrrolone ring that are less likely to promote stable
binding (Figure 3.27 panels G and H). From this series, 295 meets the
structural requirements dictated previously by 488, the most active pgs
system inhibitor. 295 and 488 possess similar structures with a carbonyl
in position 2 and a protonated nitrogen on the pyrrolone ring, with a
halogen on the 4t carbon of the phenyl ring.

Consequently, the poses of the 488 and 295 match perfectly if
superimposed (Figure 3.28 panel B). On the other hand, it is interesting to
observe how the lactam 310 suprimposes on 488 and 295, while being
unable to interact with Thr295 due to the distance of its F (Figure 3.27
panel F, Figure 3.28). As for the previous study, the binding domain grid
used in this simulation contains a molecule of water assuming the
interaction to occur in an aqueous environment. However, although the
presence/absence of water did not impact on ligand conformation within
the binding pocket (Figure 3.27 panels B and D), the docking scores were
affected. In fact, the lactams 295 and 310 both superimpose within the

CBD and, at the same time, show substantially different scores according
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to the presence of water. Whilst 488 has the best docking score in both
scenarios, in presence of water 310 and 295 have a score of -9.811 and -
6.762 respectively. Conversely, without water, 310 has -7.216 while 295 -
8.573 (Table 3.2). The differences might be explained by the variable
subsituents on the phenyl rings of the two compounds: the bromine in 295
is sterically larger that the chlorine of 488 and the presence of water on
the other side of the molecule could prevent the locking of the lactam
within pocket B of PgsR. On the other hand, the water molecule may
contribute to stabilize the phenyl group of 310. Interestingly, because of
chlorine in position 5 of the phenyl ring, lactam 495 represents a “structural
compromise” between 295, 310 and 488, and its docking scores are the
third highest in both situations.

Fi \
NH 5 Oy N Ny—NH HN NH HO-\ _NH
) QIE): A “ </ 0 l. =0
N
Br cl F ol o [
295 310 a90 a9s 476

202239

Figure 3.26 Structures of the second set of lactams
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Figure 3.27 Predicted interactions between the lactams and the amino acid
residues of the PqsRBP. [actams are represented as sticks and the interactions
highlighted as dotted lines. In panel A, 488 with H,0 in CBD; B, 488 without H>0; C, 490
without H,0; D, 295 without H,0; E, 495 with H,0; F, 310 with H,0 G 476 without H,0 H
2022339 without H,0. Except for 476 and 2022339, all lactams have interactions with
Leu197 and GIn194. 488 and 295 interact to Thr265. The presence of the water molecule
in the binding domain does not interfere with the positioning of the ligands.
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Figure 3.28 Superpose of 488 (grey), 310 (green) (panel A and B) and 295 (red)
(panel B) within the PqsR°BP with H,0. The halogen group in 310 is located at C4 and
not C3 as in 488 and consequently does not interact with Thr265, despite the high docking
score in presence of the water molecule.

Compound Docking score w Docking score
H20 w/out H20
488 -10.501 -8.705
310 -9.811 -7.216
495 -8.409 -7.97
491 -8,242 -7.296
476 -6.764 -7.252
295 -6.762 -8.573
490 -6.565 -7.382
2022339 -5.135 -7.353

Table 3.2 Docking scores of 488, 491 and the lactams generated by the in-silico
binding analysis using the PqsRBP grid with and without a water molecule. Each
score corresponds to the higher probable orientation of the lactam within the PqsR¢BP, The
presence of the water molecules within the CBD influences the docking scores but not the

poses.
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3.5.3 Impact of the second set of lactams on
PQS-dependent QS system

To establish the PQS system inhibitory properties of lactams 295,
202239,310,490,495 and 476, the inhibition of pgsA, the anthranilate
ligase gene required for AQ-biosynthesis was evaluated using a
chromosomally integrated /ux-based P. aeruginosa pgsA promoter fusion.
The lactams were initially tested at a concentration of 100 uM with DMSO
0.6% v/v as the solvent control (Figure 3.29). Lactam 295, which shares
the same structure as 488 but with a different halogen atom (Br instead of
Cl), shows inhibitory activity almost 27% higher than its Cl analogue. The
other lactams were less inhibitory with 490 and 310 (which have either a
Cl or F at position 5 of the phenyl ring) being 22% and 14% respectively
less potent than 488. Lactam 2022339 shows moderate inhibition and is
30% less active than 488. Lactams 483, 495, 476 and the “cationic

lactam”, do not impact significantly on pgsA expression.

The antagonist assay previously performed using lactams at 100 pM was
repeated using the same compounds at 250 uM in order to determine the
effects of higher concentrations on the PQS system. Due to the solubility
limits, the solvent-only positive control contained 0.8% v/v DMSO,
therefore an LB only positive control was also used, along with the
biosensor PAO1-L ApgsA PpgsA::lux as the negative control, since it is
unable to produce AQs and hence light. At 250 pM (Figure 3.30), lactams
295 and 310 were slightly less potent than 488, consistent with the in silico
predictions. Compound 490 at 100 puM does not show any appreciable
inhibition of pgsA expression. However, 483 was more active at higher
concentrations. Lactam 495 does not show inhibition, despite the relatively
high affinity for the PqsR®EP predicted.
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Figure 3.29 Impact of 488 and the 2"d set of lactams at 100 uM on PpgsA::lux
expression in PAO1-L. LB only and DMSO 0.6% v/v are used as positive controls (light
grey bars). Error bars represent standard deviation of biological triplicates. Multiple t-tests
were performed against DMSO 0.6% control group to determine statistical significance (*)
represents p value < 0.05, (**) p value < 0.01, (****) p value < 0.0001.
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Figure 3.30 Impact of 488 and the 2"d set of lactams at 250 pM on PpgsA::lux
expression in PAO1-L. LB only and DMSO 0.8% v/v are used as positive controls (light
grey bars). Error bars represent standard deviation of biological triplicates. Multiple t-tests
were performed against DMSO 0.8% control group to determine statistical significance (*)
represents p value < 0.05.
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3.5.3.1 Determination of ICso values for lactams 295 and 310

The PpgsA::lux dose-response curves for compounds 295 and 310 against
PAO1-L were constructed and ICso values generated. Lactam 295 has a
different shaped dose-response curve to 488 although the ICso is similar
(295 IC50=33.08 uM, 488 1C50=21.72 pM) (Figure 3.31). In fact, lactam
295 seems unable to completely inhibit pgsA expression even at higher
concentrations in common with 488 (Figure 3.6). Lactam 310 was also
analysed possessing a high ICso of 293.6. (Figure 3.32). No further
experiments with these lactams were carried out (Growth curves in

appendix section 7.3, Figure 7.6).
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Figure 3.31 Effect of lactam 295 on expression of PpgsA::lux in PAO1-L (ICso
=33.08+4.13). Error bars represent standard deviation of technical triplicates.
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Figure 3.32 Effect of lactam 310 on expression of PpgsA::lux in PAO1-L (ICso
=293.07+15.15). Error bars represent standard deviation of technical triplicates.
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3.5.4 PqsR°BP expression and purification

The plasmid construct pET28a::pgsR“**3%° used by Ilangovan et al. (2013)
to study the co-inducer binding domain (CBD) of PgsR was reproduced in
this work and the protein expressed following similar conditions (section
Expression of the PqsR®®2.2.9.2). Once the construct had been completed
and cloned, its sequence was confirmed by DNA sequencing and the
plasmid was introduced into E.coli BL21 (DE3). Expression of pgsR“®4-30°
was induced by the addition of IPTG (1 mM). Cells were harvested after
24h at 16 °C and lysed by sonication. After centrifuging and filtering, the
supernatant containing protein was loaded onto a pre-equilibrated 5 mL
Ni2*affinity column and purified using an imidazole gradient 10-500 mM.
The fractions and samples collected during the expression were analysed
through SDS-gel (Figure 3.33). The fractions were dialyzed at 22°C O/N to
avoid precipitation that might occur at 4°C. After collection, the protein
was further purified using a Superdex 75 26/600 HiLoad gel filtration
column which showed a neat profile (Figure 3.34). Moreover, the elution
products were checked with SDS-gel electrophoresis (Figure 3.35). Protein
samples destined to ITC or Circular Dichroism analysis were aliquoted and
snap-frozen for storage at -80°C, unless required for crystallization: in
which case, samples were concentrated and used soon after the

purification.

Figure 3.33 SDS-PAGE gel of the Ni2* affinity column purification of PqsR C94-309
showing purified protein fractions. 1 and 15 show molecular weight markers. 2 induced
culture. 3 Soluble fraction. 4 flow through from Ni2* column. 7 eluted contaminants. From
8 to 14 column elution from imidazole gradient using the Aktaprime™ chromatography
system.
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Figure 3.34 Chromatogram of PqsR C°4309 purification on a Superdex 75 gel
filtration column. The absorbance by time profile (blue) shows the location of the PgsR
peak in the elution profile. Fractions were collected and examined using SDS-PAGE.

Figure 3.35 SDS-PAGE gel of the Size Exclusion column purification of PqsR C94-309
showing purified fractions of the protein. 1 molecular weight markers. 2 and 3 induced
culture. 4 flow through from Ni?* column. 5 eluted contaminants. From 6 to 10 column
elution using an Aktaprime™ system.
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3.5.5 Isothermal titration calorimetry (ITC) of
PqsR with lactam 488

Isothermal titration calorimetry (ITC) is a highly sensitive technique used
to study the thermodynamics of binding reactions in solution. It is a label-
free method that relies on a “cell feedback network” and employs two
thermoelectric devices. The first device measures the temperature
differences between two cells, containing a reference solution (water) and
the protein in an aqueous solution, respectively. The second device
measures the temperature difference between the cells and the adiabatic
jacket in which they are encapsulated. When the substrate/ligand is
injected with a syringe inside the sample cell, the reaction takes place and
heat is relased or absorbed proportionally to the rate and degree of the
reaction. For each injection, the instrument detects the changes in
temperature between the two devices and applies energy in order to
restore the temperature difference to 0. Thus a curve is derived from the
the time points at which the energy was supplied.

Aliquots of the purified PqsR“®® protein were thawed, centrifuged and
measured with a spectrophotometer. The syringe solution, containing 400
MM 488, and the sample cell solution, containing 20 uM PgsR®®®, were
matched in order to maintain an equal amount of DMSO (4%) and salts
(SEC buffer), since mismatches may perturb the reaction and compromise
the outcome of the experiment. Lactam 488 bound to the PqsR binding
domain with a Kp of 1.74 uM (Figure 3.36). The Wiseman C parameter,
defined as [protein]/Kp, is 200 which meets the requirements for receptor
saturation (10<C<500) according to Wiseman et al. (1989). The
thermodynamic values, reported in Figure 3.37, describe the reaction as
highly spontaneous (Gibbs free energy, AG=-7.86) exothermic and rich of
H-bonds (binding enthalpy, AH=-2.22) and presence of extensive
hydrophobic interactions and/or conformational changes that favour ligand
binding (enthropy factor, -TAS=-5.63). A blank reaction was performed by
injecting 488 into a solution lacking PqsR®EP within the sample cell, This
contained SEC buffer and DMSO 4% v/v only. No binding occurred since
488 did not interact with the buffer.
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Figure 3.36 Isothermal Titration Calorimetry of 488 and PqsR®BP, Thermogram (left)

and binding isotherm (right).
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3.5.6 Protein Thermal Stability by Circular Dichroism

spectroscopy

Synchrotron radiation circular dichroism (SRCD) is a consolidated
spectroscopic method used in structural biology for the analysis of chiral
molecules in solution, forgoing the need for the crystallization of proteins
required for X-ray analysis. These SRCD experiment were designed to
provide an alternative method for determining the binding kinetics of 5
PgsR ligands including the agonists C7-PQS (PQS), HHQ and NH>-PQS and
the antagonists 3-NH;-7CI-QZN and 488. The titration of each of the five
achiral aromatic ligands into the PsqR protein carried out by far-uv CD
spectroscopy revealed qualitatively that each ligand bound to the protein
(Table 3.3). The apparent dissociation constants Kps were determined
using the Hill equation indicating similar binding for 488 (Figure 3.39 A
Kpo=63pM), 3-NH>-7CI-QZN (Figure 3.39B Kp=76uM), and C7-PQS (Figure
3.39C, Kp=76uM). NH>-PQS (Figure 3.39D Kp=110pM) and HHQ (Figure
3.39E Kp=452uM) both bound more weakly. An estimation of the protein
secondary structure content from the CD spectra in the far-UV region
indicated that overall, the PsqR®®P protein retained the a/B folding in
solution when bound to one of the five achiral aromatic ligands (Figure
3.40 panel A). PsgR protein showed a weak CD signal in the near-UV region
(250-330nm) that is sensitive to the local environment of the aromatic side
chains of Trp, Tyr and Phe residues (Figure 3.40 panel D) which reflects
the tertiary structure of the protein. Upon ligand addition to PsqR protein
four out of five aromatic achiral ligands: QZN, C7-PQS, NH2-PQS and 448
induced small but discernible spectral CD differences from that of the
protein alone that were consistent with ligand binding interactions
observed in the far-UV region. HHQ, on the other hand, did not show any

distinguishable conformational change upon addition to PsgR.
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Figure 3.39 CD Titration studies investigating the binding of 488(A) QZN(B),
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Figure 3.40 Circular Dichroism Spectra and thermal stability. In panel A, far-Uv CD
spectra of PsgR (black), PsqR+C7-PQS (1:2) (red), PsqR+HHQ (1:2) (cyan), PsqR+QZN
(1:2) (magenta), PsqR+NH2-PQS (1:2) (green) and PsqR+488 (1:2) (blue) measured at
20 °C. In panel B, fitted thermal stability using Boltzman equation for PsqR protein with
and without ligands.The inset is the thermal stability from 20 to 90 °C. In panel C, CD
spectra of PsgqR (black) with achiral aromatic ligands1:5 molar ratio: 488 (blue), QZN
(magenta), C7-PQS (red), NH2-PQS (green) and HHQ (cyan). In panel D, near-UV CD
spectraof PsgqR (black), PsqR+C7-PQS (1:3) (red), PsqR+HHQ (1:3) (cyan), PsgR+QZN
(1:3) (magenta), PsqR+NH2-PQS (1:3) (green) and PsqR+488 (1:3) (blue).

