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THE RESEARCH

Resistance to antibiotics is posing a continuous threat to public health and significant health care costs are
associated to its management. Validgtirew antibacterial targets against antimicrobial resistance (AMR)
remains highly challenging. In the last decades, modulation/inhibition of bacteritd-cell communication

(i.e., Quorum Sensing, QS) mechanisms has become an appealing therapeosichapgainst bacterial
resistance. It is already well known that interference with bacterial QS affects biofilm properties (e.g.
thickness, mass) as well as biofilm formation. QS is mediated by production and release of small signaling
molecules called @ainducers (Als). Autoinduce2 (Al-2) is a wellknown class of QS signals produced by
several bacterial species and responsible for-iated intraspecies communication and, as a consequence, it
has been termed Auni ver s afsmalmolecules dbiedoemodulate thei?d d e v ¢
mediated signaling would thus result in broad spectrum antimicrobial activitydib8roxy-2,3-
pentanedione (DPD) is the key compound in the biosynthesis -@f akld modulates QS in both Gram
negative and Graspositive bacteria. DPfanalogues would therefore have great potential as Quorum
Sensing Inhibitors (QSI) and as antimicrobial drugs. Remarkably, two-daIdgues (i.eisobutytDPD

and phenyDPD) have already shown that, in combination with gentamitiay are able to almost
completely clear prexisting biofilms inE. coliandP. aeruginosarespectivelyln enteric bacteria (e.gE.

coli andS. typhimuriugy DPD is phosphorylated by LsrK kinase resulting in phodpR® which activates
QSupon interation with the transcriptional regulator LstR

The research performed during my PhD is a part of the program of the INTEGRATE consortium, a
multidisciplinary Marie Curie Educational Training Network (ETN) funded by the EU Horizon 2020
Programme focused othe validation of new Gramegative antibacterial targets. As part of the
INTEGRATE research progranthe main goalof my research activityvas to assess the relevance of LsrK
kinase inhibition in the context of QS.

Following a liganébased approach whebB¥D wasthe starting point of the whole research, small series of
DPD-related compounds were designed and synthesized. To do so, the first task in mgalsrpmject

was the development of a new synthetic strategy towards DPvél, mobust and shormprotocol (that
requires only one purification stepras planned and executed aimdprder to show its applicability to the
production of different €DPD analogues,hignytDPD was also synthesized. The new strategy inspired the
synthesis of eight smadlibraries of DPDinspired heterocycles (DRIs) where the diketo moiety of DPD

was embedded in heteroaromatic rings. All the synthesized compounds were purified and characterized by
proton and carbon nuclear magnetic resonance tHeNMR, *C NMR, resgctively) and ultra-high
pressure liquid chromatograpinyass spectrometry (i.e., UHPHES, purity > 90%). The majority of the
DPD-analogues reported in the literature suffer from instability/volatility and the absence of ultraviolet
(UV)-active substituest renders their detection as well as their purification very challenging. In the

compounds |1 6ve synthesized during my PhD, t he ope



possible. Furthermore, the compounds are stable, easy to purify bynccwomatography and to detect by
classical analytical methede.g, UHPLC-MS) due to the presence of heteroaromatic groups that increase
molecular weight (MW) and UV absorbance.

All the synthesized compounds were evaluated (by our INTEGRATE collaboedtdhe University of
Helsink, Finland) against LsrK in a-uciferin-based bioluminescence assay. Remarkably, four compounds
displayedICs, values comprisetetweenl00 uM and 500 pM and molecular modeling studies (performed
by our INTEGRATE collaboratasrat the University of Kuopio, Finland) supported the medicinal chemistry
research.The results reached so fardléo tworesearch papershe first onepublished inMoleculeson
October6™ 2018a n d e nA \Mersatile Stratedy for theSynthesis of 4Bihydroxy-2,3-Pentanedione
(DPD) and Related Compoundsas Potential Modulators of Bacterial Quorum Sensir{§totani S.et al.,
Molecules2018 23(10) 2545 and the seconfsubmitted talournal of Medicinal Chemistrgn January )
entitled A D P-iDspired discovery of novel LsrK kinase inhibitoran opportunity to fight antimicrobial
resistanceo.

ThePhD thesis is organized as follow:

Chapter 1lintroduces the concepts of antibiotic and antibiotic resistance and deswoihestrategies to
circumvent thdatter. A brief description of QS, its mechanism and inhibition strategies are also provided,
together with a detailed account of-Aimediated QS.

Chapter 2orovides an introduction tkinases and kinase inhibition, particularly focusing lea ole of IsrK
kinase in QS. The chapter alsdalks the building of a LsrK homology model and the analysis of the binding
site. Cloning, oveexpression, purification and crystallization of LsrK algoreported.

Chapter 3ummarizes the enantioselective and macesynthesis of DPD reported in the literature.

Chapter 4discussethe newlydeveloped synthesis cicemicDPD.

Chapter 5summarizes the synthesis and biological evaluation of all the-@&fIdgues reported in the
literature.

Chapter Gliscussethe degn and synthesis of eight new libraries of DR3.

Chapter 7describes the assays to evaluate QS inhibition reported in the literatutged&nliciferin-based
bioluminescenceassay developed by our collaborators at the University of Helsirilé chapr also
illustrates the biological activities of the compoupdssentedn Chaptes 4 and 6.

Chapter 8s a collection of all the experimental proceduaad experimental data

Appendixis the paper published Moleculeson Octobe6" 2018 and entitledA Versatile Strategy for the
Synthesis of 4;Bihydroxy2,3-Pentanedione (DPD) and Related Compounds as Potential Modulators of
Bacteri al Q u(Statami B et 8l eMoleculeszPD3 23(10) 2545).

