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Abstract

Pseudomonas aeruginosa represents a significant threat to public health. P. aeruginosa is a
ubiquitous organism and opportunistic pathogen able to infect immunologically
compromised individuals and burn patients. The organism coordinates collective action,
such as the release of virulence factors, through quorum sensing (QS). QS in P. aeruginosa is
facilitate by diffusible signalling molecules from three systems: las, rhl and pgs. The latter
utilises alkyl quinolones (AQ) produced by the pgsABCDE biosynthetic operon and PgsH.
PgsR, a LysR-type transcriptional regulator (LTTRs), binds to 2-heptyl-3-hydroxy-4-quinolone
(PQS) and its precursor 2-heptyl-4-quinolone (HHQ) to activate the pgs operon and
virulence factors including pyocyanin and elastase. Therefore, disruption of this system
represents a potential strategy to attenuate P. aeruginosa virulence. Prior to this thesis a
large high throughput screen — as part of the SENBIOTAR research project to sensitise P.
aeruginosa to antimicrobial therapeutics - was conducted on bioreporter strain to identify

high potency antagonists.

In this thesis the binding of SENBIOTAR antagonists and derivatives were characterised by x-
ray crystallography of the ligand binding domain (LBD) which has revealed relationships
required for effective binding. The position of halogens within sub pocket B are considerably
restricted and movement of this halogen appears to have a deleterious effect on potency
observed in a bioreporter assay. It was also observed that it stacking interactions to Tyr 258,
located in pocket A, could be exploited through several distinct geometries with
concomitant effects of potency. Additionally, a fragment-based drug discovery campaign
was launched using thermal shift (TSA) to identify compounds binders that were validated
by isothermal titration calorimetry (ITC). Thus far literature studies have utilised more high
cost SPR screening, but our efforts have shown an in-silico pre-screen and thermal shift to
be effective. A benzothiazole fragment, with ligand efficiency of 0.38 was identified as a
suitable starting point that could be rationally modified to increase binding affinity.
However, lead-like compounds produced by growing and linking methods gave weak
potency. Attempts to elucidate binding of fragments was hampered by weak resolution and

difficulties outcompeting bound solvent.



To compensate for moderate-low resolution observed during crystal soaking of antagonists
a crystal engineering campaign was undertaken to identify a new crystal form that
diffracted to a high resolution. A total of 7 new constructs were trialled based upon 4 design
different rationales: elimination of high entropy residues; disulphide locking monomer units
together; improving thermostability of partially disordered loops and changing the N-
terminal boundaries. Two new crystal forms were identified that elucidated previously
unknown conformations of the PgsR LBD. One crystal form revealed that PgsR may have
some redox sensing function via a surface exposed C108 which was confirmed by a
complementation analysis to modulate protein activity. The other form revealed a canonical
dimer arrangement that is adopted in most full length LTTRs structures that suggests the
protein’s mode of activation. Additionally, binding pocket changes were observed that will

aid further medicinal chemistry development.

To gain a better understanding of PqgsR functionality attempts were made to express and
purify the full length receptor, reported as insoluble in the literature. Expression of the full
length using standard overexpression vectors did not appear to yield soluble protein and
native expression in P. aeruginosa failed to produce the protein that could be captured by
affinity chromatography. Larger tags such as Maltose binding protein (MBP) produced
aggregated material, but it was found that smaller crystal carriers developed in-house were
able to effectively solubilise PqsR. Subsequent crystallisation trials identified a lithium
sulphate condition that gave rise to a plate crystal habit. Despite extensive optimisation the
diffraction of these crystals could not be substantially enhanced >4 A and a suitable phase
solution could not be attained by molecular replacement. Furthermore, through gel
filtration, ITC and complementation experiments it was concluded the protein lacked
biological activity. However, examination of truncations at positions 310 and 296 found that

the disordered C-terminal was partially dispensable for function.

Finally, through a screening campaign we examined the druggability of PgsA, an
anthranilate ligase required to catalyse the first step in AQ synthesis. Screening of 496
compounds yielded a single inhibitor, found to function non-competitively in the
micromolar range. In P. aeruginosa the inhibitor reduced pgsA promoter activation by ~50%

with an ICso of 0.68 uM. Subsequent testing of pyocyanin, eDNA and AQ production



revealed a lack of significant inhibition. The attachment phenotype appeared to be altered
with treated cells more prone to aggregate to plastic surfaces. Molecular docking was used
to analyse molecular interactions which elucidated a probable binding event to the active
site. The highest scoring docking poses showed the inhibitor to occupy the same position as

the anthraniloyl — adenosine monophosphate intermediate product.

In conclusion, this thesis has broadened the structural characterisation of PgsR antagonists
to drive further medicinal chemistry optimisation. The discovery that similar chemical
scaffolds, such as the quinazolinone, can demonstrate subtle structural differences can aid
in defining chemical space for antagonist growth. Additionally, this thesis has identified and
validated a low-cost thermal shift assay for PgsR fragment discovery and elucidate new
fragment starting points with high ligand efficiency. To generate superior diffracting crystals
for ligand determination 2 new crystal forms have also been generated that shed light on
LTTR activation and dimer interface rearrangement. Purification of the full length PgsR
showed it adopted a tetrameric arrangement canonical of LTTRs but the protein failed to
produce highly ordered crystals. Further optimisation of purification and crystallisation

strategies will be required for structural determination.
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DMPK Drug metabolism and pharmacokinetics oD Optical density
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1 Introduction

1.1 The problem of antimicrobial resistance (AMR)

Antimicrobial resistance poses a significant global threat to human health with wide
reaching implications on other facets of society. AMR is defined as the capability of
microorganisms to overcome the effect of antimicrobial treatment including antibiotics
used in human healthcare. According to the independent O’Neill report published in 2016
AMR is expected to result in an increased mortality of 10 million lives per year with an
expected cumulative cost 100 trillion (USD) by 2050%. The current predicament has led many
to warn that we are entering a post-antibiotic era? with the previous chief Medical Officer
for England, Sally Davies, conveying that some infections such as gonorrhoea already show
resistance rates of up to 80%. Increasing prevalence of AMR could compromise our ability to
manage infection and even complicate treatment of other conditions that require antibiotic

prophylaxis3.

The transition from the so-called “Golden era”, a period of antibiotic discovery starting in
the late 1920s and peaking in the 1950s with a gradual decline to present day has
diminished our capacity to manage infection. Most clinically used agents are derivatives of
natural products from filamentous Actinomycetes and other microbial sources. The decline
in agent discovery has been attributed to exhaustion in the natural product pipeline. The
lack of these ‘low hanging fruit’ compounds has increased development costs of effective
antimicrobials and encouraged large pharmaceutical companies to exit the seemingly
unprofitable market®. To reduce some associated costs pharmaceutical enterprises, have
prioritised derivatisation of current agents. This is often advantageous as the starting
compounds possess acceptable pharmacological properties and can be rationally improved.
Identification of novel agents poses a greater challenge with a retrospective published by
GSK® highlighting scientific hurdles including limited to no hit compounds identified in high
throughput screening (HTS); difficulties in translating a hit compound into a broadly acting
antibiotic and unexpected genomic redundancy thwarting single-enzyme inhibitor

development.



Significant research efforts concerning the causes of AMR have been published with
overviews clearly underpinning that both anthropogenic and biological factors play
significant roles. These can broadly be divided into two classifications: volume of
antimicrobial usage and the spread of resistance through contagion®. The usage of
antibiotics has increased with a 2019 study highlighting a per capita increase of 26.2% in the
usage of front-line antibiotics and a 90.9% increase in “Watch’ antibiotics (based on the
commonly used AWaRe classification)’. Such increases have been ascribed to clinical over-
prescription and a lack of historic stewardship®. Implementation of more effective
stewardship can improve outcomes as demonstrated by a survey of 208 US programmes
with 20% reporting a reduction in resistant organisms®. More recent studies have focused
on the use of non-antibiotic chemical usage and their association with AMR. The compound
triclosan, an antimicrobial and antifungal, often added to consumer healthcare products to
prevent spoilage has been found to induce inherited multidrug resistance in several
clinically relevant bacteria including Pseudomonas aeruginosa, Escherichia coli and
Staphylococcus aureus'® 11, In the case of the latter two urine model experiments showed a
100-fold reduction in ciprofloxacin efficacy'?. Additionally, high antimicrobial usage in
agriculture, with overall quantities exceeding that used in human healthcare, poses a severe

risk in increasing AMR?,

Bioinformatic analysis has allowed for effective AMR surveillance and enabled insight into
the prevalence of resistance in a genomic context!. This has elucidated the importance of
mobile genetic elements such as transposons and plasmids®®. Furthermore, bioinformatic
methods have allowed for thorough classification of resistance mechanisms summarised in
Blair (2014). The interplay between antibiotic usage and resistance can be difficult to
accurately determine due to “spill over” effects in which resistant and susceptible bacteria
can be transmitted from person-person'’. Therefore, an individual’s risk of acquiring a
resistant infection is not limited to their own antibiotic usage. Additionally, such effects

emphasise a need for international cooperation regarding antibiotic usage.

Several new strategies have been researched to combat AMR which have not traditionally
been applied to combat bacterial infection. An example being monoclonal antibodies

binding to specific virulence factors that decorate pathogens such as O-antigen from P.



aeruginosa or secreted toxins!®. Clinical trials have already shown efficacy in patients and
may not be as susceptible to resistance compared to small molecule therapies. Virulence
has garnered interest on the basis that disarming pathogens applies less selective pressure
compared to traditional bactericidal approaches. Many agents have entered clinical trials
such as small molecule inhibitors of S. aureus sortase that substantially decreases mortality
in murine models'®. However, the attrition rate of anti-virulence agents has yet to be
determined but current progress is encouraging. Significant progress into diagnostics has
been made with microfluidic technology being able to determine susceptibility without
lengthy growth experiments?°. Other methods including microcalorimetry, Raman
spectroscopy and immunochromatography are being examined to provide even more rapid
resistance assessment to aid patient treatment?! 22 23, The social-economic aspect of AMR
cannot be easily dismissed and coordinated changes in antimicrobial use in agricultural
settings, such as the upcoming 2022 ban on reserve list antimicrobials for veterinary use in

the EU, will be required.

1.2 P. aeruginosa as a clinical pathogen

P. aeruginosa, a gram-negative facultative anaerobe, is ubiquitous in the environment and
can survive in many ecological niches. Broad adaptability such as tolerance to a wide range
of temperatures and pHs have been reported??. Its ability to survive in very different
environments can be attributed to a relatively large genome ~6.5 Mbp encoding a wide
array of metabolite biosynthetic genes (5000-6000 ORFS) controlled by a complex
regulatory network of around 500 response regulators 2> 26, P. aeruginosa is considered an
opportunistic pathogen, causing infection in immunocompromised individuals. It is
prevalent in hospital settings causing ventilator-associated pneumonia and poses a risk to
burn ward patients. Chronic infections of P. aeruginosa often occurs in patients such as
those with cystic fibrosis (CF). CF is caused by a defect in cystic fibrosis transmembrane
conductance regulator resulting in multiple dysfunctions including a greater susceptibility to
respiratory infection. Infection rates within cystic fibrosis patients vary from 60-80%2’ and
correlate with increased mortality?®. Risk of mortality is further elevated with co-infection
by other pathogens including S. aureus??, Stenotrophomonas maltophilia*® and Burkholderia

cepacia®!.



The ability of P. aeruginosa to survive in water supplies can pose a risk in hospital settings
with outbreaks traceable to single outlets. Investigation into multi-drug resistant P.
aeruginosa outbreaks have revealed that infection reservoirs are often not easily
identified32. This organism can be transmitted via medical equipment although ventilators
are a more frequent source of infection®3. It’s ability to colonise surfaces, especially those of

medical equipment, makes sanitation key in controlling outbreaks.

Current NICE guidelines recommend tobramycin inhaled dry powder for treatment of CF P.
aeruginosa infection — replacing solution inhalation methods that can be uncomfortable for
patients®*. However, this treatment has known side effects including risk of bronchospasm,
chest pain and haemoptysis. Additionally, studies have questioned the effectiveness of
inhaled treatments for CF patients given loss of lung function causing inherent limitations in
drug distribution throughout the bronchial tree®. These may tie into observations showing

limited clinical improvement with respect to bacterial load3®.

1.2.1 |Intrinsic resistance

Multi-drug resistance in P. aeruginosa is common and directly worsens clinical outcome and
increases the risk of mortality®’. P. aeruginosa is intrinsically resistance to several antibiotics
due to poor outer membrane permeability, efflux mechanisms that prevent intracellular
antibiotic build up and production of inactivating enzymes such as B-lactamases. Membrane
permeability is cited to be 12- to 100-fold poorer compared to E. coli 3 and surface porins,
that facilitate uptake of small molecules, were found to selectively exclude most
antibiotics3°. Transcriptomic analysis shows that efflux pumps are overexpressed in clinical
strains and strong evidence exists that this aids multidrug resistance ° 4%, This is further
reenforced by observations that efflux pump inhibitors can successfully sensitise P.
aeruginosa to other antibiotics although toxicity prevents usage in clinical settings*’. Many
strains of P. aeruginosa contain inactivating enzymes that target hydrolysis liable amide or
esters found in lactams and aminoglycosides class antibiotics. For lactam resistance, the
inducible ampC gene can break lactams down by hydrolysing the amide bond of the B-
lactam ring. Growing concern however lies in the increasing prevalence of strains containing
Extended spectrum B-lactamases (ESBLs). These are often observed in so-called “high risk

clones” that have been observed internationally®.



1.2.2 Acquired resistance

P. aeruginosa can gain resistance by genetic mutation or by acquiring foreign genetic
material. As stated above, efflux pumps can reduce antibiotic efficacy. Several studies have
shown that mutations in regulatory proteins cause these systems to become overexpressed.
A recent example is a R70Q MexR mutation identified in a clinical isolate from China that
gained aztreonam resistance by upregulating MexAB-OprM by 15-fold**. Additional AMR
genes can be transferred by plasmids, transposons, integrons and prophages. So called
“megaplasmids”, with sizes ~420 kb, poses a particular concern with the pBT2436 family

often containing multiple copies of resistance genes*.

1.2.3 Virulence factors

To establish and maintain an infection P. aeruginosa relies on an extensive arsenal of
secreted or surface attached products. These are required for breaking down of host tissue
for nutrient acquisition, eluding the host immune response and gathering of scarce

resources such as free iron.

1.2.4 Proteases

P. aeruginosa possesses several clinically important proteases required for gathering
resources from host cell material. In the CF lung elastase B, alkaline protease, protease IV
and PasP have been detected?. Early studies into the prominent alkaline protease revealed
degradative activity towards human gamma interferon and subsequent loss of function®’. In
vivo murine and in vitro studies have showed that both pseudolysin and protease IV are
highly cytotoxic and prevented cell migration to wound sites thus inhibiting healing®®. As
such it is presumed to function similarly in human burn wounds. P. aeruginosa seemingly
responds to the infection site with burn wound exudates prompting expression of the
elastase LasB*°. Furthermore, LasB was shown to participate in disruption of host immune
factors in epithelial cells via digestion of interleukin (IL)-6 and trappin-2. Adding purified
LasB to mice intranasally induced weight lose over time with higher doses significantly
increasing mortality®°. LasB stimulates inflammation through IL-1B proteolytic activation

thus aiding destruction of airway structure. IL-1 proteolysis could be abated with



metalloprotease inhibitors and improved mouse pulmonary pathology®!. Additionally, a
LasB inhibitor, that binds to the Zn?* active site, increased survival in Galleria mellonella
infection models®?. Less well studied proteases, such as the Ycel-like PasP, have also been
shown to digest corneal tissue and plays a key role in keratitis®® >4, However, the activity and
regulation of this protease at different infection sites is not well defined. Proteases have
also been implicated in aiding cell survival during chronic infection with the intracellular

FtsH preventing in vivo protein aggregation during growth arrest>.

1.2.5 Extracellular products

P. aeruginosa secretes extracellular products that aids virulence. The best characterised
product, pyocyanin (Figure 1.1), a tricyclic phenazine with zwitterionic properties is secreted
into the medium with concentrations of up to 8.1 uM detected in wounds and significantly
more observed in CF sputum (130 uM)°®. Pyocyanin is synthesised by two identical
phzABCDEFG (phz1 and phz2) operons which are under the control of all three quorum
sensing systems®’. A recent study into P. aeruginosa induced bacteraemia showed a strong
correlation between high pyocyanin production and septic shock>®. Evidence is weighted
towards an oxidative stress response being responsible for host cell disruption such as
stimulating the Erk/p38MAPK senescence pathway and depleting intracellular glutathione

concentrations®® 0,

To enable iron acquisition under iron depleted conditions, P. aeruginosa releases
siderophores, such as pyoverdine, to sequester low concentration iron. Pyoverdines display
large structural differences but retain three key characteristics: a dihydroxyquinoline core
(shown in black Figure 1.1), an amino acid chain often cyclised and ketoacid side chain.
Isolation of 70 clinical strains showed a strong correlation between pyoverdine production
and virulence (in Caenorhabditis elegans infection model). Furthermore, a deletion in pvdF,
required for pyoverdine biosynthesis, increased survivability in murine challenge models®.
Iron concentrations are elevated in CF patient sputum and is well correlated with P.

aeruginosa infection underlining its importance®?.

Another key secreted molecule, rhamnolipids, a class of glycolipids, that act as surfactants

aid surface motility with recent studies showing irregular swimming patterns in biosynthetic



mutants®. In vitro airway models show rhamnolipids to be important to early stage
colonisation of the epithelium with exposure decreasing transepithelial resistance and
disrupting epithelial cell polarity®*. Interestingly, this model showed that protease
background had little effect on early infection establishment highlighting the importance of
virulence coordination. Furthermore, these lipids appear to confer protection from
polymorphonuclear leukocytes with in vivo models showing rhamnolipid biosynthetic
mutants to be more susceptible to clearance . As such rhamnolipids appear to have a

multifactored role in virulence as they both disable host cell defences and assisting in early

colonisation.
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Figure 1.1. Molecular structures of non-proteinaceous extracellular products. Amino acids coloured in
Pyoverdine structure.

1.2.6 Biofilms

Bacterial aggregation is a common occurrence in nature with cells associating to form
biofilms supported by secreted polymers. Formation of a biofilm is typically prompted in
response to a sudden change in growth conditions including temperature and resource
accessibility. A transition to this lifestyle confers a significant change in gene regulation with
transcriptomic analysis showing that 19.4% of genes in PAO1 being differentially expressed
compared to a planktonic control®. Changes in gene expression were also observed at
different stages of biofilm maturation showing the effect of a sophisticated genetic

program. In brief, biofilm maturation is divided into 5 stages. The first stage, initial adhesion,



is characterised by bacterial surface association. Afterwards, in early attachment cells lose
motility and begin producing an extracellular matrix. Microcolonies are characteristic of the
third stage where the bacteria continue development of extracellular architecture to aid cell
association. As these microcolonies grow they form “mushroom” shaped mature biofilms
(stage 4) that due to internal cell lysis erupt, releasing sessile cells back into the extracellular

environment that seed other biofilms®”’.

Extracellular components of a P. aeruginosa biofilm are comprised of many classes of
biological macromolecule including, polysaccharides, extracellular DNA (eDNA),
proteinaceous and lipidic material®. The best studied component eDNA, released within
membrane vesicles and subsequent autolysis, adopts a markedly different folding to
chromosomal DNA and confers viscoelastic properties aiding in biofilm stability®® 7°. CF
infections evolve over time with divergent lineages stemming from the original infection
strain/s. To gain a competitive advantage in complex bacterial populations, P. aeruginosa
use pyocins, proteinaceous structures derived from ancestral prophages, to selectively kill

competitors’®.

Y(um) 15

Figure 1.2. P. aeruginosa biofilm. 3D image of mature biofilm from strain PA14 produced by Francis Smith
of the Centre for Biomolecular Sciences with green-red live dead staining.



Clinically biofilms represent a barrier to treatment with increased resistance to antibiotics
compared to planktonic cells. Comparisons in clinical strains show that established biofilms
can be more than 60-fold more resistant to antibiotics’2. This increased resistance has been
attributed to decreased antimicrobial penetration and prevalence of inactivating enzymes.
Additionally, biofilms often harbour persister cells, baring a dormant phenotype, that
display increased resistance. These cells appear only during lengthy infection and can be
triggered by varying mutations’3. The tendency to form biofilms is also well correlated with

increased cytotoxicity and other virulence factors described above’*.

1.3 Quorum sensing

Quorum sensing (QS) refers to the process of microbial cell-to-cell communication mediated
by small molecule diffusible signals. These signals drive coordinated behavioural changes in
a population-dependent manner. Many behaviours controlled by QS have been observed
and include bioluminescence, virulence factor biosynthesis and release, secondary
metabolite production, DNA uptake and biofilm development. Studies have shown QS to be
prevalent in several kingdoms including fungi, bacteria and even plants can be responsive to
QS signals’ 7, The first QS signalling-driven activity was first examined in the 1980s in Vibrio
fischeri, and in particular in its ability to produce bioluminescence when reaching high
population densities. Although significant progress on QS was made in the 1990s with the
advent of DNA sequencing techniques enabling the discovery of QS synthase-receptor
pairs’’. These pairs, described for the V. fischeri bioluminescence regulatory QS switch luxR-
lux!, had a distinct structure and many homologues of these have been found across a wide
range of Gram-negative bacteria. The Luxl- homologues are responsible for the synthesis of
N-acylated homoserine lactone (AHL) QS molecules that bind a specific LuxR-type protein
which in turn activates/represses multiple promoters leading to a coordinated behavioural
control. These systems are universal in both Gram-positive and negative bacteria and have
been well characterised’® 7°. Indeed, a wide variety of AHLs have been identified in different
Gram-negative bacteria that differ in acyl chain length and possess structural variation at
the third carbon that can have an additional carbonyl or hydroxyl group (shown by R-group
in Figure 1.3)%. Further research showed that these signals were not limited to AHLs but
could also include small peptides as seen in Gram-positive bacteria and referred to as

Autoinducing Polypeptides (AIPs). Unlike AHL signals these are produced as a gene product



— producing a precursor peptide — that is subsequently cleaved and modified prior to export
into the extracellular environment & 82, These peptides can be exported as linear peptides
or cyclised by at the C-terminal to a serine or cysteine residue®. A third signal identified in
both gram negative and positive bacteria is the boron based Autoinducer-2 (Al-2) molecule
that has been shown to bind to chemoreceptors PctA and TlpQ in P. aeruginosa although
the true functionality of Al-2 as a true QS molecule other than in Vibrio spp has been

questioned® &,

HO_ OH

(0]
o) M B
1 ] TR 9%
C

F HO"

D HO\" O
AHL

Rl = H' o: OH, Rz = XCHZ AIP-1 Al-2

Collective behaviour

1. Virulence
. ) e ~"rf,_: 2. Biofilm growth
: . A A, 3. Secondary metabolites
I R 4. Motility
5. DNA uptake
Low Density High Density

Figure 1.3. Types of QS molecule & concept of group dependent signalling. Quorum sensing signals found
in bacteria. The N-acylated homoserine lactone produced and detected by luxI-LuxR synthase-receptor
pairs. AIP-1 produced by S. aureus as a gene product from agrD and cyclised by AgrB prior to export. Al-2
signal produced by Vibrio spp. influenced by environmental concentrations of boron. At low cell density a
proportionally low concentration of signal is present but increases with bacterial population to activate
collective behaviours.

1.3.1 Quorum sensing in P. aeruginosa

P. aeruginosa quorum sensing has been studied since the 1990s with bioinformatic analysis
identifying LasR, possessing high similarity to LuxR, and its associated protease LasB®®. The
structure of the inducer molecule was determined as N-(3-oxododecanoyl)-homoserine
lactone (30C12-HSL) by NMR upon purification from bacterial culture supernatant®’.
Afterwards a smaller AHL C4—HSL was discovered but was shown to not activate LasR®®.

Experiments on the regulation of rhamnolipid biosynthesis showed that it was activated by

10



C4—HSL upon binding to its cognate receptor RhIR. The third QS signal, PQS, was identified in
1999 when induction of lasB was observed in the absence of LasR®. The molecule
responsible for this induction was identified as the Pseudomonas Quinolone Signal (PQS) or
2-heptyl-3-hydroxy-4-quinolone, originally studied as an antimicrobial with subsequent
research showing it to activate the LysR-type regulatory protein MvfR (PgsR hereafter)®. A
fourth signal was identified by transposon screening of a lasR mutant, based on the
rationale that /asR is often inactivated in clinical isolates, that found that transposons in the
ambB gene limited pyocyanin production. Purification of culture supernatant from a
knockout and overexpressed amb pathway showed accumulation of IQS which was found to
respond to phosphate concentration °1. However, the inclusion of the molecule as a QS
signal has been disputed as other studies show the amb pathway to only produce the
secondary metabolite L-2-amino-4-methoxy-trans-3-butenoic acid (AMB) and attribute 1QS
as originating from pyochelin breakdown®2. Recent experiments on P. aeruginosa highlight
other environment factors are integrated into quorum sensing responses. Light intensity has

been shown to control the KinB—AlgB two component system that antagonises RhIR activity

93
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Figure 1.4. QS regulatory hierarchy P. aeruginosa. Positive and negative regulation shown by coloured
arrows from their associated regulator. The three established P. aeruginosa QS signals 30C12—-HSL, C4-HSL
and PQS shown next to their cognate receptor and synthase/cluster.

1.3.2 QS hierarchy in P. aeruginosa

The interplay between P. aeruginosa QS systems is highly complex to permit effective
collective behaviour (Figure 1.4). The PQS system is activated by PgsR in response to either
HHQ or PQS but activation of virulence promoters and rh/R/I are exclusively controlled by
the latter signal®. This permits negative autoregulation as RhIR represses pgsR. LasR also
exerts influences over the PQS system by activating both pgsR and pgsH. Both AHL systems
receptors, LasR and RhIR, activate their cognate synthase creating a positive feedback loop
to control regulation. Interestingly, LasR has hierarchical control over the rhl system by
activating expression of rhIR thus promoting activation of rhll by the aforementioned
feedback. Furthermore, both /asR and rhiR are controlled by other virulence regulators such
as Vfr, a small 24 kDa regulator that controls exotoxin production®. VgsR was also shown to
control AHL production by activating both las/ and rhll and is expressed in the presence of

human serum and oxidative stress®®. Additionally, another positive feedback loop is
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established by LasR which activates VqsR which in turn enhances lasl expression. Conversely
these synthases are both repressed by QscR, a LuxR transcriptional regulator, that when
mutated causes premature AHL production®’. Regulation is also observed at the protein

level with QteE reducing LasR stability without influencing transcription or translation®®.

1.3.3 Las quorum sensing

The las system consisting of LasR and its cognate ligand 30C12—-HSL synthesised by Lasl is
important for virulence, with transcriptomic analysis showing that LasR controls at least 35
promoters which drive the expression of 74 genes including those that encode the secreted
virulence factors AprF and LasB®°. Lasl/R control extends to several metabolism regulators
including the RpoN sigma factor'®. A lasR knockout in a murine burn infection model shows

101

reduced lethality and less dissemination throughout the body*®*. Investigations into LasR

revealed a necessity for 30C12—-HSL to be present for the expression of active and soluble

proteini®?

and subsequent structural biology efforts have only elucidated bound proteins
with 23 PDB structures as of time of writing. Structural determination of the ligand binding
domain of LasR showed an a-B-a sandwich comprised of 3 periphery helices on either side
of a 5 stranded antiparallel B-sheet!%. The binding pocket creates 5 direct hydrogen bonds
with 30C12-HSL (Figure 1.5a) and ITC measured binding affinity at 1.14 + 0.2 pM*%4. The
protein was found to bind irreversible to 30C12—-HSL and both in vitro and in vivo
experimentation determined the protein to be active only as a dimer 192 105 Unlike other
LuxR type regulators promoter specificity was surprisingly broad and dyad symmetry was

not required for binding, but transcriptomic analysis shows a distinct preference for a Las-

box sequence (5" — ACCTGCCAGATCTGGCAGGT - 3').