Achiral 488 3-NH2- PQS NH2-PQS HHQ
ligand 7C1-QZN
Ko (M) 63 76 76 110 452

Table 3.3 Dissociation constant Kps of 488, QZN, 3-NH2-7CI-QZN, PQS, NH>-PQS
and HHQ obtained from the CD titration into PqsRCEP,
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3.5.7 Determination of the structure of the 488-
soaked PqsRC®BP crystal

Crystallization of the PgsR C-terminal®#3%° construct (or CBD) was carried
out using 24-well hanging drop plates containing a double gradient of pH
and MPD concentration as described in section 2.2.9.10. As for ITC and
Circular Dichroism, lactam 488 was chosen for its higher affinity for the
PgsR“BP, Diffractrometry enables the acquisition of low-resolution
structural information of a wide variety of materials. Although the in silico,
ITC and SRDC studies provided evidence of direct binding and enabled
prediction of a possible structure-function relationship, the availability of
crystallography data could help to define ultimately the interaction
between the lactam and the PQS®EP. A crystal soaking technique was
chosen after attempts at co-crystallization of PqsRBP with 488 failed due
to solubility limits of the lactam in the precipitant solution with low
percentages of MPD, which is required for the crystallization process. After
at least one week of incubation in sitting drop well plates at 19 °C, the
largest crystals obtained were left soaking overnight at 19° C with lactam
488 dissolved inethylene glycol. The 488-soaked PqsR®BP crystals were
analysed with the 104 beamline at Diamond Light Source (Didcot, UK).A
maximum resolution of 2.9 A was obtained. The protein structure was
solved using the CCP4 software suite and the complex obtained revealed
the presence of 488 within thepocket B of the PqsR®®P ligand-binding site
consistent with the orientation predicted by the in-silico study (Figure
3.41), wherein the interactions with Thr265 and Leul97 are confirmed
(Figure 3.42 and Figure 3.43). The chlorine of the phenyl ring is directed
to the side chain of Thr265 confirming the predicted interaction,
analogously to 3-NH,-7CI-C9-QZN as reported in Ilangovan et al. (2013)
(Figure 3.42 panel B).
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A , B

Figure 3.41 Charge surface representation of Lactam 488 and 3-NH>-7CI-C9-QZN
within PqsRC®BP, In panel A, 488 (pink sticks) within pocket B. In panel B, superpose of
488 (pink sticks) and the QZN (yellow sticks) structures.

Figure 3.42 Topology diagram of the PqsR°BP ligand-binding site occupied by 488
and 3-NH2-7CI-C9-QZN. In panel A, 488 (pink sticks) and the interactions wth Leul197
and Thr265. In panel B, superpose of 488 (pink sticks) and the QZN (yellow sticks)
structures.

Figure 3.43 Ligplot schematic diagram of 488 within PqsR°EP showing hydrophobic
contacts and the hydrogen bond with Leu197 (radius 3.9 A).
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3.6 CONCLUSION

The first lactam screen employing the QS transcriptional reporters was
successful since demonstrated that the PQS system was effectively
inhibited by the most potent lactams, 488 and 491. From antagonism
assays the ICsos were calculated and 488 was confirmed as the leading
compound. It’s action was also studied in P. aeruginosa strains belonging
to different genomic backgrounds including PA14 and PA ATCC 15442,
where 488 showed a considerable impact on the former and no activity
against the latter, due to its lack of a functional PQS system, as confirmed
by LC-MS/MS analysis. Using a P. aeruginosa pgsA mutant PpgsA::lux
bioreporter, a series of competitive experiments with exogenous PQS and
7CI-PQS revealed that 488 inhibits the PQS system in a non-competitive
manner since increasing concentration of AQs did not overcome 488-
mediated inhibition. The production of AQs in the presence of a range of
concentrations of 488 was assayed qualitatively, by employing TLC with a
P. aeruginosa biosensor overlay and quantitatively, by LC-MS/MS. While
the qualitative assay suggested that the AQ biosynthesis was not affected
since no changes in production of HHQ were observed, LC-MS showed that
the inhibitory activity of 488 is strain-dependent with respect to AQ

production.

The PQS-dependent virulence factor pyocyanin was particularly affected by
488 inhibitory activity: its expression was lower in every strain treated with
the lactam. Strong pyocyanin producers such as PA14 and the Unilever-
PAO1 were significantly affected.

Whilst no specific observations could be derived from the elastase
production assay due perhaps to the host strain and multiple regulatory
pathways involved, PlecA::lux biosensor activity was inhibited, though at
high 488 concentrations. Also, due to the non-exclusive PQS-dependent
regulation of /ecA expression, validation of the impact of 488 on LecA
production should be performed using a pCTX::PlecA-lux ApgsA mutant
strain. Moreover, Farrow et al. (2008) and Rampioni et al. (2010)
hypothesised that /ecA, like pyocyanin, might be directly regulated by
PgsE, independent of PgsR. As the gap of inhibition between AQ production

130



and pyocyanin suggested, 488 might have an impact on PgskE. However,
further experiments are required like, for instance, by overexpressing pgsE
in @ pgsA mutant as shown in Rampioni et al. (2016).

In the in silico study of the binding between lactams and the PgsR ligand
binding domain, 488 revealed a binding affinity even superior to 3-NH»-
7CI-QZN the lead antagonist in the PgsR crystal structure work (Ilangovan
et al., 2013). Generally, all the lactams were able to fit within the PgsR
binding domain, specifically within the pocket B that harbours the bicyclic
ring of the AQs, though only 488 and 491 obtained high docking score
values due to their stable poses and molecular interactions. This analysis
revealed some interesting structural features potentially useful for future
structure activity relationship-based design. Following this rationale, a new
set of lactams was synthesized by Unilever. These lactams (310, 295 and
495) exhibit a structure and pose inside the CBD similar to 488. Their PQS
inhibitory capability was tested with a PpgsA::lux transcriptional reporter
and 295 exhibited greater activity than 488 at 100 uM, while at 250 uM,
lactams 295 and 310 were as active as 488, consistent with the docking

scores generated.

To provide evidence of direct binding to PqgsR, different protein-ligand
binding studies were performed using the recombinant PqsR®®°. The ITC
study confirmed the interaction of 488 and PgsR generating a Kp of 1.74
MM. The SRCD method was employed to compare qualitatively, the affinity
for PgsR of a set of achiral compounds including AQs, 3-NH>-7CI-QZN and
488. The lactam showed the best affinity, followed by the QZN. An
observation also predicted by the in silico studies. Finally, crystals of
PqsR®BP protein were obtained and soaked in a solution containing 488 in
order to reconstruct via X ray diffraction, a 3-D structure of the protein-
inhibitor complex. These data confirmed the presence and the interactions
of the 488 within the B pocket binding site.

However, the whole cell reporter gene fusions experiments gave rise to a
contradiction with the competition assays which indicated that the
inhibition of 488 towards the PQS system using 7CI-PQS as the agonist was

non-competitive. However, it is clear that 488 binds to the same ligand
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binding pocket within the PqsR®E® as the AQs. The binding experiments
describe a relatively strong interaction between the lactam and PqsR®EP
protein with similar affinities as the native agonists PQS and HHQ. The
nature of such an interaction, assuming that no covalent bonds are
involved, is referred to as pseudo-irreversible binding. Indeed, the very
low entropy obtained by the calorimetry study indicates a high nhumber of
hydrophobic interactions and/or conformational changes that are favour
the binding of 488 suggesting that for PqsR, 488 behaves as an irreversible

inhibitor, so explaining the non-competitive inhibitor dose response profile.
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4 GLOBAL EFFECTS OF 488 ON A.
AERUGINOSA

INTRODUCTION

Following discovery of the inhibitory effect of 488 on the PQS system of P.
aeruginosa, further studies were performed, aimed at determining whether
488 has any other potential targets in this Gram-negative pathogen. In
particular, this chapter will focus on the effect of 488 on the P. aeruginosa
transcriptome and its consequences for biofilm development. Changes at
the transcriptional level caused by exposure to 488 in liquid cultures were
analysed via RNAseq. Some of the observations made were validated by
biosensor or phenotypic assays which, in conjunction with the experiments
described in chapter 3, helped to define a multi-faceted mode of action for
488. After studying the impact of 488 on the different types of motility,
biofilm formation in the presence of 488 grown under different conditions
and described via imaging and quantitative analysis was investigated.
Moreover, the effect of the lactam on pre-formed biofilms exposed to an
antibiotic was also evaluated. Due to the intrinsically higher resistance of
biofilms to antibiotics (Costerton et al., 1995), new alternative strategies
and technologies are being sought for the prevention or treatment of
biofilms (Ciofu et al., 2017). The insights provided by this set of
experiments may be crucial for defining new applications and the
subsequent employment of the lactam technology for identifying other
targets for antibacterial drug design. In summary, the aims of this chapter
are to describe the global effects of 488 on P. aeruginosa. Specifically, the
work here presented intends to use RNAseq transcriptomics to reveal new
targets and to validate the data generated with phenotypic and biosensor

assays for motility and biofilm development

133



4.1 TRANSCRIPTOMIC STUDY OF THE EFFECTS OF 488
ON P.AERUGINOSA

RNA of P. aeruginosa PAO1l-Lausanne was extracted as described in
chapter 2 (section 2.2.2.10). Cultures (biological triplicates) were
incubated with lactam 488 at 37°C with shaking at 200 rpm until late
exponential phase (8 h and 12 h) when the PQS system genes are
maximally expressed (Rampioni et al., 2010). Along with a methanol
solvent-only control, two different 488 concentrations were used, 50 and
100 uM that are respectively ~2 and ~4 times the ICso for pgsA expression.
As previously stated, the Unilever recommended lactam useful working

concentration was =100 pM.

Transcriptomic analysis was undertaken to identify any differentially
expressed genes within 6 sample groups, defined according to the two time
extraction points and in the absence or presence of 488 at two different

concentrations.
4.1.1 COG analysis overview

The data sequences generated from the analysis were arranged using the
‘clusters of orthologous groups’ (COGs) classification in order to identify
the changes for each functional class. Figures 4.1, 4.2 and fig. 7.7 to 7.10
in the appendix section 7.4 show the distribution in percentage terms of
genes affected by 488 according to their functional classification. For each
comparison, the reference group is represented by the category termed
“treatment dependent genes”, placed at the top of each figure, which is
obtained by the percentage of differentially expressed genes with COG
function, either up or down, in relation to the total number of COG function
genes. Consequently, the functional groups that are disproportionally
represented by the columns are significantly more affected. The effect of
488 after 8 h of incubation at 50 and 100 pM are represented in Figure 4.1
and Figure 4.2, respectively. For both 488 concentrations, genes involved
with RNA processing and cell motility are the most affected groups per

number of downregulated genes (102 over 160 total genes, 63.75 %)
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whilst the chromatin structure and dynamic group appear to be the most
upregulated. The main differences emerging between P. aeruginosa
treated with 488 at 100 uM for 8h is the greater number of down-regulated
genes involved in cell cycle, motility and RNA processing alongside
carbohydrate metabolism, chromatin structure and dynamics, defence
mechanisms and inorganic ion transport/metabolism as the primary COG
group for up-regulated genes. A similar trend was noted for the lower 488
concentration (50 uM) (Figure 4.2, Figure 7.7). Figure 7.8 shows there was
little difference between the solvent control samples at 8 and 12 h apart
from the slight difference in the chromatin structure/dynamics group. At
50 uM, 488 exerted a lower impact on PAO1 at 8h than after 12h (Figure
7.9) while the changes observed at 8h were sustained when the 488
concentration was increased (Figure 7.10). Interestingly, the RNA
processing and chromatin structure COG groups represent only 2 (PA4951
-orn and PA4585 -rtcA) and 3 genes (PA0321, PA1409 (aphA) and PA3774)
respectively. Thus the highest percentage of genes within a COG group
down-regulated by 488 was the cell motility group consisting of 160 genes,

~65% of which were downregulated.

