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1 ZUSAMMENFASSUNG

Pseudomonas aeruginosa ist ein Gram-negatives Pathogen, das bei Patienten mit defekten
Abwehrbarrieren schwere Infektionen verursacht. Wegen der Entwicklung von Stdammen, die gegen
mehrere Antibiotika resistent sind, ist eine neue antiinfektive Strategie dringend notig. Das Target
die intrabakterielle kommunication, genannt Quorum Sensing (QS), scheint der ideale Ansatz.
Dieses System koordiniert die Pseudomonas-Virulenz und seine Blockade unterdriickt effizient die
bakterielle Pathogenitdt, ohne das Wachstum zu beeinflussen. Unter den verschiedenen QS
Systemen wurde das pgs System aufgrund seiner einzigartigen Prdasenz in P. aeruginosa als Ziel
ausgewahit.

Die zwei biosynthetischen Proteine PgsD und PgsBC, die fiir die Signalmolekilproduktion
notwendig sind, und der Transkriptionsregulator MvfR (PgsR) wurden als potentielle Target fur die
Blockierung dieses Systems ausgewahlt. Zwei verschiedene Strategien wurden verwendet, um neue
PgsD-Inhibitoren zu entwerfen und zu synthetisieren, die sowohl in zellfreien als auch ganzen
Zelltests aktiv waren. Weiterhin wurden alle bei der Signalmolekle-Biosynthese produzierten
Substanzen nach der Inkubation mit PgsBC-Inhibitoren oder MvfR-Antagonisten untersucht.
Interessanterweise wurde ein einzigartiges Profil fur jede Klasse von QS-Inhibitoren beobachtet.
Am Ende half diese Studie beim Verstehen, dass MvfR das beste Target ist, um das pgs-System zu
blockieren und ein effizienteste Ergebnis zu erzielen.
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2 ABSTRACT

Pseudomonas aeruginosa is a Gram-negative pathogen which causes severe infections in
patients with compromised defense barriers. Because of the development of more and more resistant
strains to multiple antibiotics, a new strategy for treating these bacterial infections is highly
required. Targeting a type of cell-to-cell communication, called Quorum Sensing (QS), seems to be
the ideal approach. This system is needed for coordinating Pseudomonas virulence and its blockage
efficiently suppresses the bacterial pathogenicity without affecting growth. Among the different
cell-to-cell communication systems, the pgs system was chosen as target because of its unique
presence in P. aeruginosa.

Three proteins were selected as potential targets for blocking this system, such as the two
biosynthetic proteins PgsD and PqgsBC, necessary for signal molecule production, and the
transcriptional regulator MvfR (PgsR). Two different strategies were employed for designing and
synthesizing novel PgsD inhibitors which revealed to be active both in cell-free and whole cell
assays. Furthermore, the production of all main compounds produced during signal molecule
biosynthesis after incubation with PgsBC inhibitors or MvfR antagonists was investigated.
Interestingly, a unique profile for each class of QS inhibitor was observed. In the end, this study
helps in understanding that MvfR would be the best target to inhibit for blocking the pgs system and
having the most efficient result.
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7 INTRODUCTION

7.1  Brief history of antibiotic research

The discovery of penicillin, the first antibacterial agent against Staphylococcus and
Streptococcus, by Fleming in 1928 (Fleming, 1929) was a milestone in the history of medicine.
From that year, the "Golden Age" of antibiotic research started and, until the late 1960s, the
scientific community identified new classes of antibiotics with different spectra width capable to
block all the main targets of bacterial metabolism. However, the misuse of these precious tools
during the XX century in clinics and agriculture induced a natural selection in the bacterial
community of resistant strains towards these drugs (Fig. 1) (Brown, Wright, 2016).
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Fig. 1 Timeline of the first employment of the antibacterial agents (above the timeline) and the first assessment of

resistance towards the drug (below the timeline) (Clatworthy et al., 2007).

Actually, the number of new clinical isolates with acquired antibiotic resistance increased
years after years (Schaberle, Hack, 2014). Because of their spread in clinics and environment, and
the difficulties in developing new antibacterial drugs in last three decades, the treatment of
infections caused by bacteria resistant towards more than three antibiotics, named multidrug
resistant (MDR) (Obritsch et al., 2004), has become increasingly complicated. Among the
prokaryotes, the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species)
(Pendleton et al., 2013) are the most dangerous ones because of their capability to become MDR.
Actually, around 26000 patients die each year only in EU from MDR bacterial infections and the
estimated costs for treating patients affected by these superbugs are at least 1.5 bilion € per year
(ECDC/EMEA Joint Working Group, 2009). Consequently, an urgent need of new anti-infectives is



present for avoiding a threatening scenario in which mankind will not have any shield as protection
against MDR bacteria.

7.2 Pseudomonas aeruginosa

7.2.1 Clinical importance

Pseudomonas aeruginosa (P. a.) is a facultative anaerobe Gram-negative bacterium
(Pendleton et al., 2013) belonging to the family of the Pseudomonaceae. It is an opportunistic
pathogen which is the cause of severe hospital-acquired infections (Lister et al, 2009). It affects
mainly patients with compromised immune system, for example people with burned wounds
(Tredget et al., 2004), suffering from cystic fibrosis (Gémez, Prince, 2007) or infected by HIV (Busi
Rizzi et al., 2006). The eradication of P. a. is becoming more and more difficult because of the wide
occurrence of MDR strains. For example, in the period 1993 — 2002 an increase from 4 % to 14 %
(Obritsch et al., 2004) causing a mortality of 39 % among the infected patients from 1998 to 2001
(Kang et al., 2003). This pathogen showed to be less sensitive to ciprofloxacin, imipenem,
tobramycin and aztreonam (Obritsch et al.,, 2004) which are the first-line antipseudomonal
antibiotics (Hill et al., 2005). The resistance towards these drugs was acquired over time by this
bacterium through two main mechanisms, such as imported or chromosomally encoded (Lister et al,
2009). The first type is based on plasmid transfer among bacteria carrying genes for expressing f3-
lactamases (Livermore, Woodford, 2006) or aminoglycosides modifying enzymes (Hancock, 1998).
The second mechanism occurs by mutation in the bacterial genome causing a target mutation, as in
the gyrase gene transferring quinolone resistance, or a different expression of transport proteins in
the bacterial membranes, for example upregulation of efflux pumps and downregulation of porines
(Lister et al, 2009; Hancock, 1998).

In both cases, the resistance was acquired by the pathogen because the antibiotic affected
bacterial growth and, for survival, the bacterial community developed the tools for reducing the
compounds’ activity. Consequently, a different approach should be considered for blocking P. a.
infections without interfering with the life cycle of the pathogen.

Recently, a potential efficient strategy has been identified through the blockage of the
production and/or the expression of virulence factors necessary for acute and/or chronic infection
without killing the pathogen, the so-called “Anti-virulence strategy” (Maura et al., 2016; Wagner et
al., 2016; Clatworthy et al., 2007). One important advantage of this approach would be the
potentially low rate of resistance because the survival of the bacterium will not be affected by the
active agent itself. Consequently, the bacterial community would not have the pressure to develop
tools for inactivating the target compounds (Allen et al., 2014; Rasko, Sperandio, 2010).



7.2.2 Virulence factors production during infection

Acute P. a. infections follow three main steps, adhesion, invasion and systemic
dissemination, in which the pathogen attacks the host using several cell-associated and extracellular
virulence factors (Todar, 2009).

After damage of the host natural barriers, as the skin, or reduced efficiency of the immune
system, as in patients affected by AIDS, the bacterium has the possibility to adhere on the epithelial
cells using sugar binding proteins as fimbriae (known also as polar type 1V pili) (Persat et al., 2015),
flagella (Feldman et al., 1998) and LecA and LecB lectins (Strateva, Mitov, 2011). Then, the
pathogen starts producing the elastases LasA and LasB which hydrolase elastine, an essential
protein of the connective tissue (Galloway, 1991), and surfactant peptides, important tools of the
lung innate immunity (Mariencheck et al., 2002). In addition, it expresses alkaline protease
necessary for the degradation of complement components and inflammatory cytokines (Laarman et
al., 2012). Furthermore, P. a. enhances the production of rhamnolipids and hemolytic phospholipase
C which are responsible of the dissolution and hydrolization of phospholipids, especially
phosphatidylcoline, present in the eukaryotic membranes and lung surfactants (Stateva, Mitov,
2011). Moreover, the bacterium synthesizes the redox toxin pyocyanin which interferes with
multiple mammalian cell functions (Stateva, Mitov, 2011) as the cell respiration, and several
siderophores, for example pyochelin and pyoverdin, important for iron-uptake and, consequently,
bacterial growth (Hoergy et al., 2014). After colonizing and growing in the infection site, P. a. can
disseminate in the whole body through the blood stream using the same virulence factors employed
in the adhesion and invasion steps (Stateva, Mitov, 2011). In addition, the exposition of lipid A, the
lipophilic moiety of the lipopolisaccarides present in the outer membrane, to the blood is the main
cause of the Gram-negative septicemia (Stateva, Mitov, 2011).

Moreover, the pathogen can start building biofilms in the colonized sites, which are
composed of a complex mixture of exopolisaccarides, rhamnolipids, extracellular DNA and proteins
(Flemming, Wingender, 2010), causing the establishment of a chronic infection (Wagner et al.,
2016). This heterogeneous structure is formed around the cells for improved adhesion and
stabilization on host tissues, and for creating a physical barrier to several biocides, as reactive
chemicals (bleach or superoxides), the immune system, UV light and antimicrobial agents (Hall-
Stoodley et al., 2004). Furthermore, the bacterial community is not homogeneous in the biofilm.
Actually, the cells present in the middle of this heterogeneous matrix are less metabolically active
compared to the ones located on the surface because of a lower access to oxygen. So, these bacteria
become dormant. Taking into consideration that the antibiotics block metabolic pathways, these
drugs can kill only pathogens with an active metabolism, such as the cells on the surface, and not the
one inside the biofilm which are, then, called "persisters” (Walter Ill et al., 2003). When the
concentration of the antibiotic reaches sub-inhibitory levels, the persister cells can switch their
metabolic pathways on and repopulate the tissue. Consequently, the presence of dormant cells leads
to recalcitrant infections very difficult to eradicate (Lewis, 2010).
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7.2.3 Quorum Sensing

The behavior of P. a. in acute and chronic infections is controlled by a complex regulatory
system called Quorum Sensing (QS) (Wagner et al., 2016).

The QS is a cell-to-cell communication system used by both Gram-positive and Gram-
negative in which the bacteria synthesize and release small molecules, so called auto-inducers (Als),
depending on bacterial cell density and nutrient concentrations, for examples phosphate or iron.
These molecular signals diffuse in the community and interact with their respective regulators for
coordinating the expression of specific genes. Among these are the ones necessary for virulence
factors and biofilm production, and for the synthesis of the signal molecules (Lee, Zhang, 2014).

P. a. employs at least four different QS networks interconnected to each other, such as the
las, rhl, igs and pgs (Fig. 2). These systems employ transcriptional regulators, respectively LasR,
RhIR, IgsR and PgsR (also called Multiple virulence factor Regulator, MvfR), which, after binding
their specific Als, activate the expression of selected genes connected to virulence (Lee, Zhang,
2014).
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Fig. 2 Quorum Sensing networks in Pseudomonas aeruginosa. Black line-arrows: activation. Red line-dots:
inhibition. (Edited picture from Lee, Zhang, 2014; Maura et al., 2016).




The las system makes use N-butanoyl-L-homoserinelactone (C4-HSL) as signal molecule
and it induces the expression of LasA and LasB elastases, alkaline protease, MvfR, RhIR, IgsR and
the cognate synthatase Lasl. The rhl system employs a molecule of N-(3-oxododecanoyl)-L-
homoserinelactone (3-0x0-Ci2-HSL) as Al and it favors the production of rhamnolipids, LasB
elastase, pyocyanin, hydrogen cyanide, the related signal molecule biosynthetic protein Rhll and the
downregulation of mvfR (Lee, Zhang, 2014). The most recent discovered igs employs 2-(2-
hydroxyphenyl)-thiazole-4-carbaldehyde (1QS) and it positively regulates the pgs system, but further
investigations are necessary for better understanding of its role in P. a. infections (Lee et al., 2013).
The pgs system utilizes Pseudomonas Quinolone Signal (PQS) as QS molecule and it activates the
synthesis of pyocyanin, hydrogen cyanide, LecA lectin, the enzymes needed for PQS biosynthesis,
the expression of RhIR (Lee, Zhang, 2014) and LasR (Maura et al., 2016). In addition, the las, rhl
and pgs systems coordinate biofilm formation (Christensen et al., 2007; Hurley et al., 2012; Smith,
Iglewski, 2003).

7.2.4 Proof of Concept: Quorum Sensing inhibition as anti-virulence strategy

Based on the importance of QS in regulating virulence factors and biofilm formation, the
scientific community considered these cell-to-cell communication systems as potential drug targets.
Actually, in vivo studies demonstrated that strains lacking in the expression of the transcriptional
regulators and/or of the Al biosynthetic pathways provoked a lower mortality of mice compared to
the animals treated with the wild-type P. a.. So, these findings were the proof that the QS is a
valuable target for the anti-virulence strategy (Christensen et al., 2007; Rumbaugh et al., 1999; Xiao
et al., 2006a). Consequently, three possible approaches could be considered for the development of
Quorum Sensing Inhibitors (QSIs), such as inhibition of the Al syntheses, inactivation of the signal
molecules and interference with the transcriptional regulators (Wagner et al., 2016).