A manus cr i pPPD-inspired discdverydof afiel LsrK kinase inhibitorsan opportunity to fight

antimicrobial resistanai (Stotani Set al) submitted talournal of Medicinal Chemistrgn January &
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1. INTRODUCTION

1.1 Antibiotics and antibacterial targets

Antibiotics aredrugs used for thprevention and/otreatment of bacterial infectiorad teycan either kill

bacteria(i.e., bactericidal) or inhibitheir growth (i.e., bacteriostaticMost of the antibioticgurrentlyin use

target a limied number of essentieg¢llularprocesses and can be classifre@Figure 1.1)

T

Cell wall synthesignhibitors carbapenems;ephalosporinegylycopeptides, monobactams, penicillins

and polypeptides inhibit the synthesis or the ciivding of peptidogycan(a component of bacterial
cell wall) resulting in osmotic lysis; lipopetides and polypeptides alter and disrupt theamlbrane
causing cellular leakage;

Protein synthesis inhibitarsaminoglycosides and tetracyclinéand to the 30S ribosomal subitin

prevening translation, initiation andiransfer RNA {RNA) binding macrolides, oxazolidinones,
phenicols and streptogramiimsteadbind to the 50S ribosomal subunit and disnogptidyl transferase
activity as well asransloation;

Nucleic acidsynttesis inhibitors rifampin bind to deoxyribonucleic acigDNA)-directedribonucleic

acid (RNA) polymerase and inhibinessenger RNANG(RNA) synthesis; quinolones bind to the DNA
gyrase or to the topoisomerdseand prevent DNA replication;

Folate metaboli® inhibitors sulfonamidesand trimethoprim inhibit the synthesis of nucleic acids by

blocking, respectively, the conversiasf paraaminobenzoic acid (PABA) to dihydropteroafa
precursor of tetrahydrofolic agidHF A) and the reduction afihydrofolic acid (DHF A) to THF A.

Some of them (e.gglycopeptides) have a narrow spectrum of activity while stbeig, b-lactams) are

consideredroadspectrum antibacterial agersimce theytarget processes that are common across different

bacterial species.

Cell wall synthesis Nucleic acid synthesis

p-lact Folate metabolism
-lactams
Sulphonamides

Trimethoprim

DNA gyrase/topoisomerase IV
Carbapenems

Cephalosporines
Monobactams
Penicillins

Quinolones

DNA-directed RNA polymerase
Rifampin

PABA™ "DHFA THFA

8

308 subunit

508 subunit

Macrolides
Oxazolidinones
Phenicols
Streptogamins

Glycopeptide/
Lypopetides

Polypeptides

Aminoglicosides
Tetracyclines Protein synthesis

Figure 1.1 Mechanisms of action of abtotics
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With the introduction ofb-lactams (128) and sulfonamides (1932i n t he maodkre age oft h e
antibacterial treatmeat b eTdemmajority of the drugs currently in use were discovered between the 1940s
andt he 1960s, i n falge 0s aoficcdmdovery. dhidimg @psavasrfollowed by aleep

i nnov a twheveisolagon pfdhe éaminopenicillanic acid (@\PA) core and advances in synthetic
chemistry allowed the production of new sesynthetic derivativegshat were modifed versions of the
existing ones (with theote exception of the carbapengrbut no new chemical entities were brought into
clinical use(Figure 1.2y

1953: Glycopeptides, nitroimidazoles, streptogamins 1955: Cycloserine, novobiocin

1952: Macrolides 1957: Rifamycins
1950: Pleuromutilins 1961: Trimethoprim
(topic al.) 1962: Quinolones, lincosamides
1948: Cephalosporins
1947: Polymyxins, phenicols 1969: Fosfomycin
1946: Nitrofuranes 1971: Mupirocin
1945: Tetracyclines | 1976: Carbapenems
1943: Aminoglicosides, 1978: Oxazolidinones
bacitracin (topical)
1932: Sulfonamides 1979: Monobactams
1928: Penicillins 1987: Lipopeptides

Figure 1.2: Antibiotic discoverytimeline (19207 1990)

Forty years had to pass before a new scaffold the. oxazolidinonarug linezolid) was introduced into
clinical practice in 2000Modification of already approved drugeapiteincreasing theaumber of products
launched, had hugecostin terms ofthe spreading ofesistance: drugs with the same scaffold act with the
same mode of actiofMOA) andresistancdo one antibiotids rapidly followed by crossesistance to the
wholeclass?®
Stringent government regulations as well assigaificantinvestments requiret discover and develop new
antibiotics pushed big pharncauticalcompanies to partially/completely abandon antibacterial research in
the mid1990s. For a long tima@ntibiotic discovery habeen considered a targmbor therapeutic area and
industries have preferred to invest nmore proftable sectors (e.gcancer, chronic diseades™ At the
beginning of the new centurgompletion of bacterial and human genome opened the door to the study of
hundreds of novepotential targetsfor antibacterial drugsTogether with new advances in combinatorial
chemistry, highthroughput screenindHTS) and molecular biology, a new era of genouhcived
antibioticscould potentially beginbut, uinfortunately, this kind of appreh failed to identify tractable new
targets and-ood and Drug AdministratiorFDA) a n t i b approvalsdsopped from 29 ihdg 1980s to
only 9 in the 20008 *° From 2000 onwards, five new classes of antibiotiase been developed: (i)
oxazolidinone (linezolid, 200Q Figure 1.3; (ii) lipopeptide (daptomycin 2003 Figure 1.3; (iii)
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pleuromutilin (reta@mulin, 2007 Figure 1.3; (iv) macrolactone (fidaxomicin2011, Figure 1.3 and (v)
diarylquiroline (bedaquiling 2012 Figure 1.3.

O_NH ™ HN OH
H N\/\i I\g
H 2
O @, \)\/N NH 07 NH

o)
o o
HN HN_ o
e NH © © l\OH
N N
Linezolid g ¢ QJ\” \AN oM °
0 A~ O = Bn o_ P OH
NH \[f
o O NH o}
NH,
Daptomycin

Bedaquiline

Fidaxomicin

Figure 1.3 Structure of the five novel classes ofihidtics developed sce 2000

The recent discoveries are the result of growargimicrobial stewardship programend increased
government investmerfts® to tackle multidrug resistant (MDRpacteriaand discover new neessential
targets (see furthebefore goingba k t o -a mtei Biip@t®i ¢ er ao.

1.2 Antibiotic resistance and its mechanisms

Antibiotic resistancés an increadgsgly serious threat to global public health and represents a huge burden for
health care costdt is dangerously rising to high levels all over the wodddit is estimated that, by 2050,
fidrug resistant infections will kill an extra 10 million peoplgear worldwid®.** Inappropriate prescribing

of antibiotics poor compliance with treatment regimes, the use of antbiotiagriculturepoor hygiene and
infection control in hospitalsre just some of the reasothat contribute to the spread of resistaficé.