Table 4.1 and Table 4.2 were generated after an in-depth analysis of the
differentially expressed genes obtained from the comparison between 488
(100 uM) and methanol solvent only samples after 8 h of incubation. This
comparison was selected as representative of the general activity of 488
and for the high statistical reliability, since 60% of the fold-changes
calculated have p values <0.05. Table 4.1 presents the differential
expression in response to 488 of typical or closely related genes of the
quorum sensing systems of P. aeruginosa. Table 4.2 summarises a
selection of genes of particular interest for this study, mostly involved

directly or indirectly in biofilm formation processes.
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Treatment Dependent Genes

Amino acid transport and metabolism

Carbohydrate transport and metabolism

Cell cycle control, cell division, chromosome partitioning
Cell motility

Cell wall/membrane/envelope biogenesis

Chromatin structure and dynamics

Coenzyme transport and metabolism

Defense mechanisms

Energy production and conversion

Function unknown

COG Functional Group

General function prediction only

Inorganic ion transport and metabolism

Intracellular trafficking, secretion, and vesicular transport
Lipid transport and metabolism

Nucleotide transport and metabolism

Posttranslational modification, protein turnover, chaperones
Replication, recombination and repair

RNA processing and modification

Secondary metabolites biosynthesis, transport and catabolism
Signal transduction mechanisms

Transcription
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Translation, ribosomal structure and biogenesis
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B Downregulation

H Upregulation % of changed genes within each group

Figure 4.1 Differential expression of genes exposed to 488 (50uM) for 8 h
compared with a solvent (methanol) only control using functional classification of
PAO1 genes from the Pseudomonas Genome Database. Histograms representing the
distribution of down-regulated (blue) and up-regulated (orange) genes according to their
functional classifications. Top group represents the control.
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Figure 4.2 Differential expression of genes exposed to 488 (100uM) for 8 h
compared with a solvent (methanol) only control using functional classification of
PAO1 genes from the Pseudomonas Genome Database. Histograms representing the
distribution of downregulated (blue) and upregulated (orange) genes according to their
functional classifications. Top Group represents the control.
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4.1.2 Differential expression of QS genes in

response to 488

Exposure to 488 resulted in the downregulation of all QS genes. Along
with pgsR, pgsH and the pgsABCDE-phnAB transcriptional unit, the AHL-
dependent /as and rh/ QS systems appeared to be strongly affected. In
particular, the /as rhl target genes /ecB and phzB1 were the most
downregulated in this comparison. Interestingly, while the defence
mechanisms COG group, that includes several clinically relevant efflux
pump mechanisms including the MexEF-OprN efflux pump (Koéhler et al.,
1997; Lewenza et al., 2005) and B-lactamases such as AmpC (Lodge et
al., 1993)(Table 4.2), were overall upregulated, the mexGHI-opmD efflux
pump genes were downregulated (Table 4.1), possibly due to their
association with the AQ-dependent QS system (Aendekerk et al., 2005).

4.1.3 Differential gene expression in cell cycle,
chromatin structure and RNA processing COG

groups.

The chromatin structure and dynamics group is composed of PA0321 and
aphA PA1409 and overexpressed PA3774 gene (LogFC=3.7); the former
two encode different amidohydrolases involved in polyamine catabolism
whilst the function of the latter is unknown (Chou et al., 2008; Kramer et
al., 2016; Meyners et al., 2014). From the 39 genes composing the cell
cycle group, only the cell division genes ftsA and ftsZ (Yi et al., 1985)
showed minor but significant differential expression (-0.76 and -0.78
respectively). Due to their unknown roles in biofilm formation, cell cycle
and chromatin structure, were not taken into account for further analysis.
Nonetheless, the down-regulation of both the RNA processing genes, orn
PA4951and rtcA PA4585 (-0.68 and -0.83 respectively), although
moderate, is of interest in the context of biofilm development. The
oligoribonuclease Orn is involved in the degradation of 5’'-
phosphoguanylyl-(3’-5")-guanosine (pGpG), an intermediate metabolite in
the degradation of the intracellular second messenger, cyclic diguanylate

(c-di-GMP). A Aorn P. aeruginosa mutant strain showed high accumulation
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of c-di-GMP levels, with consequent over-production of the biofilm
extracellular matrix (Cohen et al., 2015; Orr et al., 2015).

Table 4.1 Log Fold Change values (logFC) and p values of QS related genes. From
comparisons between samples obtained at 8h with or without 100uM 488. All genes have p

value<0.02
Locus Gene Log,FC pvalue Description
tag name
PQS system
PA0996 pgsA -1.66 0.008 Anthranilate--CoA ligase
PA0997 pgsB -2.07 0.001 2-heptyl-4(1H)-quinolone synthase subunit PqsB
PA0998 pgsC -2.09 0.001 2-heptyl-4(1H)-quinolone synthase subunit PgsC
PA0999 pgsD -2.20 0.0005 Anthraniloyl-CoA anthraniloyltransferase
PA1000 pgsE -2.12 0.0003 2-aminobenzoylacetyl-CoA thioesterase
PA1003 pgsR -0.87 0.001 Transcriptional regulator MvfR
PA2587 pqgsH -0.97 0.006 2-heptyl-3-hydroxy-4(1H)-quinolone synthase
PA1001 phnA -1.92 0.002 Anthranilate synthase component 1, pyocyanine
specific
PA1002 phnB -1.94 0.0002 Anthranilate synthase component 2, pyocyanine
specific

Rhl system
PA3479 rhlA -2.33 7.4E-09 3-(3-hydroxydecanoyloxy)decanoate synthase
PA3478 rhiB -2.07 2.4E-08 ATP-dependent RNA helicase RhIB
PA1130 rhiC -1.54 1.5E-08 Rhamnosyltransferase 2
PA3477 rhiIR -1.33 4.4E-05 Regulatory protein RhIR
PA3476 rhll -1.24 0.0006 Acyl-homoserine-lactone synthase
Las system
PA1871 lasA -2.14 0.0002 Protease LasA
PA3724 lasB -2.23 0.014 Zn-dependent metalloprotease
PA1430 lasR -0.91 0.006 Transcriptional activator protein LasR
Lectins
PA2570 lecA -2.56 3.6E-11 PA-I galactophilic lectin
PA3361 lecB -4.04 2E-18 Fucose-binding lectin PA-IIL
Phenazine biosynthesis
PA4210 phzA1 -2.68 0.0003 Phenazine biosynthesis protein PhzAl
PA4211  phzB1 -3.55 0.0003 -
PA4217 phzS -2.92 0.0001 -
PA4212  phzCl -2.88 1E-06 -
PA4216  phzG1 -2.83 3.6E-05 -
PA1900 phzB2 -2.81 7.2E-05 -
PA1902  phzD2 -2.75 0.0002 -
PA1901  phzC2 -2.74 1.8E-07 -
PA4213  phzD1 -2.72 0.0001 -
PA1903 phzE2 -2.66 5.9E-05 -
PA4214  phzEl -2.65 0.0001 -
PA4209 phzM -2.60 0.001 -
PA4215 phzF1 -2.52 0.0004 -
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PA1905 phzG2 -2.52 8.3E-06

PA1904  phzF2 -2.48 0.0002
MexGHI-OpmD efflux pump
PA4205 mexG -2.13 0.0039 Uncharacterized membrane protein YphA,
DoxX/SURF4 family
PA4206 mexH -1.85 0.017 Multidrug efflux pump subunit AcrA
PA4207 mex| -1.45 0.034 Multidrug efflux pump subunit AcrB
4.1.4 Differential gene expression in biofilm

formation related pathways

Biofilm development is the result of a complex orchestration of multiple
integrated regulatory and biochemical pathways. Figure 4.3 shows the
Kegg pathway for biofilm formation by P. aeruginosa PAO1l, where the
genes affected by 488 have been highlighted. Firstly, mixed effects occur
on the chemosensory system. The chpB, chpD and chpE genes are
upregulated, and so possibly the pilJK-chpABCD operon while pill and chpE
are downregulated. It was not possible to define the levels of cAMP and
the degree of expression of the virulence factor regulator protein (Vfr)
since no other genes involved in the cyclic AMP signalling pathway were
experimentally investigated. However, it is a reasonable to assume that
cAMP levels would be decreased in the presence of 488 since the genes
downstream of the Vfr and cAMP pathways show significantly low
transcription levels. These include the type IV fimbrial and flagellar
assembly (eg. pile, pilO, fliE, fliQ) as well as the the bacterial secretion
systems II (xcpP, xcpT xcpR) and III (exsA, exoS) (Choi et al., 2011;
Darzins, 1994; Frithz-Lindsten et al., 1997; Fulcher et al., 2010; Leech &
Mattick, 2006; Marsden et al., 2016; Senf et al., 2008; Yahr & Wolfgang,
2006). Such effects, combined with the inhibition of QS, complete what
appears to be an impairment of most part of the processes facilitating a

pathogenic and invasive lifestyle.

Interestingly, hsbR and hsbA, belonging to the HptB signalling system (Hsu
et al., 2008; Lin et al., 2006), were found to be attenuated; this system
specifically controls rsmY but not rsmZ. The role of these two sRNA

molecules is to bind and sequester the RNA-binding protein RsmA (Brencic
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et al., 2009; Valverde et al., 2003), whose intracellular free state enhances
the expression of secretion system VI and the exopolysaccharides (EPSs).
Whilst the levels of rsmY and rsmA remained unclear, rsmZ showed a
moderate down-regulation. Nonetheless, type VI secretion system
components was found to be generally overexpressed (clpv1, icmF1, ppkA,
vgrG1) except for of hcpl gene (Brencic & Lory, 2009; Mougous et al.,
2006).

The signal molecule c-di-GMP acts as an important biomolecular switch
between motile and sessile behaviour (Liberati et al., 2006; Merritt et al.,
2010). Its intracellular concentration is the result of specifically tuned
actions of synthesis from two guanosine-5'-phosphate molecules (GTP) by
diguanylate cyclases (DGCs) and degradation to pGpG and/or GMP by
phosphodiesterases (PDEs) (Klebensberger et al., 2007; Rdémling et al.,
2013; Ryjenkov et al., 2005). The most significant differences registered
on this system were the upregulation of the DGC SiaD and the, already
described, downregulation of the oligoribonuclease Orn (Cohen et al.,
2015; Orr et al., 2015), both of which should result in increased levels of
c-di-GMP, thus triggering a series of processes that favour biofilm
decelopment. In fact, genes involved in extracellular polymeric substance
production such as polysaccharides Pel, (pel operon) and alginate (alg44,
algD, algE, algK) and the Cup fimbriae expression (cupA and B clusters in
particular) were also all strongly upregulated (Kulasekara et al., 2005;
Merighi et al., 2007; Remminghorst & Rehm, 2006; Vallet et al., 2001;
Vasseur et al., 2005).
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Figure 4.3 KEGG pathway of biofilm formation in P. aeruginosa PAO1 and the
impact of 488. Upregulated genes/systems are represented with red boxes whilst
downregulated in blue. From comparison between samples obtained at 8h without (solvent
control) or with 488 (100 uM). All highlighted genes have p<0.05.

142



Table 4.2 Examples of differentially regulated genes from a comparison of P.
aeruginosa cultures treated with 488 (100uM) for 8h compared with solvent
control

Locus Gene LogFC pvalue Description
Tag name

Type IV pili

PA4556 pilE -1.60 0.0005 Type 4 fimbrial biogenesis protein

PA4552 pilWw -1.40 0.002 Type 4 fimbrial biogenesis protein

PA4553 pilX -1.36 0.003 Type 4 fimbrial biogenesis protein

PA4555 pilY2 -1.34 0.001 Tfp pilus assembly protein, tip-associated
adhesin

PA5042 pilo -1.05 0.0001 Type 4 fimbrial biogenesis protein

PA4550 fimU -1.03 0.01 Type 4 fimbrial biogenesis protein FimU

PA4551 pilv -0.99 0.049 Type 4 fimbrial biogenesis protein

PA4554 pilY1 -0.94 0.03 Tfp pilus assembly protein, tip-associated
adhesin

PA4527 pilC -0.97 0.002 Type IV fimbrial biogenesis protein

PA3385 amrZ -0.92 0.014 IAginate and motility regulator Z (old
name algZ)

PA5261 algR -1.88 2.6E-09 Alginate biosynthesis regulatory protein
AlgR

PA0410 pill -0.99 0.009 Twitching motility protein Pill

Flagellar assembly and motor regulation

PA1100 fliE -1.45 1.8E-06 Flagellar hook-basal body complex protein
FIiE

PA1447 fliQ -1.30 0.0005 Flagellar biosynthesis protein FliQ

PA1101 fliF -1.23 6.3E-06 Flagellar biosynthesis/type lll secretory
pathway M-ring protein FliF/Ysc)

PA1444 fliN -0.99 0.0002 Flagellar motor switch protein FliN

PA1443 flim -0.95 0.0003 Flagellar motor switch protein FliM

PA1102 flic -0.84 0.001 Flagellar motor switch protein FliG

PA1077 flgB -1.19 0.007 Flagellar basal-body rod protein FIgB

PA1080 flge -1.13 0.0001 Flagellar hook protein FIgE

PA3351 flgm -1.06 0.001 Negative regulator of flagellin synthesis
(anti-sigma28 factor)