7.3  The pgs system

Several Gram-negative bacteria, for example Vibrio fischeri and Pantoea sterwatii, make use
of signal molecules belonging to the class of homoserinelactones (HSL) for their QS systems as P.
a. (Fugua et al., 2001; Miller, Bassler, 2001). On the contrary, quinolone-like quorum sensors are
employed only by P. a. (Pesci et al., 1999) and some species of Burkholderia (Vial et al., 2008;
Diggle et al., 2006). Taking into consideration that P. a. causes severe infections in patients with
compromised barriers and immune system, a selective anti-Pseudomonas therapy would be
preferable. Consequently, the ideal cell-to-cell communication system to be targeted would be the
pgs as it would be possible to develop selective inhibitors without having side effects on other
bacteria, as the Gram-negative Escherichia coli which lives in symbiosis with us in our gut (Zhang
etal., 2015).



7.3.1 The pgs-related small molecules and their biosynthesis

As previously mentioned, the pgs system employs as signal molecules the quinolone PQS
(Pesci et al., 1999) and its precursor HHQ (Xiao et al., 2006a). Their biosynthesis require several
enzymes which are expressed by the polycistronic operon pgsABCDE (Gallagher et al., 2002; Déziel
et al., 2004; McGrath et al., 2004), and pgsH (Gallagher et al., 2002) (Fig. 3).
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Fig. 3 Current model of the biosynthetic pathway of MvfR-related small molecules. AA: anthranilic acid. COASH:
Coenzyme A. A-CoA: anthraniloyl-CoA. M-CoA: malonyl-CoA. 2-ABA-CoA: 2’-aminobenzoylacetyl-CoA. 2-ABA:
2’-aminobenzoylacetate. DHQ: dihydroxyquinoline. 2-AA: 2’-aminoacetophenone. 2-HABA: 2’-
hydroxylaminobenzoylacetate. HHQ: 4-hydroxy-2-heptylquinoline. HQNO: 4-hydroxy-2-heptylquinoline-N-oxide.
PQS: Pseudomonas Quinolone Signal.

The production of the signal molecule starts from a molecule of anthranilic acid (AA) which
is transformed into anthraniloyl-CoA (A-CoA) by the Coenzyme A (CoA) ligase PgsA (Coleman et
al., 2008). Then, the thioester A-CoA is converted by PgsD into 2’-aminobenzoylacetate-CoA (2-
ABA-Co0A) after reacting with a molecule of malonyl-CoA (M-CoA) (Dulcey et al., 2013). So, the
thioesterase PgsE cleaves the thioester bond of 2-ABA-CoA for getting the reactive intermediate 2’-
aminobenzoylacetate (2-ABA) (Drees, Fetzner, 2015) which is transformed into 4-hydroxy-2-
heptylquinoline (HHQ) after condensation with a molecule of octanoyl-CoA by the hetero-dimer

PqgsBC (Dulcey et al., 2013). Finally, HHQ is oxidized by the flavin monooxygenase PgsH into PQS
6



(Schertzer et al., 2010). Moreover, 2-ABA-CoA and 2-ABA are important intermediates for the
biosynthesis of other compounds important for P. a. infection. Actually, both molecules can undergo
to an intramolecular cyclization resulting in the formation of dihydroxyquinoline (DHQ). In
addition, 2-ABA can be decarboxylated and transformed into the volatile molecule 2’-
aminoacetophenone (2-AA). Finally, 2-ABA could be oxidized by PgsL into the hydroxylamine
analogue which would be converted into 4-hydroxy-2-heptyl-quinoline-N-oxide (HQNO) by PgsBC
(Dulcey et al., 2013; Déziel et al., 2004).

Even if a deep analysis of the biosynthetic products of the pgs system revealed that P. a.
produces more than 50 pgs-related small molecules (Lépine et al., 2004), the bacterium synthesizes
mainly PQS, HHQ, HQNO, DHQ and 2-AA and their role in Pseudomonas infections was
elucidated. PQS and HHQ behave as signal molecules of the pgs system binding the transcriptional
regulator MVfR, but with different potency. Actually, the dihydroxyl-quinoline is 100 times more
potent than the monohydroxyl-analogue (Xiao et al., 2006a; Diggle et al., 2007). Nonetheless, the
analysis of these alkyl-quinolines (AQs) in in vivo studies, such as clinical cases and animal
experiments, revealed that the amount of HHQ is higher than PQS in the infection sites (Que et al.,
2011; Xiao et al., 2006a). It is plausible to assume that the pathogen produces HHQ and exports it in
the extracellular space by the efflux pump MexEF-OprN (Lamarche, Déziel, 2011). Consequently,
the molecule permeates in the bacteria, is oxidized by PgsH into PQS and finally transported outside
the cells through membrane vesicles traffic (Mashburn, Whiteley, 2005; Déziel et al., 2004).
Moreover, because of the presence of the 3,4-dihydroxyl moiety, PQS is important in iron
homeostasis based on its capability to chelate ferric ions and favoring its transport into the cell
(Diggle et al., 2007). Furthermore, PQS, but not HHQ, is essential for full production of the redox-
toxin pyocyanin (Xiao et al., 2006a). HQNO is necessary for coordinating the autolysis of the
prokaryotic cells for the consequent release of DNA in the extracellular space, a fundamental
component of the bacterial biofilm (Hazan et al., 2016). Furthermore, the N-oxide quinoline inhibits
the proliferation of Gram-positive bacteria, as Staphylococcus aureus, and, consequently, it helps P.
a. to colonize the environmental niche of infection (Déziel et al., 2004; Machan et al., 1992). DHQ
is used by the pathogen as toxin against epithelial cells for inhibiting their cellular growth (Zhang et
al., 2008) and is necessary for Pseudomonas pathogenicity, as pyocyanin production (Gruber et al.,
2016). The small volatile molecule 2-AA is fundamental for the transition from acute to chronic
infection favoring the formation of persister cells within the bacterial community (Kesarwani et al.,
2011; Que et al., 2013).

7.3.2 Targeting the biosynthetic pathway

Blocking the biosynthesis of the signal molecules has been shown to be an efficient strategy
for reducing PQS and HHQ production in P. a. cultures and, consequently, reduce its virulence
(Wagner et al., 2016). Among the enzymes necessary for the synthesis of the pgs-related small

molecules, the two oxidases PgsH and PgsL have not been considered attractive targets as the
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respective P. a. mutants would be still capable to synthesize the QS signal molecules (Lépine et al.,
2004; Deziel et al., 2004; Gallagher et al., 2002). Furthermore, even if PqsE is important for the
cleavage of the thioester bond of 2-ABA-CoA for releasing 2-ABA, its function in the biosynthetic
pathway can be taken over by the non-specific thioesterase TesB as P. a. pgsE mutant still produce
HHQ and PQS (Drees, Fetzner, 2015). So, the enzymes to target for blocking the AQs production
would be PgsA, PgsD and the dimer PgsBC as their P. a. mutants were not able to generate any
signal molecules (Zhang et al., 2008). As the crystal structure of PgsA has not been elucidated until
now, the most attractive proteins for designing QSIs would be PgsD and PqsBC based on the
important information obtained from the X-ray data (Bera et al., 2009; Drees et al., 2016).

Both PgsD and PgsBC belong to the p-ketoacyl-ACP synthase 11l (FabH) family, a class of
condensing enzymes which employ substrates conjugated to CoA by thioester bonds (Bera et al.,
2009). Another characteristic of FabH-like proteins is the presence of the catalytic triad Cys-His-
Asp which is fully present in PgsD, while partially in PqsC as Cys-His diad and completely absent
in PgsB (Bera et al., 2009; Drees et al., 2016).

PgsD is constituted by 337 aminoacids and it exists as a homo-dimer in the bacterial cytosol
(Bera et al., 2009). This protein catalyzes the conversion of A-CoA into 2-ABA-CoA through two
steps: 1) the anthranilate is transferred onto Cysii» through trans-thioesterification releasing one
CoA molecule; 2) the complex anthranilate-PqsD reacts with M-CoA through a nucleophilic
substitution leading to the loss of a CO, molecule and release of 2-ABA-CoA (Bera et al., 2009;
Dulcey et al., 2013). Furthermore, through a similar mechanism, PgsD can catalyze in vitro the
conversion of A-CoA into HHQ using a molecule of B-ketodecanoic acid (Pistorius et al., 2011).

Several strategies were used for designing PgsD inhibitors, such as ligand-based and
similarity-guided approaches (Wagner et al., 2016). The first method was based on the transition
state of the first enzymatic step in which there is the formation a tetrahedral intermediate. Starting
from substrate analogues followed by structure simplification, the PgsD inhibitor I was obtained
highly active in reducing HHQ production both in vitro and in cellulo assays (Fig. 4) (Storz et al.,
2012).
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Fig. 4 Ligand-based design concept based on the transition state of the first PqsD enzymatic reaction. (Edited figure

from Storz et al., 2012).



The second approach started considering the similarities between the PgsD and FabH
families and from known inhibitors of the latter class of proteins novel inhibitors of the bacterial
enzyme were designed capable to reduce efficiently HHQ and PQS production in vitro (Hinsberger
et al., 2014; Weidel et al., 2013). These results demonstrated that the inhibition of PgsD is a
valuable tool for reducing QS molecules production and, consequently, further investigations were
required for optimizing the lead QSI and for identifying novel inhibitors.

PgsBC is a hetero-dimer formed by the subunit B and C consisting of 283 and 350
aminoacids, respectively. While the role of PgsB is still unclear, PgsC is necessary for the
condensation of 2-ABA with an octanoyl chain through a three steps-reaction: 1) the octanoyl-CoA
is transferred onto Cys;pe Of the catalytic pocket through a trans-thioesterification reaction; 2) 2-
ABA loses a CO, molecule forming a reactive enolate; 3) the carbanion attacks the electrophilic
thioester for getting an intermediate which spontaneously cyclizes into HHQ (Drees et al., 2016).

Considering that the enzymatic mechanism was only recently elucidated, only few
compounds could be developed against this target until today (Starkey et al., 2014). So, more efforts
should be put in studying the effects of PqsBC inhibitors on the pgs system. Based on the findings
obtained, the scientific community would have additional information for understanding the impact
of these QSIs on the pgs biosynthetic machinery and, consequently, further elucidating its
functionality.

7.3.3 The transcriptional regulator MviR

As previously described, the pgs system makes use of the transcriptional regulator MvfR
which belongs to the family of LysR-type transcriptional regulators (LTTR) (Xiao et al., 2006a).
This protein is constituted by 332 aminoacids and it has a DNA-binding domain at the N-terminus
used for binding the promotor of the genes to be expressed, and a ligand-binding domain at the C-
terminus in which the signal molecule interacts with the regulator (Schell, 1993). MvfR is a
membrane-associated protein that is mainly expressed in the late exponential phase of bacterial
growth (Cao et al., 2001). After binding the signal molecule, the protein forms a dimer or a tetramer
and, then, strongly binds the promoter regions of the genes under its regulation activating their
transcription (Cao et al., 2001; Xiao et al., 2006b; Kirsch et al., unpublished data). Subsequently,
when the bacterial culture enters in stationary phase, the MvfR is translocated in the extracellular
space and cleaved by a protease which causes the inactivation of the transcriptional regulator (Cao et
al., 2001).

7.3.4 Targeting the transcriptional regulator

The transcriptional functionality of MvfR can be positively or negatively modulated based
on the interactions established by small molecules in the ligand-binding pocket of the protein. For
decreasing the P. a. pathogenicity the ideal approach is reducing the protein activity through the

administration of antagonists (Wagner et al., 2016). The scientific community developed several
9



classes of MvfR antagonists applying different strategies, such as those based on the scaffold of the
natural ligands (Lu et al., 2014; llangonav et al., 2013), or guided by the analysis of small fragments
binding to the protein (Klein et al., 2012; Zender et al., unpublished data), or highthroughput
screening (Starkey et al., 2014). The results obtained have in common that the compounds were
capable to reduce pgs transcription, signal molecule biosynthesis, virulence factors production, like
pyocyanin and rhamnolipids, and biofilm formation (Lu et al., 2014; llangonav et al., 2013; Klein et
al., 2012; Zender et al., unpublished data; Starkey et al., 2014). These findings highlighted the
efficiency of this approach in inhibiting the pgs system and, consequently, P. a. pathogenicity.
However, a complete analysis of the mvfR-related small molecules biosynthesis after the treatment
of the bacteria with MvfR antagonists was not performed. Actually, a deeper evaluation of their
effects on 2-AA, DHQ, HQNO, HHQ and PQS production would help in better understanding the
biosynthetic machinery and, in addition, indicating the optimal dosage of QSI to administer for
treating P. a. infections.

10



8 AIM OF THE THESIS

Among the human pathogens, the opportunistic bacterium P. a. has been considered to be a
serious health problem because of the difficulties in eradicating this prokaryote through antibiotic
therapies due to its resistance mechanisms. Actually, after circa a century of antibacterial drugs
usage, the natural selection let the bacteria become less sensitive towards these compounds which
consequently have lost their therapeutic efficiency. Among the novel strategies proposed for treating
P. a. infections, blocking the pgs cell-to-cell communication system was proven to successfully
reduce the bacterial virulence blocking both the key enzymes of the signal molecule biosynthesis
PgsD and PgsBC, and the transcriptional regulator MvfR.

The first goal of the thesis was to optimize the activity of the PgsD inhibitor I discovered by
Storz and coworkers in the cell-free assay and studying the Structure-Activity Relationship (SAR) of
this class of QSlIs. Furthermore, the effect of the substituents on the time-dependent onset of
inhibition was investigated in vitro. In addition, the efficacy of the developed QSIs in reducing
signal molecule production was assessed in the whole-cell assay and a correlation of the results
between in vitro and in cellulo settings was attempted.