1.3.4 Rhl system

The Rhl system consisting of RhIR and its cognate C4-HSL ligand (synthesised by Rhll) was
initially discovered to control rhamnolipid biosynthesis®. The receptor protein was shown
to bind to the las-box sequence in the presence and absence of its cognate ligand in
difference conformations enabling differential regulation subject to the presence of
signal'®’. Isolation of P. aeruginosa clinical strains from CF patients often show loss-of-

function mutations in LasR. However, such strains including E9O still possess functional rhl
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systems that act as primary drivers of cytotoxicity in lung epithelium models!,

Furthermore, a separate study showed RhIR to possess a key role in suppressing the
immune response in Drosophila melanogaster*®. Thus far no structural data has been
attained for RhIR with several studies reporting considerable insolubility even in the
presence of the cognate C4-HSL ligand. However, some structural features can be inferred
by the E. coli homolog SdiA that shares a high degree of similarity in the DNA binding
domain (Figure 1.5b). Two papers have reported solutions including altering the binding
pocket through rationale mutation'! or optimising the expression and extraction with the
latter reporting a binding affinity of 1.66 + 0.4 uM to C4-HSL. Transposon screening in a rhll
mutant showed pgsE to be required for full RhIR activity and was initially hypothesised to
comprise an uncharacterised QS synthase—receptor pair'!. Further research showed PqgsE
to be a required effector for RhIR activity across a range of virulence promoters. A pgsE
mutant could only be compensated for by overexpressing RhIR and not with greater
concentration of C4-HSL'*2. This mechanism was further clarified in efforts to find a PqsE
inhibitor. Unexpectedly, structurally characterised inhibitors that bound to the active site
did not affect RhIR activity. Subsequent experiments showed that RhIR could be pulled out
of E. coli lysates using PgsE as bait with binding abated by mutagenesis of residues distally

located from the active site!!3.
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Figure 1.5. Quorum sensing receptors LasR (PDB 2UV0) and homology model of RhIR. (A) Cartoon
representation of LasR with cutout showing ligand binding. Residues represented as sticks and coloured
according to secondary structure element. 30C12—-HSL shown in orange. (B) Homology model produced
with I-TASSER with template model SdiA. Areas of high conservation to SdiA shown with red tubes.

1.4 Alkyl quinolone properties and function

Naturally produced quinolones represent a structurally diverse group of molecules; early
studies using electrospray ionization and LC-MS identified the production of 56 AQs from P.
aeruginosa strain PA14 — the most common are summarised in Figure 1.6!4, These AQs
typically possess low solubility in aqueous environments with PQS soluble to ~5 uM (logP of

3.952)1> and have a surprising number of roles in pathogenicity.
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Figure 1.6. The most common AQ products found in P. aeruginosa and Burkholderia sp.. Burkholderia
specific molecules are separated by a dashed line.

1.4.1 AQ biosynthesis
The pathway required for AQ synthesis was identified through transposon screening for

deficient mutants!1®

. Mutations in the pgs operon resulted in a lack of AQ production as
well as impaired pyocyanin biosynthesis. The feed metabolite, anthranilic acid, is primarily
synthesised by PhnAB although more recent studies have shown that tryptophan

degradation via the kynurenine pathway can influence AQ production'’.

Anthranilic acid is activated by a two step process of adenylation and thioesterification by
PgsA to form anthraniloyl — CoA. The activated thioester is transferred to the active site of
PgsD which catalyses a reaction with malonyl — CoA to produce 2-aminobenzoylacetyl-CoA.
The coenzyme is removed via thioesterase activity of Pgsk to form 2-aminobenzoylacetate
(2-ABA). Interestingly, the enzyme activity of PqsE is not required for AQ synthesis as the

acyl-CoA thioesterase |l TesB is able to catalyse the reaction due to promiscuous activity.
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The quinolone bicyclic is formed through condensation of 2-ABA with octanoyl-CoA. The
resultant molecule, HHQ, requires hydroxylation to form PQS and this reaction is catalysed
by the NADH dependent PgsH. The PQS pathway has been shown to produce several
additional products that influence virulence. DHQ (2,4-dihydroxyquinoline), a non-alkylated
quinoline, shown to bind to PgsR in lysate driven EMSA experiments, is produced by product
termination of PqsD!*®. Another derivative product HQNO (2-heptyl-4-hydroxyquinoline N-
oxide) is formed by the FAD-dependent monooxygenase PgsL (located distally from the pgs
operon) that hydroxylates the primary amine in 2-aminobenzoylacetate (2-ABA) to form the
unstable 2-hydroxylaminobenzoylacetate (2-HABA)**°. This product is accepted as a
preferred substrate to PqsBC but the relatively low cellular concentration of reduced flavin
may be responsible for limiting the synthesis route!?°. A non-AQ derivative product is 2-
aminoacetophenone (2-AA), produced from decarboxylation of 2-ABAL, Higher
intracellular concentrations of 2-AA have been linked to bacterial persistence making the
PgsBC complex a potentially poor target for drug development as persistence phenotypes

are linked to poor antibiotic efficacy!??2. The pathway is visually represented in Figure 1.7.

1.4.2 Burkholderia AQ synthesis

The biosynthetic operon that synthesises PQS is not unique to P. aeruginosa but is also
found in the Burkholderia genus under the alternative nomenclature Hmq or Hhq. In
addition to possessing homologs of PqsABCDE Burkholderia also possess HmqFG!?3. HmgF is
predicted to possess two acyl-CoA dehydrogenase domains and is hypothesised to
introduce an unsaturated linkage between C2 and C3 of the alkyl chain. HmqG is predicted
to be a methyltransferase with function confirmed by MS/MS analysis of a hmgG mutant
supernatant showing a lack of 3’ methyl group!?4. Unusually, despite having similar operon
architecture the regulation of the hmg/hhg operon is markedly different with no apparent
PgsR homolog or LysR-box in the promoter. However, deletion of hmgA or G results in an
increase in the AHL C8-HSL production suggesting quorum sensing involvement in

Burkholderia AQ synthesis!?3.
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Figure 1.7. PQS Biosynthesis in P. aeruginosa. Current model of PQS synthesis with PDBs of relevant
enzymes rendered with Illustrate. PDB codes given with each enzyme image. Anthranilic acid is activated by
PgsA to form Anthraniloyl-CoA which becomes bound to the PgsD active site catalysing the addition of
malonyl-CoA to form 2-ABA-CoA. The co-enzyme is removed by the thioesterase PgsE and the resultant 2-
ABA is converted to HHQ by PgsBC using octanoyl-CoA. HHQ is then hydroxylated by PgsH to form PQS.
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1.4.3 PQS associated virulence

Research over the last decade has highlighted that the role of PQS in virulence is
multifunctional and not exclusive to PgsR mediated virulence regulation. PQS has a distinct
role compared to other P. aeruginosa AQs in that it has ferric iron chelation properties. PQS
has a high affinity for Fe3* and since most PQS is membrane associated, a functionality to
trap iron is further justified'?>. Growth studies have highlighted that the addition of PQS-
Fe3* to cells unable to produce siderophores improved growth rates suggesting that PQS
acts to bypass iron acquisition and may concentrate environmental iron in membranes.
Additionally, it has been theorised that the chelation properties of PQS are related to its
apparently cytotoxicity!'®. Exogenously supplied PQS during lag phase of P. aeruginosa
slows growth with additional iron supplementation countering the effect. PQS cytotoxicity
has also been attributed to the generation of hydroxyl radicals. PQS addition to P.
aeruginosa activates genes that control oxidative stress response and prompt autolysis*?®.
The role PQS plays in autolysis has been theorised to provide a competitive advantage when
growing in communities. Toxicity is not limited to bacterial species with PQS bestowing a
lethal phenotype in C. elegans infection models and studies using fluorescent probes have
shown ROS generation in macrophages (J774A.1 and THP-1 cells) and lung epithelial cells
(A549 and NHBE)*?’. The mechanism for free radical generation has been attributed to UV
exposure as PQS sensitises P. aeruginosa upon UV A treatment but has a significantly lesser
impact on a ApgsA mutant!?®, Previously, it was thought that HQNO was the only P.
aeruginosa AQ that directly affected cell respiration but recent studies using radical
sensitive probes have highlighted that at relatively low concentrations PQS is able to inhibit

mitochondrial complex | and has a weaker effect on complex 111*%°.

Immunomodulatory effects of PQS and HHQ have also been observed in multiple studies
using both cell lines and animal models. Work using supernatant extracts of PA14 and its
corresponding ApgsA mutant, unable to make these molecules, highlighted suppressed
cytokine release (TNF-a and interleukin-6) by inhibition of NF-KB3°, Interplay with AQ
signals has also been observed in human regulatory systems; through microscale
thermophoresis and radioactive ligand displacement experiments human AhR was shown to
bind to both HHQ and weakly to PQS. Binding diminished AhR activation in vivo and

elevated production of IL-8 in A549 alveolar cells.
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Early research on PQS from P. aeruginosa showed that despite poor solubility supernatants
from stationary phase cultures contained relatively large amounts of PQS. Interestingly, PQS
has bypassed this limitation by packaging itself into membrane vesicles (MV)*31. Further
experiments with Cryo-transmission electron micrscopy showed that PQS increases
membrane curvature required for MV formation. MV formation has gained interest in P.
aeruginosa pathogenesis as it may account for transport of virulence factors other than
PQS32, Successful MV release has been correlated with biofilm dispersal and is seemingly
unique to PQS as pgsH mutants display an MV impaired phenotype!3?. The association of
PQS to the bacterial membrane has not been fully elucidated with membrane protein
components such as orphan efflux pump protein MexG shown to bind via affinity probes

suggesting PQS has a role in efflux control*3,

1.5 LysR Type Transcriptional Regulators (LTTRs)

LysR Type Transcriptional Regulators are a well characterised family of transcriptional
regulators found ubiquitously in bacteria with orthologs found in Archaea and
Eukaryotes!34, These response regulators have received much attention in relation to their
regulatory role in many processes including metabolism, cell division, quorum sensing and
virulence. Unlike some regulatory proteins this family has been shown to exhibit both
repression and activation depending on the presence or absence of co-inducer molecules®3®.
Several LTTRs operate on auto-regulatory feedback by activating the necessary
operon/metabolic path for their co-inducers production3®. Given their prevalence, with
more than 100 structures deposited in the PDB, it is not unsurprising that this family has
been the subject of significant studies. Predominantly structural studies have focused on the
effector domain of the family due to notorious solubility issues and inherent flexibility of the
larger protein. LTTRs slightly vary in size with most being ~300 residues but possessing
relatively poor sequence identity34. Despite poor conservation LTTRs have remarkably well

conserved structural features: an N-Terminal Helix-turn-helix (HTH) DNA binding domain; a

long helical hinge region and C-terminal ligand binding domain.
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1.5.1 DNA binding domain

LTTRs employ a Helix-turn-helix motif to interact with DNA. The motif, consisting of an open
tri-helical bundle, are predominant in all prokaryotic and even more complex eukaryotes®?’.
The third helix of the domain typically participates in binding to the DNA major groove
whilst helix two rests upon the backbone. Some LTTRs, such as TsaR and BenM possess a so
called winged HTH (wHTH) that contains an additional B-strand hairpin that packs against

the trihelical bundle!®. However, the functional implication of the addition is not fully

understood in LTTRs.

1.5.2 Ligand/co-inducer binding domain

Starting around residue 90 the coinducer domain is divided into two smaller sub-domains
connected by two antiparallel beta sheets which forms a cleft for co-inducer binding. The
sub domains named RD-I and RD-Il span regions 90 — 165 and 166 — 270 respectively
(coloured in Figure 1.8b). The secondary structure elements of the C-terminal correspond to
an alternating a helix and B sheet characteristic of a Rossmann fold. Interestingly, the
domain itself, although not readily distinguished in the literature, has limited resemblance
to class | substrate binding proteins although differs in that the protein subdomains are

linked by single a B hairpin'®.
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RDI

Connecting sheets

Figure 1.8. Cartoon diagram of LysR-type transcription regulator. (A) TsaR (PDB 3FXQ) showing domain
architecture of a LTTR. Varying linker helix angle, from the crystallised tetramer, relative to LBD shown. DNA
binding domain, linker helix and LBD coloured in pink, yellow and blue respectively. (B) Ligand binding
domain structure of TsaR (PDB 3N6U) with subdomains RDI and RDII coloured in blue and yellow
respectively. Connecting two stranded beta sheet is coloured in pink.

LTTRs have been shown to accept a wide range of ligands required for control over
metabolism and biosynthetic clusters. A selection of structurally characterised receptors can

be found in Table 1.1.
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LTTR Cognate ligand/s Function PDB
BenM Benzoate & cis,cis-muconate Regulates activation of cat and ben genes for benzoate degradation 2F78
O-acetylserine & N-acetylserine
CysB (Sulphide and thiosulphate act as Regulation of cys genes responsible for sulphate assimilation 4M4G
anti-inducers)
DntR 2,4-Dinitrotoluene & Salicylate Activation of the oxidative degradation pathway of DNT 2Y7W
Histamine & Imidazole-4-acetic Activation of PQS system, pyoverdine and histamine uptake/utilisation in P.
HinK 6M5F
acid (ImAA) aeruginosa
LeuO Not-determined Pleiotropic regulator that functional in Gammaproteobacteria 6GZ0
MetR Homocysteine Control of methionine biosynthesis in E. coli and Salmonella typhimurium 4AB6
Controlling transcription of the Ti plasmid octopine pathway to provide nutrients
OccR Octopine 5VVI
for plant pathogen Agrobacterium tumefaciens
Regulation of dechlorination enzymes responsible for PCP degradation in
PcpR Pentachlorophenol 4RPN
Sphingobium chlorophenolicum
Controls the biosynthesis of protocatechuic acid from quinate and shikimate in
QuiR Shikimate 5TED
Listeria monocytogenes
Regulation of para-toluenesulfonate (TSA) degradation for carbon and energy
TsaR Para-toluensulfonate 3N6U

acquisition in Comamonas testosteroni T-2

Table 1.1. LTTRs and their associated ligand/s.
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1.5.3 Multimerization

Most receptors have been shown to form tetramers in vitro by a multitude of orthogonal
methods including analytical centrifugation'4?, native PAGE*! and gel filtration#? with
crystallographic evidence from over 10 full length structures revealing these to be
composed of a dimer of dimers. A notable exception to the canonical arrangement is that
of CrgA that forms an octamer identified through native mass spectrometry and
crystallography. The latter elucidated a novel ring structure (Figure 1.9) that could form a

transient duplex in combination with DNA43,

Figure 1.9. CrgA octamer complex. Each chain coloured for easier visualisation and single dimer complex
visible upon 90° rotation on the x axis. Protein chains represented as cartoons and transparent surface
coloured according to chain. Dimer-dimer interfaces are mostly supported by interactions between the DNA
binding domain and linker helices.

The current model for LTTR activation is the “sliding-dimer” hypothesis suggesting that
subtle changing in the interface between the dimer pairs confers a change in DNA binding
permitting relaxation and RNAP accessibility. This was first hinted by a low-resolution
structure of TsaR revealed a markedly different conformation to the other full length
receptors. Comparisons of each structure showed varied interaction helices with the TsaR
conformation possessing LBDs protruding at the proteins periphery conferring a large cavity
between the dimer pairs'38. This open conformation (Figure 1.10) shifts the DNA binding
domains and likely permit changes in DNA binding. Separate structural studies showed

other LTTRs such as ArgP and AphB adopted the open conformation even in the absence of
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their cognate ligand 144 14> In solution SAXS revealed that one receptor, DntR, adopts the
open conformation upon binding to salicylate!*®. However, it is currently not known if all
LTTRs respond in the same fashion as few receptors have been reported in both states. The
mechanism does appear to vary between proteins with crystallisation of the OccR LBD, an
octopine binding protein, revealing a dimer subunit pivot of 70° upon binding. When
modelled as a full length protein, based upon the homologous BenM, it becomes apparent
that the rotation would cause a substantial change in DNA bending!4’. The prevalence of the
“rotary switch” mechanism has not been fully elucidated and structural data of the full

length would be required to validate this model.

+/- Effector
molecule

Ap—l

+/- Effector
molecule
G——p

11Z1 (closed) 3FZV (closed) 3FZJ (open)

Figure 1.10. Comparison of tetramer structure conformation. Structures of closed conformations 1121 and
3FZV belong to Cupriavidus necator CbnR and P. aeruginosa TR. Open conformation from C. testosteroni
TsaR (3FZJ). Images rendered using lllustrate 18, Interface between dimer pairs marked by a dashed red
line. TsaR shows an open cavity between dimer pairs contrasting to the closed, yet distinct, structures of
CbnR and TR.

1.6 PqgsR - function, structure, and regulation

Implications on virulence were first identified in a transposon insertion pho34B12,
containing PgsR, that displayed reduced murine virulence, lacked pyocyanin synthesis and
decreased elastase production!®. Initial characterisation indicated that PqsR had membrane
binding properties determined by a GST fusion partitioning in the membrane fraction.
However, this observation may be an artifact of the GST fusion®. This study also suggested
that PgsR was actively exported into the extracellular environment which is uncharacteristic

of an LTTR and may have been due to cell lysis rather than export.
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PgsR was shown to control production of PQS by upregulating the pgs operon and
anthranilate production in an autoregulatory fashion. However, transcription of the pgs
operon was partly controlled by RhIR, inducing a less stable transcript!*°. Microarrays
conducted on PA14 and isogenic pgsR mutant revealed that outer membrane efflux pumps
such as mexGHI-opmD were upregulated by PqsR showing a link between PqsR and
antibiotic resistance. Other virulence factors including the production of HCN, pyocyanin
and lectin were also differentially regulated in the isogenic mutant®!. ChIPseq showed that
PgsR bound to 37 loci in PA14 and had a binding site that could differ from the established
LysR-box (5" — TTCGGAGTCCGAA — 3’)>2, This same study found that PgsR regulated both

protein secretion systems (T6SS HSI-Il and T2SS) and antioxidation genes (DPS, Ahp and Trx).

Through random mutagenesis, the PgsR linker helix mutant 186F was found to confer some
ligand independent activity as the presence of a potent antagonist M64 only caused a minor
reduction in activity. This study found, through immunoblotting of an in vivo crosslinked
lysate that PgsR, like most LTTRs, adopted a tetrameric arrangement**3. It should be noted
that the experiment found less intense bands corresponding to trimers, dimers, and
monomers but this may be due to incomplete crosslinking. Examining PgsR protein
interaction suggested possible binding to QslA, a small regulatory protein (104 residues),
however this interaction could only be observed in an in vivo assay with PgsR peptide

fragments and could not be shown in vitro with purified protein®>4.

Structural elucidation of the full-length receptor has been inhibited by insolubility of the
protein when recombinantly expressed. As such structural elucidation has been limited to
the ligand binding domain. Purification of the PqsR'° showed the protein to have a dimeric
arrangement in solution. Determination of the binding domain structure showed a typical
LTTR structure with two subdomains (CDI & CDII) connected by an antiparallel B-sheet
(Figure 1.11). The binding pocket is divided into two sub-pockets A and B (Figure 1.12). Most
LTTRs have a relatively small binding pocket located between CDI and CDII (pocket B),
whereas the PgsR pocket extends into CDII (pocket A). Both pockets are lined with
hydrophobic residues partially covered by a lid loop. The pocket was shown to be highly

sensitive to mutation with replacement of most residues yielding compromised activity'®>.
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Compared to other LTTRs, PqsR'®° adopts a unique arrangement with hinge helix observed

on protein dimer’s periphery instead of constituting part of the dimer interface.

Lid loop cDll

Positively charged
C-terminal helix

Negative charge on the
= periphery of binding
pocket

Figure 1.11 Cartoon and surface representation of PgsR structure. Cartoon structure of PgsR with

colouring to match the conserved LTTR features. Two subdomains CDI and CDII are coloured in yellow and
blue respectively with the yellow domain harbouring the N-terminal linker to the hinge helix and the C-
terminal. The hinge between the domains is coloured in raspberry. The lid loop that partially occludes the
binding site is marked. Molecular surface shown with NHQ alkyl quinolone ligand shown. The ligand is
buried between the CDII domain and hinge B-sheet. Electrostatic surface is also shown that shows that the
binding pocket is decorated by negatively charged residues and the C-terminal helix is largely positively
charged. The opposite face possesses a weakly charged or neutral surface.

The binding pocket has a calculated volume 858.8 A3 (determined by CASTp) and is mostly
comprised of hydrophobic residues. The first reported AQ structure of NHQ, a HHQ
derivative baring a C9 alkyl chain showed the quinolone head group to occupy pocket B and
was supported by interactions from lle 149, Ala 168, Leu 207 and Thr 265. Subpocket A,
which possesses a much larger cavity, accommodates the alkyl chain, and is lined by lle 236,

Val 170, Tyr 258, Leu 189, and lle 186. Ligand analogues such as QZN have optimised
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interactions with the pocket through a halogen bond to Thr 265 and by forming water

mediated hydrogen bonds to the backbone.

Pocket B Pocket A

NHQ

Figure 1.12 Surface and stick model of AQ binding pocket. The binding pocket of PgsR, with NHQ shown as
a molecular surface with subpockets A and B coloured blue and red strawberry respectively. Cartoon
representations of AQ binding showing residues as sticks from PDBs 4JVI and 4JVD. In both cases the
quinolone is positioned in pocket B and the long alkyl chain is accommodated in pocket A.

Early studies in 2006 using a pgsA-lacZ transcriptional fusion showed PqsR to respond to
multiple AQ ligands with the main activators being both PQS and HHQ®®. This was further
supported by murine burn models showing that PqsH, that converts HHQ to PQS, was
dispensable for full pathogenicity whereas pgsA and pgsR mutants exhibited attenuated

virulence. This study also identified a conformation change upon AQ binding when purified
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PgsR'®P precipitated upon incubation and this change was well correlated with pgsA-lacZ
activation. Despite ligand-induced precipitation a FRET study reported that PQS bound to
the PgsR'®P (residues 91-242) with a binding affinity of 1.2 + 0.3 uM and that the interaction
between PQS and a dimer was not cooperative®’. A later studied showed by (STD) NMR
that DHQ, lacking an alkyl chain, was capable of binding with an affinity of 450 nM and could
induce DNA binding using a lysate containing overexpressed PqsR8, This showed that the

receptor was promiscuous and could accept a range of AQs.

Regulation of pgsR expression was found to be complex with LasR binding upstream of the
pgsR transcriptional start site to a las/rhl box 5’- CTAACAAAAGACATAG ‘-3. Mutations in or
truncations of the box resulted in compromised pgsR expression showing that LasR
activates expression®8, DNA-affinity chromatography on the intergenic region between
pgsR and nadA showed the binding of another LTTR, CysB**°. In-frame cysB mutants
increased pgsR expression and acted as a pgsR repressor. Subsequent EMSA experiments
showed that CysB competed with LasR for binding and in vivo CysB outcompeted LasR even
with 30C12-HSL supplementation. However, unexpectedly regulation was not affected by
availability of cysteine, the CysB co-inducer. Furthermore, pgsR expression is partly
controlled by the toxin-antitoxin HigAB system. A HigA binding site palindrome is 5'-TTAAC
GTTAA-3'is located 382 bp upstream of pgsR and was shown to bind in vitro'®. The
antitoxin HigB was shown to destabilise the resultant complex and appears to serve to
counter HigA pgsR repression. HigA is actively degraded by the Lon protease and only
becomes abundant in late-stationary phase potentially acting to limit PgsR activity when

resources become scarce.

1.7 Quorum sensing inhibition in P. aeruginosa

As described previously lack of efficacious antibiotics towards P. aeruginosa necessitates
further development. As anti-virulence strategies have the noted benefit of not applying
strong selective pressure that favour the emergence of resistance mechanisms, they
represent an attractive strategy. The discovery that quorum sensing receptors control
virulence factors and mutants retain only weak pathogenicity makes them attractive targets

for anti-virulence therapeutics®®?.
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Quorum sensing inhibition (QSI) can be divided into three distinct strategies (Figure 1.11). 1)
Disruption of signal synthesis through interference of catalytic enzymes. 2) Degradation or
sequestration of the signal after export into the extracellular environment. 3) Prevention of

signal binding to receptor by competition.

Q G Signal

sequestration

N ?egg?‘::iation {} *

Synthesis
disruption

Figure 1.13. QSI strategies. Disruption of QS through multiple strategies in the cellular or extracellular
environment. Prevention of signal synthesis by single enzyme or biosynthetic complex inhibition. Signals
exported into the extracellular environment can be targeted by degradative enzymes or sequestered into a
non-bioavailable form. Signal recognition can be disrupted by a competitive antagonist that prevents
virulence factor activation and disrupts autoregulatory mechanisms.

1.7.1 QS by degradation and sequestration

Signal degradation/sequestration has been described less frequently but examples have
been characterised. Enzymes such as AHL-lactonase can hydrolyse N-acylhomoserine
lactones with difference specificities'®?. These naturally occurring lactonases have often
been the subject of enzyme engineering approaches to improve catalytical activity to make
these enzymes suitable as therapeutics®3. Functionally similar enzymes have been
characterised for PQS degradation, such as Hod (1H-3-hydroxy-4-oxoquinaldine 2,4-
dioxygenase), that catalyse the formation of N-octanoylanthranilic acid. However, biofilm

growth studies showed that Hod treatment increased biofilm growth in response to loss of
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“trapped iron” by PQS!®*. Sequestration strategies have been less explored with only a few

165

characterised materials such as biosurfactants acting to limit diffusibility*® or cationic

166

polymers that bind QS signals

1.7.2 QSl for AHL receptors

Inhibitors to the LasR and RhIR system have already been described and predominantly
consist of ligand analogues. These analogues build on the lactone head group and as such
are thought to bind to both AHL receptors. The inhibitor mBTL antagonised both receptors
but showed greater efficacy towards RhIR with 43 + 10% inhibition upon treatment with 1
mM. Virulence traits were also attenuated with an ICso with respect to pyocyanin of 8 uM
(£2)*¢7. High throughput screening has elucidated other classes of antagonist such as the
flavonoids, a natural product, that dual target LasR and RhIR. These could suppress both
pyocyanin and swarming motility phenotypes but required relatively higher concentrations
>100 uM%8, The pitfall of relatively poor potency appears frequent with AHL targets with
others classes found in HTS such as a benzimidazole series inhibiting LasB activation by

68.23% at 250 uM 19,

NO,

ii ﬁ\/\/o Br H Q N
NG

H )—NH

N

mBTL Benzimidazole - class 7,8-dihydroxyflavone
IC;, 8 UM 68.28% inhibition at 250 pyM 79% LasR
(S) 1IC5 4 uM 67.10% inhibition at 125 uM 88% RhIR

w.r.t. Pyocyanin inhibition  63.67% inhibition at 62.5 uM w.r.t lasB and rhlA activation
w.r.t. GFP-LasB reporter

Docking score -8.40 kcal/mol

Figure 1.14. Inhibitors developed against LasR and RhIR. Antagonists characterised for biological activity in
P. aeruginosa. For mBTL the ICs is for the racemate and for the S isomer that showed improved potency®’.
The Benzimidazole class was tested at 3 different concentrations and docked using Glide against LasR®.
The flavonoid was tested for LasR and RhIR antagonism using luciferase bioreporters at 100 uM. At this

concentration both mobility impairment and pyocyanin reduction were observed!®,

Despite development in small molecule QS| antagonist targeting of AHL-dependent systems

has shown a trend in poor receptor selectivity. Given that many commensals use AHL
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dependent systems developing suitable and effective agents that do not disrupt beneficial
microbiota will inevitably be challenging. As such the PQS system represents a more

attractive target given its occurrence is limited to Pseudomonas and Burkholderia spp.

