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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. Validating new antibacterial targets against antimicrobial resistance (AMR) 

remains highly challenging. In the last decades, modulation/inhibition of bacterial cell-to-cell communication 

(i.e., Quorum Sensing, QS) mechanisms has become an appealing therapeutic approach against 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 autoinducers (AIs). Autoinducer-2 (AI-2) is a well-known class of QS signals produced by 

several bacterial species and responsible for inter- and intra-species communication and, as a consequence, it 

has been termed ñuniversal autoinducerò. The development of small molecules able to modulate the AI-2-

mediated signaling would thus result in broad spectrum antimicrobial activity. 4,5-dihydroxy-2,3-

pentanedione (DPD) is the key compound in the biosynthesis of AI-2 and modulates QS in both Gram-

negative and Gram-positive bacteria. DPD-analogues would therefore have great potential as Quorum 

Sensing Inhibitors (QSI) and as antimicrobial drugs. Remarkably, two DPD-analogues (i.e., isobutyl-DPD 

and phenyl-DPD) have already shown that, in combination with gentamicin, they are able to almost 

completely clear pre-existing biofilms in E. coli and P. aeruginosa, respectively. In enteric bacteria (e.g., E. 

coli and S. typhimurium), DPD is phosphorylated by LsrK kinase resulting in phospho-DPD which activates 

QS upon interaction with the transcriptional regulator LsrR . 

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 on the validation of new Gram-negative antibacterial targets. As part of the 

INTEGRATE research program, the main goal of my research activity was to assess the relevance of LsrK 

kinase inhibition in the context of QS.  

Following a ligand-based approach where DPD was the starting point of the whole research, small series of 

DPD-related compounds were designed and synthesized. To do so, the first task in my three-years project 

was the development of a new synthetic strategy towards DPD. A novel, robust and short protocol (that 

requires only one purification step) was planned and executed and, in order to show its applicability to the 

production of different C1-DPD analogues, phenyl-DPD was also synthesized. The new strategy inspired the 

synthesis of eight small libraries of DPD-inspired heterocycles (DPD-Ihs) 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 (i.e., 
1
H NMR, 

13
C NMR, respectively) and ultra-high 

pressure liquid chromatography-mass spectrometry (i.e., UHPLC-MS, purity > 90%). The majority of the 

DPD-analogues reported in the literature suffer from instability/volatility and the absence of ultraviolet 

(UV)-active substituents renders their detection as well as their purification very challenging. In the 

compounds Iôve synthesized during my PhD, the open/closed equilibrium typical of such compounds is not 
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possible. Furthermore, the compounds are stable, easy to purify by column chromatography and to detect by 

classical analytical methods (e.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 collaborators at the University of 

Helsinki, Finland) against LsrK in a D-luciferin-based bioluminescence assay. Remarkably, four compounds 

displayed IC50 values comprised between 100 µM and 500 µM and molecular modeling studies (performed 

by our INTEGRATE collaborators at the University of Kuopio, Finland) supported the medicinal chemistry 

research. The results reached so far, led to two research papers: the first one published in Molecules on 

October 6
th
 2018 and entitled ñA Versatile Strategy for the Synthesis of 4,5-Dihydroxy-2,3-Pentanedione 

(DPD) and Related Compounds as Potential Modulators of Bacterial Quorum Sensingò (Stotani S. et al., 

Molecules 2018, 23(10), 2545) and the second (submitted to Journal of Medicinal Chemistry on January 5
th
) 

entitled ñDPD-inspired discovery of novel LsrK kinase inhibitors: an opportunity to fight antimicrobial 

resistanceò. 

The PhD thesis is organized as follow: 

Chapter 1 introduces the concepts of antibiotic and antibiotic resistance and describes some strategies to 

circumvent the latter. A brief description of QS, its mechanism and inhibition strategies are also provided, 

together with a detailed account of AI-2-mediated QS. 

Chapter 2 provides an introduction to kinases and kinase inhibition, particularly focusing on the role of LsrK 

kinase in QS. The chapter also details the building of a LsrK homology model and the analysis of the binding 

site. Cloning, over-expression, purification and crystallization of LsrK are also reported.  

Chapter 3 summarizes the enantioselective and racemic synthesis of DPD reported in the literature. 

Chapter 4 discusses the newly-developed synthesis of racemic DPD. 

Chapter 5 summarizes the synthesis and biological evaluation of all the DPD-analogues reported in the 

literature. 

Chapter 6 discusses the design and synthesis of eight new libraries of DPD-IHs. 

Chapter 7 describes the assays to evaluate QS inhibition reported in the literature and the D-luciferin-based 

bioluminescence assay developed by our collaborators at the University of Helsinki. The chapter also 

illustrates the biological activities of the compounds presented in Chapters 4 and 6. 

Chapter 8 is a collection of all the experimental procedures and experimental data. 

Appendix is the paper published in Molecules on October 6
th
 2018 and entitled ñA Versatile Strategy for the 

Synthesis of 4,5-Dihydroxy-2,3-Pentanedione (DPD) and Related Compounds as Potential Modulators of 

Bacterial Quorum Sensingò (Stotani S. et al., Molecules 2018, 23(10), 2545). 

