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Abstract

Pseudomonas aeruginosa an important opportunistic pathogen that belongsugperbug
microorganisms and showan increased number of muitirug resistant (MDR) clinical
isolatesP. aeruginosaias three hierarchically organised quorum sensing (Q&2ll to cell
communicatiorsystems namelas, rhl andpgs Thelas andrhl are clasic QS systems that
useanN (3 oxodolddoanmeelr ) as autoinducets.oThies system is the
major QS system of the cell and controls the other two and there is partial redundancy with the
rhl system regarding the genes and functions cdettbly the systenT.hepgsquorum sensing
system ofP. aeruginosas a major regulatory network that controls the expression of genes
involved in virulence, biofilms, oxidative stress and iron acquisition, especially in chronic
conditions. The transcriptial regulator of thgggssystem if2PqsR which becomes functional
upon direct binding to theain autoinducer of the receptor, PQS and its precursor HHE).
inhibition of QS and in particular thggssystem is an approach to decrease the virulene of
aeruginosa in vivpimprove the outcome of antibiotic treatments and decreasePthe
aeruginosaassociated morbidity. This work aims to develop PgsR antagonistgtéraiating

the pathogenicity and sestance of one of the most critical pathogens by designing and
developing a range of novel QS inhibitors targeting the transcriptional regulator (PgsR) of the
pgssystem which is distinct tB. aeruginosaDifferent chemical approaches are employed to
syrthesise a range of compounds, and the selected candidates are validated through different
biological evaluations and molecular structure analysis. Chagtauses mainly on 8AR

study for the selected hibunded byin silico screening, with a quinazol(3H)-one scaffold

which is similar to the natural substrate of the receptdhbpter3, the work aimed to expand

the SAR further by replacing the quinazeli(BH)-one moiety with different heterocyclic ring
systems; it was concluded that the optimal replacement isntetHyt1H-benzofllimidazol

2-aminering. Many attempts were established to identify the optimal conditions to synthesise



this series by employing different strategies, and the selected pathway was successful in
synthesising a range of analogues with good y{@ddl. based reporter gemssaywith P A G 1

L CTgKgslaukt r a P.naerggihosawas empl oyed htto aevalvuate
compo.brinrdtshet meracti vei t bmpaoambome!| awe rgeoa | eynsceyd
i py o c y quarnitifitation assay.20was analysed further @kyl quinoline quantification
assayagainst different genomic classesPofaeruginosa The crystal structurs of PgsREP
complexed withkey compoundgresented in chapt@and3 wereattained.These biological
evaluationsare presented ithis workin an attempt to prove the concept and valitaisRas

a relevant therapeutic targéurthermore, a cytotoxicity study of the most active compounds

in the series was conducted to investigate the therageutaity index of these compounds
before proceeding to than vivo study. Overall, this project has led to the successful
developmenof hit to lead optimization study starting with previously identified compdind
(4-(3-(6-chloro-4-oxoquinazolin3(4H)-yl)-2-hydroxypropoxy) phenyl) acetonitrild.6 (ICso

= 3.2 uM in PAOLL) leading to a new series of potent benzimidazole containingconus.
2-(4-(3-((6-chloro-1-isopropyt1H-benzofllimidazol2-yl) amino)-2-hydroxypropoxy)
phenyl) acetonitril8.20(PAOL-L ICs00 . 1 3 |, PA14DIG,0.09 + 0.01uM) is one of

the most potent PgsBntagonists in this series with high potency inhibitiompg$ system
signalling. In addition3.20showed wide spectrum efficacy against different genomic classes
of P. aeruginosawith significant inhibition ofP. aeruginosgyocyanin and AQ production.

The cocrystal structure 08.20 and some analoguesith PgsRBP were determined which
revealed specific binding interactions of this new class of inhibitors. In addition, cytotoxicity
studies revealed th&20had a good safety margin against a humahlioel which support

3.20 progressionto a murinein vivo study. However, it is critical to establish further
pharmacokinetic# vitro andin vivo assays as well asbiofilm formation model to evaluate

the efficacy or safety of the novel candidate whighbayond the scope of this thesis.
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1 Introduction

1.1 Background

1.1.1 The history ofantibioticresistance

Polymyxin
Penicillin Cephalosporin stomye
Ersthioayek Daptomycin
1920 1940 1950 1970-1980 1990 2000
No new antibiotic
CLASS discoveries
Streptomycin Carbapenem

Monobactam

Figurel-1: The timeline of antibiotic development over the last centuryNo new class of antibiotic has been
identified since 1987.

Over the past decades, the number of Aulig resistant (MDR) bacterial clinical isolates,
specifically gramnegative pathogens, has rapidly increased. At the same time, since 1987, no
new class of antibiotic has been developed for gnagativebacterig Figurel-1), and allnew

recently approvedntibioticshave been based on modifications of existing antibiotic classes.
This latter fact is surprisgnnot only because industrial and academic research was heavily
supported during this period but also because of the revolution in novel technologies, such as
genomic and higithroughput screening, which were introduced and applied to improve the
productiuty of drug discovery programmes. The combination of increasing emergence of
MDR strains and the lack of discovery of new classes of antibiotics represents a serious threat
to human health, as it could lead to the disarming of healthcare providers atttbeabainst

bacterial pathogens at some point. MDR strains are the primary threat to hospitalised patients



and have been associated with mortality rates ®7806.> As a result of this increasing
morbidity, mortality rates could reach the levels seen prior to the antibiotic era. However, the
emergence of MDR clinical isolates is not recent; it has been a persistent threat from the
beginning of the antibiotic period. For example, penicillin was discoveredléyander
Fleming in 1928, and in 1940, several years before it was used to treat infections in patients, a
bacterial penicillinase was identified by two members of the penicillin discovery?téam.
addition, penicillinresistant strains dtaphylococcus aurewgere isolated in 1944, only two

years after the introduction of this antibiotic into the matket.

The spread of resistance before the introduction of antibiotics into clinical practice was limited
because of the absence of selective pressure from antibiotics. This pressure is a result of
external influences, such as antibiotics, which lead to Hatelection and differential survival

of one group of organisms over another. In this case, antibiotics cause selective pressure by
killing susceptible bacteria which allows antibiet&sistant bacteria to survive and proliferate,
thereby considerably aelerating the emergence of MDR strains. A similar trend has been
observed for all antibiotics developed to date, with resistance observed before or shortly after
first clinical use and a gradual increase in the proportion of resistant isolates over time.
Typically, resistance usually affected a single antibiotic or antibiotic class. However, this has
changed with the phenomenon of mudtug resistance, which was first observed in
enterobacteria during the late 1950s and has been spreading evéisiasituation has now
become highly critical with the increase in the number of MDR microorganisms, popularly
known assuperbugs This term refers to any type adidterium highly resistant, due to multiple
mutations, to most antibacterial agents currently available causing severe therapeutic
challenge. The gramegativePseudomonas aeruginogaa superbug which usually causes
different types of acute and chronidantions associated with high morbidity and mortality

rates? In 2017, the World Health Organization (WHO) called for urgent development of new



antibiotics agaist a list of antibiotieresistant strains which pose the greatest threat to human
health. One of the tepriority pathogens in the list which nesschmediate intervention is the
carbapenennesistant strain oP. aeruginosg therefore,P. aeruginosas the scope of this

work.

1.1.2 The opportunistic pathogdtseudomonas aeruginosa

P. aeruginosais a ubiquitous aerobic monotrichous rod with a polar flagellum conferring
motility to this organism. It also has protein structures on the surface known as pili which are
responsible for adherence to the infected epithelium. As a-gegativebacterium its cell

wall is made of a single layer of peptidoglycan surrounded by a membranous structure called
the outer membraneFigure 1-2). It produces several fluorescent siderophores, including
pyoverdine and pyochelims well as a blugreen pigment called pyocyanin which gives

aeruginosaa characteristic appearance irtere medie

Plasmid Pili
Flagellum \ t
. SR Nucleoid
/' . l . 3 (circular DNA)
Ribosomes Alginate

gram-negative bacterial cell wall

outer lipid membrane _, BIATRTRTRTRRTRTATRISATRIRISNATRTRERIR AT Y
i Ll LAl d

peptidoglycan = periplasm

inner lipid membrane -»

cytoplasm

Figurel1-2: The basic structure ofPseudomonas aeruginosahe enlarged section shows the common structure

of the gramnegative cell wall, including that &f. aeruginosa

The adaptability ofP. aeruginosaallows it to grow in a wide range of environments and

conditions with temperatures ranging from 5.5 to 4%A@ pH from 4 to §. This adaptability

3



to different environments is due to the genetic flexibility provided by its large and complex
genome, as will be discussed later (sectich4). The pathogen can be found in different
locations in the hospital environment and on medical equipment; as a resdt) he
transmitted from patient to patient by healthcare provitlBrsaerugimsais an opportunistic
pathogen which means that it rarely affects healthy individuals, and the infection can be
initiated by different triggers that cause a break in-firet defences of eukaryotic host cells.
These triggersngendebreaks in normaluitaneous or mucosal barriers can result from trauma,
surgery, serious burns, or catheter devices or disruption of normal protective mucosal flora by
broadspectrum antibiotics. Another possible factor is alteration of immunological defence
mechanisms in c&s such as chemotherapguced neutropenia, mucosal clearance defects in

cystic fibrosis (CF), AIDS, and diabetes mellifus.

1.1.3 Clinical manifestations

P. aeruginosds an uncommon causd pneumonia in healthy individuals or of community
acquired pneumoni®seudomonagneumonia mostly occurs in an immuc@mpromised host

with haemorrhagic and necrotising lung patholdgyospitatacquired pseudomonas
pneumonia is most likely to occur in patients with HIV or chronic obstructive pulmonary
disease (COPD), or in patients who have undergone surgery or trachedSRragruginosa

is the most frequent and important pathogen responsible for chronic infection in patients with
CF, with a reported rate of colonisation up to 88%he major determinant of morbidity and
mortality due to this infection is recurrent endobronchiaatibn and exaggerated neutrophilic

inflammation!2

CF is a genetic condition caused by autosomal recessive inheritance of mutations, or in other
words, both parents carry one copy of the mutated gene, cystosifibtransmembrane
conductance regulatoEFTR) genel? This mutation causes dysfunction of the CFTR protein
which is an ion channel in epithelial tissue and controls the flow of water and chloride ions into

4



ard out of cells. This protein is present inside the cells that produce mucus, sweat, saliva, tears,
and digestive enzymes, and its malfunction leads to the disruption of the balance of ions and
fluid and production of mucus that is abnormally thick andksticThe abnormal mucus
obstructs the airways atichits pathogen clearance from the lumgyich is the main cause of

CF symptoms?2 Deficiency in the physical clearance defence mechanism of the respiratory
system leads to earl recruitment of inflammatory defence mechanisms involving
polymorphonuclear leukocytes (PMN) and antibodfeBherefore, from early childhood, CF
patients have recurrent and chronic respiratory tract infections characterised by PMN
inflammation®® Despite the inflammatory response and intensive antibiotic therapy, biofilm
formation is initiated byStaphylococcus aureS. aureusat an early stagend as infection
progressespP. aeruginosaeventually becomes therguominant pathogenic resident and
persists for decades as a chronic infection leatdirigeatment failure and sometimes the need

for lung transplantatiotf

FurthermoreP. aeruginosas associated with bacteraemia, and it currently accounts for 15%
of gramnegative bacteraemia casésnterestingly,CF patients are rarely diagnosed wi#th
aeruginosabacteraemia, which may be due to the high levels otilaiting P. aeruginosa
antibodies and the main infection of CF patients being localised pneutfdiiia. hospital
mortality associated witR. aeruginosaloodstream infections is reported to be greater than
20% in most cases and is higher among patients who have been under inappropriate initial
antimicrobial regimens’ Some local infections, such as eye or ear infections, remain at the
infection site while others, such as wound or burn infectioaesult in bacteraemia. The
difference in response may be due to host defences and initial tre&trRarthermoreP.
aeruginosacauses urinary tract infections associated with the use of catheters as a major factor;

no specific characteristic distinguishteg infection caused by this organism from other types



of urinary tract ifiections. This type of infection is usually treated with a variety of

antipseudomonal drugs with good resdilts.

1.1.4 Genomic structure and diversity

The large genome size (55 million base pairs [Mbp]) and genetic complexity Bf
aeruginosacompared to the other 25 sequenced bacterial genomes, reflect the evolutionary
adaptations which permit this pathogen to thrive in diverse ecological Rfthralysis of its
genome sequence has shown that this pathogen has a core genome fouhdaieratiinosa
strains which is highly conserved among clonal complexes with sequence diversities between
0.5/0.7%. In addition, P. aeruginosahas an accessory genome which consists of
extrachromosomal elements like prophages, transposons, insertion sequences (3§, geno
islands (GI) and plasmids which are inserted into the chromosome at varioégsTlbei.
transferable genetic elements of the accessory genome can be present in subgroups of the
aeruginosagpopulation, but may also occur only in single strains in variable proportions up to
20% of the whole genome. The composition of the accessory geatmments for most intra

and interclonal genomic diversity and rapid antibiotic resistanc®.imeruginosawhich is
apparently acquired by horizontal gene transfer from different sources as will be discussed in
Section1.3.2%0 It is important to consider these variations in drug discovery projects and
identify targets conserved in all strains of this bacteriunfooysing on core genes and
avoiding targeting the accessory genome. Indeed, the fast increase in avaitdrieginosa
genome sequences, due to the revolution in sequencing technologies, is expected to provide
the field with an unbiased overview of the genetic repertoirB.deruginosgpopulations

which can guide target selection.

The first complete genome sequencelysia was performed for the PAO1 strain Bf
aeruginosavhich was isolated from the infected wound of an Australian patfefihis strain

is regarded as the major reference for genetic and functional studies in most laboratories. PAO1
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consists of a 64Mbp circular chromosome encoding 5,570 predicted prateding
sequences. The second most studiederuginosastrain is PA14, a clinical isolate which is
considered more virulent than PAOL. According to open reading frame (ORF) analysis, PA14
contans 58 regions that are absent in PAO1, including the PA14 pathogenicity islands PAPI
1 and PAP4#2.22 Both PAPI islands encode a cluster of discrete virulence genes which may
confer additional pathogenic functions to this strain. Another clinical isolate (PA7) of
Argentinian origin shows an unusual antimicrobial resistance pattern and is considered a
taxanomic outlier ofP. aeruginosaln addition, LESB58Liverpool epidemic strain) is a strain
isolated in 1988 from a CF patient from Liverpool. It is characterised by early overexpression
of the celtdensitydependent quorum sensing (QS) regulon (for metaild seeSectionl.5),
including virulencerelated secreted factors such as elastase and pyocyanin. Furthermore,
LESB58 is known to be a biofilm hyperproducer &iad the potential to cause severe infections

even in norCF patient$*



1.2 Current therapy foPseudomonas aerugpsainfections

121 6Traditional 6 approaches

Antimicrobial chemotherapy is still the cornerstone of treatmen® faeruginosanfections

in the clinic. GenerallyP. aeruginosastrains are susceptible to bresgpkectrum penicillins,
cephalosporins, monobactams, and carbapenems which all share tHelaatam core ring

with variable substitutions and extensions. Aminoglycosides and fluoroquinolones have also
been introduced tdinical practice since the 1986%The most common combination used for

P. aeruginosainfections is intravenous therapy with piperacillin or ceftazidifag¢tam
antibiotic) with an aminoglycoside which has been effective for the last two defades.
However, the emergence of resistance against this treatment, particulatgngivie care and
patients with chronic disease, has called for alternativbdactam is a class of antibiotic
targeting penicillinbinding proteins which are enzymes that contributéhto synthesis of
peptidoglycan, the vital constituent of bacterial cells, which leadsttdytic processesithin

the cell?® In response to this selective pressure, the pathogen relehdastamase enzyme

that hydrolyses theb-lactam ring and deactivates the antibiotic. Recently, two new
cephalosporing ceftazidimeavibactam and ceftolozattezobactami combined withb-
laccamase inhibitor have been introduced to the clinic; this combination has been effective
against this type of resistantn the other hand, the bacterium employs a different resistance
strategy against aminoglycosides which have a bactericidal effect by inhibiting protein
synthesis essential for survival. These strategies are exemplified by the production of
aminoglycosidanodifying enzymes (AMEs) and modification of the target of
aminodycosides with different mutational strategfésAnother strategy to combat MDR
strains is the revival of old polypeptide drugs, colistin and polymyxin B, whose use was

abandoned for many years because ofrtmaurotoxic and nephrotoxic side effects.



Nevertheless, the vital need for more active therapy has led to their relaunch in clinical practice.
These cationic polypeptide antibiotics work by disrupting the outer cell membrane by
interacting with anionic plopolysaccharide (LPS) molecules leading to the displacement of
calcium (C&") and magnesium (Mg) and neutralisation of the lipopolysaccharide, thereby
increasing the permeability of the bacterial membrane and leakage of cell céhzagpite

the novelty of the mechanism of action of these antibiciPsaeruginosasolatefrom a high

risk clone has shown new resistant isoforms to these antibiotics which emphasises the urgency

of finding alternatives?

1.22 The o6modi fications of current cl assesbd
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Figurel-3: Thed mo d i f of cuarént clagses of antimicrobial drug® a p p Mhedesidnof cefideroco)
a new memberof the cephalosporin family, by employirgephalosporin core with side chains similar to
ceftazidime and cefepim&he aminothiazole ring and carbopsopyloxyimino group(highlight in yellow)block
recognition and inhibit hydrolysis by-lactamases A catechol 2Zchloro-3,4-dihydroxybenamide moiety
(highlight in red)functions as the siderophore mimic. a pyrridoline ifinighlight in greenonfers zwitterionic

properties, similar to those of cefepimehich enhance water solubility of the molectfe



All the recent improvements in the field are associated with meatidns of analogues of
current classes of antimicrobial drugs that share the basic chemical structures and mode of
action. For example, cefiderocol is a new member of the cephalosporin family and shares its
side chains witlteftazidime anaefepimewhich block recognition and inhibit hydrolysis by
b-lactamases. Its novelty is due to the extension of one side chain by a cateblorb3,4-
dihydroxybenamidemoiety which enables ferric ion binding to create a cefideiiaomh ion
complex. Active iron transport systems then facilitate the transport of the complex across the
outer membrane to the periplasmic space where dissociation occurs releasing the cefiderocol
moiety to bind to penicillirbinding proteins. This strategy reduces the raesc# associated

with cell membrane permeability in addition to the ability to overcome resistanbe to
lactamase in the first place. in vitro assays, cefiderocol is more potéiman ceftazidime
avibactam and ceftolozattezobactamagainst different MDRstrains, including the strain
highly resistanto carbapenem. In clinical studies, this antibiotic seems to address the problem
of the highest priority strain (carbapeneesistant strain) at least at present. A completed phase

Il clinical trial (ClinicalTrials.govidentifier: NCT02321800) has shown clinical efficacy and
safety of intravenous cefiderocol in patients with complicated urinary tract infections. Further
phase Il clinical trialgprovided evidence of cefiderocol efficacy in the treatment obssri
infections caused by carbapenessistant strains (ClinicalTrials.gov identifier
NCT02714595) and the efficacy and safety of intravenous cefiderocol compared
to meropenem and linezolid, a synthetic antibiotic in the oxazolidinone class, in patignts wi
hospital pneumonia (ClinicalTrials.gov identifi&dCT03032380) Both studies have resulted

in cefiderocol being approved for use in the clinic.
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Murepavadin is @other example of the recent progress in this area with a novel mechanism of
action (Figure 1-4). This antibiotic isa highly active and selective weapon agaiRst
aeruginosaasa 14 amino acid synthetic peptidomimetic. It is the first antibiotic targeting the
outer membrane protein transporter LptD which is responsible for transport of
lipopolysaccharides from the periplasmic sidegh® outer membrane to its final location on
the cell surfacé! Inhibition of this transporter causes alterations to lipopolysaccharide in the
outer membrane and ultimately bacterial cell detilthough the clinical studies of ith
antibiotic progressed to phase Il with two clinical trials targeting 2 and 41 participants
(ClinicalTrials.govidentifiers: NCT03582007 anfiCT03409679, respectively), both studies

were terminated due to an unexpectedly high frequency of renal failpagticipants who had
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received murepavadin. Due to the high efficacy of this antibiotic against a range of
aeruginosa strains, including carbapenemsistant, ceftolozane/tazobactagsistant and
colistin-resistant strains, further developmenanfarosolised formulation of murepavadin for
topical application is ongoing. Recently, preclinical studies on mice demonstrated the efficacy

of this formulation for treatin§. aeruginosanfection in neutropenic lung infection modéts.

It is clearfrom the discussion above that all the current treatments used in clinical settings aim
to inhibit cellular viability which has been highly effective over the past decades. However,
this type of mechanism imposes selective pressure that fosters the gfdMER strains of

P. aeruginosavhich are associated with high morbidity and mortality rates. Different strategies
have been employed to modulate the permeability, signalling or viruleree adruginosa
instead of targeting bacterial growth. Vaara an@rdg1983) introduced the concept of the
outer membrane disorganising sensitiser which makes the membraneyenoreableto
amphiphilic and lipophilic compound8.To date, there arthree sensitisers (approved anti
protozoal drug pentamidine and the polymyxin B analogues SPR206 and SHRy4£1-4)

in preclinical and clinical studies which eloyp this concept to work as adjuvant therapy and

increase the permeability of fluoroquinolorfés.

Furthermore, the use of efflux pump inhibitors has emerged as a potential therapeegy stra
for treatment ofP. aeruginosanfections. A good example of this strategy is phenylalanine
arginyl b-naphthylamide (PBN) which is a wellstudied efflux pump inhibito¢Figure 1-4)

that not only impairs antibiotic efflux through competitive inhibition of efflux pumps but also
increases the permeability of bacterial outer membriiBsis compound has been shown to

reduce virulence and increase antibiotic susceptibilify.&eruginosa®

The weltknown macrolide antibiotic, azithromyc{figure1-4), is normally not included in

P. aeruginosatreatment regimens because of the absence of bactericidal or bacteriostatic

12



activity against this pathogen. However, several studies have highlighted the benefit of long
term administration of this medicati in CF patient? It has been administered in a small
number of people at concentrations below those needed for growth inhibition but enough to
inhibit QSinduced gene expressiéh.Only one clinical trial has been established to
demonstrate the concept of doyng azithromycin as a QS inhibitor in patients asdess its
clinical efficacy in preventing or delaying the occurrence of pneumonia in ventilated patients
colonised withP. aeruginosaUnfortunately, the study was terminated due to financial issues

(ClinicalTrials.govidentifier: NCT00610623).
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1.3 Pseudomonas aeruginosasistance and tolerance

P. aeruginosadisplays all types of known resistance and tolerance strategies which can be
caegorised as intrinsic, acquired and adaptive mechanisms. A resistance mechanism is any
type of mutation that eliminates the molecular target of the antibiotic or effluxes the drug
outside the bacterial cell. In contrast, tolerance is usually derivedytihpdiysical mechanisms

that adapt bacterial populations to environmental stress by employing different strategies such
as biofilm formation. This adaptive strategy supports bacterial cells to survive high antibiotic
concentrations only if embedded in biofs. However, when the biofilm is dispersed,
planktonic cells will regain their susceptibility to the minimum inhibitory concentration (MIC)
dose of the antibiotic which indicates that tolerance is driven by physical barriers rather than

mutations in bactéal cells.