1.7.3 Disrupting PQS biosynthesis

Apart from PgsL and PgsH inhibitor development has been carried out on all biosynthetic
enzymes in the PQS pathway with several agents shown to give potent activity in vitro.
Inhibiting PgsE has been rendered difficult due to its thioesterase activity being functionally
redundant as the promiscuously acting TseB can fulfil its role!?!. Additionally, the recent
discovery that PgsE acts in combination with RhIR via a protein-protein interaction
complicates druggability. However, screening a large DNA-encoded small molecule library
showed a 2-(phenylcarbamoyl)benzoic acid series could reduce enzyme activity significantly
but did not yield a reduction of pyocyanin’?. Although this was attributed to compound
instability it cannot be discounted that the thioesterase redundancy overrides PgsE
inhibition. A similar in vivo result was observed from a Indazole series of PgsE inhibitors
discovered in a large 120 000 compound screen. These compounds bound to the active site
iron cluster but failed to inhibit pyocyanin or HCN production!3. Interestingly
complementation experiments using non-catalytic residues mutants that mimicked inhibitor
binding could disrupt these phenotypes suggesting a lack of efficacy was due to low
permeability.

Cl

N
HN
0 _
” O
HN
> _NH
N‘Boc N

2-(phenylcarbamoyl)benzoic acid series  Indazole-class PqsE inhibitor
PqsE IC5, 5.6 £ 1 uM Kapp = 175 nM
na on pyocyanin AT, =3.4°C

O Oi-b

Figure 1.15. Inhibitors developed towards PqsE. Both inhibitor series could reduce PgsE thioesterase
activity but failed to reduce virulence traits in vivo. Most potent series from each paper shown in the figure.
The 2-(phenylcarbamoyl)benzoic acid series displayed a strong ICs in vitro towards PgsE but failed to
reduced pyocyanin. The indazole series was found to bind in the nanomolar range using fluorescence
polarization and induced stabilisation on thermal shift assay but also failed to reduce pyocyanin, hydrogen
cyanide production and pyoverdine.

32



PgsD inhibitor development benefited from insight gathered from FabH (B-ketoacyl-ACP
synthase) that possessed structural similarity. Several of these inhibitors were anthranilic
acid derivatives and were shown by SPR and enzyme assays to also bind PgsD. The most
potent 2-benzamidobenzoic (Figure 1.16) possessed an Kp of 5.2 uM and inhibited enzyme
activity dose dependently with an I1Csp of 3 + 0.7 uM*’%. A similar approach was adopted for
a 5-aryl-ureidothiophene-2-carboxylic acid series, that was originally designated as a weak
RNAP inhibitor!’2, The series was optimised to confer greater selectively and could be
modified with an electrophilic warhead to attack Cys 112. However, despite strong in vitro
potency none of the inhibitors from this series displayed activity against P. aeruginosa HHQ
production'’?. Furthermore, “me-too” design strategies that identify chemically similar
compounds have been employed. This entailed screening substrates of Alfalfa chalcone
synthase, that also possessed a similar active site and therefore would accommodate
ligands with similar properties. This revealed that Catechol based substrates could act as

micromolar inhibitors towards purified PqsD and reduced HHQ production in vivo!’4.

The breakdown product of 2-ABA, 2-aminoacetophenone (2-AA) was first identified as a
PgsBC competitive inhibitor with a K; of 54.5 pM'’>. However, in vivo this compound
stimulates antibiotic tolerance by reducing ribosomal protein gene expression.
Furthermore, treatment of 2-AA can induce a persistence phenotype in clinical pathogens A.
baumannii and B. thailandensis'??. Other PgsBC inhibitors, which were discovered by re-
assessing 2-AA output from a library of PqsR antagonists, could reduce virulence and
increase lung cell survival'’®. However, as expected these inhibitors were later found to
induce persistence to meropenem due to increased 2-AA production!”’. Increased DHQ
production was also observed with treatment which can act as a PqsR agonist. Given 2-AA
production is an inevitable consequence of PqsBC inhibition the enzyme complex is unlikely

to be useful target.
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Figure 1.16 Inhibitors developed towards PqsBC and PqsD. Key function group coloured for easy
visualisation. Anthranilic acid shown in blue, thiophene-2-carboxylic acid in green, catechol in orange,
benzamide-benzimidazole in red and tricyclic core in pink. 2-benzamidobenzoic acid and ureidothiophene-
2-carboxylic tested in vitro on purified PgsD with binding affinity determined with ITC'’! 172, Catechol was
tested on purified PgsD and tested for HHQ reduction in PA14 ApgsH'"*. 2-AA was tested on the PqsBC
complex using a spectrofluorimetric assay to determine affinity'’>. The tricylic series and benzamide-
benzimidazole were tested for reduction in HHQ/PQS and biofilm formation respectively in PA14178,

1.7.4 PgsR antagonism

Antagonists towards PgsR were first observed by examining the extracellular products
produced by competing organisms such as Candida albicans. Farnesol, a sesquiterpene, was
found to directly bind to PqgsR and diminished P. aeruginosa virulence production. However,
oils represent a significant challenge for medicinal chemistry optimisation. Additionally,
further studies showed that the oil inhibited bacterial growth making it undesirable as an
anti-virulence agent!’®. Other natural products such as vanillin have also been reported as
PqsR antagonists but require very high concentrations to decrease virulence (>1 mM).
Molecular evidence for binding is also limited with vanillin and other reported natural

products®o 18,
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Quinolone and quinazolinone scaffolds have proven effective antagonists, likely to due to
shape complementarity with the binding pocket. Initial development focuses on ligand
analogues of HHQ and PQS (shown in Table 1.2). Initial SAR conducted on HHQ examined
the addition of electron withdrawing and donating groups to the benzene moiety and
sought to ascertain the importance of alkyl chain length. This revealed a heptyl chain to
produce optimal activity. The introduction of strong electron withdrawing groups such as
nitrile, trifluoromethyl, or nitro gave rise to strong antagonists such as compound 19, shown
in Table 1.2, that exhibited strong potency and reduced virulence traits'®2. Further work on
PQS analogues showed a bioisoteric replacement of the hydroxyl group with amine gave
improved potency and addition of an electron withdrawing group conferred strong
antagonism. The resultant compound, QZN, reduced biofilm formation and attenuated
pyocyanin production!®>. These observations were capitalised on in the development of a
related 7-chloro-4-aminoquinoline series identified by re-screening antiprotozoal agents
that yielded compound la that displayed improved potency owing to a surmised m-stacking

to Tyr 258183,

High throughput screening revealed a potent benzamide-benzimidazole series that reduced
AQ production and pyocyanin'®. This compound, M64, was shown by ITC to bind with tight
affinity (5.4 nM) and co-crystal structure confirmed a phenoxy group could n-stack to Tyr
258. Interestingly, slight structural modification, such as replacement of the phenoxy group
with an iodine atom, could confer PqsBC inhibition. The utility of the mt-stack was recently
reported in a new series that grew a previously linked fragment yielding a compound 4 that

possessed a high ICsp 11 nM and acted synergistically with tobromycin'® (Table 1.2).
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Table 1.2. Literature PgsR antagonists

Molecular Target

Name Structure In vivo effect Validation Ref
o Dose-dependent reduction in Ppgsa promoter activity with an
QZN ﬁN’NHZ ICso of 5 + 1.6 uM. Reduction in lectin, pyocyanin and biofilm Co-crystal structure | 1%
cl N/)\/\/\/\ formation.

o)

Cmp 19 CFg\Cfi/\/\/\ Reduction in Ppgsa promoter activity ICso of 54 £ 23 nM in PA14. | SPR on immobilised | .,

N Reduces pyocyanin production by 74% at 3 uM. PgsR'P (Kp 57 nM)
H
O Dose-dependent reduction in Ppgsa promoter activity with an
Cmp la HN ICso of 2.3+0.51 & 12:4 +1.79 uM for PAO1 and -PA14 Molecular docking | 1%
m ~""N respectively. Reduction in pyocyanin, HAQ production and
cl N7 biofilm thickness
- SODVO ICs0 in Ppgsa-gfp biosensor_ of 0.81 mM, diminished virulence Molecular docking | 10
o) Z traits at ¥1 mM
EMSA with lysate on
Farnesol HO~~F — — Dose-dependent reduction in PQS & pyocyanin labelled pgsA 186
promoter
OzN N Reduces PQS, HHQ and pyocyanin with 1Cses of 200, 350 and ITC (Kp 5.4 nM) 184
M64 \C[N)—s\_{o Q 300 nM respectively. Reduction in 2-AA and persister cell & 153
HN@O formation. Co-crystal structure
NTS ICso of 11 nM in E. coli Ppgsa-lacZ bioreporter and pyocyanin 1Cso
Cmp 4 of 0.2 uM. Reduction in AQ production and synergistic with Co-crystal structure | 8

tobramycin.
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1.8 Use of fragments in drug discovery

Fragment-based drug discovery (FBDD) is an appealing alternative for hard to drug targets.
Fragments are classed as low molecular weight compounds of up to 300 Da with limited
molecular complexity*®’. FBDD contrasts to traditional HTS in that a much smaller library of
fragments is used for initial screening with often a high degree of re-usability between
targets. Additionally, fragments typically achieve binding through a small number of
hydrogen bonds allowing for enthalpically driven binding'®. Reduced extraneous complexity
lowers the risk of unintended steric hindrance and ideally prevents the final lead being
unfavourably lipophilic. FBDD requires small screening campaigns, in the range of 100-1000
congeners compared to traditional methods and often fragment libraries can be customised

with respect to the target protein.

1.8.1 Biophysical determination of binders

Prior to screening, a fragment library can be docked to the protein of interest to enrich the
screening library with potential binders. Experimental screening can be performed using
several biophysical techniques including Surface Plasmon Resonance (SPR), Thermal Shift
assay (TSA), microscale thermophoresis (MST), Ligand/protein-observed NMR and X-Ray
crystallography®®®. Depending upon library size a secondary screen may be implemented to
identify non-specific binders or aggregators'®°. The choice of screening procedure is
influenced by availability of equipment and expertise. In academia, a common strategy is to
screen for binders by at least two methods and characterise binding further with structural

studies.

1.8.2 Fragment to lead development

Hit fragments will often be subject to further modification to make them suitable for growth
or will be explored by a biophysically guided SAR. Identified fragments can be developed
into lead-like compounds through 3 strategies®®!. If reliable structural information is known
through either NMR or X-ray data fragments can be linked together if occupying different
areas within the binding pocket. Although optimisation is required to ensure the chosen

linker does not adversely affect binding of either fragment. If successful, the linked
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compound will exhibit much improved binding due to the chelate effect!®2. The second
approach is to grow the fragment by extending the molecule, typically informed with
structural data, to gain additional interactions inside the pocket and improve upon entropic
binding contributions with the addition of bulkier constiutents'®3. The last strategy,
fragment merging, works on the basis that two or more fragments will overlap within the
binding pocket. Common scaffolding requirements can be extrapolated to synthesise a new
compound with potentially better binding and additional optimisation to create a more
drug-like compound. In all cases of fragment optimisation structural information in the form

of protein-observed NMR or X-Ray crystallography is usually needed for rational design?®*.

Fragment //'brary @
>

% Fragment linking
Screen/ng — @
assay/s
Fragment growing

Target protein =P

d

L

\

Fragment merging

Figure. 1.17 Strategies for FBDD. Representation of a theoretical target with two binding pockets
possessing different topologies. These pockets can be screened for fragment binding by an assay or
biophysical methods. Three strategies can be used to derive a lead from validated fragments. In fragment
linking two separate fragments binding at separate locations are combined by a linker which increases
binding affinity by avidity. In fragment growing a single hit is expanded upon by rational design to exploit
more interactions within the pocket. Fragment merging requires two or more fragments that overlap within
the binding site/s. These are combined into a single scaffold that exploits interactions from both fragments.

Several proteins in the pgs pathway have been the subject of FBDD projects including PgsE,
PgsD and PgsR. All campaigns have yielded small molecule products that bound in vitro but
translating hit fragments into QS| has proven difficult. This has primarily been due to poor

chemistry starting points or high affinity fragments failing to translate into in vivo activity.
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1.8.3 Dissecting PgsD analogue to potent fragment

PgsD fragments were developed using a non-traditional methodology; substrate analogue
based inhibitors were designed based upon the anthraniloyl-CoA substrate produced by
PgsA. The analogue was shortened, rigidified and cyclised to produce a fragment that
maintained similar biological activity compared to the substrate analogue (Figure 1.18)%%>,
Subsequent evaluation highlighted that the two enantiomers derived from the chiral-centre
displayed different binding thermodynamic parameters with the R-isomer binding more
favourably®®. The fragment was able to reduce the production of PQS & HHQ as well as
decrease biofilm formation, although these experiments required a high concentration of
inhibitor (250 uM and 500 uM). Further chemical optimisation of this fragment series has

not occurred suggesting that poor in vivo efficacy has proven intractable.

Anthraniloyl - CoA Substrate analogue

H H ©H o0-ADP NO, O
N N W
@ jo]/\/ I @)KA/

(S)
AG =-6.56 * 0.14 kcal/mol
NO, OH AH = -6.99 + 1.02 kcal/mol

\[( -TAS = 0.43 + 1.15 kcal/mol
® 5 JC @

AG =-6.13 0.2 kcal/mol
Reduced size Cyclised AH =-1.11 + 0.34 kcal/mol
-TAS = -5.02 + 0.18 kcal/mol

NO, O ”
N

Figure. 1.18 PgsD fragment development from substrate analogue. A non-hydrolysable substrate mimetic,
lacking the sulphur bond, was synthesised that did not contain the adenosine moiety. This inhibitor was
reduced in size but remained potent. The subsequent small inhibitor was further modified by cyclisation of
the amide bond to create a small chiral fragment. Thermodynamic binding parameters given for the two
isomers of the fragments as determined by ITC.

1.8.4 PgsE fragment screen

Using a thermal shift assay screening method, a series of Pgsk fragments were identified
from a library of 500 fragments. Thermodynamics of binding and validation was achieved by
ITC and X-ray crystallography. Structural determination revealed the carboxylic acid groups
of the fragments occupies a distinct configuration around the bi-Fe?* centre compared to
natural 2-ABA product (Figure 1.19). Interestingly, despite the fragments inhibiting

thioesterase activity no corresponding effect on virulence factors such as pyocyanin was
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observed®®’. A similar observation was noted in the compound series described in 1.7.3
suggesting that PgsE enzymatic activity is dispensable for virulence. The druggability of the
now characterised PgsE-RhIR interaction has yet to be assessed although fragment-based

methods have been successfully used to disrupt PPl such as the CK2B dimer®8,

HO (@)
ST
Kp 19.6 + 3.7 pM
OH (0] OH (@)
Ko (weak) K50.9 0.3 uM
O O O O
NH, NH,
2-ABA-CoA 2-ABA

Figure. 1.19 Fragments bound to PgsE. PgsE co-crystal structure with thiophene fragment displacing a
bidentate interaction with Fe** (PDB code 5HIS)'*’. Fragments detected by DSF and validated by ITC in blue
pane. Binding constants from ITC (or qualitative evaluation) given with the fragment. 2-ABA-CoA substrate
and 2-ABA product shown in green pane.

1.8.5 SPR campaign on PqgsR identified multiple binders

Development of antagonists towards PgsR has received greater attention compared to the
other enzymes in the pathway. An initial SPR screening project revealed a small series of
promising fragments from a library of 106 compounds. The four hits identified had good
ligand efficiency >0.45 (defined by binding energy contribution per heavy atom)%°,
However, the lead fragment containing a hydroxamic acid lead displayed low aqueous
solubility and were predicted to be mutagen. As a result, the same group screened (via SPR)
a broader library of 720 compounds to identify a second generation of fragments with
broader chemical diversity. Several binders, shown to compete with PQS, were
characterised by SPR and ITC. Mutagenesis suggested the binding of the lead oxadiazole

fragment was mediated by mt-it stacking from Phe221 but unlike the secondary lead 2-
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naphthamide was not hydrogen bonded to GIn194. Through SPR the fragments were shown
to be competing but clearly differently positioned within the pocket. Strangely further
optimisation did not lead to a potent lead-like compound suggesting the fragments,

although good binders, were not promising for further antagonist development?,

First generation fragment hit
O

NH,

Second generation fragment hits

o} N-N
[ D—NH,
I ™ °
CF

3

Re-assessed second generation fragment hit

Br-__N_ _NH,

-

A

Figure. 1.20 Initial fragment hits for PqsR determined by SPR screening. First generation PgsR fragment
with hydroxamic acid displayed high affinity by ITC but poor aqueous solubility and was toxic. This fragment
was judged by ITC to have a binding affinity of 0.9 uM mostly driven by a strong enthalpic contribution (-9.7
+ 0.3 kcal/mol)!®. Second generation were shown to have high affinity by gave poor in vivo activity. The
binding affinity, determined by ITC, of the fragments shown are 1.8 + 0.2 and 3.7 + 0.1 uM respectively?®,
Re-assessment of the library, by enthalpic contributions, revealed a fragment with high ligand efficiency
that could be further optimised. This fragment possessed a binding affinity of 10 £ 1.3 uM and enthalpic
efficiency of 1.172%2,

As the previous three hit fragments failed to yield activity in P. aeruginosa a new pyridine
fragment was selected for modification and growth based upon strong enthalpic binding
properties relative to size. This parameter was considered as hydrogen bond placement in a
predominantly lipophilic pocket would be a significant barrier to binding. The pyridine
fragment was optimised into a lead like compound by attaching another aromatic moiety
through a flexible linker to partially mimic the natural ligands PQS and HHQ. Replacement
with less flexible linkers entirely abolished antagonist activity. Soaking studies highlighted
that the flexibility was required to angle the second aromatic moiety towards the region
normally occupied by the alkyl-chain (pocket A). Additionally, potency was granted by

extending the linker further to exploit mt-it stacking with Tyr258 (Figure 1.21). The final
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compound displayed P. aeruginosa virulence reduction comparable to ligand based

analogues?!,
1236 V170
' ’/ Linker extension
F221 towards Y258
Y258
P23
1149 /T
i G A168
T265
HoN H,N F
) F /_/_Q
b st
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Figure. 1.21 Fragment merging and subsequent growth to develop favourable PgsR antagonists. Lead like
compound is grown to increase entropic binding contributions and to extend fluorobenzyl group further
into pocket A to enable m-1t stacking with Y258 (PDB code 6Q7V)?°L.

1.8.6 Dual targeting PgsD/R agents

Interesting work has been conducted to create a dual antagonist/inhibitor for PqsR/D. By
SPR screening a PgsD inhibitor was identified with serendipitous similarity to a PqsR
antagonist. Each shared a pyrimidine core linked to a triazole ring decorated with a sulfonyl
group (Figure 1.22). The two structures were combined and additionally modified to create
a fragment-like molecule (M, 225.23) with good solubility and inhibition of both proteins as
determined by biological assay. Despite its size the fragment could inhibit virulence factors
including pyocyanin and pyoverdine and was surprisingly found to inhibit biofilm formation
and reduced virulence in a similar animal model?°2. Unusually, further SAR proved
challenging with respect to maintaining activity against both proteins. The study concluded
that difficulties in improving activity may be due to limited cell penetration. It should be
noted that the binding assessments for these compounds were performed in bioreporter
assays and so target binding validation is not yet available. Structural information would be
required to explain the SAR data, yet it does highlight that multi-target pharmacology is

possible for the PQS system and provides a strong effect on virulence markers.
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Figure. 1.22 Identification of a common scaffold applicable to PqsD and PqgsR. Original hit decoration of
PgsR antagonist and PgsD inhibitor coloured in purple and blue respectively. Resultant fragment inhibited
virulence traits but subsequent optimisation failed to improve potency. The fragment had a potency (ICso)
of 15 and 21 uM towards PgsR and PgsD respectively and inhibited pyocyanin production by 72% at 400
uM.

1.9 Role of SENBIOTAR in P. aeruginosa drug discovery

As detailed above QSI for las, rhl and pgs have been elucidated in multiple studies.
However, the clinical relevance of targets such as LasR have been questioned in recent years
due to prominence of inactive las systems in chronic cystic fibrosis. Additionally, individual
knockouts of both /asR and rhiR do not fully suppress virulence?®. Furthermore, biochemical
intractability of RhIR has hindered structural characterisation and early-stage drug
discovery. Contrastingly, multiple studies have showed pgs to have a strong association with
virulence and has been shown to increase survivability against antimicrobials and phages in
the lung?®4. Currently no QSI has been approved for clinical use and the outcomes of most
campaigns appear to stall in early drug development due to unsuitability of the chemistry

such as Farnesol or due to poor target validation.

The sensitising Pseudomonas aeruginosa biofilms to antibiotics and reducing virulence
through novel target inhibition MRC research project (SENBIOTAR) is an international
collaboration investigating pgs inhibition strategies using biophysical, microbiological, and
medicinal chemistry efforts to develop both small molecules and peptide nucleic acids. The
project is coordinated by Prof. Miguel Camara and chiefly based at the Biodiscovery
institute at the University of Nottingham. PgsR was chosen for as an target for medicinal

chemistry efforts due to the reported mutant phenotype, partially structural
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characterisation (as shown in subsection 1.6) and encouraging early fragment and substrate
analogues efforts. Full elucidation of compound discovery is detailed in Soukarieh et al.,
201883 205 Briefly, molecular docking was utilised using PDB 4JVI as an input model (with
bound ligand QZN removed). The model was hydrogenated, waters removed and residue
rotamers optimised using Schrédinger suite?°®, Glide docking was conducted using the extra
precision (XP) functionality around a 20 A box and ranked by score. Compounds with
favourable scores were retrieved from Nottingham Compound collection (NCC) and
validated using an in vivo promoter fusion assay. Compounds were screened at 10 uM in
PAO1 — L CTX::Ppgsa-lux (bioreporter) with hit threshold defined as a reduction of 50%
compared with a DMSO solvent control. Further medicinal chemistry optimisation was
guided by ICso measurements conducted in the same strain. A general schematic of the

screening methodology is represented below in Figure 1.23:
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Figure 1.23 Overview of PqsR'®° antagonist screening technique used to identify initial hit compounds.
Potential antagonists were tested in triplicate on a 96 well plate and antagonist activity determined after 8
hours representing the expression maxima. Promoter activation is inhibited by antagonist binding resulting
in reduced luminescence represented by the red line in the diagram.
1.10 Thesis aims
PgsR plays a clear role in the virulence of P. aeruginosa and through the SENBIOTAR
program (MRC MR/N501852/1) several new agents have been identified from the
Nottingham compound library. Understanding their modes of binding will aid further SAR

and elucidate key interactions in the PgsR ligand binding pocket. Other modes of medicinal

chemistry development could be undertaken such as how FBDD can be applied to PgsR with
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similar success as described in the literature. In addition, successful purification of the full-

length receptor would aid in determining the mechanism of action behind LTTRs and how

the AQ signals can induce conformation change.

The aims of this thesis therefore are to:

Solve structural complexes of PqsR and SENBIOTAR derived antagonists to enable
molecular interactions to be resolved and equated to potency.

Gather biophysical data that describes the binding events and key residues involved
in attaining high affinity.

Assess whether an in silico method can successful enrich a fragment library for PgsR
Find a suitable method to express and solubilise the full length receptor to allow
biophysical studies and crystallisation.

Identify if dual targeting another PQS biosynthetic target would complement a PqgsR

antagonist.
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2 Materials and Methods

2.1 Strains

2.1.1 E. colistrains

Table 2.1 E. coli strains used in this study

Strain name Genotype Reference
F~ endA1 ginV44 thi-1 recA1l relA1 gyrA96 deoR nupG purB20
DH5a ©80dlacZAM15 A(lacZYA-argF)U169, hsdR17(rk-mK*), A 207
F-mcrA A(mrr-hsdRMS-mcrBC) @80lacZAM15 AlacX74 nupG recAl
TOP10 araD139 A(ara-leu)7697 galE15 galK16 rpsL(Str?) endA1 X Invitrogen
BL21 (DE3) F- ompT gal dcm lon hsdSB(rB-mB~) A(DE3 [lacl lacUV5-T7p07 ind1 Aligent
sam7 nin5]) [malB*]x.12(A°) [argV ileY leuW CamR]
CodonPlus RIL 208
517 RP4 2-Tc::Mu-Km::Tn7, recA, thi, pro, hsdR’, hsdM* 209
2.1.2 P. aeruginosa strains
Table 2.2 P. aeruginosa strains used in this study
Strain name Genotype Reference
PAO1-L PAO1 Lausanne subline (wild type) 210
Nottingham
PAO1-N PAO1 Nottingham subline (wild type) lab
collection
pgsA chromosomal deletion mutant derived from 11
PAO1-L ApgsA
PAO1-L
pgsR chromosomal deletion mutant derived from 205
PAO1-L ApgsR
PAO1-L
) ) Nottingham
lasR chromosomal deletion mutant derived from
PAO1-L AlasR lab
PAO1-L )
collection

PAO1-N ApgsR

pgsA chromosomal deletion mutant derived from
PAO1-N

155
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PAO1-N ApgsAHR

pgsAHR chromosomal deletion mutant derived from

PAO1-N

155

2.2 Plasmids

2.2.1 Complementation plasmids

Table 2.3 Table of plasmids used for complementation experiments

Plasmid Description Ref
Complementation vector containing
pMEG6032 212
lacl® P and TcR
ORF of pgsR cloned into pME6032 with Recreated
pPME6032::pgsR-His
C-termini his-tag from 1>
pMEG6032::pgsR-His harbouring a C108S
pMEG6032::pgsR-His C108S This study
mutation
pME6032::pgsR-His harbouring a Y258A
PMEG6032::pgsR-His Y258A 155
mutation
pME6032::pgsR-His harbouring a Y258F
PMEG6032:pgsR-His Y258F This study
mutation
pME6032::pgsR-His harbouring a Y258Q
pMEG6032:pgsR-His Y258Q, This study
mutation
pME6032::pgsR-His harbouring a double
pME6032:pqsR-His Loop8%18> | deletion and mutation at residues 180 — | This study

185 to YSSA

pMiniCTX- lux(GmR)::pgsA

Transcriptional reporter fusion of pgsA
promoter region to luciferase

(pgsA::luxCDABE)

213
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2.2.2 Expression constructs

Table 2.4 Expression constructs. Molecular weight and pl calculated with Protparam

214

No. of Molecular
Construct pl Ref
residues | weight (kDa)
pET28a::pgsR4+30° 239 26.7 6.16 | Recreated
from 1>
pET28a::pqsR¥395123C 239 26.7 6.16 | This study
PET28a::pgsR¥3% K154A K214Y 239 26.7 5.91 “
PET28a::pqsR¥3% K154A E278A 239 26.6 6.16 “
pET28a::pgsR943%° 238 26.7 6.11 “
SR Loop deletion
pET28a::pgsR943%° 237 26.5 6.11 “
DR Loop deletion
pET28a::pgsR50399 272 30.5 6.45 “
pET28a::pgsR94332 262 29.27 6.63 “
pET28a::pqsR¥332T265A 262 29.27 6.63 “
pET28a::pgsR%332T265N 262 29.27 6.63 “
PMAL(X)E::pgsR%4-30° 589 64.8 5.20 “
PMAL(X)E::pgsR (AAA linker) 703 77.5 5.81 “
PMAL(X)E::pgsR (AAAAS linker) 705 77.6 5.81 “
pTRX::pgsR (GSAM linker) 452 50.2 6.32 “
pSC1::pgsR 449 50.7 6.87 “
pSC2::pgsR 465 51.4 6.47 “
pSC2::TEV_pgsR 471 52.2 6.36 “
pSC2::pgsR310 443 49.0 6.15 “
pSC2::pqsR**® 429 47.3 6.15 “
pSC2::pgsR S123C 465 51.5 6.47 “
pSC2::pgsR DR Loop deletion 463 51.3 6.44 v
pUCP18::pgsR_His 338 38.0 7.25 “
PET24b::pgsA3%° 407 44.3 6.01 “

48



PET24b::pgsAl3%° strep 409 445 5.81 “
PET24b::pgsA_strep 527 57.8 5.86 v
PET24b::hmgA-43° 437 47.7 6 “
PET24b::hmgA_strep 561 61.1 6.08 v
PET24b::hhqgAY43° 437 59.5 6.83 “
PET24b::hhgA_strep 437 47.4 6.55 v

2.3 Media and bacterial growth
Small cultures (5-10 mL) of bacteria were routinely grown in 50 mL falcon tubes with a loose
cap at 37°C with shaking at 180-200 rpm. Large cultures >100 mL were grown in 1L flasks

under the same conditions. The list of medias used in experimentation is given below:

Table 2.5 Bacterial growth medias used in this study. *Supplemented with 500 mM sorbitol for PgsR. (1)
Casamino acids defined as the hydrolysis of Bovine Casein and as such contains all naturally occurring amino
acids with respective concentrations related to the aS1, aS2, B, k phosphoproteins (2) M9 Salts defined as
15 g/L KH,PO4, 2.5 g/L NaCl, 33.9 g/L NaxHPO4, 5 g/L NH4Cl.