A manuscript entitled ñDPD-inspired discovery of novel LsrK kinase inhibitors: an opportunity to fight 

antimicrobial resistanceò (Stotani S. et al.) submitted to Journal of Medicinal Chemistry on January 5
th
.   
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1. INTRODUCTION  

1.1 Antibiotics and antibacterial targets 

Antibiotics are drugs used for the prevention and/or treatment of bacterial infections and they can either kill 

bacteria (i.e., bactericidal) or inhibit their growth (i.e., bacteriostatic). Most of the antibiotics currently in use 

target a limited number of essential cellular processes and can be classified in (Figure 1.1): 

¶ Cell wall synthesis inhibitors: carbapenems, cephalosporines, glycopeptides, monobactams, penicillins 

and polypeptides inhibit the synthesis or the cross-linking of peptidoglycan (a component of bacterial 

cell wall) resulting in osmotic lysis; lipopetides and polypeptides alter and disrupt the cell-membrane 

causing cellular leakage; 

¶ Protein synthesis inhibitors: aminoglycosides and tetracyclines bind to the 30S ribosomal subunit 

preventing translation, initiation and transfer RNA (tRNA) binding; macrolides, oxazolidinones, 

phenicols and streptogramins instead bind to the 50S ribosomal subunit and disrupt peptidyl transferase 

activity as well as translocation; 

¶ Nucleic acid synthesis inhibitors: rifampin binds to deoxyribonucleic acid (DNA)-directed ribonucleic 

acid (RNA) polymerase and inhibit messenger RNA (mRNA) synthesis; quinolones bind to the DNA 

gyrase or to the topoisomerase IV and prevent DNA replication; 

¶ Folate metabolism inhibitors: sulfonamides and trimethoprim inhibit the synthesis of nucleic acids by 

blocking, respectively, the conversion of para-aminobenzoic acid (PABA) to dihydropteroate (a 

precursor of tetrahydrofolic acid, THF A) and the reduction of dihydrofolic acid (DHF A) to THF A.  

Some of them (e.g., glycopeptides) have a narrow spectrum of activity while others (e.g., ɓ-lactams) are 

considered broad-spectrum antibacterial agents since they target processes that are common across different 

bacterial species.
1
 

 

Figure 1.1: Mechanisms of action of antibiotics 
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With the introduction of ɓ-lactams (1928) and sulfonamides (1932) in the market, the ñmodern age of 

antibacterial treatmentò began. The majority of the drugs currently in use were discovered between the 1940s 

and the 1960s, in the so called ñgolden ageò of antibiotic discovery. This time lapse was followed by a deep 

ñinnovation gapò where isolation of the 6-aminopenicillanic acid (6-APA) core and advances in synthetic 

chemistry allowed the production of new semi-synthetic derivatives that were modified versions of the 

existing ones (with the sole exception of the carbapenems) but no new chemical entities were brought into 

clinical use (Figure 1.2).
2,3

 

 

Figure 1.2: Antibiotic discovery timeline (1920 ï 1990) 

Forty years had to pass before a new scaffold (i.e., the oxazolidinone drug linezolid) was introduced into 

clinical practice in 2000. Modification of already approved drugs, despite increasing the number of products 

launched, had a huge cost in terms of the spreading of resistance: drugs with the same scaffold act with the 

same mode of action (MOA) and resistance to one antibiotic is rapidly followed by cross-resistance to the 

whole class.
4ï6

 

Stringent government regulations as well as the significant investments required to discover and develop new 

antibiotics pushed big pharmaceutical companies to partially/completely abandon antibacterial research in 

the mid-1990s. For a long time, antibiotic discovery has been considered a target-poor therapeutic area and 

industries have preferred to invest in more profitable sectors (e.g., cancer, chronic diseases).
7ï14

 At the 

beginning of the new century, completion of bacterial and human genome opened the door to the study of 

hundreds of novel potential targets for antibacterial drugs. Together with new advances in combinatorial 

chemistry, high-throughput screening (HTS) and molecular biology, a new era of genomic-derived 

antibiotics could potentially begin but, unfortunately, this kind of approach failed to identify tractable new 

targets and Food and Drug Administration (FDA) antibioticsô approvals dropped from 29 in the 1980s to 

only 9 in the 2000s.
15ï20

 From 2000 onwards, five new classes of antibiotics have been developed: (i) 

oxazolidinone (linezolid, 2000, Figure 1.3); (ii) lipopeptide (daptomycin, 2003, Figure 1.3); (iii) 
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pleuromutilin (retapamulin, 2007, Figure 1.3); (iv) macrolactone (fidaxomicin, 2011, Figure 1.3) and (v) 

diarylquinoline (bedaquiline, 2012, Figure 1.3). 

 

Figure 1.3: Structure of the five novel classes of antibiotics developed since 2000 

The recent discoveries are the result of growing antimicrobial stewardship programs and increased 

government investments
21ï23

 to tackle multi-drug resistant (MDR) bacteria and discover new non-essential 

targets (see further) before going back to the ñpre-antibiotic eraò.
24ï33

 

1.2 Antibiotic resistance and its mechanisms 

Antibiotic resistance is an increasingly serious threat to global public health and represents a huge burden for 

health care costs. It is dangerously rising to high levels all over the world and it is estimated that, by 2050, 

ñdrug resistant infections will kill an extra 10 million people a year worldwideò.
34

 Inappropriate prescribing 

of antibiotics, poor compliance with treatment regimes, the use of antibiotics in agriculture, poor hygiene and 

infection control in hospitals are just some of the reasons that contribute to the spread of resistance.
35ï42

 