1.3.1 Intrinsic resistance
Intrinsic resistance d?. aeruginosaomprises all its inherent properties, including low outer
membrane permeability, expression of efflux pumps and the production of antibiotic

inactivating enzymes that limit the amti of current antimicrobial treatments.
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Figure 1-5: The differences between gram positive and gram negative bacterial membrané€ghe cross

section illustrating theresence of porins and efflsystemsacross the membrane

Decreased permeabilityBeing a granmegative bacteriunk. aeruginosas less susceptible

to antibiotics than grafpositive bacteria. This is because the structure of a-gegative
bacterium consists of, in addition toianer lipid membrane and peptidoglycan layer, an outer
lipid membrane layer that serves as an impermeable barrier to many small mqleguies

1-5).38 Furthermore, the outer membrane of the gramgative bacterium contains wafied

pores that extend across the membrane and facilitate the uptake of hydrophilic compounds up
to a certain size limit. The proteins that form these channels are called; ggnerally, there

are four classes of porin® OprF, the predominant type which is responsible forswecific

uptake of ions and saccharides, has low efficiency for antibiotic permeation. Ordf/ thi%

protein population is open channel which explains the low permeability of this pathogen in
comparison to other bacteria. In addition, some porins allow penetration of specific types of
molecule, for example, OprB for carbohydrates and OprD fadc lzesino acids. One of the
known resistance mechanisms that could be used.bgeruginosais reduction of the
expression of specific porins, such as OprD which represents the second major porin protein
and the gate through which carbapenems entdraberiun® The expression of this porin is
reduced in the carbapenaesistant strain which, as mentioned eai(iet.l), is categoried
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as one of the most critical resistant str&ififie third class of pams is constituted by the ien
regulated gated porins which are responsible for uptake of ion complexes, and the fourth class

consists of efflux porins (OprM) which are important components of the efflux pump system.

Expression of efflux systemsEfflux pumps, when coupled with a lepermeability cell
membrane, represent a greater threat of antibiotic resistanée aesruginosadue to the
synergistic effect between these two resistance strategies. Active efflux pumps are used to
prevent intracelllar accumulation of toxic compounds, including antibiotics. There are
different families of efflux pumps, such as resistanodulationdivision (RND), small
multidrug resistance (SMR), multidrug and toxic compound extrusion (MATE) and major
facilitator syperfamily (MFS), inP. aeruginos&! However, the most investigated family i

RND due to its key role in antibiotic resistan€e aeruginosaxpresses twelve RND efflux
pumps, four of which can expel a range of antibiotics and contribute to antibiotic resistance.
The MexAB OprM efflux pump, for example, can expelactams and doolones, while
MexCDi OprJ targetd-lactams only. Quinolones are the substrate for MéxEFN and
aminoglycosides are expelled by MexK®prM. Overexpression of multiple efflux pumps in
some clinical isolates d?. aeruginosas the main factor contributinto the development of
multidrug resistance in these strains, without affecting the ability of the pathogen to cause

severe infection®

Antibiotic inactivating enzymes. Chemical modification of antibiotics catalysed By
aeruginosaenzymes is one of the major intrinsic mechanisms of drug resistance. A good
example of this type of resistance is théactamase enzyme which mediates resistance against
different types ob-lactam antibiotics such gsenicillin, extendeepectrum cephalosporins,
monobactams, and carbapeneiftsisenzyme is able to break the amide bond obtlectam

ring, leading to inaotation ofb-lactam antibiotics. One successful strategy for combating this
type of resistance is combination therapy involving-lactam antibiotic with @&-lactamase
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inhibitor, such as clavulanate, sulbactam, and tazobactam, which has been developed and

applied in clinical practicé’

1.3.2 Acquired resistance

Acquired resistance refers to a susceptible strain becoming regiistargh either horizontal
transfer of resistance genes to the next generation or mutational cffidgggontal transfer

of DNA may occurvia three main mechanisms involving conjugation, transduction and

transfomation(Figure1-6).4

Antibiotic resistance
A plasmid gene

Donor cell Conjugation Recipent cell

Donor cell

Recipent cell

Transduction

Dead bacterium Release of DNA

Donor cell ~ Recipent cell
Transformation

4

Figure 1-6: Different mechanisms of horizontal gene transferThe horizontal transfer mechanisms include
conjugation, transduction and transformation. a) Conjugation is a process that transfers DNA through direct
physical contact between donor and recipient cells. b) Transduction is the transfer of DNA from anebsxte
another by bacteriophages. €jansformation, bacteria take up free fragments of DNA released into the

environment and incorporate it into their own genoBwurcePang Zet al*?
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Conjugation processes occur through physical contact between the donor cell and the recipient
cell, while transduction is transfer of DNA from one bacterium to anothbabteriophages.
Transformation is bacterial uptake and incorporation into their own genome of free fragments

of DNA of dead cells released into the environnfént.

The second strategy to acquire resistané® aeruginosas by mutational changes which lead

to reduced antibiotic uptake, modifications of the antibiotic target, overexpression of efflux
pumps and prodtion of antibioticinactivating enzyme® The significance of using the
appropriate treatment regimean sufficient dose is all too apparent as incomplete eradication

of the pathogen leads to the acquisition of resistance through one or more of these mechanisms.

1.3.3 Adaptive resistance
In P. aeruginosathe best characterised mechanisms of adaptive resistance are formation of
biofilm and generation of persister cells which result in persistent infection and poor prognosis

in CF patientg®

Biofilm is a highly structured community of bactéreells enclosed within an extracellular

matrix that adheres to abiotic or biological systems. The matrix of extracellular polymeric
substance (EPS) that holds the microbial cells together contains mainly polysaccharides,
proteins, extracellular DNA (eDNAJnNd lipids, while 10% of the biofilm is represented by
bacterial cells. Biofilm formation depends mainly on the genomic structure of the strain and
the environmental conditions which lead to the development of different phenotypes. Biofilm
development isegulated by QS systems (for more detailsS#ionl1.5) and an intracellular
second messenger rmaydliccdguahybc adkdn(@ivBNIP).drsfact-Nj; 5 Nj
GMP has been implicated in numerous cellular functions, including regulation of the cell cycle,
differentiationand coor di nation of the oO0lifestyle t

andvice versaln general, increases in the levelcadi-GMP in experimental biofilm model
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systemspromote biofilm formation, whereas decreased levelanote dispersion of the
biofilm. The concentration of-di-GMP is high in biofilm cells{5 110 pmol per mg of total

cell extract), whereas planktonic cetisntain less than 30 pmol per figSmall, norcoding
regulatory sSRNAs have also been shown to be involved in the regulatory network that
determines the switch from the planktonic to the sessile form of growth in various bacterial
specieg? In vitro studies have also shown that iron serves asnaliiig molecule for biofilm
development and that smbibitory concentrations of the iron chelator lactoferrin block the
ability of P. aeruginosaiofilms to mature from thin layers of cells attached to a surface into
large multcellular structures. Respiratory secretions and sputum of CF patients contain micro
molar concentrations of free iron, making this miertsient more readily available to inhaled

pathogens and creating an appropriate atmosphere to build Hidfilm.

Biofilm formation is described as a midtage process: initially, free floating bacteria adhere

to an inert or living surface; these bacteria proliferate and form microcolonies; and mature
biofiims emerge from these colonies. In the mature biofilm stage, sulapioms! of the
bacterial community start to appear with a wide range of metabolic activity, including the
periphery subpopulation which is characterised by high physiological activity, whereas the
inner part consists of a physiologically less active sublatipa (called dormant cell$Y.This
heterogeneity of the bacterial community leads to different degrees of efficacy of bactericidal
antibiotics which depends mainly on the metabolic rate of the cells. For ex@rgudeam and
aminoglycosides have no activity agstinondividing cells inside the biofilm, while anaerobic
conditions impair the activity of quinolong&sCurrent treatment of these types of infections
usually deceases the number of bacteria in biofilm but does not completely eradicate them
which leads to relapse of biofilm infectiShSeveral studies have shown the significance of
early intervention in treating biofilm infections. However, the tolerance of mature biofilm

infections to antibiotics has led to treatment at high concentrations, in some cases up to 1000
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times higher than fgolanktonic cells. These doses cannot be achieved without toxiaityo

by systemic administratiotf.This demonstratee significance of topical administration, such

as inhalation therapy, which provides the required concentration to the location of infection. In
addition, combination therapy using different classes of antibacterial drugs, as well as the use
of adjuvantmedication that targets the biofilm formation process, increases the susceptibility

of bacterial cells to the antibiotic.

Another reason for relaps&d aeruginosanfections is the occurrence of persister cells. These
small subpopulations of dormant sglossess high tolerance to antibiotics due to their reduced
metabolism and entry into a dormant state without undergoing genetic changes. Consequently,
when antibiotic treatment is terminated, these cells can resume their growth and increase the
size of he population which is genetically identical to the original population and equally
susceptible to antibiotics. The fraction of persister cells in biofiims is usually low (1%);
however, it is believed that they are responsible for the recalcitrance of chronic infections
highly resistant toantibiotics. Many factors and transcriptional regulators stimulate the
formation and proliferation of persister cells; these include, but are not limited to,
environmental stress and nutritional deficiency as well as the QS signalling madiecyle3

oxodode anadayh 9 moser i RACIAHSL) and pyecyalirB(seBectionl.5).>
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1.4 Establishment oPseudomonas aeruginosdection

Another characteristic d?. aeruginosds the expression and secretion of various virulence

factors during the course of an infectasillustrated inFigure1-7.%°

Loss of flagellum
adherence process sugported by

lectin A and Pili —— Promote motility and

initial adhesion

| ;
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Host cell Lectin N

Secretion systems
T1SS-T6SS, except ) ) )
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extracellular
Rhamnolipid
biosurfactant : HCN and PCN
molecule induce damage to host cell
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RhIA and RhIB increase the T e ey
preambility of host cell and damage cell membranes
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Figurel-7: Schematic representation oP. aeruginosanfection establishmentprocess and virulence factors
secretion HCN is hydrogen cyanidd’CN is pyocyaninRhIA and RhIB , rhamnolipid, LasB is elastasend

LasA isprotease.
Pili and flagella promote adhesion to the initial infection site as well as the motility of the
pathogen for dissemination of the infectf§rThe adherence prose is further supported by

lectin A and B which bind to specific carbohydrates on the surface of host'cells.

The production of bacterial surfactants, especially rhamnolipids (RhlA and RhIB), increases
the permeability of host epithelia, thereby facilitating baatdrivasionr®® Rhamnolipid is a
surfaceactive amphipathic biosurfactant molecule. P aeruginosa it is employed to
modulate swarming motility and affect biofilm architecture. On the other hand, under iron
limiting conditions, rhamnolipid is required for detaching from biofilms and promoting
twitching motility.>
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Secretion systems are another strategy employed. bgruginosato release enzymes that
hydrolyse complex carbon soesinto usable compounds, or to release proteins that capture
essential ions such as®Feln P. aeruginosafive of the six secretion systems (TII8SS,
except T4SS which is not found in this specias® dedicated to specific secretion of
exoproteins ath enzymes. These systems are critical for pathogenicity and environmental

adaptation of the pathogéh.

Furthermore, secretion of different cytotoxic extracellular products like hydrogen cyanide
(HCN) and the redaactive blue pigment pyocyanin (PCN) induces damage to host cells and
impairs the growth of competing pathogé&h%.PCN is one of the major virulencectars in

this pathogen that contributes to both acute and chronic infections. It is readily recovered in
large quantities from the sputum of CF patients who Raaeruginosanfection8 It increases
cellular oxidative stress by elevating the intracellular levels of reactive oxygen species,
especially superoxide and hydrogen peroxide, leading to subsequent cell lysis and®damage
In addition, pyocyanin contributes to biofilm formation by promoting eDNA binding (a critical
element in biofilm formation) t®. aeruginosaells, and consequentlyfinences cell surface

properties, physicochemical interaction between cells and aggre8htion.

P. aeruginosaecretes various enzymes like edast(LasB) which is responsible for degrading

host protein$? proteases (LasA) for staphylolytic activitghospholipases that damage cell
membrane&® and exotoxin A that impairs protein biosynthesis in eukaryotic tlls.
addition, the pathogen employs higfiinity uptake systems or siderophorgsyoverdine and
pyochelini which bind to F& and deliver iron to the bacterial cell. However, the absence of
freely available iron in the human body cauBeaeruginosdo use the iron transport proteins
transferrin and lactoferrin as iron source. Therefore, these siderophores need extracellular
elastase (LasB) which is responsible for the transtydrolysing activity of small peptides.

This allows the pathogen to overcernnon limitation and facilitate iron acquisition from host
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proteins®’ Overall, all these virulence determinates contribute to the establishment and

maintenance of the infection process.

The release of virulence factors and biofilm esséiohent and maturation would remain
ineffective if they were carried out by a single organism. Hence, these activities need to be
coordinated on a populatiomide scale, and regulation behaviours mostly involve bacterial

cell-to-cell communication systenvghich are discussed the followingsection®
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1.5 Quorum sensing networks Beeudomonas aeruginosa

During the last decades, our understanding of bacterial lifestyle has changed drastically.
Previously, bacteria were considered unicellular planktonic organisms, while nowadays it is
moreappreciated that bacterial cells are, in fact, highly communicatisearbuild organised
communitiesThe generic term®S or celito-cell communication is the ability of bacterial cells

to produce and secrete (or freely diffuse) small chemical signals called autoinducers into the
surrounding environmerft® Thus, at high population density, the accumulated signals interact
with cognate req&ors to set up autoinduction of autoinducer biosynthesis as well as induce
transcriptional expression of various target genes, including those encoding the production of
virulence factorg?® This can modify the nature and dynamics of the pathogen, and bacterial
cells act as a community to accomplish tasks that would be impossible to achieve by individual
cells/® The firstdescribed quorursensing systeris thelux system, responsible for the cell
densitydependent control of bioluminescence genes by the marine batter@fischeri and

it is considered the paradigm for quorum sensing in most gesgative bacteri®f These
bacteria did not synthesiluciferaseand therefore did noproduce lightin the freshly
inoculated cultureHowever, at high cell poplation densitiesthe organism produced an
extracellular substance that could induce bioluminescetmoeh was subsequentlyurified,

and the structureas confirmed abelonging tahat of theN-acylhomoserine lactorsg AHL)

autoinduces as will be discussed belofd.
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Figure 1-8: Schematic representation of the interconnected quom sensing systems irPseudomonas

aeruginosa(las, rhl and pgg. Solid geen arrows andashe redlines indicate upregulation and downregulation,
respectively. Oval shapes represent various protelresnicalstructuresof quorum sensing signal molecules
(QSSMs)are shownand large coloured arrows represent gelaegegrey arrows represent protein expression,

andyellow arrows indicate QSSM biosynthesBource:Soukariehet al”?

The QS systems iR. aeruginosamay be considered as a hierarchical QS network which
contains sets of connected systems inclutasgrhl andpgs (Figure 1-8). This network has
highly adaptive mechanisms for responding to external cues of biological stress, which
provides the pathogen flexibility in controlling virulence geaepressior? QS in P.
aeruginosamay be categorised into two classes according to the chemical structure of the
autoinducerN-acytL-homoserine lactone (HSL) and alkyl quinoline (AQ) which actilese

rhl andpgsrespectively?

1.5.1 N-acylL-homoserine lactordependent quorum sensing
Two QS systemdas andrhl, belong to this class as they employ two differsracytL-
homoserine lactone (AHL) signal moleculils(3-Oxododecanoyl)l homoser i(:RAe | act

ox0-C12HSL)andN b ut antbogrmo s er i n edSlU)aredpectivaly. IIf gederal,
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these two systems employ Lutyipe enzymes (Lasl and Rhll) which generate the
corresponding autoinater (AHL). These signal molecules are accumulated in the medium,
and at threshold population density, the autoinducer molecules bind to corresponding
transcriptional regulator cytoplasmic LustiRe proteins (LasR and RhIR) which function as
AHL receptors.This type of protein is insoluble and its binding to the corresponding AHL
stabilises the receptors, enabling dimerisation, DNA binding, and transcription of QS target
genes? It is worth mentioning that thias andrhl systems play their more significantes

during the early stages of exponential growthPofaeruginosawhen the cells are more
metabolically activé® In addition, these systems are intimately connected, and they regulate
the production of multiple virulence factors, including several proteases, exotoxin A,

rhamnolipids, HCNand swarming motility, and contribute to biofilm maturati6rf
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1.5.2 Alkyl quinoline-dependant quorum sensing

Another QS system iR. aeruginosas pgswhichis a distinct system that produces more than
55 different AQs, including PQS A{2eptyt3-hydroxy-4(1H)-quinolone), its immediate
precursor HHQ (heptyt4-hydroxyquinoline) and NHQ (Ronyk4-hydroxyquinoline)?®

PQS and HHQ are regarded as the most prominent autoinducer molecules am8hg AQs.

PQS 3 PpgsH HHq PPast HQNO

0 pgsH 0 pgsL 2

OH V . ‘ The activation of the pgs system

‘ ‘ ' + contributse to:
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Figure 1-9: Schematic representation of thgggsquorum sensing (QS) system ifPseudomonas aeruginosa.

The core of thepgsQS system is composed of thgsABCDEphnABoperon and thegsRgene. Proteins coded

by thepgsABCDEphnABoperon synthesise HHQ); the conversion of the latter to PQS is controlled jystHe

gene. Both molecules bind to PgsR, and the complexiP43R or PqsRPQS then activate tHggsApromoter,

leading to the tramsiption of thepqsABCDEphnABoperon which in turn produces the enzymes required for the
biosynthesis of HHQ which upon modification by PgsH results in the generatiB@®8f ThepgsL gene is

required for biosynthesis of HQNO which does not act as makigolecule and has no effect on its own
biosynthesis. Dashed grey arrows indicate gene expression; solid green arrows represent biosynthesis; the solid
black arrow indicates PgstRependent activation (+); dashed black arrows indicate fRui#pendent aitation

(+); and solid red arrows indicate negative regulatipn@val shapes represent various proteins and the large

coloured arrows represent gengsurce:Rampioniet al.”®

These signal molecules (PQS and HHQ) are the autoinducers that activate PgsR, the key

reguldory receptor protein in this system. Hence, HHQ or PQS interacts with PgsR to form the
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PgsR AQ complex which in turn binds to the promoter region of pagsABCDEoperon,

known as BgsA and triggers the transcription of the genes required for AQ biossiathe
These genes produce a range of enzymes, which contribute to the biosynthesis of HHQ as well
as a range of different AQ and virulence fact8r§he monooxygenase PgsH then catalyses

the oxidization of HHQ to PQS under aerobic conditf®¥8.PgsL in an additional
monooxygenase which together with PqsABCD synthesisep®yt4-hydroxyquinolineN-

oxide (HQNO) and other AQI-oxides(Sectionl.5.3.

AQs produced by activation of this system have a variety of functions, including cell signalling,
redox activity and antimicrobial activif. It is worth mentioning that mutations in the
biosynthetic genepqgsA, pgsB, pgs@r pgsD or in the regulatory genpgsRprevent AQ
production. However, the mutationpgisHor pgsLleads to accumulation of HHEhd HQNO

or HHQ and PQS, respectivél}#82 On the other hand, the mutationggsEdoes not affect

AQ biosynhesis, which may be due to an alternative thioesterase that replaces the functionality

of PgsE thioesterad@
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Figure 1-10: Schematic representation of alkyl quinolone biosynthesig.he biosynthesis starts from chorismic
acid, the product of the shikimate pathway, converting to anthranilic acid which is activated by PgsA. Different
steps mediatedlia PqsBC, PqsD, and PgsE geste HHQ which is converted to PQ& PgsH. Oval shapes

represent enzymeSource:Soukariehet al’2
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The biosynthesis of HH@QFigure 1-10) starts with the cellular metabolite, anthranilic acid,
which is activated by coenzyme A ligase PqsA to anthranlmA. This is followed by PqsD
catalysing a Claentype condensation reaction using anthran#oglA and malonylCoA to
yield 2-aminobenzoylacetyCoA (2-ABA-CoA). The thioester of-ABA-CoA is cleaved by
PgsE thioestrase to obtain the free carboxylic a@thobenzoylacetate{@BA). Then, the
heteo d i mer P-keto Bdyl,synthaseblll enzyme, catalyses the condensatioBRA2

and octanoylCoA to form HHQ, which is subsequently oxidised to P®)S.

1.5.3 Key effectors of thepgsQS system in virulence

PgskE enzymeAlthough PgskE seems superfluous for AQ biosynthesis, it emerges as a major
effector of thgpqsQS system as it controls the full expression of virulence biosynthetic genes
like pyocyanin, hydrogen cyanide and rhamnolipids, in addition to the transcription of genes
involved in biofilm development and resistasro@dulationcell division (RND) effluxpump

coding which are involved in antibiotic resistaffé&nock-out complementation studies have
clearly demonstrated that PgsE can activate-B@®olled genes in the absence of a functional
pgssystenf48°Similar experiments have confirmed these findings in différevivoinfection
models®® The regulatory function of PgsE is at least partially mediatied RhIR 848°
Furthermore, PgsE downregulates the expression of its own operon leading to a negative
regulatory loop®38®Microarray analysis stwed that 12.2% of the genes upregulated by PgsE
could be classified as secreted factors (toxins, enzymes, and alginate), while 7.3% belonged to
adaptation and protection functional classes, highlighting the importance of PdkE in
adaptive behaviour and virulenceRfaeruginosa’® However, 29.3% of the PgsE upregulated
genes are still unclassified or unknown which limits the understanding of its physiological

role.”® On the other hand, the crystal structure of PgsE has been determined and key active site
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residues hee been identified; however, neither the substrate nor the product of PqsE catalysis

has been identified, making this target less expldfted.