Based on the promising results got from the application of the similarity-guided approach,
the second aim of the thesis was to examine enzymes having common features and similar function
with PgsD in nature. Subsequently, the substrates of this protein were evaluated in the cell-free
assay and, through chemical modifications of the scaffold, an SAR was evaluated. Furthermore, the
binding mode of this class of PgsD inhibitors was analyzed using Surface Plasmon Resonance
(SPR). Then, the activity of these QSIs was examined in P. a. cultures.

The third aim of the thesis was to investigate the effects of PqsBC inhibitors and MvfR
antagonists on pgs-related small molecules production after incubation with P. a. strains for
understanding more deeply the signal molecules biosynthetic machinery. Moreover, the influence of
these QSIs on the persistence phenotype was evaluated.

11



9 RESULTS
9.1 From in vitro to in cellulo: structure-activity relationship of (2-
nitrophenyl)methanol derivatives as inhibitors of PgsD in Pseudomonas

aeruginosa.
Publication A
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Pseudomoras deruginosy. The most promising molecule displayed anti-bicfilm activity and a tight-
binding mode of action Herein. we report on the converwent synthests and biochemical evaluaton of o
comprehersive series of (2-nitrophenylimethanol derivatves. The i witro potency of these inhibitors
against recombinant PgsD as well 3z the effect of selected compounds on the production of the signal

Received 3ro April 2014, molecules HHQ and PGS in P aeruginess were examined The gathered data allowed the establishment
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Introduction general. In this regard, QS regulates a variety of virulence

uUntil recently, bacterial communities were seen as nothing
maore than an accumulation of autonomous single-celled
organisms. But today, we are aware that bacteria use cell-to-cell
communication systems like guorum sensing (QS) 1o behave col-
lectively rather than as individuals.! Small diffusible molecules
are produced by single bacterial cells that can be released into
the environment and detected by surrounding bacteria. Upon
proliferation, the extracellular signal moelecule concentrations
increase along with cell density, Once a certain threshold is
reached, receptors are activated by these autoinducers result-
ing in population-wide changes in gene expression. This con-
certed switch from low- to high-cell-density mode allows single
bacterial cells to limit their group-beneficial efforts to those
cell densities which guarantee an effective group outcome,
Even if QS may not be directly essential for the survival of a
singular bacterial cell, it is very important for bacteria-host
interactions and pathogenesis upon bacterial infections in
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factors, which contribute to breaking the first line defences
and damaging surrounding tissues leading to dissemination,
systemie inflammatory-response  syndrome, multiple organ
failure, and, finally, death of the host.* Furthermore, QS con-
tributes to the collective coordination of biofilm formation, a
key reason for bacterial resistance against conventional anti-
biotics in clinical use.” Thus, the importance of these regulat-
ory systems could be exploited for the design of novel anti-
Infectives.

Several groups have successfully targeted QS, which is dis-
cussed as an alternative to the traditional treatment using bac-
tericidal or bacteriostatic agents (for reviews see ref. 4 and 3).
Novel anti-virulence compounds ideally decrease pathogenicity
without affecting bacterial survival or growth, whereas it is
betieved that no or less selection pressure is posed on the
bacteria, Hence, a reduced rate of newly occurring resistances,
which gradually render existing antiblotics ineffective, is
expected,”

Among  bacteria, very different communication systems
based on distinet autoinducers are utilized, Gram-positive bac-
teria primarily use modified oligopeptides, whereas N-acyl
homoserine lactones are a major class of signal molecules in
Gram-negative bacteria,' The opportunistic pathogen £ aerugi-
nose additionally utilizes o chamcteristic pgs system, which is
based on the quinolone PQS (Psendomaonas Quinolone Signal)
and its biosynthetic precursor HHQ (2-heptyl-4-quinolone)
(Fig. 1).7
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Both are able to activate the transeriptional regulator PgsR
leading to the production of various virulence factors like
pyocyanin and hydrogen cyanide (HON)” We have shown, that
PgsR antagonists efficiently decrease pyocyanin production
and pathogenicity of . aeruginosa PA14.”" Furthermore, HHQ
and PQS contribute to the formation of biofilms,”

Biosynthesis of HHQ and PQS is accomplished by proteins
encoded by the pgsABCD operon. Thereby, experiments using
transposon knockout mutants identified PgsD as key enzyme
in the ceflular signal molecule production route.'™'* Recently,
Dulcey er ol reported that cytoplasmic PqsD catalyses the con-
densation of anthraniloyl-CoA (ACoA] and malonyl-CoA 1o
Z-aminobenzoylacetate (2-ABA, Fig. 1)." The resulting reactive
intermediate is then processed to HHQ by PgsC using octanoic
acid as substrate, This second reaction step is supported by
PqsB by an unknown mechanism, Interestingly, PgsD alone is
also capable of genemting HHQ in vitro directly from ACoA
using frketodecanoic acid as secondary substrate,"* This enzy-
matic reaction has been routinely exploited by us to evaluate
PqsD inhibitors,"* ™" Inhibition of PqsD is an attractive strat-
gy to interfere with QS-controlled infection mechanisms,
since it is essential for cellular HHQ/PQS formation. A pgsD
transposon mutant strain of £ weruginosa PAOL, which is
deficient in PQS formation, shows decreased levels of pyor
cyanin and HON as well as reduced lethality in nematodes.””
Furthermaore, putative inhibitors of PgsA, an enzyme involved
in carlier stages of HHQ biosynthesis, block the cellular
production of the corresponding signal molecules, prevent
systemic dissemination, and attenuate mortality in infected
mice, '

Derived from compounds active against FabH, a structurally
and functionally related enzyme, we have identified and opti-
mized the first PgsD inhibitors demonstrating 1C;, values in
the single-digit micromolar range (Fig. 1, 1).'""" Unfor-
nately, these compounds had no pronounced cffect on the
extracellular signal molecule Jevels in cell-based assays using
£ acruginosa PA14 (unpublished dataj. Recently, in a ligand-
based approach we have identified compound 2 as a novel
inhibitor of Pgsb (Fig. 1)."" Ligand efficiency-guided optimi-
sation Jod to compound 3 (Fig. 2), which was used for an
initial examination of the effects on PAI4 cells mediated by

The yourmal 5 © The Royal Sooety of Chemetry 2014

Fig. 2 Systematically vaned structural features of inhibitor 3.

PgsD inhibition." Indeed, this compound was capable of
reducing the HHQ and POS levels, Furthermore, biofilm for-
mation was significantly inhibited and no antibiotic effects
were observed.

Binding studies of 3 revealed apparent irreversibility and
that binding occurs near the active site residues.’” Both enan-
tomers showed similar affinity but contrary thermodynamic
profiles. Based on site-directed mutagenesis, isothermal titra-
tion calorimetry (I'TC) analysis, and molecular docking, explicit
binding modes were proposed. In these predicted enzyme-
Inhibitor complexes both enantlomers reside in nearly Identi-
cal positions with the main difference being the orientation of
the hydroxyl group at the stereogenic center,'”

Herein, we present a target-oriented (i vitro) structure-
activity relationship and optimization of this compound class
based on the (2-nitrophenyl Jmethanol seaffold by systematic
structure variation (Fig. 2) investigating also the time-depen-
dent onset of inhibition, Previously, we reported, that a tetra-
hedral geometry including an scceptor function is favoured for
the linker between both pheny! rings.”® However, the intrinsic
nitrophenyl moiety bears an increased risk of toxic, mutagenic
and carcinogenic side effects,” Thus, we evaluated the muta-
genicity in Ames Salmonella assays and investigated suitable
chemical replacements. Additionally, the influences of substi-
tuents with opposed electronic and hydrophilic properties in
4- and 5-position of the nitrophenyl moiety were studied. Fur-
thermore, a variety of aliphatic and aromatic residues instead
of the second phenyl ring were examined.

The gathered information enabled us to design fluorescent
inhibitors, which may be useful tools to  investigate
enzyme inhibitor interactions and to visualize the target in
cells, !
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Finally, selected compounds were examined regarding their
potency to inhibit signal molecule production in P geruginesa
PA14 cells. Thereby, we additionally applied a novel strategy to
reduce costs and time by the usage of a pgsH-deficient mutant
which has been selected from a transposon mutant library.™!
This procedure allows to evaluate the potency of a compound
solely by quantification of HHQ instead of two signal mole-
cules, In this way we identified compounds with increased
in cellulo activity while a low molecular weight is retained
[<250 Da). These optimized fragment-like molecules provide
the potential for further improvements by a fragment growing
approach. Additionally, an attempt to correlate in vitro data
with the effects observed in the cellular assays is made.

Results and discussion

Chemistry

In order to find alternatives to the nitro group, a variety of
molecules with different chemical functionalities were syn-
thesized (Scheme 1). Assembly of (Z-aminophenyl ) phenyl)-
methanol 8 started with the formation of Boc-protected aniline
5, Ortholithiation by terebutyllithium and subsequent reac
tion with benzaldehyde yielded the alcohol 6, The desired
product 8 was obtained by & two-step deprotection using

b
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trifluoroacetic acid and basic hydrolysis. This route also
provided access to the cyclic carbamare 7,

The carboxylate 11 was prepared by iso-propylmagnesium
chloride-mediated iodine-magnesium exchange on methyl
Zjodobenzoate 9 and subsequent addition to benzaldehyde.
This reaction is followed by spontaneous cyclisation yielding
lactone 10, which was hydrolyzed under basie conditions to
vield the desired carboxylate, An analogous method employing
iodine-magnesium exchange was used for synthesis of the
rifluoromethyl and nitril derivatives 14 and 15. In the case
of compounds 21-25 and 28-29, corresponding aldehyde
precursors were commercially available. Hence, the desired
products were prepared by direct addition of phenylmagne-
sium chloride.

The synthesis of (2-nitrophenyljmethanol derivatives 3,
33-35, 39, 40, 43-44, and 47-86 followed the general pathways
outlined in Scheme 2. For all compounds; in which Z' or 2*
were exclusively substituted by hydrogen or methyl, phenyl-
magnesium chlonide was added 0 36-38 to accomplish
iodine-magnesium exchange in ortho position to NO, as
described by Knochel and coworkers.®' The gencrated
Grignard reagents were reacted with the appropriate aldehydes
to form the desired products,

For synthesis of the methoxy derivatives 43 (Z' = OMe) and
44 (Z' = OMe) from 41 and 42 we utilized 4-methoxyphenyl-
magnesium  bromide as novel reagent 10 accomplish

[
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14 (X= CFy, Y= H) 16 (X=Cl)
18 (X=CN, Y= H) 17 (X= Br)
2 X=CLY=H) 18 (X= Me)
22 (X=Br, Y=H) 19 (X« OMbe)
23 (X=Mo, Y= H) 20 (X= OH)
24 (X= OMe, Y= H)

25 (X=0H, ¥= H)

28 (X H, Y~ 2-NO3

29 (X= H_ Y= 3-NO;)

Scheme 1 Synthesis of compounds B, 11 14-15, 21~25, and 28~29. Reagents and conditions: {a) Boc,O. THE, reflux, 38%; (b) tBull, THF, —60 *C;
) benzaldehyde, THF, ~20 °C, 35% (2 stepsi; () TFA DCM, 0 *C-room temp, 78%; (o) KOH, MeOH=H,0, reflux, 17%: {f) IPrMgCL THF, —40 *C;
(g) benzaidehyde, THE, 40 °C, 63% (2 stepsl, (h) NaOH, MeOH-H;0, 50 °C, 39%; [i) iPrMgCL THF, -40 °C: () benzaldehyde. THF, -40 °C, 47-71%
12 steps); (k) PhMgCL THF, 0-50 °C, 36-92%: i} PhMgCL, THF, —40 *C, 7-12%.
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60 (R= 2-naphityl, 7= H. Z%= H)

61 (R* 24hienyl. 2"« H, 2= H)

62 (A= Sahmnyl 2' H, 27= M)

63 {R=24uryl, 2'= K. 2= )

B4 (R=34uryl, 2'=H Z%= H)

85 (R= 2-0yridyl, 2= H, 7%= H)

86 (R 3-pyridyl, 2" H, Z% H)

67 (R d-pyricyl, 2w M, 2% H)

88 [R= (CH, P, 2'= H, 2= )
60 (R= (CHyP0ih, Z'= H, Z%H) |
70 (Re (CHoLPHth, 2'= H, Z=H) |
71 (R=Et Z'= H, 2% Me)

72 {R= 24hienyl 2'= H, 2%= Me)
T3(R= 3oyl 2°= H, 7%= Me)

T4 (Re 2-uryl, 2'= H. 2% Ma)

78 (R> (CHg)yPhih, Z's M, 27w Me)

Scheme 2 Synthess of compounds 3, 33-35, 39-40 and 43-44 and 47-86. Reagents and conditions: (al PhMgCL THF, -40 °C; 20-58%;
{bl PhMgCL THF, —40 *C: lc) aldehyde, THF, 40 °C. 11-86X (2 steps), (d] 4-meth henylmagnesium bromide. THF, —40 "C. (e) NaBi,, MeOH,

Y Y

0 "C—room temp, 62%; (1) hydrazine hydrate, ETOH, reflux. 62-89%, (g) NBD chioride, NaHCOx MeOH, room temp - 50 *C. 40%. (N HOOC-
{CHZL NH-NBD (841, 851, EDCHCI, HOBtHO, NMM, acetonitnle. room temp, 52-46%: (0 dansyl chioride. TEA, DCM. room temp, 29-45%;
{}) tluorescein iso-thiocyanate, DIEA, DMF, room temp, 36%

iodine-magnesium  exchange in  ortho-iodo-nitrobenzenes,
Application of this method to a broader range of substrates

will be discussed elsewhere.