Antibiotics are routinely used to grow animalôs food thus facilitating the diffusion of resistance to humans 

through ingestion. Pharmaceuticalôs waste released in the environment exacerbate even more the problem 

and we now live in an era where a growing number of infections (e.g., gonorrhea, pneumonia, tuberculosis) 

are hard to treat as antibiotics are becoming less and less effective.
43ï49
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Resistance is not a modern phenomenon: a recent study of Beringian permafrost sediments containing 30.000 

years-old DNA identified genes encoding resistance to ɓ-lactams, glycopeptides and tetracyclines. However, 

at that time, the selection pressure necessary to confer them an evolutionary advantage for their expression 

was still missing. The beginning of the modern antibiotic era has provided the selection pressure necessary 

for the recapture of resistance elements from the resistome (i.e., the global reservoir of resistance elements) 

and contributed to the development of multi-drug resistant pathogens.
50ï52

 Resistance can arise through 

genetic mutations or can be acquired from other bacteria via mobile plasmids or transposons (i.e., horizontal 

gene transfer).
53ï59

 Over the centuries, bacteria have evolved several protective mechanisms to inactivate, 

remove and, in general, circumvent antibioticsô toxicity. Here we report the most studied (Figure 1.4): 

¶ Efflux pumps: they are membrane proteins that export antibiotics outside 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 transporters, thus contributing to the development of multi-drug resistance;
60ï62

 

¶ Target site alterations: variations of the 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 of the penicillin-binding 

protein (PBP) reduces the affinity for ɓ-lactams; alterations of the cell wall precursors (e.g., D-alanyl-D-

alanine is changed to D-alanyl-D-lactate) cause resistance to glycopeptides while mutated DNA-gyrase 

and topoisomerase IV originate fluoroquinolones resistance;
52

 

¶ Enzymatic inactivation: the three main enzymes responsible for antibiotics inactivation are ɓ-lactamases, 

aminoglycoside-modifying enzymes (AMEs) and chloramphenicol acetyltransferases (CATs). About 300 

ɓ-lactamases are known and they hydrolyze nearly all ɓ-lactams that have amide and ester bonds (e.g., 

cephalosporins, carbapenems, monobactams, penicillins); AMEs inactivate aminoglycoside through 

kinases (aminoglycoside-O-phosphotransferases, APHs), O-adenyltransferases (ANTs) and N- 

acetyltransferases (AACs) thus impeding the binding to the 30S ribosomal subunit; AACs acetylate 

hydroxyl groups of chloramphenicol disrupting its binding to the 50S ribosomal subunit;
41

 

 

Figure 1.4: Mechanisms of antibiotic resistance 
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¶ Decreased uptake: is a common phenomenon in Gram-negative bacteria who are able to modify the 

composition of their outer cell membrane in order to reduce antibioticsô uptake. Changes in the selectivity 

and/or concentration of porin channels (i.e., transmembrane proteins that act as cellular pores) also 

diminish intracellular antibiotic concentration. If coupled with an increased activity of efflux pumps, the 

amount of drug available inside the cell drastically reduces.
60,62,63

 

1.3 Action plans and new strategies to fight antibacterial resistance 

The increasing economic and healthcare concerns generated by antibiotic resistance have prompted the 

organization of global collective actions to address the threat. The World Health Organization (WHO) 

developed a global action plan to tackle this growing problem at the 68
th
 World Health Assembly in May 

2015.
64

 The main goal of the plan was to ensure prevention and successful treatments to all who need them, 

using effective and safe medicines for as long as possible. Five strategic objectives were set out:  

1 Raise the awareness about AMR through trainings, education and communication; 

2 Optimize the use of antibiotics in both human and animal health; 

3 Increase the knowledge on incidence, prevalence and spreading of resistance in order to develop new 

tools, policies and regulations; 

4 Apply preventive measures to reduce the incidence of infections; 

5 Potentiate investments in vaccines, new diagnostic tools or medicines.  

The more effective long-term solutions to address AMR are based on the discovery of (i) novel drugs (e.g., 

antimicrobial peptides and bacteriophages); (ii) ñsmartò delivery systems (e.g., antimicrobial polymers, 

nanoparticles, liposomes) and (iii) innovative combination approaches (e.g., multidrug cocktails). I will 

briefly describe below such solutions. 

¶ Antimicrobial peptides (AMPs): are 12 to 50 amino acids peptides displaying potent (i.e., micromolar 

(µM) range) and broad spectrum antibacterial activity. AMPs include (i) anionic peptides (rich in 

glutamic acid and aspartic acid); (ii) cationic peptides (rich in arginine, glycine, proline, phenylalanine 

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

linear cationic Ŭ-helical peptides. AMPs 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 protein synthesis. They are able to kill Gram-negative and Gram-positive 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 production and/or act as 

chemokines, to inhibit lipopolysaccharide induced pro-inflammatory 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 topical or intravenous administration due to their short half-lives (t1/2);
65ï

72
 

¶ Bacteriophages: are viruses specifically designed to recognize bacteria through a cell surface receptor and 

infect them. They have been reported to be effective against several Gram-negative (e.g., E. coli, P. 
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aeruginosa) as well as Gram-positive bacteria (e.g., E. faecium, S. aureus). As they lack in selectivity, 

resistance can arise due to alteration of the bacterial cell surface receptors. They can be used as cocktails 

with traditional antibiotics. Alternatively, bacteriophage components (e.g., virolysis) can serve as sources 

of potent new antimicrobials;
73ï77

 