PQS molecule It is more active than HHQ as a PgsR agonist, witkh&lues of 16.4 £ 2.6

eM and 3.8 N 1.6 &M for HHQ and PQS, respec
chromosomal reporterp@sA:lux fusion in aP. aeruginosa pgsAkhutant strairf’ This strain

can neither synthesise endogenous HHQ nor convert exogenously supplied HHQ to PQS which
is necessary to provide the ahge measurement of agonistic activity. Although both HHQ
and PQS can function ggssystem signal molecules, PQS is a multifunctional molegale
several PgsRlependent and PgsRdependent pathways. It regulates the expression of 182
genes; 103 geneseaupregulated and 79 genes downregulated in response to exogenous PQS.
® The majority (75%) of genes upregulated by PQS are also induced by iron starvation and
contribute to iron acquisition, cytotoxicity, modulation of host immune response and
biogenesis of outemembrae vesicles (OMV¥2 Biogenesis of OMV has many implications

for P. aeruginosairulence, one of which relatés overcoming the problem of PQS associated
with high lipophilicity and low solubility (1 mg/Land enhancing PQS bioavailability in
biological systems. These vesicles package PQS, which remains biologically active and can
reinstate biosynthesisf virulence factors in PQ8eficient mutant strairf. In addition, the
hydroxyl group inPQS is essential for iron binding and A@8&n complex formation.
However, this complex is not transported back into the cell and, therefore, does not function as
a siderophore. Instead, PQS is found at high concentrations in the outer cell memlfrane of
aeruginosawithin membrane vesicles. The PQ¥®n complex in the membrane seems to
contribute to accumulation of iron close to the cell which facilitates the work of actual
siderophores (pyoverdine and pyocheffhYhe benefit of this mechanism is allowing the
bacterium to rapigi and efficiently obtain iron without losing siderophores to the surrounding

environment°

30



HQNO molecule TheN-oxide of HHQ does not act as a signal molecule and has no effect in
promoting its own biosynthesis. However, it has a role mainly during polymicrobial infections
by contributing to environnrgal competition’® An in vitro coculture model of polymicrobial
infection showed that HQNO and the siderophord.oderuginosaprotectS aureusfrom
antibiotics with mechanism of action targeting cell wall synthesis or protein synth&sis.
proposed mechanism is thBt aeruginosacausesS. aureusto shift from respiration to
fermentatiorgrowth, leading to a reductiontnh e | geowth®@and@lecreased susceptibility

to antibiotics™ In addition, HQNO induce the formation of Small Colony Variants (SCV) in
S. aureusThis SCVsconstitute aslow-growing subpopulation of bacteria with distinctive
phenotypic and pathogenic traits. PhenotypicsZVs have a slow growth rate, atypical
colony morphology and unusual biochemical characteristics, making them a challenge for
clinical microbiologists to identify. ClinicallySCVsare better able to persist in mammalian
cells and are less susceptible to antibs than their wild type strain and can cause latent or
recurrent infectiong3 On the other han#QNO possesses innate antimicrobigivity against

S. aureuslue to its ability to bind and inhibit the activity of cytochrom®®® Currently, the

role played g HQNO inP. aeruginosgphysiology and the mechanism by which HQNO-self

poisoning is avoided have not been determfiied.
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1.6 Targeting quorum sensing as a novel strategy for treatment of Pseudomonas

aeruginosa infections

The current treatment fdét. aeruginosanfection targets bacterial viability (it is bactericidal)

or bacterial replication (it is bacteriostatic); this promotes the spread of resistant bacterial
strains?® On the other hand, the development of -airtilence drugs which prevent the
expression of highly virulent phenotypes without affecting bacterial viability is an attractive
and innovatre strategy to control bacterial resistance. In contrast to conventional antibiotics,
this strategy does not exert selective pressure on bacterial populations and, therefore, it is
assumed to be less susceptible to rapid development and spread of ee¥istanever this

claim is still controversial in the scientific community and has to be provedntradicted in

future studie$®

Most anttvirulence strategies fd?. aeruginosdarget either virulence traits (protein secretion
and biofilm formation) or master virulence regulatorsli6&GMP and QS). T3SS secretion
system inP. aeruginosads critical for delivery of toxins into host cells. This system is well
conserved among pathens, broadening the application of T3SS inhibitors to multiple
pathogens and polymicrobial infections. Another strategy employing biofilm inhibitors, which
target carbohydratbinding lectins, has shown good potemecyitro andin vivo, but might
disrupthost lectins. On the other hand, targetihgaeruginosaoili is an unsuitable strategy
because they are not well conserved in all isolates. Global biofilm regulators, such as
intracellular cycliedi-GMP and intercellular QS signalling systems, are appgak attractive

antivirulence target<?°

QS systems irP. aeruginosacontribute to the production of virulence factors, such as

proteases, lectins, toxins, and biofilm polymers. This has spurred interest in the design of QS
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inhibitors as antvirulence drugs. Several QS inhibitors have been shown to reduce virulence
and toaid the clearance of pathogens in both animal and plant infection nidtreddition,
different mutagenesis studies of QFinaeruginosdnave shown attenuated pathogenicity and
restoration of the sesptibility of conventional antibiotic®, supporting the employment of

this strategy to interfere with the production of virulence factors and attenuate bacterial
pathogenicity. Several studies that swstelly designed QS inhibitors proceededrtoivo
studies targeting different regulatory systemsPinaeruginosa theseare summarised in

Sectionsl.6.1 1.6.2and1.6.3

LasR antagonist
1.1 RhIR modulator

OZN\C[ T @ M N D Cl%

. PgsR anta omst
PgsR antagonist 1 g PqsR antagonist

1.3 (M64) 1.5

Figure 1-11: The structures of current successful candidates targeting quorum sensing systems in

Pseudomonaseruginosa All these candidates have proceedethteivo studies (except.4).7>%°

1.6.1 Targeting thdas system

According to Soukarieh (2018), despite the extensive efforts to tardasthestem, only one
candidate].1(Figurel-11), has proceeded to preclinical developm@ntjth covalent binding
between Cys79 and the isothiocyanate electrophile, leading to inhibition of LasR activity with

ICso of 69 and 154uM in two different strains oP. aeruginosa®

Although, thelas system does not regulate pyocyanin production directly, its position in the
hierarchy of QS systems aftsqyocyanin production in indirect ways; therefore, production

of pyocyanin in the presence lak inhibitors has been investigated. Pyocyanin production in
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the P. aeruginosaPAl4 wildtype strain in the presence of 1AM of 1.1 was reduced by
almost 40% relative to the control. In addition, swarming motility is another important
phenotype that is regulated by QS, and it was inhibited by 44% usyog 201.1 Moreover,

the inhibitory effect was examined in two different disease models: burn woures\vivo

grown human skin samples aimdvivo study ofCaenorhabditis elegan&esults showed that
1.lincreased the survival rate 6f elegansver the course of four days aretluced PA14
infections in the burn wound modéP. However,1.1 has a lactone group considered a labile
functional group and isothiocyanate as a reactive species which coukbdaated with
metabolic issues in biological systems. Nevertheless, the knowledge gained, along with the
availability of crystal structures for LasR and Lasl, should facilitate future discovery and

evaluation of more drulike molecules’?

1.6.2 Targeting thehl system

The absence of structuralformation for RhIR and Rhll and the lack of validation of the

system as a therapeutic target makes the design of RhIR and Rhll inhibitors more difficult, and
efforts to exploit this QS system have been limited.study targeting this system reported

that the RhIR modulatat.2 (Figure 1-11) could act as an antagonist in the presence ef C4

HSL and an agonist in its absence. However, pyocyanin production was reduced syith I1C

8 ¢ M, b rmation wasinhibited, an€. eleganssurvival was increased durirg.

aeruginosP A14 infection at 5%Asubdeqlentgtady ekplanedthee nt r
effect of1.2as an RhIR agoni$tit inhibits pyocyanin productiothroughthe downregulation

of the pgs systemt®? However, further investigation of this system is needed as it is not yet

clear whether antagonising this system alone would yield a therapeutic benefit.

1.6.3 Targeting thepgssystem
Thepgssystem could be targeted in different ways through: (i) inhibitioA@fbiosynthesis

by targeting PgsA, PgsD, and PgsBC enzymes; (ii) inhibition of signal reception by targeting
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the PgsR regulatory protein; and (iii) inhibition of the virulence factor effector by targeting

PgsE.

However, the validity of PqsBC ail|SE as ati-virulence targets remain to be validated, and
only PgsA, PgsD and PgsR have been exploited in different drug discovery progrdmmes.
Despite the attempts to target PgsA and PgsD enzymes, most inhibitors suffer from weak
potency or the lack of ability to reduce AQ and pyocyanin productiod as a result, no further
progress has been made with these inhibita®s the other hand, only two candidates targeted

the PgsR recept@reproceeded to preclinical development.

An in vivoeffect of the first candidaté,3, or as reported in literatuM64, (Figure1-11), was
investigatedoy Starkeyet al. 1.3 binds to the PgsR emducer binding domain witkp = 5.4

nM 1% and antagonises the receptor in two different strains, PA@4dd PA14, with IGo of
0.32 and 1. 22%Ehdisubstargial reductioniofwvizuleryce factor production at
concentrations of Q0I0. 35 €M and the I mpact on PA1l14
tobramycin were other factors that progressed this antagommstito study in two burn and

lung infection models1.3 was successful in potentiating the effect of ciprofloxacin and
reduced persistence and increased-pdsttion survival rates in burn and lung infection

models in micé%

A recent study introduced.4, which was the result of further optimisation ©B.% This
compound showed similar activity in PAQ] with 1Cso of 0.25 £ 0.12 uM, but better activity

in PA14, wih 1Cs0 of 0.34 + 0.03uM. This candidate is one of the most potent PgsR
antagonists reported and shows significant inhibitioR.oderuginosgyocyanin production
andpgssystem signalling in both planktonic cultures and biofilms. Howevein mivo study

has been established for this candidate.

35



An extensivestructure activity relationshiBAR) studyby Spero Therapeutics to optimise

led to the publication ahe most potent candidate5 in the aryloxyacetoindole series, as a
PgsR inhibitor. Theoatened compoundis highly potent in inhibiting pyocyanin production,

with a stated I in the range of 5®50 nM. In addition, in a murine thigh infection model
using PA141.5was able to reduce PQS and HHQ levels to 50% and 40%, respectively, 12
hours after infection. To date, no further optimisation or development of these compounds has
been reported’he available biological data for both candidates provide robust proofioépt

for targeting PgsR for attenuating the pathogeniciy.@eruginosavithout affecting bacterial

growth.
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1.7 PgsR receptor astenscriptional regulatan Pseudomonas aerugino&6

1.7.1 Validation of PgsR receptor as a therapeutic targétsaudomonaaeruginosa
infections

Most studies have focused on tagsystem because of its hierarchical position and ability to

control bothrhl and pgs systems. However, spontanedasR mutants of this pathogen are

frequently found in chronic infections in hunsaguestioning its validity as a therapeutic

target® In parallel, some studies have shifted the focus towards$tisystem which shows

a contrasting virulence modulatory effect as mentioned al#action1.6.2. The agonist of

this system reduces pyocyanin but induces rhamdgdduction, while antagonists have the

opposite effect® These findings have made LasR and RhIR less attractive agratgnce

targets than originally anticipated.

The fact that AQs have been found in sputum, plasma and urine of chronidefsgatected

with P. aeruginosand that their levels correlated with negative prognosis suggest a key role
of thepgssystem in infection. Furthermore, it suggests that AQs could be used as a potential
biomarker for the severity of infectidf® These findings make exploitation of thgssystem

as an antvirulence target promising. The PgsABSDE enzymes and the PqsR regulator are
key for the biosynthesis of AQ, and hence most of them havedmsidered as drug targets.
The question is which of these drug targets are crucial for attenuating the viruleRce of

aeruginosan a wide range of strains.

Among the various antiirulence strategies, targeting key transcriptional regulatgeogts
involved in the production of virulence traits appears to hold great promise for future discovery

and development of artirulence treatment¥’
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According b current knowledge, PgsR is a target that controls an array of virulence
mechanisms at once, and focusing on this receptor instead of addressing just single factors

seems an efficient strategy to reduce pathogentity.

A study established by Xia al analysed the survival rate of four groups of thelyrigjured
mice infected with wilekype PA14 pgsR pgsAor pgsHmutant strains. The result shows that
thepgsHstrain displays wileype virulence in micewhich indicates fully functional PgsR. In
contrast, botipgsRandpgsAexhibit attenuated virulencérains andahigh survival ratef the

mous groups infected with these straifue toreducel AQ production irthein vivomodel®

100 @ 3 &
TT:L—:g

2 50 4

3 - WT

s —— iR -
—e— DGSA° [ L—b—.
—i—  PgsH

.S e A
0 v v Y Y N
0 25 50 75 100 125

Time (hrs)

Figurel1-12: Thermally injured mousemodel.1®®Mice were infected with PA14n{vfR) pgsR pgsA or pgsH
mutant strains. The mutant strains are isogenic with PA14. Fifteen mice veetdonseach experiment. Each

experiment was performed twice. Source: Xéa@l 1

Other studietave also shown that this reduction is not only because of the deficiency in AQ
production but also due to the loss of Bt{& and phnABexpression®-11° providing further
evidence for the significance of this receptor as a therapeutic targ®. faeruginosa

infections.

Furthermore, the targeting of this reaapwith an antagonist in differemt vivodiseasenodels

103111 has provided robust proof of the significance of focusing on PgsR as a therapeditic targe
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Starkeyet al. demonstratéwo in vivo murine models of acute infection; thermal injury and
lung infection.1.3 exhibits significantin vivo therapeutic efficacy against both mammalian

infectionswith anincrea in survival rateas shown irFigure1-13.

a) burn & infection b) lung infection
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Figure 1-13: Thermal injured and lung infection mice models.a) Survival rate of burn and infection mice
model following PA14 infection, mius (black, n= 30), and plus (blue, n= 368 (M64) (4 mg/kg).1.3 was

administered by intravenous injection 6 h pbstn and infection, and then twice a day for 6 days-jsttion.

b) Survival rate of lung infection mice model foll owi

(solid bl d.8(4ing/kg)eand infedibMith PgsR™ (MVfR™) mi nus (dot bl ack | i
(dot b1 u e 1.3(12 mg/kg).18 @ds G&dministered by intravenous injection at 2, 4, 8, and 12 h post
infection, and then twice a day up to day 4. Differereasieen PA14 and PA141+3(p,0.05) or betweeMviR ™

and +1.3 (p,0.05) are statistically significant, while differences betwlfiR  andMvfR  + 1.3 (p.0.05) or
between PA14 4.3andMvfR™ + 1.3 (p.0.05) are not statistically significant (Kapikteier method).PqsR or

MVfR referred to PgsR mutant strain of PA14. Source: Stagkey!®

The evidencenentioned above, provide the basis for selecting PgsR as a promising therapeutic
target that decreases the pathogenicity.aeruginosandimproves the efficiency of current

antibacterial treatment in resistatrains.
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1.7.2 Molecular insight oPgsR receptor.

a) DNA binding domain

HTH Linker Ligand binding domain

1 motif 60 region 90 332 (a.a.)

b)

Figurel-14: Schematic representation of the PgsR liganthinding domain. a) Representativdiagram ofPqsR
domains''?b) crystal structuref PqsFEEP complexedwith PgsR agonist (NHQ; PDB coddVD).8”

PgsR (also known as MvfR) belongs to the LygpPe transcriptional regulator (LTTR)
receptorfamily, which consists of an{ierminal helixturn-helix (HTH), DNA-binding domain
(PgsPBP). Additionally, LTTR contains a @erminal that encodes a ligahihding domain

(LBD) known as the cénducer binding domain (CBD) (PgSP) (Figure 1-14a). PqsREP
recognises and responds to their cognate autoinducer to mediate their respective regulatory
activity.1*®* Generally, LTTRs which are approximately 300 amino acids in length, form

homodimeric complexes that bind to specific DNA regions close to the regulated gene. Two
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dimers form a tetrameric complex that leads to the bending of the DNA strand. The binding of
autoinducer moleules results in an alteration to this bending that facilitates the interaction of
RNA polymerase with the promoter region, thereby leading to enhanced transcription of the
target gene$'* It is worth to mention, this working model has been proven for similar LTTRs
but not pecifically for PqsR. However, PqsR exhibits several characteristic features indicating
that it works in a similar fashion; for example, specific DNA bin#ifigenhanced expression

of pgsABCDEandphnABoperons in the presence of autoinducer mole¢ité®, and its CBD

crystallising as a homodimeric compf&x.

To our knowledge, no existing work has described the crystal structure for the full length of
the PgsR protein. Howevethe CBD of PgsR (Pq$RRP) has previously been described.
llangovanet d. reported the first crystal structure of P§SR(Figure 1-14b), which showed

that the domain is generally hydrophobic and consists of two subdomains (pockets A and B
connected by an antiparalleisheet hinge region that provides flexibility to the protein and
enables the two domains to rotate relative to each ®tfitre analysis of the natural substrate
(NHQ; PDB code 4JVD orientation and binding interactions to the binding domain was
obtained via a crystal soaking experiment. The resulthisfexperinent showed thathe
guinolone ring accommodates pocket whilst pocketB is accommodated by an aliphatic
chain supported by hydrophobic interactions W28, Leu'®, 11e'® and Vat’® &"1160ne
special feature about this binding is that all interactions are hydrophobic, with no hydrogen
bonding or electrostatic interactions with the oxygen or amiooggin the quinolird(1H)-one

ring 8’
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1.8 The design of an antiirulence development project

Drug discovery is the process through which potential new therapeutic entities are identified
by using a combination of computational, experimental, and clinical models. Despite advances
in biotechnology and the understanding of biological systems, dsag\ary is still a lengthy,
costly, and difficult process with a high attrition rate of novel therapeutic discoveries. Drug
design is the inventive process of finding new medications based on the knowledge of a
biological target and involves the designnoblecules that are complementary in shape and
charge to the molecular target. In general, drug discovery projects can be initiated by two
approaches to identify a novel molecule; a struebaged which relies on the knowledge of

the threedimensional strcture of the biomolecular target and a ligdoased which is relies

on knowledge of other molecules that bind to the biological target of intArpetviouswork

by Fadi Soukariethad undertaken a virtual screen ohiversity of Nottingham Managed
Chemial Compound Collection (MCCCQWith the PgsR ligand binding domginBD) crystal
structure (PDB: 4JVI) reported by llangoveinal 8’ and had identified the following hitsith

diverse chemical structuréSigure1-15).
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Figure1-15: The result ofin silico virtual screening of MCCC library to identify PgsR inhibitor s. Chemical
structures of the five hits that showed inhibition RisRactivity employingPAOL-L CTX::Ppgsxlux strain

SourceFadi Soukariefet al*®

Grossmarnet al and Soukariehet al employed1.7 and 1.10, respectively,as hit in two
independent studies which provide the field with potent candidatessualtimeicromolarange

as shown below? 117
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Compoundl.6was selected as a hit in this work, ashibwsreasonable balance betwegod
activity and lowlipophilicity. In addition, the chemical structure df6 is simpleand novel

with scope for a rapid med chem exploration
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Figure1-16: Theanalysis ofthebiological activityof 1.6 enantiomersn PAOL-L CTX::Pygsalux stran. Source:
Fadi Soukarielet al, in press
Further analysis of both enantiomeifsl.6 was established by Soukaridemonstrating that,
theRisomer 1.13is the moreactiveisomer (ICso = 1.1+ 0.4 uM), while theSisomer 1.14

was #fold less active (I6p of 7.3 + 1.4eM) (Figurel-16).

A SAR study was established for quinazedi{8H)-one series (chapt@y which were affected

to some extent by the structural features discuss&gdtion1.8.1 A hit to lead stage was
presented in Ghapter 3) and several candidates were identified with good potency and
physicochemical proprieties. In the lead optimization stageferdiit secondary
pharmacological assays as well as cytotoxicity studies were performed to evaluate the selected
candidate before proceedingitovivo study. The type of biological assay employed in the
literature are discussed beld®ection1.8.2 to provide a general view of the design of the

biological work presented in this thesis.
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1.8.1 Physicochemical properties of antibacterial compounds
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Figure 1-17: Two-dimensional representation of physicochemical properties (g¢logbd MW) of a
comprehensive medicinal chemistry (CMC) dataset (grey) and major classesbati@rial drugs (colour).

Abbreviations: FQs = fluoroquinolones; Grarag BL = gram negativé-lactams; AGs = aminoglycosides;
Grampos BL = gram positivé®-l act a ms .

antibioticare presented here.
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Consideration of the molecular properties of the hit frometiréy stages of the drug discovery

project is more likely to yield a successful candidate with a good pharmacokinetic Jrofile.

Over the past two decades, the number of failures of snwécule drug candidates due to

poor pharmacokinetic profiles seems to have diminished significantly due goiteece for

the design of new compounds offered by different analyses and rulesasubleLipinski

rules, which direchit selection to the right property space with molecular weight (MW) less

than 500 and cLogP less thaf?%t?! However, antibeterial compounds have always been
considered exceptions to these rules mainly because they are required to penetrate the pathogen

membrane and frequently the human cell memb(Bigaire1-17) .18

In general, natural antibacterial compounds tend to shift the property space towards higher
polarity and MW. The best exampiee aminoglycosids. However, this type of antibiotic is

not orally bioavailable, and ifsenetration of the bacteriuisidue to @ activeelectron transport
mechanisnthat facilitatesthe drugentry into the cytoplasmia a slow, energydependent,
electron transporimediated proces$? therefore, no conclusions can be drawn from this type

of compound. On the other hand, the physicochemical proprieties ofsythinetic
fluoroquinoloneantibiotics are the best example of the desirable unique property space of
antibacterial medication. They fulfil the requirementg19 achieve grarmegative activity by
obtaining high polarity to penetrate bacterial porins and (2) be bioavailable orally by

maintaining a reasonable level of lipophilicity to penetrate the hpmchbrane.

R7:
O O Rs s
pKa =6.15 HO | =z | F \N/\
x> NH -
R, ,\Il Xg R, pKa = 8.66
R4 piperazine

Figure 1-18: The fluoroquinolone antibiotics pharmacophore. The substitution aRR; is the most influential

point on the moleculeThe five or sixmembered nitrogen heterocycle at this position has improved antibiotic
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activity and pharmacokinetic profile. The most popular heterocycle employed at posgipip@razine which

is foundin Ciprofloxacin?3

The nature of most fluoroquinolones as zwitterionic compounds leads to a lowerzalL.ogD
value with a mean 0.8 in general and cLogP of 1.3. In addition, the pKa value is required
to be close to neutral pH 7.4 in order for chdrged noncharged species to coexist in the

biological environment!® Theexperimental pKa values of ciprofloxacin for example are 6.15

for carboxylic acidand 8.66for piperazire ring which restricts the types of functionality

allowed in this type of antibiotiFigure1-18).124

Consideration of the possible routes of administration of novel candidates is another factor that
contributedo thedetermination of the appropriate property space which affects to some extent
the design of the structuractivity relationship study. Systemic oral dosing remains the
preferred delivery method for most drug therapies and the ideal route of admimstoatio
chronic patients. However, oral bioavailability is a major hurdle in drug development as it
requires properties of the compound that allow dissolution and stability in the gastrointestinal
tract as well as stability agairtbefirst-pass metabolism imé liver. Therefore, it is important

to consider the requireatopertieproprietiesof alternative routes of administration in the early
stage of the study design. The pulmonary route is an ideal alternative for ¢hraaitiginosa

lung infections in p@ents with CF or notCF bronchiectasis. This route provides a high local
concentration of the drug with low systemic exposure which reduces the risk of unwanted
systemic adverse effects. The ideal characteristics of a compound for this type of adimmistrat
are a long residence time in the lungs to increase local effaratyrapid clearance after
systemic absorption. From the perspective of medicinal chemistry, consideration of the
molecular properties that contribute to increasing retention time ilutigs is important to
guide the design of the study. A previous study suggests that increasing lipophilicity and MW

leads to increased retention time in the luttg$n addition, a review summarised different
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efforts to determine the factors required for lung accumulation of different pharmacological
classes. Although the investigated drugs, species and experimental models varied, lung
accumulation was particularly significant for basic amines with pKa vahaesey than 8Vlost

basic amines are ampiphilic, with a large lipophilic group and a hydrophilic group that is
ionised at physiological pH 74°P. aeruginosanfectionsstart usually in the smaller airways,

the bronchioles, and move into the larger airway®refore, the optimal deposition for inhaled
antimicrobial therapy would be a uniform distribution on the conducting airffaawever,

many factors, such as particle size, pharmaceutical formul#tieseverity of the disease and

the breathing pattern of the patient, affect the extent and site of drug distribution.
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1.8.2 Biological evaluation of novel quorum sensing inhibitors

An overview of current biologicalssays employed in the literature to evalaatew candidate

asquorum sensing (QS) inhibitons P. aeruginosas presentetiere(Figure1-19).

P_rOt?m * Electrophoretic mobility shift assay (EMSA)
binding * Isothermal calorimetry assay (ITC)
assay
Cell-based *  Escherichia coli-based assay
reporter gene * Pseudomonas aeruginosa-based assay
assay
Secondary Quantification of:

b * alkyl quinoline (AQ)
phenotype * Protease

assay *  pyocyanin

Biofilm * Biofilm formation:

Microtiter plate assay or Calgary biofilm device

Biofilm analysis:

Light microscopy or/and Colony-forming unites calculation

formation
analysis

* Cytotoxicity assay
Cytochrome P450(CYP) inhibition assay
*  DMPK assays

Pharmacokinetics in
Vilro assay

In vivo * Nematode and mice killing assay

assay *  Pseudomonas aeruginosa persistence infection model

Figure1-19: The biological assays employed in evaluation of quorum sensing (QS) inhibitoccording to
the literatureg®103.117.128,129

Cell-based reporter gene assay#ccording to the literature, cdblased reporter gene assays

are routinely used to assess the activities of putative QS inhibitérsaeruginosaln these
experiments, a receptor (regulatory protein) of interest is typically expressed in a heterologous
species, such dsscherichia col(E. coli), that does not produce the corresponding QS signal

molecule and carries a plasmid construct encoding a transcriptional fusion of a receptor
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regulated promoter coupled to a reporter gene. Different reporter genes, such as green
fluorescent protei  ( G Fdalactosidase or luciferase could be employed in these assays in
which the intensity of fluorescence emission is proportional to the level of transcriptional
activation by the receptor of interest. However, the limitation of this approacht ihése
heterologous reporter systems may not accurately represent the cellular environment of the
native host. The 16 values of QS inhibitors are substantially higher in the n&iaeruginosa
background than irE. coli reporters®® There are several reasons for this wipancy,
including lower membrane permeability and higher active effluR.iaeruginosahan inE.

coli, competition with native ligands (autoinducers) for receptor bindiy aeruginosaand
differences in the levels of receptor expression betweaeruginosaandE. coli. Therefore,

two s t rsa fP.naeruginosavere employed in this study to overcome these problems and

exclude compounds with permeability issti&s.

pqsABCDE — =, @RLIND

Figure 1-20: Schematic representation of the PAOL or PA14 bioreporter strains. The chromosomal
transcriptional fusion of BgsAlux was introduced to report on PgsR activation by HHQ and @B. These

strains produce AQ signal molecules that activaigsR:luxCDABEtranscription, which results in light emission

in the biosensor strain. Compounds antagonising PgsR are expected to reduce bioluminescence relative to
untreated samplég! Oval shapes represent various proteins and the taegegyearrows represent geneRed

small arrows for activation and grey ones for inhibition activity.
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Thesestrairs, w h i ariPdOlor PAl4wild-type strais carryingCTX-lux vector fused in the
pgsApromoter regionwereused in a transcriptional fusi@ssay to evaluate the antagonistic

activity of compounds presented in this work.