Fluorescent derivatives were prepared by cleavage of the
phthalimide moicty of 68-70 wia the Ing-Manske procedure,
The released amines 77-79 served as a starting point for the
introduction of fluorophores. Coupling these amines with
dansyl chloride yielded derivatives 80-82, Direct attachment of
NBD to the amine 78 using NBD-chloride afforded 83, whereas
84 and 85 were synthesized by coupling with the NBD contain-

The yourmal 5 © The Royal Sooety of Chemetry 2014
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ing carboxylic acids. The fluorescein derivative 86 was formed
upon reaction with fluorescein iso-thiocynnate,

Essentiality of the nitro-group and Ames test

After synthesis, compounds were evaluated regarding their
inhibitory activity against heterologously expressed and puri-
fied PgsD using ACoA and [ketodecanoic acid as substrates.”!
Until recently, (-ketodecanoic acid instead of malonyl-CoA has
been considered as the second substrate in HHQ synthesis,
since it has been shown, that addition of |)-ketodecanoic acid

Oy Bornad Crem . 2014 12 6094-6104 | 6097
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to the anthraniloyl-PgsD complex leads to HHQ formation
in witro."* We have clearly shown that (2-nitrophenyl jmethanol
derivatives interfere with the formation of the anthmnilovl-
PgsD complex itself, which allows further usage of fFketodeca-
noic acid independently of its function in the bacterial cells."”

First, a variety of substituents replacing the nitro group in
orthe position were tested. An amino group (8) in analogy to
ACoA, which served as template for the inhibitor design,'” led
to an inactive compound. This was also true for substituents
with electron-withdrawing properties similar 1o the nitro
group, as trifluoromethyl (14), nitril (15) and halogens (21, 22),
Furthermore, no activity was observed for molecules bearing
potential hydrogen bond acceptors like 7, 10, the carboxylate
11, 24 and 25. Since the nitro group seems to be essential for
activity, we shifted the position in meta or para position (28,
29, but inhibitory potency was again completely abolished. An
initial toxicity study provided promising results, since no toxic
effect against human THP-1 macrophages was observed at
250 uM of compound 3.'" To assess the mutagenic tisk of the
compound class, Ames Salmonella assays were performed,
Compound 3 was tested on Salmonella typhimurium derived
strains TA100, TAL535 and TA102 with and without metabolic
activation by liver homogenate (S9 mix). No biologically rele-
vant increase in the number of revertant colonies was observed
at dose levels up to 5000 pg per plate. Thus, the nitro group
was retained and we focused our efforts on the improvement
of inhibitory activity by introduction of additional substituents
into the nitrophenyl moicty,

In vitro SAR

Recently, we have reported extensive studies on the mode of
action of the [2-nitrophenyl)methanol scaffold.'” In  this
regard, we demonstrated a time-dependent onset of inhibition
based on a slow non-covalent {reversible) interaction. As we
have observed that inhibition onset levels out after 20 min of
preincubation for compound 3,'” we consider a period of
30 min appropriate for the rapid evaluation of the set of novel
compounds (nr ~ 50) described herein.  Additionally, we
measured the inhibitory activity using only 10 min of preincu-
bation to gain qualitative insight into the effect of inhibitor
modifications on binding behaviour.

This examination is relevant, as it has been reported that
time-dependency of enzyme-inhibitor interactions can have
significant impact in the efficacy of compounds in the cellular
system,””

First, we re-evaluated our starting compound 3 applying an
optimized protocol for the prolonged pre-treatment period of
enzyme with inhibitor [Table 1). As described earlier,’ an
improvement of potency was observed rendering this com-
pound now a sub-micromolar PgsD inhibitor.

In a subsequent step, we investigated the effect of different
substituents within the nitrophenyl moicty. Compounds
bearing electron-withdrawing substituents (EWG) as chlorine
(33, 34) or nitro (35) showed diminished inhibitory activity
(Table 1). However, concerning target affinity (IC,, at 30 min
of preincubation) the para substitution pattern (2* in Table 1}
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seems to be more favourable. In contrast, introduction of the
electron-donating (EDG) methyl (39, 40) or methoxy (43, 44)
groups led to potent compounds with 1C, values in the rmnge
of the unsubstituted 3. Again, a preference for the introduction
of substituents at 2° was observed (40, 44). These observations
are in accordance with our proposed binding mode reported
earlier,'” as the para position to the nitro group provides more
space to accommodate additional substituents. An explanation
for the general detrimental effect of EWGs on affinity could be
that the nitro group functions as hydrogen bond acceptor (as
in our proposed binding model). This ability might possibly
be diminished by electron-withdrawing substituents. Unfortu-
nately, none of the modifications installed in this part of the
scaffold led 1o an improvement of inhibitor potency. However,
comparing the determined 1Cy, for 10 min and 30 min, it
seems that the Z* position provides the opportunity o modu-
late the binding behaviour. Through the choice of either
methyl (EDG) or chloro (EWG) substituents, the onset {see 1C.,
at 10 min) can be either slightly accelerated (3 vs. 40) or slowed
down (3 vs. 34}

In light of the results gathered so far, we kept the unsubsti-
tuted nitrophenyl melety constant and turned our attention to
the second residue R of the methanol molety. Hydrogen or
linear alkyl chains of different length were introduced (45,
47-51), Thereby, shorter residues up to ethyl (45, 47, and 48)
were favoured over longer variants (49-51). A plausible expla-
nation is the (ncreasing entropic penalty caused by the limit-
ation of rotational freedom upon formation of the inhibitor-
enyzme complex,

Except Iso-butyk-bearing compound 52, branched and cyclic
isomers 53-56 generally inhibited PgsD less cfficiently than
their linear congeners. This might be due to the narrow
entrance channel, which hampers the binding of the bulky
residues,

Short alkyl linkers were inserted between the tetmhedral
carbon and the phenyl group, but neither compound 57 nor
58 showed improved 1€y, values compared to 3. Thus, we cons
cluded that direct attachment to the methanol moicty brings
the aromatic residue in an optimal position and fused a
second benzene ring. But the resulting 1-naphthyl and
2-naphthyl isomers 59 and 60 were less potent PgsD
inhibitors,

Hence, monocyclic heteroaromatic  residues  were  intro-
duced. For all the thiophene and pyridine derivatives 61, 62,
and 65-67 moderate activity without further improvement was
observed. The furane dervatives showed conspicuous behay-
iour, since the differences in activity between the oxygen in
2+ or 3-position were tremendous, While the 3-furyl derivative
64 was almost inactive, the 2-furyl isomer 63 shows improved
PgsD inhibition. The synthetic route towards fluorescent
(2-nitrophenyljmethanol  derivatives  provided  additional
inhibitors of PgsD with non-fluorescent residues R as inter-
mediates, The amines 77-79 may be considered as direct
derivatives of the alkyl compounds 49-51, whereas the term-
inal methyl was substituted by an amino group, which is
expected to be protonated under assay conditions. In contrast
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Table 1 PgsD inhibition by (2-nitrophenyl)methancl deri

Compounds 2! 2 3 1€y [pM] (10 miny™* 1€ 4 [#M] (30 ming'”
i H H Ph 32+041 05201
3 el H Ph 104414 112409
3 H cl e 15.0 £ 0.6 1.6+ 01
s NOy H vh 1544 2.0 5.8 ¢ 1.0
39 Me H Ph 17+05 1.6+ 0.1
w0 H Me Py 19204 0.6+ 0.1
a3 OMe H h 22105 16203
" H OMe h 3.0+ 04 05201
a5 H H H 16+ 0.5 07402
47 H H Me 13104 0.6+01
s H H n 11202 0.8+0.1
19 H H nPr 26204 10204
50 H H n By 52208 2901
31 H H n-Pentyl 19109 10+ 0.4
52 H H is0-Bu 79410 12403
53 H H tert-Pentyl 139+ 1.1 67201
54 H H o Pentyl 49+ 1.0 1402
35 H W cHexyl 10.1 + 1.4 45402
56 H H 1-Adamantyl 116422 27401
57 H H CH,Ph 54106 08201
58 H H CH,CH.Ph 16+ 1.0 0.9+:01
59 H H 1-Naphthyl 1084 2.5 5.8 +02
60 H H 2-Naphthyl 1L1419 24205
61 H H 2Thienyl 14319 1.5:02
62 H H 3Thieny! 39109 64119
(3] H H Z-Furyl 15+ 0.4 0.9+ 0.1
04 H H Mfuryl 25% @) 50 uM 131 +2.8
65 H M 2-Pyridyl 67412 12401
66 H H Mpyridyl 11,7124 1.7101
67 H H 4-Pyridyl 68+ 1.4 22401
68 H H (CH,),Phth 12400 03401
69 H H [CH,),Phth 1.9+0.3 07402
70 H H (CH.),Phth 17405 16204
71 H Me Bt 07043 0.6 10,1
72 H Me 2-Thienyl 62418 27405
73 H Me 3Thienyl 33405 16103
74 H Me 2-Furyl 09101 1101
75 H Me (CH,LPhth 0.9+0.1 .7 40,1
76 H Me (CH,)yPhth 0.7 40,1 0.7:02
77 H H (CH, |,NH, 34.7 446 4004 3.7
78 H H (CH, L NH, 1% G S0 uM 2782 1.7
79 H H [CHLNH, 82121 224143
so’ 15+00 SH+02
w1’ 30413 0407
82¢ 32404 14103
83" 13205 34402
[ 465121 1252 4.2
85¢ 131415 10,0+ 0,7
86" 11407 15403

' . aeruginosa Pgsb [recombinantly c:pwswd in Eschenichia coli), anthramiloyhCoa (5 uM), and (Fketodecanaic acid (70 pM). " 1C,, values were
determined using a 10 min pre period of inhibitor und enzyme followed by a 40 min reaction time. ' 1€, values were determined
using u 50 min prelm-ulnuun petiod of inhiblor and enzvme followed by a 40 min reaction time. “For the structure of the Nuorescent
dervatives 80-86 ser Scheme 2.

to the alkyl compounds, the amines 77-79 showed low activity, The phthalimides 68-70, on the other hand, also differing
This result was expected, as the entrance of the substrate  in the length of the alkyl linker, showed potent PgsD inhi-
tunnel is decorated with arginine side chains providing a  bition, Compound 68 even demonstrated the fowest [Cg, value
repulsive positive surface polarization, within the investigated set of compounds of around 300 nM.
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So far, novel interesting derivatives with retained potency
and reduced molecutar weight (45, 47, 48, and 63) or even
improved target affinity (68) have been identified. Moreover,
some compounds showed a pronounced difference between
the 1C;, values measured vig the 10 min and 30 min protocol
{34, 52, 61, and 66) indicating a slow onset of inhibition. As
described above, introduction of a methyl group in pare posi-
tion to the nitro group resulted in a reduction of time-depen-
dency while retaining activity for compound 40. These results
encouraged us to synthesize additional selected derivatives
possessing this methyl group (71, 72). Indeed, all of these
methyl-containing compounds showed a fast onset of inhi-
bition (Table 1) while being potent inhibitors of PgsD in the
single-digit micromolar to submicromolar range, However, no
further improvement in target affinity has been gained com-
pared to the most potent compound 68, Nevertheless, together
with the unmethylated congeners (48, 61-63, 68, and 69) inter-
esting pairs of PgsD inhibitors for further evaluation in cellulo
have been yielded,

Apparently, various substituents of R are tolerated by PgsD,
which encouraged us to introduce fluorescent groups in this
position. Since promising Inhibitory activity was observed for
compound 2, we substituted the pantothenate moiety by
dansyl  (5-{dimethylamino}naphthalene-1-sulfonyl),  NBD
(7-nitrobenz-2-0xa-1,3-diazol-4-y1) and fluorescein  fluoro-
phores. The flexible linker of 2 was conserved to provide
sufficient degrees of conformational freedom to adopt to the
sterical requirements of the substrate tunnel. In the case of
the dansyl derivatives 80-82, the chain length of the alkyl
linker was only slightly varied with the intention to position
the hydrophobie fluorophore within the channel. Por the more
hydrophilic NBD derivatives 83-85 additional acyl linkers were
introduced as well, thereby shifting the fluorophore towards
the protein surface, Fortunately, an acceptable fr witro activity
was observed for the dansyl derivatives 80-82, and compounds
with NBD (83) or fluorescein (86) directly attached to the
amine 78. However, the NBD fluorophores 84 and 85 contain-
ing an additional acyllinker were less potent. Unfavourable
interactions and/or entropic pernaltics might be possible
reasons.

Inhibition of signal molecule production in a P. aeruginosa
pgsH mutant

In an attempt to clucidate the physicochemical and/or func-
tional requirements for high in cellulo efficacy, we tested
selected compounds regarding their ability to reduce the
signal molecule levels in P acruginosa PA14 (Table 2).

In the wild-type strain, HHQ is converted into POS by PgsH
and the expression of pgst depends on the growth period.™
Thus, we quantified HHQ) in a pgsH mutant, which is not able
to perform this oxidation, to increase simplicity and reproduci-
bility of this cell-based assay. To cnsure the validity of this
novel methodology, we compared the results gathered using
the pgsH mutant with additionally determined PA14 wild-type
data for three selected compounds and observed a good corre-
lation between both data sets (see ESIT).