¶ Antimicrobial polymers: are produced by insertion of an active antimicrobial onto a polymer via an alkyl 

or an acetyl linker. This structure increases antibiotics stability, t1/2, efficacy and selectivity, minimizing 

at the same time their toxicity;
78,79

 

¶ Nanoparticles: improve intracellular delivery and the therapeutic index of antibiotics thus reducing the 

dose and frequency of administration. Metal ion nanoparticles, especially silver compounds, have been 

recently explored as carriers for antibiotic delivery. Despite their potential, these kind of delivery systems 

are not yet well established due to their complicate characterization and short t1/2;
80ï82

 

¶ Liposomes: have a membrane-like structure that facilitates drug release in the cytoplasm, potentially 

saturating efflux pumps and reducing the emergence of resistance. Unfortunately, they have a short t1/2, 

limited encapsulation efficiency and temperature sensitivity that can lead to inadequate delivery;
83ï86

 

¶ Multidrug cocktails (e.g., the combination of antibiotics targeting different pathways) are very successful 

tools to combat AMR. Often, antibacterial drugs can also be combined with non-antibiotic adjuvants (i.e., 

compounds used to prevent or assist in the amelioration of a disease). Common adjuvants that had clinical 

success include antiseptics (e.g., chlorhexidine) and natural (e.g., biosurfactants) or biological (e.g., 

bacteriophages) moieties. Antiseptics are thought to permeate and disrupt the cell wall as well as 

inactivate ATPases. Despite their success, resistance can arise locally due to selective pressure and it has 

been observed in vitro with combinations of chlorhexidine and minocycline (or rifampicin). Recent 

combination therapies couple antibiotics with natural and biological adjuvants. Bacteriophages paired 

with antibiotics proved to be more effective than either components delivered individually. Plant-derived 

compounds (e.g., thymol), biosurfactants (e.g., sophorolipid) and antibodies (IgG classes) can also be 

used as adjuvants to enhance antimicrobial efficacy.
87ï93

 

An emerging innovative approach to fight AMR is the modulation/inhibition of QS. In the following 

paragraphs I will describe the QS systems in bacteria, the enzymes and molecules involved and all the recent 

advances reported in the literature particularly focusing on AI-2-mediated QS. 

1.4 Quorum Sensing (QS) 

QS is a cell-to-cell communication mechanism that allows bacteria to coordinate their gene expression and 

act as a population.
94ï98

 This phenomenon is detrimental for humans as QS regulates pathogenic processes 

such as virulence factor production,
99,100

 susceptibility to antibiotics
101

 and biofilm formation.
102ï104

 In the last 

decades, the modulation of QS has emerged as a potential therapeutic target to fight AMR: a treatment that 

doesnôt inhibit bacterial growth will not generate selective pressure and, therefore, the chance for resistance 

to arise can be significantly reduced.
105ï108

 QS is mediated by production, release and response to AIs. 

Conventionally, AIs have been divided into three main categories: (i) N-Acyl homoserine lactones 
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(AHLs)
109,110

 used by Gram-negative bacteria; (ii)  oligopeptides, used by Gram-positive bacteria and (iii) AI-

2 used by both Gram-positive and Gram-negative bacteria. Other QS signals include (iv) Pseudomonas 

quinolone signal (PQS),
111ï113

 (v) diffusible signal factor (DSF),
114,115

 (vi) ɔ-butyrolactone,
116

 (vii) 2-amino 

acetophenone (2-AA) ,
117

 (viii) bradyoxetin.
118

 

I will briefly describe AHLs- and oligopeptides-based QS and, more in details, AI-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 chain, in the oxidation state at position 3 and in the saturation of the chain 

itself (Figure 1.5). 

 

Figure 1.5: Biosynthesis of AHLs 

AHLs are biosynthesized from an acylated-acyl carrier protein (acyl-ACP) and S-adenosylmethionine (SAM) 

by members of the LuxI family of AHLs synthases after release of holo-acyl carrier protein (holo-ACP) and 

5ô-methyl-thioadenosine (MTA) (Figure 1.5). After being biosynthesized, AHLs passively diffuse the 

bacterial cell and accumulate in the extracellular medium. There are also evidences of actively transported 

AHLs in certain bacteria. Once a threshold concentration is reached, AHLs bind to a cytoplasmic LuxR-type 

receptor activating the expression of QS-regulated genes. The AHLs receptor have some degree of 

specificity based on the length, oxidation state and saturation of the acyl chain and each bacterial species has 

his own pair of synthase/receptor to produce and respond to specific AHLs.
119

 

1.4.2 Oligopeptides-based Quorum Sensing 

Oligopepetides are used as autoinducer molecules by Gram-positive bacteria. They are produced 

intracellularly and actively transported outside the cell. Between translation, export and detection, they 

undergo several modifications, including cyclization. Some linear oligopeptides are actively transported in 

the cell where they interact with specific regulators (e.g., PrgX in E. faecalis and NprR in B. thuringiensis) 

but the majority of the autoinducing peptides (AIPs) are detected extracellularly by a membrane-bound 

sensor kinase activating or repressing QS gene expression.
120,121
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1.4.3 AI -2-based Quorum Sensing 

AI-2-mediated QS exists in both Gram-negative and Gram-positive bacteria. Since the synthase responsible 

for AI-2 biosynthesis (i.e., LuxS, see further) is present in more than 70 bacterial species, AI-2 is also 

defined as the ñuniversal autoinducerò. The first evidence of AI-2-mediated signal date back to 1994 when 