PA1086 flgk -0.92 0.0009 Flagellar hook-associated protein 1 FlgK

PA1087 flgL -1.01 0.001 Flagellar hook-associated protein type 3
FlgL

PA1453 flhF -1.15 0.0001 Flagellar biosynthesis protein FIhF

PA1460 motC -0.83 0.0008 Flagellar motor component MotC

PA1461 motD -0.54 0.0263 Flagellar motor protein MotB

Type lll secretory system

PA1713 exsA -0.99 0.001 Exoenzyme A

PA3841 exosS -1.18 0.0009 Exoenzyme S

Type Il secretory system

PA3104 XcpP -1.12 7.1E-05 Secretion protein XcpP

PA3101 xcpT -1.12 8.07E-05 Type Il secretory pathway, pseudopilin
PulG

PA3103 XcpR -0.60 0.018 Type Il secretory pathway ATPase
GspE/PulE or T4P pilus assembly pathway
ATPase PilB
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Bacterial chemotaxis

PA1456 cheY -1.47 2.7E-06 Regulatory component of sensory
transduction system for chemotaxis

PAO416 chpD 1.44 0.0002 Component of chemotactic signal
transduction system, part of chpA operon

PAO414 chpB 0.62 0.02 Component of chemotactic signal
transduction system, part of chpA operon

PA0417 chpE 1.26 0.001 Chemotactic transduction protein ChpE,
part of chpA operon

PA0179 - -1.61 2.8E-07 DNA-binding response regulator, OmpR
family, contains REC and winged-helix
(WHTH) domain

PA3349 - -1.07 0.014 CheY chemotaxis protein or a CheY-like
REC (receiver) domain

Gac/Rsm Signaling Pathway

PA3346 hsbR -1.12 7.6E-05 HptB-dependent secretion and biofilm
regulator HsbR

PA3347 hsbA -1.53 1.2E-08 HptB-dependent secretion and biofilm anti
anti-sigma factor HsbA

PA3621.1 rsmZ -0.80 0.01 Regulatory RNA RsmZ

PA0090 clpV1 0.68 0.01 (locus HIS-1) ATP-dependent Clp protease
ATP-binding subunit CIpA

PA0085 hepl -1.17 1.5E-05 (locus HIS-I) ATP-dependent Clp protease
ATP-binding subunit CIpA

PA0OO77 icmF1 1.23 2.1E-05 (locus HIS-1) Type VI protein secretion
system component VaskK

PA0074 ppkA 1.93 9.6E-07 (locus HIS-1) Serine/threonine protein
kinase

PA0091 vgrG1 1.10 0.0001 (locus HIS-l) Uncharacterized conserved
protein, implicated in type VI secretion
and phage assembly

c-di-GMP signaling pathway

PA0169 siaD 1.18 0.0001 Two-component response regulator, PleD
family, consists of two REC domains and a
diguanylate cyclase (GGDEF) domain

PA3542 alg44 2.65 4.7E-07 Alginate biosynthesis protein Alg44

PA3546 algD 1.73 0.0007 GDP-mannose 6-dehydrogenase AlgD

PA3544 algE 2.46 5.5E-06 Alginate production outer membrane
protein AIgE precursor

PA3547 algl 2.52 0.0001 Poly(beta-d-mannuronate) lyase precursor
AlglL

PA3543 algk 3.08 1.1E-05 Alginate biosynthetic protein AlgK
precursor

PA3064 pelA 1.58 7.8E-08 Polysaccharide biogenesis

PA3063 pelB 2.71 1.3E-08 Polysaccharide biogenesis

PA3062 pelC 1.62 0.001 Polysaccharide biogenesis

PA3061 pelD 1.93 6.6E-05 Polysaccharide biogenesis

PA3060 pelE 3.40 8.9E-06 Polysaccharide biogenesis

PA3059 pelF 2.26 7.7E-07 Polysaccharide biogenesis
Glycosyltransferase involved in cell wall
biosynthesis

PA3058 pelG 1.58 0.0003 Polysaccharide biogenesis

PA4652 cupE5 2.79 5.4E-06 Fimbrial usher protein CupE5, Outer
membrane usher protein FimD/PapC

PA2129 CUpA2 2.65 3E-05 Chaperone CupA2
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PA2130 cupA3 2.96 8E-07 Outer membrane usher protein
FimD/PapC

PA2131 cupA4 3.02 9.7E-05 Fimbrial subunit CupA4

PA2132 cupA5 3.80 2.5E-05 Pilus assembly protein, chaperone PapD

PA4082 cupB2 2.05 2.9E-05 Chaperone CupB2, probable pili asembly
chaperone

PA4084 cupB3 2.37 7.5E-07 Usher CupB3, probable fimbrial biogenesis
usher protein

PA4083 cupB4 2.76 0.0002 Chaperone CupB4

PA4082 cupB5 2.31 1.8E-08 Adhesive protein CupB5

PA4081 cupB6 1.49 1.9E-05 Fimbrial subunit CupB6

PA0992 cupC1 1.03 0.004 Fimbrial subunit CupC1

PA0993 cupC2 1.84 0.0006 Chaperone CupC2

RNA processing (COG)

PA4951 orn -0.68 0.007 Oligoribonuclease (3'-5' exoribonuclease)

PA4585 rtcA -0.83 0.013 RNA 3'-terminal phosphate cyclase

Defense mechanisms

PA2493 mexE 2.03 0.00013 Resistance-Nodulation-Cell Division (RND)
multidrug efflux membrane fusion protein
MexE precursor

PA2494 mexf 1.99 5.31E-07 Resistance-Nodulation-Cell Division (RND)
multidrug efflux transporter MexF

PA2495 oprN 2.01 1.21E-05 Multidrug efflux outer membrane protein
OprN precursor

PA4599 mexC 0.92 0.0005 Resistance-Nodulation-Cell Division (RND)
multidrug efflux membrane fusion protein
MexC precursor

PA4598 mexD 0.75 0.003 Resistance-Nodulation-Cell Division (RND)
multidrug efflux transporter MexD

PA4597 oprJ 0.92 0.0006 Multidrug efflux outer membrane protein
Oprl precursor

PA4110 ampC 0.93 0.001 Beta-lactamase precursor

PA4109 ampR 0.53 0.039 transcriptional regulator AmpR

Chromatin structure and dynamics (COG)

PA0321 - 1.62 5E-05 Acetylpolyamine amidohydrolase

PA1409 aphA 1.45 3.12E-05 Acetylpolyamine aminohydrolase
(aphA)

PA3774 - 3.77 5.4E-06 Histone deacetylase-like amidohydrolase

Cell cycle (COG)

PA4408 ftsA -0.76 0.009 Cell division protein FtsA

PA4407 ftsZ -0.78 0.03 Cell division protein FtsZ

Others

PA3223 azoR3 6.25 7.8E-29 FMN-dependent NADH-azoreductase

PA1962 azoR2 6.25 4.7E-34 FMN-dependent NADH-azoreductase

PA2113 opdO 4.13 2.4E-08 Pyroglutamate porin OpdO

PA2219 opdE 4.10 1.3E-24 Outer membrane porin OpdE

PA3206 - 1.25 1.9E-05 Probable two-component regulatory

system (CpxA/CpxR)
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4.2 IMPACT OF 488 ON P. AERUGINOSA MOTILITY

The transcriptomic data indicated that genes involved in motile behaviour
are mostly down-regulated following treatment of P. aeruginosa with 488.
(Table 4.2). To validate these data, the effects of 488 on P. aeruginosa

swimming, swarming and twitching motility were investigated.
4.2.1 Swarming

Swarming is a type of movement that occurs on a surface. It is the result
of several factors: flagellum and type IV pili exert single-cell propulsion,
whilst the Rhl and Las QS, systems specifically, mediate cell-to-cell
interactions and the release of rhamnolipids, the surfactants necessary to
overcome the surface tension. (Heurlier et al., 2004; Overhage et al.,
2008; Shrout et al., 2006; Yeung et al., 2009). For this reason, swarming
motility relies on the coordination of the whole cell population, generating
characteristic patterns depending on the bacterial species (Kearns, 2010).
P.aeruginosa swarms by forming branches from an inoculum spotted in the

centre of a petri dish.

PAO1-L, isogenic ApgsA and ApgsAHR mutants, PAO1l-Unilever and PA
ATCC 15442 were employed in this experiment. The PQS mutants were
used to verify whether the lactam might be able to affect the swarming
independent of its principal QS target, as suggested by the RNAseq data
(section 4.1.2). PAO1-Unilever was assayed as it showed high senitivity to
the action of 488, according to the experiments reported in chapter 3. On
the other hand, ATCC 15442 lacks a functional AQ-dependent QS system
and is characterised by a reduced swarming capability (Ng, 2018).

Figure 4.4 shows that 488 is able to reduce the swarming motility of all the
strains employed in direct proportion to the quantity of lactam dissolved in
the medium: whereas 50 uM were sufficient to manifest a reduction of the
area covered by the cells, the effect increased at 100 pM culminating with
total inhibition at 200 uM. No substantial effect was observed on PAO1-
Unilever and ATCC 15442 due to their low or absent motility.
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Figure 4.4 Swarming activity of P. aeruginosa cells in presence of 488 at 50, 100
and 200 pM. MeOH only plates were used as control. Each plate is representative of
biological triplicates.
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4.2.2 Swimming

Swimming motility is a single-cell movement powered uniquely by a fully
functional flagellum, therefore biosurfactants like rhamnolipids, and so QS,
do not affect its activity (Dasgupta et al., 2003). In common with
swarming, in this assay the degree of motility is quantified according to
the radial migration of P. aeruginosa cells through the semi-solid agar from
the inoculum point. Inhibition is reflected as a reduced coverage area.
PAO1-L and the isogenic ApgsA and ApgsR mutants were spotted at the
centre of the plate, mid-height of the 0.3 % agar medium layer containing
488 at different concentrations. Only a moderate reduction on motility can
be observed in the presence of 488 at 200 pyM (Figure 4.5), despite the
multitude of flagellar structure/motor genes found differentially expressed

from the RNAseq analysis
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Figure 4.5 Swimming activity of P. aeruginosa cells with 488 at 0, 50, 100 and 200
HM. Each plate is representative of biological triplicates.
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4.2.2.1 Flagellar morphology study

To visualize possible effects of 488 on P. aeruginosa cell morphology and
flagellar assembly, PAO1-L cultures were grown in planktonic conditions,
fixed and visualised with transmission electron microscopy (TEM). In Figure
4.6, representative images of treated and untreated cells are reported for
comparison. The most significant difference emerged from this analysis
was the flagellar localization: cells grown with 488 showed a non-polar
flagellum, which is associated to a decreased swim velocity (Murray &
Kazmierczak, 2006). Localization of the flagellar origin is determined by
the expression of the gene flhF (Murray & Kazmierczak, 2006; Pandza et
al., 2000) which in the RNA-seq was reported with LogFC= -1.5.

" A control i mtrol

F 488

Figure 4.6 Representative TEM images of PAO1-L flagella. In panel A: Control DMSO
0.5%, x60k magnification, scale bar 0.5 um. B: Control DMSO 0.5%, x60k , scale bar 0.5
pm. C: Control DMSO 0.5%, x87k magnification, scale bar 0.2 ym D: 488 200 puM. x20.5k
scale bar 1 ym E: 488 200 pM. x87k scale bar 0.2 ym. F: 488 200 pM. x87k scale bar 1
pm
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4.2.3 Twitching

Twitching motility relies on extension and retraction of type IV pili on a
solid surface, independent of flagellar function (Mattick, 2002b). This
phenotype is associated with colonization properties, such as adhesion and
motility, of a bacterial population and it determines active expansion on

new surfaces (Beatson et al., 2002).

Twitching was assessed for PAO1-L and the corresponding PQS system
mutants which were inoculated at the bottom of the agar layer to allow the
colony expansion between the petri dish and the agar medium containing
488 at different concentrations (Figure 4.7). Although controls do not
exhibit a wide area coverage, the 488 treated samples show a pronounced
modification in their behaviour: interestingly, at 200 uM the total area
covered is reduced in terms of radius but the twitching colony stain is
darker and thicker, indicating a higher number of cells close to the centre
compared to the 100 uM treatment.

MeOH 0.6% 488 100 UM 488 200 pM

PAO1-L

PAO1-L ApgsR PAO1-L ApqgsA

Figure 4.7 Twitching motility of P. aeruginosa cells treated with 488 at 0, 50, 100
and 200 pM. Each plate is representative of biological triplicates.
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4.3 IMPACT OF 488 ON ORN EXPRESSION

Due to the downregulation of the RNA processing COG shown, further
investigation was carried out by first constructing a /ux-based promoter
fusion for the orn gene, which encodes an oligoribonuclease important in
c-di-GMP signalling (Cohen et al., 2015). An antagonism assay was
performed with increasing concentrations of 488, in order to generate a
dose-response curve, An ICso value of 104.9+6 was obtained (Figure 4.8).

This assay confirms the inhibition of orn expression gene, although a higher
concentration of 488 is required compared to its impact on the PQS system

(Figure 3.6).
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Figure 4.8 Effect of lactam 488 on expression of Porn::lux in PAO1-L (ICso =
104.9+6 pM)
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4.4 IMPACT OF 488 ON BIOFILM FORMATION

Biofilm formation in presence of 488 was investigated using different
biofilm models due to the broad spectrum for potential applications, from

environmental to clinical, of the lactam.