Anti biotics are rout i nel ycilitatisgete diffusion gf resistance toihumearns 6 s

f

through ingestion. P I & rthen anvi®nmierit exackrbagyenvmarsthie robiem | e a s €

and we now live in an era wheaegrowing number of infections (e.gonorrhea, pneumonia, tuberculgsis

arehardto treat as antibiotics alecomingessand lessffective?® *°
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Resistance is not a modern phenomenon: a recent st@gyinfian permafrost sediments containg@y000
yveasol d DNA identi fi ed g elacemss, giycopeptidas ang tetraeyslindswievemn c e t ¢
at that time, the selection presginecessary to confer them an evolutionary advantage for their expression
was still missingThe beginning of the modern antibiotic era has provided the selection pressure necessary
for the recapture of resistance elements from the resigicanehe gbbal reservoir of resistance elements)
and contributed to the development rofilti-drug resistant pathogers>® Resistance can arise through
genetc mutations or can be acquired from other bacteria via mobile plasmids or transpesdr@igontal
gene trankr).>®*° Over the centuries,doteria have evolved severaiotectivemechanisms tanactivate,
remove and, in gener al ,Hemrwe reportie neost studed(Figure L.4:t i c s 0 t
1 Efflux pumps they are membrane proteins that export antibiaiidside the bacterial cell and maintain
their intracellular level low. They can be specific to a certain class of antibiotics but most of them are
multidrug trarsporters, thus contributing to the development of rulilig resistancé? ¢

i Target site alterationsariations of tle target sites of antibiotics prevent their binding therefore limiting

their efficacy. Modifications in the 30S and 50S ribosomal subunit confer resistance to macrolides,
tetracyclines and all the other drugs that affect protein synthesis; mutations méntc#lin-binding
protein (PBP) r e-dactams;salteratiores ofahe €ell waall precursbre (@egalnytD-
alanine is changed to-BlanylD-lactate) cause resistance to glycopeptides while mutated-@isse

and topoisomerase IV origite fluoroquinolones resistante;

1 Enzymatic inactivation t he t hree main enzymes r es daotantased | e f

aminoglycosidanodifying enzymes (AMES) and chloramphenicol acetgkfarases (CATs). About 300

bl act amases are known a #dadtams tha havehapnide and egter donds,deagr | y
cephalosporins, carbapenems, monobactams, penicillins); AMEs inactivate aminoglycoside through
kinases (aminoglycosid®-phosghotransferases, APHSs)0O-adenyltransferases (ANTs) and\-
acetyltransferases (AACs) thus impeding the binding to the 30S ribosomal subunit; AACs acetylate
hydroxyl groups of chloramphenicol disrupting its binding to the 50S ribosomal sdbunit

® € e <

Efflux pumps

Enzymatic l

inactivation

Figure 1.4: Mechanisms of antibiotic resistance
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9 Decreased uptakés a common phenomenon in Grarggative bacteria who are able to modify the
composition of their outer cell Qlrangbsrirathe selectivity o r d e
and/or concentration of porin channels (iftansmemtane proteins that act as cellular pores) also
diminish intracellular antibiotic concentratiolf coupled with an increased activity of efflux pumps, the
amount of drug available inside the cell drastically redft%

1.3 Action plans and rew strategies to fight antibacterial resistance

The increasing economind healthcareconcerns generated kantibiotic resistance ka prompted the

organization ofglobal collective actions taddress the threat. The World Health Organization (WHO)

developed a global action plan to tackle this growing problem at th&\esld Health Assembly in May

2015% The main goal of the plawasto ensure prevention and successful treatments tohallneed them,

using effective and safe medicgfer as long as possible. Five strategic objectives wereuset

1 RaisetheawarenesaboutAMR throughtrainings, educatiorandcommunication;

2 Optimize the use of antibiotics in both human and animatlieal

3 Increase the knoedge on incidence, prevalence asmteadingof resistancen order todevelop new
tools, policies and regulations;

4 Apply preventive measures to reduce the incidence of infections;

5 Potentiate investments in vaccines, new diagnostls thbanedicines.

The more effective lonterm solutions to address AMR are based on the discovery of (i) novel(étggs

antimicrobial eptides and bacteriophages); () s mar t 6 d e | (e.g, eamimicrobial polymerss

nanopartites, liposomesyand (iii) innovative combinatiorapproachege.g, multidrug cocktails) I will

briefly describe below sucdolutions.

9 Antimicrobial peptides (AMPs)are 12 to 50 aminacids peptides displaying potemie(, micromolar

(uM) range) and broad spectrum aatiterial activity. AMPs include (i) anionic peptides (rich in
glutamicacid and aspartic agid(ii) cationic peptides (rich in arginine, glycine, proline, phenylalanine

and tryptophan); (iii) anionic and cationic peptides that contain cysteine and Brifidéi bonds and (iv)

| i near -obelicalipeptidésc AMBs act through different mechanisms including inhibition of cell
wall synthesis, formation of pores, alteration of the cell membrane, activation of autolysin, inhibition of
DNA, RNA, and proteinsynthesis. They are able to kill Graragative and Graositive bacteria,
enveloped viruses and fungi (just to cite a few) and they also have immunomodulatory functions
including the ability to alter host gene expression, to induce chemokine productfor act as
chemokines, to inhibit lipopolysaccharide induced-ipfammatory cytokine production, to promote
wound healing and modulate the responses of dendritic cells and cells of the adaptive immune response.