Bassler et al. observed QS activity in V. harveyi mutant strains lacking the AHL synthase and proposed the 

existence of an alternative QS system.
122

 A few years later, AI-2 activity was detected in a wide range of 

LuxS-containing species suggesting that bacteria use AI-2 to communicate with each other.
123

 This prompted 

several research groups to investigate more in details AI-2 production and by 2002 two in vitro biosyntheses 

were reported.
124,125

 The term AI-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 isomers S-DHMF and R-DHMF 

(Figure 1.6). Their hydration at C3 forms the two cyclic tetrahydrated isomers S-THMF and R-THMF (Figure 

1.6). X-ray crystallography revealed that R-THMF is the isomer recognized by the plant symbiont S. melioti 

(Protein Data Bank ID, PDB ID: 3EJW
126

) and by the two human pathogens S. typhimurium (PDB ID: 

1TJY
127

) and Y. pestis (PDB ID: 3T95
128

) while isomer S-THMF, in the form of the borate ester S-THMF-

borate, is the active species in V. harveyi and it has been co-crystallized in complex with LuxP (PDB ID: 

1JX6
129

).  

To complicate even more the picture, the hydrated form of linear DPD (i.e., S-THP, Figure 1.6) is 

phosphorylated at position 5 by LsrK (to generate phospho-DPD, P-DPD, Figure 1.6) in the members of the 

Enterobacteriacee family (e.g., E.coli and S. typhimurium).  

 

Figure 1.6: AI-2 species in equilibrium in aqueous medium: (2S,4S)-2,4-dihydroxy-2-methyldihydrofuran-3-one (S-DHMF ); S-4,5-

dihydroxy-2,3-pentanedione (S-DPD); (2R,4S)-2,4-dihydroxy-2-methyldihydrofuran-3-one (R-DHMF ); (2S,4S)-2-methyl-2,3,3,4-

tetrahydroxytetrahydrofuran (S-THMF ); S-3,3,4,5-tetrahydroxy-2-pentanone (S-THP); (2R,4S)-2-methyl-2,3,3,4-

tetrahydroxytetrahydrofuran (R-THMF ); (2S,4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuranborate (S-THMF -borate); S-3,3,4,5-

tetrahydroxy-2-pentanone-5-phosphate (P-DPD) 
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AI-2 is biosynthesized in the intracellular medium in a three steps pathway: (i) SAM is demethylated by a 

methyltransferase to generate S-adenosylhomocysteine (SAH); (ii) 5ô-methylthioadenosine nucleosidase 

(MTAN, also known as Pfs) removes the adenine from SAH to produce S-ribosylhomocysteine (SRH); (iii) 

LuxS catalyzes the displacement of homocysteine (Hcys) from SRH to form AI-2 (Figure 1.7).  

 

Figure 1.7: Biosynthesis of AI-2 

 

An alternative pathway for the formation of AI-2 is the isomerization (by ribulosephosphateisomerase) of D-

ribulose-5-phosphate (Ru5P), formed during the catabolism of glucose via the oxidative pentose phosphate 

(OPP) pathway (Figure 1.8). This isomerization allows for the production of 4-hydroxy-5-methyl-3(2H)-

furanone (HMF), which has been shown to have moderate bioluminescence activity in V. harveyi. The 

production of DPD via this pathway was confirmed by incubation of Ru5P with ribulosephosphateisomerase 

in the presence of o-phenylendiamine as carbonyl-trapping reagent and analysis of the corresponding 

quinoxaline derivative by high-performance liquid chromatography-electrospray ionization tandem mass 

spectrometry (HPLC-ESI-MS/MS, Figure 1.8).
130

 

 

 

Figure 1.8: Isomerization of Ru5P to DPD and HMF 
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After being biosynthesized inside bacterial cells, AI-2 is exported in the extracellular medium but it is still 

unclear how. Due to its hydrophilic nature, it is unlikely that it can passively cross the cell membrane so the 

YdgG protein has been proposed as a potential transporter.
131,132

 Deletion of ydgG resulted in a 6-fold 

increase in cell motility as well as in a 7000-fold increase in biofilm thickness in E. coli. However, under 

conditions where AI-2 uptake was inhibited, the AI-2 extracellular level was only 2-fold lower compared to 

the wild type (WT) suggesting that there should be other mechanism(s) to export AI-2. AI-2 accumulates in 

the extracellular medium but, once a threshold concentration is reached, it is internalized through the Lsr 

(LuxS regulated) transporter system. In enteric bacteria (e.g., S. typhimurium and E. coli), P-DPD binds to 

the repressor LsrR (PDB ID: 4L4Z
133

) that dissociates from the promoter region of the lsr 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 AI-2 and the expression of LsrK.
134

 P-DPD is then processed by LsrG and LsrF: 

LsrG catalyzes its isomerization to 3,4,4-trihydroxy-2-pentanone-5-phosphate (P-TPO, Figure 1.9). Studies 

have shown that lsr expression is increased in LsrG mutants as a result of phospho-AI-2 accumulation.
135

 

LsrF instead acts as a thyolase that catalyzes the transfer of an acetyl group from the hydrated form of P-TPO 

to coenzyme A forming dihydroxyacetone phosphate (DHAP, Figure 1.9) and acetyl-CoA (Figure 1.9). As 

for LsrG, LsrF mutants show increased lsr expression and phospho-AI-2 accumulation. With the degradation 

of phospo-AI-2 by LsrG and LsrF, the AI-2 signaling cycle closes.
136

  

 

Figure 1.9: AI-2 production and internalization (at high cell density) in enteric bacteria (e.g., S. typhimurium and E. 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 AMR. Targeting non-essential 

genes for bacterial survival reduces in fact the selective pressure responsible for the rise of resistance. 