6100 | Oy domol Chern, 2014, 12 B094-6104

View Article Online

Organic & Biomolecular Chemistry
Table 2 Comparison of mhibitory potency regarding HHG production
inaf gir pasH mutant with phy hemical properties

10 (10 Min)1Cs, % HHQ

Cmpd  MW'  Log 1Y (30 min) inhibition"
3 22923 247 052 64 436
EE 26368 3,16 03 1.2 ni.
3 263.608 312 045 94 n.i
35 27423 214 a3y 27 Wea
39 243.26 2,93 045 2.3 20+3
40 24326 293 048 3.2 19+7
41 25926 269 043 14 ni.
" 25926 235 046 60 nk
45 13314 076 078 23 13+1
a7 167.16 1,11 071 16 26+ 6
4 191,19 164 066 1.4 612
19 195.22 217 06 28 22+7
50 20024 271 052 1.7 nh
51 22327 324 053 49 ni.
61 235.26 215 051 87 616
62 23526 2.5 045 0.8 et
63 219.19 1,63 033 20 5115
64 219.19 163 043 nd” 73£2
o8 32630 2,61 0.3 40 n.i. @ 125 uM
9 34033 284 03 27 i @ 125 pM
70 13436 298 031 11 nb @ 125 pM
7 19522 2,10 062 1.2 nk
72 24924 261 046 2.3 24 +02
7 24924 261 048 21 2347
74 23322 200 049 038 202
75 M3 3,07 034 1.3 kG0 125 M
76 35436 330 033 10 n.i @ 100 pM
50 2949 A7 024 06 ni. @ 75 pM
81 1352 3, 024 08 nb G 75 pM
82 457.54 40 026 23 nk G 25 uM
83 I73aT L0 028 1.3 ni, G 150 pM
84 44440 215 021 37 17+3
85 48648 265 020 1.3 2751
86 599.61 2.9 019 09 nk

" aad 1. P

ght (MW), calculated partition coefficient (log ),
ligand efficiency index (LE), and the ratio of 10y, values measured
using different preincubation periods. ° Caleulated by ACD/Labs 2012
using the ACILog P Classic algorithm. * Values caleulated as LE = 1.4
{=log 1, VN using the 1C,, value for the prolonged incubation time
{30 minj and ¥ meaning number of non-hydrogen atoms, “ planctonie
P aeruginesa PALY pgst mutant. Inhibitor concentration 250 yM as
not indicated otherwise, Percentage of inhibition was normalized
regarding OD6O0. n.i. no significant inhibition [<10%). “n.d. means
*not determined”,

If soluble, all compounds were tested at 250 pM. The
in cellulo results are summarized in Table 2 together with
relevant parameters ke molecular weight (MW), caleulated
partition coefficient (log P), ligand efficiency index (LE), and
the ratio of 1C;, values measured using different preincubation
periods,

Inhibitor 3, which served as a starting point, decreased
HHQ production by 43%. Introduction of methyl groups into
the nitro-phenyl moicty (39 and 40) reduced inhibitory
potency, whereas methoxy substituents (43 and 44) Jed to inac-
tivity, These results are disappointing, since two of the com-
pounds showed submicromolar 1 witro activity,. A similar
result was obtained for molecules bearing a substituent in the
nitrophenyl moiety: the chioro compounds 33 and 34 as well
as the dinitrophenyl-derivative 35 showed no or only low
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activity in the cells. Furthermore, no effects on HHQ pro-
duction despite of most promising 1Cs, values were observed
for the phthalimides 68-70, 75, and 76, which were tested at
100-125 uM due to limited solubility.

All congeners of the homologous series 45-51 containing
unbranched alkyl residues showed good activity in the enzy-
matic assay, whereas the in witro activity slightly decreased for
the Larger alkanes. In the cellular test system, the largest resi-
dues {50 and 51) led to inactivity, while a maximum HHQ inhi-
bition was observed for ethy! (48), This compound showed an
improved cellular activity compared to the starting point 3.
Interestingly, the variant with methyl in para position to the
nitro group (71) was inactive, although it possesses a slightly
improved 1C,, value.

Surprisingly, all four compounds containing hetero-
aromatic pentacycles 61-64 potently reduced the HHQ for-
mation. These compounds were not among the most potent
PgsD inhibitors in viro. Moreover, 64 showed only a moderate
activity in the double-digit micromolar range against recombi-
nant Pgsb. We can only speculate whether additional alterna-
tive cellular targets are involved or whether the furanyl residue
Is converted Into a more active compound inside the cell,
Multiple examples for the instability of furan are reported in
the literature, However, the thiophene 62 s the most potent
inhibitor of cellular HHQ formation reported so far. Again, the
methyl modification in Z* of the nitrophenyl molety resulting
in compounds 72-74 was detrimental to éa cellulo efficacy,

Finally, we examined the effect of fluorophore-labelied
derivatives 80-86 on P. aeruginosa to evaluate their potential
for applications in cellular systems. Unfortunately, neither the
dansyl- nor fluorescein-labelled inhibitors (80-82 and 86) were
able to reduce HHQ formation at 250 pM, Consequently, their
application is restricted o studies using lysed cells or isolated
biomolecules. The best results were obtained for NBD deriva-
tives 84 and 85, which showed ot least shight inhibition. This
opens up avenues towards intracellular labelling experiments,
which might be conducted in the future,

Interpretation of in vitre and in cellulo data

A first conclusion which can be drawn from the detailed
cxperimental data reported herein is that in the case of
(2:nitrophenyl jmethanol derivatives in vitro potency expressed
cither as IC,, or ligand cfficiency (LE, Table 2) does not
dircetly translate into in cellule activity,. However, this obser-
vation is not utterly surprising as Gram-negative bacteria, in
general, and £ qeruginosa, in particular, are known to provide
challenging barriers for the effective inhibition of intracellular
targets,”” ** The orthogonal sieving ability of the two bacterial
cell membranes blocking larger hydrophobic compounds
{outer membrane) as well as smaller hydrophilic entities
(inner membrane) from entering the cytoplasm is only one
obstacle which an anti-infective agent has to overcome,””**
Additionally, an arsenal of efflux pumps and degrading/meta-
bolizing enzymes may hinder a drug from reaching its target.™
Hence, the physicochemical, structural, and functional
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features of compounds displaying intracellular activity are all
the more worthwhile to investigate.

In this contest, time-dependent inhibition was one charac-
teristic of the presented compound class that has first drawn
our attention. Reversible target interaction (inhibition) is
characterized by inhibitor binding (&, “on-rate”] and dis-
sociation (k. “off-rate”). Thus, a slow binding behaviour in
combination with promising (nanomolar) 1C,, values would
imply long drug-residence times as the “off-rate” should also
be attenuated along with the inhibition onser (“on-rate”). Such
an effective (long-lasting] enzyme blockade can be considered
a favourable scenario in order to shut down cellular signal
molecule synthesis. However, we were not able to establish a
correlation between this phenomenon and improved HHQ
reduction. Some compounds with either high or low ratios of
1€, values measured using 10 min or 30 min of preincubation
were  effective  Inhibitors of signal molecule production
{compare for example 3 and 61 with 62 and 70), Indeed, we
showed that the methyl modification at the nitrophenyl core
results in compounds with only low time-dependent onset of
inhibition along with a decreased or even abolished in celiulo
efficacy (48 vs. 71 and 61 vs. 72). Nevertheless, the most potent
Inhibitor in our cell assays was 62 showing almost no time-
dependency of PgsD inhibition,

A parameter which seems to have direct influence on intra-
cellular activity, though, was molecular weight, Most com-
pounds with MW > 300 Da were inactive Inside the cells, The
only exceptions within the set of tested compounds were NBD-
tagged fluorophores 84 and 85 showing only a moderate
reduction of HHQ production. This observed mass cut-off is
much lower than the general value of 600 Da reported for
Gram-negutive bacteria and should not be considered a strict
criteria due exceptions mentioned above.' This finding might
be explained by the described low permeability of outer mem-
brane of P aeruginose compared to other Gmam-negative
bacteria.”’

Another important physicochemical parameter for cellular
availability is hydrophobicity usually expressed as the octanol-
water partition coefticient log P. None of the fragment-like
compounds reported herein can be considered as strongly
lipophilic as none of them exceeds log £ = 4 while the majority
possesses a value below 3. However, it has been proposed by
others that even lower log P values are beneficial or actually a
prerequisite for activity against Gramenegutive bacteria.'
Indeed, our most active compound in cellule possess a log #
below 2.5,

Noteworthy, we have identified compounds within the set
of tested {2-nitrophenylJmethanol derivatives that are interest:
ing exceptions to the deseribed MW/log # criteria. Compound
71, for example, has low molecular weight (195.22 Da) and log
P (0.62) combined with a substantial in vitro activity (1C;, =
0.6) but no relevant & celiwlo activity, We account this finding
to the general detrimental effect of the methyl group in para
position to the nitro group which we have also found for the
other compounds bearing this substitution pattern. On the
other hand, developed NDB-agged inhibitors possess
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increased molecular weight and hydrophobicity, yet show
moderate activity on signal molecule production. Hence,
further optimization of our fragment-like molecules towards
drug-like compounds vig fragment growing approaches may be
a rewarding endeavour.

Conclusions

Mare than fifty derivatives of (2-nitrophenyl Jphenyimethanol 3
have been synthesized and tested for in vigro activity. In this
regard, we demonstrated that 4-methoxyphenylmagnesium
bromide is a suitable reagent to accomplish efficient I-Mg
exchange for compound 42. Whereas the nitro group in erthe
position turned out to be essential for in vitro PgsD inhibition,
no mutagenicity wits observed for compound 3 in an Ames
test. Improved potency was achieved by the replacement of the
eastern phenyl residue. This position turned out to be very tol-
erant for varlous moieties, which allowed the design of flue-
rescence-labelled inhibitors,

For a straightforward evaluation of PgsD inhibitors in the
cellular context, signal molecule production was investigated
using a pgst-deficient £ eeruginosa PA14 strain, Some of our
compounds showed significantly improved inhibition of signal
molecule production. An attempt to correlate in vitro data with
in cellulo results has been made identifving low molecular
welght and hydrophobicity as important, but not stringent, eri-
teria for intracellular activity. Nevertheless, the presented work
emphasizes the notion that optimization of intracellular
activity Is a challenging multi-parameter  problem  which
requires further i research,

Finally, novel PgsD Inhibitors presented in this work
possess a fragment-like size and (mproved efficiency in cellulo.
Together with the structural insight provided by our studies
regarding the mode of sction, we have delivered the basis fora
fragment-growing optimization process towards PgsD-target-
ing anti-infectives,

Experimental section
General

(2:Nitrophenylymethanol 45 was  purchased from  Sigma-
Aldrich and used for biological assays without further purifi-
cation. Starting materials were purchased from ABCR, Acros,
Sigma-Aldrich and Fluka and were used without further purifi-
cation. All reactions were conducted under a nitrogen atmos-
phere. During workup drying was achieved by anhydrous
sodium sulfate, Flash chromatography was performed using
silica gel 60 (40-63 ym} and the reaction progress was deter-
mined by TLC analysis on ALUGRAM SIL G/UV254 (Macherey-
Nagel). Visualization was accomplished through excitation
using UV light. Purification by semi-preparative HPLC was
carried out on an Agilent 1200 series HPLC system from
Agiilent Technologies, using an Agilent Prep-C18 column (30 =
100 mm/10 pm) as stationary phase with acetonitrile-water as
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cluent. The purity of compounds used in the biological assays
was 295% as measured by LC/MS, monitored ar 254 nm, The
methods for LC/MS analysis and a table with analytical data
{including melting points) for all tested compounds are pro-
vided in the purity section of the ESL¥ All chiral alcohols were
isolated as racemates. 'H and ''C NMR spectra were recorded
on a Bruker DRX-500 instrument at 300 K. Chemical shifts are
reported in 4 values (ppm) and the hydrogenated residues of
deuterated solvents were used as internal standard {acetone-
dy: 2,05, 29.84. CDCly: 6 « 7.26, 77.16. MeOH-d: 4 = 331,
49.00, DMSO-d,: 4 = 2.50, 39.52). Splitting patterns describe
apparent multiplicities and are designated as s (singiet), d
{doublet), dd {doublet of doublet), ¢ (triplet), td (criplet of
doublet), q (quartet), m (multiplet). All coupling constants (/)
are given in hertz (Hz). Mass spectra (EST) were measured on a
Thermao Scientific Orbitrap. Mass spectra (E1) were measured
on a DSQIN instrument (ThermoFisher). Melting points of
samples were determined in open capillaries using a SMP3
Melting Point Apparatus from Bibby Sterilin and are uncorrected,
Infrared spectra were measured on a PerkinElmer Spectrum
100 FT-IR spectrometer.

General method A for synthesis of 3, 39, 40, 48-76

A solution of 2-odo-nitrobenzene 36 or o close derivative
(1.0 eq.) in THF (10 ml g~' reagent) was cooled to ~40 °C and
a solution of phenylmagnesium chloride (2 M in THF, 1.1 eq.}
was added dropwise, After stirring for 30 min at =40 °C, the
aldehyde (1.0 eq.) was added. Then, the reaction mixture was
continuously stirred at -40 °C until complete conversion
{checked by TLC). The reaction was quenched with a saturated
solution of NH,Cl (5 ml) and diluted with water (5 ml). The
aqueous phase was extracted with ethyl acetate (three times)
and the combined organic layers were washed with brine,
dried, and concentrated under reduced pressure, The residue
was purified by column chromatography over silica gel to give
the desired product.

General method B for synthesis of 10, 14, and 15

A solution of the iodobenzene 9, 12 or 13 (1.00 g, 1.0 eq.) in
30 ml THF was cooled to <40 °C and a solution of iso-propyl-
magnesium chloride (2 M in THF, 1.1 eq.) was added drop-
wise, The solution was stimed for 60 min at -40 °C,
benzaldehyde (1.0 ¢q.) was added and the reaction was com-
pleted at <40 °C [checked by TLC). The workup was carned
out as described in method A

General method C for synthesis of 21-25

To a solution of phenylmagnesium chloride (2 M in THF,
1.5 eq.) in 8 ml THF at 0 °C aldchydes 16-20 (1 eq.) were
slowly added and the solution was stirred at 50 °C for 30 min.
The mixture was cooled to 0 “C, quenched with a satumated
solution of NH,CI (5 ml), and diluted with water (5 ml). The
aqueous phase was extracted with dicthyl cther (three times)
and the combined organic layers were dried and concentrated
under reduced pressure, The residue was purified by column
chromatography over silica gel to give the desired product.
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General method D for synthesis of 28 and 29

To a solution of phenylmagnesium chloride (3.31 ml, 2 M In
THF, 6.62 mmol} in 20 ml THF at —40 °C nitrobenzaldehyde
26 or 27 (1.00 g, 6,62 mmol) was added slowly, The reaction
mixture was stirred continuously at =40 °C until complete con-
version (checked by TLC), The mixture was quenched with a
saturated solution of NH,CH [5 mi) and diluted with water
(5 ml). The workup was carried out as described in method A,
followed by purification of the ¢rude product by flash chrom-
atography | petroleum ether-ethyl acetate 651).