Media Composition
Lysogeny broth 10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl
2YT 16 g/L Tryptone, 10 g/L Yeast Extract, 5 g/L NaCl
NZYCM 10 g/L Tryptone, 5 g/L Yeast Extract, 5 g/L NaCl, 1 g/L Casamino

acids, 1 g/L MgS0,

TB* 12 g/L Tryptone, 24 g/L Yeast Extract, 5 g/L Glycerol
supplemented with 1/10 TB salts (23.1 g/L KH2PO4 125.4 g/L

K,HPO4)
Pseudomonas 20 g/L Peptone, 1.4 g/L MgCls, 10 g/L K2S04, 0.025 g/L Triclosan,
isolation agar (PIA) 13.6 g/L Agar
CAA 10 g/L Casamino acids!, 10 g/L M9 Salts?, 1 mM MgS04, 1 mM
CaCl;
RPMI RPMI 1640 as detailed by Gibco Thermofisher (not supplemented

with L-Glutamine or Phenol Red). RPMI contains all naturally
occurring amino acids (excluding alanine), vitamins, inorganic

salts and glucose.
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2.4 Cloning
2.4.1 gDNA extraction from P. aeruginosa and plasmid extraction
Genomic DNA from P. aeruginosa strain PAO1 — N was extracted from a 5 mL culture grown
overnight using the Wizard Genomic DNA Purification Kit (Promega). Changes in sequences
of pgsR and pgsA are negligible across common lab strains. Plasmids were extracted from 5

mL DH5a or TOP10 cultures grown for 18 hours supplemented with appropriate antibiotic.

2.4.2 Conjugation
5 mL cultures of donor S-17 E. coli and recipient P. aeruginosa were prepared in LB at 37 and
42°C respectively as overnight cultures. Cultures were combined in a 1:1 ratio in 1 mL and
washed by centrifugation at 7,000 x g for 5 minutes and resuspended in the same volume of
fresh media. This procedure was repeated twice and upon final resuspension the volume
was reduced to 30 puL and plated on LB agar and dried under a flame. After 6 hours of
mating at 30°C cells were homogenised in 1 mL LB and 50 uL plated onto PIA with relevant

antibiotic. Resultant colonies were patch plated twice and used for further experimentation.

2.4.3 Polymerase chain reaction (PCR)
Several PCR reactions were subject to variation depending upon template and application.
Typically, Velocity Polymerase (Bioline) was used to make most PCR products, unless
otherwise stated the PCR reaction and cycling conditions are given below. Annealing
temperatures were determined using the NEB Tm calculator. After PCR, all products were
visualised on a 0.8-1% Agarose gel stained with SyberSafe dye (x1) and gel extracted using
the Wizard Clean up kit (Promega). Components for PCR amplification are given in Table 2.6

and conditions in Table 2.7.
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Component Volume/ Target Concentration
5 x Hi-Fi Reaction Buffer 10 uL
10 mM dNTP (each) 1.5puL
gDNA 1-50ng

10 uM Primers (each) 2.5uL
Enzyme* 1uL
DMSO 1.5uL

Water Up to 50 plL

Table 2.6 PCR reaction components. *Enzymes used in this work include Velocity
polymerase (bioline), Q5 Polymerase (NEB), Phusion (NEB) and OneTaq (NEB) with
reactions varied according to manufacturer’s guidance.

Step Temperature Duration (mins) Repeat

Initial denaturation 98°C 2 1

Denaturation

98°C 0.5
Annealing 30
40-70°C? 0.5
Extension
72°C 0.5/kb
Extension 72°C 10 1

Table 2.7 PCR cycling conditions. (1) temperature determined by composition and calculated using
annealed primer sequence by NEB Tm calculator.
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2.4.4 Splice overlap extension (SOEing) PCR
To create a Thioredoxin fusion protein an overlapping PCR was formed using PCR products
derived from pTRX containing the thioredoxin gene (a generous gift from Dr Warwick,
University of Nottingham) and gDNA from P. aeruginosa. After gel extraction and
purification 100 ng of each PCR product was added to a PCR mixture that excluded forward
and reverse primers. After 7 cycles of denaturation, annealing and extension the forward
and reverse primers were added for the remaining 30 cycles. The PCR product was further

purified by gel extraction and used for downstream cloning into pET24b.

2.4.5 Restriction digests
Purified PCR products and isolated plasmids were digested using Restriction enzymes from
NEB performed in CutSmart buffer. Reactions for cloning were set up with approximately 1
ug of material and incubated at 37°C in a thermocycler for 2 hours. Additional enzyme was
added, and the vector dephosphorylated using CIP for a further hour. The reaction was heat
inactivated at 65°C for 15 minutes. Products were separated on an agarose gel and

extracted as above.

2.4.6 DNA product ligation
Digested vector and PCR products were quantified by Nanodrop (Azs0) and ligated using T4
Ligase (NEB) in a reaction mixture of 10 or 20 pL. Approximately 20-50 ng of vector was used
and different ratios of inserts were added. The reaction was incubated under alternating
temperature conditions 10 — 18°C for 16 hours. Reactions were transformed into chemically

or electrocompetent cells.

2.4.7 Chemically competent cells preparation
Chemically competent cells were prepared by using CaCl, method. Briefly an overnight
culture was prepared from a single colony of the desired strain. The following day the
culture was diluted 1/1000 in fresh media, typically 50 — 100 mL. The culture was incubated
until an ODggo of 0.5 - 0.7 had been reached. The culture was chilled on ice, cells collected by
centrifugation and resuspended in 50 mM CacCl,. The suspension was incubated on ice for 1

hour and washed again in 1/10 volume with 100 mM CacCl, supplemented with 15% glycerol.
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The suspension was incubated overnight and the next day the cells were given a final wash

prior to storage at -80°C.

For transformation, 100 pL of cells were thawed and incubated with 1 — 5 uL of purified DNA
or ligation mixture. After 20 minutes of incubation the cells were subjected to a heat shock
at 42°C for 40 seconds. The cells were recovered with 0.75 mL of LB and incubated with
shaking for 1 hour. Cells were concentrated by centrifugation and plated onto antibiotic

selective agar.

2.4.8 Electrocompetent cells
Cells were incubated as described above but were washed with 10% glycerol 3 times. Cells
were resuspended in a final volume of 1 mL and flash frozen at -80°C. After incubation with
1 uL DNA cells were transformed by transferring 50 pL into a 2 mm cuvette and
electroporated with a BioRad MicroPulser using a voltage of 2.5 kV (setting 2). Cells were

recovered with addition of 1 mL of LB for 1 hour followed by plating on selective agar.

2.4.9 Site directed mutagenesis (SDM)
Mutagenesis was performed on the pET28a::pgsR%*3% construct for Surface Entropy
Reduction (SER) optimisation. These were generated using a modified method from Agilent.
PCR using PfU Turbo (Aligent) was performed with 10 ng of vector and 0.5 uM forward and
reverse primers. The reaction parameters began with a 1 minute denaturation at 95°C
followed by 18 cycles of 95°C for 1 minute; 55°C for 1 minute and 68°C for 7 minutes.
Unmodified DNA was digested by the addition of 1U Dpnl (New England Biolabs) for 3 hours
at 37°C. 2 pL of reaction was transformed into DH5a and colonies screened for mutation by
Sanger sequencing. Desired mutations that proved recalcitrant to this method were carried

out under modified parameters using a 20 cycle PCR supplemented with 2% DMSO.

Mutants that could not be successfully generated through this method were instead
prepared by Splice Overhang extension PCR in which the internal primers originally designed
for the method above were used to create fragments with appropriate external primers.

This was the case for pME6032::pgsR-His T265A and Q160A.
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2.4.10 Primers used in PCR

Table 2.8 Oligonucleotide primers used in this study to generate expression constructs

Identifier

Sequence (5’ -3’)

Description

PgsR-MBP_AAA_F

ATCGGCGGCCGCAATGCCTAT

Primers for cloning pgsR into pMAL and pSC vectors. Notl and

TCATAACCTGAATC ) .
BamHI sites underlined.
PgsR-MB_AAA_R ATCGGGATCCCTACTCTGGTG
CGGCGCGCTG
PgsR- ATCGGCTAGCATGCCTATTCATA Primers for cloning pgsR into pMAL(X) with extended linker
MBP_AAAAS_F ACCTGAATC Nhel site underlined.
Thio_F ACTGACCATATGGCACATC
ATCACCACC Primers for SOEing PCR of Thioredoxin (7xn) and pgsR. Ndel
ThioR ATGAATAGGCATCGCGCTACCTGCCA site underlined. GSAM linker sequence highlighted in bold.
GGTTCGCGTCC
GSAM_PqgsR_F GGTAGCGCGATGCCTATTCATA . . . .
Forward primer for amplifying pgsR to include linker sequence
ACCTGAATC
PgsRDBD_F AGTCAGCATATGCCTATTCATAA Forward primer for making DNA binding domain constructs.
CCTGAATCAC Ndel site is underlined.

PgsRDBD_R69

AGTCGAATTCCTATTAGTGGTGATGGT
GATGATGCCAAGGGATCAGGCGAAGCG

PgsRDBD_R85

AGTCGAATTCCTATTAGTGGTGATGG
TGATGATGCCAGGCGATGTCGCCGATCAG

PgsRDBD_R106

AGTCGAATTCCTATTAGTGGTGATGGT
GATGATGCCACGACGGCGGGATGG

Reverse primer for pgsR terminating at residues 69, 85, 106
with WHHHHHH C —terminal (bold)

TEV_pqsR_F ATCGGCGGCCGCAGAGAATCTGTACTTTCAG
AGCCCTATTCATAACCTGAATC
TEV_pagsR_R ATCGCTCGAGTTACTACTCTGGTGCGGCGCG

Primers for amplifying pgsR to include TEV cleavage site
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CTGG

pgsR310_R ATCGCTCGAGTTATTAGATGCTCGGTTGC
CAGG

PgsR298_R ATCGCTCGAGTTATTAGCCGAGTTCGCGC
AGGC

Reverse primers for amplifying pgsR terminating at residues
310 & 298

pasR_pUCP19_F

TATGAATTCATGCCTATTCATAACCTGAATC

pgsR_pUCP19 R

ATCGAAGCTTCTATTAGTGGTGATGGT
GATGATGCTCTGGTGCGGCGCGCTGG

Primers for P. aeruginosa homologous expression of pgsR.
EcoRl and Hindlll siteS underlined and his tag in bold.

60pgsR_F ACTGGCTAGCACCGAGCAGGCGCTTCGCCTG Primer designed to extend construct boundary to residue 60.

PgsA_F CTATCGCATATGTCCACATTGGCCAACCTG Forward primer amplifying pgsA gene for cloning into pET28A.
Ndel site underlined

PgsA399 R ATCGCTCGAGGTCTTCCCGCCCACAGTG Reverse primer amplifying pgsA gene terminating at residue

399. Xhol site underlined

PgsA399_strep

AGTCGGATCCCTATTACTTTTCGAACTG
CGGGTGGCTCCACGCGCTGTCTTCCCGCC
CACAGTG

Reverse primer amplifying pgsA gene terminating at residue
399 with the addition of a Strep — Il —tag (bold). BamHI site
underlined.

PgsA_strep AGTCGGATCCCTATTACTTTTCGAA . . . .
Reverse primer amplifying pgsA with the addition of a Strep —
CTGCGGGTGGCTCCACGCGCTACATGC ) ]
Il —tag (bold). BamHI site underlined.
CCGTTCCTCCGGAAGGTTGTC

HmgA_F ATCGCATATGGATGACTTTTGCCGCGCG . ) ) o

Primers for inserting hmgA truncated variant into pET24b.
HmqgA430_R ATCGGGATCCTTACTAGTGGTGATGGTG _ ) ] X

Ndel and Xhol sites underlined. HisTag sequence in bold.

ATGATGGCTCGCGCGCGCCTGATAGAAC

HhgA_F ATCGCATATGGACAACTTTTGCCGCACG ) ) ) o

Primers for inserting hhgA truncated variant into pET24b.
HhqA430_R ATCGGGATCCTTACTAGTGGTGATGGTG

ATGATGGCTGGCGCGCGACTGGTAGAAC

Ndel and Xhol sites underlined. HisTag sequence in bold.
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Primers: Complementation constructs

Table 2.9 Oligonucleotide primers used in this study to generate complementation constructs

Identifier Sequence (5’ -3’) Description
PgsR_C_His_F TATGAATTCATGCCTATTCATAACCTGAATC
PgsR_C_His_R TATCTCGAGTCAGTGGTGATGGTGATGATGC Amplification of pgsR for insertion into pME6032 with a C—
terminal Histag (bold). EcoRI and Xhol sites underlined.
TCTGGTGCGGCGCGCTGG

Primer: Site directed mutagenesis (SDM)

Table 2.10 Oligonucleotide primers for site directed mutagenesis. Mutagenesised sequence highlighted

in bold text. Primers ordered with HPLC preparations from Sigma. Tms for each reaction were calculated

assuming full annealing to target site.

Identifier Sequence (5’ -3’)
GCGGCATCGACGCGAAGGTGTATTGC
T265A GCAATACACCTTCGCGTCGATGCCGC
GCGGCATCGACAATAAGGTGTATTGC
T265N GCAATACACCTTATTGTCGATGCCGC
GAGGTGCGTATCAGGCAGACCATGTTGAAATCG
$123C CGATTTCAACATGGTCTGCCTGATACGCACCTC
CCATCGACGAGGAACTGGCGATCTCCCGCTTCAACC
K154A GGTTGAAGCGGGAGATCGCCAGTTCCTCGTCGATGG
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GGCCGGTCAGCGACTATGTGCTCTTCGTGGAA

K214Y
TTCCACGAAGAGCACATAGTCGCTGACCGGCC
CAGGAAGCTGCGCGCGGATTCCAGCGC
E278A GCGCTGGAATCCGCGCGCAGCTTCCTG

Single residue loop
deletion

GCACCCGTTGTGCAGTGCATCGTATTATATCGCGAGCC
GGCTCGCGATATAATACGATGCACTGCACAACGGGTGC

Double residue loop

GCACCCGTTGTGCTATAGCAGCGCCATCGCGAGCC
GGCTCGCGATGGCGCTGCTATAGCACAACGGGTGC

deletion

V258E GTCCTCAGCGAACTCTTCGAACCGGGCGGCATCG
CGATGCCGCCCGGTTCGAAGAGTTCGCTGAGGAC

v258Q GTCCTCAGCGAACTCCAGGAACCGGGCGGCATCG
CGATGCCGCCCGGTTCCTGGAGTTCGCTGAGGAC

Q160A GATCTCCCGCTTCAACGCCTGCGTGCTCGGCTACACC

GGTGTAGCCGAGCACGCAGGCGTTGAAGCGGGAGATC
1085 CCATCCCGCCGTCGTTCAGCGATACGGTGAGCAG

CTGCTCACCGTATCGCTGAACGACGGCGGGATGG
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2.5 Protein purification from E. coli
2.5.1 Protein expression

Expression in E. coli was conducted in 2 L Erlenmeyer Flasks with 250 mL of media. For
expression, starter cultures were inoculated from single colonies and incubated overnight at
30 - 37°C with 180 — 200 rpm shaking. The following day, cell density was monitored and in
the case of AmpR expression the culture was washed with an equivalent volume of fresh
media to remove excreted lactamase. In all cases cultures were diluted to a range between
0.005 — 0.02 ODsgo and incubated at 37°C. Induction parameters including cell density,
inducer concentration, temperature and duration are given in Table 2.11 below. After
induction, cells were harvested by centrifugation at ~4000 x g for 0.5 — 1 hour and cell paste
washed with either PBS or fresh media. Cell paste was flash frozen in liquid nitrogen and

stored at -80°C until required.

Table 2.11 Protein construct expression conditions. Culture growth and induction parameters used for
protein expression in E. coli. *2YT for PqsR C-terminal constructs supplemented with 5% glycerol

X Expression
Construct E. coli cell line Media Induction IPTG Temp:erature Duration
ODgoo (miv1) (°c)
(Hours)
pl\r/IoBtZi:JsSE?L?II BL21 codon
length and C- plus RIL B 0.7 0.5 16 20-24
terminal)
Full Iength PgsR BL21 codon 8 0.6-0.8 01 17 20
fusions plus RIL
PgsR C-terminal
domain constructs | BL21 codon "
(94— 309 and 94 — plus RIL LB & 2YT 0.6-0.9 0.4 16-18 18
332)
PgsR DNA F)lndlng BL21 codon 8 0.6-0.8 0.1 17 20
domains plus RIL
PgsA and
HmaA/HhgA BL21 codon 8 0.6-0.7 0.1 18 16
plus RIL
homologs
TEV protease BL21 2YT 0.5 1 30 5
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2.5.2 Cell lysis
Flash frozen cell paste was resuspended in buffer with a ratio of 5— 10 mL per gram.
Resuspension buffer was supplemented with a cOmplete™ EDTA-free tablet (cOmplete™ for
Streptavidin or MBP constructs), ~1 — 2 mg/mL Lysozyme and 1U/mL DNase |. After
incubation on ice with gentle agitation for 30 minutes the suspension was sonicated on ice
using 18 um pulses of 15 seconds with 15 second breaks using a 705 Sonic Dismembrator
(overall energy input was 15 — 20 kJs per 50 mL tube). Afterwards, supernatant was clarified
by centrifugation at 13,000 x g or 20,000 x g for 1 hour. The material was further clarified by
passing through a 0.22 um syringe filter. The lysate was kept chilled on ice until subjected to

chromatography procedures.

2.5.3 Ni—NTA
Immobilised metal chromatography (IMAC) was achieved using a HisTrap HP or Crude FF
column (GE healthcare) with buffers listed in Table 2.12. Before loading lysate, the columns
were blank run with 5 column volumes (CV) of Buffer B containing 500 mM imidazole (to
dissociate unbound Ni?*) followed by 10 CV of Buffer A. The lysate was loaded at 2.5 mL/min
and unbound material washed off with at least 15 CV of Buffer A. For FL PqsR a 3 CV wash of
1.5 M NaCl was performed prior to elution. Elution was achieved by linear gradient on an
AKTA FLPC system (PURE or Prime) using 10-15 CVs to 100% Buffer B. Fractions were
evaluated by SDS PAGE and fractions containing material of the correct size compared to

the induced control sample were pooled for further purification.
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Constructs Buffer A Buffer B

Full length PgsR 50 mM Tris-HCI (pH = 8), 500 mM NaCl, 50 mM + 500 mM

constructs Imidazole Imidazole

PgsR+3% (Wildtype | 50 mM HEPES (pH = 8.5), 500 mM NaCl, 5%

il

and mutants) Glycerol, 20 mM Imidazole

PgsR+332 (Wildtype | 50 mM HEPES (pH = 8.5), 500 mM NaCl, 5%

il

and mutants) Glycerol, 20 mM Imidazole

PgsAl3%, HmgA#3° | 50 mM Tris-HCl (pH = 8), 300 mM NaCl, 10 mM

il

and HhqAl430 Imidazole, 1 mM DTT

Table 2.12 IMAC buffer conditions

2.5.4 StrepTactin
Lysate containing Strep(ll) tagged constructs were loaded onto a StrepTrap HP column at a
flowrate of 1 ml/min. The column was washed with 10 CV of 100 mM Tris-HCI (pH = 8), 300
mM NaCl, 1 mM EDTA, 2 mM MgCl; & 1 mM DTT. Elution was achieved using 6 CV of buffer
supplemented with 2.5 mM desthiobiotin. The 5 mL fractions were run on SDS PAGE to

evaluate purity and pooled for preparative dialysis.

2.5.5 MBP Affinity chromatography
Lysate containing N-terminal MBP fusions?!> was prepared in 50 mM Tris — HCI (pH = 7.5),
500 mM NaCl, 1 mM EDTA, 1 mM DTT and 50 mM L -arginine/L — glutamate. The column
was washed with 10 CV of buffer and eluted with 5 CV of Buffer supplemented with 10 mM

D-maltose.

2.5.6 Anionic exchange (HiTrap Q)
Material containing the protein of interest was dialysed in low salt buffer consisting of 50
mM Tris — HCI, 0-50 mM NaCl and supplemented with 1 mM MgCl,. The following day the
dialysate was further diluted with the same buffer. The protein was loaded onto a HiTrap Q
and washed with 5 CV of buffer. The column was eluted using a 60 mL linear gradient (0 -1

M NaCl) on an AKTA FPLC system with a flow rate of 2.5 mL/min.
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2.5.7 Heparin chromatography
DNA binding proteins were further purified using Heparin chromatography, fractions
containing PgsR were dialysed as stated above with the exception that a higher salt
concentration of 175 mM was used. The material was loaded onto a HiTrap Heparin HP and

eluted on a linear gradient from 0.15 M to 1.5 M NacCl.

2.5.8 Gelfiltration
Separation of protein by hydrodynamic radius was performed using either a 16/60 Superdex
75 or 16/60 Superdex 200 column. Sample was concentrated using a Vivaspin 20 (3/5/10K
MW(CO) to < 5% of the column volume and clarified by centrifugation at 13,000 x g for 10
minutes. The material was loaded onto the column using an ATKA FLPC system with a flow
rate of 0.8 mL/min. Isocratic elution was carried out collecting 2 — 5 mL fractions after the
void volume had passed. Analytical gel filtration was carried out on a Superdex 200 10/300
GL using a flowrate of 0.75 mL/min with a sample injection volume between 100-500 pL.

Elution buffer for each protein construct is listed below in Table 2.13.

Constructs Buffer

20 mM Tris-HCI (pH = 8), 200 mM NacCl, 0.5 mM
Full length PgsR constructs

TCEP*
50 mM Tris-HCI (pH = 7.5), 500 mM NaCl, 50 mM
MBP - PgsR
L-Arginine/L-Glutamate, 10 mM D-Maltose
PgsR?43% (Wildtype and mutants) 20 mM Tris-HCI (pH = 7.4), 150 mM NacCl

50 mM Tricine-NaOH (pH = 8), 250 mM NacCl, 2.5%
PgsR%4332 (Wildtype and mutants)
Glycerol

PgsA3%, HmgA**%and HhgA¥*3® | 20 mM HEPES (pH = 8), 150 mM NaCl, 1 mM TCEP

PgsASte?, HmqA3'®P and HhgA>teP 50 mM HEPES (pH = 8), 150 mM NaCl, 1 mM DTT

Table 2.13 Gel filtration buffers *TCEP was substituted for DTT in some instances. No effect on column
retention time was observed.
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2.5.9 Protein cleavage
Thrombin cleavage was performed during sample dialysis with 0.25 mM CacCl; and 1 U of
recombinant Thrombin (BioUltra Sigma T9326) added per mg of target protein. TEV
protease was purified from an in vivo self-cleaving MBP construct kindly provided by Prof.

Hyojung Kim (Woosuk University) using Ni — NTA followed by dialysis. Prepared TEV was

flash frozen at 1 mg/mL aliquots.

2.5.10 Chromatography performed on each construct

Constructs Columns used
MBP tagged constructs MBPTrap, Superdex 200 16/60
Full length PgsR constructs HisTrap, Heparin, Superdex 200 16/60

PgsR ligand binding domain
HisTrap, Superdex 75 16/60

constructs
PgsA, HmgA and HhgA constructs StrepTrap, HiTrap Q, Superdex 75 16/60
P. aeruginosa extract HisTrap Crude, Heparin HP, Superdex 200 10/300

Table 2.11 Chromatography columns used for each construct/protein source

2.5.11 P. aeruginosa protein expression
The ORF for pgsR was inserted into the medium-high copy number plasmid pUCP18 by
restriction cloning with the addition of a C-terminal His tag introduced on the reverse
primer. The shuttle vector was transformed into P. aeruginosa strain PAO1-L ApgsR.
Colonies from the transformation were re-streaked onto fresh agar plates supplemented
with 400 pg/mL carbenicillin. Presence of the plasmid was confirmed by colony PCR. A single

colony was used to inoculate 50 mL of LB and incubated overnight at 30°C.

The following day the culture was washed to remove excess beta-lactamase generated by

the carbenicillin resistance cassette to promote plasmid retention. The resuspended culture
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was diluted by 1/100 in NZYCM media supplemented with 5 g/L glycerol and incubated at
37°C with continuous shaking at 200 rpm. To limit potential spillage of pathogenic material
culture volume was limited to 200 mLin 1 L flasks. At an ODsgo of 0.4-0.5 the cultures were
induced with 1 mM IPTG and incubated for a further 4 hours at 30°C. Cells were harvested
by centrifugation at 4000 x g for 1 hour. To aid lysis cells were washed with PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM Na;HPO4 and 1.8 mM KH2PQ.) supplemented with 1 mM EDTA
and 10% glycerol. The cell paste was washed again in PBS without supplements and pellets

frozen in liquid N».

2.5.11.1 P. aeruginosa protein extraction
Pellets weighing ~ 5 g were thawed and resuspended in 30 mL lysis buffer consisting of 50
mM sodium phosphate (pH = 7.4), 250 mM NaCl and 1 mg/mL lysozyme. The suspension
was incubated by gentle agitation for 30 minutes and proteases abated with Roche
cOmplete™ protease inhibitor. Cell suspensions were decanted into Lyse Matrix B BigPrep
tubes and lysed by 5 cycles of 30 seconds at 6 m/s in a FastPrep 24 system. Lysate was
centrifuged twice at 10,000 x g for 30 minutes. Viscosity was further reduced by passing the
lysate through a syringe needle several times and lysate filtered with a 0.45 pum syringe

filter.