Through modulation/inhibition of QS, several bacterial virulence factors that facilitate human infections can 

be controlled and their negative effects, including mortality, can be reduced.
137

 Together with resistance at 

cellular level, bacteria can live in biofilm communities gaining additional resistance often defined as 

ñcommunity resistanceò. It is estimated that 80% of human bacterial infections are complicated by the 

formation of biofilms where bacteria have 1000-fold higher tolerance to antibiotics compared to the same 

organisms in a planktonic state. Biofilms 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 in deeper layers need to adapt to the limited nutrients and oxygen 

availability (compared to cells on the surface) and have slower metabolism, creating therefore different 

subpopulations that respond differently to antibiotic treatment.
138,139

 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 peptides.
140

 Exposure to sub-inhibitory 

concentration of drugs, due to the protection offered by the extracellular matrix, creates favorable conditions 

for selection of resistant phenotypes and increases mutation rates. Cells in biofilm can also adopt a slow or 

non-growing phenotype (i.e., persister cells) in response to stressful conditions and antibiotics that are 

specifically active against dividing cells (e.g., ɓ-lactams) will have limited effects. Furthermore, persister 

cells can survive antibiotic treatment and cause relapses.
141ï143

 Biofilms also promote the development of 

resistance at a cellular level: they display a mutation rate 100-fold higher than planktonic cells and the 

presence of extracellular DNA in the matrix can facilitate horizontal gene transfer and spread resistance 

across different microbial organisms.
144ï146

 Several studies have shown that interference with QS affects 

biofilm formation and biofilm properties: addition of synthetic AI-2 (6.4 µM) to WT E. coli K-12 MG 1655 

increased biofilm mass by 30-fold.
147

 Two AI-2-analogues (i.e., isobutyl-DPD and phenyl-DPD, see Chapter 

5) in combination with gentamicin have made almost complete the clearance of pre-existing biofilms in E. 

coli and P. aeruginosa, respectively and lsrK and lsrR mutants were found to form biofilms with altered 

architecture and significantly thinner.
148

 QSIs represent therefore interesting tools to be used, in combination 

with ñconventionalò antibiotic therapies, against AMR.
149,150

 The development of QSIs has mostly focused 

on AHLs- and oligopeptides-based QS as they are species-specific QS systems and can be directly associated 

to particular pathogenesis.
151,152

 In the last decades, inhibition of AI-2-mediated QS also started to attract the 

attention of the scientific community as it would result in broad spectrum antimicrobial activity. Three main 

points of QS interception are possible: (i) signal generation, (ii) signal degradation and (iii) signal 

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

This kind of approach limits signal accumulation and there are evidences of its efficacy both in vitro and in 

vivo. Inhibition of AHLs production can be achieved by (i) inhibition of SAM synthesis; (ii) inhibition of 

acyl-ACP production or (iii) inactivation of AHL synthase (Figure 1.5). So far, only triclosan
153

 and 

diazobroines
154

 (Figure 1.10) are known as inhibitors of FabI (NADH-dependent enoyl-ACP reductase), an 

alcohol dehydrogenase that catalyzes the last step of acyl-ACP biosynthesis.  

The synthesis of AIPs is mediated by essential bacterial enzymes such as ribosomes and peptidases so the 

inhibition of such kind of enzymes will have an impact on bacterial growth more than an anti-QS effect. 

Therefore, only a few studies focused on the inhibition of the biosynthesis of AIPs. Recently, ambuic acid 

(Figure 1.10) was found to inhibit (although its target is still unclear) the biosynthesis of cyclic peptides in 

several Gram-positive bacteria, including E. faecalis and S. aureus.
155

 

MTAN catalyzes the hydrolytic depurination of SAH to produce SRH. Additionally, MTAN depurinates 

MTA in the biosynthesis of AHLs. Together with the disruption of the synthesis of both AHLs and AI-2, 

MTAN inhibition interferes also with polyamine biosynthesis, methionine salvage and other important 

metabolic pathways. Kinetic isotope effects (KIEs) studies, together with co-crystal structures of MTANs 

with several transition state analogues enabled the identification of a transition state model of MTAN of 

different bacterial species (e.g., S. aureus, E. coli, S. pneumoniae) facilitating the rational design of new 

inhibitors.
156ï161

 Here are reported some examples of (i) immucillin (ImmA) derivatives (Figure 1.10) and the 

DADMe-ImmA derivatives which mimic, respectively, the early and the late dissociative transition state of 

MTAN.
162ï165

 

 

Figure 1.10: Structures of the signal generation inhibitors of AHL-, oligopeptides- and AI-2-mediated QS 
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Most of the analogues developed have been assayed in vitro on purified MTANs and only some of them 

have been tested in vivo to assess their effects on QS and biofilm formation. Several MTAN inhibitors 

inhibited AHL production in V. cholera and both AI-2 and AHL production in E. coli and, to a different 

extent, biofilm formation.
166ï170

 

LuxS is a synthase that generates DPD upon removal of Hcys from SRH. It is present in a wide range of 

bacterial species where it is not only involved in AI-2 biosynthesis but also in the activated methyl cycle 

(AMC).
171,172

 LuxS is a homodimer with two identic (highly conserved) active sites at the dimer interface. 