Since P. aeruginosais not naturally bioluminescent, these stramsre designed to emit
bioluminescence when the PgsR transcriptionally regulated target is activated by natural
ligands, especially PQS and HHQ. However, PgsR is no longer able to activatgqtife P
promoter pon interaction with antagonists leading to a reduced bioluminescence output for
active compounds. This assay waed as primary screening assay to determine the inhibitory
potency of the highestcoring compounds in virtual screenirf§ection 1.8) and the
synthesised compounds demonstrated in Chapins3. Any compound with a threshold of

10 &M concent r58% hiotluminesceree denisity suppressiotrelative to DMSO
(0.1%) control values woulde classified as a hit. Concentrati@sponse experiments were
then conducted to determine thesd@alues for the active compound. The initiakd€creen
employed the PAOL strain, and any candidate with good activity was further analysed using
the PAL4 strain.This assay providesrapid and sensitive evaluation basedlmdetection of
bioluminescence to identify an appropriate candidate that can proceed to further biological

evaluations.

Protein binding assay A more direct approach known @ectrophoretic mobility shift assay
(EMSA) is employed to measure the effect of the putative QS inhibitors on the binding ability
of the receptor of interest to the target DNA. In this assay, the purified protein is incubated with
the test compound andshort segment of DNA containing a promoter sequence which is
recognised by the receptor. The binding of the receptor to DNA is indicated by a shift in the
protein band in gel electrophoresis. The advantage of this assay is that it provides a direct
measureent of the activity of the compound on the protein regardless of permeability and
efflux pump effects. Unfortunately, most QS receptomB.iaeruginosaincluding PqsR, have
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low solubility when isolatedn vitro and complexed to nenative ligands, makm the
establishment of this type of assay challenging. On the other hand, llarejalareported a
purification process for the PgsR ligand binding domain (LBD) complexed to native (NHQ)
and nonnative ligand$’ This process could be employed to perform another technique called
isothermal calorimetry (ITC) to test whether the putative QS inhibitors directly bind to the
domain and measure their affinity. ITC is a quantitatnethod used to directly detect the heat
either released or absorbed during the recélgand binding interaction. Measurement of
heat transfer during binding enables accurate determination of binding con¥ahts (
stoichiometry, entropy, and enthalpf/the binding reaction in solution, without the need to
use reporter genes. This deeper understanding of molecular binding enables more confident
decisionmaking in hit selection and the lead optimisation process. This technique was used to
measure the ity of 1.3 and confirm its binding to Pgs® Another technique to coinfn

the bendinteractionwith the receptor is determination of the crystal structure which provides

gualitive data about the molecular interaction rather than the strength of the bond.

Secondary phenotypic assaydnhibition of QS systems and the pathoblocker concept are
strategies with no clinical proadf concept for their translation as a therapeutic approach.
Therefore, secondary phenotypic assays are needed as well as analysis of biofilm formation to
prove the concept before the selected candidate proceads/ieo study. The most common
secondary phenotypic assay employed in the literature to evaluate PgsR antagonists is LC
MS/MS detection of AQ and pyocyanin production which are robust outpyigssysten

activation8499.10017

Biofilm formation analysis. The biofilm formation process @other important virulence trait
that needs to be evaluated in PgsR antagonist discovery projects Vitre biofilm assay
consists of two stages: biofilm formation and biofilm analysis. The type of platform selected
for biofilm formation affects to soe extent the type of data that can be extragt€cbmmonly
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used assays in this regard are static microtiter plate assays or the Calgary biofilm device. These
techniques are suitable for high throughput screening without the need for advanced equipment.
However, in microtiter plate assays, a part of the biomass may be of cells sedimented at the
bottom of the wells and subsequently embedded by extracellular polymeric substances
(EPS)'*20n the other hand, the Calgary biofilm device overcomes this limitation by assaying
at the coverlid composed of pegs that fit into the wells efrtiicrotiter plate containing the
growth medium and bacteria. The biofilm formed on the pegs does not result from cell
sedimentation but only from sessile development. However, the sonicated biomass does not
represent the whole sessile community and thgsiplogical properties of the detached
population may not reflect the physiology of sessile cells, as different populations inside the
biofilm community could exhibit different adhesive and detachment properties on the
material*® Currently, biofilms grown on glass coverslipnder flow conditions and light

microscopy are used to evaluate established biofitfris*

Based on the literature, reliableesthods of establishing biofilm include continuous floell
systems, colony biofilms, drip flow reactors and rotating disc reatfoiithe analysis of
established biofilm could be achieved by microscopy or the calculation of ef@oning units
(CFUs). However, the throughput of these methods is low and they typically require an abiotic

surface thaproduces biofilm, which istructurallyvery different from those seém vivo.'32

Biofilm assain literature . A previous studypy Rahmeet al, examinedhebiofilm treatment
with 1.3 which showed thatl.3 can interfere with further biofilm development but does not
disrupt a preformed PA14 biofilAi® The formation of biofin involved the use of a Calgary
Biofilm Device in which biofilms were grown on peg lids in microtiter plates. Crystal violet
staining and CFU counts were used to quantify biofilm bior(féigsire1-21a) and viable cells

(Figurel-21b), respectively.
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Figure1-21: Biofilm formation analysis in the presence or absence of 1.3 candidafe) Biofilm biomass and

(b) biofilm viable cells were measured by crystal violet staining or CFU counts, respectively, in the presence or
absence of @, 1 or 10 pM1.3. c) Biofilm CFUs were quantified before (24 h or 48 h) or after (72 h) treatment
with 10 uM 1.3 Data show the average-standard error of the mean (SEM) of at least six replicates. Statistical

significance was assessed using the uspaitest.SourceMaura and Rahm#$

1.3 was added at different concentrations (0.1, 1 and 10 puM) and different time points (24, 48

and 72 h). Treatment with3 reduced the increase in biofilm CFUs that occurred between 48
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and 72 h by 50% relative to the control. Howees,did not reduce biaim CFUs to below
the pretreatment level, indicating that3 alone can interfere with further biofilm development

but cannot disrupt preformed PAldiofilm (Figurel-21c).
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Figure1-22: Biofilm formation analysis in the presence or absence df.12 (40)candidate.a) Quantification

of AQ concentrations in PAGLL biofilm cultures treated withh.12(10uM). Biofilms were grown in M9 minimal
medium for 18 h in 24vell glassbottom plates and supernatants were extracted for AQ analysis. b)-PAO1
biofilm viability quantfied after treatment with different conditions for 6 (blue) or 24 h (orange). The
concentrations of drugs used were ciprofloxacin 60pug/mL (CIP)Lat2{10uM. Source:Soukariehet al®®
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Another studythatexamined the effect of PqsR antagonist on biofilm formatias conducted

by Soukariehet al, 2020.This study analysethe inhibitory effect ofL..12on AQ production

in biofilm cultures The biofilm was grown on round glass coverslips under flow conditions. It
was established for 48 h and incubated for a furth@r &4 h before treatment. (21 0 ¢ M
or/ and ciprofloxacin 60 eg/ mL) . However,
contradicted the hypothesis since they indicated a slight increase in the viability of samples

treated with the PgsR antagoriisi2in comparison to theontrol (Figure1-22).

The reasons of these conflictirgsultswere not investigated; however, this raises the question
of whether biofilmexperiments performed in the laboratory are useful for understanding how
the novel candidatesan inhibit QS and interfere with biofilm formatiohherefore, there is a
need to investigate this area in deptid provide the field witlexperimens reflecting the

pathological situation in aim vivo system

From a pharmacokinetic perspective, the ability of a candidate to show metabolic stability and

safety in the corresponding vitro assayssuch asytochrome P450 (CYP) inhibition assay,

using human liver microsomesd cytotoxicity assays with culturecelts, is critical at this

stage of the project before it proceedstuivo study.

56



1.9 Project overview and objectives

The work performed in this thesis mainly focuses on attenuating the pathogenicity and
resistance of one of the most critical pathodensesigning and developing a range of novel
QS inhibitors targeting the transcriptional regulator (PgsR) gbdjssystem which is distinct

to P. aeruginosa.Different chemical approaches are employed to synthesise a range of
compounds, and theelected candidates are validated through different biological evaluations

and molecular structure analysis.

Chapter2 focuses mainly on an SAR stuflyr the selected hit with a quinazok{3H)-one
scaffold which is similar to the natural substrate of the receptor. The chemistry to synthesise
different analogues is discussed in this chapter as well as the approaches employed to enhance

the physicochemal properties of the series.

In chaptel3, the work aimed to expand the SAR further by replacing the quinag@h)-one

moiety with different heterocyclic ringystems; it was concluded that the optimal replacement

is the Emethyt1H-benzoflimidazol2-amine ring. Many attempts were established to identify
the optimal conditions to synthesise this series by employing different strategies, and the
selected pathwaywvas successful in synthesising a range of analogues with different

substitutions.

Biological evaluations of the active compounds are presented in the final chpterl
attempt to prove the concept and validate the target as a relevant therapeutic target.
Furthermore, a cytotoxicity study of the most active compounds mwdhewas conducted to
investigate the therapeutioxicity index of these compounds before proceeding toitthavo

study. However, it is critical to establish further pharmacokinétiesgtro andin vivo assays

to evaluate the efficacy and safety of the novel candidate whidregiomd the scope of this

thesis.
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2 Design, Syithesis and Evaluation of Novel quinazefi(8H)-one
based PgsR antagonists as Adjuvant Therapies to Treat

Pseudomonas aeruginol#ection

2.1 Background of the project

The first step of any drug discovery program aiming to develop ana&ycandidate is finding

a hit with which to establish a structuaetivity relationship (SAR) studyTwo previous
studies employed a ligadzhsed design approach using the structuré2gsR agonist¥:1!!
The findings offer insights into the ligain@ceptor interaction of PqsR and provide a promising

starting point for further drug design.

H
[ SN R
R2|_/ | |
H Crtlie —= 7 7 ” 2 Ry — H 2 C7H4s

PQS EC50 =6.3nM?
2.1 Ry CN ICs= 259 + 114 nM @

2.2 R,: CF3 ICso= 54 +23 nM @
2.3 Ry NO, ICgo= 51+ 19 nM @

o] o o
— M CHis  —— H CsH1s
24EC5=28nM? 2.5Csy=35nM @
ICs = 0.4 uM ©

Figure 2-1: Summary of the first SAR study designed to identify a PqsR antagonist 2.5 by employing a
ligand-based approachThe inhibition of PqsRctivity was measured usitfiggalactosidase reporter gene assays

based orE. coli? or P. aeruginosa.

The Hartmann laboratotyavebeen a pioneer in the design of PgsR antagolifdis a pivotal
study using a liganthasel drug design approach, Hartmann andvwookers outlined a general
SAR for PgsR antagonism by developing structural analogues ot P®Q8tably, they found

that analkyl chain of at least six carbons was required for biological activity, and introducing
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electronwithdrawing groups (EWGS) at the gosition of the quinolone core resulted in strong
inhibition of PgsR activity. The antagonistic effect was not only attributable to the nature of
the substituents, it was also affected by the substituent posii@upstitution of the-and 8
positionsof the quinolonalid not show inhibition. These trends allowed the identification of
the first competitive inhibitors of PgsR, with compouh8 emerging as the lead compound
(Figure 2.1).Compound2.3 bound to PgsR witkp = 7 nM and IGo = 51 nM in anE. coli
reporter asay. However, a subsequent study showe®tB#tehaved as a mild agonist of PgsR

in a reporter gene assay basedPormeruginosa®® Hartmann and cavorkers proposed that

2.3 may be a substrate for the PqsH enzyme, which hydroxylates piesi@ion in the final

step of PQS synthesis. A athlibrary of compounds was prepared with different functional
groups substituting the hydrogen atom in thedsition to block the reaction site of the PgsH
enzyme. Compoung.5with acarboxamide functional group was selected as the best candidate
from that series, showing good activity in tfe aeruginosareporter gene assay his
compound provided the first proof of concept that PqsR antagonists reduce the mortality caused

by P. aeruginosan two in vivomodels Caenorhabditis elegarendGalleria mellonellg. 138
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Figure 2-2: Summary of SAR study employing ligandbased approach and novel -alkyl-4(3H)-
qguinazolinone scaffold The inhibition of PgsRactivity was measured by a reporter gene assay baséd on
aeruginosa.ECso determined in &. aeruginosagqpqsA CTX::Pygsalux; ICsq determined in &. aeruginosa
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A study conducted by Williams and-@mrkers analysed a series of A@nd 2alkyl-4(3H)-
quinazolinone (QZN) analogues with either 7 or 9 carbon atoms wligteticside chairf’
The SAR study revealed that the QZN core2ii and 2.7 was devoid of both agonist and
antagonist activity, while hydroxylation at Bf both analogues led to weaker agonist activity
compared to PQ(8and2.9). Interestingly, halogenation at the [fostion with chlorine or
fluorine improved the agonistic activit.(l0 and 2.11) Replacing the OH at Rwith its
isostere NHresulted in good antagonistic activity, withst@alues of 5 and 3.AM for 7- Cl

2.12and 7 F 2.13analogues, respectively.

According to these two previous studies, the most important structural features for achieving
antagonistic activity was the introduction of strong EWGs at thgoS8ition of the quinolin
4(1H)-one core or at the-position of the quinazolid(3H)-one coreln addition, these studies
revealed that substitution of the @osition has a role beyond blocking the metabolic hotspot,
as it appears that converting the hydroxyl to an angroup in 2.12 and 2.13 results in
antagonistic activity. These findings affetd some extent, the design of the SAR study

presented in this chapter.

2.2 Hit characterization

As discussed in Sectioh.8, a virtual screeningexperimentwas established b$oukarieh
employingthe crystal structure of PgS® followed by biological analysis of the togcoing
compoundso evaluate thie activity throughmeasuing the 1Ges. Compound..6 was selected
as a hitfor this projectand furtheranalysis of both enantiomedemonstatedthat, theR-

isomer,1.13is moreactiveenantiomer

Subsequently, work presented by St al analysed the pharmacokinetic propertie%.af3
and2.12using intratracheal pulmonary administration in rats model to predict their therapeutic

potential and suitability as drug candidates.
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Figure2-3: Pharmacokinetic analysisin in vivo model. 2.12(SENJ01) andl.13(SENO19)wereadministered
into ras via intratracheahdministrationBlood, lung, andbronchoalveolar lavag@AL ) for 2.12only) samples
were collected atleterminedime points, and theoncentration of both copoundswere analysedoy LC-MS.

SourceSouet al'®

The compounds were givera intratracheal administration to the luregsdoses of 0.0mg/kg

and 0.12 mg/kg of body weight, respectiveéihe selection of doses was restricted by the
agueous solubility and availability of thestedcompoundsSamples were collected from
blood, lung and(bronchoalveolar lavagier 2.12 only) at determinedtime points, and the
samples weranalysed by LC-MS. The results showed théoth compound§l.13and2.12)

were rapidlyclearedfrom the lung to the plasma, as demonstrated by the rapid appearance of

the compounds in plasma shortly after administraieigure 2-3). However, theplasma
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concentration of2.12 declined steadily over the sampling periodhile the plasma

concentration of.13declined more rapidly and was below 1 pg/mL after’3°h.

Furthermore,the solubility determinationshowed thatl.13 and 2.12 were poorly water
soluble2 0 Og/ mlpug/nh espéctivelyHowever, he addition ofPP2%formulation
improved the solubility of theompoundsignificantly and increased the amount of solubilized
compoundsto more than180 € g / milhis formulation is a mixture of polyethylene
glycol400(PEG400) 2%+ polysorbate 80 (PS80) 2% w/w in waténother advantage of
PP2%formulation that itdoesnot cause any detectable acute toxicity to the lungs of the
animals, as®own by histological examination of the terminal lung samplégerefore PP2%

was used to deliver solubilized drugs ford@ministration in the PK studie'$®

These results highlight the importance of designing novel PgsR antagonists with enhanced
water solubility andan increased residence time in the lung to enable local efficacy in
combination with rapid clearance after systemic absorption to reduce the risk of adverse

systemic reactions.
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2.3 Rationale of the design

This study aimed to analyse the effect of slightifications of the original structurd..g) on
the pharmacological activity and to explore the essential pharmacophore for antagonistic

activity (Figure2-4).
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Figure2-4: a) Chemical structureof the previously identified antagonisis3, 2.5and2.12 b) Chemical structure
of hit compoundL.6, the SAR studyesignandtheinvestigatedunctional groupsn this study

The main core o1.6 is the quinazolinone ring, which is a class of fused heterocycles that are
of considerable interest owing to their diverse biological propéffidis privilegel structure

in drug development and discovery can be found in more than 200 naturally occurring alkaloids
with a wide range of pharmacological apptions including antibacterial, antiffammatory,
antifungal and antimalarial activitié® The quinazolinone ring is stable towards oxidation,
reduction and hydrolysisspiringmedicinal chemists to explore this scaffold in the search for
new potential medicinal agent®.In addition, the similarity ofL.6 to the natural ligands of
PgsR (quinolird(1H)-one)and to the structure of the previously identified antagoBistand
2.12(with a quinolir4(1H)-one or quinazolifd(3H)-one core) together support the selection

of 1.6 as an ideal hit to initiate a SAR study in an attempt to improve the potency and the
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physiochemicaproperties of this compound. Previous studies demonstratetthé&iisomer

of 1.6 (1.13 was poorly watesoluble and had a short retention time in the ffAgyhich

guided our study design to focus on enhancing htparophilicity of the compound by

introducingwealy basic functional groupin order for charged and nonegad species to

coexist in the biological environmerats previously discussed.8.1).12 Furthermore, it was

shown that substitution witalectron witlidrawinggroups(EWGS on the phenyl ring of the

guinazolin4(3H)-one coreare important to improve antagonistic activity; however, the

position of the substitution should be carefully considered. Therefore, it is important to probe

the effect of substituting different positions of the phenyl ring with different EWGs to identify

the optimal substituent and position. In addition, the linker was investigated by replacing the

secondary alcohol with different substituents to determine the type of interaction provided by

this functional group. Importantly, the position of the nitrile fiim@al group on the phenyl

ring were also probed. Furthermore, different types of nitbil@sosters, as well as

heterocycles, were employéalincrease the overall polarity or ionization of the compound to

enhance its water solubilignd probe biologial activity. Finally, as arinspiration from the

literature, the published compoub@containinga di phenyl et her f-uncti o
stacking interact i3 Tharefote, ah ditemptsviasdnededoh a i n

modify the acetonitrile functional group by replacing this functional group with a phenoxy

substitution at theara position.
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2.4 Results and discussion
2.4.1 Synthesis of2-(4-(3-(6-chloro-4-oxoquinazolinr3(4H)-yl)-2-hydroxypropoxy)
phenyl) acetonitrilel.6and its analogues

The route used to prepates and its analogue®34-2.37) is shown inScheme2-1, which

employed two building blocks:-@H)-quinazolinone2.20and epoxidse2.292.33

Scheme2-1: Synthesis of compounds6 and its analogug®.34-2.37).

R
o) o s
cl COOH | cl
@ °© NH N o R,
- J 4 oH Ry
NH, N N
2.19 2.20

(d) 1.6 Ry =H, Ry = H, Ry = CH,CN
" 2.34 R;=H, Ry = H, Ry = OCH,CN
o oH 0 2.35 R,=F, Ry = H, Ry = CH,CN
—
R R
Ry Ri to produce 8 ! Rj R4

2.37 Ry = H, Ry = H, Ry = O(CgHs)
Rz 2.25-2.27 Re R,

2.21Ry=H, R, = H, Ry = OCH,CN
2.22 Ry=F, R, = H, Ry = CH,CN
2.23 R;=H, R, = F, Ry = CH,CN

2.24 Ry =H, Ry =H, Ry = CH,CN
2.25 Ry=H, R, = H, Ry = OCH,CN
2.26 Ry=F, R, = H, R; = CH,CN
227 Ry =H, R, =F, Ry = CH,CN
2.28 R, = H, R, = H, Ry = O(CgHs)

2.29 R;=H, R, =H, Ry =CH,CN
2.30 Ry=H, R, = H, Ry = OCH,CN
2.31 Ry=F, R, = H, Ry = CH,CN
2.32 R;=H, R, =F, R3= CH,CN
2.33 Ry =H, R, = H, Ry = O(CgHs)

Reagents and conditionsa) Formamide, 150°C, 16 h, 99%. b) BEDCM, rt, 16 h, 80%. d}t) epichlorohydrin,
CsCO0;s, CHsCN, reflux, 16 h, 28%d) CsCOs, TBAI, CH3CN, reflux, 16 h 46%.

The 4(3H)-quinazolinone2.20 was prepared according to the method described by Vi
Niementowski in 189%H The reaction was carried out by condensing different substituted 2
aminobenzoic acids with formamide to form the substituted quinazolinone cores. The yield of

this reaction was very high, ldad to a clean product with water as a side pro#iict.

The second building block reqad to synthesisé.6 and2.34-2.37 was 2(phenoxymethyl)
oxirane2.292.33 which was synthesised by employing either a-step synthesis for some
analogues or a orsep for others. The phenol as a starting material for anal@R®2.27
waseithercommerciallyunavailable or very expensive and therefore anishs2.23were

used in the first step. The ether demethylation is synthetically challenging, as it is a stable group
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and can be activated only if it is an agjkyl ether by using an acid with a nucleophilic counter
ion, such as HBr or HI. However, using strong aaidihis specific case could hydrolyse the
nitrile functional group present in the starting material, converting it to carboxylic acid, An
alternative approach is to use a strong Lewis acid, such asBBhe oxygen atom i@.21-

2.23 will attack the empty p orbital of the boron, and the methyl attached to the resulting
oxonium ion can be attacked by 'Bin an 2 reaction. The workup with water led to the

phenols2.25-2.27.143

Epoxide preparationThe epoxides were prepared by reacting a range of phenolstth (
epichlorohydrin in basic conditions through an expectg® ®action to produceacemic

epoxides.

4-(3H)-quinazolinone alkylationThe reaction to synthesideand2.34-2.37 consisted of two
steps and proceeded anin situepoxide ringopening athe less substituted carbon atom by
adding a catalytic amount of tetrabutylammonium iodide (TBAI). The second step was a
substitution reaction in which the nitrogen atom at position 3 of the QZN attacked the

electrophilic alkyl iodide to furnish the finptoduct Figure2-5).

iodide catalyst recycled

U ee Cra et

R3
Rz

2.29-2.33 2.20 1.6, 2.34-2.37

Figure 2-5: Alkylation of 4 (3H)-quinazolinone ring. The reaction uses a catalytic amount of

tetrabutylammuoium iodide (TBAI).
In an unsymmetrical epoxide, two rhagpening products can be formed corresponding to the

reaction of the nucleophile at the two different carbons of the ring. However, in basic
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conditions, the nucleophile typically reacts at the cadtom bearing the greater number of

free hydrogen atom$* This carbon is highly reactive and is considered to be a hard
electrophile because epoxides possess significant angle strain, and the bonds of an epoxide are
weaker than those of cyclic ethers with larger rings or @bem ethers. However, employing

TBAI led to epoxidering opening and provided the corresponding alkyl halide which is
considered as a soft electrophile. This decreased the reactivity of the electrophile and enhanced
the selectivity ratio to produce the desired regioisorvkrst literature eports two sites of
possible alkylation: R O or a mixture of both products, which depends on the electronic and

steric nature of the Bubstituents and the reaction conditiét?s.

To
o /

o)
C|\©f‘\§}’a cl S
l}l/)z N/JZ\R
The selectivity of Okalkylation can be directed by using specific conditions, such as the
Mitsunobu reaction*® or specific reagents, such as B&P POCk or HCCP!*® Otherwise,

the regioselectivity mainly depends on the alkylatiggrd, substrate, reaction solvent and

other reaction conditioné?