2.5.12 SDS Polyacrylamide gel electrophoresis (PAGE)
Discontinuous SDS PAGE gels were prepared for analysis of protein composition and relative
abundance during recombinant protein purification. Depending on the M, of the target
protein a range of acrylamide concentrations in the resolving gel was utilised. The stacking
gel was consistently prepared at 6%. The composition of each percentage gel is given in

Table 2.12.

63



Stacking Resolving
Component 6% 12% 14% 16%
SDW 26 2.6 2.1 1.6
Acrylamide (30%) 1 3 3.73 4.27
0.5 M Tris — HCl pH 6.8 125 ) } B
1.5 M Tris — HCI pH 8.8 ) 2 2 2
10% SDS 0.05 0.08 0.08 0.08
10% APS 0.05 0.08 0.08 0.08
TEMED 5 0.008 0.008 0.008
Total 5 8 8 8

Table 2.12 SDS PAGE composition. Stated volumes given in millilitres. SDW = Sterile distilled water.

Sample were prepared for SDS PAGE by adding 20 L 5x SDS PAGE buffer to 80 uL sample.
These samples were heated to 90°C for 10 minutes in a PCR thermocycler and loaded
immediately after. Prestained Protein Marker Broad Range (11-250 kDa) NEB or Spectra™
Multicolor Broad Range Protein Ladder (Thermofisher) was loaded for size comparison.
Electrophoresis was conducted in BioRad Mini-Protean tank; gels were initially run at 100 V
for 10 minutes to allow for samples to stack followed by 180 V until the bromophenol blue

dye front had reached the bottom of the gel.

2.5.13 Gel Staining
Gels were removed from the tank and washed with water to remove excess SDS. The gels
were stained either with Coomassie R (in Methanol/Acetic acid) or with Quick Coomassie
Stain from ProteinArk according to manufacturer’s instructions and imaged with a mobile

camera or BioRad Gel Doc.
2.5.14 Protein identification

Proteins were separated by SDS PAGE, stained with Coomassie and bands of interest excised

and stored in 1.5 mL tubes. Protein identification was conducted by the Metabolomics &
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Proteomics Laboratory, University of York with trypsin digestion followed by MALDI-
TOF/TOF.

2.5.15 Protein quantification
Sample quantification was achieved using the Nanodrop 1000 (Thermofisher) by measuring
absorbance at 280 nm. In each case the buffer was used as a blank and molecular extinction
coefficient and molecular weight were provided to the software to produce a corrected

mg/ml value. Values were calculated using the Expasy server with primary sequence input.

2.6 Biophysical and biochemical assays
2.6.1 Thermal shift assay (TSA)

TSA experiments were conducted in a 96 well plate format using an Applied Biosystems
7500 instrument. For PgsR'P a master mix consisting of 500 pL of 1.5 mg/ml protein and
500 plL 40x sypro orange was prepared. 10 pL was dispensed into each well of a MicroAmp
gPCR plate with the except of two (No protein controls). For buffer screening 40 pL of 1.25x
buffer/salt solution was added to each well. The plate was sealed with MicroAmp Optical
Adhesive Film and briefly centrifuged at 300 x g for 3 minutes to enable thoroughly mixing
of assay components. In the instrument the plate was incubated for 5 minutes at 30°C prior
to 1°C/min ramping to 95°C. At each increment the fluorescence activity of the dye was
measured using the SYBR Green filter set. Each condition was assessed in duplicate. The

screening conditions are shown below in Table 2.13.
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1 2 3 4 5 6 7 8 9 10 11 12
A Citrate Citrate MES MES PIPES PIPES MOPS MOPS TRIS TRIS HEPES HEPES
150 NaCl 150 NaCl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl
B Citrate Citrate MES MES PIPES PIPES MOPS MOPS TRIS TRIS HEPES HEPES
250 NaCl 250 NaCl 250 NacCl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 Nacl
Imidazole Imidazole Tricine Tricine Bicine Bicine Glycine Glycine No No . .
C . . Protein Protein
150 NaCl 150 NaCl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl 150 Nacl protein protein
D Imidazole Imidazole Tricine Tricine Bicine Bicine Glycine Glycine UREA UREA MPD MPD
250 NaCl 250 NaCl 250 NacCl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 Nacl 250 mM 250 mM (5%) (5%)
E Nacl Nacl Nacl KCl KCl KCl MgCl, MgClz MgClz AmSO4 AmSO4 AmSO,
50 mM 250 mM 500 mM 10 mM 50 mM 150 mM 5mM 20 mM 50 mM 10 mM 50 mM 150 mM
F Nacl Nacl Nacl KCl KCl KCl MgCl, MgClz MgClz AmSO4 AmSO4 AmSO,
50 mM 250 mM 500 mM 10 mM 50 mM 150 mM 5mM 20 mM 50 mM 10 mM 50 mM 150 mM
G Glycerol Glycerol Glycerol Glycerol EG EG EG EG DMSO DMSO DMSO DMSO
2.5% 5% 10% 20% 2.5% 5% 10% 20% 1% 2% 5% 10%
H Glycerol Glycerol Glycerol Glycerol EG EG EG EG DMSO DMSO DMSO DMSO
2.5% 5% 10% 20% 2.5% 5% 10% 20% 1% 2% 5% 10%

Table 2.13 Screening conditions for PqsR'®P. Buffers coloured in green with pH chosen in accordance to the
pKa. Salts and organics coloured in blue and yellow respectively. (MES = 2-morpholin-4-ylethanesulfonic
acid, PIPES = piperazine-N,N’-bis(2-ethanesulfonic acid, MOPS = 3-(N-morpholino)propanesulfonic acid,
MPD = 2-Methyl-2,4-pentanediol, EG = Ethylene glycol, AmSO4 = Ammonium sulphate and DMSO =
Dimethylsulfoxide).

For fragment screening using this method the assay was altered to include 5 uL of
compound from a concentrated DMSO stock to a final concentration of 250 uM or 500 pM.
The concentration of the buffer remained the same as the dye was diluted into 1.25 buffer

prior to use.

TSA on full length PgsR
The full length PgsR was assessed by this method with a few modifications. The
concentration of the protein was lowered to 1 mg/ml and buffers and salts were tested
more exhaustively by two independent experiments. The screening conditions are shown in

Tables 2.14 & 2.15.
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1 2 3 4 5 6 7 8 9 10 11 12
A Citrate Citrate Cacodylate Cacodylate MES MES PIPES PIPES MOPS MOPS PO3 PO3
150 150 150 150 150 150 150 150 150 150 150 150
B Citrate Citrate Cacodylate Cacodylate MES MES PIPES PIPES MOPS MOPS PO3 PO3
250 250 250 250 250 250 250 250 250 250 250 250
C Tris Tris HEPES HEPES Imidazole Imidazole Tricine Tricine Bicine Bicine Glycine Glycine
150 150 150 150 150 150 150 150 150 150 100 100
D Tris Tris HEPES HEPES Imidazole Imidazole Tricine Tricine Bicine Bicine Glycine Glycine
250 250 250 250 250 250 250 250 250 250 250 250
E Nacl NaCl Nacl Nacl Nacl Nacl Nacl NaCl KCl KCl KCl KCl
100 100 150 150 250 250 500 500 50 50 150 150
F KCl KCl KCl KCl AmSO4 AmSO, AmSO, AmSO, AmSO, AmSO, AmSO, AmSO,
250 250 500 500 50 50 100 100 200 200 250 250
G MgCl, MgCl; MgcCl, MgcCl, LiSO4 LiSO4 LiSO4 LiSO4 LiSOs LiSO4 MgS0, MgS04
10 10 50 50 500 500 1000 1000 1500 1500 10 10
H MgSO.4 MgSO4 CaCl, CaCl, CaCl, CaCl, MPD MPD No brotein Protein
50 50 20 20 50 50 1% 1% P (No additive)

Table 2.14 Screening conditions for full length PgsR — Buffers and Salts. Buffers coloured in green and salts
in yellow. Abbreviations are the same as stated in Table 2.13 with the addition of PO3 = Sodium phosphate

buffer.
1 2 3 4 5 6 7 9 10 11 12
A 5% 5% 10% 10% 20% 20% 5% 10% 10% 20% 20%
Glycerol Glycerol Glycerol Glycerol Glycerol Glycerol EG EG EG EG EG
B 50 mM 50 mM 100 mM 100 mM 250 mM 250 mM 100 mM 100 mM 200 mM 200 mM 500 mM 500 mM
Glucose Glucose Glucose Glucose Glucose Glucose Trehalose | Trehalose | Trehalose | Trehalose | Trehalose | Trehalose
C 50 mM 50 mM 150 mM 150 mM 50 mM 50 mM 150 mM 150 mM 50 mM 50 mM 150 mM 150 mM
NaAc NaAc NaAc NaAc KAc KAc KAc AmAc AmAc AmAc AmAc
D 50 mM 50 mM 150 mM 150 mM 250 mM 250 mM 1% 2% 2% 5% 5%
NaSOa NaSOa NaSOa NaSOa NaSOa NaSOa Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol
E 50 mM 50 mM 250 mM 250 mM 500 mM 500 mM 1% 2% 2% 5% 5%
Urea Urea Urea Urea Urea Urea DMSO DMSO DMSO DMSO DMSO DMSO
F 50 mM 50 mM 250 mM 250 mM 500 mM 500 mM 50 uM 50 uM 250 uM 250 uM 500 uM 500 uM
Gua-HCl Gua-HCl Gua-HCl Gua-HCl Gua-HCl Gua-HCl 488 488 488 488 488
G 50 uM 50 uM 250 uM 250 uM 500 uM 500 uM 50 uM 50 uM 250 uM 250 uM 500 uM 500 uM
fQzN fQzN fQzN fQzN fQzN fQzN Frag 15 Frag 15 Frag 15 Frag 15 Frag 15 Frag 15
5mM 5mM 1mM 1mM Tween Tween Tween Tween Protein
L (M | MR DTT DTT TCEP TCEP 0.05% 0.05% 0.1% 0.1% (No additive)

Table 2.15 Screening conditions for full length PgsR — Additives. Colour key: Small organics and sugars
coloured in yellow, salts in blue, solvents in grey, chaotropic denaturants in purple, ligands in green and
reducing agents and detergents in white (compound 488 is characterised in chapter 3 and fragments fQZN
and 15 shown in chapter 5). Acetate is abbreviated to Ac in salts and guanidinium to Gua.
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Data analysis
Data was exported as an .xls file from the Applied Biosystems 7500 control software and
analysed by NAMI as distributed by the following GitHub repository: “grofte/NAMI”.
Waterfall plots were generated using NAMI with the addition of a .sol file giving buffer

condition and concentration.

2.6.2 Isothermal titration calorimetry (ITC)
Fragment and lead-like compound binding to the PqsR®*332 was characterised by ITC. Flash
frozen protein was thawed and clarified by centrifugation. The sample was dialysed
overnight against 250 mL of buffer with constant stirring and a change after 2 hours. The
sample was further clarified and quantified by triplicate readings using A280 accounting for
an € 0f 22920 Mt cm™. The sample was diluted to a value between 25 — 200 uM with ITC
buffer compensating for additional dilution by co-solvent DMSO. The ligand of interest was
dissolved in DMSO and diluted as appropriate in dialysis buffer such that the final
concentration of DMSO matched that of the protein solution. ITC measurements were
conducted on a Malvern MicroCal PEAQ by first rinsing the sample cell with 280 uL buffer
followed by protein sample. Ligand was injected into the sample with 19 injections of 2 pL.
To observe saturation of weak binders higher concentration in the syringe was used such as
x20 or x40 compared to [sample]. Titrations were conducted at 25°C using syringe mediated
stirring of 750 rpm with a reference power set to 6 DP. Ligand injection spacing was set to
180 seconds to allow for baseline stabilisation between injections. Ligand to buffer titrations
were used as controls to ensure heats of dilution were weak. Data was analysed using the
Malvern ITC analysis software. To account for weak binding of fragments N values were

often fixed to 1.

2.6.3 SAXS analysis
Samples of FL-PgsR and PqsR'®P were subjected to SAXS on DLS beamline B23. In the case of
FL-PgsR the protein was thawed from the frozen aliquot and gel filtrated using an analytical
Superdex 200 10/300 column in a mobile phase consisting of 50 mM Tris — HCI (pH = 8), 200
mM NaCl and 1 mM TCEP to remove HMW material. The sample was centrifuged to remove
aggregates and provided with matched buffer for SAXS analysis. Data collection was kindly

performed by Dr Alice Goode. For PqsR'8° the protein was dialysed against a buffer of 20

68



mM Tris-HCI, 150 mM NaCl and 1 mM TCEP (crystallisation buffer supplemented with
reducing agent). The sample was centrifuged and collected at a concentration series starting
with 3.1 mg/mL (125.8 uM). Data collection was kindly performed by Prof. Boyan Bonev and
Sara Zandomeneghi. Data was analysed using the PRIMUS (part of the ATSAS suite, EMBL?6)
to determine scattering parameters and the program DAMMIF was used for shape

determination. Fitting of experimental structures to SAXS data was performed using Crysol.

2.6.4 Circular Dichroism (CD)
Samples for CD analysis were buffer exchanged using a PD-10 de-salting column followed by
further dialysis into a low chloride buffer (replaced by NaF) with 10 mM sodium phosphate
buffer. CD experiments were performed at B23 (DLS proposal 29624-1). Due to restrictions
CD experiments were performed by Dr Rohanah Hussain and Dr Tiberiu-Marius Gianga on a
Chiroscan instrument (AppliedPhotophysics) and SRCD custom instrument. To aid sample
solubility, that favoured chloride anion, concentrated HCl was added to samples just prior to

experimentation.

2.6.5 Gel filtration complex experiments
LysR box DNA (sequence shown below), was annealed by mixing DNA to 100 uM
concentration (equimolar) and heated to 90°C for 10 minutes followed by a decrease of 1°C
per minute until room temperature and considered to be a 100 uM of annealed duplex
product hereafter. Fusion protein and duplex DNA were combined, at different molar ratios,
and incubated for 1 hour at room temperature prior to loading 200 uL of sample onto a
Superdex 200 10/30 column equilibrated with 25 mM Tris-HCI, 200 mM NacCl, 0.1 mM EDTA
and 0.5 mM TCEP with a flow rate of 0.5 ml/min.

Sequence (5’ —3’)
TTCGGAGTCCGAA
TTCGGACTCCGAA

2.6.6 PqgsA enzyme assays - absorbance
Determination of anthraniloyl — CoA activity was assessed by measuring product formation

at 365 nm. Substrate concentrations were determined based upon dissolved mass with the
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exception of ATP which was reconstituted from a heterogenous hydrate and quantified by
absorbance at 259 nm using the known molar extinction coefficient of E = 15,400 M*cm™. A
master mix consisting of 100 mM HEPES — NaOH (pH = 8), 1 mM ATP (disodium salt), 0.5
mM coenzyme A (trilithium salt), 0.5 mM DTT, 2 mM MgCl, and 100 nM PqgsA was
assembled and prewarmed at 37°C in a heat block for 3 minutes. The master mix was
dispensed into a UV-Star® 96 well plate containing 17.5 uL inhibitor diluted from a 50 mM
stock solution (5% final DMSO). Inhibitor concentrations were pre-selected based on prior
experimentation using a gradient of concentrations and observed solubility in reaction
buffer. The reaction was allowed to incubate for a further 5 minutes at 37°C and reaction
initiated by addition of 17.5 uL anthranilic acid (1 mM). Readings were taken on a TECAN
SPARK at 5 second intervals for 5 minutes. Each reaction was repeated at least once.
Determining mode of inhibition with respect to anthranilate was difficult due to a high Km
that could not be accurately determined. Linear rates were determined using Graphpad

PRISM version 7 and plotted with Michaelis-Menton kinetics to elucidate inhibition mode.

2.6.7 LC-MS
Analysis of enzyme reaction products were evaluated using Liquid Chromatography coupled
to Mass Spectrometry (LC -MS). Reactions were prepared as stated above but with a
reduced reaction volume of 200 uL. Reactions were initiated with the addition of anthranilic
acid and incubated at 37°C for 5 minutes. 20 pL of each reaction mixture was added to 200
uL of methanol and thoroughly vortexed. The sample was centrifuged at 10 minutes at
13,000 x g to remove precipitated protein material. 100 pL from the top of the solution was
taken for further analysis. Semi-quantification with was performed by Dr Nigel Halliday
using a Qtrap 6500 hybrid triple-quadrupole linear ion trap mass spectrometer in tandem
with an Exion LC system (Sciex) with Phenomenex Synergi Hydro RP column (150 x 2 mm,

4um.

In the absence of an authentic synthetic standard of anthraniloyl-CoA, a surrogate Co-A
compound was used to assist in tuning the mass spectrometer for selected reaction
monitoring (SRM). Under positive electrospray conditions, collision induced dissociation of

CoA-derivatives leads to a prominent fragmented ion due to the neutral loss of m/z=507%Y".
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Therefore, an infusion of acetyl-CoA solution was used to set appropriate MS parameters

that induce this characteristic fragmentation.

Under positive electrospray conditions, the singly charged protonated precursor ion of
anthraniloyl-CoA, m/z=887.2, was fragmented to a product ion of m/z=380.1 using a

collision energy of 49, de-clustering potential of 56 and collision cell exit potential of 15.

Samples were injected and migrated with a gradient elution consisting of 100% mobile
phase A (50 mM NH40Ac) for 1 minute followed by an increase to 5% B (100& MeCN) at 1.4
minutes, 25% B at 7 min and 40% B at 8 min. After a further 3 minutes the gradient was
returned to 0% B (total elution volume 15 minutes). Using these conditions, detected

anthraniloyl-CoA gave a chromatographic peak with a retention time of 6.31 minutes.

For ICso determination a gradient of inhibitor was incubated with reaction without
anthranilic acid for 10 minutes. 5 minutes after addition of anthranilic acid (optimised for
linearity based on absorbance assay — Appendix 9.17) samples were removed and

guantified. A slope was plotted using 4 variables in Prism 8 with no constraints.

2.7 Docking
PgsA docking of inhibitor ZN8751275 was performed with AutoDock vina?!® using PDB
model 50E5%°, The protein was prepared by deleting water except for 1081/A which
bridges the amine of the anthranilic acid and Glu 162 and 1184/A that forms multiple
contacts to the ribose ring and carbonyl preceding the phosphoester bond. Polar hydrogens

were added, and grid of suitable size drawn using Autodock Tools??.
Exhaustiveness was optimised using the co-crystal ligand of anthraniloyl — AMP requiring a

value of 24 to find a pose in good agreement with experimental data. Grid parameters are

stated in Table 2.17.
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Table 2.16 Docking parameters for PqsA (PDB 50E5). (Stated values in A)

Parameters Active site Hinge site
Centre x 0 37
Centrey 18 7
Centre z 14 18

Size x 18 14
Sizey 12 30
Size z 14 18

2.8 Crystallography
2.8.1 Condition screening in nanolitre volumes

Crystallisation conditions were screened using Swissci 96-Well 2-Drop Plates. 80 L of
precipitant solution were dispensed into the reservoir well. Protein solution, pre-
centrifuged to remove aggregated material, of two different concentrations were dispensed
using a Mosquito liquid handling system (SPT Labtech). Typically, 200 nL of protein material
was dispensed into wells 1 & 2 with the same volume of precipitant solution added. The
plate was sealed using either tape (HD Clear) or EasySeal sheets (Molecular dimensions).

Plates were monitored for crystal growth after set-up and at regular intervals thereafter.

2.8.2 Additive screening
Additive screening was attempted using two Additive screens: Additive Screen HT
(Hampton) and ANGSTROM Additive Screen™ (Molecular dimension). For testing in a 96
well set up using the Mosquito 150 nL of reservoir was combined with 50 nL of additive
solution. For 48 well plate preparation a 4 uL drop was prepared with the ratio 1:0.8:0.2 of

protein sample, reservoir, and additive.

2.8.3 InFactorial Sceening
InFactorial screening matrices were calculated using MIMER?2! and formulated by stock
dilution into 2 mL blocks with a total volume > 1 mL. Composition of the two INFAC screens

are detailed in Appendix 9.2 and are based on lithium sulphate as the primary precipitant
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set to concentrations between 1.2-1.7M with 50 mM cacodylate or MES buffering agent (pH
6 — 6.5) and additional salt concentration of 10 — 20 mM magnesium or potassium acetate.
Additives used in the broader INFAC included ethylene glycol, 2-Methyl-2,4-pentanediol,

ammonium acetate or imidazole.

2.8.4 Preparation of seed stock
Seed stocks were created using MicroSeed Beads (Molecular Dimensions) according to the
manufacturer’s instructions such that crystals were crushed using a microtool and
transferred into a 1.5 mL tube in 10 pL volumes of reservoir solution until a solution of 50 uL
had been attained. The tube was vortexed for three minutes and an additional 450 pL of
reservoir added. The stock was aliquoted into PCR tubes at 50 pL volumes and frozen at -
80°C.

2.8.4.1 Microseed matrix seeding (MMS)

For MMS a 600 nL drop was set up using the Mosquito using 300 nL of protein sample, 200

nL precipitant and 100 nL seed stock. Reservoir volume remained the same (80 pL).

2.8.4.2 Manual seeding
For manual seeding experiments using a seed stock 10% of the final drop volume was
added. Streak seeding was performed by dipping a hair (beard) into the seed stock and
streaking it through the drop or by moving the hair through an undisturbed drop prior to

moving it through the recipient drop.

2.8.5 In gel crystallisation
Gel crystallisation was adapted from a published protocol in Lorber, et al (2009)?22. Briefly, a
2% (w/v) stock solution of Low Melting point Agarose (UltraPure™ Thermofisher) was
prepared with milli-Q water and thoroughly dissolved by heating and filtered to remove
particulates. Crystallisation drops were prepared by adding agarose, equilibrated to above
gelation temperature in a heat block, to the drop at a final concentration of 0.2-0.5%. All
experiments were conducted in sitting drop format in either 48 well MRC or 24 well

Crychem plates.

2.8.6 Soaking experiments: PqsR®*3%° with antagonists
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For PqsR antagonist structural determination Ligand Binding domain (LBD) crystals were
grown in either 24 well hanging drop Cryschem Plate or sitting drops with the precipitant
solution containing 100 mM trisodium citrate, 200 mM ammonium acetate and 2-Methyl-
2,4-pentanediol (MPD). Both citrate pH (5.5 — 6.5) and MPD (3%-10%) concentration was
varied along the plate’s X and Y axis respectively (shown in Appendix 9.1). Soaking was
conducted in wells with large single crystals. For soaking the compounds were dissolved in a
multi-component solution consisting of MPD, ethylene glycol, water and DMSO and added
directly to the drop at ten times the initial protein concentration. After 16 hours of soaking
the crystal was cryocooled in a solution of artificial reservoir supplemented with 25% MPD

or 25% glycerol/ethylene glycol.
2.8.7 Data collection parameters

All diffraction experiments were conducted at Diamond Light Source (DLS) using the

following data collection parameters listed below in Table 2.17.

74



Sample name Beamline | Resolution Wavelength Transmission Images Total Oscillation

(Protein_Ligand) (R) (R) (%) (no.) (°)
PgsR943%9_SEN89 (mixed isomer) 124 2.7 0.9686 20 1800 180
PqsR943%_SEN19 104 2.45 0.9795 100 1000 100
PgsR943%_AM159-089 104-1 2.5 0.9159 75 900 90
PgsR943%_LUI195-93 124 2.5 0.9686 5.09 1800 180
PgsR943%_AM204-004 104 2.71 0.9795 100 1000 100
PqsR943%_AM204-25 104 2.5 0.9795 100 600 90
PqsR943%_AM204-42 104 2.5 0.9795 100 600 90
PgsR943%_AM204-21 104 2.5 0.9795 100 600 90
PqsR943%9_5G129-192 124 2.5 0.9686 20 900 90
PgsR943%_5G192-173 104 2.2 0.9795 100 900 90
PqsR943%_5G192-177 104 2.2 0.9795 100 1800 180
PqsR943%_5G192-183 104 2.2 0.9795 100 900 90
PqsR943%_5G192-127 104 2.2 0.9795 100 900 90
PgsR943%9_488* (two datasets) 124 2.5 0.9687 50.46 360 180
PqsR943995123C_SENS89 (R isomer) 124 2.5 0.9998 26.57 900 180
PqsR94399 K154A K214Y 124 2 0.9999 49.3 900 180
PqsR43% DR 124 1.9 0.999 31.69 900 180

Table 2.17 Data collection information from diffraction experiments at DLS
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2.9 Structural solution
2.9.1 Antagonist determination

As the PgsR'8P crystals were isomorphous to the apo-crystals previous reported for the
PgsR?43% construct®®® the ligands were identified by rigid body refinement with REFMAC?%3
using 4JVC with MPD solvent removed from the binding pocket. Ligand restraints (CIF
format) were generated using AceDRG??* and ligand fitting was performed using COOT?%,
Using COOT's find ligand function the ligand was fitted into difference density (assessed at 3
o). The structure was further refined iteratively using REFMAC and coot with model quality

assessed using MOLPROBITY. Fitting of the ligand generally decreased R/Rfree in each model.

2.9.2 Solving PgsR construct derivatives
The K154A K214Y mutant was initially processed into space group P4122 but molecular
replacement using PHASER with the 4JVC input model showed the enantiomeric space
group P4322 to be the correct solution giving a very high Log-likelihood gain (LLG) of 1162.29
and packing score of 36.86 (TFZ). Further refinement was carried out in REFMAC and COOT
with the latter used to modify the mutated residues. Final refinement was carried out with

PBD-REDO.

The loop mutant DR was processed into P1211 but phasing by molecular replacement
initially failed. Phasing with MrBump found a marginal solution that yielded excellent and
interpretable electron density. Further building was carried out in Buccaneer and repeated
COOT and REFMAC cycles. Non-crystallographic symmetry (NCS) was accounted for in
refinement with chains A and B aligned. However, due to the NCS higher than expected R

factors are observed with the Rsree at 10% above resolution.

2.10 Negative staining
Negative stain of PgsR was conducted by Dr Sigrun Maurer using the following method. A
solution of PgsR was centrifuged at 16,000 x g for 10 minutes and diluted to ~0.001-2
mg/mL. Carbon coated copper grids (R1.2/1.3, 400 mesh — Quantifoil Microtools GmbH)
were prepared by glow discharge for 60 seconds at 15 mA on Agar using a Turbo Carbon

Coater glow discharge unit. A protein drop size of 3 - 8 uL was pipetted onto a grid and
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blotted with 8 pL of 2% uranyl acetate and incubated for 1 minute prior to further blotting.
Observations were made on a JEOL 2100plus TEM LaB6 with Gatan Ultrascan camera,

operated at 200 kV. Images were viewed and contrast optimised with Imagel.

2.11 Phenotypical assays: CTX::Ppgsa-lux
2.11.1 ICsp determination: Luminescence bioreporter

ICso measurements were conducted on a Greiner black bottom 96 well plate. A
concentration series of antagonist was prepared in DMSO and diluted in LB such that the
final concentration progressed in a half logarithmic scale from 100 uM to 0.01 uM with a
final DMSO concentration of 0.1%. Overnight cultures of PAO1 — L mCTX::PpgsA-lux were
diluted to 0.01 ODego in fresh LB. Volumes of 200 uL were dispensed and incubated at 37°C
statically with cell density and relative light unit (RLU) readings being taken every 15
minutes for 16 hours. The maximum RLU/ODsoo reading was taken and ICso calculated using
GraphPad PRISM fitting to log(inhibitor) vs. response (three parameters) model. In the case
of weak antagonists when solubility impeded the analysis of sufficiently high concentrations
necessary to invoke a convincing bottom plateau a constraint was applied to the of
remaining activity after treatment with 10 uM SEN19. This model assumes that increasing

concentration of the antagonist/inhibitor of interest would reach this value.