Their use is generally limited to topiaad intravenous administration due to their short-tiagfs (t,,,);**

72

9 Bacteriophagesare viruses specifically designed to recognize bacteria through a cell surface receptor and

infect them. They have been reportedbe effective against several Gramegative (e.g.E. coli, P.
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aeruginosa as well as Grampositive bacteria (e.gE. faecium S. aureuls As they lack in selectivity
resistance can arise due to alteration of the battsll surface receptor$heycan be used as cocktails
with traditional antibioticsAlternatively, bacteriophage components (ezigolysis) can serve as soes
of potent new antimicrobialst’’

1 Antimicrobial polymersare produced binsertion of an active antimicrobiahto a polymer vian alkyl

or anacetyl linker. Thisstructureincrease antibiotics stability, t;/,, efficacy and selectivity, minimizing

at the same timeheir toxicity;"®"

1 Nanopatrticlesimprove intracellular delivery anthe therapeutic indexf antibioticsthus reducing the
dose and frequency of administratidvietal ion nanoparticles, especially silver compounds, have been
recently explored as carriers for antibiotic delivery. Despite their potential, these kind ofydsjiseams
are not yet well established due to their complicate characterization ant}sAb#

9 Liposomes have a membradée structure that facilitates drug release in the cytoplasm, potentially
saturating efflux pumps and reducing the emergence of resistanimetunately, they have a shdit,
limited encapsulation efficien@and temperature sensitivity thegn lead to inadequate delivéfif®

9 Multidrug cocktails(e.g, the combination oéintibiotics targeting different pathwgyarevery successful

toolsto combatAMR. Often, antibacterial drugs catsobe combined with neantibiotic adjuvarg(i.e.,
compounds used to prevent or assist in the amelioration of a Jiséasenon adjuvants that had clinical
success includendiseptics (e.g, chlorhexidine)and natural (e.g. biosurfactants) ombiological (e.g.
bacteriophagesjnoieties. Antiseptics are thought to permeate and disrupt the cell wall as well as
inactivate ATPase Despite their success, resistance can arise locally due to selective pressubasnd
been observedn vitro with combinations of chlorhexidinend minocycline (or rifampicin)Recent
combination theraps couple antibiotics withhatural and biological adjuvantBacteriophages paired
with antibiotics proved to be more effective theither components delivered individually. Pidetived
compounds (e.gthymol), biosurfactants (e,gsophorolipid)and antiledies (IgG classg¢san also be
used as adjuvants to enhance antimicrobial effiéaty.

An emerging mnovative approach to fight AMRs the modulation/inhibition of QSIn the following

paragrahsl| will describethe QS systems in bacterighe enzymes and molecules involved and all the recent

advances reported in the literature particularly focusing oi2Avedated QS.

1.4 Quorum Sensing(QS)

QS is a celto-cell communicatiormechanism thaallows bacteria to coordinate their gene expression and
act as a populatiotf.?® This phenomenon is detrimental for humans as QS regulates pathogenic processes

991005 scetibility to antibiotics®* and biofilm formatiort® ***|n the last

such as virulence factor moction
decades, the modulation of QS has emerged as a potential therapeutic targetAtd Rglat treatment that
d o e s n Ottbacterial lygriovitH will not generate selective pressure and, thereforehahee for resistance
to arise can be significantly reduc®d'® QS is mediated by production, relezamed response to Als.

Conventionally, Als have been divided into threwin categories:(i) N-Acyl homoserine lactones
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(AHLs)'*%sed by Grarmegative bacterigii) oligopeptides, used by Grapositive bacteria angiii) Al-
2 used by both Graipositive and Grammegative bacteria. Other QS signals incld® Pseudomonas
quinolone signal (PQS§"'*® (v) diffusible signal factor (DSF):**** (vi) o-butyrolactong™® (vii) 2-amino
acetophenone (&A),'" (viii) bradyoxetin''®

I will briefly describe AHLs and oligopeptidebased QS andnore in detailsAl-2-mediated QS.

1.4.1 N-Acyl homoserine lactone AHL )-based Quorum Sensing

AHLs are formed by a homoserine lactone (HSL) ring attached to an acyl chain (4 to 18 carbon long). AHLs
differ in the length of the acyl chaiin the oxidation state at positidhand in the saturatioof the chain
itself (Figure 1.%.

NH, 00C._NH, NH,
AHL synthase N N R, O
o 7 3 ~ L} 2
1 g/ (LuxI family) > o]
k\N N> s+\ + R)J\/U\S’ACP i k\N N S + HSACP + R1)\)]\N
o 1 o) H o
L ] L 3
OH o1 OH OH Acyl chain HLS
SAM Acyl-ACP MTA Holo-ACP AHL
Ry =H, =0, OH
R, = 1-17C

Figure 1.5 Biosynthesis of AHLs

AHLs are biosynthesized from an acylatexi/| carrier protein (acyACP) andS-adenosylmethionine (SAM)

by members of the LuxI family of AHLs synthases afidease of holacyl carrier protein (hold\CP) and

5 -@nethytthioadenosine (MTA) (Figure 1).5After being biosynthesized, AHLs passively diffuse the
bacterial cell and accumulate in the extracellular medium. There are also evidences of actively tansporte
AHLs in certain bacterigdOnce a threshold concentration is reachddl,_s bind to a cytoplasmic Lux®/pe
receptor activating the expression of @gulated genesThe AHLs receptor have some degree of
specificity based on the length, oxidatistateandsaturation of the acyl chain and each bacterial species has

his own pair of synthase/receptor to pragland respond to specific AHLS.

1.4.2 Oligopeptides-based Quorum Sensing

Oligopepetides are used as autoinducer molechigsGrampositive bacteria. They are produced
intracellularly and actively transported outside the cell. Between translation, export and detection, they
undergoseveral modificatiog including cyclization Some inear oligopeptides are actively transported in

the cell where they interact with specific regulators (€gyX in E. faecalisand NprR inB. thuringiensi}

but the majority of the autoinducing peptid¢alPs) are detected extracellularly by a membranand

sensor kinasactivating or repressing QS gene expres§idi!
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1.4.3 Al-2-based Quorum Sensing

Al-2-mediated QS exisis both Gramnegative andsrampositive bacteria. Since the synthase responsible
for Al-2 biosynthesis (i.e.LuxS, see further) is present in more than 70 bacterial specie,isAhlso
defined asthé uni v er s al. Tredirst @vidandeuof A2-meédiata signal date back to 1994 when
Bassleret al. observed QS activity iv. harveyimutant $rains lacking the AHL synthase and proposed the
existence of an alternative QS systéfmA few yeas later, Al-2 activity was deected in a wide range of
LuxS-containing species suggesting that bacteria use tAlcommunicate with each othét This prompted
several research groups to investigate more in detailspidductionand by 2002 twan vitro biosynthess

were reported®'?*The term A}2 refers to a group of molecules all having DPD as a common precursor.
This small chemical entity spontaneously rearranges to yield different structures in equilibrium with each
other. In aqueous solution, linear DPD is in equilibrium with its two cyclic iss@&HMF andR-DHMF
(Figure 1.6) Their hydration at ¢€forms the two cyclic tetrahydrated isom&$HMF andR-THMF (Figure