The®C NMR spectrgFigure2-6) showed that the same chemical shift of the carbonyl group
in the4 (3H)-quinazolinone ringf 2.20as in the produ@-(4-(3-(6-chloro-4-oxoquinazolin
3(4H)-yl)-2-hydroxypropoxy)phenyl)acetonitrilé.6, with shifts of 16028 ppm and 159.99
ppm, respectivelyThis evidence proves that tii@H-alkylation did not take place in this

reaction.
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Figure 2-6: The *C NMR spectraof 4 (3H)-quinazolinone ringof 2.20 (above)and 2-(4-(3-(6-chloro-4-

oxoquinazolin3(4H)-yl)-2-hydroxypropoxy)phenyl)acetonitrild.6 (below) with an enlarged section of the

aromatic regionin DMSO-ds solvent at100.66 MHz
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A heteronucleasingle quantuntorrelation (FBQQ experimentwasused with theesulting
two-dimensional (2D) spectrushowingone axis for proton') and the other for hetere

nucleus (armtomic nucleusther than a proton), whichiis this casé*C. The spectrum implies

that carbon 13, which is attached to nitrogen appears at 50 ppm and couples to two protons
appearing in different regions, 4.35 ppm and 3.87 ppm. &usdhalysis was established
employing éheteronuclear multipkeond correlation (HMBC) experimett determinghe site

of alkylation. This experiment detects heteronuclear correlations over longer ranges of
approximately P4 bonds. The characteristic peak the carbonyl grougl160 ppm)was
coupled withproton appeaat 4.35 ppm indicating that Nrather than Nwas the site of

alkylationas shown ir{Figure2-7).

©)
I ] SN o

N 13 o 17 ? k20

| 9 15

8 OH F30
\N/ vt

H12-C12
4.3, 50 ] ] 3.9, 50

H12-C12 50

60

0

4.0, 7@14‘{:14 70

f1 (ppm)

80
k90

I 100
110
L 120
J B @ k130
L 140

ﬂ r 150
v

T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0
f2 (ppm)

69



13' Lo
Lo
B k20
30
0 +40
0 0 @ F50
2. 24,
O11 2/2\21/ \25§ . 60
C 6 Uu 1 15, 1‘ ‘z‘u \2’: ! @% [7°
NN SIS N S v
‘ ‘ 1° ‘ v 8o
\\gffk\\N4’s o +90
7
Lo
£
Lito &
0 2
0 bi20
L @
@ ng o’ 0 0 130
I 140
, @ 0 @ 150
10 6o i i L 160
k170
I 180
190
200
k210
F220
9.0 8.5 8.0 7.5 7.0 65 6.0 55 5.0 45 40 35 30 25 20

f2 (ppm)

Figure2-7: 2D NMR analysis of 2-(4-(3-(6-chloro-4-oxoquinazolin-3(4H)-yl) -2-hydroxypropoxy) phenyl)
acetonitrile, 1.6. Theheteronucleasingle quantuncorrelation (F6QQ spectrum (abovegndthe heteronuclear

multiple-bond correlation (HMBC) spectrutbelow), in DMSO-ds solvent.

2.4.2 Oxidizing the hydroxyl functional group i (4-(3-(6-chloro-4-oxoquinazolin
3(4H)-yl)-2-hydroxypropoxy) phenyl) acetonitrilé.6

Scheme2-2: Oxidation of a secondary alcohol to a ketone functional group.

0 Q/\CN 0 Q/\CN
Cl Pq,/”\\\T///*\\() (@) Cl Pd,/ﬂ\\wT//f\\()

1.6 2.38

Reagents ancconditions: a) DessMartin periodinane, DCM, rt, 16 h, 76%.
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There are a variety of oxidizingethods andeagents that can be used for secondary alcohol
oxidation, such as chromates, Swewnidation or DesgsMartin periodinane (DMP) reagent.
DMP oxidationis preferable in comparison to other oxidation reagents due to its mild reaction
conditionssuch asoom temperature and a neutral.ffAThis reaction also avoids the use of
toxic chromium reagents and does not require a large excess of oxidizing reagent or co
oxidants.The reaction othe hypervalent iodineontainingreagenwith secondary alcohah

1.6 was efficient to affordketone 2.38 (Scheme2-2), with acetic acid and the mono

acetoxyiodinanaseasily removedaide product$®

2.4.3 Synthesis of2-(4-(2-amina3- (6-chloro-4-oxoquinazolir3(4H)-yl) propoxy)
phenyl)acetonitrile2.40 and its analogues

Scheme2-3:Synthesis 02.40.

i e O\A) Oﬂ O\)L)
Cl Route a
1.6

2.39 240
cl /

(c)

Route b O

Reagents and conditions a) triphenylphosphing(PhsP), di-isopropyl azodicarboxylatéDIAD), di-phenyl
phosphoryl azidéDPPA), THF, 45°C, 16 h, 30%*b) PP, NHOH, THF: RO, rt, 16 h, 25%. c) Tosyl chloride,
NEt;, DMAP, DCE: 5% THF, rt, 16 h, 82%. d) Na\NDMF, 60°C, 16 h, 65%.

Two different wellknown reactions were employed to furniHO. The Mitsunobu reaction
was used to substitute the hydrogybupwith azide2.39. The azide was subsequently reduced
to the primary amine through the Staudinger reaction to i@ This product2.40 was

employed in subsequent reactions to either alkylate or &onides.
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Mitsunobu reactior2.39. The Mitsunobu reaction was employed to furnish @& [@oduct in
a onepot synthesis by activating the alcohol into a better leaving group, which then underwent

nucleophilic substitution (&) byazide anion as the nucldufe.

(1) active intermediate .

w"ouﬁww** el

> PPh; +*PPhg 243

DIAD

2.42 2.42 make the OH better
leaving group

CN

, @
Yojor \N \©\)L) \©\)B + PhsP=0

Figure2-8: Mechanism of Mitsunobu reaction The reactioremploys 1.6, PPh, DPPAand DIADto furnish the
azide moiety ir2.39.

Two reagents (PRland DIAD) were mixed for 30 minutes to form an active interme@a

as shown inFigure 2-8. Subsequentlyl.6 was added and the active intermediaté2
deprotonated the alcohol, generating the alkoxide ion which immediately attacked the
positively charged phosphorus atom, formingtimng bond. In the second step, DPPA was
added, which was attacked by the second basic nitrogen anion, thereby liberating the azide as
a nucleophilic anionFinally, the azide attacked the electrophilic carbon in a normal S
reaction, leadingo the displa@ment of the phosphorus derivative of the alcohol by azide
moiety 2.39 The whole process took place in one operation. The four reagents (DIAg), PPh
DPPA and the substrate) were all added to one flask, generating two side @rqzhagphine

oxide and theeduced azo diester with two NH bonds replacing the N=N double bond.

An alternative approach wassedby transforming the hydroxygroupin 1.6 into a good

leaving group and subsequent substitution with the desired nucleophile. The alcohol was
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treated wih p-toluenesulfonyl chloride and base to form sulfonate €2, which was
obtained ingoodyield. Subsequently, the product was reacted with Nalbroduce2.39in

good yield and purity. The advantage of this approach was to avoid the generation of phosphine
oxide (a side product from the Mitsunobu reaction), which interferes with the desired product

in the chromatographic separation process.

Staudinger reactior2.40 The azide moiety can be reduced to the primary amine by several
methods such as catalytic hydrogenation, LiAli¢duction or the Staudinger reaction.
However, the first two reduction methods are not cheelective, and they could affect
different klle functional groups presewithin the compound. Catalytic hydrogenation using

10 wt% palladium on carbon, for example, can hydratgthe aryl chloridé®?in 2.39 while
LiAIH 4 3 can also reduce the nitrile functional group presethe starting material to an
amine. Therefore, the Staudinger reaction provides the optimal condition to afford the desired

primary amine moiety with high cherslectivity.

.
o cN 07N DN PPhg Nﬁ NN
NN
Cl N/Y\O — K[N _— cl N\)\/O —_—
AN
N NG
2.39 ¥

PP
Ph P N cl : CN
N8 decomposition N Ho
/C[W yy — "7 N/) - B * PPeo

iminophosphorane
intermediate

2.46

Figure2-9: Mechanism of Staudinger reaction.The reaction employ2.39to furnish the amine moiety 2.40.
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Mechanistically, the first step of this reaction is nucleophalidition of triphenylphosphine
leading to the formation of themiembered ring intermediage45, which is not stable due to
angle strain and therefore is rapidly decompo3éé. side product of this reaction is nitrogen
gas, which means that this reaatiwill be thermodynamically favourable due to an increased
reaction entropyFollowing that,decompositioryields the corresponding iminophosphorane
intermediate2.46, similar to the Wittig ylide A water molecule then attacks the phosphorus
atom in2.46, and a series of proton transfer steps take place to form the final primary amine

2.39, with triphenyphosphine oxide as a {product.

Scheme?-4: Amide bond formation i2.47 and2 .48.

ol el

2.40

o (b)
C'@ﬁ“(J@
N/ HN\EO

2.48 ']‘

CN

2.47
CN

Reagents and conditionsa) (CHsCO)O0, rt, 3 h, 95%. b) (Cg.NCH,COOH, PyBrop, EN, DMF, rt, 4 h 59%.

Amide bond formation is one of the most important reactions in orgaemistry, and the

design and synthesis of innovative coupling reagentge Hmeen an area of intense
investigationt>* In this work, amide bond formation was achievgdceimploying a robust and
classical method usingcid anhydrides. The desired anhydride was readily reactive with the
secondary amine at room temperature. In theory, this reaction does not require a base, as the
addition generates a carboxylate aniorsitu and no coupling would be obtained. Another
strategy used heis coupling the amine to the desired carboxylic acid. The leaving group

this caseis the hydroxyl anion, which is a poor leaving group and therefore carboxylic acid
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needs to be activated la coupling reagent. A onmt coupling condition was employed here
using a phosphonium reagent called bromo -(pyrrolidino) phosphonium
hexafluorophosphate (PyBrop), which is a more efficient peptide coupling reagent for
secondary amingjroups when conpared to benzotriazdl-yl-oxy- tris-(dimethylamino)
phosphonium hexafluorophosphate (BOP) and benzotriagybbxy-tris-pyrrolidino-
phosphonium hexafluorophosphate (PyBopY.his may be because of the formatadiin situ

acyl bromidewhich has less steric hindrance than the acyl benzotriazole generated by BOP or

PyBop coupling reagents®

Amine alkylatior2.50. In general, the alkylation of amines can be obtawaaducleophilic
addition to aldehydes or ketones, followed by reductive aminatiSq? reaction witranalkyl

halide

Scheme2-5: Synthesis ofmine functional groupn 2.49.

CN

o] \
N
cl /©/\ + NSNS
)N/ﬁ(\O o N
N @ cI
N/\f\o
2.38 /) HN
| followed by N 1
CN (b) _
2.49 N

0 /@/\
+ A~ N
Cl N/\/\O 0 ‘
/) NH»
N
2.40

Reagents and conditionsa) MeOH with 10% acetic acid40°C, 16 h. b) 2-picoline-borane complenr sodium
borohydrideNaBH..

The first attempt to synthesi2e49 was to employ a reductive amination reaction by reacting
2.38 with the primary amineN!, N!-dimethylethanel,2-diamine or 2.40 with 2-
(dimethylamino)cetaldehyde in acidic conditions to form imine intermeda®, which was
planned tosubsequently reduce by an appropriate reducing agctt, as2-picoline-borane
complexor sodium borohydridéHowever, the nucleophilic addition did not take place, and no

product was detected from this reaction.
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The formation of imines is reversible and generally takes pladeracid or base catalysis or

with heat!*® To drive the reaction to completion, different strategies were employed by adding
the leducing reagent to produce the amine as the imine formed, removing the water from the
reaction, and increasing the heat. Unfortunately, all of these strategies failed to produce the
required product. The reduction of the starting mat@:@ to 1.6 (redwction ofthe ketone to

alcohol)was the only reaction that occurred in this condition.

Scheme2-6: Synthesis 02.50.

(o) CN O
ol ey
N N HNW

2.40 2.50

CN

Reagents and conditionsa) GHsl, Cs,COs, CHsCN, 60°C, 16 h, 65%.

A further attempt toalkylate the amino functional group i2.40 with alkyl iodide was
employed to directly alkylate the amine and prodli88. This was the only successful strategy
that provided a simple alkylation. However, the biobadjianalysis of this compound did not
show promising results; therefore, the synthesis effort was directed to difsenms of

analogues

2.4.4 Nitrile hydrolysis in1.6 to synthesis 44-(3-(6-chloro-4-oxoquinazolinr3(4H)-
yl) -2-hydroxypropoxy)phenyl)acetamide.51

Scheme2-7: Synthesis of amide moiety 51

NH,
0 CN o
Cl /©/\ Ll ¢ m
N/) OH N/) OH
1.6 2.51

Reagents and conditionsa) CsCO;, DMSO:30% HO,, rt, 30 min, 96%.
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Preparation of the Amid@.51. The hydrolysis ofa nitrile groupto an amide is one of the
critical transformations in organic chemistry, as amidan undergo further hydrolysis to
furnish carboxylic acigd Therefore, theselection of the proper reagentdaconditions to
hydrolyse the nitrile to an amide is important to obtain the desired productspgeadic
condition is tousea weakly basic condition of 30% hydrogen peroxide in DMZQOhe
mechanism and kinetics of the reaction were investigated by Wiberg (1953), demonstrating
that this reaction involvethe oxidatioareduction of hydrogen perak with simultaneous

hydrolysis of the nitrile>’

o)
(@] _
() H,0; + ‘)J\— ~—— HOO+ E))J\OH
0”0
) -
NH
RN ENOURY [
"~ o0H ~"">00H * "2 o ~77"00H +DMSO R”7NH, +DMSO,
1.6 2.52 2.52 2.51

Figure2-10: Mechanism of nitrile hydrolysis with alkaline hydrogen peroxide.

The hydrogen peroxide first reacts with ttegbonatéo generate hydroperoxide anion, which
attacks the electrophilic carbontbk nitrile and forms peroxycarboximidic acid intermediate
2.52. After a proton transferthis intermediate2.52 undergoes oxidatiereduction with
DMSO to afford the amid2.51and dimethyl sulfone (DMS£) (Figure2-10). Notably, adding

DMSO to this reaction as a solvent or as an additive significantly increases the reaction rate.

77



2.4.5 Modification ofthe nitrile group to different heterocycles

Scheme?-8: Synthesis of 3nethyt1H-1,2,4triazole ad 1H-tetrazole heterocycles.

N
N

0
cl m\ .
() Ny o NH
CN - N/) OH

i /©/\
Cl 2.53
\Cﬁ:/) OH ) o Q/\r/ N
cl N/\/\o HN=
16 N/) OH

2.54

Reagents and conditionsa) Acetyl- hydrazide, sodium methoxide, CH, 80°C, 16 h, 15%2 b) NaN,
EtsNTHCI, DMF, 130°C, 16 h, 75%>°

By considering the carbon of the nitrile as an electrophile functional group, two different
nucleophiles were used, leading to internal sgtibn and producing two different
heterocycles: 3nethyl1H-1,2,4-triazole2.53 and H-tetrazole2.54. As the acetonitrile group
was attached to an electrarithdrawing group (phenyl), the cycloaddition of acédtytirazide

or NaNs took place at a sufficient rate, followed by internal catlon to furnish the

corresponding heterocyde
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2.4.6 Different appoachedor linker modifications
Here, two different approaches were applied to modify the linkelr.6f1) replacing the
oxygen with an amine functional group, 2) substituting the hydroxyl moiety with a methyl or

hydrogen.

Scheme2-9: Synthetic rout@pproachesor linker modifications

o 0
a Cl b cl /©/\
N
a2, ) /\g LA N/\/\H
) J b
0 N N
2.55 2.56
N/) o o) /©/\CN
2.20 Cl cl
. N/\/\m ; N/\/\o
o, N/) R d N/) R

2.57R=H 259 R=H
2.58 R = CH, 2.60 R = CHy

CN

Reagents and conditionsa) (x) epichlorohydrin, CsCOs TBAI, CHsCN, reflux, 16 h, 38%. b)-dminobenzyl
nitrile, CsCQO;, CHsCH,OH, microwave, 125°C, 30 min, 47%. toromo-3-chloro-2-propanefor 257 and t
bromo3-chloro-2-methylpropane for 258 CsCO;, TBAI, CHsCN, reflux16 h, 7072%. d) 4
hydroxylphenylacetonitrileCsCOs, TBAI, CH3CN, reflux 16 h, 4049%.

First, to replace the oxygen with nitrogen2rkb6 the synthesis pathway previously used for
1.6synthesis $cheme2-1) wasslightly modified to a newoute(Scheme2-9). The new route
stars with chlorine displacement i) epichlorohydrin by deprotonated QZSubsequently,
theepoxide wasing opened by daminobenzyhitrile under microwave irradiation to furnish

the final produck.56

Additionally, QZN reacted with -broma3-chloro-2-propane or 1-bromo3-chloro-2-
methylpropango produce two intermediate®.57 and 2.58, respectivelywhich were later
reacted with 4ydroxylphenylacetonitrileThe principle ofthe chemical behaviour of this
reactiondepends on many influencing factoa$.the strength of the covalent bond andhe

stability of the corresponding halide aniolsccept for the €& bond, all of the @alogen
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bonds are weaker than the@and GH bonds, and the increase in electronegativity is in direct
proportion to the strength of the covalent bond. This make€&8r bond more susceptible to
breakage than the-Cl bond. Another reason to direct the chesetectivity of this substitution
toward the @Br bond is the stability of the halide anions, which mainly depends on the charge
distribution over the halide amm. The stability of the charge distribution is in direct proportion

to the size of the halide, which makes the bromide anion more stable and the substitution with
C-Br more favourable. Therefore, the substitution by activated QZN was expected to be at the
C-Br bond. This was in agreement with the molecular weight of the intermediates detected by
LC-MS. Subsequently, the chlorine was displaced Hwdroxylphenylacetonitrilen SN2

mechanisnio furnish the final compound.69 and2.&0) in highyield.
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2.5 Molecular analysis

2.5.1 Isothermal calorimetry titration (ITC) of Pqs® with 1.13

An importantelement of drug discovery projects is the confirmation of direct binding to the
receptor anaene approach of achieving this, isdgtermination théhernodynamic signature

of a moleculeNotably, ITC is the gold standard for this purp88éTC experiments measure

t he he atH)wheoddweg idtergctgwith itarget. Additionally, it measures the Gibbs
free e@mdgorysociatgd with binding that is related to the affinity of this interaction.
Gi bbs eQGlergmnyt Wag pyH)ofanmce aent ronfp)wepeladtedrath@a ct i on
following equat o nG = oplg Tgh. A n e g aG valuee willgavour liganeprotein

i nt er act i Gvwalue oftDikd/nwolis safficignt to complete a reactidherefore, to
increase the binding affinity of the candidategal contributions from both enthalpy and
entropy are requiretf® However, the simultaneous optimisation of these elements is
challenging since enthalpic optimisation can often be offset by a loss in thei@ntrop
contribution. Entropy is generally based on the hydrophobic effect and increasing ligand
lipophilicity will simply optimise this parameteln contrast, optimisingnthalpy is difficult

due to its dependence on establishing productive electrostati@araker Waals interactions.

The critical point here is employing incorrectly positioned polar groups that not obtaining
further interaction with the receptor. This can frequently be offset by the entropic penalty
associated with the desolvation energy withgaining further improvement of the enthalpy
element. The energy required to desolvate a polar grap ksal/mol, which is 10 fold higher

than the energy required to desolvate a-polar group-®?
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Figure2-11: ITC binding data of 1.13 The experiment employed@ M of 1.13and10 &M PgsFEPin two

independent experimenfBhis work was carried out byilliam Richardsor(work in press).

ITC experiment was obtained successfully fat3 with PgsRBP to determine th&p value

and evaluate the binding affinity to the protein. This experiment confirmed.t&ibinds to

PgsREP with high affinity (dissociation agstant Kp) =10n M)
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2.5.2 Crystal structure oPgsRBP complexed witiPgsR antagonists 13and2.34.

Figure2-12: Schematic representation of the crystal structure of Pqs#P complexed with PgsR antagonist;
1.13 (abovg and?2.34 (bellow). Hydrogen bonds are shown as dotted lifds racemic mixtureof 2.34 was

soakedandthe R enantiomer was observethis work was carried out bByilliam Richardson (wik in press).

83



To gain a detailed insight into the molecular interaction oftitagonist®elonging to the 4
(3H)-quinazolinone seriagith PqsREP, the mode of bindingf 1.13and2.34 was determined
by obtaining the carystal structure with the PgSP® domainemploying crystalsoaking
experimers. As previously discussed1.7.2, PgsREP compromises of a deep pocke¥ (
pocket) which usually accommodatie quinolone part of the autoinducersaswnwith the
NHQ crystal structurewhile the superficial pocketB( pocket) contains the aliphatic side

chain®’

The ligandbound complex revealed that tlogiinazolinone ringinserted deeply into the
hydrophobic pockef in a similarmanner taNHQ, whilst thepara-phenyl acetonitrile faced
Tyr?*8in pocketB. The quinazolinone moiety df.13and2.34 wassurrounded by aliphatic
residues (AI&? Ala'®® 11e2%, 11e?°®) while the hydroxyl group establishégdrogen bonding
interactionswith Glut**and Arg®or GIn'**and Led%, respectively. @erall, both compounds

maintained thesame conformation and electrostatic interaction withptioéeinresidues.
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2.6 Structuré activity relationship analysis

2.6.1 Analysing the optimal position of electravithdrawing substitution on the
guinazolin4(3H)-one core

In all of the natural ligands antde PgsR antagonists presented in this chapter, the quinolin

4(1H)-one or quinazolir(3H)-one corewasconserved. Therefore, the attempt here was to

explore the SAR by substituting the quinazeli@H)-one core with EWGs at the1fR4

positions, as presemtén Table2-1.

Table2-1: SAR study of quinazolin4(3H)-one core (2.8-2.68). The inhibition of PgsRactivity was initially
measured in théAOLL CTX::Ppgsslux strain of P. aeruginosaat 10 uM NA, not active at 10 pMAIl
compounds resulting in a greater than 50% inhibition of activity were further analysed by conceresgtmrse
curvesmeasured ithePAOIL-L CTX::Pygsxlux strain.The asterisk?) indicates that this parameter was predicted

using ChemDraw 19.0.1.28ttp://www.chemaxon.cojn The sign ($)ndicates thathe synthesis and biological

evaluation was carried out by Fadi Soukarieh.

Ry O /@/\CN
Ry 6 A3
2 /\’/\O

N
Ry T N/) OH
R4
ICso (uM) PAOL-L | clLogP*
Compound | Ry R> R3 R4
CTX::Pygsalux
$2.61 Cl H H H NA 1.9
$2.62 H Cl Cl H NA 2.6
$2.63 H H Cl H 6.7+0.3 1.9
$2.64 H H H Cl NA 1.9
$2.65 H Cl H Cl NA 2.6
$2.66 H | NO; H H 05+0.1 1.0
$2.67 H H NO, | H NA 1.0
$2.68 H | CR H H 0.6+0.1 2.2

Values reported as Mean £Bl of n=3.
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This analysis demonstrated that the introduction of a chlorine atom ats#Re & Cs-R4
position (compound&.61 and2.64, respectively led to a loss of potencgs well aghe di
substituted compounds62and2.65. In addition the C7-Rs chlorine analogu@.63 had a2-
fold loss of activityindicating that he substitution at th€s-R2 is the optimal position It is
noteworthy, that the-ritro substitutedderivative2.67, as opposed t@.63, was completely
inactive which is likely due to the size of the nitro graxgmpared to the chlorinatom
FurthermoreR, was substitutedith a stronger EWQGunctional groupsuch as C§(2.68) or
NO: (2.66), with Hammett constarf?.54 and 0.78, respectively in compariso®1d3 for Cl
substitutiont®® The inhibitory potencyof 2.68 and 2.66 was enhanced- or 7.5 fold,
respectively, compared th6, which confirmed the importance of the electmithdrawing

effect on that position.