Initially, biofilms were grown statically in multi-well system plates, in order
to efficiently test a wide range of conditions in a time and cost-effective
manner. Subsequently, microfluidic based assays were employed. Where
possible, biofilms were imaged with confocal laser-scanning microscopy,
which enables the collection of 3-dimensional figures that can be used for
quantification with Imagel (Schindelin et al., 2012). The live/dead assay
allows for quantification of biomass and/or “estimated” viability of the
biofilm, by exploiting two fluorescent dyes, Syto9 and Propidium Iodide
(PI) as markers for intact or compromised viability. Biomass indices were
obtained by summing the values generated with Imagel from Syto9 and
PI fluorescence intensities, while “estimated” viability was obtained from
the ratio of Syto9/PI values. PI, a membrane-impermeable dye, binds to
free DNA in the sample and could therefore generate background noise due
to the DNA present in the extracellular matrix of the biofilm (eDNA).
Therefore, the viability values reported here represent an estimate, which
does not take into account the presence of eDNA. Throughout these
experiments, the different P. aeruginosa sub-lines PAO1-L and PAO1-UW
were studied in order to add strain variability to the study, in the light of
the subtle differences among the sub-lines (Klockgether et al., 2010;
Kohler et al.; Luong et al., 2014; Maseda et al., 2000).

Finally, tests were performed on pre-formed biofilms to evaluate whether
488 might demonstrate synergistic effects with antibiotics such as
ciprofloxacin, commonly used for the treatment of P. aeruginosa infections
(Acar & Goldstein, 1997).
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4.4.1 Effect of lactam 488 in static biofilm

growth conditions

4.4.1.1 Crystal violet biomass quantification
Crystal violet is a one of the most common and time-effective assays used
to quantify biofilm biomass and since its first description Christensen et al.
(1982) has been through several modifications. The method followed in
this study is described in Thomann et al. (2016) and summarized in section
(2.2.6.1.1). A progressive 488 concentration-dependent increase in
biomass was observed (Figure 4.9). A plateau appears to be reached at
100-150 uM where biomass quantity is stabilised.
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Figure 4.9 Relative quantification of PAO1-L biofilm biomass with crystal violet.
Bacteria were incubated in 96 well polystyrene plates with LB 10 % at 37° C, static for 18
h. Controls contained 0.6 % v/v MeOH Error bars represent standard deviation of four
biological replicates. Multiple t-tests were performed to determine statistical significance
(*) represents p value < 0.05, (**) p value < 0.01 and (***) p value < 0.001.

4.4.1.2 Live-dead staining of PAO1-L biofilms

Although crystal violet based quantification represents an excellent
screening method to rapidly determine the effects of compounds such as
488 on biofilm biomass production, the data provided are limited by the
measurement of the biomass only and by the employment of 96-well
plates, whose architecture interferes with proper oxygenation of the
sample (Cotter et al., 2009). Indeed, oxygen is a discriminative element
between biofilm models since its availability influences biofilm development
and the cellular metabolic pathways involved (Alvarez-Ortega & Harwood,
2007; Borriello et al., 2004; Hill et al., 2005). Anaerobic conditions are
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found in the lungs of cystic fibrosis patients, where mucus acts as a capsule
preventing oxygenation (Worlitzsch et al., 2002). Thus, growth in 24-well
plates was also investigated in this study as the wider wells allow for a
better oxygen diffusion. Biofilms were stained after washing with Syto9/PI
from the Live-Dead Backlight® stain kit. Data were collected using a TECAN
Spark® plate reader. Biomass (Syto9+PI value) increased by 80% with 488
at 200 uM while no effect occurred at lower concentrations (Figure 4.10).

However, cell viability (Syto9PI! ratio) improved with the lactam at 25 pM
and 50 uM (Figure 4.11).
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Figure 4.10 Quantification of PAO1-L biofilm biomass following treatment with
488 and staining with Syto9/PI. Bacteria were incubated in 24 well polystyrene plates
with glucose-enriched M9 at 37° C static for 18 h. Control was solvent only with 0.5% v/v
DMSO. Error bars represent standard deviation of biological triplicates. Statistical
significance was calculated with Welch’s t test, (***) represents p value < 0.001.
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Figure 4.11 Quantification of PAO1-L biofilm viability after treatment with 488
after staining with Syto9/PI. Bacteria were incubated in 24 well polystyrene plates
glucose-enriched M9 at 37° C statically for 18 h. Control was solvent only with 0.5% DMSO.
Error bars represent standard deviation of biological triplicates. Statistical significance was
calculated with Welch’s t test, (**) represents p value < 0.01, (***) p value < 0.001.
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4.4.1.3 Confocal visualization of mCherry-tagged PAO1-UW
biofilms in 24-well plate assays

The assay described above was repeated using mCherry-tagged PAO1-UW.

Biofilms formation was evaluated qualitatively through observation with a

ZEISS LSM 700 confocal microscope and quantified by the analysis of Z-

stacks collected randomly (Figure 4.12). Biomass increased significantly at

200 uM (Figure 4.13), where more structured biofilms can be observed.

Control 488 50 uM
488 100 uM 488 200 uM

Figure 4.12 PAO1-UW mCherry-tagged biofilms grown in RPMI with 488 at 0
(control) , 50, 100 and 200 pM after 18 h of incubation at 37°C in a 24 well plate.
Z-stacks collected with ZEISS LSM 700 confocal microscope, 5X magnification. Scale bar
represents 100 uM.

200
180
160

*

140
120
100
80
60
40
20
0

MeOH 0.6% 48850M 488 100pM 488 200uM

Fluorescence intensity
(% of control)

Figure 4.13 Quantification of PAO1-UW fluorescence from mCherry-tagged
biofilms grown in RPMI and 488 at 50, 100 and 200 pM after 18 h of incubation at
37°C in a 24 well plate. Error bars represents standard deviation of biological triplicates.
Statistical significance was calculated with Welch's t tests, (*) represents p value < 0.05.
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4.4.2 Effect of lactam 488 in microfluidic biofilm

conditions

4.4.2.1 Microfluidic system

Microfluidic systems such as the Bioflux™ (Fluxion Biosciences) is an
efficient method for reproducing a constant flow in small channels, which
allows simultaneous visualisation over time (Tremblay et al., 2015). The
relative simplicity of testing several samples simultaneously, and the highly
customizable settings, compared with macro-sized fluidics (Palmer Jr,
1999), are among the main advantages of this technique. In the present
study, 48-well plates were used. In this experiment, 488 did not enhance
biofilm production to the same degree as in the static biofilm assays (Figure
4.14), nevertheless biomass and viability increased in the presence of the
lactam (Figure 4.15) and the biofilm structure appeared as more organized

compared to the untreated control.

DMSO 0.4% 488 100 pm 488 200 pm

Figure 4.14 PAO1-L biofilms grown in LB 10% and treated with 488 at 0, 100 and
200 pM after 18 h of incubation at 37°C in Bioflux™ system channels. Z-stacks
collected with ZEISS LSM 700 confocal microscope, 10X magnification. Green represents
Syto9 fluorescence, red is PI fluorescence. Scale bar represents 100 pm.

SYTO9+PI
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Figure 4.15 PAO1-L biofilms grown in LB 10% and 488 at 0, 100 and 200 pM after
18 h of incubation at 37°C in Bioflux™ system channels. Error bars represent standard
deviation of biological replicates.
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Figure 4.16 PAO1-L biofilms with LB 10% and 488 at 0, 100 and 200 pM after 18
h of incubation at 37°C in Bioflux™ system channels. Error bars represent standard
deviation of biological replicates. Statistical significance was calculated with Welch’s t tests,
(*) represents p value < 0.05.

The assay was repeated as for the static evaluation, by employing a
fluorescent tagged PAO1-UW (Figure 4.17). However, in this case, 488
showed an important biofilm-promoting effect at 200uM (Figure 4.18),
where colonies were less diffused along the fluidic channel but bigger and
highly structured.
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DMSO 0.4% 488 100 pm

488 200 pm

Figure 4.17 PAO1-UW mCherry-tagged biofilms grown in LB 10% and 488 at O,
100 and 200 pM after 18 h of incubation at 37°C in Bioflux™ system channels. Z-

stacks collected with ZEISS LSM 700 confocal microscope, 10X magnification. Scale bar
represents 100 uM.
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Figure 4.18 PAO1-UW mCherry-tagged biofilms grown in LB 10% and 488 at O,
100 and 200 pM after 18 h of incubation at 37°C in Bioflux™ system channels Error

bars represent standard deviation of biological replicates. Statistical significance was
calculated with Welch’s t tests, (**) represents p value < 0.01.
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4.4.2.2 Rotating immersion biofilm

The rotating immersion biofilm is a new method (this laboratory,
unpublished) that aims to grow biofilms under laminar flow while exposing
the growing biofilm to the maximum possible aeration. The main difference
between this approach and the Bioflux microfluidics method is the
increased oxygenation and the consequent higher biomass production.
Although the increased biofilm production of the laminar flow standardizes
the assay, the method only allows one strain at a time and a limited
number of glass coverslip substrata. Nevertheless, this technique allowed
the testing of 488 in an oxygen-rich system, designed to simulate the
biofilm formation in industrial and domestic pipes and other flow exposed

environments.

Briefly, biofilms were grown on glass coverslips attached to the wheel,
which periodically immersed the samples in the growth medium in
presence or absence of 488 200 uM (section 2.2.6.1.3). Some coverslips
recovered were stained with syto9 and PI for immediate confocal
microscope visualization. The strains PAO1-UW (Figure 4.19) and PAO1-L
(Figure 4.20) were assayed and quantified (Figure 4.21, Figure 4.22) with

the same procedure.

For both strains, 488-treated biofilms exhibit an increase in biomass of
~20%. However, the higher PI fluorescence from PAO1-UW samples leads

to a lower estimated viability.

Other samples collected from the incubation in flow conditions were further

assessed for an antibiotic susceptibility test (section 4.5).
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Figure 4.19 Rotating immersion biofilms of PAO1-UW stained with Syto9/PI with
and without 200 pM 488. Biofilms were grown per rotating immersion at 30 °C for 24 h
in FAB enriched with 10mM glucose. Z-stacks collected with ZEISS LSM 700 confocal
microscope, 5X magnification. Scale bars represent 200 pm.
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Figure 4.20 Rotating immersion biofilms of PAO1-L stained with Syto9/PI in the
presence and absence of 200 pM 488. Biofilms were grown per rotating immersion at
30 oC for 24 h in FAB enriched with 10mM glucose. Z-stacks collected with ZEISS LSM 700
confocal microscope, 5X magnification. Scale bars represent 200 pm.

161



120

140

100 120

S 80 < 100
Pl Q5

= 5 ® 5 80
5 8 60 € S
T O

SIS @ O 60
X 40 ®

= 40

20 20

0 0

DMSO 0.4% 488 200 uM DMSO 0.4% 488200 uM

Figure 4.21 Relative quantification of PAO1-UW rotating immersion biofilms
stained with Syto9/PI with and without 200 pM 488. In panel on the left, estimated

viability. In panel on the right, biomass. Error bars represent standard deviation of technical
triplicates.
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Figure 4.22 Relative quantification of PAO1-L rotating immersion biofilms stained
with Syto9/PI in presence and absence of 200 pM 488. In panel on the left, estimated

viability. In panel on the right, biomass. Error bars represent standard deviation of technical
triplicates.
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4.5 IMPACT OF 488 ON ANTIBIOTIC TREATMENT OF

BIOFILMS

Ciprofloxacin is an antibiotic belonging to the fluoroquinolone class of
antibiotics (Acar & Goldstein, 1997) that targets DNA topoisomerases and
is effective exclusively on metabolically-active cells. In Walters et al.
(2003), long exposures to ciprofloxacin demonstrated its ability to
penetrate biofilms, although it was not able to affect viability at 3 uM (1
ugmL?t MIC): the study demonstrated that low oxygen availability and the
reduced metabolic activity within the biofilm were the major causes of
antibiotic tolerance. In the light of its established biofilm penetration,
ciprofloxacin was chosen as an antibiotic to be tested with 488 in order to
determine whether the lactam could sensitize the biofilms to this antibiotic

Pre-formed PAO1-UW biofilm samples grown without the lactam were
collected from the rotating immersion technique. Samples were incubated,
to ensure the delivery of compounds, for a further 24 h at 30 °C in 4 petri
dishes with FAB medium containing the 488-solvent only (DMSO 0.4%),
488 200 uM, ciprofloxacin 180 pM (60 pgmL?) and a combination of 488

and antibiotic at the same concentrations. (Figure 4.23).

Ciprofloxacin, employed at this concentration, was able to kill PAO1-UW
bacteria and, as a consequence, to reduce the estimated viability by 80%
(Figure 4.24) although the biomass quantity remained unaltered (Figure
4.25). Interestingly, 488 increased the biomass in all treated samples,
along with the viability ratio, counteracting the antibiotic effect.
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Figure 4.23 PAO1-UW biofilm incubated without or with 488 at 200 pM and
without/with ciprofloxacin 180 pM, stained with Syto9-PI. Preformed-biofilms grown
per rotating immersion were incubated for 24 h at 30 °C. Z-stacks collected with ZEISS
LSM 700 confocal microscope, 5X magnification. Scale bar represents 100 uym.
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Figure 4.24 Relative quantification of estimated viability (Syto9PI!) of PAO1-W
biofilms incubated without or with 488 at 200 pM and ciprofloxacin 180 pM (60
Hg/mL). Error bars represent standard deviation of technical duplicates.
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Figure 4.25 Relative quantification of biomass (Syto9+PI) of PAO1-W biofilms
incubated without or with 488 at 200 pM and ciprofloxacin 180 pM (60 pg/mL).
Error bars represent standard deviation of technical duplicates.
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4.6 CONCLUSION

The transcriptome analysis revealed two main modes of actions that 488
could exert on P. aeruginosa, QS inhibitor and biofilm promoter. Firstly,
the strong inhibition of the las/rhi/pgs QS system and related genes
confirms the initial hypothesis that 488 acts as both a pgs antagonist and

to a lesser extent as a /as antagonist.