2.11.2 ECso determination
To determine compound activation of the Ppqsa promoter. A ApgsA mutant (non-AQ
producing) with the chromosomal mCTX::Ppgsa-lux insertion was incubated with
concentrations of agonist from 10 uM to 0.001 uM in half-logarithmic intervals. Maximum
RLU (observed between 6 - 7.5 hours) were normalised to cell density. ECso was calculated

using PRISM 9 using a four-parameter dose-response curve.

2.11.3 Synergy determination
To determine the pharmacological effect of 2 lead compounds both were trialled together
in a concentration matrix on PAO1 — L mCTX::Ppgsa-lux. 8 Half log concentrations of both
agents were used to generate an activity matrix based on remaining luminescence activity
observed between 6 — 7.5 hours. The matrix was prepared in Microsoft Excel and uploaded

to SynergyFinder web server??®, Dose-activity relationships were fitted to the LL4 setting and
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Zero Interaction potency (ZIP) was chosen as the synergy model characterised by the
assumption that non-interacting drug partners produce negligible changes in one another’s
dose-response and deviation from this expected result is indicative of a synergistic or

antagonistic relationship??’.

2.11.4 Complementation experiments
Complementation experiments were conducted using two methodologies. To determine
mutant functionality pME6032::pgsR-His and mutant derivatives were transformed into a
ApgsR strain with mCTX::Ppgsa-lux. Expression was induced with either varying
concentrations of IPTG or IPTG was fixed at 50 uM. RLU and cell density was monitored as
described above. To determine agonist binding expression was induced with 50 uM IPTG

and 40 uM AQs (representing excess compared to physiological concentration).

2.12 Phenotypical testing: Extracellular products & growth dynamics
2.12.1 Growth profile
Overnight PAO1 - L cultures were re-diluted to 0.01 ODeoo in biological triplicate and added
to microtitre plates. Cells were grown at 37°C with agitation every 15 minutes lasting 3
seconds. Growth was measured every 15 minutes at ODsgo and data plotted in PRISM using
a logistical growth model to evaluate rate and peak growth (with data truncated prior to

culture decline).

2.12.2 Pyocyanin
Biological triplicate 10 mL cultures of PAO1 and ApgsA control mutant were prepared in 100
mL flasks by dilution of overnight cultures to 0.01 ODeoo. Test compounds were added to 3
times 1Cso value (determined by transcriptional fusion) with a final DMSO concentration of
0.2%. Cultures were incubated at 37°C for 16 hours. Supernatant was prepared by
centrifugation at 10,000 x g for 10 minutes followed by syringe filtering (0.22 um). Organic
extraction of pyocyanin was formed by adding 4.5 mL of chloroform to 7.5 mL of
supernatant. After vigorous mixing the phases were settled by centrifugation and organic
layer removed. The organic layer was collected and acidified with 1.5 mL of 0.2 M HCI. The

resultant solution was thoroughly mixed and separated. The acid layer was removed and
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read in a spectrophotometer at ODs20. Readings were normalised to the untreated control

cultures.

2.12.3 Elastase

Cultures were prepared as stated above and 100 L of supernatant was collected for
elastase quantification. A solution of 20 mg/mL Elastin-Congo Red was prepared in ECR
buffer consisting of 100 mM Tris — HCI, 1 mM CaCl; (pH 7.4). Using frequent mixing to keep
solid substrate in a homogenous suspension 900 pL of Elastin-Congo Red was added to the
collected supernatant and incubated at 37°C with shaking at 200 rpm. The enzymatic
reaction was carried out for 4 hours and stopped by removal of physical substrate by
centrifugation and reading the absorbance of the supernatant at OD494. Readings were

normalised to account for cell density. A AlasR mutant was used as a low producing control.

2.12.4 eDNA
DNA precipitation was conducted on supernatants to assess the impact of compounds on
eDNA release. Briefly, 50 pL of 3 M sodium acetate was added to 450 uL of supernatant
followed by 1.5 mL of ice-cold 100% ethanol. The sample was thoroughly mixed and DNA
allowed to precipitate during an overnight incubation at -20°C. Precipitated DNA was
collected by centrifugation and pellet washed twice with 70% ethanol. After decanting the
final wash, the pellets were dried on a heat block set to 50°C. The pellets were resuspended

in dH,0 and measured on a Nanodrop 1000.

2.12.5 Pyoverdine
Pyoverdine release in the presence of PgsA inhibitor was assessed by fluorescence assay. To
increase siderophore release experiments were conducted in iron deficient CAA and RPMI
medias. Overnight cultures of P. aeruginosa were washed three times in PBS and diluted to
0.002 ODggo in CAA media or RPMI. PgsA inhibitor and PqgsR antagonist was added at 3 times
the ICsp respectively with a final DMSO concentration of 0.2%. A low pyoverdine control was
added in the form of iron (FeCls.6H,0) supplementation to 40 uM. Fluorescence and cell
density measurements were performed on an Infinite 200 Pro TECAN plate reader with

fluorescence monochromator. Every 15 minutes fluorescence was measured using an
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excitation wavelength of 405 nm and emission measured at 460 nm with a gain of either 50

or 75 and cell density monitored as previously stated.

2.12.6 AQ extraction procedure and quantification
To quantify AQ content of P. aeruginosa supernatant triplicate 5 mL cultures were prepared
from single colonies in the presence of DMSO or inhibitor. After 16 hours, 1 mL of sample
was centrifuged at 10,000 x g for 10 minutes followed by filtering through a 0.2 um syringe
filter. 100 pL of supernatant was diluted with 390 uL of fresh media and 10 uL of 7CI-7C-PQS
(internal standard) to a final concentration of 200 nM. 500 uL of acidified ethyl acetate was
added to the supernatant dilution and samples shaken for 3 minutes at 200 rpm. Samples
were left to stand for 5 minutes and organic layer was transferred into a new tube. This
procedure was repeated twice more until the final volume of organic extract reached 1.5

mL.

Quantification with respect to synthetic standard 7CI-7C-PQS was performed by Nigel

Halliday, experimental officer at the University of Nottingham.

2.12.7 Statistical testing
Unless otherwise stated statistical testing was conducted using one way ANOVA with Tukey
post-hoc multiple comparisons testing with Graphpad PRISM 9. P values are denoted as

stars: P<0.5; * P<0.01; *** P<0.001 and **** P<0.0001.
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3 Structural elucidation of PqsR'®° in complex with
antagonists

3.1 Introduction

As described in 1.6 PgsR has a large binding pocket (calculated volume of 858.8 A3) and is
subdivided into two subpockets. These subpockets A and B host the hydrophobic alkyl chain
and quinolone moiety from the native AQ ligands*>. In terms of lead development, PgsR
presents an interesting challenge due to a high degree of hydrophobicity that limits the
potential for hydrogen bonding. This necessitates the need for bulky constituents to gain
potency whilst balancing chemical properties to allow for cell and biofilm penetration.
Ligand analogues of native AQs and previous HTS has yielded compounds possessing
biological potency with effects on virulence and pathogenicity suggesting that the target is

readily druggable!!® 18 177 (described in Chapter 1.7.4).

As described in Chapter 1.9 a HTS campaign using a P. aeruginosa bioreporter was
conducted that elucidated several high potency hits against PgsR. These were subsequently
taken for medicinal chemistry optimisation. The compounds shown in Table 3.1 are the
initial hits and derivatives from this HTS and are grouped into 5 distinct series based upon
their initial hit reference: SEN66, SEN32, SEN19 and SEN89. The last series — 488 — was not
discovered in the SENBIOTAR HTS campaign but was produced as part of a collaboration
with Unilever. It was initially derived from a secondary metabolite screen from a natural
library bank conducted by Unilever. Prior to this study each compound series had been

subjected to molecular docking to build a model of binding.
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3.2 Compound used in soaking studies

To further aid optimisation of each compound series soaking into PgsR crystals was conducted to elucidate the binding pose of each ligand and

identify interactions within the binding pocket. The ligands successfully elucidated are summarised in Table 3.1 below with associated

antagonist series noted.

Table 3.1: Ligands complexed with PgsR'8°

Molecular Reported Lipophilicity
Name Structure Series / Head group weight I1Cs0 (LogP)?
(nM))
N=N 0.25
LUI6s. @\/g\'l\?’s\,qo /Q/OENJ SEN66 0.12
93 N ” = 1-‘(5—methy|—5H—[1,2,4]triazino[5,6— 442.5 3.67
\ blindol-3-yl)thio)propan-2-one 0.34
0.03
o) 0.397 %
cl N SEN32 0.14
561?32‘ @A[% 6-ch|oro—3—(’Fhiazo!—4— 333.83 4.07
N S ylmethyl)quinazolin-4(3H)-one 0.65+
0.04
o) 1.05+
cl N SEN32 0.42
56112972' \dj/\[H 6-ch|oro—3—(’Fhiazo!—4— 319.81 3.46
N S ylmethyl)quinazolin-4(3H)-one 158+
0.36
0 031+
cl N SEN32 0.16
56117?)’2' | /)N/\E\>/\/\/ 6-ch|oro—3—(’Fhiazo!—4— 347.86 4.55
N S ylmethyl)quinazolin-4(3H)-one 0.34
0.04
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cl N SEN32 0.3%
- N
56117972 | /) /\[\ 6-chloro-3-(thiazol-4- 361.1 0.18 4.81
N S ylmethyl)quinazolin-4(3H)-one
0.27
cl i Q/\\\ N SEN19 11.0+
SEN19 N o (S)-6-chloro-3-(2,3- 369.81 0.8 233
/) OH dihydroxypropyl)quinazolin-4(3H)-
N one 1.1+ 0.35
_N
o o._*# SEN19
AM159- /@ (S)-6-chloro-3-(2,3- 276+
089 cl N/\AO dihydroxypropyl)quinazolin-4(3H)- 385.80 1.3 2.21
/) OH one
N
OH
~ i 0.14 +
NTNJVO SEN89 0.05
SENS9 ClGN 6-chloro-1-isopropyl-N-methyl-1H- 398.89 4.34
benzo[d]imidazol-2-amine 0.09
Il 0.01
N
OH
H 0.18 +
AM204- N\\,/ N Ao SEN89 0.04
004 N N 6-chloro-N-methyl-1H- 414.89 3.63
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0.05+

SEN89 0.02
Al\g;g4_ NW/ \)\/O N 6-chloro-1-isopropyl-N-methyl-1H- 416.88 4.34
CION - = benzo[d]imidazol-2-amine 0.12 +
0.02
82 0.15 +
OH SEN89 0.01
; H
ANL2204 N N\/K/O 6-chloro-N-methyl-1-(oxetan-3-yl)- 412.87 3.60
W/ _N 1H-benzo[d]imidazol-2-amine 0.32 ¢
cl N -
0.08
cl 21.72
Lactam series 0.71
4-(4-chlorophenyl)-5-methylene-
(3)
488 HN | 1,5-dihydro-2H-pyrrol-2-one 205.64 19.84 285
3.2
@)

1. ICso determinations conducted by or under the supervision of Dr Pantalone, Ruiling Ru, Scott Grossman and Alaa Mushabi using CTX::P,4sa-lux bioreporter assay

performed in technical and/or biological triplicate . Values given with respect to strains PAO1 — L (top) and PA14 (bottom).

2. cLogP (Lipophilicity) calculated with ALOGPS 2.1 server
3. 488 from Unilever lactam collection supplied by Dr Pantalone
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3.3 Protein construct for crystallisation
For structural elucidation of antagonist complexes the construct developed in llangovan, A.
(2011) containing the pgsR coding sequence for residues 94 — 309 was cloned into pET28a

such that the N-terminal contained a hexahistidine tag and thrombin cleavage site??8.

3.3.1 Requirement for N-terminal cleavage

For PgsR'®P crystallisation, other studies removed the his-tag prior to crystallisation, likely to
reduce the deleterious effects of additional disordered components. However, as Figure 3.1
shows the His-tag protrudes into the solvent channel and would therefore be unlikely to
impact robust crystallisation. Additionally, diffraction experiments on crystals grown from
un-cleaved protein did not have any additional residues at the N-terminal except for weak

density that likely corresponds with a serine residue from the cleavage site.

N94
. Tetramer interface '(.’
Tetramer interface X 90: ﬂ 77 \\9 \/
A A L Y
s : y ]_ s ¥ WU
(:;“// ’l_\\&i\}r:‘ ) I°4 > \ ’f l‘ ;:@ &
o= A NG s (> &
) 3

o = = )
N\
Binding pocket

Figure 3.1. N-terminal residues located within the 4JVC PqsR'8® model. Cartoon representation of the 4JVC
model in light blue with an arrow showing the un-cleaved N-terminal. Additional residues will not impede
crystallisation as they are not located at crystallisation interfaces, nor will the additional residues protrude
into the binding pocket. The binding pocket between CDI and CDIl is marked with an arrow and the
tetramer interface between two sets of crystallographic dimers is marked in purple and is comprised of a -
sheet 2 and a helix 1.

3.3.2 Comparison of PqsR®*3%° with other reported PqsR'8 structures
PgsR'®P has been previously crystallised to assess ligand binding. Yet, only three crystal
forms have been observed and only two successfully solved and reported. The first form

reported in llangovan, A. (2011) P6s222%°, and a slightly smaller construct PqsR%42°> giving
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rise to an orthorhombic crystal system C222,%°3, The former was observed exclusively in this
study and may be due to shifting domain boundaries. Model alighnment revealed good
agreement with an average RMSD (of the total alignment) of 0.52 A. The only region of
disparity lies between residues 180 — 185 which in the P6522 model forms the end of loop 6
and a3-helix. However, in the C222; model this helix was shortened. And loop extended
suggesting the secondary structure had become destabilised. Additionally, Leu183 has
flipped orientation by 180° and is buried with other hydrophobic residues. This local change
in secondary structure has been attributed to the use of co-crystallisation and a smaller

construct size.

Figure 3.2. Comparison of PqsR®*%%> and PqsR%*3% showing variability in loop 6. Cartoon representation of
4JVC and 6B8A coloured in gold and blue respectively. Leu183, with 180° flipped orientation labelled and
circled.

3.3.3 Purification of PqsR4-3% for crystallisation

The PgsR%*3% truncate, chosen as it removes the flexible C-terminal region, was purified via
a two-step chromatography procedure shown in Figure 3.3. A gradient elution on a HisTrap
HP, produced a relatively pure product with some low molecular weight (LMW)
contaminants (~11 kDa) in the earlier fractions. These contaminants were subsequently
removed by gel filtration on a Superdex 75 16/60 column (preparative for purification of
larger volumes and protein quantity). The elution volume of 60 mL corresponded to an M
of 36.8 kDa in agreement with the expected homodimer. Yield from 1 L of culture was >20

mg.

86



(A)

I-S-IN NonS Elution

HisTrap elution of PqsR4-309

1500+ 100
100-250
/ : o
X
; ] —_ s7
3
S 3 “
o
E ?s_’ n
£ 25
b7
0 25 50 75 100 125 17
Elution volume (mL) 1
(B)
Superdex 75 PqsR%4-309 IsIN  Ni-NTA  VOID GF
500+ ' |
100-250
400+ b
s7
2 300+ “
32
€ 200+
25
100+ =
17
0 T T g ==
0 30 60 90 120 "

Elution volume (mL)

Figure 3.3. Purification of PqsR%3% for structural investigations with antagonists. (A) Imidazole gradient (0
— 500 mM) with PqsR%*3% eluting at an imidazole concentration of >350 mM. 16% SDS PAGE gel showing
cell pellet, soluble and Insoluble fractions (I-S-IN), Non-specific fractions eluting before the main peak and
primary elution (75 — 100 mL). A small degree of LWM contaminant is observed in the first two fractions of
HisTrap HP elution. (B) Isocratic elution of pooled material producing a single peak ~60 mL with SDS PAGE
showing removal of LMW contaminants. Purity, as judged by SDS PAGE, is over 95%.

3.3.4 Purification of constructs for biophysical characterisation

For interaction studies the entire C-terminal was utilised as the flexible region may
participate in ligand interaction in a manner non accounted for in a crystallographic model.
The mutations at Thr 265 were designed to assess the impact of halogen bonding previously
described for halogen derivates of native AQs*®. Purification of PqsR%#332 and T265A/N
mutants were purified using the same protocol as for PqsR%3% with the exception that NaCl

concentration was increased to 500 mM during Ni-NTA and gel filtration was carried out in
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an optimised buffer consisting of 50 mM Tricine-NaOH (pH = 8), 250 mM NacCl and 2.5%
glycerol. Salt concentration was lowered in consideration of binding experiments whereby
the high concentration may disrupt hydrogen bonding to the pocket. Yield for PqsR%+332
from 1 L (~5 g) was 27.4 mg with most sample loss occurring during overnight dialysis into
gel filtration buffer and subsequent concentration. As expected, the elution volume was
slightly reduced corresponding to the extra residues at the C-terminal with a M, of 44 kDa
which agrees with the expected dimer mass of 58.54 kDa. Purification is shown in Figure 3.4

with overall final product purity >95%.

(A)
HisTrap elution of PqsR%4332 Superdex 75 PqsR%332
1500~ —150 1000~
800 -
1000 - 100 . )
g g 3 600
2 B g 400~
E 500 L 50 2.
- 200 J
0 T T T T T 0 0 T T T T T 1
0 25 50 75 100 125 150 0 20 40 60 80 100 120
Volume (mL) Volume (mL)
(B)
Ni-NTA (HisTrap HP) GF (Superdex 75 16/60)
1 1

Figure 3.4. Purification of WT PqsR°*332 construct for ligand interaction studies. (A) Elution profile of
PqsR%-332 by imidazole gradient on a HisTrap HP column (left) and isocratic elution through a Superdex 75
16/60 column (right). The elution shows that the material is only contains a negligible proportion of
aggregate. (B) SDS PAGE gel showing minimal contamination in the preparation with slight smearing due to
high concentration. The gel shows that a contaminating band of ~70 kDa has been removed by gel filtration.

T265A and T265N mutants gave slightly poorer yield of 10.2 mg from 1 L of culture

suggesting the proteins were less stable. This is further supported by observations that the
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T265N mutant precipitated after Ni-NTA suggesting that hydrophobicity in the pocket must
be preserved for stability. Both proteins eluted at the same volume on gel filtration showing

that the mutants did not impact quaternary structure (Figure 3.5).
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Figure 3.5 Purification of T265A and T265N PqsR®*332 mutant for binding analysis. (A) Representative SDS
PAGE gel showing purity of both mutant constructs. Material pooled for use after gel filtration highlighted in
purple. (B) Overlayed elution chromatograms for each mutant with a consistent elution peak between 56-
58 mL showing mutants were non-disruptive to stable dimer formation. UV traces are coloured red and blue
for T265A and T265N respectively.

3.3.5 Testing for co-crystallisation suitability
Formation of protein-ligand complexes can be achieved by two experimental designs: co-
crystallisation of the ligand with the protein and soaking ligand into apo grown crystals. Co-

crystallisation is often considered a more desirable route for structural determination as it
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allows for a greater degree of conformational change as highlighted previously with the
orthorhombic C222; space group. To test the suitability of PqsR%*3% for co-crystallisation
the protein was incubated with different antagonist series for a limited time (10 minutes).
As shown by Figure 3.6a quantifying the remaining material by UV absorption at A280 was
complicated by strong compound absorbance which is most apparent with the lactam 488
that is higher than the DMSO control. Visual inspection, shown in Figure 3.6b of sample
after centrifugation highlighted a pellet after each incubation suggesting that substantial
protein material can aggregated upon ligand addition which would disfavour co-

crystallisation.
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Figure 3.6. Piloting co-crystallisation experiments with PqsR%*3%, Antagonists added to protein sample in a
1:1 molar ratio for a 10 minute incubation. (A) Quantification of PqsR concentration by absorbance at 280
nm after centrifugation expressed as a proportion of the DMSO only control. Spectral properties of the
antagonists impeded accurate quantification of the remaining material. (B) Precipitated protein observed
after centrifugation for 10 minutes at 13,000 x g. Arrow denoting large pellets after treatment that could
not be re-dissolved in a larger amount of buffer.
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3.3.6 Crystallisation

Crystallisation conditions were adapted from llangovan, A. 2011228 with 4 — 8 mg/mL PqsR*
309 prepared freshly or thawed and clarified by centrifugation, crystallised in a 3 - 8% 2-
Methyl-2,4-pentanediol (MPD) in the presence of ammonium acetate (200 mM) buffered
with sodium citrate (100 mM, pH 5 — 6.5). Crystals grew within 7 days as either a shower of
small crystals (unsuitable for soaking), larger (> 50 um) crystals clumped together or larger

single isolated crystals (Figure 3.7) with the latter habit appearing at lower protein

concentration and being the most suitable for soaking.

(A)

&

(B)

Figure 3.7. Apo-crystals of PqsR%+3%°

grown in MPD conditions. (A) Large, well isolated dihexagonal crystal
habit suitable for soaking (B) Well sized crystals aggregated together making soaking unsuitable. All crystals

were grown in either 48 or 24 well plates (hanging or sitting drops) and incubated at 20°C.
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3.4 Determining the binding pose of SEN66 in complex with PqsR'EP

The SENBIOTAR hit SEN66 was originally identified as having a strong ICso of 0.98 uM in
PAO1 — L but unusually was inactive in the more commonly used PA14 strain. As shown in
Figure 3.8 the SAR strategy involved modification of the tricyclic ring to include bulkier
halogens substituents, alteration of the linking groups (R3-Rs) and growth from the 4-

chlorophenyl group (R).

Set e WOU ¢ A

\
SENBIOTAR HIT SEN66

ICs50 0.98 £ 0.02 pM SAR Strategy
N:N
S 0 O_ N
- A0
N =
N N

LUI195-93
ICs 0.25 + 0.12 pM

Figure 3.8. SEN66 antagonist series. Three molecular structures showing initial hit compound from HTS
(top, left), SAR strategy employed (top, right) and optimised compound for crystal soaking with pyridine-2-
yloxy (Rz) group highlighted in blue. Potency values from PAO1 — L CTX::Pyqsa-lux given.

Addition of a bromine atom to R1 enabled activity in both PAO1 and PA14 with only a slight
loss in potency towards PAO1-L. Removal of the chlorine atom from the chlorophenyl group
reduced activity in both strains and moving the group to meta positions retained only weak
antagonist activity. A disubstituted Rs with 3, 4 dichloro retained only weak activity when
the bulkier bromine was present at Ri. Substitution of R, with methyl and 4-
trifluoromethoxy yielded inactive and weakly active compounds respectively. Addition of
larger aromatics including phenoxy and pyridin-2-yloxy improved activity significantly with
compound LUI195-93 possessing improved 1Cso towards PAO1 (0.25 uM) and PA14 (0.34
UM). The resultant compound reduced pyocyanin production to less than 25% compared to
untreated cultures and reduced AQ production significantly. Unusually, the compound was

not shown to reduce biofilm formation and even increased biofilm viability. Interestingly,
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ITC was previously conducted with the initial hit SEN66, however, no direct binding could be
determined perhaps due to the instability of the protein-ligand complex as observed in 3.3.5

with the LUI180-193 analogue.

3.4.1 LUI195-93 soaking

Due to poor solubility LUI195-93 could not be easily soaked into apo crystals, with a
multicomponent solvent system consisting of MPD, ethylene glycol, water and DMSO used
to introduce the compound into the drop. Diffraction data resolution was determined to 3.2
A with collection and refinement statistics summarised below in Table 3.2. The crystal was
isomorphous to previously characterised 4JVC model and could be phased using Refmac52%3

with 4JVC to adjust for minor changes to unit cell dimensions.
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Table 3.2: Data collection and refinement statistics for PqsR'8°-LUI195-93 complex

Data collection

PqsR943% — LUI195-93

Complex
Wavelength (A)/beamline 0.9686
Space group P6522
a, b, c(A) 118.75, 118.75, 115.24
a,B,v(°) 90.0, 90.0, 120.0

Resolution (A)
No. of unique reflections
Rmerge (%)

Mean 1/Sig(l)
Completeness (%)
Redundancy
CC»

Refinement

76.85-3.2
8390 (1466)
23.4 (139)
6.6 (1.6)
99.9 (99.7)
13.5 (14)
0.988 (0.982)

Resolution range (A)
R/Rfree (%)
Mean B-factor (A)
r.m.s.d. bond lengths (A)

r.m.s.d. bond angles (°)

Ramachandran plot statistics (%)

Preferred regions
Outliers

PDB ID

76.85-3.20
0.207 / 0.242
126.16
0.0040
1.289

96.02
1.99
6TPR
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Clear difference density was observed in the pocket which was substantially larger than
MPD density and continuous across pockets A and B. The ligand was modelled into the
pocket using coot. As shown in Figure 3.9 the ligand adopts an “L” conformation to fit into
the pocket with the tricyclic 5-methyl-5H-[1,2,4]triazino[5,6-blindole buried in pocket B
making hydrophobic interactions with 1le149 and Leu207. The curvature is permitted by the
thioacetamide linker that adopts an acute angle of 72.6° between the tricyclic head group
and 2-phenoxypyridine. As shown in Figure 3.9¢ LUI195-93 possesses a close contact
between the thioacetamide sulphur atom and the carbonyl oxygen of Leu208 (2.9 A
distance with a C=0 to S angle of 121.2°). Additionally, a single hydrogen bond is present
between the linker amide nitrogen and Leu207 peptide carbonyl (3.5 A). The key interaction
to the protein appears to be conferred by m-mt stacking between the pyridinyl group and

Tyr258.
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Figure 3.9. LUI195-93 — PqsR**3% complex (A) LUI195-93 ligand (coloured orange) modelled into PqsR®*
309(marine ribbon with interacting residues coloured in slate blue) with 2Fo-2Fc map, contoured at 1 g,
coloured in light orange. (B) LigPlot representation of LUI195-93 occupying the pocket. The tricyclic ring
shares hydrophobic interactions to Ala 168, 1le149 and lle 236. r-rt interaction not accounted for due to
distance cutoffs for hydrophobic interactions. (C) Electrostatic Interactions between LUI195-93 and peptide
backbone residues Leu207 and 208. Angles formed between donor, acceptor and hydrogen stated.
Hydrogen’s atoms added to structure in PyMOL using the h_add function. Exert showing rotated ligand with
angle between tricyclic ring and 2-phenoxypyridine marked.
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3.4.2 Comparison of binding pose between M64 and LUI195-93

Previous antagonist development towards PgsR highlighted the importance of m-rt with Tyr
258 to gain potency®® 201, Analysis of M64, a benzimidazole based compound possessing a
phenyl group as an alternative to pyridinyl as seen in LUI195-93, adopts a similar curved
arrangement to fit into the binding pocket (PDB 6B8A). Examination of the m-m stacking
interactions shows the pyridinyl group from LUI195-93 has a significantly more favourable
overlap with the tyrosyl with a shift — averaged by ring member — of 2.1 A towards the
binding pocket perimeter (Figure 3.10b). The overall distance between aromatics do not
show significant deviation (4.3 A) yet the dihedral angle between the aromatic centroids
differing by 14° with M64 possessing a more favourable angle of 8.5° compared to 22.8° for
LUI195-95. This data highlights that exploiting interactions with Tyr 258 can be achieved by
sandwich or parallel displaced stacking. Bioreporter data suggested that M64 has a slightly
poorer ICso compared to LUI195-93 which may be accounted for by the difference in -t
stacking.