This finding suggests that the EWG creates localised eled#ficientsites, thereby forming

a stronger interaction with electroith aromatic side chains of amino d&ipresent in the
recognition site of the receptor. However, the lack of an electooating groups (EDGS)
substituent at the &R position in this study limited the ability to make a proper comparison
or draw this conclusion. Another possible intergietais that these moieties (Cl, N@nd
CFs) form H-bonds with the receptor, which is consistent with previously reported fintfings.
Cl in position G-R2was maintained forllthe future SAR analyses. The nitro group, in general,
has been extensively associated with mutagenicity and genotoxicity 1&swdsie the

trifluoromethyl moiety slightly increased the lipophilicity of the compound.
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2.6.2 Amino propanr2-ol linker investigation

Here, the SAR investigation efforts focused on determining the type of interactions formed by
the linker by varying the subgients at the R positiomhile the head and tail moieties were
fixed corresponding to those df6. The optimal length of the linker was also investigated, as

shown:

Table2-2: SAR study of amino propan2-ol linker. The inhibition of PgsR activity was initially measured in
thePAOL-L CTX::Pygsalux strain ofP. aeruginosat 10 pM NA, not active at 10 pMAIl compounds resulting

in a greater than 50% inhibition of activity wdtether analysed bgoncentratiorresponse curveseasured in
PAOLL CTX::Pygsalux. The asterisk) indicates that this parameter was predicted using ChemDraw 19.0.1.28

(http://www.chemaxon.cojn Compounds2.70 and 2.72 were not synthesisedThe sign ($)indicates thathe

synthesis and biological evaluation was carried out by Fadi Soukd@hietsign £) indicates thathe biological

evaluation was carried out by Fadi Soukarieh

o N /©/\CN
R
ICs0 (UM)

Compound R X n PAOLL CTX::Pygsalux | cLogP*
£1.6 OH O 1 3.2+1.0 1.9
£2.40 NH2 O] 1 24+0.2 2.0
259 H 0] 1 NA 31
2.60 CHs 0] 1 NA 35
$2.69 F 0] 1 NA 33
£2.38 =0 0] 1 43+1.3 23
2.56 OH NH 1 NA 16
2.70 NH2 NH 1 - 1.7
$2.71 OH 0] 2 NA 2.3
2.47 NH(CO)CHs o) 1 NA 2.0
2.48 NH(CO)CH.N(CHs)2 o) 1 NA 2.2
2.50 NHCH:CHs 0] 1 NA 2.9
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2.712 NHCH,CHzN(CHs), o) 1 - 2.9

Values reported as Mean £Bl of n = 3.

All the lipophilic substituents2\59, 2.60 and2.69) lead to thdoss of activity, while replacing
the hydroxyl with the isosteric 4donor or/and acceptogroup 2.40 slightly enhanced the
inhibitory potency. Interestingly, oxidising the hydroxyl to the ket®r38 maintained similar
activity to the original hit (160 = 4.3 £ 1.3uM), which was likely due to the e pairs of the
carbonyl oxygen still acting as albbnd acceptor. Additionally, the optimal linker length was
investigated by introducing an additional carboB.iri, which led to the loss of activitf.aken
together, these results confirmed that there istmktlinteraction between the moleculela¢

R position and the binding domain, and the positionisfahbstituent is critical fobiological
activity. The caocrystal structure ofl.13 and 2.34 with PgsR provided further evidence

consistent with this finding

The design of a ebasiccompoundvas applied here in order to find a compound vattizable
basicfunctional groupin neutral pH 7.4vhich couldleadto anincreasen theretention time

of the compounéh the lung.

prepasliliave sl o e

pKa 14.2

CN

pKa =8.4 pKa 8.9

1.6 2.40 2.50
LogD; = 2.26 LogD; =0.78 LogD; = 1.04

0o pKa = 2.7 CN
oy O oo “CryC
N/) NH, 7 J N J HN pKa 8.7

pKa =8.8 pKa =127

CN

\ pKa=75 \

248 2.72 pKa=4.7
2.70 LogD7 = 1.31 LogD7 = 0.98
LogD7 =-0.02

Figure2-13: analogueshat contairacidic (in red) or basic (in blue) functional grougse parametes (pKa and
LogDy) werepredicted usingchemDraw 19.0.1.2&(tp://www.chemaxon.cojn
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The strategy applied herelig replacing the hydroxyh 1.6 with theamirein 2.4Q thiswould
convertthe weak acidfunctional group inl.6to a basein 2.40with pKa 8.4 this basecanbe
ionized in neutral pH 7.4 Furthermore, the alkylation ¢fie amino functional group i2.50
slightly enhanced the basicitgimilarly, replacing the O atom at the X position with nitrogen,
then substituting the R position with amino group to produ¢éwill enhance the basicity as
well asprovide other weak basitinctionalgroup in the moleculdn addition, ink the amino
group in compoun@.40with acyl or alkyl chain containing ardethyl amino group at the end
of the side chain2(48 or 2.72respectively)will provide the desired basic functional group
with other weak acidj@.48or basi¢2.72functional group in thenolecule as shown iRigure

2-13.

The synthesis 02.48 and 2.72 provedvery challenging, and many attempts were made to
synthesie these molecules. First, replacing the oxygen atom with nitrogen at the X position
lead to inactive compouri5g therefore, no further chemical reaction was carried out for this
molecule to convert the hydroxyl to an amino functional group (compauf®lL Second, a
simple alkyl chain (ethyl) was linked to the amine at the R position to test the activity of the
compound before coupling with an alkyl chain containingnaedinyl amino group at the end

of the side chainJnfortunately, théviologicalactivity was lost in the resulting compoudQ,

and compounds containing an amide linRet7and2.48 also proved inactiverheseresuls

arein agreement with the previous conclusionbéhding at the R position is critical for the
inhibitory potency of the molecule. Regardless of the effect of the different linkers, this strategy
was not furtheexamined and the hydroxyl was considered as ¢iptimal substituent at the R

position.
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2.6.3 Analysing the substituents on th€42hydroxyphenyl) acetonitrile ring

As the manipulation of th&eubstitution on the quinazol#(3H)-one coreas well asn the linker
groupdid not showany improvemenin potency, a series of modifications were introduted
the aromatic phenyl ringp 1.6to explore the SAR of thisegion [Table2-3).

Table 2-3: SAR study of 2(4-hydroxyphenyl) acetonitrile ring of 1.6. The inhibition of PgsRactivity was
initially measured in th® AOL-L CTX::Pygsalux strain ofP. aeruginosat 10 pM NA, not active at 10 uMAll
compounds showing a 50% or greater inhibition of activity were further analysed by concemaspionse

curvesin PAOIL-L CTX::Pygalux. The asterisk) indicates that this parameter was predicted using ChemDraw

19.0.1.28(http://www.chemaxon.cojn The sign ($)ndicates thathe synthesis and biological evaluation was

carried out by Fadi Soukariefihe sign (E)indicates thathe biological evaluation was carried out by Fadi

Soukarieh.
Ry
PPeN
Cl N/\/\O
/) OH
N
ICs0 (UM)
COmpOUﬂd Rl Rz R3 PAOI-L CLOgP
CTX::Ppgsalux

$2.73 H H CN NA 2.3
274 H CN H NA 2.3
$275 H | CH,.CN H NA 2.1
$276 H H CH,CH,CN 2.9+1.2¢2 2.4
£234 H H OCH,CN 45+0.7° 1.8
£235 F H CH,CN 2.2+0.22 2.3
£236 H F CH,CN 6.4+ 0.7 2.3
.77 H H CHx(CO)OH NA 2.0
2.51 H H CH2(CO)NH; NA 1.1
$2.78 H H (CO)CH.CHs NA 2.8
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N 21
$279 H H N— | 1.9+0.08

N-o
N 24
253 H H Y y— NA
N~NH
N, NA 21
254 H | H O N
HN-N
237 H H O(CeHs) NA 43

Values reported as Mean £8l of n =32

The SAR exploration of-4-hydroxyphenyl) acetonitrile was initiated by finding the optimal
length and position of the nitrile functional grodpne aromaticnitrilesin 2.73and2.74with
para andmeta benzonitile respectively, exhibited loss of activityn addition, theanalogue
with meta acetaitrile substitution2.75lostbiological activitywhich proved the importance
of the acetonitrile grougat para- position Extending the chain length by an extreethylene
groupor introduction of an ether bond between the phenylagetbnitrile group ir2.76 or
2.34, respectivelymaintainedthe activity. A further attempt to enhance the potency was
rationalised by the crystal structure ofl3with PqsR(2.5.2 and achieved by introducing a
fluorine atom at thertho- (2.35) or meta position @.36) in order to gain a hydrogen bond
interaction with the TyP® side chain. Unfortunately2.35 did not gain further potency, while

the activity of2.36 was reduce@-fold.

Another approach focused on finding an appropriate bioisostere for the nitrile matetgutd
maintain the activity and prevent tphessibility of cyanide ionseleasaluring metabolism in
biological systems®® Theunique structural characteristi€thenitrile groupwith linear shape
enables the moiety to fit readily into binding site guazketsof thereceptort®® In addition, as

a hydrogen bond acceptor, the lone pair of electrons onittogenatom can form hydrogen
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bond (HB) interactions with various protein residif€sThus, this moiety has traditionally
been considered as a bioisostere of carbonyl, kytlemd carboxyl group®?® In this study,

the nitrile moiety was modified to a carboxylic a2i@7, an amide.51and a keton&.78, and

all modifications led to the compketoss of inhibitory potencylhese results indicate that the
geometry and rigidity of the acetonitrile moiety, the length, and the lone pairs of the nitrogen

are critical for activity.

Subsequently, different heterocycles were substituted omdle position to replace the
acetonitrile moiety and to enhance the physicochemical properties of the compound. Fhe 1,2,4
oxadiazole ring in2.79 was the best replacement for the acetonitrile moiety, with similar
activity to the original hifL.6, while the 1,2,4riazole2.53andtetrazole2.54analogus showed

aloss intheactivity. In addition,extending thepara-positionof the phenyl ring with a bulky
phenoxy grou.37 led to a loss of the activity and therefore the acetonitrile moiety at the

para- postion was conserved for all future SAR studies.
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2.6.4 Theanalysis oflL.6 enantiomeagctivity.
o /©/\CN
Cl N/\:/\O
0 /©/\CN N/) OH
cl 1.13
\Q\)BN/\/\O — ICs0= 1.1 + 0.4 UM
= OH
N (0]
1.6 cl /©/\
ICso= 3.2 1.0 M N o
N/) OH

1.14
ICso= 7.3 £ 1.4 M

CN

Figure2-14: Biological evaluationof 1.6 (racemic), 1.13(R) and 1.14(S).The inhibition of PgsR activity was
initially measured in th® AO1-L CTX::Ppgsalux strain ofP. aeruginosat 10 uM 1.6 and1.13showedgreater
than 50% inhibition of activityand therefordurther analys by concentratiofresponse curveseasured in the
PAOI-L CTX::Ppgslux strain

Although the two enantiomers of any chiral drug are identical in their NMR, IR and physical
properties, 50% of chiral marketed drugs are a single enantiomer. This is becagse |
systems are also chiral, and the two enantiomers of a chiral drug can behave very diffierently
vivo 17 For example, one enantiomer may be responsible for the therapeuis effthe drug
whereas the other is inactive and/or contributes to side effé@sing to the FDA regulations

for the development of new stereoisomeric drugs, @ritscal at this stage of the project to
determine the activity of both enantiomé$.As discussed before (SectidrB), Soukarieh
analysed the activity dhe enantiomer®f 1.6. The analysis demonstrated thiie R isomer,
1.13is themoreactive enantiomerwith slightly better potencyl(13 ICso = 1.1+ 0.4 uM),

while theSisomer,1.14was 7fold less active (Igpof 7.3+ 1.4 M) .
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2.7 Conclusion and future work

HBA HBA a7 88A
- 9.9A

\©\)\N/\/\O HBA R
N/) OH

HEA HBA
Figure2-15: Pharmacophore of quinazolin4(3H)-one series.
The SAR analysis of the original Hit6 showed that the hydroxyl functional group in the linker
interacts with the binding site as a hydrogen bond donor or acceptor which is critical for
biologicalactivity. The cecrystal structure of.13with PgsR(Figure2-12) demonstratethe
pharmacophore that is essential for PgsR antagonistic pofEigyre 2-15). The chlorine
atom, which hasan electronwithdrawing effect on QZN is essential for activity. In addition,
other EWGSs such as nitro or trifluoromethyl enhanced the inhibitory poteray765- fold,
respectively. Thus, the chlorine atom or QZN may act as a hydrogen bontbadoephe
protein residue in the receptor. On the other hand, the role of the acetonitrile group in binding
to the receptor is not clearly defined. The lipophilic interaction provided by this moiety, as well
as the hydrogen bonding with the lone paiNgfcould be why this moiety is critical for the
activity. In addition, the acetonitrile moiety sp hybridisedand itcould act asan electron
deficient -pii styesn &eant ii-och aromiatic ing ENY"°® présendimthe
receptort® This interaction was not provided by the bioisostefehenitrile functional group
(carbonyl, hydroxyl and carboxyl groupBweverthe 1,2,4oxazole ringvasable to maintain

this type of interaction.

Previous work ingtated that any simple modification of the quinaz@(BH)-one series led
to the loss, decrease or maintenance of biological activity similar to that of the origihél hit

For this reasgna limited SAR for this series was carried out. The only matibas that
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maintained similar or better activity were:réplacing the chlorinatomwith a stronger EWG,
enhancing the inhibitory potency byf@d and 7.5fold in 2.73 and 2.75 respectively 2)
introducing a hydrogen bond donor or acceptor abyleoxyl position, which was critical for
activity and; 3) introducing a 1,2xazole ring in2.87, which was the only analogue that
maintained activity similar to that of the nitrile moieBmally, the triazole analogu253and
thetetrazole analogu254lost activity, which could have been due partto cell permeability
issuest’® The focus of this project was to investigate scaffolds that probe the receptor to
examinethe molecular basis ofg8R receptddigand binding and inhibitor interactions. A
deeper understanding of these interactions will support thegetd antivirulence drug

development that exploits PgsR as a virulence modularaeruginosa.
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3 Hit to leadOptimisation ofNovel 1H-benzofljimidazole based
PgsR Inhibitors as Adjuvant Therapy to TrBaeudomonas
aeruginosanfections

3.1 Background and aim of the project

In the previous chapter, a SAR study based on the quinaid@i)-one (QZN) scaffold as
PgsR antagonists iA. aeruginosavas establishedhis studyidentified that introduction of
an electroawithdrawing group to the-goosition of the quinazoli#(3H)-one ringas well as
the hydrogen bondin@f the hydroxyl moiety within the linker group are is—critical for

inhibitory activityas-well-asiydrogen-bonding-with-the-linkeThe SAR analysis df.6 as a

hit was limited, as any small modification in thmlecularstructureled to a loss of activity.

Therefore, another study was established to replace the quird@Mipone core wth
different heterocyclic ring systenf$able3-1). An inspiration from thditerature(compound
1.3), replacinghe quinazolird(3H)-one ring with the-methyl1H-benzofllimidazol2-amine
ring 3.1enhanced activity 5old in comparison td.6. While replacinghe quinazolird(3H)-

one ring withbenzoflloxazol2-amine3.2 and benzda]jthiazol-2-amine3.3 led toaloss ofthe
inhibitory activity. This confirmsthatthe benzimidazole chemotype may be interacting with
the receptor in a unique fashion relative to other heterocynlésct, this is the only ring that
has a methyl substitutior8.0, Ri = Me) which provides a key lipophilic interaction in the
ligand binding site as eventually shown byra¢ crystallographyHowever, replacing the
amine functional group in the linker with thiol moigdy lead to loss the activitfyCompound

3.1 was an idal hit with leadlike properties to start a SAR study. However, the synthesis of
the ZTalkyl-1H-benzofljimidazol2-amine ring proved challenging, especially with bulky
substitutions, and therefore this chapter aims to find an appropriate syntheticabptevtdes

a range oB.1 analogues with reasonable yield and high purity.
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Table3-1: The initial SAR study conducted by Soukariehand it aimed to investigate different heterocycles
replacing the QZN core in1.6. The inhibition of PgsR activity was measured initially in B0 1-L CTX::Ppgsx
lux strain ofP. aeruginosaat 10 UM concentratiarCompounds showing inhibition of activity by 5086 more
were further analysed by concentratimsponse curvaneasured iNnPAOIL-L CTX::Pysalux and PAl4
CTX::Pygsalux strains NA, not active at 10 pM concentratioNT, not testeih PA14 CTX::Rgsxlux strainsThe

asterisk {) indicates that this parameter was predicted using ChemDraw 19.(hft@8www.chemaxon.con

The sign ($)ndicates thathe synthesis and biological evaluation was carried out by Fadi Soukarieh.

cl N/\/\o ><1n/><2\)\/0\<>V
N/) OH cl N CN
1.6
ICso = 3.2 UM
cLogP =1.9
ICs0 (LM) ICs0(UM)
PAO1L-L PA14 cLogP *
X1 X2 R1
CTX::Ppgsxlux | CTX::Ppgsalux
el N NH CHs 0.21+0.@¢% 0.20 £ 0002 32
$3.2 0] NH - NA NT 3.0
$3.3 S NH - NA NT 3.7
$34 N S CH;s NA NT 3.5

Valuesreported as Mean 3/ of n =62

The most potent and efficacious PgsR inhibitor reported to dat®, iasidentified by Rahme

and colleaguegFigure3-1).1%In fad, the discovery of thisompoundwvas through the use of
phenotypic higkthroughput screening (HTS) of a library with over 280,000 compounds,
followed by SAR analysis and biological evaluation of HAQ and pyocyanin production in the
presence of 10 and 1 ubdf the compounds. Indeed, the result from HTS showedrtiratthe

17 successfutompoundseight shared a benzamide=nzimidazole scaffold which indicates

the preference of this scaffold over other chemical families presers libréry.
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3.5 3.6 Ky =5.4nM
ICs0 = 0.32 uM in PAO1-L
ICsp = 1.22 uM in PA14

Figure3-1: Summery of SAR studyconducted byby Rahme and colleague&™ It staredwith 3.5 by adding

an electron withdrawing group to gi&®6, the potency of HHQ and PQS inhibition was increased. Benzamide
benzimidazole derivatives containingphenoxy substituted benzamide ririg3) was the best candidate in that
series1% The study did not report Kgvalues to make clear comparison however, thgd€1.3wasdetermined

in our labby Ruiling Liu and the results reportéd.

Consistent with previous findings, the key featuasdntagonistic activity, identified from
this study, area strong electromithdrawing group (nitro) inthe 6- position of the
benzimidazole ring, and a hydrophobic extension in thgodition of the benzamide with the
phenoxy group as an ideal subgtdn. The thioether linker was preserved in all analogues

without further investigatiot®

3.2 Rationale of the design

The benzimidazole moiety is an important heterocycle which has a wide spectrum of
physiological and pharmacological properties. It is the haesit of the vitamin B structure

as well as being consideredstructural isostere of naturally occurring nucleotitiédn
addition, this nucleus igresent in several FDApproved agents and serves as a central core
in marketed proton pump inhibitors, anthelmintics, anticancer agents, and vasotfifators.
According to PgsR inhibition].3 with the benzamidéenzimidazole scaffold was the first
compoundthat showedn vivo efficacy against acute and chronic infections in mice with
nanonolar range activity against the PAQ1strain% This study providesiew insight into

the interaction between PgsR and the benzimidazole scaffold at the moleculdt?level.

Furthermore, the initial SAR exploration discussed above demonstrated that replacing the
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guinazolin4(3H)-one ring with benzafJoxazol2-amine 3.1 or benzofithiazol2-amine 3.2
led to a loss of the activity, while the imethyt1H-benzofllimidazol2-amine mg 3.1
enhanced activity old in comparison td..6. This evidence supports the selectior3dfas
an ideal hit to establish a SAR study aiming to enhance the potency and the physiochemical

properties of the hit compound.

T SRy R
NW/N\)\/O\Q\/ - - ) NW/N\/\/O
C|O/N CN \\\31‘;\QN ’R4j©\/CN

3.1 N .. Rs

IC50=0.21 £ 0.04 pM in PAO1-L
ICs0=0.20 + 0.01 uM in PA14
cLogP =3.2

Figure 3-2: The chemical structure of hit commund 3.1 and the design of the SAR studyTheaim of this

studyis to explore groups Ro Re.

The design strategy focused on three aspects: i) exploration of religg@bal interactions to
build SAR; ii) exploration of the steric ariggophilic requirement for the key#Fsubstituent;
and iii) introduction of polar solubilising functional groups to enhance thelk@igroperties

of the series.
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3.3 Results and discussion

3.3.1 Synthesis overview

Although the benzimidazole ring system is a ieyed substructure among bioactive

compounds?* the synthesis of-aminobenzimidazole is still challenging. Different synthetic

strategies have been accordingly optimisedhis study to obtain products with varied

substitutions, with high yield arfdgh purity.

first synthetic route

Cl N/
b
N

3.16R;=Cl
3.24 Ry = SO,CHj,

second synthetic route

Cl N
\C[ )—NH, + NC
N .

3.25

successful synthetic route

H
Cl N
LT -
NH,
3.12

\ H OH
OH N\”/N\)\/O
O e e
NC

3.10
<y o
o) NYN\)\/O
N — CI—@/{“ \©VCN
3.20
2.29

O/TBS

~
O sthaael
~Ss cl N CN
NC 3.20

3.36

Figure3-3: The synthetic routes employed in this project to synthesis2 éiméinobenzimidazole scaffold.

Three different synthetic routes were carried out in this chapter to f&dish3.20employing

different functional groups:-aminopropas2-ol in 3.10, epoxide in2.29, and isothiocyanate

moiety in3.36 (Figure3-3).
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Preparation of benzeng,2-diamine starting material.

(Schemes-1): preparation of €hloro-N*-methylbenzend ,2-diamine3.9.
NO, NO, NH,
0 e O o (X
Cl F Cl N cl N
H H
3.7 3.8 3.9

Reagent and condition a) methylamine, MeOH, reflux, 16 h, 93%. b) Zn, JH 10% CHCOOH; MeOH, rt,
1h, 9695%.

Practically, most syntheses of benzimidazoles start with benzene derivatives possessing
nitrogencontaining functionsortho- to each other3.9. 1-Fluoro-2-nitrobenzene is the
immediate precursor to furnish8 as an intermediate. The preparation of theffetd was

initiated by substituting the fluorine atom3ty with methylamine in order to furnish8.'’?

The type of reaction shown here is the additeimination mechanism. The amine adds to the
carbon atom attached to the fluorim®mand the negative charge is delocalised through the
aromatic ring and stabilised by the nitro group presented aortihe position to the fluorine
atom Following this,the negative charge will move again toward the tetrahedral carbon
intermediate and push the electrons to the flu@atoenas a leaving group. The presence of an
electronwithdrawing group irortho- or para- position to the leaving group is critical forigh

type of reaction.

Subsequently, the nitro group was reducethéoalaninaising a metal reducing reaction with
Zn as an electron transfer reagent and proton source (AcOECINIA order to furnish the
benzenel,2-diamine moiety3.9. The selection ofhiese conditions over thmore common
method of nitro reduction (catalytic hydrogenation) was dahemaselectivity issue, as
catalytic hydrogenation could remove the chlorine atom presehé staffold in addition to

reducing the nitro functional grodf?
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3.3.2 The first synthetic route employing amino functional group.i®

(Scheme3-2): preparation 0f3.1 and 3.19 3.20 (This scheme was conducted by Fadi

Soukarieh).
O OH
o 0 A NH,
N @, ﬁ R on
NC \
2.29 3.10 (d) N

R

H R
Cl N‘R Cl N cl N 31 R=Me
(b) =0 () \C[ )—cl 3.19 R=Et
NH, N N 3.20 R=iso Pr

3.9 R=Me 3.13 R=Me 3.16 R=Me
3.11 R=Et 3.14 R=Et 3.17 R=Et
3.12 R=iso Pr 3.15 R=so Pr 3.18 R=so Pr

Reagent and condition a) NH/MeOH, rt, 16 h 80% b) CDI, DCM, 50°C, 3h. ¢) POglneat, 90°C, 16h. d)
MW, EtsN, EtOH, 180°C, 3h. 1:25%.

The first approach to prepadel was by coupling two intermediatels6-dichloro-1-alkyl-1H-

benzofllimidazole3.16 and Xamino3-propan2-ol 3.10.