Swarming motility, highly dependent on the production of rhamnolipids as
well as flagellar function (Caiazza et al., 2005; Overhage et al., 2008;
Overhage et al., 2007; Shrout et al., 2006) was in fact, found affected by
the lactam: a reduction in the motility radius was observed in all the
samples directly proportional to the concentration of 488 used. However,
for swarming motility it was not possible to discriminate between the
reduction due to an impact on the rhl system or on flagellar functionality.
As shown in Table 4.2, many genes involved in the flagellar biosynthesis
(e.g. the fli operon, flgB, flhF) and motor stator complex (motC, motD)

were found differentially expressed in the transcriptome analysis.

However, from the swimming motility assay, no effect of the lactam was
observed. Although pictures acquired with TEM showed a misplaced
flagellar origin in cells treated with 488, analogously to flhF mutants
described by Murray and Kazmierczak (2006) which exhibited a decreased
swim velocity in 0.5% w/v agar plates and no change at 0.3 %, the
concentration herein used for the swimming assay. It is worth mentioning
that other genes were not represented on the RNAseq study. FleQ, for
instance, is a transcriptional regulator whose function depends on the
intracellular levels of c-di-GMP. At low concentrations of this messenger
molecule, FleQ activates flagellar assembly. Conversely, at high levels, c-
di-GMP binds FleQ causing its inactivation, therefore leading to reduced
motility and the expression of biofilm-related genes (Hickman & Harwood,
2008; Hickman et al., 2005). Although it is reasonable to assume that c-
di-GMP production was increased there was no direct evidence of 488

impacting on FleQ.
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On the other hand, the expression of many minor type IV pili genes such
as pill, pilE, pilC and pilyl, was found to be compromised. Twitching
assays, however, exhibited a remarkable phenotype: twitching colonies
were bigger and thicker, although slightly reduced in radius when grown
with 488 200 pM. At first, these results may appear discordant with the
RNAseq data since this motility is commonly associated with type IV pili
adhesion and motion properties (Mattick, 2002b; O'Toole & Kolter, 1998a;
Wall & Kaiser, 1999); nevertheless, surface adhesion can also be mediated
by fimbrial structures such as chaperone usher type pili, encoded by the
cup gene clusters. For example, cupA mutants were unable to attach to
abiotic surfaces while the overexpression of Cup pili was associated with
increased biomass and surface coverage. For these reasons their function
is fundamental for initial establishment of biofilms, regardless of type IV
pili action (Pratt & Kolter, 1998; Vallet et al., 2004; Vallet et al., 2001).
The large upregulation of the cupA cluster (logFC=~3) reported herein
could justify the phenotypic behaviour observed in the twitching assays
whereas the overexpression of Cup fimbriae might have counteracted the

moderate downregulation of the type IV pili (logFC=~1).

The construction and use of a transcriptional reporter PAO1-L pCTX:: Porn-
lux fusion confirmed the inhibition of the oligoribonuclease Orn, whose
gene belongs to the RNA processing orthologous group. Its inhibition is
associated with increased levels of c-di-GMP, due to the lack of a functional
catabolism and therefore, enhanced biofilms (Cohen et al., 2015; Orr et
al., 2015).

Finally, as suggested by the RNAseq data and confirmed though a variety
of assays, lactam 488 does not act as a biofilm inhibitor but, conversely,
as a biofilm promoter. The efficacy, however, was variable: the biomass
observed increased from 20% up to 100% compared to the controls when
200 uM 488 were used, independent of the conditions employed, although
more experimental replicates might provide greater statistical robustness.
On the other hand, bacterial cell viability overall remained unaffected,
although the presence of 488 reduced the action of ciprofloxacin on P.

aeruginosa biofilms.
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Numerous data from the RNAseq were analysed in this chapter and
validated with specific assays. Nonetheless, further aspects need to be
validated through further gene-specific transcriptional reporters and/or
gPCR. Not last, the c-di-GMP involvement must be clarified in order to

understand whether it represents a direct or indirect target of 488 action.
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5 EFFECT OF 488 ON S. AUREUS AND P.
MIRABILIS

INTRODUCTION

The first two chapters of this thesis focused on elucidation of the mode of
action of the Unilever lactams, and specifically 488 on P. aeruginosa. Since
the effects of the lactams used in the present work had not been
determined for other bacterial species, their impact on Proteus mirabilis
and Staphylococcus aureus growth was first investigated. Subsequently,
for P. mirabilis, swarming motility, urease and biofilm development were
examined. To obtain insights into potential 488 targets in S. aureus, a
transcriptome study was undertaken. This employed the Staphylococcus
aureus strain ATCC 6538, (NCTC 10799) a standard disinfectant
susceptibility testing strain, the genome of which has been sequenced
(Markarova et al. 2017). Finally, the effect of 488 on a novel multi-species
biofilm model incorporating P. mirabilis S. aureus and P. aeruginosa was

determined.
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5.1 PROTEUS MIRABILIS

5.1.1

488 inhibits the growth of P. mirabilis

To determine whether 488 inhibits P. mirabilis growth, bacteria were

inoculated in a 96 well plate containing LB and 488 serially diluted to

generate a concentration range from 0 to 100 uM. The plate was incubated

in @ TECAN® microplate reader for 24 h and growth monitored as OD over

time. Hence, the MIC of 100 uM was determined by turbidity. The results

show that the samples treated with 488 do not grow at the same rate as

the LB only and solvent (MeOH) 1.6% controls. Lactam 488 had a strong

negative impact on growth at both 50 and 100 pM (Figure 5.1).
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Figure 5.1 Growth curves of P. Mirabilis HAUSER 1885 in presence of 488 at 6.25,
12.5, 25, 50 and 100 pM. Error bar represents standard deviation of biological triplicates
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5.1.2 Swarming motility

In contrast to the dendritic pattern of P. aeruginosa, P. mirabilis produces
a swarming pattern known as a ‘bull’s eye’. This pattern is the result of
multiple waves, each representing a population turnover between a motile
phase and a consolidation phase. Every wave generates a terrace and thus
the characteristic concentric rings (Rauprich et al., 1996). During the
swarming phase, P. mirabilis cells elongate and increase the number of
flagella, before de-differentiating into smaller and with fewer flagella
(Copeland & Weibel, 2009; Morgenstein et al., 2010). Figure 5.2 shows
that swarming is reduced at 10 pM 488 but completely abolished in the
presence of 100 pyM. However, the latter is probably a consequence of
growth inhibition.

DMSO 0.4%

Figure 5.2 Swarming activity of P. mirabilis HAUSER 1885 GFP-tagged in the
presence of 488 at 0, 5, 10 and 100 pM. DMSO only plate was used as control. Each
plate is representative of biological triplicates. Row A: light visualisation. Row B:
fluorescence visualisation.
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5.1.3 Urease activity

To test the effect of 488 on P. mirabilis urease activity, bacteria were
spotted onto Christensen’s Urea Agar. This medium contains the pH
indicator Phenol Red, which turns red in alkaline conditions (pH 8.1). An
increase in pH is a consequence of the release of ammonia formed by the
action of the urease on urea (Griffith et al., 1976). In Figure 5.3, two out
of three biological replicates did not show any variation with 488 at 10 uM,
compared with the solvent only control plate (DMSO 0.4 %). At 100 uM,
no urease activity was detected probably due to complete growth

inhibition.

Figure 5.3 Urease activity test plates of P. mirabilis HAUSER 1885 without (1)
and with 488 at 10 uyM (2) and 100 pM (3).

5.1.4 Biofilm formation

P. mirabilis biofilms were cultured in 24 well plates in artificial urine
medium (AUM) prepared according to Brooks and Keevil (1997). Although
in static conditions, this medium simulates growth on urinary catheters,
where P. mirabilis induces mineralization and the formation of struvite and
apatite crystals that may provide structural support for biofilm
development of other species (Griffith et al., 1976; Jacobsen & Shirtliff,
2011; Li et al., 2016). Moreover, biofilms formed in this medium appear
as a flat layer containing swarming cells rather than mushroom-like when
cultivated in LB (Jones et al., 2007; Lietal., 2016). Calcein 2uM was added
to the medium to label mineral deposits and P. mirabilis Hauser 1885

DsRed-tagged was employed to avoid fluorescence spectrum overlap with
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calcein. The lactam totally inhibit biofilm development at concentrations as

low as 10 uM (Figure 5.4 and Figure 5.5).

The presence of biomineralisation but not biomass at 10 and 100 pM
indicates the presence of living and metabolically active cells that might
not be able to associate in biofilm structured colonies, despite the potential
surface support provided by the crystals.

DMSO 0.4% 488 10 UM 488 100 UM

Biomass

Mineral

Figure 5.4 P. mirabilis Hauser 1885 DsRed-labelled biofilm with 488 10 and 100
MM. Cells were cultured in 24-well plate in artificial urine medium. Culture was incubated
statically at 37 °C for 2h, and then incubated under gentle shaking for 72h. Bacterial
attachment and biomineralisation were observed under a confocal fluorescence microscope.
Scale bars represent 50 um.
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Figure 5.5 Biomass quantification P. mirabilis Hauser 1885 biofilm. Error bars
represents standard deviation of triplicates.
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5.2 STAPHYLOCOCCUS AUREUS

5.2.1 488 inhibits the growth of S. aureus

To study the effect of 488 on S. aureus USA300 and ATCC6538, growth
experiments were carried out measuring OD from cultures grown in flasks
with TSB. The results show that the samples with the lactam grow at a
slower rate than the solvent only (DMSO 0.25%) controls (Figure 5.6). An
MIC value of 30 uM was obtained after 24 h growth in 96 well plate for S.
aureus USA300. The MIC for ATCC6538 was 50uM.
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Figure 5.6 Growth of S. aureus USA300 in presence of 488 at 0, 3, 6, 12 pM. Error
bars represent standard deviation of biological triplicates.
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5.2.2 Transcriptomic study of the effects of 488
on S. aureus ATCC 6538

As for P. aeruginosa, a transcriptomic study (RNAseq) was carried out to
identify potential targets for 488 in S. aureus USA300 and ATCC6538. To
circumvent the negative impact of 488 on S. aureus growth, the lactam
was spiked into cultures at mid-log phase (after 4.5 h) growth and RNA
extraction was performed after 1 h of exposure, as reported in Petek et al.
(2010) and Jang et al. (2008). Initially, RNA was extracted from USA300
LAC due to its high resistance to antibiotics and strong agr expression, and
hence virulence (Diep et al., 2006; Li et al., 2009). Unfortunately no
significant differences were observed, perhaps due to the Ilow
concentrations of 488 used (3 and 6 pM). RNA extraction after 488
exposure was repeated for the antimicrobial susceptibility testing strain S.
aureus Rosenbach ATCC 6538 following exposure to 488 for 1 h at either
15 or 25 pM. This ATCC strain was chosen since it is widely employed by
Unilever for antimicrobial susceptibility testing. Although it exhibited a
higher tolerance for 488 (MIC 50 pM) compared to USA 300, growth was
affected after 1 h of exposure (Figure 5.7). For this reason, the OD of the

samples was normalized prior extraction.
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Figure 5.7 Growth of S. aureus ATCC 6538 for RNA-seq analysis. 488 was added 4.5
h after inoculation. Error bars represent standard deviation of biological triplicates.
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The main transcriptional differences following 488 exposure, at both the
concentrations used, are reported in Table 5.1. These genes were selected
for their relevance to biofilm formation, or QS, or antimicrobial resistance

mechanisms.

The agr genes that code for the S. aureus AIP QS system, were upregulated
(logFC=~2) and conversely, the pyrimidine biosynthetic pathway genes
(e.g. pyrRPBC operon) were strongly downregulated (logFC=~4).
Interestingly, the upregulation of the agr system reported is related to
biofilm develpment (Beenken et al., 2003; Vuong et al., 2000), as well as
in dispersal phase (Boles & Horswill, 2008), analogously to the pyr operon
induction (Beenken et al., 2004), which, on the contrary, was reported as

downregulated.

As shown in Figure 5.8, 488 exerted a strong induction of the tricarboxylic
acid cycle (TCA). Following such upregulation, especially of fumC sdhA and
sdhB, an increase in the levels of the fibronectin-binding proteins FnbpA/B
should occur, as described for methillicin-resistant S. aureus USA 300 by
De Backer et al. (2018). However, no changes were herein reported for
genes fnbA and fnbB. De Backer et al. (2018) also describes a relationship
between an argH deletion and a significant decrease of the ability to form
biofilms; this gene, involved in the urea cycle, is 2-fold downregulated in
the presence of 488 at 25 uM. De Backer et al. (2018) also report increased
expression of the sarA gene in TCA and urea cycle transposon mutants.
Moreover this gene is associated with reduced biofilm formation (Beenken
et al., 2003; Valle et al., 2003). However sarA expression was not
significantly affected by 488.