1.6). X-ray crystallography revealed thi&{THMF is the isomer recognized by the plant symb®ninelioti
(Protein Data Bank IDPDB ID: 3EJW?9 and by the two human pathoge®s typhimurium(PDB ID:
1TJIY*?Y andY. pestigPDB ID: 3T95%% while isomerSTHMF, in the form of the borate est&THMF-
borate, is the active species\n harveyiand it has been etrystallized in complex with LuxP (PDB ID:
1JX6'%).

To complicate even more the picture, the hydrated form of linedd DR, STHP, Figure 1.9 is
phosphorylated at positidhby LsrK (to generat phosphéDPD, RDPD, Figure 1.5in the members of the
Enterobacteriacee family (e.&.coli andS. typhimurium

HO o HO_ o Z 0

\\\\\ : Y H,O uu-j Y B(OH), HO IO’Q
P = 2 tB\ T,
J “on HOS “on -2H,0 HO'©0 5y OH
S-DHMF S-THMF S-THMF-borate
OH O OH O - OH O
HONJ\ - HZO HOM =~ Lsrk o\ /ONJ\
g HO R
o HO OH o HO OH
S-DPD S-THP P-DPD

o) o
HO‘\;J H0 HO@
g HO™:

d oH o OH

R-DHMF R-THMF
Figure 1.6: Al-2 speciesrn equilibrium in agueous mediun2S 4S)-2,4-dihydroxy-2-methyldihydrofurar3-one &-DHMF); S4,5
dihydroxy-2,3-pentanedione DPD); (2R,49)-2,4-dihydroxy-2-methyldihydrofurar3-one R-DHMF); (2S549)-2-methyl2,3,3,4
tetrahydroxytetrahydrofuran  S{THMF); S$-3,3,4,5tetrahydroxy2-pentanone S THP); (2R,49)-2-methyt2,3,3,4

tetrahydroxytetrahydrofurarR¢ETHMF ); (2S,49)-2-methyt2,3,3,4tetrahydroxytetrahydrofuranborate8-THMF -borate); $-3,3,4,5
tetrahydroxy2-pentanoné-phosphateR-DPD)
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Al-2 is biosynthdged in the intracellular medium in a three steps pathway: (i) SAM is demethylated by a
methyltransferase to generaBa d enosy | homo cy s t-eethylthioadeSosiht) nucleosidase) 5 ¢
(MTAN, also known as Pfs) removes the adenine from SAH to proSuid®sylhomogsteine (SRH); (iii)

LuxS catalyzes the displacement of homocysteine (Hcys) from SRH to feh{fAdure 17).

- + - + - +
NH, 0O0C.__NH; NH, 0O0C.__NH;3 O0C.__NHj3
N7 N ’j/ N7 N g/ g/ OH O
1\\ | \> + Methyltransferase k\ | \> Pfs LuxS HO. 2
N"TN EN N~ N S ~ X OH S 7 o~
o o Adenine o Homocysteine o
OH OH OH OH OH OH
S-DPD
SAM SAH SRH

Figure 1.7: Biosynthesis of A2

An alternative pathway for the formation of-&lis the isomezation (by ribulosephosphateisomerase) ef D
ribulose5-phosphate (Ru5P), formed during the catabolism of glucose via the oxidative pentose phosphate
(OPP) pathwayFigure 1.8. This isomerization allows for the production chydroxy-5-methyt3(2H)-
furarone (HMF), which has been shown to have moderate bioluminescence activityharveyi The
production of DPD via this pathway was confirmed by incubation of Ru5P with ribulosephosphateisomerase
in the presence ob-phenylendiamine as carboryapping r@egent and analysis of the corresponding
guinoxaline derivative byhigh-performance liquid chromatograpkjectrospray ionization tandem mass
spectrometrylPLC-ESFMS/MS, Figure 1.8.*%°

OH_ H.B —OH OH OH OH
(O w8 e OH OH
H——OH _— OH —— oHB l” OH — ko ——
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H-B
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H-B
OH HO \to
OH
O\~ ‘HB o) o
o —_— L(é\g:o S%OH —_— \\/\§70H
o HKOH tOH e}
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Q\NHZ

NH,
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N f\/OH
N
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Quinoxaline-DPD

Figure 1.8 Isomerization of Ru5P to DPD and HMF
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After being biosynthesized inside bacterial cells;2Ak exported in the extracellular medium but it is still
unclear how. Due to its hydrophilic nature, it is unlikely thatait passively cross the cell membrane so the
YdgG protein has been proposed as a potential transptrt&rDeletion of ydgG resulted in a gold
increase in cell motility as weldsin a M00-fold increase in biofilm thickness E. coli. However,under
conditions where AP uptake was inhibited, the A& extracellular level was only-@ld lower compared to
the wild type (WT) suggesting that there should be other mechanismfg)dad Al-2. Al-2 accumulates in
the extracellular medium but, once a threshold concentration is reaciedternalized through the Lsr
(LuxS regulated) transporter systen.enteric bacteria (e.gS. typhimuriumandE. coli), P-DPD binds to

the repessor LsrR(PDB ID: 4L47'%) that dissciates from the promoter region of ts operon thus
starting operon transcription. As a result, the expression of the transporter on the cell surface is increased as
well as the internalization of A2 and the expression of LsrR? P-DPD is then processed by LsrG and LsrF:
LsrG catalyzes its isomerization to 3 rihydroxy-2-pentanome-5-phosphate (HPO, Figure 1.p Studies
have shown thasr expression is incread in LsrG mutants as a result of phosphe? accumulatior®
LsrF instead acts as layplase that catalyzes the transfer of an acetyl group from the hydrated foriiP@f P
to coenzyme Aorming dihydroxyacetone phosphate (DHAFgure 1.9 and acetylCoA (Figurel.9). As

for LsrG, LsrF mutants show increadedexpression and phosptid-2 accumulation. With the degradation

of phospeAl-2 by LsrG and LsrF, the A2 signaling cycle closeg®

: 0. . HO, o HO,
o—" B(OH); o S H,0 “\,0\
HO.B.- ) _,r ‘—ZH 5 A /\4
HOSO pyon 72 HOTS “on o oH
S-THMF-borate S-THMF S-DHMF \ oH 0
V. harveyi autoinducer HO. -~ *-\rﬂ*-\_
\° o »
_— HOY Y H0 HoY Y / S-DPD
Ve HO™: - Vo
/ HO OH Q oH