(A)

Tyr258

Figure 3.10. Comparison of n-it stacking between M64 and LUI195-93 (A) Structure of M64 possessing the
same thioacetamide linker as LUI195-93 (B) Superposition of the LUI195-93 structure (orange and slate
blue) and M64 (68BA, light blue) showing a relative shift of 2.1 A. This permits the pyridinyl group to share a
sandwich interaction with Tyr258 whereas M64 adopts a parallel-displaced m stack.
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3.4.3 SENG66 SAR analysis

Gaining potency in the SEN66 series was most successful by optimising the R; position.
Removal of the chlorine atom at position R, from the initial hit resulted in a lack of potency.
Assuming the ligand position does not vary with respect to the solved structure it is likely
the 4-chloro group participates in a halogen- m interaction with Tyr258. This also explains
the weaker potency exhibited when the chlorine atom is added at the meta and ortho
positions as the increased distance to Tyr258 will weaken interaction. A similar SAR
relationship was observed in the development of M64 with loss of potency observed upon
removal of the phenoxy or substitution with a chlorine atom abolishing and weakening

activity respectively.

3.4.4 Soaking failure of other SEN66 candidates

Soaking was attempted with R; bromine and R; phenoxy which shows activity towards both
PAO1 and PA14. However, no additional density was observed in the binding pocket after
phasing. This was attempted multiple times using different solubilisation mixtures and even
addition of solid ligand (as a powder) to the drop. This was likely due to either very limited
solubility in the well condition consisting of 3-8% MPD or inability to access the binding
pocket due to bulky substituents, especially true for the bromine addition. The poor
solubility would also preclude co-crystallisation as significant co-solvent would be required

for complex formation.

3.5 Determining the binding pose of SEN19 in complex with PqsR'8P

The SEN19 hit, which possesses a quinazolinone head group bearing resemblance to the
native AQ ligands, was found to reduce pgsA expression significantly with an ICsp of 13.1
UM. To begin SAR analysis a commercial library was purchased for exploration of positions
R1, R2 and importance of linker amine (Figure 3.11). All these compounds were determined
to be inactive when tested at 10 uM. These observations suggested difficulty in the
optimisation of this series and requirement for structural information to inform further

work.
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Figure 3.11 SEN19 antagonist series. Three molecular structures showing initial SENBIOTAR hit possessing
an amine linker to the phenylacetonitrile group (left) and (right) scheme for antagonist optimisation.
Highest affinity compound shown below with optimisation compared to original hit highlighted in red.
Potency values from PAO1 — L CTX::Pygsa-lux given.

Optimisation of the antagonist at R1 by replacement with different small substituents
highlighted that only the 6 and 7 positions were suitable for substitution but were not able
to tolerate bi-substitution, likely due to spatial constraints. Substitution of a larger halogen
improved both efficacy (percentage remaining activity) and potency with highly
electronegative groups (NO; and CF3) possessing improved activity. This was reminiscent of
SAR conducted for QZN (described in 1.7.4). Addition of a methyl group to the R, (position 2
on the quinazoline) disrupted activity. Given that this position is exploited in QZN with alkyl
chain length effecting ICsp or ECso significantly the binding mode of the quinazoline was
presumed to be different. Manipulation of R3 highlighted the acetonitrile group to be
important for biological activity and when repositioned to the meta position impaired
activity and shortening to a benzonitrile (in either para or meta) also abolished activity.
Replacement of the nitrile at R; with a fluorine atom also weakened activity. Unlike LUI195-
93 and M64 an addition of a phenoxy group did not improve activity but addition of a
smaller oxadiazole retained activity and potency. Explorational of the chiral linker
highlighted that an amine bioisostere was able to replace the alcohol. Interestingly
oxidation of the alcohol to a ketone retains activity highlighting that chirality can be

dispensable which is also observed in the thioacetamide linker of LUI195-93.
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3.5.1 Binding mode of SEN19

Apo crystals were soaked for 16 hours with SEN19 and AM159-089 (with a
methoxylacetonitrile at position R3) dissolved in a mixed solvent system consisting of MPD,
ethylene glycol, water and DMSO before cryocooling and data collected on DLS 104.
Complexes were determined to resolutions of 2.65 and 3 A respectively with additional
density adopting a ‘L’ shape, similar to LUI195-93, observed in both datasets larger than the
apo — bound MPD molecules. Data collection and refinement statistics are given in Table

3.3.
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AM159-089 derivative

Table 3.3 Data collection and refinement statistics for PqsR'® in complex SEN19 and

Data collection PqsR?*3%° — SEN19 PQsR4-309 —
Complex AM159-089
Complex
Beamline 104 104
Wavelength (A) 0.9159 0.9159
Space group P6522 P6522

a,b, c(A)

o, B, v (%)

Resolution

No. of unique reflections
Rmerge (%)

Mean 1/Sig(l)
Completeness
Redundancy

CCh

Refinement

119.79, 119.79,
116.5
90, 90, 120
77.47 - 2.65
14874
8.9 (99)
10.7 (2)
99.9 (100)
9.3(9.9)
0.806 (0.676)

120.43, 120.43
115.78
90, 90, 120
104.3 - 3.00
10259
11.1(225.2)
17.3(1.2)
99.1 (99.5)
18.6 (18)
1.000 (0.887)

Resolution range (A)
R/Rfree

Mean B-Factor (A)
r.m.s.d bond lengths (A)

r.m.s.d bond angles (°)

Ramachandran plot statistics (%)

Preferred regions
Outliers

PDB ID

77.59-2.65
0.23/0.26
108.3
0.0038
1.32

95.52

77.61-3.00
0.22/0.27
120.8
0.0034
1.300

97.51
0.5

101



Difference density inside the pocket clearly showed that the 6-chloroquinazolinone from
SEN19 was positioned within pocket B and the phenylacetonitrile group extended into
pocket A (Figure 3.12a). Ligand curvature was observed at the secondary alcohol which
permits the quinazolinone ring to adopt a previously unobserved conformation within the
pocket. Other halogenated quinazolinone ligands, such as 3NH2-7CI-C9QZN (Table 1.2) have
been previously reported (4JVI)*>>. Superposition of 4JVI and SEN19 highlights that despite
the chlorine atoms being substituted at different positions the relative spatial position of
the chlorine atoms was not hugely deviated — 1.4 A suggesting that spatial constraints in
pocket B limits the freedom of moment of large halogens (Figure 3.12c). Additionally, in the
case of 4JVI it was observed the rotamer of Thr 265 changed to accommodate the halogen.
Furthermore, superposition shows that the alcohol in SEN19 occupies the position of bound
water in 4JVI that forms a hydrogen bond with 3’ amino group in 3NH2-7CI-C9QZN which
mediates a hydrogen bond with GIn 194. With SEN19 the alcohol forms a direct hydrogen
bond with Gln 194 (2.7 A) which, in combination with water displacement would increase
binding affinity to the pocket. The superposition further shows that the nitrile group of
SEN19 aligns with the end of the nonyl tail of 3NH2-7CI-C9QZN.

102



(B)

Vall70

e

258
Tle236 Tyx
val2ll ot
E 116263
SEN19
T1el49
Alal6s
ci Thr265

103



QZN buries Chlorine
deeper into pocket A

i o '.':‘- Rotation of the Quinazolinone ' ‘ ,...';-

Figure 3.12 SEN19 — PqsR°*3% complex (A) SEN19 ligand (coloured orange) modelled into PqsR®3%(marine
ribbon with slate blue residues). 2Fo-Fc represented as a mesh set to 1 o with carve of 1.6 coloured in light
orange (B) LigPlot 2D representation of binding showing a hydrogen bond between SEN19 alcohol and GIn
194. (C) Superposition of the quinazolinone bicyclic of SEN19 (orange) and 3NH2-7CI-C9QZN (blue) showing
relative rotation of the bicyclic within pocket B (right) and distance between chloro groups given left.

Soaking does not always show ligand induced structural changes however, the soaking of
SEN19 has altered the rotamer at lle 236 such that the longer chain of the sec-butyl fits
underneath the alcohol rather than being pointed at the chiral centre. This change in
conformation avoids an unfavourable atomic clash and highlights how the pocket can subtly

alter to permit antagonist binding.

Unfavourable
Potential ligand
clash

Favourable
Ligand “rests” on
side chain surface

Figure 3.13. Superposition of SEN19 and 3NH2-7CI-C9QZN complexes showing lle236 reposition. Local
rearrangement of Ile236 side chain to accommodate SEN19 more aptly and avoids a clash. SEN19 lle 236
surface modelled, coloured slate. Hydrogen bond between GIn 194 and SEN19 mimics the water mediated
bonding observed with 3NH2-7CI-C9QZN.
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3.5.2 SEN19 interactions with Tyr 258

As with LUI195-93, SEN19 also forms a mt stack with Tyr258. However, this takes the form of
a T-shaped interaction with a centroid distance of 5.6 A. Interestingly, the nitrile group,
which might be expected to form a polar interaction with the hydroxyl of Tyr 258 is directed
away, but parallel with the aromatic ring and as such shares hydrophobic interaction that
could be characterised as an unconventional 1t stack (Figure 3.14). Additionally, the nitrile
group is supported by the hydrophobicity cavity created by the backbone of Ser 255

(multipolar interaction with H — C(a)).

Shallow cavity formed
by the backbone of
Ser255

n-rich aromati
stacked against
group

Figure 3.14 Nitrile occupies the pocket A cavity formed from Ser 255 backbone. An unconventional it stack
is formed between the nitrile group of SEN19 and Tyr 258 (measured distance of 4.2 A between carbon
atom in CN bond and tyrosyl centroid).

3.5.3 Comparison of SEN19 & AM159-089 PqsR%43% complexes

Modification of Rz with an methoxylacetonitrile, expected to increase the mobility of the
nitrile group within pocket A, caused distortion in the binding pose of AM159-089 compared
to SEN19. The deformation in binding pose may be responsible for the 2-fold loss in potency
exhibited by AM159-089. To assess whether the group did granted additional mobility
molecule B Factors were examined which did not show a significant increase compared to
the rest of the molecule, although relative mobility appeared to increase towards the end of

the nitrile, suggesting limited flexibility (Figure 3.15a).
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Distribution of B Factors in AM159-089 to highlight local flexibility
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Figure 3.15. Effect of R; methoxyacetonitrile on SEN19 series binding pose (A) AM159-089 antagonist
bearing the methoxyacetonitrile group with labelled atoms from the molecule and B factor relative to the
molecule’s overall B — Factor. No significant relationship across the molecule was observed but the nitrile
has some relative mobility compared to methoxy oxygen atom. The methoxylacetonitrile group is marked
as pink stars, and phenyl group denoted as triangles. (B) Superposition of SEN19 (orange) and AM159-089
(pink) with the surface of pocket A shown in slate. No conformational change is apparent within pocket A
suggesting the nitrile groups’s position is limited and in the case of AM159-089 the spatial restriction has
caused a slight deformation in binding pose.

3.5.4 Probing halogen interactions with Thr 265
As different positions had been observed for Thr 265 it was hypothesised that the rotamer
differed depending on bound ligand and that in solution a more favourable interaction

could be present. Operating under the hypothesis that halogen substitutions may affect
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binding by halogen bond formation with the hydroxyl oxygen of Thr 265 binding analysis
was conducted using ITC with PgsR%332 in an optimised buffer consisting of 20 mM Tricine —
NaOH (pH = 8), 250 mM NaCl and 2.5% glycerol. Given limited ligand solubility 5% DMSO co-
solvent was required to ensure solubilisation. Strong binding between SEN19 and PqsR%4-332
was observed upon titration with an observed dissociation constant (Kp) of 16.6 £ 6.7 nM (n
= 3), a representative isotherm is given below in Figure 3.16. This is significantly higher than
the established ICso of 1.1 £ 0.35 uM showing that other factors play a role in the in vivo
assay such as cell permeability. Stoichiometry was determined to be less than 1 (0.789)
suggesting a portion of the protein was not actively binding sample or due to errors in

plotting a tight binding interaction.

0= T«-« y,fﬁ,g — ’,v} -~ ",4 /,«' A]L. VT.TLT_T_]LT‘f~
1 |
005
01
015
02
02s
03+
0354
d
04
T T T
0 5 10 S 0 25 30 35 40 45 50
04 S — T
. Se o o ** .
2 -
b | |
4~ |
i
6
{ /
-8 100 SEN19 iInto 10 pgsk
- { Model One Set of Stes
-104 | [Cen (M) = 10 0e-6
12 | [Syr] (M) = 100e.6
4 4 N (sites) = 0. 798 & 7 3e-3
14+ f KD (M) = 10 2¢-9 ¢ 4 87¢-9
P 1 AH (kcabmod) 195+ 035
16 ] / Offset (kcakmol) = 0
<184 ® AG (kcabmod) 109
d_a " ° Ty TAS (kcabmol) = 8 55
0 *
I — v , r I 1
0 0 04 06 08 1 12 14 16 18 2

Figure 3.16. Binding of SEN19 to PqsR%332, Representative Isotherm (n = 3) of 100 uM SEN19 titrated into
10 pM PqsR®*332, Heats generated from ligand into buffer were subtracted from each datapoint. C value
calculated as 980 based upon C = [PgsR"P]/Kp which falls within a reasonable range for the instrument.
Strong binding with Kp of 10.2 nM determined. Enthalpic interactions contribute significantly to binding with
a AH of -19.5 kcal/mol.

The binding of SEN19 to PgsR®*332 was driven by favourable enthalpic relationships

suggesting the presence of favourable hydrogen bonding. To test the role of Thr 265 in
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binding a T265A mutant was titrated with SEN19 under the same experimental conditions.
Given the expected electrostatic interaction between 7 chloro and Thr 265 it was
surprisingly that binding was unaffected by the mutation. The only apparent change
appeared to be a minor increase in entropy (~1 Kcal/mol) suggesting that without the
additional constraints imposed by Thr 265 SEN19 adopts a less favourable conformation
(Figure 3.17).
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Figure 3.17. Comparing binding of SEN19 to WT and T265A PqsR'®° (A) Thermodynamic profile of SEN19
binding to PqsR%332 WT and T265A mutant (B) Representative isotherm of SEN19 100 pM SEN19 titrated
into 10 UM T265A PqsR®*332 (n = 2) performed under the same conditions as above.
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3.5.5 Relating structural information to SAR

From the structural data it is apparent that substituents building on the para nitrile group
are spatially constrained which explains the weaker activity observed with an additional
methylene group (-CH,CH2CN). The slight shift in binding pose caused by the addition of the
methoxy group at Rs; reduced activity as well suggesting the manipulation of this position
can influence binding across the pocket. Attempts to modify the alcohol reduced activity
emphasising the importance of hydrogen bonding to GIn 194. Structural analysis showed
the position of the R1 halogen is restrictive which explains the weakened activity when
chloro group is added to the 7™ position. Abrogation in activity upon addition of a methyl
group at R, may be explainable as apparent steric hindrance from Leu 207 or by flexibility in

the lid loop residues.

3.6 Determining the binding pose of SEN32 in complex with PqsR'8P
The SEN32 hit, possessed an ICso of 13.2 + 2.73 towards PAO1 — L with the SAR strategy
focusing on manipulation of the halogen substituent and thiazole ring to yield more

interactions in pocket A (Figure 3.18).

SENBIOTAR HIT SEN32 SAR Strategy

CI\CEij/\EN? N

SG192-177

Figure 3.18. SEN32 antagonist series. (Left) Initial hit compound, SEN32 with quinazolinone moiety coloured in
blue and (right) schematic showing areas of SAR optimisation and the most potent compound from the SAR
bearing a 6-chloro group and hexyl chain coloured red. Potency values from PAO1 — L CTX::Pygsa-lux given.
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Initial investigation to the halogen position showed that addition of a chlorine atom to
position 6 gave better potency compared to fluorine at position 7 which contrasted with the
SAR conducted around 3NH2-7CI-C9QZN. Replacement of the thiazole ring with an
oxadiazole bioisostere abated activity entirely and inversion of the nitrogen and sulphur
atoms reduced activity highlighting the position of the sulphur atom to be important.
Removing or shortening the isopropyl from the initial hit resulted in a loss of activity
whereas increasing the alkyl chain length increased activity proportionally with branched
chains giving better activity likely due to improved entropic contributions. Adding a phenyl
to Rz improved activity significantly most likely by exploiting the m-mt interactions first
observed in LUI195-93. Addition of a secondary or tertiary amine linker to an alkyl group at
Rs impaired activity suggesting that rigidity in the tail is disfavoured. Differences in activity
between strains (PAO1 and PA14) were attributed to bacterial uptake and efflux as the PqsR

binding pocket is unchanged between strains.

3.6.1 Binding mode of SEN32 series

Multiple attempts to soak compounds from this series deteriorated crystal quality and
impaired diffraction. This could be attributed to the compound’s increased lipophilicity
(higher logP values) compared to the other series. To improve resolution of these
complexes, dehydration methods were attempted in which drop volume was replaced with
higher MPD concentrations. However, the resultant diffraction was extremely poor with
most datasets having resolution poorer than 3.5 A and therefore being unsuitable for
structural solution. To improve soaking result a variant of the multisolvent mixture was
employed consisting of 12.5% dioxane, DMSO, ethylene glycol, 1,2 propanadiol and MPD
combined with citrate buffer and ammonium acetate (37.5% Aqueous). Upon addition
crystals were observed to crack, likely from the osmotic shock from the high organic content
compared to the mother liquor. Resolution of the complexes were determined between
2.95-3.2 A with a conservative cut off applied to limit the effect of anisotropy. After phasing,
each dataset showed difference density in the pocket consistent with a large ligand which
adopted a similar position to the native AQs. Refinement statistics after ligand fitting are

shown in Table 3.4:
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Table 3.4 Data collection and refinement statistics for PqsR'®° in complex with SEN32

antagonist series

Data collection PqsR4-309 — PqsR94-309 — PqsR4309 — PqsR4309 —
SG192-127 SG192-183 S$G192-173 SG192-177
Beamline 104 104 104 104
Wavelength (A) 0.9795 0.9795 0.9795 0.9795
Space group P6522 P6522 P6522 P6522
a,b, c(A) 120.27, 120.79, 119.32, 118.91,
120.27 120.79, 119.32,114.76 118.91, 115.46
115.04 114.39
o, B,7(°) 90.90. 120 90, 90, 120 90, 90, 120 90, 90, 120
Resolution 60.13 -3.15 60.39-2.95 59.66 —3.00 115.46-3.2
No. of unique 8476 (1514) 10879 (1704) 10169 (1599) 7628 (1370)
reflections
Rmerge (%) 8.1(80.3) 8.5 (107) 9.7 (170) 6.1(39.8)
Mean 1/Sig(l) 13.9(2.9) 12.6 (1.7) 17.1(1.7) 16.6 (3.1)
Completeness (%) 95.7 (96.6) 100 (100) 100 (100) 92.4 (93.7)
Redundancy 10.1 (10.4) 9.6 (10.2) 19.2 (20.2) 9(9)
Cccy 0.970 (0.966) 0.998 (0.917) 0.999 (0.932)  0.997 (0.972)
Refinement

Resolution range (A)
R/Rfree

Mean B-Factor (A?)
r.m.s.d bond lengths (A)
r.m.s.d bond angles (°)
Ramachandran plot
statistics (%)
Preferred regions
Outliers

PDB ID

60.20-3.15
0.195/0.241
143.6
0.0077
1.653

97.51

6217

60.47 - 2.95
0.20/0.257
131.6
0.0081
1.671

95.52

6207

59.73-3.00
0.193/0.255
139
0.0076
1.364

94.53

6YZ3

76.97-3.2
0.204/0.261
146.2
0.0025
1.236

96.52

6Z5K
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The different density after phasing showed an unexpected pose for each ligand. Clear
density for the electron rich chlorine atom was observed in the same area as 3NH2-7Cl-
C9QZN. This suggested the quinazolinone group had flipped within the pocket. To further
examine this observation the model was run through POLDER (phenix) to produce an omit
map?3°. By excluding bulk solvent correction the omit map can improve weak features
typically obscured by masking. These maps, shown in Figure 3.19, also indicated strong

density of the chloro group and highlighted the bicyclic ring had indeed flipped.
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Figure 3.19 Electron density maps for SEN32 series PqsR'®° complexes (Left) 2Fo-Fc Electron density from
Refmac?? (contoured to o = 1) and (right) Omit map generated from Phenix.polder?* (contoured to ¢ = 3).
Ligands represented as sticks: SG192-127 in yellow (A), SG192-183 in green (B), SG192-173 in light blue (C)
and SG192-177 in pink (D). Clear electron density is observed for the chlorine atom in each antagonist
showing a flip in quinazolinone ring compared to other models.

Given that native AQs and derivatives (NHQ, HHQ and QZN) all adopt the same position the
apparent flipping of the quinazolinone ring is quite interesting and suggests the position of
the large halogen is more privileged in the pocket which links to previous observation in the
SEN19 series and previous studies with the ligand analogue QZN*>°. The new position of the
guinazolinone permits a different range of interaction, specifically with Thr 265. As shown
Figure 3.20, Thr265 can form an electrostatic interaction with the ketone carbonyl (3.3 — 3.8
R). This may compensate for any penalties associated with the new conformation of the
guinazolinone. Interestingly, this is not the only change in the quinazolinone position
observed through soaking. Soaking of 3C;NH;-7CI-C9QZN vyielded electron density showing
the bicyclic occupying pocket A instead being buried in pocket B2%2, Although the change
observed in the SEN32 series is not as substantial it shows that binding pose of the bicyclic is

not necessarily conserved.

Electrostatic interaction is further observed between the thiazole sulphur atom and the
hydroxyl group on Tyr 258. The sulphur atom acts as a hydrogen bond acceptor from the
hydroxyl group with distances within accepted geometric parameter observed in higher
resolution models?3, Interestingly, the electron density around the alkyl chain is poorer
with $§G192-173 and SG192-177 compared to the rest of the molecule suggesting the pentyl

and hexyl chains have greater flexibility within pocket A. However, despite apparent
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flexibility these longer alkyl chains permit greater hydrophobic interaction as the ligands can

stretch further into pocket A and contact the a3 helix.
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Figure 3.20. Polar interactions between SEN32 series and PqsR'®? binding pocket residues. LigPlot 2D
representation of SEN32 series antagonist binding. Electrostatic interactions observed between each
antagonist carbonyl and Thr 265 & the sulphur atom of the thiazole with Tyr 258 hydroxyl group.

3.6.2 Comparison to native AQs
Superimposing the SEN32 series structures highlights a minor shift in the position of the

bicyclic ring correlated with the presence of a long alkyl chain (Figure 3.21). Although
limitations in resolution make subtle shifts hard to interpret the observation appears to be
consistent with previous HHQ, NHQ and QZN structures, that possess long alkyl chains. The
difference may be explainable by greater conformational freedom in the pocket without a
large alkyl chain taking up the majority of pocket A. The SEN32 series, despite having a

thiazole ring, occupies the same area as native AQs HHQ and NHQ highlighting that long

alkyl chains are dispensable to adopt this binding mode.
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Figure 3.21. Variation in bicyclic position with alkyl chain (A) Superposition of SEN32 series antagonists
with HHQ, NHQ and QZN (PDBs 6Q7U, 4JVD, 4JVI respectively). Ligands with long unbranched alkyl chains
coloured in pink and short and branched coloured in blue. Shift in bicyclic position due to lessened restrains
from a large alkyl chain and shift in thiazole ring (distance between most diverged sulphur atoms 1.9 A). (B)
Averaged gaussian maps of SEN32 series (blue) and native AQs (orange) further demonstrate congruent
binding position.

3.6.3 Relating SEN32 structural data to SAR

Structural data has shown that the SEN32 series, much like SEN19 has constricted halogen
placement on the quinazolinone further supporting the notion that spatial constrains within
pocket B are strict. The electrostatic interaction between the thiazole sulphur atom and
Tyr258 suggests the reason for poorer activity in oxadiazole isostere was due to increased
bond length due to the smaller atom size. Additionally, the improved potency observed with
longer alkyl chains is clearly due to greater hydrophobic interactions, especially to the back

of pocket A.

3.7 Resolving enantiomeric differences in SEN89 benzimidazole binding to PqsR'eP

The SEN89 series of antagonists has demonstrated the greatest potency compared to the
other series characterised in the SENBIOTAR project. The structure bears some resemblance
to M64 in the possession of a benzimidazole core but unlike M64 has substituents branching
off the N1 atom in the imidazole ring. As with the previous series, the position of the
halogen is important with only a chlorine atom at the 6™ position (R1) showing activity
which is not fully restored in the presence of a trifluormethyl group. Moreover, activity was

arrogated with a 5,6- dichorobenzimidazole suggesting that even a smaller bicyclic is
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confined by the same spatial constraints as observed with the quinazolinone based
antagonists. Exploration of the R; position revealed improvement upon addition of bulkier
functional groups in which an ethyl and isopropyl had almost a 2-fold increase in potency.
Addition of cyclised groups at R3 were similarly effective but potency suffered with
increasing size however, this was not the case with unbranched groups. Interestingly,
composition of the distal function group on R3 affected function significantly with tertiary
amines giving poorer activity compared to hydroxyl or ethers. Attempts to change the
electronegativity of the phenoxy with the addition of fluoro groups to Rs and Rsimproved

potency.

Rs y Re ~ 4 OH
Nt v Mo
1 Ry of N -
Ry Rs

SAR strategy SEN89
ICs50 0.14 £ 0.05 pM

Figure 3.22 SEN89 compound series. SAR scheme given left and highest potency hit (right). Potency values
from PAO1 — L CTX::Pygsa-lux given.