General method E for synthesis of 77-79

To a solution of the phthalimides 68-70 (1,53 mmol, 1 eq.) in
cthanol (40 ml) hydrazine hydrate (9.18 mmol, 6 eq.] was
added and the mixture was refluxed for 3 h. Ethanol was
removed in vacuo and ethyl acetate was added. The solution
was washed with water and extracted twice with EtOAc. The
organic phase was dried and the solvent was evaporated to
vield the desired product in sufficient purity.

Expression and purification of recombinant PgsD

Expression and purification of recombinant PgsD was con-
ducted as previously deseribed.’® Briefly, BL21 (ADE3) E. coli
transformed with expression vector pT28b[+)pgsD were
induced with IPTG overnight. After harvesting and lysis
through sonication, recombinant PgsD possessing a Hisgtag
was isolated wia immobilized metal ion affinity chromato-
graphy (IMAC) followed by gel filtration. The affinity tag was
removed by thrombin cleavage and a second IMAC step.

Enzyme inhibition assay using recombinant PgsD

The standard assay for determination of 1C,, values was per-
formed monitoring the enzyme activity by measuring the HHQ
concentration as described recently.'' PgsD was preincubated
with inhibitor for 10 min or 30 min prior to addition of the
substrates ACoA and fFketodecanoie acid. Quantification of
HHOQ was performed analogously, but with some modifi-
cations: The flow rate was set to 750 pl min™" and an Accucore
RP-MS column, 150 x 2,1 mm, 2.6 pm, (Thermo Scientific) was
used, All test compound reactions were performed in sextupli-
cate, Synthesis of ACoA and Pketodecanoic acid was per-
formed as described in the ESLY

Cultivation of P. aeruginosa PA14 pgsH mutant

For determination of extracellular HHQ levels, cultivation was
performed in the following way: cultures of £ geruginose PA14
pgsH transposon mutant’’ {initial ODy,, = 0.02) were incu-
bated with or without inhibitor (final DMSO concentration
1%, viv) at 37 “C, 200 rpm and a humidity of 75% for 16 h in
24well  Greiner Bio-One Cellstar  plates  (Frickenhausen,
Germany) containing 1.5 ml medium per well. Cultures were
generally grown in PPGAS medium (20 mM NH,CL, 20 mM
KCI, 120 mM Tris-HCl, 1.6 mM MgSO,, 0.5% (wiv] glucose, 1%
(wiv) Bacto™ ‘Tryptone). For each sample, cultivation and
sample work-up were performed in triplicates.

The pourmal 5 © The Royal Sooety of Chemitry 2014
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Determination of extracellular HHQ) levels

Extracellular levels of HHQ were determined according to the
method of Lépine et al with the following modifications. ™"
An aliquot of 500 pl of bacterial cultures were supplemented
with 50 yl of a 10 pM methanolic solution of the intermal stan-
dard (18} 5,6,7 8-tetradeutero-2-heptyl-4(1H)-quinolone (HHQ-d,)
and extracted with 1 ml of ethyl acetate by vigorous
shaking, After centrifugation, 400 pl of the organic phase were
evaporated to dryness in LO glass vials. The residue was re-dis-
solved in methanol. UHPLC-MS/MS analysis was performed as
described in detail recently.’ The following ions were moni-
tored (mother fon [méz], product fon [m/z], scan time [8], scan
width [miz], collision energy [V], tube lens offset [V HHQ:
244, 159, 0.5, 0.01, 30, 106; HHQ-d, (IS): 248, 163, 0.1, 0.01, 32,
113, Xealibur software was used for data acquisition and
quantification with the use of a calibration curve relative to the
area of the 1S,

Calculation of log P values

Experimental values of 67 and 79 were determined by Sirius
T3 titmator from Sirius Analytical. Comparison with values cal-
culated by ACD/Labs 2012 (Build 1996, 31. May 2012) revealed,
that ACD/Log P Classic is the most appropriate algorithm. Con-
sequently, the latter was used for the values given in Table 2,

Abbreviations

2-ABA 2-Aminobenzoylacetate

ACoA Anthraniloyl-Coa

dansyl 54Dimethylamino)-naphthalene-1-sulfonyl
EDGEWG  Electron-donating'withdrawing group
HHQ 2-Heptyl-4-gquinolonc

LE Ligand efficiency

log # Octanol-water partition coefficient
MW Malecular weight

NBD 7-Nitrobenz-2-0xa-1,3-diazol-3-yl

PQSs 2-Heptyl-3-hydroxy-1-quinolone

Qs Quarum sensing
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Catechol-based substrates of chalcone synthase as a scaffold for novel
inhibitors of PqsD
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@

ARTICLE INFO ABSTRACT

Artiche hstary A new strategy for treating Pseudomonas aerugimosa mftmons could be disrupting the Bmdomonas
Received 2 September 2014 Quinelone Signal (PQS) quorum sensing (QS) system. The goal is 1o impais communéication among the
::‘"*‘" In ’“;:f form cells and, hence, reduce the expression of vindence factors and the formation of biofilms, PasD is an
m"';' «lm“zs' Vet 2014 essential enzyme for the synthesis of PQS and shares some features with chalcone synthase (CHS2), an

enzyme expressed in Medicago sariva, Both proteins are quite similar concerning the size of the active
site, the catalytic residues and the clectrostatic surface potential at the entrance of the substrate tunnel,
Hence, we evaluated selected substrates of the vegetable enzyme as potential Inhibitors of the bactenial

Avatlable anline 27 November 2014

mjm pm— protein, This similarity-guidled approach led to the identification of a new class of PgsD inhebitors having
Psl @ catechol structure as an essentlal feature for activity, a saturated linker with two or more carbons and
HHQ an ester modety bearing bulky substituents. The developed compounds showed PgsD inhibition with 1Ty,
SR values in the single-digit micromaolar range. The binding mode of these compounds was investigated by
Quorum sensing Surface Plasmon Resonance (SPR) experiments revealing that thelr interactson with the protetn is pot
influenced by the presence of the anthranilic acid bound to active site cysteine. Importantly, some

compounds reduced the signal molecule production in ceflulo.
© 2014 Published by Elsevier Masson SAS.
1. Introduction the lifestyles of bacterial cells using diffusible small signal mole-

Pseudomongs aeruginosg i an opportunistic Gram-negative
bacterium, which is the ctiological agent of chronic infections in
immunocompromised patients [ 1} and in people affected by cystic
fibrosis (CF) (2], The treatment of the infections caused by this
pathogen is very difficult due to its high intrinsic tolerance towards
commeon antibiotics and the development of new resistant strains
|3]. Consequently, novel therapeuatic options are usgently needed
for P eeruginosa-related diseases. A potential approach could be
targeting the quorum sensing (QS) which is a cell-to-cell commu-
nication system important for the regulation and coordination of

Abbre S, quo : SPR. surface plasmoa resonance: CF, cystic
fibeosis; POS, psewdomonas quinolone signal, HHY, 2-beptyl-4( | H}-quincione;
NZ'M. anmmmbyi coenzymea; CoA, Coenzyme A; DMF dimﬁluﬂlmnlde THF,

. ROP (b iweol-1-yloxy tr
huaﬂmmphusp&mr TFA, tnfluoroacetic acd; HIRMS, bigh-resalution mass spec-
tram; 15, lnmm! standard.
* G 1% author, Helshol for Pharmacestical Research Saar-
land (NIPSl Sa.nland University, Campus €2, 66123 Ssarbrticken. Cermany,
Emall addeess: rolf hactmans®helmbolrz -hzede (RW, Hantmann).

hips dedotarg MLHIG L ojmects 20141155
0223-5234)0 2014 Published by Elsevier Massan SAS
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cules (4]

P oeruginosa employs three interconnected QS systems, The las
and rhl systems use homoserine lactones as signal molecules (N-{3-
oxo-dodecanoyl)--homoserine lactone and N-{butanoyl }-i-homo-
serine lactone, respectively) which are commonglace among Gram-
negative bacteria [5), The pgs system, on the other hand, is
employed only by some Pseudomonas and Burkholderia species and
operates via the auteinducers PQS (Pseudomonas Quinolone
Signal; 2-heptyl-3-hydroxy-4( 1H)-quinolone) and its precursor
HHQ {2-heptyl-4{1H)-quinolone) (6], PQS and HHQ Interact with
the transcriptional regulator PgsR (also called MviR) controliing the
production of virulence factors, such as pyocyanin, elastase and
hydrogen cyanide |7]. as well as the formation of blofilms |&],
Finally, activation of this receptor promotes expression of the en-
zymes encoded by the pgsABCDE operon is important for the syn-
thesis of the HAQs themselves (9],

PgsD is encoded by this operon and is a key enzyme in the
synthesis of the quionolone-based signal molecules catalyzing the
conversion of anthraniloyl-CoA (ACoA) into the reactive 2-
aminobenzoyl  acetate  (2-ABA) [10|,  Subsequently,  this
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intermediate reacts with PgsC which bears an octanoic acid res-
idue, and, with the support of Pgs8, gives the quinolone HHQ |10}
PgsD belongs to the P-ketoacyl-ACP synthase Il (FabH)-type
condensing enzyme family and possesses some functional and
mechanistic properties of the polyketide synthase (PKS) family [ 1]
Another enzyme that belongs to the PKS family is the chalcone
synthase (CHS2) expressed in Medicago sativa (alfalfa) 121 Physi-
ologically, this vegetable protein transforms p-coumaryl-CoA into
the flavanone naringenin, the central Intermediate for the biosyn-
thesis of several classes of flavonoids | 12,13 ], However, CHS2 ac-
cepts other substrates in vitro, such as cinnamic acid | 14, caffeic
acid [14), ferulic acid [13],

Comparing PgsD with CHS2, some matches were found. In fact,
both are condensing enzymes with a similar volume of the active
sites, 923 A for CHS2 and 890 A’ for PgsD [ 11}, and use the same
catalytic residues, such as cysteine, histidine, and asparagine
[ 11-13]. Moreover, both the proteins accept malonyl-CoA as sec-
ondary substrate and the deepness of the binding pockets is com-
parable, 16 A for CHS2 [12] and 15 A for PgsD [11]. Finally, the
entrances of the active sites of both enzymes are decorated with
basic amino acid side chains [11.12],

Guided by the results of our previous work showing that the
inhibition of PqsD is a promising approach for reducing the

G, Aliegrema et af. / European journal of Medficina! Chemistry &0 (2005) 251 -159

production of HHQ, PQS and biofilm [15], and the aim of this study
was to identify and develop a new class of PqsD inhibitors using the
molecular scaffold of described CHS2 substrates and understanding
the binding mode of this serles of compounds,

2. Results and discussion

2.1. Chemistry

The esters 9-12, 21-29 of the respective carboxylic acids 1,2, 4.
6 and 13-19 were synthesized by a Fischer esterification with
alcohol, as reactant and solvent, and drops of sulfuric ackd 98% as
catalyst (Scheme 1) 29 was demethylated by BBry in dichloro-
methane obtaining 30. 31 was synthesized by a two-step reaction
starting with the conversion of 20 into the respective acyl chloride
through thionyl chloride in toluenc followed by subsequent
methanolysis. The intermediate 32 was obtained by treating 17,
firse, with tert-butyldimethylsilyl chloride (TBDMSCE) in DMF and,
then, with potassium carbonate in THFjwater/methanol for pro-
tecting the hydroxyl groups of the starting material. 32 was con-
verted into the methyl amide 33 by BOP coupling and methylamine.
Moreover, 32 was transformed into the benzyl ester 35 through acyl
chloride intermediate formation and addition of benzyl alcohol.

A) McOH
HL,S0, (cone) N
,
Ry ou S0 ' o
Rs R:
1Ry Ity ¥ RR~H
2 Ry<H R~OH; 10: R ~H, R -0l
4 Ry RyOH 1Ry #R=OM;
R ReF. 12 R, ~R;~F
B) i ) el RysH, RoOM, RyMies 26 01, R =Ryo8, Ry=Fr.
roes o) 2 3l Ryl Ry Me ReeMe: 27 ), Ry =RyoOl, Ryt
sclux, 34h $ 07 2, R ReoNOy, RyvMe 28 1m0, R ~Ry~OM, R~Me;
24 =1, Ry<H, Ry=NH, Ry<Me 29 =2, R, “Rz-OMe, R =M. |
LS 28 ok, Ry Ry=OIE Ry=Me;
0
“'U\Qj\ml D SOCI, whesne
o i 1) BBy CHL08,
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147, Ry H, Rav M
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20, 041, Ry=RA0OCHAO RY. 30" 3 18
HOLOIM), TFA
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Schvewne 1. Ceneral syahesis of 9-12. 21-28. 3031 34 andd 36.
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Finally, the silyl ethers present in 33 and 35 were cleaved by acd
hydrolysis with hydrochloric acid and TFA giving the respective
final compounds 34 and 36.