R-DHMF

Qutside cell

Inside cell
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S-THP
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X LsrF fomy F

)LS-COA i HO";\\’O\)J\/OH Ho"Ry
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Figure 1.9: Al-2 production and internalization (at high cell densitygiiteric bactea (e.qg, S.typhimuriumandE. coli)
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1.5 Inhibition of Quorum Sensing

In the last decades, inhibition of QS has become an appealing strategy to fighT Ald&ing noressential

genes for bacterial survival reduces in fact the selective pressure respémsitile rise of resistance.
Through modulation/inhibition of QS, several bacterial virulence factors that facilitate human infections can
be controlled and their negative effects, including mortatian be reducetf’ Together with resistance at
cellular level, bacteria can live in biofilm communitiggaining additional resistance often defined as
Afcommuni ty Iltriseestimatedahatc80% of human bacterial infections are complicated by the
formation of biofiimswhere bacteria have 1086ld higher tolerance to antibiotics compared to the same
organisms in a planktonic statBiofilms are microbial communities of cells attached to each other (or to a
surface) embedded within an extracellular polymeric matrix. Biofilms are enriched in oxygen and nutrients
that help cell differentiation. Cells inedper layes need toadapt to the limitechutrients and oxygen
availability (compared to cells on the surface) and have slower metabolism, creating therefore different
subpopulatios that respond differently to antibiotic treatméfit-* Components of the biofilm matrix form

a shield that protects against antibiotics and the negative charge of the extracellular DNA that forms the
matrix has been shown to be involved in resistance towards cationic pefftiEegosure to suinhibitory
concentration of drugs, due to the protection offered by the extracellular matrix, creates favorable conditions
for selection of resistant phenotypes and increasdation ratesCells in biofilm can also adopt a slow or
non-growing phenotype (i.epersister cells) in response stressful conditions and antibiotics that are
specifically active against dividing cells (e.6-lactams) will have limited effects. Furthermore, persister
cells can survive antibiotic treatmemnd cause relaps&s.**® Biofilms also promote the development of
resigance at a cellular level: they display a mutation rate-faleD higher than planktonic cells and the
presence of extracellular DNA in the matrix can facilitate horizontal gemsfer and spread resistance
across different microbial organist{é.1® Several studies have shown that interference with QS affects
biofilm formation and biafm properties addition of syntheti@dl-2 (6.4 uM) toWT E. coliK-12 MG 1655
increased biofilm mass by 36ld.**’ Two Al -2-analoguegi.e., isobutytDPD and phenyDPD, see Chapter

5) in combination with gentamicihave made almost complete the clearavfcpre-existing biofilms inE.

coli and P. aeruginosarespectively andsrK andIsrR mutants werdound to form biofilms with altered
architecture and significantly thinn¥f.QSlIsrepresent thereforiateresting tools tde used, in combination

wit h ficonventional 0 ant i*'The decelogment of ®Phasensostly facgsed n s t
on AHLs and oligopeptidebased QS as they are spegpscific QS systems and can be directly eissed

to particular pathogenesis:**?In the last decadginhibition of Al-2-mediated Qiso started to attract the
attention of the scientific community aswbuld result in broad spectrum antimicrobial activitjiree main

points of QS interception are possible: (8ignal generation, (i) signaflegradationand (iii) signal

detection/transduction and they will be briefly described below.
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1.5.1 Inhibition of Quorum Sensingsignal generation

This kind of approachimits signal accumlation and there are evidenaafits efficacybothin vitro and in

vivo. Inhibition of AHLs production can be achieved by (i) inhibition of SAM synthesis; (ii) inhibition of
acyFACP production or (jii) inactivatiorof AHL synthase(Figure 1.5. So far, amly triclosart®® and
diazobroineS* (Figure 1.10 are known as inhibitors of Fabl (NADHependent enoyACP reductase), an
alcohol dehydrogenaskst catalyzeshe last step of aACP biosynthesis.

The synthesis of AIPs is mediated by essential bacterial enzymes such as ribosomesidastpapt the
inhibition of such kind of enzymes will have an impact on bacterial growth more than @pSaeffect.
Therefore,only a fewstudies focusd on the inhibition of the biosynthesis of AlPs.dRently, ambuic acid
(Figure 110) was found to inHait (although its target is still unclear) the biosynthesis of cyclic peptides in
several Granpositive bacteria, including. faecalisandS. aureus

MTAN catalyzes the hydrolytic depurination of SAH to produce SRH. Additionally, MTAN depurinates
MTA in the biosynthesis of AHLsTogether with the idruption of the synthesis of both AHLs and-2|
MTAN inhibition interferes also with polyamine biosynthesis, methionine salvage and other important
metabolic pathways. Kinetic isotope effects (KIEs) studies, together withystal structures of MTANs

with several transition state analogues enabled the identification of a transition state model of MTAN of
different bacterial species (e.®. aureusE. coli, S. pneumonigefacilitating the rational design of new
inhibitors!*%*®* Here are reported some exampleg)oimmucillin (ImmA) derivatives (Figure 1.)@nd the
DADMe-ImmA derivatives which mimic, respectively, the early and the late dissociative transitionfstate
MTAN .162' 165
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Figure 1.1Q Strudures of the signal generation inhibitors of Atlbligopeptidesand AF2-mediated QS
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Most of the analogues developed have been assayétto on purified MTANs and only some of them
have been testenh vivo to assess their effects on QS and biofilmnfation. Several MTAN inhibitors
inhibited AHL production inV. choleraand both Ai2 and AHL production irE. coli and, to a different
extent, biofilm formatiort®¥ 1"