The polysaccharide intercellular adhesin PIA or poly-N-acetylglucosamine
(PNAG), present in the extracellular matrix of S. aureus biofilms is
dependent on the icaADBC operon (Heilmann et al., 1996; Maira-Litran et
al., 2002) which is downregulated (icaC logFC=-0.93) in response to 488.
The MSCRAMM adhesins (microbial surface components recognizing
adhesive matrix molecules), involved in the attachment phase of biofilm
development, were here found to be heterogeneously regulated: for

instance, with 488 at 15uM, the c/fA gene, encoding for the important
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virulence protein clumping factor A (Josefsson et al., 2001; Moreillon et
al., 1995), was almost 3-fold upregulated whilst c/fB was 3-fold
downregulated.

In S. aureus biofilms, the extracellular DNA, released by cell lysis and
genomic DNA release, is dependent on holin cidA/antiholin irgA regulation
(Mann et al., 2009; Rice et al., 2007) and on the activity of autolysins such
as atl (Houston et al., 2011; Mann et al., 2009). Autolysin genes were
found downregulated, particularly at/_3 (LogFC=-1.5) similarly, the holin
encoding gene cidA levels with 488 at 25uM were 4 times lower than the

control.

Several other genes that encode cell-wall proteins have mixed responses
to 488. The collagen adhesin encoding gene cna, influenced by the sarA
and agr system (Blevins et al., 1999) was 2-fold upregulated. The level of
isdA, a surface protein involved in colonization and virulence, was

unaltered.

Finally, two metallo-beta-lactamase related genes were 4-fold
overexpressed and the azoreductase gene azoR was found strongly
upregulated, as also reported in the P. aeruginosa transcriptome analysis
of this work (Table 4.2).This study reports a first evaluation of the RNA-

seq data generated and no validation was carried out at present date.
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Figure 5.8 KEGG pathway showing the effect of 488 on the transcription of TCA
cycle genes. The insert on the top right represents the differential expression (Ln2FC) of
S. aureus genes following treatment with 488 at 25 uM using a color scale from -3 (green)
to +3 (red).
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Table 5.1 Examples of differentially regulated genes (log> fold change values
(logFC)) from comparisons of S. aureus cultures treated with 488 (15pM and
25uM) compared with a solvent control (DMSO 0.25%). P values for all samples

<0.03.
Gene logFC. logFC. Function/protein
488 15uMvs 0 488 25uM vs 0
agrA 1.09 2.39 Accessory gene regulator protein A
agrB 0.85 2.30 Accessory gene regulator protein B
agrC 1.04 2.42 Regulator protein agrC
agrD 0.80 1.87 Regulator protein agrD
pyrE 0.58 1.73 Orotate phosphoribosyltransferase
pyrH -1.59 -1.8 Uridylate kinase
pyrC -4.67 -4.02 Dihydroorotase
pyrD -1.62 -4.64 Dihydroorotase
pyrR -0.18 -5.16 Pyrimidine operon repressor chain A
pyrB -3.92 -5.45 Aspartate transcarbamoylase chain A
pyrP -1.69 -6.09 Uracil permease
ftsl_2 -0.13 -0.55 Penicillin-binding protein
NCTC10788_01961 1.49 2.32 Metallo-beta-lactamase
NCTC10788_01639 0.93 2.04 Metallo-beta-lactamase
NCTC10788_01181 11 0.84 Metallo-beta-lactamase
ytnP 0.6 0.67 Metallo-beta-lactamase
sarA -0.64 -0.57 Staphylococcal accessory regulator A
icaC -0.64 -0.93 intercellular adhesion protein icaC
fnbA -0.66 -0.39 Fibronectin-binding protein A
fnbB -0.3 -0.28 Fibronectin binding protein FnbB
argH -1.9 -0.95 Argininosuccinate lyase
fumcC 0.49 1.56 Fumarate hydratase class Il
sdhA_1 1.07 2.37 Fumarate reductase flavoprotein
subunit
sdhA_2 0.65 1.26 Serine dehydratase alpha chain
sdhB 0.89 1.41 L-serine dehydratase
atl_3 -0.59 -1.5 Autolysin E
atl_2 -0.38 -0.89 peptidoglycan endo-beta-N-
acetylglucosaminidase
atl_1 -0.26 0.75 Autolysin
cidA -0.43 -1.94 Holin-like protein CidA
sdrD 0.40 0.83 MSCRAMMCIf-Sdr
sdrE -0.47 -0.82 MSCRAMMCIf-Sdr
sdrC -0.97 -0.95 MSCRAMMCIf-Sdr
clfA 1.41 2.39 MSCRAMMCIf-Sdr
clfB -1.40 -0.82 MSCRAMMCIf-Sdr
isdA_1 -0.08 -0.58 NEAT - iron-regulated cell wall-
anchored protein
isdA_2 0.003 -0.74 NEAT - iron-regulated heme-iron
binding protein
isdH (Cna) 0.43 0.97 cell wall surface anchor family protein
azoR 3.36 3.04 Azoreductase
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5.2.3 Effect of 488 on S. aureus biofilm

formation

Changes in biofilm biomass of an eGFP-tagged S. aureus SH100 were
assessed by employing a 24-well plate containing increasing
concentrations of 488, from 0 to 25 pM (Figure 5.9). The z-stacks of the
fluorescence output acquired by confocal laser scanning microscopy, were
used to quantify changes in biomass (Figure 5.10). After visualisation,
ODsoo Was measured to quantify the degree of growth inhibition (Figure
5.11). 488 exerted a small inhibitory effect on biofilm formation with a

progressive reduction in biomass.

DMSO 0.4% 488 3 UM 488 6 UM

>
=

488 12.5 uyM 488 25 pM

Figure 5.9 Effect of 488 on biofilm formation by S. aureus SH1000 tagged with
eGFP in the presence and absence of 0, to 25 pM 488. Biofilms were grown statically
at 37 0C for 18 h in 10% BHI. ODego was measured to assess the extent of growth inhibition
(Figure 5.11). Scale bars represent 200 pm.
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Figure 5.10 Quantification of biofilm biomass of S. aureus SH1000 tagged with
eGFP in the presence and absence of 488 at 0-25 yM. Normalized for solvent control
(DMSO 0.4%). Error bars represent standard deviation of triplicates
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Figure 5.11 Growth of eGFP-tagged S. aureus SH1000 biofilms in the presence and
absence of 488 at 0-25 pM. Error bars represent standard deviations of triplicates.
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5.3 EFFECT OF 488 ON MULTI-SPECIES BIOFILM
FORMATION

Due to the diverse effects of 488 on the bacterial species studied in this
project, a multi-species model developed in this lab but as yet unpublished
was used to study the interactions among P. aeruginosa, P. mirabilis and
S. aureus in presence of 488. In the literature the interactions of P.
aeruginosa with S. aureus and P. mirabilis have been widely reported in
different in vitro models although at present no work on the three species
grown in artificial urine medium (AUM) has been published. This model is
an adaptation of the method of Li et al. (2016) where P. mirabilis and P.
aeruginosa were sequentially co-cultured in AUM. Here, each species was
grown for 24 h in sequential order, (1t P. mirabilis HAUSER 1885 DsRed-
tagged, 2" P. aeruginosa PAO1-UW mTurquoise-tagged, and 3@ S. aureus
SH1000 eGFP-tagged) in presence and absence of 488 at different
concentrations (12.5, 25 and 50 pM) for a total incubation time of 72 h.
The medium containing the lactam was changed at the time of the new

inoculum i.e. every 24 h.

Figure 5.12 shows the 3D representations of the biofilms together with the
transverse sections while Figure 5.13 presents the quantification of the
fluorescence output normalised against the control samples for each
species. As previously observed in the single species biofilm assay (section
5.1.4) P. mirabilis is adversely affected by the lactam, even at the lowest
concentration tested (12.5 pM), although biomineralisation still occurs as
shown clearly in the bright field panel and, as dark spots, in the other
fluorescence channels as shown in Figure 5.14. However, the crystals
observed were larger and more sporadic with increasing concentrations of
compound and were characteristically surrounded by a higher density of
bacteria, particularly P. mirabilis and P. aeruginosa (Figure 5.12 and Figure
5.14), presumably due to the structural support provided (Jones et al.,
2007; Li et al., 2016). Furthermore, increased biomineralisation increases
P. mirabilis biomass over P. aeruginosa in co-cultured biofilms (Li et al.,
2016). The biomass of P. aeruginosa did not exhibit any variation in
presence of 488 at 12.5 uM and 25 uM but increased by ~25 % at 50 uM,
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either due to the lactam action, or the lack of competition from P. mirabilis
in a less mineralised environment, or both. Similarly, S. aureus biomass
showed a 15% reduction in biomass at the two lower concentrations but
not at 50 uM.

Figure 5.12 shows that each species formed a flat biofilm whose
stratification resulted in a multi-layered structure presenting a consistent
pattern: P. aeruginosa was located within the lower levels of the biofilm
underneath P. mirabilis as described in Li et al. (2016) for a dual species
biofilm, while S. aureus biofilm developed on the surface, as a covering
layer (Fig. 5.12).

Interestingly, 488 at 50 uM was not sufficient to inhibit either S. aureus
growth or biofilm development. Perhaps, this behaviour could be ascribed
to the presence of P. aeruginosa, which was reported to be able to select
for resistant S. aureus sub-populations (SCVs) (Mitchell et al., 2010) and
to increase S. aureus attachment by enhancing production of several
adhesins and extracellular matrix binding proteins (Kumar & Ting, 2015a).
Alternatively, the exopolysaccharide components of the P. aeruginosa
biofilm may have provided the foundation for S. aureus biofilm
development (DeLeon et al., 2014b; Hotterbeekx et al., 2017; Tognon et
al., 2019).
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Figure 5.12 Multi-species biofilms formed with P. mirabilis HAUSER 1885 DsRed-
tagged, P. aeruginosa PAO1-UW mTurquoise-tagged, and S. aureus SH1000 eGFP-
tagged in presence and absence of 12.5 and 50 pM 488. Z-stacks collected with
ZEISS LSM 700 confocal microscope, 10X magnification. Scale bars represent 100 pm.
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Figure 5.13 Quantification of fluorescence of multi-species biofilms with P.
mirabilis HAUSER 1885 DsRed-tagged, P. aeruginosa PAO1-UW mTurquoise-
tagged, and S. aureus SH1000 eGFP-tagged in the presence and absence of 12.5,
25 and 50 pM 488. Quantification was performed with Imagel. Data were normalized on
the solvent treated control (MeOH v/v 0.5%). Error bars represent standard deviation of
biological triplicates. For each strain, statistical significance was calculated with Welch’s t
tests between treated samples and control samples. (*) indicates a p value < 0.05. (**) p
value < 0.01

Figure 5.14 2D representations of the multispecies biofilm viewed as individual
fluorescence channels and grown in the absence (1) and presence (2) of 488 at
12.5 pM. Images collected with ZEISS LSM 700 confocal microscope, 10X magnification.
In panel A P. aeruginosa PAO1-UW mTurquoise-tagged. In panel B P.mirabilis HAUSER

1885 DsRed-tagged. In panel C S. aureus SH1000 eGFP-tagged. In panel D bright field.
Scale bars represent 100 pm.
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5.4 CONCLUSION

Lactam 488 showed relatively strong antimicrobial activity against
planktonic P. mirabilis and S. aureus, with MICs respectively of 100 uM for
the former and 30 uM and 50 pM for strains USA 300 and ATCC 6538,
respectively. Because of this, the lactam was employed at lower

concentrations for the experiments involving these species.

A swarming motility assay was performed for P. mirabilis; whereas this
phenotype was negatively affected by the presence of 488 in P. aeruginosa,
a modest impact was observed. Moreover, urease activity remained intact
as shown by a pH-indicator test. This enzyme activity is clinically relevant
since it is correlated to crystal formation and encrustation and blockage of
urinary catheters in the case of P. mirabilis infection (Jacobsen & Shirtliff,
2011; Stickler et al., 1993; Wilks et al., 2015). The integrity of the
biomineralisation process was confirmed during the visualisation with a
confocal microscope where a strong biofilm inhibition activity was observed

at relatively low concentrations (10 uM).

Regarding S. aureus, a transcriptome analysis was conducted on samples
incubated for 1 h with 488. A first attempt with the strain USA 300 and
lower concentrations of compound (to avoid growth inhibition) did not
reveal significant changes, therefore the RNA extraction was repeated
employing higher concentrations and strain ATCC 6538. Albeit preliminary,
the analysis of differential changes revealed a multi-faceted mode of action
that will require further clarification and validation. The QS and TCA cycle
genes were found upregulated whilst pyrimidine synthetic pathway,
autolysins and PIA were downregulated. Mixed responses were found for
cell wall adhesin and MSCRAMM encoding genes. Biofilms were affected by
488 at relatively low micromolar concentrations, however this might be

ascribed to a general growth reduction.