Preparation of 1Hbenzo[d]imidazoleseries 8.1and3.19 3.20. 2,6-Dichloro-1-methyt1H-
benzofllimidazole 3.16 was reacted with -P4-(3-amino2-hydroxypropoxy) phenyl)
acetonitrile3.10to furnish the final product under microwave irradiation, as shown in Scheme
3.2 to give  2-(4-(3-((6-chloro-1-methyl1H-benzoflimidazol2-yl) amino)2-
hydroxypropoxy)phenyl) acetonitrile 3.1 In addition, the same strategy was applied to
synthesise3.19 and 3.20 analogues. However, this strategy was not efficient enough to
synthesise a library of analogues for the SAR study, agi¢hetwas poor (125% purified
yield) for the successful reactiomencefor bulkier analogues the synthesis strategy was

modified.
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(Schemes-3): preparation 08.1employing3.10& 3.21, 3.22and3.24.

OH

H /
CI\@[N\ ﬁ, CI\@[N>:S O\)\/NHZ (d)
NH; ﬂ + NC\/©/ T

3.9 3.21 3.10

o S I 5 A
N 0

3.24

Reagents and conditions(a) CS, E&N, EtOH, rt, 16 h83%.(b) CHsl, NaOH, MeOH, (GHs)20, rt, 16 h 56%
(c) oxone, MeOH, bD, rt, 16 h 42% (d) E&N, HgChL, DCM 0° C, 30min then rt for 16h(e) MW, Et:N, MeCN,
150°C,4h.

Preparation ofthiourea3.21, methyl thiol3.22 & sulfonylmethane3.24. By maintainng the
1-aminoproparR-ol moiety in3.10as a nucleophile, an alternative approach was adopted by
changing the chlorine leaving group 316 to a more stable conjugate basach as the
sulfonylkmethane moiety3.24, which can stabilise the resulting negative charge by

delocalisation over the twaxygen atoms.

The synthesistarted with substitutedenzenel,2-diamine moiety3.9 reactionwith carbon
disulphide to furnish the thiour&R21. Compound3.21was then alkylated by methyl iodide in

basic conditions to affor@.22. It is noteworthythat the electrophilic carbon of methyl iodide

is considered a soft electrophile because its orbitals are diffuse, and it is uncharged giving the
chemaselectivity tovard thiol alkylation over the nitrogemhis is becausehiol is considered

a soft nucleophileas it is a large atom with diffuse higbnergy electrons. However, the
nitrogen is considered a hard nucleophile and its reaction is dominated by charges and
electrostatic effects. The interaction here is dominated by the polarisable orbital interaction

making the thiol alkylation more favourable.
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o] N Cl N o]
/ (e} / N / (o)
O~ + - R
\C[ )—S Ho. 520 Kk — \C[ )"Sey 2—S, + K o )\s\OH
N NP AN, N o- N o o'X

3.22 ‘570 3.23

acidic or neutral condition

/ /

O] oo — %, — O ol
28 HO. S0 K' —= 778, — )—S— 4 Ko, 8§
Nob oy K N oL NoooT 073y

o)

3.23 .87
N

0-0 K

Figure3-4: The mechanism ofulfide oxidation.Sulfide in 3.22was oxidizedo sulfoxide3.23andsubsequently

to sulfone3.24.

The following step was to oxidise the sulphur atom with Oxone to furnish the suff@tiyane
moiety 3.23. Oxone is a stable mixture of potassium peroxymonosulfate, potassium hydrogen
sulfate, and potassium sulfate (KHSOY2 KHSOy . ¥2 KoSQw) which is conglered an
alternative to hydrogen peroxide with high selectivity to sulfides in the presence of other
functional groups’#1t is the sal of peroxyacid which has an extra oxygen atom between the
carbonyl group and its acidic hydrogen; therefore, it is less acidic than carboxylic acids because
its conjugate base is no longer stabilised by delocalisation into the carbonyl igoywever,

it is electrophilic athe extraoxygen, becaud@e nucleophili@attackat the electrophilic oxygen
generates carboxylate suffonate which is a good leaving group. The first step

of sulfideoxidation to sulfoxide3.23 is the sulfur atom attacking the terminal oxygen of the
peroxide group followed by the breakage of the peroxide bond, resulting in the formation of an
alkoxy anion and protonated sulfoxide. Proton exchange yields the sulfoxide and the alcohol
corresponding to the peroxide. This is faster #reratedetermining step of the reaction.
Following that, the oxidation of sulfoxide to sulfone in neutral condition followsstme

mechanism described in the first step, as describEajine3-4.17°
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Preparation of 1Hbenzo[dimidazole 3.1 The coupling of the amine functional group was
investigated with the three moieties (thione, methyl thiol and suHlo@ghane) ir8.21, 3.22

and 3.24, respectively. According to the literature, a similar substrate was employea with
thiourea moiety to dplace the thione with a primary amine using a basic condition in the
presence of mercury (Il) chloride, resulting in different asymmeti¢adisubstituted
guanidine with a good yield’® The same condition was applied here to displthe thione
moiety in3.21with the primary amine a8.1Q Unfortunately, the reaction did not work, and
no product was obtained. Moving to displace the methyl $&# or sulfonytmethane3.24

with the primary amine in basic conditions, refluxing tno building blocks or using

microwave irradiation did not enhance the efficiency of the coupling reaction.

3.3.3 The second synthetic route employing epoxide moieB/29

(Schemes-4): synthesis o6-chloro-1-isopropyt1H-benzofllimidazol2-amine.

NH, N /@ACN o OH
@ © N (b) N N_A_o0
AL e g el Tl
H
3.12 3.25 2.29 7/ 3.20
Cl
Reagents and conditions(a) BrCN, MeOH, HO, 60°C, 3 h85%(b) MW, EtOH, 150°C, 30 min.
Preparation of échloro-1-isopropytlH-benzo[d]imidazol2-amine 3.25 The strategyof
synthesis was modified further by preparing theh®ro-1-isopropyt1H-benzofllimidazol-2-

amine3.25employing 1,2 diamino benzeBel2 with cyanogen bromid¥.’

The synthesis proved a straightforward process carried out in a protic solvent to stabilise the
generated bromide ion and generate tHeb&nzof]imidazol2-amine scaffold in goodigld.
Following this,3.25was refluxed with the epoxide moiety in basic condition usinly &t a
base and EtOH as a solveRbllowing the reaction usingC-MS showed théormation of

peak withdesired MW (399) with a different retention timiz (2.18) while theretention time
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trOf 3.20is 2.23.In addition,the retention factor #of the TLC showed that the product was

more polar than the previously prepaB20.

(¢]] N H . N
LS, "~ O
N N Q7o

3.25 \_/‘ 2.29 3.26 Q

Figure3-5: Proposed mechanism of the guanidine moiety synthesis ir28.

This result indicates that the other regioisomer with a guanidine maiéty(3-(5-chloro-2-
imino-3-isopropyt2,3-dihydro-1H-benzofllimidazol-1-yl)-2-hydroxypromxy) phenyl)
acetonitrile3.26 was synthesised. The proposed mechanism of this reaction is illustrated in
Figure 3-5. In addition, this reaction was carried out in neutral and acidic conditions to
investigate the effect of these conditions on the regioisomer selectivity. Unfortunately, all the
conditions produced the undesired prodB@6 according to TLC and.C-MS andysis in

comparison t@.20

Thefirst evidence to support thisypothesis was analysing tbelogical activityof 3.26in
comparison to DMSO as a negative contanld 3.20 as a positive controht 10 pM
concentration(Figure 3-6). This analysisshowed thathe product othe reactionmentioned

above is not activerhich confirmed thatifferentregioisomer was synthesised.
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Remaining activity relative

to the control DMSO 0.1%

150+

100+

501

1
0\0 Q ©
v oV oV

Figure3-6: measuring theemaining activityof 3.26and3.20asa positive controbt 1&M concentrationn cell-

based reporter gene assagployingPAOL-L CTX::Ppgsxlux strain

Furthermore, thecomparisonbetween'*C NMR specta of the previously synthesised

compound,

2-(4-(3-((6-chloro-1-isopropyt1H-benzofllimidazol2-yl)

amino)2-

hydroxypropoxy) phenyl) acetonitril8.20and the product of this reactia®26 showed that

the peaksof some carbamin the aromatic regions appear in differgaisitionsas shown in

Figure3-7. This confirms thaa different regioisomer 08.20was synhesised.
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Figure 3-7: The *C NMR spectraof 2-(4-(3-((6-chloro-1-isopropyt1H-benzofllimidazok2-yl) amino)2-
hydroxypropoxy)phenyl) acetonitrile 3.20 (above) an®-(4-(3-(5-chloro-2-imino-3-isopropyt2,3-dihydro-1H-
benzofllimidazol1-yl)-2-hydroxypropoxy) phenyl) acetonitrile 3.26 (below) with enlarged section of the
aromatic regionin DMSO-ds solvent at100.66 MHz
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3.3.4 The third synthetic route employing isothiocyanate moiety
Finally, the focus was directed to a more promising pathway emplmgtigocyanatenoiety
3.27 which was reaced with 1,2-diaminobenzene3.9 followed by cyclisation tothe

benzimidazoleing.

(Schemes-5): the initial synthetic design employing isothiocynai/.

H

cl N \ n ©H
1 I ® NN _h_o
S S S
2 Cl N CN

3.9 3.1
Reagent and conditions(a) thioCDI, DCM, inert atmosphere, rt, 16 55%.(b) 3.27, EtOH, 70 °C 16 h.

Preparation of isothiocynatg.27. The preparation aothiocyanatenoiety was successful by
reacting the amino functional group3riLlOwith thio-CDI to produce the required compound
3.27.178 Subsequently, the generaiatermediate3.27 refluxedwith benzenel,2-diamine3.9

in ethanol However, no product was detected from this coupliing critical issue in this step

was the presence of hydroxyl as a nucleophile and the carbon of isothiocyanate as an
electrophile, whiclcould leadto the internal cylesation of the compound and as a result the

coupling did not take place in the next step.

Protection of hydroxyl functional groufherefore, the alcohol was protected by employing
Cor ey 6s ZClowagréportedthat.the useteft-butyl dimethyl silyl chloride (TBDMS

Cl) reacting with alcohol was not successful, even with elevatagdrature or using excess
reagent (TBDMSCI). However, using 2.5 equivalent of imidazole resulted in enhancement of

the efficiency of the reaction with various alcohols to produce a range of silyl &thers.
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(Schemes-6): Protection of hydroxyl functional group 3.10

NH,
/©/\CN \): 5
¢} Si
H,N 0 () \/@ 0
3.10 3.28
MW = 320.5

Reagent and conditionsa) TBDMS-CI, imidazole, DMF, rt, 16 h

The LGMS detection of the product showed that the MW of the compound is 349 instead of
the expected MW 321, which means a side reaction could have occhrecg of the TLC

andtg in the LGMS hints that the product is more lipophilic than expected. In additiofthe
NMR of the product showed that there is an extra peak of around 8 ppm in the aromatic region;
the expectation of this finding is that the hydroxyl group was protectedesithutyl dimethyl

silane, as well as the amino group interacting with the sbB28. The proposed mechanism

of this reaction is illustrated iRigure3-8. It is worth mentioning that changing the solvent to
DCM or MeCN diminished the efficienayf the reaction and no product was detected, which

is in agreement with recent work reported by Patschensi® This work demonstrated the
catalytic activity of DMF over other polar solvents such as DCM and chloroform, even in the

presence of highlgctive catalysts.

)Ojf — NC - NC
. HINT
HzN ! proton
O\J\ \S'/ transfer HNMe,
LT DU °
\ / j\/H H\J\ \ /
NC : .
s N_CNH H__N S
OTNER e
3.28 “OH O 329
MW = 348.2

Figure3-8: The proposed mechanism of the side reaction with DMF.
Therefore, it was important to open the epoxide moiet®.%9 with a reagent that cannot
undergo further reaction. Sodium azide, which is a very-kvellvn amine synthon, is a
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reagent of choice and it could act as temporary protecting groapsutsequet alcohol
protection reaction. Aftevards the azides reduced to the aminemploying the Staudinger

reaction which thenwas reacted with thi€DI to afford the isothiocyanate moiedg proved

by 13C-NMR (see the appendix)

3.3.5 The design of th&nal synthetic route of-Aminobenzimidazole series
To sum up, all the findings from the previous approaches led to the design of the synthetic

route illustrated irthis section

Preparation ofisothiocynate intermediat&he successful synthetic schestarted by opening

the epoxide ring with Naj\Nn a protic solvent in the presence of X! Following that, the
hydroxyl functional groupvas protected withert-butyl dimethyl silané’® The azide moiety

was then reduced tbe corresponding amine using the Staudinger reaction whicluceda

cleaner reaction mixture than catalytic hydrogenation. The generated amine was reacted with

thio-CDI to afford the desired isothiocyanate moigdghemes-7).

(Schemes-7): synthesis of isothiocynate intermedi&tg6 - 3.38.

CN /@\/\CN
CN CN
(a) () _ HNTY o Rs (d) ) C/,Nﬁfo Rs
OV/\O Rs N3/\/\O Rs () oN ‘./ Rq — g~ O\S./ R4
Rq OH R4 Si )|<

2.29 R4:H Rs:H 3.30 R4:H Rs:H 3.33 R4H Rs:H 3.36 R4:H Rs:H
2.31 R4:F Rs:H 3.31 R4:F Rs:H 3.34 R4:F Rs:H 3.37 R4:F Rs:H
2.32 Ry:H Rs:F 3.32R4HRs:F 3.35 R4:H Rs:F 3.38 R4:H R5:F

Reagent andconditions: a) NaN, NH4Cl, EtOH 40°C, 16 h99%. b) TBDMSCI, imidazole, DMF, rt, 16 h,
84%. c) PPk 10% HO; THF, rt, 16h90%. d) thieCDI, DCM, inert atmosphere, rt, 16 26%.

Preparation of benzenrg,2-diamine3.9 analoguesThe synthesis of all benzerig?-diamine
intermediates3.12 and 3.58-3.71 followed the same procedure, for compoug® (Scheme

3-8). The synthetic pathway was initiated by substituting the fluorine atomfimofio-2-
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nitrobenzene with different amines, followed by reducing the nitro functional group to the

correspondingraine.

(Schemes-8): synthesis of benzerig2-diamine intermediate8.9, 3.12and3.56-3.69.

Rs R 38, 39 R;:Cl RyH Ry methyl
R F ' R NH .8, 3. 1 2 3: methy
1 (a) Ry NH (b 1 3.41,3.56 R;:H RyCl Ry methyl
3.42,3.57 Ry:Cl  R,:Cl Ry methyl
R; NO, Ry NO, Rz NH, 3.43,3.12 Ry:Cl  RyH Rg: iso-propyl
3.44,3.58 R:Cl RyH Rj: tert-butyl
3.7 : : ! 2 s
339 21_ El Ez'gl 3.9 3.12. 3.56 - 3.69 3.45,3.59 Ry: Cl  Ry:H Rs: neopentyl
. 1 2- 3.8,3.41-3.55 Py 918y 9.98 = O 3.46,3.60 Ry:Cl Ry:H Rj:cyclopropyl
3.40 Ry: Cl RxCl 3.47,3.61 R;:Cl RyH Ry cyclobutyl

3.48,3.62 R:Cl RyH Rga:cyclopentyl

3.49,3.63 Ri: Cl  Ry:H Rj: cyclohexyl

3.50,3.64 Ry:Cl RyH Rj:2-(benzyloxy)ethyl
3.51,3.65 Ry: Cl  RyH R (N,N-dimethylamine)ethyl
3.52,3.66 Ry:Cl RyH Rj3: N-methylpiperidine
3.53,3.67 Ri:Cl RyH Rjz: 1-(oxetan-3-yl)
3.54,3.68 Ry:Cl R;H Rj: 2-methoxyethyl
3.55,3.69 Ry:Cl  RyH Rj: hydroxyethyl

Reagent and conditions a) Different amines, MeOH, reflux, 16 h, 95%. 1), NH:Cl, 10% CHCOOH in
MeOH, rt, 1h, 95%.

The cyclisation athiourea moietyLater on, the isothiocynate moietyasreacted with various
substitutedl,2-diaminobenzeneS? Depending on thditerature, different conditions were
examined to find out the best method to activate the sulfur and cyclise the thiourea moiety in

the compound and furnish tBeaminobenzimidazole scaffold, as showable3-2.
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Table 3-22 The most common methods for thiourea cyclisation.They were reviewed from

https://www.rexys.comand the yields of the test reactions were estimated according to TLC ax&laDalysis.

NC/\©\ S
Cl
o/\/\N)LNH H /4
o M Nj/ Ncn /’N\
SMBT ~
-, o/\of\u N
Cl TBMS
3.72
Coupling reagent Temperature | Solvent
°C
1 N, 4DiNgo propyl carbodiimide(DIC) 80 DMF
2 1 , -GaNjonyldiimidazolgCDI) 80 DMF
3 1-Ethyl-3-(3-dimethylaminopropyl) 70 THF
carbodiimide(EDCI)
4182 EDCI rt THF
5 CHal rt EtOH
618 HgO, S 70 EtOH
7 184 Benzotriazoll-yl oxy tris (di-methyl rt CHsCN
amino)phosphonium hexafluorophosphal
(BOP), 1,8-diazabicycld5.4.0] undec7-
ene(DBU)
8 Acetic acid 90 EtOH

Entry 1 was selected as the best condition to provide ring closure of thioureas by sulfur

activation with DIC with a good yield observed fromIMS analysis.
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The deprotection of the silyl groukinally, the deprotection of the silyl group was examined
under two different conditions: TBAF in anhydrous THF under inert atmosphere, or 10% TFA
in MeOH at room temperature. The first condition seems to be rather harsh, ask@ LC
detection of the reéion mixture did not show either the starting material or the desired product.
The second condition was successful to show the desired product with a good yield, although

the reaction was carried out over a long time (48h).

(Scheme3-9 illustrates the final synthetic route to synthesise themihobenzimidazole

scaffold with different substitutions on the benzimidazole or the phenyl ring.

(Schemes-9): General Synthesis of@ninobenzimidazole analogu&s20,3.867 3.10L.

R CN Ry Rq
OIS A T o I s o TS s o o
- c 2
R; NH, S OTBDMS Ry (@) By By
(b) NN 0 Rs N N/Yo Rs
H OTBDMS R, H OH Ry
3.9,3.12, 3.36 Ry:H Rg:H 3.70 - 3.85 3.20, 3.86 - 3.100
3.56 - 3.69 3.37 RyF RgH
3.38 RyH Rs:F

)\ 3.70,3.86 Ryi:H RyCl Rz methyl RgH RgH
o Q\N N 371,387 Ry:Cl RyCl Ry methyl ReH RgH
— /)\ /@A 3.72,3.20 Ry:Cl RyH  Rj:iso-propyl RgH RgH
N N/\Ao 3.73,3.88 Ry Cl RyH Ry tert-butyl RgH RgH
H OH 3.74,3.89 Ry: Cl RyH  Rj:neopentyl RyH RgH
3.101 3.75, 3.90 Ry: Cl RyH  Rj: cyclopropyl RyH RgH
3.76, 3.91 Ry: Cl RyH  Rj: cyclobutyl RyH RgH
3.77,3.92 Ry: Cl RyH  Rj:cyclopentyl RgH RgH
3.78,3.93 Ry:Cl Ry:H  Rj:cyclohexyl R4gH RsH
3.79, 3.94 Ry: Cl  RyH  R3:2-(benzyloxy)ethyl R4H RgH
3.80,3.95 Ry Cl RyH Ry iso-propyl R4F  RgH
3.81, 3.96 Ry: Cl Ry:H  Rj:iso-propyl RgH RgF
3.82,3.97 Ry: Cl RyH  Rj: (N,N-dimethylamine)ethyl Ry:H Rs:H
3.83,3.98 Ry: Cl  RyH  Rjs: N-methylpiperidine RgH RgH
3.84, 3.99 Ry:Cl RyH  Rj: 1-(oxetan-3-yl) RgH RgH
3.85.3.100 Ry:Cl RyH R 2-methoxyethyl RgH RgH

Reagent and conditionsa) EtOH, reflux, 16 h. b) DIC, BN, DMF, reflux, 16 h, 65%. c) 1% TFA in MeOH,
rt, 48h 60%d) 3.20 10% Pd on activated carbon (20% w/w}, NleOH, rt, 16 h, 95%

Synthesisof 3.101 analogue Employing3.20undercatalytic hydrogenatiowith 10% Pded

to substituting the chlorine ini®vith hydrogerand produc&.10lanalogue

Synthesisof 3.103 analogue The synthesis 08.103was challenging rad there were many
attempts carried out to synthesise this analogue, summarigesifollowing(Schemes3-10).
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(Schemes-10): different synthetic routes to synthe8i403

H CN y OTBDMS
[
c N ~"0H N\j/ N \/K/O
/C//N/Y\O (@) T o
NH, + g% OTBDMS

—

3.69 3.36 Cl 3.102
L OH
H CN
cl N~ N\\,/N\/K/O
0" >Ph
N o (a, b) N CN
NH, + 5 OTBDMS - o
then (c) Cl _
3.66 3.36 Ph™ 394

dfferent conditions presented
in table 3-3

N N (0}
\/\OH
Cl

3.103

Reagent and conditionsa) EtOH,reflux, 16 h. b) DIC, EN, DMF, reflux, 16 h, 65%. c) 10 % TFA in MeOH,
rt, 48h 60%.

The initial attempt to synthesise103failed with 3.69 as a starting material, which has
unprotected hydroxygroupthat could interfere with the coupling processd éhereforehis

alcoholshould be protected.

3.94was prepared successfully according to the general procedure illustrébetiémes-8).
However, the deprotection of the benzyl group was challenging and a series of hydrogenolytic

conditions were examined to furni8ho3 (Table3-3).
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Table3-3: Different conditions were applied to remove the benzyl groupThe progress of the reactions was
monitored by TLC and LGS analysis

Qz @@* @ Q\A A,

Miv"“fgo MSV'J pe W 415
Catalyst® or Scavengef | H source Solvent Temperature °C product
1 Pd? Balloon of MeOH rt 3104
H>
2 - 4 M HCI dioxan rt 3.105
3| Triisopropyl silane solvent TFA 60 3.105

4 | Triisopropyl silane solvent | 50% TFA/MeOH]| rt, until reflux 3.94

S Zn? HCO:NH4 MeOH rt 3.94

6 pPda HCO:NH,4 MeOH rt 3.105

The initial attempt at using a catalytic amount of 10% Pd on activated carbon (20% w/w) in
MeOH under hydrogen led substitution of the chlorine ailne aryl halide with a hydrogen
atom3.104. Application of stronty acidic conditions iseported in the literature as an efficient
strategy in théywydregenelysishydrolysisof the O-benzyl group. However, the conditions in
entry 2 and 3 Table 3-3) led to hydrolysation of the nitrile functional group dove the
carboxylic acid3.105. The role of triisopropyl silane ithis reaction was to irreversibly
scavenge the resulting reactive benzyl catf8@n the other hand, reducing the concentration

of TFA to 50% led to reduced efficiency of the reaction, and no product was obtained.
Furthermore, using ammoniufarmat (entry 5 andé) with Zn or Pd afforded the starting

material3.940r 3.105, respectively.
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Anotherapproach teynthesis&.103usingtert-butyl dimethyl silylas aprotectiongroup was
employed This approactstarted byfluorine atomdisplacemenin 3.7 with 2-((tert-butyl
dimethyl silyl) oxy) etharl-amine and was subsequently reduced, employing acidic
conditions. The silyl group is lde to theseconditiors (AcOH and zinc) and as a result the
hydroxyl group was deprotecteBl69. Therefore, the synthetic desigmas modified as

illustrated in(Scheme3-11).

(Schemes-11): synthesis of starting materials employe@®ih03preparation.