2.2, Biology

PqsD is not only able to catalyze the reaction between malonyl-
CoA and ACoA producing 2-ABA, it is also capable to transform
ACOA into HHQ in vitro using fi-ketodecanoic acid [ 1G], The inhib-
itory activities of the test compounds were evaluated quantifying
the amount of HHQ produced after incubation of the enzyme with
the potential inhibitor as described in Experimental section,

The substrates of CHS2 and their analogues (compounds 1-5,
Fig. 1) were tested in our PgsD assay. Compounds 1, 2, 4 showed an
inhibition over 20% at 50 yM [see Table 1) Although activity was
observed for 2 and 4, compound 3 (the meta-isomer of 2), however,
was Inactive. Consequently, the hydroxyl-group in para position is
important for the activity while an OH in meta is tolerated by the
enzyme. Exchange of the 34-dihydroxy (4) by the 34-difluoro
substituents (6) results in a decrease of PgsD inhibition.

Compounds 7 and 8 have been reported as unnatural substrates
of a homologue of CHS2 namely CHS expressed in $. baicalensis |17,
Evaluation in our PgsD assay revealed an inhibitory activity below
15% at 50 pM. These results show that the phenyl ring is more
favorable as a molecular core than thiophene and furane, at least
within the set of tested compounds.

The methyl ester 10 showed a decreased inhibitory activity on
PqsD compared to the carboxylic acid 2. Interestingly, we observed
2 higher potency for the catechol-containing methyl ester 11 with
an ICs value of 51 uM in comparisen to the corresponding free acid
4 (26% of inhibition at 50 uM), On the contrary, 9 and 12 did not
inhibit the bactenal enzyme,

As the «f-unsaturated systemn has often been found to be a
toxicophor [ 18], we replaced the double bond of 11 by a saturated
linker. The resulting compound 17 showed an ICs; value of 27 pM
(Scheme 18) rendering the ethylene bridge a favorable modifica-
tion of the general scaffold. Further artemprs to improve activity
included synthesis of derivatives with different substituents on the
phenyl ring as well as the ester moiety (21-27, 31 and 36). Com-
pounds 21-24 were completely inactive at the test concentration of
50 uM, while 31 inhibited PqsD by only 37%, Intercstingly, in-
hibitors 25, 26, 27 and 36 showed promising activity in the cell-free
assay with 1Csp values of 23, 14, 8.6 and 5.9 uM, respectively, These
results highlight that the catechol is an essential structural feature
for inhibitory activity while the potency increases with the size of
the substituent on the ester moiety, The length of the alkylene
linker was varied for investigating its influence on PgsD inhibition
(28 and 30). The propylene bridge present in 30 was favorable for
inhibitor potency compared to 25 and 28 with a shorter linker
(Tabie 1), Methyl amide 34 was evaluated as an isostere of the

o o

7 X~8:
B X0

LRORAH;

2. R=H, RON,
30O, Ryl

4 RROKE,

& Ry=OMe, Ry~OH:
& R~Ry~¥

g L Cinnamic a0d anatogs tessed in Pgsl) assay. (1) Cimmames aod; (2] pcounsanc

aod; (3] m-coumark acd; (4) caffeic acld: (5) ferulic acd; [6) 3A-difluorocnamic
acsd: [7) 3-3-thienyl eyl ockd: (8] 343-furylcryiic acid.
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Table 1
Hiological acrivity of ested compounds.
R £ i 1
®
I)/\A Y K g\)s v m v
Ry Ry
4012 78 17, 21-28.30-31, 34, 36

Compound &, H; mY X PgsD X HHQ inhibstion m PAT4 clogP”

1€y pasH at 250 pM

(M)
1 H H aH 33 ni 213
@50 yMm
2 H OH OH D ni 163
250 uM
3 oH o o nh nd, 163
4 OH OH OH 6% 108 @500 oM 132
@50 um
5 OMe OH OH i nd 170
3 F F OH (131 nd 225
50 uM
7 OH 5125 nd 103
050 pM
8 OH 012x nd 133
#50 M
9 H N OMe ni. nd 249
10 H OH OMe 23 ni 174
o250 uM
n O OH  OMe 5i+4 3122 201
17 F OMe ni. ni 267
17 O OH 10H 2742 i L
2 H OH 1 OMe nh nd, 159
H Me 1 OMe [N ad 271
23 H  NO; 1 OMe ni. nd 224
24 H  NH; 1 OMe ni. nd 164
25 Of OH 1 OMe 21 1721 200
26 O OH 1 Okt Mel 1721 247
27 O OH 1 0IlPr B6 20616 277
28 OH OH 0 OMe W 2423 131
30 O OH 2 OMe 792021852 247
n O-CH; 1 OMe o ni 233
-0 @50 uM
34 O OH 1 NHMe W+4 ni 076
36 Off OH 1OCHh 59412 na 313

nd ~ nor desermened.
N o significant inhibition (< 10%}
* Calculated by ACD{Labs 2012 using ACD/LogP GALAS akgoretim.

corresponding ester 25, Both compounds displayed comparable
activity with 1Cyys of 20 uM and 23 uM, respectively,

To date, we have identified two modes of action for reported
PgsD inhibitors mainly differing in the binding site of a given
compound [19-21L The addressed inhibitors either interacted
directly with the active site residues or blocked the entrance of the
enzyme substrate channel. To shed light an the binding mode of the
novel compound class described herein, two specifically designed
SPR experiments were performed following a protocol described by
Weidel E. et al. | 20] The first experiment deals with the analysis of
binding between untreated PgsD and the compounds (Fig 24, Case
1. The second SPR run was performed for evaluating the in-
teractions between the protein, preincubated with ACoA, and the
inhibitors (Fig 2A, Case I1). If the binding sites of the inhibitor and
the anthraniloyl-PqsD adduct do not overlap similar association
and dissociation curves should be observed for both SPR experi-
ments (Fig 2B), The esters 9, 10, 11, 27, 30 and 36 were tested at
500 uM and 250 pM in both the assays. Considering the sensograms
of the first experiment, all the «,fi-unsaturated compounds 9, 10
and 11 did not disassociate completely (Fig, 2C, Fig 51LA}L This may
have two reasons: either these compounds possess a slow
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Fig. 2. Clanfcation of the bindimg mode by SPR. {A) Representative schemes of the two ible inhibitron mechanssans of PgsD. | 1 a competiton of ACoA in the aclve sae. 2 is an
inbibitor that hind the channel before the active site. Case |: Pgal) with the compounds. Case B: 1'gsD, preincubated with ACoA (A%} wath the inhébicors. [8) Theoeetical SPR
respanse curves of PgsD pretreated with ACoA draan using the equations described try OShannessy ef al. | 22). Bloe curve: chanmel Siocker inhibitor ssill binds PgsD after the
Creamment with ACoA. Red curve; ACoA competiton infibitar doesnt bind af all the bacterial enzynue. Response curves of 811 and 36 at 250 pM [green sensogrars ) and at 500 M (red
sensograms | with PysD withouot the treatment with ACoA (C) and alter the premcubation with ACoA [D), (For interpretation of the references to colour in this figare legend, the

reader is referved to the web version of thes article.)

dissociation rate or they are covalent binders. On the contrary, 27,
30 and 36 were completely released by the enzyme (Fig. 2D, Fig
SLE). The evaluation of the results of the second assay revealed
that all substances except 9 were able to bind the anthaniloyl-PqsD
complex and showed a binding behavior similar to the first
experiment (Fig. 2, Fig. 51),

These data indicate that this compound class does not compete
with ACoA upon binding to the enzyme. Thus, it is more Jikely that
these novel PgsD inhibitors interact with the upper region of the
substrate tunnel behaving like channel-blockers as also observed
for previously reported compounds [20.21], The determined
response curves for compounds with the saturated linker were in
accordance with the measured inhibitory potencies as 36 gave a
higher response then 30 and 27. Hence, the combination of the
phenyl ring on the ester moiety with the ethylene linker fits better
in the channel of PgsD increasing. consequently, the affinity of the
figand towards the bacterial protein,

Selected compounds were also tested in a cell-based assay using
a PAM4 posH™ mutant strain of I aeruginosa at a final concentration
of 250 uM following a previously described protocol [15] (see
Table 1). Among the tested compounds, the catechol derivatives
possessing an ester moiety (11, 25, 26, 27, 28 and 30) were able to
reduce the production of HHQ in the bacterial cultures without
affecting cellular growth {1able 1). In contrast to the results of the
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cell-free assay, the olefin 11 performed better than its saturated
analogue 25, while the methylene derivative 28 was slightly more
potent than the longer linkers (25 and 30), The in cellulo activity is
also influenced by the size of the ester moiety, While the methyl
(25], ethyl (26) and isopropyl (27) variants showed the same
reduction of signal molecule, the bulky benzy! derivative did not
exhibit inhibition HHQ production. Finally, while in the PgsD assay
the ester 25 and the amide 34 were equally potent, the latter
compound was completely inactive in the cell-based assay. These
observations together with our recently reported study regarding a
different class of PqsD inhibitors |23 emphasize the challenging
task to develop in cellulo active QS! following a target-based
approach, Nevertheless, considering the intrinsic low perme-
ability of the outer membrane of P, aeruginosa |24] and the high
efficiency of the efflux pumps, for example the MexAB-OprM
complex |25]. the in cellulo activity of some compounds. high-
lights that the scaffold has good properties for crossing the external
barners of Gram-negative bacteria. Further investigations are
needed for increasing the in vitro and in cellulo potency.,

3. Conclusions

Based on similarities between CHS2 and PqsD, the substrates of
the former enzyme and their analogues were evaluated for their
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activity on the bacterial signal molecule synthase, This led to the
discovery of a novel class of inhibitors possessing a catechol moiety
as an essential motif for activity, connected to an ester moiety
through an alkylene linker with at least two carbons. A structure
activity relationship was derived resulting in compounds 27, 30 and
36 with promising inhibitory activities in the single-digit micro-
molar range, The binding mode of compounds possessing the
saturated linker between the catechol and the ester moiety was
investigated by SPR revealing that these inhibitors do not bind
directly at the active site residues of PgsD, but more likely at the
entrance of the substrate channel. In ongoing studies we are
investigating a possible covalent mechanism of inhibition of this
catechol-based class of compounds, Notably, several derivatives of
this compound class were active in celfulo emphasizing favorable
properties of the scaffold enabling the compounds to cross the
Gram-negative outer membrane and to address cytoplasmic tar-
gets. Despite the inhibitory activity needs to be further optimized,
the discovered scaffold has some potential for the development of
novel anti-infectives for treating P acruginosa infections,

4. Experimental part
4.1, General

Starting matenals were bought from Acros Organics, Sigma
Aldrich and Alfa Aesar and were used without further purifications.
Column chromatography was performed using silica gel 60
(63~200 im) and the reactions were checked by TLC anatysis using
TLC Silica gel 60 Fpoy (Merck) under UV light. Purification by semi-
preparative HPLC was executed on an Agilent 1200 serles HPLC
system from Agilent Technologies using an Agilent C18 column
(30 « 100 mm{10 um) as starionary phase and a gradient of water
and acetonitrile as eluent. The purity of the compounds was
checked by analytical HPLC using a SpectraSYSTEM (ThermoFisher)
with a Macherey—Nagel C18 column (3 « 125 mm/5 pm) installed.
Mass spectra (ESI) were measured on a Finnigan Surveyor MSQ Plus
(ThermoFisher). Mass spectra (El) were measured on a DSQU in-
strument (ThermoFisher), All compounds were obtained with a
purity >95%, "H and PC NMR spectra were recorded on a Bruker
DRX-500 instrument at 300 K. Chemical shifts are reported in
4§ values (ppm) and the hydrogenated residues were used as in-
ternal standard (acetone-ds: 'H = 205, YC = 29.84; CDCl3:
'H = 7.26, V'C = 77.16). Splitting patterns are designated as follows:
s, singler; d. doublet; dd, doublet of doublet; ddd, doublet of
doublet of doublet: t, triplet; ddt. doublet of doublet of triplet; qua,
quartet; qui, quintet; hep, heptet; ws, wide singlet; m, multiplet.
The coupling constants {J) are given in hertz (Hz)., The melting
points of the compounds were determined by SMP3 Melting Point
Apparatus from Bibby Sterling using capillaries with one end open.
The clLogP were calculated using ACD/Percepta Platform (ACD/
Percepta, 2203 - released 2012, Advanced Chemistry Develop-
ment, Inc., Toronto, ON, Canada, www.acdlabs.com, 2014) via the
GALAS algorithm, High-resolution mass spectra were recorded on a
Dionex Ultimate 3000 RSLC system using a Waters BEH (18,
50 « 21 mm, 1.7 pm dp column by injection of two ul methanolic
sample. Separation was achieved by a linear gradient with (A)
H30 + 0.1% formic acid to (B) ACN + 0.1% formic acid at a flow rate
of 600 pl/min and 45 “C. The gradient was initiated by a 0.33 min
isocratic step at 5% B, followed by an increase to 95% B in 9 min to
end up with a 1 min flush step at 95% B before reequilibration under
the initial conditions, UV and MS detection were performed
simultaneously. Coupling the HPLC to the MS was supported by an
Advion Triversa Nanomate nano-ES| system attached to a Thermo
Scientific Orbitrap, Mass spectra were acquired in centroid mode
ranging from 100 to 1000 m/z or from 200 to 2000 miz at a
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resolution of R -~ 30,000. The theoretical exact masses refer to the
protonated species,

4.2. Synthesis

4.2.1. General procedure for the synthesis of compounds 9-12 and
21-29

Alter dissolving the carboxylic acid in the alcohol, three drops of
H 504 95% were added to the solution and the mixture was
refluxed for 24 h. The solvent was evaporated under reduced
pressure and water was added to the crude mixture. The pH of the
aqueous layer was adjusted to 7 adding drops of a saturated solu-
tion of NaHCO3 and brine was added in the mixture, The aqueous
layer was extracted three times with ethyl acetate; the organic layer
was dried over Na;SOy and the solvent was evaporated under
reduced pressure vielding the final compound. Further purification
step was made when it was necessary.