The antibiofilm activity of lactam 488 was also assessed in a mixed-species
experiment involving three species. As in single species biofilms, P.
mirabilis was significantly affected without undermining the mineralisation

process at low concentrations. Conversely, the second strain incubated, P.
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aeruginosa, established a thicker biofilm with 488 at 50 uM which might
have acted as a support for S. aureus formation. Indeed, S. aureus biofilm
biomass was reduced with 488 at 12.5 and 25 yM but it was restored to
control-like levels at 50 uM. Nevertheless, in the presence of P. aeruginosa,
S. aureus resisted to 488 action at, previously observed, effective

concentrations.
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6 DISCUSSION AND FUTURE WORK

This work began with the aim of elucidating the mode of action of a series
of lactam compounds, representative of a new antibiofilm technology
developed by Unilever. The first results obtained using P. aeruginosa as
the target organism directed the investigation towards QS inhibition.
Lactams such as 488 in particular, reduced the expression of the AQ-
mediated QS system. Further experiments were thus carried out in this
context, uncovering some of the phenotypic consequences of inhibiting AQ-
dependent QS. Pyocyanin production, an important virulent factor, was
significantly decreased in the presence of 488. Interestingly, the AQ levels
were not reduced and the response to 488 was variable and strain
dependent. This heterogeneity requires further investigation as the lactam
appears to exert strain-specific effects on P. aeruginosa that may be

related to efflux pump expression.

A competition assay between 488 and 7CI-PQS, a potent agonist for the
PQS system transcriptional regulator, PgsR generated a non-competitive
binding curve. An in silico study provided the initial theoretical support for
an interaction between 488 and PqgsR. The study highlighted the
importance of the H-bonding between the Leucine 197 and the carbonyl
group in position 2 of the pyrrolone ring and, especially, the interaction
between the chlorine at position 4 of the 488 phenyl ring and Threonine
265. Ilangovan et al. (2013) describes how the Threonine 265 might play
a role in conformational modifications of the receptor, preventing the
protein from assuming the active conformation for transcriptional
regulation. In addition the H-bond between Leucine 197 and carbonyl
group in position 2 of 488 enhances binding within the site. These elements
are crucial for the antagonistic mechanism of the compound. These data
suggested new potential ligands which were obtained from the Unilever
lactam compound library. Among these, 295 showed sufficient inhibitory
activity that could be usefully exploited for further testing. The antagonistic
interaction between 488 and PgsR was demonstrated by expressing and
purifying the ligand binding domain of PgsR which facilitated the application

of different techniques to study binding. Iso-thermal calorimetry confirmed
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that 488 bound strongly to PgsR. Further confirmation was obtained from
synchrotron radiation circular dichroism spectroscopy experiments. Finally,
diffracting crystals of PgsR®®P soaked in a solution saturated with 488
subjected to X-ray diffractometry revealed the lactam within the pocket B
of the PgsR ligand binding site as to that obtained by in silico docking. The
RNA-seq revealed a more faceted and complex mode of action of 488 on
P. aeruginosa. The quorum sensing genes including the pgs system genes
were confirmed to be among the most downregulated. Several motility
genes were also downregulated but surprisingly many genes involved in
biofilm development were strongly upregulated. Indeed, the swarming of
P. aeruginosa was reduced in presence of the 488 lactam and flagellar
functionality may be compromised by the possible mis-location of the

flagellum.

A swimming motility assay a AflhF mutant as control with a higher
concentration of agar might be sufficient to highlight the variation, as
reported in Murray and Kazmierczak (2006). Besides, individual cell
tracking techniques could be performed to investigate the impact of 488

on flagellar dependent motility.

As anticipated from the RNA-seq, due to overexpression of cup, pel and
alginate biosynthesis genes, enhanced biofilm development was observed
in several assays employing different strains, media and environmental
conditions. It is clear that this aspect requires further investigation: first,
a more standardized set of assays is required to determine whether this
effect is enhanced or reduced in specific conditions. Secondly, the levels of
cyclic-di-GMP need to be quantified, for instance by using a pCdrA::gfp
reporter fusion (Rybtke et al., 2012). However, its theoretically high levels
were supported by greater biofilm formation and by the inhibition of orn
expression as a consequence of the action 488 on the catabolism of c-di-
GMP breakdown products. Finally, additional reporter gene fusion assays,
gPCR and phenotypic assays are required to validate the interesting results

emerging from the transcriptome analysis.

The lead lactam proved to be extremely effective in preventing P. mirabilis

biofilm development, a crucial CAUTI pathogen, although its mechanism of

189



action requires deeper investigation. In S. aureus the targets of 488 may
emerge from closer analysis and validation of the RNA-seq data. At the
author’s knowledge, no furanones or pyrrolones have been described with

antibiotic or antibiofilm properties towards P. mirabilis and S. aureus.

The mixed-species biofilm experiments undertaken highlight the potential
roles of individual species in protecting other species from antibacterial

agents.

In the literature, furanones and the derived lactams have already been
described as QS inhibitors, specifically LasR antagonists through in silico
studies (Goh et al., 2015; Yates et al., 2002) although no direct binding
has been demonstrated experimentally between any of the compounds and
a P. aeruginosa QS receptor. The work presented here not only uncovers
PgsR as a novel target for this class of compounds, but it describes its
mechanism of action through a series of biochemical investigations studies.

Compared with other PqsR antagonists, like the thiocetamide based
compound M64 from Starkey et al. (2014) (Kp) of 5.4 nM) (structure 4 in
Figure 1.13) or the lead 4-aminoquinoline derived molecule from Soukarieh
et al. (2018) (K(py of 2.66 nM) (structure 5 in Figure 1.13), 488 does not
exhibit the same binding affinity. However, its relatively high Kpy (1.74
MM) could be compensated by its non-competitive action, which may be
considered a favourable strategy in a QS inhibition contest by preventing

the triggering of the PQS pathway regardless of the agonist concentration.

Extracellular DNA levels in biofilms should be quantified after exposure to
488, considering the role of PQS in eDNA release (Spoering & Gilmore,
2006; Turnbull et al., 2016; Wei & Ma, 2013) and the impact of 488 as a
QS inhibitor. The previously cited antagonists, for instance, enhanced the
effect of antibiotics such as tobramycin or ciprofloxacin in disrupting
biofilms, although in concentrations far higher than the Kpys (Maura &
Rahme, 2017; Soukarieh et al., 2018). Moreover, M64 significantly
reduced the number of persistent cells in a culture (Starkey et al., 2014).
Therefore, a study of the effect of 488 on persistence should be carried

out, due to its significance in clinical enviroments.
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Depending on the outcome of further biofilm tests over with longer
treatment periods, the next step will be to test the compound in vivo.
Derived from the same natural fimbrolides as 488, the synthetic furanone
C30 promoted the infection clearance in a mouse pulmonary infection
model (Hentzer et al., 2003; Manefield et al., 2001); however, the
compound proved to be toxic at the concentrations required for QS
inhibition with a P. aeruginosa lasI-gfp biosensor (Moore et al., 2015).
Among PqgsR antagonists, M64 showed increased postinfection survival
rates in burn and lung infection model in mice (Starkey et al., 2014) and
the PgsR inhibitors patented by Spero, that are active at submicromolar
concentrations (50-250 nM), successfully reduced AQ production in an in
vivo acute thigh infection murine model (Zahler, 2016). So far, only these

PQS system inhibitors have proceeded to preclinical stage.

In conclusion, it will also be of importance to investigate whether repeated
or prolonged exposure to the lactam selects for resistance in all the species
tested, in particular P. mirabilis and S. aureus. In fact, due to the species-
dependent growth inhibitory activity of 488, some species may be
subjected to a high selective pressure that may trigger the emergence of
resistance (Davies & Davies, 2010). Resistant bacterial cells could be
genome sequenced to help identify the corresponding mutations in order
to characterise the mechanism of resistance and gain further insights into

the mode of action of the lactams.
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7 APPENDIX

7.1 GROWTH CURVES OF P. AERUGINOSA PAO1-L
WITH 488

Cultures of P. aeruginosa PAO1l-L were incubated in conical flask in
presence and absence of 488 and the growth was monitored by measuring
the ODeoo. An impact on growth can be observed in plateau phase on
samples with 488 at 100 uM and 200 uM.

10
opm

100 uM
200 pM

'121*

1 s

0.1

Log ODg,,

0.01

0.001
1234567 8 9101112131415161718192021222324

Time (h)

Figure 7.1 Growth curves of P. aeruginosa PAO1-L in presence of 488 at 100 and
200 pM. Error bar represents standard deviation of biological triplicates.

7.2 COMPETITION ASSAY VALIDATION

As control of the methodology used for competition assays, an assay using
3-NH2-7CI-C9-Quinozolinone (7CI-QZN) as antagonist and PQS as agonist
has been performed. The strong antagonist 7CI-QZN described in
Ilangovan et al. (2013) has an ICso value of 5 pM and it has been
demonstrated to be a competitive antagonist of PqsR. The strain here used
is PAO1-L ApgsA as for the other competition assays. Two kinds of curves
have been generated with Prism 6 by Graphpad software using two
different algorithms (Figure 7.2), both based on non-linear regression
analysis and equation (7.1): the general sigmoidal dose-response function,

which shows response as a function of the logarithm of concentration
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(Figure 7.3), and the function named ECs shift (Figure 7.4), that aims to
build two dose-response curves determining the fold shift. Therefore in
addiction to Equation 7.1, the ECso shift function automatically extrapolates
the ECso shift values from a standardized plotting of the bottom and top
plateau of dose-response curves. This function, although useful, cannot be
used in case of non-competitive inhibition since the software automatically
adapts the trend of the curves by a standardization of the different
maximum responses occurring in non-competitive interactions in order to
calculate a final ECso value. The use of this function with non-competitive
antagonists inevitably leads to a generation of incomplete and misleading
ECso shift curves (Figure 7.5) while it is effective on representing the action

of competitive inhibitors such as 7CI-QZN (Figure 7.2).

1000000 A =@~ No inhibitor
- 7CL-QZN 25 uM
800000

600000 1

4000004

Max RLU/OD g4

200000 1

log [PQS], pM

Figure 7.2 Effect of PQS on the expression of PpgsA::lux in PAO1-L ApgsA in
presence of 7CI-QZN. Overlap of the curves generated with different algorithms in
Graphpad Prism 6. The dotted and solid curves have been generated using a general
sigmoidal dose-response function and ECsg shift function respectively.
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Equation 7.1 Sigmoidal dose-response equation
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Figure 7.3 Example of Sigmoidal dose-response graph from

http://www.graphpad.com/

Respc:nse .

Log [Agonist] (M)

Figure 7.4 Example of curves with the EC50 shift algorithm from
http://www.graphpad.com
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Figure 7.5 Effect of PQS on the expression of PpgsA::lux in PAO1-L ApqsA in
presence of lactam 488. Curves generated with EC50 shift algorithm in Graphpad Prism
6.
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7.3 GROWTH CURVES OF P. AERUGINOSA PAO1-L
WITH 295 AND 310

Growth curves with biological triplicates of PAO1-L grown in 96 well plates
in presence of lactams 295 and 310 were generated by using a TECAN
microplate reader. The two lactams showed a moderate impact on growth,
in particular 310 did not allow the reach of the plateau as the controls
(DMSO 0.8 % v/v and LB).

10
295 250 uM

310 250 uM
e DMSO 0.8%

- | B

o
(@]
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(@]
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Figure 7.6 Growth curves of P. aeruginosa PAO1-L in presence of 295 and 310 at
250 pM. Error bar were omitted for better visualisation.
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7.4 P. AERUGINOSA RNASEQ COG ANALYSIS -
SUPPLEMENTARY TABLES

Treatment Dependent Genes

Amino acid transport and metabolism

Carbohydrate transport and metabolism

Cell cycle control, cell division, chromosome partitioning
Cell motility

Cell wall/membrane/envelope biogenesis

Chromatin structure and dynamics

Coenzyme transport and metabolism

Defense mechanisms

Energy production and conversion

COG Functional Group

Function unknown

General function prediction only

Inorganic ion transport and metabolism

Intracellular trafficking, secretion, and vesicular transport
Lipid transport and metabolism

Nucleotide transport and metabolism

Posttranslational modification, protein turnover, chaperones
Replication, recombination and repair

RNA processing and modification

Secondary metabolites biosynthesis, transport and catabolism
Signal transduction mechanisms

Transcription
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Translation, ribosomal structure and biogenesis
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B Downregulation

H Upregulation % of changed genes within each group

Figure 7.7 Differential expression of genes exposed to 488 (100uM) for 8 h with
genes exposed to 488 (50 pM) for 8h using functional classification of PAO1 genes from
the Pseudomonas Genome Database. Histograms representing the distribution of
downregulated (blue) and upregulated (orange) genes according to their functional
classifications. Top Group represents the control
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Figure 7.8 Differential gene expression comparison between samples obtained at
12h with MeOH and 8h with MeOH using functional classification of PAO1 genes from
the Pseudomonas Genome Database. Histograms representing the distribution of
downregulated (blue) and upregulated (orange) genes according to their functional
classifications. Top Group represents the control
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Treatment Dependent Genes
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Figure 7.9 Differential expression of genes exposed to 488 (50uM) for 12 h with
a solvent (methanol) only control using functional classification of PAO1 genes from the
Pseudomonas Genome Database. Histograms representing the distribution of
downregulated (blue) and upregulated (orange) genes according to their functional
classifications. Top Group represents the control.
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Figure 7.10 Differential expression of genes exposed to 488 (100uM) for 12 h with
a solvent (MeOH) only control using functional classification of PAO1 genes from the
Pseudomonas Genome Database. Histograms representing the distribution of
downregulated (blue) and upregulated (orange) genes according to their functional
classifications. Top Group represents the control.
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