LuxS is a synthase that generates DPD upon removdtys from SRH. It is present in a wide range of
bacterial species where it is not only involved in2Abiosynthesis but also in the activated methyl cycle
(AMC)."""*"2LuxS is a homodimer with two identihighly conservedkctive sites at the dimer interface.
Each active site contains a tetrahedrally coordinated divalent ion, usugllglfeough only minimal effects
on its activity could be observed by replacement éf ®ith Co™). LuxS is not present in mamisaand its
inhibition should limit unwanted offarget effects.To date, no poteninhibitors of LuxS havebeen
identified The first compounds reported by Alfagbal. werethetwo substrate analogu&sanhydroribosw
L-homocysteine an8-homoribosyiL -cysteine (Figure 1.0) that inhibited, respectivelyhe first and the last
stepof the catalytiomechanisnt”® Severalsubstrate analogues bear modifications abiCon the furanose

ring (e.g, oxygen is replaced by nitrogen) but theyrdrdisplay high activity.’**"®

1.5.2 Degradation of Quorum Sensing signalingnolecules

Enzymatic degradation of oligopeptidessed QS is almost completely explored due to the broad

substrate specificity of proteasesile degradation of AHLs has extensively been stiidis an interesting

QS inhibition strategy. Three classesokzymes target AHL signals:

1 Acylases irreversibly cleave the bond between the lactone ring and the acyl tail with the release of the
homoserine lactone moiety and the fatty acid chain. They exhibit specificity based on the length of the
acyl chain and & substitution at positio® because the binding pocket is constrained andsnigeddjust
upon ligand binding’®*"®

9 Lactonass are metalloproteins that reversibly hydrolize the esteric bond of the laigne yield the
corresponding acyl homoserine molecule. The cleavage can spontaneously occur at basic pH and be
restored in acidic conditions. Lactonases are usually not subspet#ic since the lactone ring is highly
conserved among the AHLs and traiable acyl chain interacts nepeifically with the binding sité?*

181

1 Oxidoreductasesare not very well known enzymes able to oxidize/reduce (and therefore inactivate) the

r2l182l' 184

AHLs acyl side chai

1.5.3 Inhibition of Quorum Sensingsignal detectiortransduction

The generation of analogues of nativgnals is the most intuitive way to design @8lat are still able to
interact with the receptor while disrupting the downstream signaling process. An alternative is to modify the
structure of known inhibitors in order to increase their potency.

Numerousnatural and nomatural AHL molecules have been evaluated on multiple LiypR receptors

exhibiting a wide range (e,gagonistic, antagonisti®f activity. The general structured some examples of
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nonnatural AHLs (i.e. thiolactones®® triazolyldihydrofuranon€é® and urea analogu¥§ are reported in

Figure 1.1. Elucidation of several crystal structures (eTraR'®'%° SdiA*° LasR*"**) together with
molecular docking/modieg programs have enormously helped scientists in the design of compounds that
would potentially bind the ligand binding pocket AHL proteins. The studies indicated that favorable
hydrogen bonds as well as hydrophotén der Walls interactions betwethe ligand and the binding site

are essential for activity. Changes in the length and/or substitution of the acyl chain together with alteration
of all/part of the lactone ring and of its chirality can also have a huge impact on the activity and sedéctivit

a given compound. Unfortunately, most of the studies published so far have focused innvithe
evaluation of the potential agonistic/antagonistic actioftAHLs analogues and thdir vivo effects on QS

as well asn vivostudies on their stdiiy have been neglected.

In S. aureuscyclic AlPs belonging to four different groups (j.ei 1V) interact with specific AgrC sensor
kinases and regulate biofilm and exotoxin productidBeveral SAR studies focused on the identification of
critical amino acids for each AIP group revealed how small substititemlave significant impact on AIP

role. Following this strategy, many research group have generated, mutating native AlPs, sets of molecules
with higher/lower activity, no activity, changes from sattivation to selinhibition activity %4

Of note, in 2008, Fowleet al produced a library of analogues of autoinducing peptide |-QAfRom S.
aureuswhere the 14 macrocyclic peptigpeptoid hybrids (peptomers) were lacking the thioester linkage.
Onre ofthemacrocyles was found, although with an unknown mechanism, to alter biofilm forriratiro
(Figure 1.11)’
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Figure 1.11: Structures of the signal detection/transduction inhibitors of Aldligopeptidesand AF2-mediatel QS

Al-2-based QS is undoubtedly well knownt e number of papers focused on the development of small

molecules able to modulafd -2-basel QSis way lower when compared to the extensive amount of data on

LuxR type receptors and AHbased QSnodulation Furthermore, the rational design of-Almoduators

has been thwarted by tHack of structural informatioras well asby the unstable nature of the -2I

precursor DPDO(see Chapter)3 The studies reportedeamostly focused on the discovery of analogues of
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known signaling molecules (e, dr-THMF, STHMF). In 2008, Niet al screened a small library of boronic
acids envisioning that, due to the similar structwir¢he boronic acid functional group S THMF-borate
they could bind to LuxP and inhibit QS W harveyi Five phenylboronic acidé&he geeral structure is
shown in Figure 1.11) displaglesingledigit micromolar 1G, values.The excellent results prompted the
group to further screea second library of 3@arasubsituted arylboronic acidsnd additionaleleven
moleculeswere found to exhibisimilar IG;, values for additional details, sé&).