3.7.1 Crystal soaking

For soaking experiments, each antagonist (except AM204-25 and SEN89-R) was provided as
solid racemates around the secondary alcohol. Soaking success rate was relatively high,
despite low solubility of the antagonists. Data for each soak was taken from Xia2
implementing DIALS and phased using the apo-4JVC model by REFMAC5223. Data collection

and refinement statistics are given in Table 3.5:
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Table 3.5: Crystallographic data collection and refinement statistics for PqsR'8° in complex

with SEN89 & derivatives

Data collection PQsR¥309 —  PqsR439 —  PqsR43%9 —  pgsRI4309—  pgsRIA309 —
SEN89 AM204-004 AM204-25 AM204-42 AM204-21
Beamline 124 104 104 104 104
Wavelength (A) 0.9686 0.9795 0.9795 0.9795 0.9795A
Space group P6522 P6522 P6522 P6522 P6522
a,b, c(A) 121.12 119.03, 119.23, 119.69 120.27
121.121 119.03, 119.23, 119.69 120.27
115.53 115.92 115.80 115.44 115.44
o, B,v(° 90,90,120 90,90,120 90,90,120 90,90,120 90,90, 120
Resolution 104.89 - 115.92 - 59.61-2.88 59.84-2.75 60.13-3.16
2.90 2.75
No. of unique 11410 13152 11260 12919 8281 (1469)
reflections (1602) (1704) (1625) (1873)
Rmerge (%) 18.7 (134.1) 10.7 (133.2) 5.9(125.6) 6.9(126.2) 12.8(124.3)
Mean 1/Sig(1) 10.1 (2.2) 10.5 (1.2) 14.5 (1.6) 16.1 (1.9) 11.2 (1.7)
Completeness (%) 98.1 (88.4) 99.9 (100) 98.2(98.9) 98.4(99.2) 94.3(95.0)
Redundancy 16.1 (15.2) 10.2 (10.8) 9.8 (10.1) 9.8 (9.6) 10 (10)
CC»% 0.998 0.988 0.998 0.999 0.843
(0.653) (0.816) (0.935) (0.939) (0.923)
Refinement
Resolution range (A) 105.11 - 103.30 - 59.68-2.88 59.91-2.75 53.39-3.16
2.90 2.80
R/Rfree 0.219/ 0.223/ 0.201/ 0.233/ 0.208 /
0.247 0.285 0.251 0.263 0.245
Mean B-Factor (A) 98.5 109.5 120.6 107.9 124.5
r.m.s.d bond lengths (A) 0.0057 0.0034 0.0046 0.0027 0.0043
r.m.s.d bond angles (°) 1.377 1.267 1.416 1.284 1.437
Ramachandran plot
statistics (%)
Preferred regions 93.03 93.03 93.53 97.01 89.05
Outliers 0.5 0 1.00 0 0.5
PDB ID - - - - -
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The R isomer of SEN89 was soaked into a modified crystal system designed to attain higher
resolution (Chapter 6.1.3 & 6.4). Diffraction quality was not substantially different and
crystal characteristics such as space group and unit cell were not significantly different.
Diffraction had moderate anisotropy so the data was reprocessed using Xia2 DIALS and the
subsequent unmerged data was anisotropically corrected using the STARANISO server to
establish diffraction model based on ellipsoidal cut offs. This permits weak and incomplete
resolution shells to contribute to map calculation. Data collection and refinement statistics

are given in Table 3.6.
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and refinement

Data collection

Table 3.6: SEN89 R isomer soaked into $123C PgsR®*3% table of crystallographic collection

PgsR%+3%9 $123C SEN89 R

isomer soak
Beamline 124
Wavelength (A) 0.9998
Space group P6522
a,b, c(A) 118.493 118.493 117.079
o, B,v(° 90.090.0 120.0

Resolution (A)

Ellipsoidal resolution (A) (direction)

No. of reflections (ellipsoidal)

102.62 - 2.54
3.306 (a*)
3.306 (b*)
2.536 (a*)

162127 (7841)

No. of unique reflections 8795 (441)
(ellipsoidal)

Rmerge (%) 8.9 (171)
Mean 1/Sig(l) 23.6 (1.8)
Completeness spherical (%) 52.9(8.8)
Completeness ellipsoidal (%) 87.5(77.5)
Redundancy 18.4 (17.8)
CC»% 1.000 (0.63)
Refinement

Resolution range (A) 102.83 - 2.54
R/Rfree 0.247 / 0.299
Mean B-Factor (A) 76.7
r.m.s.d bond lengths (A) 0.003
r.m.s.d bond angles (°) 1.272
Ramachandran plot statistics (%)

Preferred regions 92.54
Outliers 0.50
PDB ID
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3.7.2 Racemate preference not highlighted by crystal soaking

Soaking of the racemate SEN89 had clear electron density in the binding pocket with distinct
structural features showing that the benzimidazole group was buried in pocket B and the
phenyl extended into pocket A adopting a similar position to that observed in SEN19.
However, the enantiomer identity around the secondary alcohol was difficult to determine.
Both R and S isomers could be modelled into the positive Fo-Fc density and examination of
each isomer after refinement showed negligible differences. This suggested that either S or
R isomer was able to bind to the pocket. Higher resolution may have been sufficient to

resolve enantiomeric preference but at 2.9 A this was not possible.

lle149

Figure 3.23. Electron density maps for SEN89 racemate soaked into PgqsR%*3%%, SEN89 is coloured in
orange (S is modelled) Residues within 4 A of SEN89 are coloured slate. 2Fo-Fc map is shown in orange
contoured at 1 o with carve set to 1.6 around the ligand. SEN89 adopts a similar pose to SEN19. SEN89
binds across both subpockets A and B with the benzimidazole group occupying the smaller subpocket
B and phenyl extending into pocket A.

To determine if both enantiomers can bind independently, the racemate was separated by
chiral chromatography and provided as single enantiomer solids. These were independently
soaked and both yielded difference density in the pocket confirming that both enantiomers
were able to bind. Superposition of the two isomer structures showed variation in hydrogen
bonding distance to the alcohol. As shown in Figure 3.24 the R isomer possesses a more
favourable hydrogen bond with GIn194 with the distance between the amine and alcohol
being 2.9 A whereas the S isomer has 3.3 A distance. Additionally, the amine linker
connecting the benzimidazole has a more favourable interaction with the backbone

carbonyl of Leu207 permitting a stronger hydrogen bond interaction. The interaction with
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Tyr258 is deleteriously affected by the enantiomer change as the R isomer has a greater
centroid distance (6.3 A) compared to the Sisomer (5.6 A). The phenyl ring has shifted
position slightly such that the interaction is more parallel in the R isomer. These small
structural changes most likely account for more potent ICso with the R isomer reported by
Alaa Mashabi (Division of Biomolecular Science & Medicinal Chemistry, University of

Nottingham).

(A)

ne2s7  TY258

(B)

Gin194 Gin1%4

+ 294 33A S

Figure 3.24. Comparison of SEN89 enantiomer binding to PqsR'" (A) Independently solved S & R
enantiomers of SEN89 highlighting that both can bind with negligible change in position of the
benzimidazole core in pocket B. Structures represented as stick models with antagonists coloured in orange
and protein residues coloured in pink and yellow for R and S respectively. (B) The R isomer of SEN89 has
more favourable hydrogen bonding to GIn194 and the backbone carbonyl of leu207. The n-it stacking with
Tyr258 is weakened by a greater bond distance with a more parallel interaction adopted compared to the S
isomer.

123



3.7.3 Thermal shift analysis of both enantiomers

Although ITC was not possible due to the insolubility of both isomers, we attempted thermal
shift analysis at a relatively high concentration of DMSO (10%) with increased amounts of
glycerol to abate antagonist driven aggregation. Some studies have shown that binding data
can be attained from such experiments?32, Testing the sample at varying concentrations of S
and R isomers generated data that could be fitted to a one site binding model as shown in
Figure 3.25. This showed that the R isomer had greater apparent affinity compared to the S
(6.6 UM vs 14.7 uM). This is further supported by biosensor data (produced by Alaa

Mashabi) showing that the R isomer has greater potency.

Effect of R/S isomer on apparent melting temperature
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Figure 3.25. Comparing binding parameters of SEN89 enantiomers by thermal shift assay. Binding
parameters attained from a melt of PqsR%3% with varying concentrations of R and S isomer of SEN89.
Curve fitting performed in PRISM using a One-site model without constraints. Apparent binding parameters
given in the table (right). (n = 3).

3.7.4 Further interactions between SEN89 series and the pocket

Analysis of hydrophobic interactions show that the benzimidazole is sandwiched between a
series of hydrophobic residues including Ile149, Ala169, Phe221 and the polar residue
Thr265. The phenoxylacetonitrile group maintains a r-it stack with Tyr258 and the nitrile
adopts a similar position as observed in the SEN19 series buried in a cavity consisting of Val
170 and Leu189. As shown in Figure 3.26 by LigPlot the Rs3 substituents do not interact via

hydrogen bonding to other residues in the pocket. Furthermore, the fluorine atom on R4
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does not appear to directly interact with a carbonyl so it’s apparent gain in potency cannot

be explained with structural information. Presumably the atoms assists with compound

penetration or binding is benefitted from inductive effects on the phenyl group.
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Figure 3.26. Polar interactions between SEN89 and PqsR'®° binding pocket residues. LigPlot* rendering of

binding poses of SEN89 Racemate and independent isomer models (A,B,C) and derivatives (D,E,F).
Benzimidazole head group is sandwiched by the same hydrophobic residues (Ala 168 and 1le263) and
interaction between GIn194 to the chiral alcohol is observed in each structure. No hydrogen bond
interaction is observed with the R; substituents in the pocket. Ligands coloured in light orange and

interacting ligands with polar interaction in sky blue with red border. Hydrophobic residues are marked by a

red dashed wedge. Ligand and residues named in blue and green font respectively.

Superimposing the SEN89 series shows that the position of the R; group changes in an

unanticipated fashion between SEN89 and AM204-42 (Figure 3.27). The expectation would

be that the isopropyl atoms should have the same coordinates as found in the oxetanyl

group but in the AM204-42 model the group has rotated by 90° such that it adopts a more

parallel position to the bicyclic ring. Interestingly, as the LigPlot analysis (above) showed the

oxetanyl does not form hydrogen bonding with surrounding residues so the reason for this

movement is unclear.
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Figure 3.27. Rotation of R; group in SEN89 and AM204-42. Ligands represented as sticks with SEN89 (race)
antagonist and AM204-42 superimposed showing the rotation of the oxetanyl group relative to the
isopropyl. SEN89 and AM204-42 coloured in orange and purple respectively. Carbon atoms C1 from SEN89
& (C3 obscured by oxetanyl) C18 and C19 from oxetanyl labelled.

3.7.5 Rssubstituents optimisation for cross dimer interaction

Rs substituents were shown in the SAR to have a significant effect on potency. Structural
data suggests that two mechanisms explain this relationship. Extension of the Rs substituent
increases the number of hydrophobic interactions between the lid loop Leu 207 and the B-
sheet lle 263 (Figure 3.28). As such the Rs substituent is sandwiched between the residues
which would increase entropic contributions. The second is a function of the R3 group
protruding outside of the pocket, potentially being exposed to solvent that occupies the
dimer interface. Although not observable in the crystallographic model one would expect
the oxygen atom in the 2-methoxyethyl and oxetanyl group to act as a hydrogen bond
acceptor with water. This interaction may stabilise or destabilise the interface which
increases the observed potency of the compounds. This however does not explain SAR
observed with tertiary amines at Rz which also should be able to act as acceptors. As a route
to additional optimisation the size of the substituent could be increased further to form a
hydrogen bond with dimer Lys266 (Figure 3.28b). As the distance from the oxygen atoms to
lysine is 6.2 and 5.2 A for AM204-004 and AM204-42 respectively the addition of 1 or 2

methylene groups would produce an ideal bond length for interaction.
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Figure 3.28. Comparison of SEN89 R; substituent (A) Rs; groups sandwiched between Leu207 and 1le263 (B)
Rs substituent protruding outside of the pocket potentially interacting with solvent or influence dimer
stability. This presents an attractive opportunity to produce a new hydrogen bond by extending the R
substituent size.
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3.7.6 Benzimidazole shifts to accommodate Ri functional group

Superposition of SEN89 with M64, that also contains a benzimidazole moiety buried in
pocket B shows the chlorine atom from SEN89 occupies the same position as the nitro
group oxygen lending credence to the idea that this part of the pocket is spatially
constricted (Figure 3.29). The position of the benzimidazole has been shifted as the result of
having a larger nitro group, however, it may also be due to the greater rigidity caused by the

thioacetamide linker that the SEN89 series does not possess.

Shift in
Benzimidazole due
to bulkier nitro
group

Figure 3.29. Substituent effect on benzimidazole position. Superposition of M64 (light blue) and SEN89
(orange) showing the positional conservation of the function group coming from the benzimidazole and
subsequent shift in position of the bicyclic to accommodate the larger functional group.

3.8 PqgsR'®? in complex with a naturally derived antagonist — 488

3.8.1 Difficulties in soaking

The smallest PgsR antagonist characterised, 488, is a semi-synthetic natural product
analogue shown to have micromolar affinity using the CTX::Ppgsa-lux system — operating with
apparent less affinity compared to molecules in the SENBIOTAR project?33. Several attempts
to soak the ligand failed to produce expected electron density suggesting that the small
molecule either bound elsewhere or had especially weak affinity. In several cases the ligand
stained the crystals yellow, suggesting that the ligand had entered the lattice. Despite no
visual defects observed upon soaking crystals soaked with 488 showed compromised
diffraction >3.5 A suggesting the ligand had damaged the crystal packing. To promote

complex formation co-crystallisation was attempted by incubating PgsR%+3% with excess
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ligand (1:5) prior to crystallisation (using MPD conditions) but this only yielded dark brown

precipitate with crystal nucleation entirely abated.

It was surmised that the binding affinity may be too weak to compete out the pseudo-ligand
MPD which based on the known density (0.92 g/mL) and concentration range used for
crystallisation 3 - 8% represents an effective molar concentration > 0.234 M. As such the
soaking methodology was adjusted to titrate out the MPD using different cryo-protectants
that would increase binding pocket accessibility. Several were screened using the Hampton
cryo kit supplemented with 488 (adding around % volume to the drop) to determine the

optimal agent. The impact on diffraction is shown below in Table 3.7.

Table 3.7: Optimisation of solvent washing for 488 complex determination

Cryo-protectant Concentration® (% v/v) Diffracting power® (A)
PEG 200 25 3.26
PEG 400 25 4.83
PEG 500 25 3.5
Sucrose 35 5.14
Ethylene Glycol 50 2.93
Al’s oil 25 3.32

A. Concentration (calculated by accounting for % or % dilution of the CryoPro stock solution) B.
Resolution as determined by Xia2 DIALS. Diffraction on DLS beamline i24 set to 50% transmission.

As shown above most cryoprotecting agents except for ethylene glycol, Al’s oil, and PEG 200
negatively affected diffraction. Al’s oil is not as favoured for ligand determination as it
comprised of components with varying molecular weight which could bind non-specifically
to different areas, especially true for a protein with hydrophobic patches. PEG 200 was not

too detrimental but its resolution was clearly weaker compared to ethylene glycol.

3.8.2 Structural solution of 488 binding to PqsR%+3%°

488's relatively small size presents a challenge to accurate structural determination given
resolution limitations. Additionally, the predicted position of the ligand overlaps with the
modelled position of MPD solvent. Modelling of the ligand therefore required in priori
knowledge of solvent binding to prevent mismodelling. Map calculation with apo-PqsR%4-3%°

and subsequent refinement showed a large, cylindrical patch of unmodelled density which
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was larger than that of MPD. Additionally, contouring the difference map at o = 3 showed
MPD is partially excluded from the density which adopts a perpendicular position relative to
MPD. As shown in Figure 3.30 the electron density was asymmetrically proportioned with a
larger patch observed towards the centre of pocket B. This agreed with the expected shape
of 488 with a heavier chlorophenyl group and smaller pyrrolone. Previous investigation
validated MPD’s position by omit map at a higher resolution (2.5 A), therefore its
positioning should be reliable for comparison. To improve structural feature determination
the data was further processed using STARANISO which extended the resolution to 2.6 A.
STARANISO functions by performing anisotropic cut-offs of merged intensity data to

estimate structure amplitudes based upon an ellipsoidal model.
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Table 3.8: Crystallographic data collection and refinement statistics for PqsR'8° in complex

No. of unique reflections

11068 (1739)

Rmerge (%) 9.4 (139.6)
Mean 1/Sig(l) 17 (1.7)
Completeness (%) 99.9 (99.8)
Redundancy 19.3 (18.4)
CC% 0.999 (0.89)
Refinement

Resolution range (A) 39.71-2.95
R/Rfree 0.218/0.264
Mean B-Factor (A) 132.0
r.m.s.d bond lengths (A) 0.0033
r.m.s.d bond angles (°) 1.270
Ramachandran plot

statistics (%)

Preferred regions 95.02 %
Outliers 0

PDB ID

Ellipsoidal resolution

(A) (direction)

No. of reflections
(ellipsoidal)
No. of unique
reflections (ellipsoidal)
Rmerge (%)
Mean 1/Sig(l)
Completeness
spherical (%)
Completeness
ellipsoidal (%)
Redundancy
CC»%

with 488
Data collection PqsR%430°-488 Data collection PqsR94309 488
complex

Beamline 124 Beamline i24

Wavelength (A) 0.9687 Wavelength (A) 0.96872

Space group P6s22 Space group P6522

a,b, c(A) 121.207, 121.207, a,b, c(A) 121.403, 121.403,
115.274 115.506

o, B,v(° 90, 90, 120 o, B,y (°) 90.090.0 120.0

Resolution 41.76 - 2.95 Resolution (A) 105.138 — 2.594

3.219 (a%)

3.219 (b*)

2.473 (a%)
374572 (18996)

10563 (528)

10.5 (164)

15.8 (1.7)

65.6 (14.9)

95.4 (86.4)

35.5 (36)
1.000 (0.891)
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Figure 3.30. Unmodelled ligand density from 488. Positive density (coloured in orange) from Fo-Fc map
contoured to 3 o in binding pocket with the previously established position for MPD shown as orange sticks.
The positive density extends into sub-pocket designated B1.

Ligand fitting into the density was successful as electron density matched the expected size
of the ligand however, the alkene group was not covered in electron density at 3 o.
Interestingly, after refinement positive density peaks appeared around the ligand suggesting
the ligand’s position within the binding site may be slightly mobile or that low occupancy
water was present. Using higher resolution data from 4JVC two waters were added in
agreement to their previously observed positions. The positive density close to the ligand
reduced, but not entirely suggesting the remaining difference is likely due to noise. This
noise was reduced when STARANISO corrected data was applied suggested the elevated
noise was due to anisotropy. Analysis with POLDER confirmed ligand presence as the
correlation between the synthetically generated data (assuming presence) and the
experimental data is higher than that produced by bulk solvent. POLDER functions by
excluding bulk solvent that may obscure weak electron density?3°. Inspection of the omit
map and polder map, shown in Figure 3.31, showed good density coverage on the omit map
and reasonable fit to the POLDER map which had a larger size than expected. This could be
due to bulk solvent protrusion into the binding site that has not been fully accounted for
combined with the relatively weak resolution. In the ellipsoidally cut data, with higher
resolution (2.5 A), density surrounding the 488 ligand is better defined. In all cases the

electron density for the second MPD molecule remained presence after refinement.
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Figure 3.31. Electron density of 488 in PqsR'® binding pocket (A) 488 2Fo-Fc map generated by
REFMAC5%2 (1 o) (B) 488 simple omit map created by Phenix (3 o) (C) 488 POLDER map (5 o) (D) Fo-Fc
density (3 o) surrounding the ligand from STARANISO corrected data. 488 ligand and MPD depicted as
orange sticks.
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3.8.3 488 interactions with PgsR binding pocket

488 possesses a unique binding pose within pocket B. It adopts an elevated position taking it
closer to the loop lid rather than towards pocket A (shown in Figure 3.32) in a subpocket
designated B1. 488 binding is mediated by three key interactions. The first being a halogen
bond between the chlorine atom and Thr265. The second is a weak electrostatic interaction
between the NH from the pyrrolone and hydroxyl oxygen of Ser196 (bond distance 4.5 A).
Lastly, a hydrogen bond was observed between the ketone and the backbone amide
nitrogen of Leu197 (3.2 A) with the latter serving as a hydrogen bond donor. It is likely this
bond is responsible for orientating the ligand. As shown by LigPlot 488 is further supported
by hydrophobic interactions clustered around the chlorophenyl head group and include

interactions from lle149, Alal168, Pro238, Phe221 and lle236.
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Figure 3.32. Interaction between 488 and PqsR'®° (A) Model of 488 binding to PqsR'® highlighting three
key electrostatic interactions. Halogen bond between the chlorine atom and Thr 265; hydrogen bond
between pyrrolone and Leu197 backbone and electrostatic interaction with Ser196. (B) Interaction map of
488 generated using LigPlot* showing a hydrogen bond between the pyrrolone and peptide backbone of
Leu197. Ligplot also shows the chlorophenyl group to be supported by hydrophobic interactions from
pocket B residues. (C) Superposition of 488 and NHQ showing the unique orientation of 488 with pyrrolone
occupying pocket B1.

Although not disclosed the progenitor of 488 by chemical similarity is likely cladodionen

(shown below, abv. Clad) isolated from the marine fungus Cladosporium sp. Z148. A
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previous docking study with Clad suggested a different binding pose to 488 in which the
antagonist caressed the lid loop rather than occupying pocket B!, The different orientation
may be explainable by the chlorine atom forming a halogen bond with Thr 265 thus
stabilising 488’s different binding pose. Additionally, a recent series showed that the activity
of 488 could be optimised further by extending the alkene with a 2-mercaptopyridine
group?34. Assuming the ligand adopts a similar position to 488 the group could penetrate

pocket A to make a m-mt stacking interactions with Tyr 258 (Figure 3.33).

0
/
N NH
O
| NH
\S
F y N

—

Figure 3.33. 488 natural product congener. Cladodionen (left) natural product isolated from Marine flora
and semi-synthetic analogue 488 right. Newly reported series baring a 2-mercaptopyridine surmised to
interact with Tyr 258 in pocket A. Varied substituents are marked in blue.

3.8.4 488 is a destabilising fragment

Binding was initially validated by Dr Pantalone (University of Nottingham) using ITC giving a
dissociation constant of 1.74 uM?3>, To further validate the interaction a thermal shift
experiment was carried out which highlighted the compound destabilised the proteinin a
concentration dependent manner (Figure 3.34). Interestingly, destabilising fragments have
been characterised in the literature as difficult to optimise as the compound is presumed to

bind to both the folded and denatured states with some notable exceptions?36 237 238,
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Figure 3.34. Concentration-dependent destabilisation by 488. Waterfall plot showing 488 induced
destabilisation in a concentration dependent manner. Melting temperature marked at each concentration
with a red line. Experiment conducted on PqsR®-3% (n = 2 for each concentration tested).

3.8.5 Circular dichroism to measure 488’s impact on PqsR'®P secondary structure
To further explore the nature of the halogen bond to Thr 265 and the preservation of
chlorine atom position in SEN19 and SEN89 we decided to use 488 as a chemical probe to
explore this interaction more comprehensively. We hypothesised that replacement of the
threonine residue with asparagine would shorten the interaction distance thus increasing
bond strength whilst the alanine mutant would limit interaction. Circular dichroism,
although not often used for ligand binding interrogation, can provide key information
regarding in solution structural changes that are not apparent in static crystal soaking or
described in the thermodynamic parameters outputted from ITC. Samples were dialysed
into a CD compatible, low chloride buffer, in which the ion content was replaced with NaF
and buffering system changed to phosphate. At the beamline, the samples were further
adjusted with small quantities of concentrated HCl to abate sample aggregation. Melting
curves, as shown in Figure 3.35, performed on the mutants in the absence of 488 compound
highlighted that secondary structure remained largely similar with respect to Beta strand
and Turn components. However, T265N showed an increase in helix content at the expense
of disordered components. This effect was more prominent with the T265A mutant showing
a change of 9.4% compared to the wildtype. Comparing the wildtype protein to the
theoretical values from DSSP analysis of PDB 4JVC showed good agreement?3°, The largest
area of discrepancy lies with the helical content (11.6%). Thermal melts with all samples

revealed similar secondary structure changes with an increase in helical and beta sheet
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components at the expense of turns and disordered content. Whilst the transition for beta

sheet was smooth the change in alpha content could not be fully described by a Boltzmann

melt curve likely due to sample aggregation at high temperatures.

(A)
PqsR'®? Alpha (%) Beta (%) Turn (%) Other (%)
Wildtype 17.64 28.79 13.97 39.61
T265A 27.03 24.88 12.66 35.43
T265N 23.79 26.4 13.11 36.7
DSSP 4JVC 29.2 25.5 14.8 30.6
(B) (©)
Melting of PqsR-BP WT Melting of PqsR“EP T265A
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Figure 3.35. CD analysis of secondary structure content of PqsR'®° (A) Secondary structure content at 20°C

with respect to alpha, beta, turn and unassigned content. Assignment is based upon characteristics defined

by DSSP?%. Changes in secondary structure as a function of temperature (B) Wildtype, (C) T265A and (D)

T265N PqsR%*332 35 determined by monitoring Far-UV (200 — 250 nm) as a function of temperature.

Measurements taken on a Chirascan instrument at Diamond Light Source (B23).
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Figure 3.36. Effect of 488 on PgsR CD melting spectra. Far-UV CD spectra as a function of temperature. Spectra is colour coded with respect to temperature with lower
temperature represented as red and higher temperature shown with light orange. Black line shows a return to 20°C after the melt highlighting an irreversible change.
Sample data attained on a Chiroscan instrument at concentrations of 32.98, 12.61 and 14.9 uM for wildtype, T265A and T265N respectively with 488 ligand added ata 3

molar ratio. Melting temperatures were determined by fitting a Boltzmann curve to Molar circular dichroism (Ag) (219 nm) plotted against temperature (fits can be

found in Appendix 9.7).
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Calculation of the apparent melting temperature of the apo protein was 49.3°C which was in
good agreement with the temperature determined by thermal shift (52.9°C). Differences
between melting temperature determination are due to methodological differences in data
collection. A CD experiment monitors secondary structure elements as a function of
denaturant (wavelength 170 — 260 nm) whilst a TSA experiment monitors the unfolding of
the tertiary structure through the subsequent exposure of hydrophobic residues.
Differences have been reported in the literature with often DSC showing greater agreement
with CD but relatively little investigation has been performed to explain discrepancies
between these two methods?*! 242, Based on the apo melt curves the wildtype protein had
the greatest stability followed by T265A and T265N. This shows the inclusion of more polar
residues into the binding pocket is disfavoured. Unlike thermal shift CD showed that 488
stabilised secondary structure slightly in the wildtype protein (+0.7°C). Unexpectantly, this
stabilisation effect was increased in both mutant samples with the largest increase in
stabilisation observed in the T265N mutant (19.5°C). This large increase could be due to the
ligand compensating for the destabilising T265N mutation. Contrary to our hypothesis

T265A did appear to bind to 488 with a shift of 3.23°C observed.

Near UV measurements describe the chromophore environments of aromatic residues
including tryptophan and to a weaker extent tyrosine and phenylalanine. This permits
limited analysis of tertiary structure from CD data but unlike far UV cannot be assigned to
specific structural features. Near UV experiments conducted on PqsR'®° showed only a weak
near UV signal whilst the ligand expectedly possessed no CD signal (achiral). As shown in
Figure 3.37 monitoring of near UV (240 - 320 nm) regions in response to ligand addition
highlighted that for wildtype, T265A and T265N mutants an induced CD (ICD) signal is
observed?*3. As ICD only occurs upon the restriction of conformational freedom arising from

intermolecular interaction, we can infer that 488 binds to all three constructs.
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Figure 3.37. Near-UV acquisition for PqsR-488 host guest interaction. (A) Wildtype (B) T265A (C) T265N.
Ellipticity is given as millidegrees (mdeg). Each sample was scanned 4 times at 20°C with averaged signal
plotted. 488 ligand added to protein sample in a 1:3 or 1:3.24 ratio (specified in graph key). CD from achiral
488 ligand shown in blue possesses no significant signal. Apo samples (black) all show weak signal. Signals
from 488-9*PqsR33*2 complexes are shown in red and are significantly higher than the theoretical summation
of 488 + **PqsR*? signals (dashed red line) highlighting the occurrence of induced CD. High residuals
observed in the dashed blue and purple lines further indicate that the induced CD cannot be accounted for
by 9*PgsR33*2 alone or by the summed signal from %*PqsR332 + 488. A colour key indicating spectra origin is

given on the bottom right.

3.9 Lack of Clofoctol density

Determination of binding pose for the novel antagonists shown above represents a
significant step in lead development and can aid subsequent SAR to find more potent
agents. However, typical pharmaceutical drug development is handicapped by significant

time investments. The associated costs and time to optimise a new agent and risks
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associated with toxicity and unfavourable ADME characteristics can complicate
development?**, An alternative strategy involves screening approved therapeutics against
different targets to identify agents with favourable “drug-like” features?*°. A popular
screening tool is the PHARMAKON FDA approved library (currently consisting of 7,538

compounds). A screen conducted previously?4®

, using a similar luciferase biosensor,
identified clofoctol to be a promising agent with ICso of 20 uM towards pgsA promoter
inhibition. To determine its binding mode to PgsR, soaking was conducted as above but
subsequent examination of electron density maps produced by both DIMPLE?*’ and phased
independently with PHASER?*® and REFMAC?23 on multiple crystal soaks (n = 7) revealed no
additional electron density. Clofoctol, unlike other antagonists tested was highly soluble
(reflected by a high predicted LogP), suggesting that a lack of density was due to
weak/limited binding rather than s