Each active site contains a tetrahedrally coordinated divalent ion, usually Fe
+2

 (although only minimal effects 

on its activity could be observed by replacement of Fe
+2

 with Co
+2

). LuxS is not present in mammals and its 

inhibition should limit unwanted off-target effects. To date, no potent inhibitors of LuxS have been 

identified. The first compounds reported by Alfaro et al. were the two substrate analogues S-anhydroribosyl-

L-homocysteine and S-homoribosyl-L-cysteine (Figure 1.10) that inhibited, respectively, the first and the last 

step of the catalytic mechanism.
173

 Several substrate analogues bear modifications at C3 or on the furanose 

ring (e.g., oxygen is replaced by nitrogen) but they do not display high activity.
174,175

  

1.5.2 Degradation of Quorum Sensing signaling molecules 

Enzymatic degradation of oligopeptides-based QS is almost completely unexplored due to the broad 

substrate specificity of proteases while degradation of AHLs has extensively been studied as an interesting 

QS inhibition strategy. Three classes of enzymes target AHL signals: 

¶ 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 its substitution at position 3 because the binding pocket is constrained and needs to adjust 

upon ligand binding;
176ï178

 

¶ Lactonases: are metalloproteins that reversibly hydrolize the esteric bond of the lactone ring to yield the 

corresponding acyl homoserine molecule. The cleavage can spontaneously occur at basic pH and be 

restored in acidic conditions. Lactonases are usually not substrate-specific since the lactone ring is highly 

conserved among the AHLs and the variable acyl chain interacts non-specifically with the binding site;
179ï

181
 

¶ Oxidoreductases: are not very well known enzymes able to oxidize/reduce (and therefore inactivate) the 

AHLs acyl side chain.
182ï184

 

1.5.3 Inhibition of Quorum Sensing signal detection/transduction 

The generation of analogues of native signals is the most intuitive way to design QSIs that 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.  

Numerous natural and non-natural AHL molecules have been evaluated on multiple LuxR-type receptors 

exhibiting a wide range (e.g., agonistic, antagonistic) of activity. The general structures of some examples of 
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non-natural AHLs (i.e., thiolactones,
185

 triazolyldihydrofuranones
186

 and urea analogues
187

) are reported in 

Figure 1.11. Elucidation of several crystal structures (e.g., TraR,
188,189

 SdiA,
190

 LasR
191,192

) together with 

molecular docking/modeling programs have enormously helped scientists in the design of compounds that 

would potentially bind the ligand binding pocket of AHL proteins. The studies indicated that favorable 

hydrogen bonds as well as hydrophobic van der Walls interactions between the 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 selectivity of 

a given compound. Unfortunately, most of the studies published so far have focused on the in vitro 

evaluation of the potential agonistic/antagonistic activity of AHLs analogues and their in vivo effects on QS, 

as well as in vivo studies on their stability have been neglected.  

In S. aureus, cyclic AIPs belonging to four different groups (i.e., I ï IV) interact with specific AgrC sensor 

kinases and regulate biofilm and exotoxin production.
193

 Several SAR studies focused on the identification of 

critical amino acids for each AIP group revealed how small substitutions can have significant impact on AIP 

role. Following this strategy, many research group have generated, mutating native AIPs, sets of molecules 

with higher/lower activity, no activity, changes from self-activation to self-inhibition activity.
194ï196

  

Of note, in 2008, Fowler et al. produced a library of analogues of autoinducing peptide I (AIP-I) from S. 

aureus where the 14 macrocyclic peptide-peptoid hybrids (peptomers) were lacking the thioester linkage. 

One of the macrocyles was found, although with an unknown mechanism, to alter biofilm formation in vitro 

(Figure 1.11).
197

 

 

Figure 1.11: Structures of the signal detection/transduction inhibitors of AHL-, oligopeptides- and AI-2-mediated QS 

AI-2-based QS is undoubtedly well known but the number of papers focused on the development of small 

molecules able to modulate AI-2-based QS is way lower when compared to the extensive amount of data on 

LuxR type receptors and AHL-based QS modulation. Furthermore, the rational design of AI-2 modulators 

has been thwarted by the lack of structural information as well as by the unstable nature of the AI-2 

precursor DPD (see Chapter 3). The studies reported are mostly focused on the discovery of analogues of 
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known signaling molecules (e.g., R-THMF, S-THMF). In 2008, Ni et al. screened a small library of boronic 

acids envisioning that, due to the similar structure of the boronic acid functional group to S-THMF-borate, 

they could bind to LuxP and inhibit QS in V. harveyi. Five phenylboronic acids (the general structure is 

shown in Figure 1.11) displayed single-digit micromolar IC50 values. The excellent results prompted the 

group to further screen a second library of 30 para-subsituted arylboronic acids and additional eleven 

molecules were found to exhibit similar IC50 values (for additional details, see
198

).  

The same research group tested also a small set of pyrogallol-derivatives reasoning that, once complexed 

with boric acid, they could act as molecular mimic of S-THMF-borate. Five compounds showed IC50 values 

in the single-digit micromolar range and none of them was cytotoxic (see Figure 1.11 for the general 

structure and 
198

 for more details).
198

 

In the last decade, a large number of papers focusing on the synthesis of DPD-derivatives has been reported. 