The same research gup tested also a smaktsof pyrogallolderivativesreasoning that, once complexed
with boric acid, they could act as molecular mimicSeofHMF-borate Five compoundshowedICs, values

in the singledigit micromolar range and none of themas cytotoxic (see kgure 1.11for the general
structure and® for more details™*®

In the last decade, a large number of papers ifogos the synthesis of DRDerivatives habeen eported.
This manuscript contains a section dedicatetthé¢oDPDanalogues reported in the literatused Chaptes)

and a chaptgiChapter 6Yhat describes my work focused the synthesis dDPD-lhs.
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2. LSRK KINASE AS TARGET

Phosphorylation of the | i neSDPDitmadiatedy the badiegal kinasea i v e r
LsrK and results in the activation of QS in bothEncoli and S. typhimuriuni*®® In this chapter} will

describe LsrK from a biological and computational point of v@edexplain its catalytic mech&m. When

| started my PhD in 2015, no crystal structure was available for &scKl therefore build LsrK homology

modelto guidethe design of ovel compounds Furthermore]6 v e spentfour months (March June

2017) at the University of Cambridgetempting LsrK crystallizatioin June 2018, three crystal structures

of LsrK/HPr (a phosphocarrier protein) alone or in complex vatenosine triphosphateATP) and
adenosine diphosphata@P) (PDB ID: 5YAO, 5YAL, 5YA2, respectively) were publish&t

2.1 Kinase binding site and kinase inhibitors

Kinases are defined as enzymes that transfer a phosphate group (from ATP or guanosine triphosphate, GTP)
to a substrate that contains an alcohol, an amino, a>gdrbo a phosphate group as acceptor. Kinases
represent one of the largest protein family in eukaryotes having 518 members encoded in the human genome.
Kinases play an important role in the regulation of a varieticadfular processes such as apoptosis,
differentiation, proliferation, survival, transcription and thdiysregulation often results diseasedike

cancer inflammation, central nervous system (CNS) disorders, cardiovascular diseases. Kinase
phosphorylation has been identified also in prokacyorganisms and associated to biofilm formation and
virulence. A variety of small molecules kinase inhibitors (SMKIs) targeting bacterial and/or prokaryotic
kinases has been reported but, so far, no inhibitor has been approved as antimicroii?&4ent.

Despite having different aminoacidic sequences, human kinases have similar 3D structures especially at the
binding site: two domains @and Gt e r mi-sntarl g n déalicalaresgectilely) and a connecting hinge
region. ATP binds in the cleft betwedrettwo domains and its adenine ring forms hydrogen bonds with the
residues in the hinge region. All the kinases have a flexible activation loop starting with the conserved
tripeptideaspartic acigbhenylanalingglycine (Asp-PheGly, DFG motif) that contra access to the binding
site and it is also called @magn &®n Aconspreedregionisni ng
also the Hoop (or Walker A motif), a Gr i ch | oo p been dvsrends of theeMomain

i mportant for phosphate bi-P@3 Daepp ia the ATP packedis that i or
fgat ekeeper 0, ueathat contrgisahe aceenstto the dack part of the binding site and it is often
mutated in case of resistance. The Phe of the DFG motif makes hydrophobic contacts with one residue from
the Gterminal and one fromthe-Ner mi n al creat DFGg nwh ato nif o rarealt li eoch . a '
moves out from the hydrophobic pocket, the orientation of the-B§jtschanges and it is no longer able to

coordinate Mft hus resulting in an inactoveF©®ghwfermal) on
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Figure 2.1: Schematic representationlofi n aAJ lEndling siteHydrogen bonds are representededbroken lines

Kinase inhibitors can be divided into two classes, based on their binding modes: (i) irreversible inhibitors
covalently bind to a cysteine residue close to the -Aiffding site thus irreversibly blocking ATRniding;

(i) reversible inhibitors can be further classified into four different types. Type | inhibitors are ATP
competitive inhibitors and biHmd tcoontfloe matcioneg ; f o
bind and stabilize the inactive formAi DB Gt 06 conf or ma t-Asp aripnteoutsitle the Al lP DF G
binding site; type Il inhibitors bind in an allosteric pocket close to the ATP binding site while type IV bind

in an allosteric pocket far from the ATP binding site. Bivalent and bisatbsimhibitors (type V) display

more than one of such binding modes (Figure Z.B& majority ofthe SMKIs are interacting with the ATP

binding site which is structurally and functionally conserved. Therefore, appalymacological effect (i.e.

a drug hat act on multiple targets) is often obseré

Selectivity is a very controversial topic when talking about kinases: target promiscuity may leathtgedff
toxicity and dugdés wi t hdr awal from the market b canhcer), & or t
multitarget drug may be advantageous. Most of the type | and type Il inhibitors approved by the FDA are
valuable and effective multitarget anticancer drugs ,(@agzopanib, ponatinib, sorafenib). Multitarget
inhibitors are more suitable in oncology, where the signal cascade responsible fageéuesis is very
complex, while selective SMKIs are used to overcometasffet toxicity and side effects outside the
oncdogy are&:**?'" High selectivitycan beachieved with the development of allosteric inhibitors that do

not bindto the ATP binding site.
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Figure 2.2 Typel i IV reversible binding mode for kinase inhibitoF®r the figure was used the-crystal structte of PDK1 with
ATP (PDB ID: 4RRV*® manipulated vih YASARA (version 16.4.6.L.33§°

2.2 LsrK and the FGGY carbohydrate kinase family

LsrK belongs to a family otarbohydratekinases called FGGY family. Over 4000 family members have
been identified in theNational Center for Biotechnology InformatigiNCBI) nonredundant sequence
databas®’ and & least44 crystal structures have been solveiémbers of this family transfer a phosphate
group from ATP to several sugaienging from trioseto heptoss. Representatives of the FGGY family can
be found in several bacterial genomes where they are involtbd aatabolic pathway of carbohydrates.

From a structural point of view, all the described members are constituted by twlikacfifPase domains
called, respectively, FGGY_N and FGGY_C. The substrate ffie.sugar) and ATP bind in the catalytic
cleft between the two domainthe sugar binds deeply in the cleft and interacts mostly with the residues in
the N-domain while the ATP binds near the opening of the cleft and interactgesittues irboth the N

and Gtermiral domairs. Upon binding of thewgyar, the cleft closes to prevent the entrance of solvent and
the phosphorylation takes place (Figure 2°3).

In 2011, Zhanget al analyzed, aboth the phylogenetic and the molecular level, a set of 446 FGGY kinases.
The analysis revealed that glycerol kinase (Glpkyjbulokinase (AraB) and xylulo kinase (XyIB) are
present in the majority ofheb act er i al speci es. Gl pKés mol ecul ar
unchanged throughout evolution since glycerol playaunique role in both carbohydrate and lipid

metabolism and, as it is the smallest sugar substrate in the FGGY family, its specificity has been preserved.
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