O,N O,N HoN
Do o 0, e, "1
F al SiT "N cl HO~y cl

/ \ H H
37 3.106 ®)
(@) | modified : 3.69
to
OQNJQ\ HoN H,N
(®) j@ @ >k j@
HO -~y a — Ho -~y o — sirO"N cl
H H /A H
3.55 3.69 3.107
, OTBDMS . OH
HoN N\\,/N\)\/O NYN\)\/O
>|\ O~ j@\ N \©\/CN N \©\/CN
Si N Cl (d) (f)
VN H — ~NoTeDMS —_— " on
3.107 3.108 3.103

Reagent and conditions a) 2-((tert-butyl dimethyl silyl) oxy) ethanamine f@&.106 and2-aminoetharil-ol for
3.55, MeOH, reflux, 16 h, 95%. b) Zn, NBI, 10% CHCOOH in MeOH, rt, 1h, 95%¢) TBDMS-CI, imidazole,
DMF, rt, 16 h, 81%d) 3.36 EtOH, reflux, 16 he) DIC, E&N, DMF, reflux, 16 h, 65%f) 10 % TFA in MeOH,
rt, 48h 60%.

The last synthetic route was successful and provided the desired mtidudeprotection of
the silyl group in the last step of the synthgttocedurg(Scheme3-11) using 10% TFA in

methanol.

In conclusion, a synthetic procedure eadinobenzimidazole series was developed here to
furnish arange of analogues in good yielthe successful strategy washievedby treating

the substituted benzenel,2-diamine with various isothiocyanate to afford substituted
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thiourea, following by adding DIC as a coupling reagent to aid ring closure and TFA to
deprotect the silyl groug-his procedure wasmployed to sytmesidarge quantityof 3.20(200

mgwi th high purity (O 9iojoaridinvivoasshgsr t o pr ovi
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3.4 Molecular analysis

Unfortunately, employing the ITC experiment to evaluate the binding adfH-
benzofllimidazole seriesvas not an ideal methatlie to solubility issues. Therefore, the cell

based assay was employed as an alternative method to evaluate the potency of the compounds
and their ability to penetrate the bacterial cell wall and avoid efflux pysiems. However,

it is difficult to determine th&p a n dG iffing Of the synthesised compounds well aghe

effect of employing different functional groups on binding by-baked assay. In addition,
cell-based assayarenot sufficient to prove thdirect binding ofthe synthesised compounds

to PgsREP which limits the biological analysis presented in this work.

A good alternative approach to prove the direct bindingdsREP is determining the ligand
crystal structure complex by employing a soaking experiment to identify the binding site of the
ligand and the main interactions with the recepbmtermining the crystal structure ligand
protein complex is an important form ahalysis in medicinal chemistry that can provide
gualitative data on the binding geometry &eglcompoundamino acidsnteraction witlin the

binding domain of PgsR.
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3.4.1 Crystal structure of Pqs$RRP® complexed with active compounds belonging to the

2-amino b&zimidazole series

R4 OH
\

3.20 R;CH(CH3), RuH

N o

\”/ \)\/ 3.95 R;:CH(CH3), RyF

cl N CN 3.99 Rj:oxetan-3-yl Ry:H
R 3.100 R;:C,H,OCH; RyH

120



Figure3-9: Schematic representation of the crystal structure of #§sRmplexed with PgsBRntagonists (yellow
sticks):3.20, 3.95 3.99 and3.10Q sequentially from the tqgbinding to PqsREP with hydrogen bonds shown as
a dotted lineTheracemic mixturef the aboveompoundwassoakedandtheSenantiomer was observedhis

work was carried out bWilliam Richardsor{(work in press).
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All of the investigated analoguestime IH-benzof]imidazole series adopted a similar binding
mode to the 43H)-quinazolinone series, withe benzimidazole moiety buried within pocket

A whilst thepara-phenyl acetonitrile faced T§%in pocket B Figure3-9). The chlorine atom

at position 6 pointed to the T? residing in pocket A with a A distance. Additionally, the
hydroxyl and the secondary amine in the linker exhibited hydrogen bonding with the backbones
of Arg?®, Lerr” and Led®. Moreover, thesopropyl substitution a¥* in the benzimidazole

ring had a hydrophobic interaction withe lipophilic residues (L&Y, Leu?®, lle**®and 11€5)
surrounding that part of th@nding pocket. This lipophilic interaction and-bbnding of the
secondary amine in the linker accounted for the enhancement of inhibitory potency for this
series when compared tg(@H)-quinazolinone series. The design stratedd.8bwas to obtain
furtherhydrogen bonding or lipophilic interactiavith the Ty?>® by adding a fluorine atom at

the Ry position. Additionally, oxygen atom insertion into the alkyl chain8.60 and 3.100

aimed to decrease lipophilicity and obtain magairogen bondingvith the backbone of the
hydrophobic residues surrounding that area. Unfortunately, the crystal struEigtes §-9)
indicated that neither the fluoria¢omnor the oxygemtomestablished any further interactions

with the receptor. However, a comparison of the biological activig2tfand3.95suggested
that the insertion of-"a sftlaudkriinnge i afPfoshiclaccot uilodn

leads taa 2.6fold increase iractivity.
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3.5 Structure activity relationship analysis

3.5.1 SAR study of 2Zaminobenzimidazole series

An intensive SAR studwas established to enrich the initial SAR reported at the beginning of
this chapter(3.1), which showed that the-rhethytbenzofllimidazole ring is he optimal
replacement of the quinazol#(3H)-one ring, while the 2mino group proved a better linking

group than sulfur.

Table3-4: Summery of SAR study of 2zaminobenzimidazole seriesThe inhibition of PgsR activity measured
initially in PAOI-L CTX::Ppgsxlux strain of P. aeruginosaat 10 pM concentratianAny compounds showed
inhibition of activity by 50 % or less was further analysed by concentregigponse curvemeasured ifPAO1-L
CTX::Pygsalux andPA14 CTX::Rgsxlux strains. NA, not active at 10 UM concentratidlT, not tested in PA14
CTX::Pygsxlux strains All the active compounds in this series did not show any effect on the bacterial growth.
The asterisk %) indicates that this parameter was predicted using ChemDraw 19.0.1.28
(http://www.chemaxon.cojnThe sign ($)indicates thathe synthesis and biological evaluation was carried out

by Fadi Soukarieh.

Ry Re
1NYN\/\/O
R 6 :\1 Q\/CN all analogues Rg:OH
! R4 except 3.110 RgNH,
K5 Rs
2
ICso ([J.M) PAO1-L ICso (HM) PA14
CTX::Ppgsalux CTX::Pygsalux cLogP*
R | R, Rs Re pasA pgsA" g
3.1 | ClI | H CHs H 0.21 £ 0.04 0.20 £ 0.01# 32
3.86 H | Cl CHs H NA NT 32
387 | Cl | CI CHs H NA NT 38
$3.109 | CR: | H CHs H 1.5+0.3" NT 3.4
$3.19 | CI | H CoHs H 0.13+0.32 0.08 £+ 0.0F 3.7
320 | ClI | H CH(CHg) H 0.14+0.06° 0.09 £ 0.0F 4.0
388 | Cl | H C(CHs)3 H 0.22+0.° 0.23+0.0F 44
389 | Cl | H| CHC(CHs)s H 0.38+0.01° 055+ 0.0L° 51
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390 | ClI cyclo-propyl 0.06 £ 0.032 0.0r+0.0L2 38
391 | CI cyclo-butyl 0.16 £ 0.0% 0.25+0.102 4.1
392 | CI cyclo-pentyl 0.44 £ 0.2 055+ 0.022 4.7
393 | CI cyclo-hexyl 0.75+ 042 14+£0.2 5.2
3.94 | Cl \/@ 1.06 £0.2° NT 49
0
395 | Cl CH(CHs)2 0.05 +0.02 0.12+ 0.2 4.1
39 | Cl CH(CHs)2 0.06 £ 0.03 012+ 0.42 4.1
3101 | H CH(CHs), 0.77+0.2° 1.04 £0.2P 3.3
$3.110 | Cl CH(CHs)2 0.50+ 03" NT 4.1
397 | Cl C2H4aN(CHg)2 NA NT 3.3
398 | ClI N NA NT 3.3
S
399 | Cl E/C/O 0.15+0.012 032+ 0.082 26
3.1 | CI C:H/,OCH; 0.18 £ 0.04 0.12+0.042 31
3.103 | CI C,H4OH 0.18 £ 0.0% 0.29+0.032 24

Values reported as Mean £8! of n =6%orn= 3",

Exploration of theSAR for the R and R substituents demonstrated that the introduction of a
chlorine atom at the-position (compound8.86 3.87) or a trifluoromethyl group at the-6
position3.109led to lossor decreasef activity, which could be due to a steric limitat in

the binding pocketTherefore, for all future SAR, 1R Cl was maintainedexploration of the

Rz position proved very enlightening and the optimal substitutions infpesition where the
ethyl 3.19 and isopropyl3.20 substituents. Furthermore, substitution at thgésition with
cyclo-alkanes showed tavo-fold increase in activity ove3.1 with the cyclopropyl derivative
3.90being optimal. However, further increase in steric bGBIRYT 3.94) led to a decrease in

activity, indicating the steric limitation of this recognition site in the receptor. Evidence for this
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SAR was demonstrated through obtaining themrystal structure 08.20 with PgsR Section
3.4.13.4.1). Hnally, we aimed to introduce a fluorine atom atd®fdRs in order to gain a
further hydrogen bond interaction with thgrd® sidechain, and the biological evaluation of

these compound8.05& 3.96 showed a slight tw4old increase in activity compared 3&0.

The other aim of this study was to enhance the physiochemical properties of the series by
employing different strategies. Firstly, removing thgophilic chlorine atom from the
benzimidazoleing 3.101led to a 16fold decrease in activity. Furthermore, polar functional
groups were introduced in the Position to enhance the overall physical properties including
increasing water solubility. We found that any nitrogentainingalkyl groups 8.97& 3.98),
which is considered as a basimctionalgroup withcalalatedpKa = 9 led to complete loss

of the inhibitory activity. Interestingly, replacing the hydroxyl gr@&&0 with an amino group
3.110 gave a ffold reduction in actiity. This finding couldalso beassociated with
permeability issues or substrate to a specific efflux mecharfsdn the other hand, oxygen
containing alkyl chains 3(99 3.100 and 3.103 maintained biological activity with a
corresponding reduction in lipophilicity. In light of the SAR stugl20was chosen for further

pharmacological evaluation.

3.5.2 Comparison betwee3.20and1.3

OzN\C[H1
)=S0 \( oH
H
N \—{ N NJ\/O
HN 0 e
— 6 N CN
1.3 3.20
cLogP 5.2 cLogP 4.0
MW 420.0 MW 398.1
ICs0 in PAO1-L 0.32 £ 0.14 pM ICs50 in PAO1-L 0.14 £ 0.05 pM
ICso in PA14  1.22+0.34 yM ICsin PA14  0.09£0.01 pM

Figure3-10: The improvement of potency of 20in comparison to1.3 1.3is the weltknown PgsR antagonist

from the literature with promising results in preclinical studies.
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1.3 is a weltknown PgsR antagonist with promising results in preclinical std#ié& The

SAR of this antagonist provides the kstyucturalfeaturesimportantfor activity, including
hydrogen bonrRdiimg eathathidactareide amd phenoxy group, respectively.
The H-benzof]imidazole series interacted with the receptoa similar manner td..3 with
additional lipophilic interaction with the alkyl chain presented\in The presence of an
electron withdrawing group at position 6 in this series seems important for activity, as removing
the chlorine atom i13.101led to a D fold decrease in activity in comparison3@0. This is

in agreement withl.3, where a substituent in position 6 (a nitro group), has been shown to be
superior in terms of potency over methyl, methoxy, and thesobstituted benzimidazole ring.
However there are no derivatives for the current SAR study with electron donating groups
such as hydroxyl or methoxy substitution on position 8.20to draw clear conclusions about

the role of the chlorine atom in the binding of this sefigss higher incalculated lipophilicity

to 3.20 by almost one log unit, which could refer to the presence of thioether in the linker and
additional aromatic ring in the tail. Furthermore, the low activit§.8fin PA14 could be due
tothat,1.3 a substrate to a specifiefixx efflux pump presentedhiPAl4or lesspreambldias

lower permeabilitywhich leads to a decrease in the activity of the compotfif®Dn the other

hand, the H-benzof]imidazole series represented by the active compoB8ril$.20, 3.90,
3.95 3.96 3.99 3.100and3.103managed to show similar activity in both strains withfald
difference. Therefore8.20is considered as more promising candidate gtterpoteny and

lipophilicity to proceed further with secondary pharmacological assays.
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3.5.3 Analysis 0f3.20 enantiomers activity
Synthesis. (Scheme 3-12): Synthesis of (9-2-(4-(3-((6-chloro-1-isopropyt1H-

benzofl]imidazol2-yl) amino)}2-hydroxypropoxy)phenyl)acetonitrile 3.114.

OH O CN
\/©/ @) oL ) ©
— 2 N o M,
NG NC\/@/ 3/\‘/\

OH (d)
2.24 3.109 3.110

I — ¢ |
O\ .~ S O\SI/

N0 CH L g + @ 0,
NHz  (g)
3.12
3.111 3.112

(o] Cl

Qo e Qo

N/J\H/Y\O N/ H/Y\O
OTBDMS OH

3.113 3.114

Reagens and conditions:a) (9-(+)-glycidyl nosylate, C&£O;, CHsCN, reflux, 16 h, 87%b) NaNs, NH.ClI,
EtOH, 40°C, 16 h9%%. c) TBDMS-CI, imidazole, DMF, rt, 16 h, 84%l) PPh, 10% HO; THF, rt, 165H90%.
e) thio-CDI, DCM, inert atmosphere, rt, 16 25%.f) EtOH, reflux, 16 hg) DIC, E&N, DMF, reflux, 16 h, 65%.
h) 10 % TFA in MeOH, rt, 48h60%.

Here, a synthesis ofenantiopureepoxideis presentecemployingthe single enantiomer of
glycidyl nosylate as a starting matetialproduce the desired enantiomerically pure product in
high enantiomeric excesm this caseemploying the pure enaomer ofepichlorohydrin as

the starting materiab synthesi$g.109is not ideal This is because epichlorohydyin theory,

has two electrophilic centres in the molecule, resulting in two possible stereochemical

outcomes from this reactiofkigure3-11).
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Aro\/Q SN2 C'\/f) Sn2 %\(;k/OAr Sn2_ &/OAr

(S) (R)

7
ONTTUSS 2 M\
\/& ’ <\T/9 =N £ 0
ArO Sp2 > S\2 g /\( Su2 L\/
N OAr
- —_—

or OAr
() - R

Figure 3-11: Theoretical mechanism of epoxide synthesisThe reaction employs pure enantiomer of
epichlorohydrin or glycidyl nosylat® furnish the required enantiomer. Two electrophilic centres in the molecule,
resulting in two possible stereochemical outcomes. The alkylation of the first electrophilic centre showed in red

arrow whereas the blue one for the alkylation of the sec@utirephilic centre.

Therefore, employing the single enantiomer of glycidyl nosylate as a starting material was
more efficient to produce the desired enantiomerically pure product in high enantiomeric
excessThe driving force of the selectivity here is thimbility of the conjugate base making

position 1 more electrophilic and more favourable in this reaction, as shown above.

Following this, analytical chiralhigh performance liquid chromatographyHRLC) was

employed to separate tti@al product facemic compoun@.20) into enantiomerically pure

isomers3.114(Sisomer) and.115(R isomer) Fheprinciple-of- this-technigue-depends-en the

differenttimesThe separation &.20showed that the5f enantiomeB.114hasa lower affinity

for the stationary phase, and therefore was eluted from the column first, followed B the (
enantiomefB.115with enantiomeric excese€)96.9 % and %.1 %, respectivelymoredetails

in experimental chapter)
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Biological evaluationTheactivity of theracemic3.20andboth enantiomers8.114and3.115

were evaluatedn cell based assagmploying PAOI-L Ppgsa::lux and PA14 Bpgsa::lux

strains

0 150
=
T o © e 150
g 100 -+ 320 Z 9
> -1 © O
23 = -4 3207
= - a [CNe) .
2 % - 3115 . >2 1001 - 3115°
88 3.114 £z b
o c 504 =g =+ 3114
£3 ® 2
z =
g0 26 50

= € 0°

= 0 1 =

-10 -4 2e
0 T T T T T 1
10 -9 8 7 6 5 -4
Compounds concentration Compounds concentration

Figure3-12: Concentration-response curve of 20 and both enantiomers3.114and 3.115 The inhibition of
PgsR activity measureid a) PAOLL Ppgsa::lux and b) PA14 Pgsa::luxstrains.The error bars indicate the
SEM of the mean obne ortwo biological experiments =62 or n = 3° biological replicates.

The result shoedthat both enantiome?114& 3.115are equally active within the limit of
the biological assayn PAOI-L Ppgsa::lux However,the analysi©f enantiomersctivity in
PA14 Bpgsa::luxstrain showed tha.115is 4.5 and5-fold more active thaB.20and3.114

respectivelywith 1ICso = 23 nM+ 2.4.
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3.6 Conclusion and future work

IN__N 0
Cl N/\/\O/©/\ — \”/
) = cl N CN
N/ OH

ICs0=1.1+0.4 pM ICs0 = 0.21 + 0.04 pM
1.11 3.4

ICs0 = 0.14 £ 0.05 uM
3.20

Figure3-13: The improvement in activity dfenzimidazole series by replacing the quinazd({BH)-one scaffold
by 1-methylt1H-benzof]imidazol2-amine ringlCso measuredn PAOI-L Ppgsa::lux

The work presented in this chapter demonstrated a hit to lead optimisation study that employed
1.13 as the hit compound, replacing the quinazdl{8H)-one scaffold with different
heterocyclesThe 1-methyt1H-benzofllimidazol2-amine ring3.1 has been foud as an
optimal heterocycle that provides a key lipophilic interaction with the receptor dt'the
position. The pharmacophore presented here emphasise that the antagonistic activity required
the general structural features presented in the previous B#R Chapter?), 1.3 and the

current study which is including; EWG on the heterocycle ring, hydrogen bonding with the
l'i nker, as temeadtdn with3r®% Hoaevér, some analogued 19, 3.20, 3.90,

3.91, 3.95 3.96 3.99 3.100and 3.103 presented in this study displayed similar or better
activity compared td..3 against PAO4 and an enhanced inhibition against PA14 witkIC
values insubmicromolarrange. In light of the SAR study presented in this chaptfwas

chosen for further pharmacological evaluations in order to prove the concept. Furthermore,
cytotoxicity assays will be established for the most active compounds settes to support

them proceeding to further study.
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4 Biological Characterisation dPqsR Inhibitors based o@rystal
Structure andn Vitro Studies, and theiEffect onQuorum

Sensingin Pseudomonas aeruginosa.

4.1 Overview

The development ohovel candidates with specific targets generally follows the same
wor kfl ow regardl ess of the tiasiligertud screeniag ur e .
of the PqsR ligantbinding domain (LBD) crystal structure PDB: 4JVI usthg University of
Nottingham Managed Chemical Compound Collection (MCCWjtual screening was
complemented by a whelll biosensor reporter assay (Sectlo®.2 to confirm the activity

of the highesscoring compounds:ive hits were identified antlé was selected as the ideal

hit to establish &AR study Furthermore, anoth&AR study was performed by replacing the
guinazolin4(3H)-one core irl.6 with a IH-benzof]imidazole ring lead to produce a range of

potent PqsR antagonists in tha>micromolarrange.
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Quinazolin-4(3H)-one series 1H-benzo[d]imidazole series

o Rs Ry
Cl Rz
\©\)kN/\/\O/©:R2 Q\)N\ CN
N/) Rq R4 NT H/\/\o Ry
OH Rs
(R, S)

1.6 Ry=H, R, =H, R3=CH,CN R4 =(S, R) OH
3.20 R4: Cl Rj:iso-propyl R3z:H Ry4H
ICsp in PAO1-L =3.2+1.0 uyM

MW = 369.1 IC50 in PAO1-L 0.14 £ 0.05 uM
cLogP =2.1 IC59 in PA14  0.09+£0.01 pM
MW = 398.1
cLogP =4.0
113 Ry =H, R;=H, R3=CH,CN R;=(R)OH
234 Ri=H, Ry=H, R3=0CH,CNR4=(S, R) OH 3.1 R{:Cl Ry methyl R3:H R4H
2.35 Ry=F, Ry=H, R3=CHCN R4=(S, R)OH 319 Ry Cl Ry ethyl R3H RyH
2.36 Ry=H, R;=F, Ry=CH,CN R,=(S R)OH 391 Ry Cl Ry tert-butyl RyH RyH
3.93 R4: Cl Ry cyclopropyl R3:H RgH
3.94 R4: Cl Ry cyclobutyl R3:H Ry4H
3.95 R4: Cl Ry cyclopentyl R3:H RgH
3.96 R4: CI Rj: cyclohexyl R3:H Ry:H
3.98 R4: Cl Ry iso-propyl R3:F  R4H
3.99 R4: CI Ry: iso-propyl R3:H Ry F
3.100 R4: H Ry: iso-propyl R3:H RyH

3.103 R;:Cl Ry 1-(oxetan-3-yl) Rz:H RygH
3.104 R4: Cl Ry: 2-methoxyethyl R3:H R4:H
3.106 R4: Cl R,: hydroxyethyl R3:H RgH

Figure4-1: Structures of the active compounds inquinazolin-4(3H)-one and1H-benzo[d]imidazole series.

These compounds employedvariousbiological analysis presentedtinis chapter.
The synthesised compounds in both series were evaluated using the aforementioned biosensor
reporter assafSectionl.8.2. Moreover, the crystal structures of key compounds in both series

were generated to determine the key interactions with ®§sR

In this chaptey the active compounds were further tested against a mCHiXitx PAO1-L
strain to subtract potential undesired bias by unspecific interactions withxtby@eron or with
the bioluminescence metabolism (Sectb@.]). In addition 3.20was selected as the lead
candidate, and further phenotypic pharmacological evaluatvens established to provke
concept and confirm the mechanism of action fois tnovel lead candidate and its
analoguesFinally, once the activity of the candidate was confirmed yétevantcompound
was studied regarding its ability to repress the pathogenicity of different phenotypes of
aeruginosaThe next step is to evakga3.20in relevantin vivoinfection models to investigate
the attenuation of virulencand determinatiothe pharmacokinetic and pharmacodynamic
properties.
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4.2 Primaryin vitro assag

4.2.1 The CTX::Fkm-lux PAOI-L strain

2.34 2.35 3.1 3.90 3.95 3.96 3.100
P value | 0.0063 | '0.0001 | 0.0439 | 0.0045 | 0.0257 | 0.0125 | 0.0068

Remaining activity relative
to the control DMSO 0.1%

oo X 2 O o oV P >RSP
OQ'\/ N q,"b q/’b ,,l/’b 0y ,b’\r 0;1/ o)‘b rbcb {b% ’bg ‘b% ’bg {b% %QOJQ %Q%Q%Q

&
&

Figure 4-2: The active compounds presented in Chapter® and 3. 10 uM concentratiorof the active
compoundswere screened against the CTXnflux PAOLL strain to detect any potential nspecific
interactions with théux operon.Statistical significaoe was assessed using the unpaitedtfor each column in
relative to control (DMSO 0.1%) with P valder significantly different valueshown in the graph. The data

shown are based on n6=

An assay was performed in paraliethe concentratiorrespons assaynentionedn chaptes

2 and 3 to guide the selection of active compounds by verifying the efficacy of the active
compounds sing the CTX::Rmlux PAOZLL strain. This strain is a constitutive reporter
control strain that helps to detect and subtract any potential bias freapaoific interactions

with thelux operon itself rather than the desired interaction with the targedéein. All active
compounds were incubated with this strain at 10 uM concentration. The results demonstrated
that1.13and3.20did not significantly inhibitux gene expressioffrigure4-2). This confirmed

that the measured temainly reflected the impact on the PgsR protein rather than the effect
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on thelux gene. On the other hand, some active compo(th@d, 2.35 3.1, 3.90 3.95 3.96

and3.99 in both series inhibiux gene expression with percentageged between 5 and 15%.

4.2.2 Growth measurement

Figure4-3: Growth curves of P. aeruginosain the presence or absence of the active compounda) PAOL
L CTX::Ppgsxluxand (b) PA14 CTX::Rsxluxin the presence dfd UM concentration ohanomolafrange active

compounds or DMSO control.

The main objective of this work was to idéntan antivirulence candidate that antagonises
PgsRBP without affecting bacterial growth. Therefore, it was critical to prove the concept by

measuring the impact of the active compounds on bacterial viability overkighte 4-3
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