This manuscript contains a section dedicated to the DPD-analogues reported in the literature (see Chapter 5) 

and a chapter (Chapter 6) that describes my work focused on the synthesis of DPD-Ihs. 
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2. LSRK KINASE AS TARGET 

Phosphorylation of the linear form of the ñuniversal autoinducerò S-DPD is mediated by the bacterial kinase 

LsrK and results in the activation of QS in both in E. coli and S. typhimurium.
94,95

 In this chapter, I will 

describe LsrK from a biological and computational point of view and explain its catalytic mechanism. When 

I started my PhD in 2015, no crystal structure was available for LsrK and I therefore built a LsrK homology 

model to guide the design of novel compounds. Furthermore, Iôve also spent four months (March ï June 

2017) at the University of Cambridge attempting LsrK crystallization. In June 2018, three crystal structures 

of LsrK/HPr (a phosphocarrier protein) alone or in complex with adenosine triphosphate (ATP) and 

adenosine diphosphate (ADP) (PDB ID: 5YA0, 5YA1, 5YA2, respectively) were published.199 

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 carboxyl or 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 variety of cellular processes such as apoptosis, 

differentiation, proliferation, survival, transcription and their dysregulation often results in diseases like 

cancer, inflammation, central nervous system (CNS) disorders, cardiovascular diseases. Kinase 

phosphorylation has been identified also in prokaryotic organisms 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 antimicrobial agent.
200ï208

 

Despite having different aminoacidic sequences, human kinases have similar 3D structures especially at the 

binding site: two domains (N- and C-terminal, ɓ-stranded and Ŭ-helical, respectively) and a connecting hinge 

region. ATP binds in the cleft between the two 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 

tripeptide aspartic acid-phenylanaline-glycine (Asp-Phe-Gly, DFG motif) that controls access to the binding 

site and it is also called ñmagnesium positioning loopò as Asp coordinates a Mg
+2

 ion. A conserved region is 

also the P-loop (or Walker A motif), a Gly-rich loop between the ɓ1 and ɓ2 strands of the N-domain 

important for phosphate binding and coordination with the ɓ-PO4
-2
. Deep in the ATP pocket is the 

ñgatekeeperò, an important residue that controls the access to the back 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 C-terminal and one from the N-terminal creating what is called a ñDFG-inò conformation. When the Phe 

moves out from the hydrophobic pocket, the orientation of the DFG-Asp changes and it is no longer able to 

coordinate Mg
+2

 thus resulting in an inactive conformation defined ñDFG-outò (Figure 2.1).
209ï213
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Figure 2.1: Schematic representation of kinasesô ATP binding site. Hydrogen bonds are represented in red broken 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 ATP-binding site thus irreversibly blocking ATP binding; 

(ii) reversible inhibitors can be further classified into four different types. Type I inhibitors are ATP-

competitive inhibitors and bind to the active form of kinases (ñDFG-inò conformation); type II inhibitors 

bind and stabilize the inactive form (ñDFG-outò conformation) with the DFG-Asp oriented outside the ATP 

binding site; type III 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 bisubstrate inhibitors (type V) display 

more than one of such binding modes (Figure 2.2). The majority of the SMKIs are interacting with the ATP 

binding site which is structurally and functionally conserved. Therefore, a poly-pharmacological effect (i.e., 

a drug that act on multiple targets) is often observed.
214

 

Selectivity is a very controversial topic when talking about kinases: target promiscuity may lead to off-target 

toxicity and drugôs withdrawal from the market but, for the treatment of certain diseases (e.g., cancer), a 

multitarget drug may be advantageous. Most of the type I and type II inhibitors approved by the FDA are 

valuable and effective multitarget anticancer drugs (e.g., pazopanib, ponatinib, sorafenib). Multitarget 

inhibitors are more suitable in oncology, where the signal cascade responsible for tumorigenesis is very 

complex, while selective SMKIs are used to overcome off-target toxicity and side effects outside the 

oncology area.
215ï217

 High selectivity can be achieved with the development of allosteric inhibitors that do 

not bind to the ATP binding site. 
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Figure 2.2: Type I ï IV reversible binding mode for kinase inhibitors. For the figure was used the co-crystal structure of PDK1 with 

ATP (PDB ID: 4RRV218) manipulated with YASARA (version 16.4.6.L.32)219  

2.2 LsrK and the FGGY carbohydrate kinase family  

LsrK belongs to a family of carbohydrate kinases called FGGY family. Over 4000 family members have 

been identified in the National Center for Biotechnology Information (NCBI) non-redundant sequence 

database
220

 and at least 44 crystal structures have been solved. Members of this family transfer a phosphate 

group from ATP to several sugars ranging from trioses to heptoses. Representatives of the FGGY family can 

be found in several bacterial genomes where they are involved in the catabolic pathway of carbohydrates.  

From a structural point of view, all the described members are constituted by two actin-like ATPase domains 

called, respectively, FGGY_N and FGGY_C. The substrate (i.e., the sugar) and ATP bind in the catalytic 

cleft between the two domains: the 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 interacts with residues in both the N- 

and C-terminal domains. Upon binding of the sugar, the cleft closes to prevent the entrance of solvent and 

the phosphorylation takes place (Figure 2.3).
221

 

In 2011, Zhang et al. analyzed, at both the phylogenetic and the molecular level, a set of 446 FGGY kinases. 

The analysis revealed that glycerol kinase (GlpK), L-ribulokinase (AraB) and xylulo kinase (XylB) are 

present in the majority of the bacterial species. GlpKôs molecular mechanism and specificity remained 

unchanged throughout evolution since glycerol plays a unique role in both carbohydrate and lipid 

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


















































































































































































































































































































































































































































































































































































































































































































