4211, Methyi cinnamare (9). The carboxylic acid 1 (200 mg,
1.35 mmol) and MeOH (15 ml) were used. 155 mg (71%) of yellow
crystalline solid were obtained. 'H NMR (500 MHz, acetone-dy):
3.75(5,3HL 6.55 (d. | = 160, TH}, 7.43-7.44 (m, 3H). 7267-7.70 (m,
3H). 3C NMR (125 MHz, acetone-dg): 517, 118.8,129.0, 129.8,131.2,
1354, 1453, 167.5. MS (ESI) m/z: [M + MeCN + H]' = 204.06,
Purity = 9819% Mp = 36-38 'C. HRMS: cakulated m/
z = 163.07536, experimental myz = 163.07517,

4212, Methyl {E)-3+{4-hydroxyphenyljacrylate {10), The carbox-
ylic acid 2 (150 mg, 0.91 mmol) and MeOH (15 ml) were used,
162 mg {100%) of yellow crystalline solid were obtained. 'H NMR
{500 MHz, acetone-ds): 3.72 (s, 3H), 6.34(d, | = 16.0, 1H), 6.88-6.91
(m, 2H). 754-7.57 (m, 2H), 7.60 (d, | ~ 15.6. 1H), 8.86 (s, 1H). *’C
NMR (125 MHz, acetone-dg): 51.5, 1153, 116,7, 127.0. 130.9, 1454,
1606, 1679. MS (ESI) m/z: [M + MelN + H} ° = 22002
Purity = »99% Mp ~ 129-132 “C. HRMS: calculated m/
2 = 17907027, experimental myz = 17907029,

4.2.1.3. Merhyl (E)-3-(3.4-dilvdroxyphenylJacrylate (7). The car-
boxylic acid 4 {500 mg. 2,77 mmol) and MeOH (50 mi) were used,
543 mg (100%) of orange crystalline solid were obtained. 'H NMR
(500 MHz, acetone-dy): 3,71 {53H), 628 (d, ] - 15.8, TH), 6,87 (d,
J=82,1H), 704 (dd,} = 8.2,] = 2,5, 1H), 7.I5(d.zj =25, 1HL753(d,
J = 156, 1H), 817 (ws, 1H), 844 (ws, 1H). C NMR (125 MHz,
acetone-dg): 51.5,115.2, 115.4, 1164, 122.5,127.6,145.7, 146.3, 1488,
167.8, MS (ESI) m/z: [M = MeCN <+ H| * = 235.93. Purity = >99%,
Mp = 160-162 “C. HRMS: calculated myz = 19506519, experi-
mental m/z - 195.06533.

4204, Methyl (E)-3+3A-difluorophenyl jacrylate (12). The carbox-
ylic acid 6 {250 mg. 1.36 mmol) and MeOH (25 ml) were used,
265 mg {100%) of white crystalline solid were obtained. '"H NMR
(500 MHz, acetone-dg): 3.75(s, 3H),6.58 (d, ] = 15.7, 1H), 7.37-743
(m, 1H), 754757 (m, 1H), 764 (d, J -~ 16,6, 1H), 7.74 (ddd, J - 1.7,
J =78, =22, 1H). *C NMR (125 MHz. acetone-ds): 51,9, 1174 (d,
J =18, [ 118.7(d.) = 18,/5),1202(d, ] = 3. J4) 126.5(dd. ) = 7. = 3,
Jada) 1332 (dd, ) = 7. ) = 3, J3J¢). 143.0, 150.7 (dd. | = 102, ] = 15,),,
Ja) 152.7 (dd, | = 105, ) = 15, ] J2), 167.2. MS (El) myz: [M] ™ = 197.9,
Purity « >99% Mp « 78-80 "C. HRMS: calculated nyz -~ 199.05651,
experimental m/z ~ 19905641,

4.2.1.5. Methyl 3-(4-hydroxyphenyl jpropanoate (21) The carboxylic
acid 13 (150 mg, 0.90 mmol) and MeOH (15 ml) were used, 100 mg
(62%) of yellow crystalline solid were obtained. 'H NMR (500 MHz,
acetone-dg): 2.55 (L, ) « 7.8, 2H), 2.80 (1, J ~ 7.8, 2H), 3.60 (s, 3H),
6.73-6.76 (m, 2H), 703707 (m. 2H), 8.08 (s, 1H). "*C NMR
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(125 MHz, acetone-dg): 30.8, 36,6, 51.5, 1160, 130.1, 1324, 156.7,
173.5, MS (ESI) m/z: [M + Hz0] * = 198,02, Purity = 97.02%
Mp = 46-48 'C. HRMS: calculated mi/z ~ 181.08592, expenimental
myz - 181,08604,

4.2.16. Methyl 3-(p-tolyljpropancate (22). The carbaxylic acid 14
(100 mg, 0.61 mmol) and MeOH (10 ml) were used, 80 mg (73%) of
yellow crystalline solid were obtained, "H NMR (500 MHz, acetone-
dg): 227 (s, 3H), 258 (1, | = 8.0, 2H), 2.86 (1, ] = 7.2, 2H), 3.60 (s, 3H),
707712 (m, 4H), UC NMR {125 MHz, acetone-dy): 21.1, 31.2, 36.3,
51.6,129.1,129.9,136.3, 138.8, 173.5. MS {ESH) m/z: M + MeCN + H|
* = 220,02, Purity - 95.34% Mp - 40-42 “C. HRMS: calculated m/
2 - 179,10666, experimental m/z ~ 179,10687.

4.2.1.7. Methyl 3-(4-nitrophenyl Jpropanoate (23). The carboxylic
acid 15 (150 mg, 0.77 mmol) and MeOH (15 mi) were used. 142 mg
(88%) of yellow crystalline solid were obtained. 'H NMR {500 MHz,
acetone-dg): 2.72 (. ] = 7.5, 2H), 3.07 (1, | = 8.2, 2H), 3.61 (s, 3H).
7.55-7.57 (m, 2H). 8.15~-8,17 (m, 2H) "*C NMR ( 125 MHz, acetone-
dg): 312, 35.2, 51.8,124.3,130,5, 147.6, 150.0, 173.0. MS (El) m/z: M|
“ L 208.9. Purity - >99% Mp - 67-70 "C. HRMS: calculated my
z - 21007608, experimental myz « 210.07588,

4.2.1.8. Methyl 3-(4-aminophenyiJpropanoate (24}, The carboxylic
actd 16 (150 mg, 0.91 mmol) and MeOH (15 mi) were used, The
crude dried reaction mixture was dissolved in anhydrous THF
(2 ml) and cooled with an ice-water bath. HCl 4N in dioxane (2 ml)
was added dropwise to the solution until the formation of a pre-
cipitate isolated by filtration, 98 mg (74%) of a yellow crystalline
solid were obtained. 'H NMR (500 MHz, acetone-d): 2.68 (1. ] - 7.6,
2H) 2.99(1,] = 8.0, 2H), 3.62 (8, 3H), 745 (5, 4H). ""C NMR ( 125 MHz,
acetone-dg): 310, 356, 517, 1254, 1303, 1350, 143.8, 173.2. MS
(ESt) mfz: [M+H]™ = 180,12, Purity ~ >99%. Mp - 178-180 ‘C
HRMS: calculated m/z — 180,1019], experimental m/z - 180.10197,

4.219. Methyl 3+{34-dihydroxyphenyl)propanoate (25). The car-
boxylic acld 17 (500 mg, 2.74 mmol) and MeOH (50 ml) were used.
433 mg (80%) of yellow crystalline solid were obtained. 'H NMR
(500 MHz, acetone-dg): 2.53 (t, ] = 7.9, 2H), 2.76 (t. ] = 8.0, 2H), 3.60
(% 3H). 654 (dd, ) = 8.0, = 2.0, 1H). 6.70-6,73 {m, 2H), 7.60 (ws,
1H), 7.65 {ws. 1H). C NMR (125 MHz, acetone-dgs): 310, 36.5, 51.5,
116.0, 1162, 1203, 1334, 1442, 1458, 1735. MS (ES1) myz
M + Hz0| ' = 213.95. Purity = >99%, Mp = 77-79 “C. HRMS;
calculated myfz = 197.08084, experimental m/z = 197.08106.

4.2.1.10. Ethyl 3-(34-dihydroxyphenyl propanoate (26), The car-
boxylic acid 17 {150 mg, 0.82 mmol) and EtOH (15 ml) were used.
145 mg (B4%) of yellow oil were obtained. 'H NMR (500 MHz,
acetone-ds): 118 (L[ = 6.9,3H), 2.52(t, ) = 74, 2H), 275 (1, ] = 7.9,
2H), 4.06 (qua, | = 7.3, ZH), 6.55 (dd, ] = 7.9, ] = 2.0, 1H), 6,71 (m,
2H), 7,63 (5, 1H), 7.68 (s, THL. "C NMR (125 MHz, acetone-dg): 14.5,
31.0,36.8, 60,5, 116.0,116.3, 120.4,133.4, 1442, 1458, 173.0. MS (ESI)
myz: IM+H]' = 210.88. Purity = 95.11% HRMS: calculated my/
7« 211,09649, experimental m/z ~ 211,09626,

4.2.1.11. tsopropyl 3-(3,4-dihydroxyphenyl jpropanoate (27).
The carboxylic acid 17 (250 mg, 1.37 mmol) and iPrOH (25 ml) were
used. 270 mg (88%) of yellow oil were obtained, 'H NMR (500 MHz,
acetone-ds): 117 (d, ] = 6.2, 6H), 249 (t, ] = 7.3,2H), 2.75(t. ] = 7.9,
2H), 4,93 (hep, | ~ 63, 1H), 6,55 (dd, ) - 79,/ - 22, 1H). 6,71-6.73
(m, 2H), 7.64 (ws, TH). °C NMR (125 MHz, acetone-dg): 22.0, 31.1,
37.1, 67.8, 1160, 116.3, 120.4, 1334, 144.2, 145.7, 172.6. MS {ESI) m/z:
[MAH]T = 22510. Purity - >99%  HRMS: calculated m/
z = 22511214, experimental myjz = 225.11201,
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42112, Methyl 2+(34-dihydroxyphenyiJucetate (28), The carbox-
ylic acid 18 (100 mg, 0.59 mmol) and MeOH (10 ml) were used.
60 mg (56%) of yellow crystalline solid were obtained. '"H NMR
(500 MHz, acetone-dg): 3.46 (s, 2H), 3.61 (s, 3H), 6,60 (dd, | - 8.0,
] =24,1H),6:75(d,) = 8.2, 1H),6.78 (d, ] = 2.5, 1H), 7.78 (s, 2H). "'C
NMR (125 MHz, acetone-dy): 40.7, 519, 116.0, 117.2, 1215, 1270,
1449, 1458, 1726, MS (ESI) m/z: [M + H;0] = = 199.88.
Purity = >99%, Mp = 5255 "C. HRMS: calculated myz = 183.06519,
experimental m/z « 183.06534.

4.2.1.13. Methyl 4-(34-dimethoxyphenyl jbutanoare (29). The car-
boxylic acid 19 (1.00 g, 4.46 mmaol) and MeOH (100 ml) were used.
900 mg (85%) of yellow crystalline solid were obtained, "H NMR
(500 MHz, acctone-dg): 1.88 (qui, J = 7.2, 2H), 230 (t, ] = 7.2, 2H),
257 (6] = 76, 2H), 3.61 (5, 3H), 3.76 {5, 3H), 3.79 (5. 3H), 6.71 (dd.
J=8.3.]=24,1H),682(d,J = 2.1, 1H).6.84 (d.] = 8.0, 1H), "CNMR
(125 MHz, acetone-dg): 27.6, 33,7, 35.3, 51.5, 56,1, 56.2. 113.0, 113.5,
121.2, 135.2, 148.8, 150.4, 174.0, MS (ESI) m/z: [M+H]|" ~ 238,97,
Purity = >99%, Mp = 3234 “C. Intermediate 29 was used as is for
the synthesis of 30,

422, Synthesis of compound 30
4221 Methyl 4-{34-dilydroxyphenyl)butanoate (30) After dis-
solving 29 (400 mg. 1.68 mmol) in CHaCl; (20 ml), the solution was
cooled with an ice-water bath. BBry LO N in CHC; (10 ml,
10 mmol ) was added dropwise and the reaction mixture was stirred
for 2 h at 0 °C under N3 atmosphere, Ice was added to the mixture
and the system was stirred overnight warming up to room tem-
perature. Brine was added to the mixture and, then, it was extracted
three times with CHaCla: the organic layers were collected, dried
over NazS04 and the solvent was evaporated under reduced pres-
sure. The crude extract was purified by column chromatography
(hexane/ethyl acetate 8:2) yielding 258 mg (73%) of 30 as a yellow
oil. "H NMR (500 MHz, acetone-ds): 183 (qui, | = 7.2, 2H), 2.28 {t.
J=752H).249 (¢, f = 7.8, 2H}, 3.61 (s, 3H), 6,52 (dd. ) = 8.0, ) = 2.3,
1H), 6.68 (d, | = 2.1, 1H), 6.72 (d. ] = 8.0, 1H), 7.62 (ws, 2H). "C NMR
(125 MHz, acetone-ds): 27.7, 33.6, 35.0, 51.5, 116.0, 1163, 120.5,
134.2, 144.0, 1458, 1740, MS (ESI) my/z; [M-OMe] * « 179,09,
Purity = 98,10% HRMS; calculated myz = 21109649, experimental
myz = 211.09649.

4.23. Synthesis of compound 32

4.2.3.1. 3-(34-Bis{(tert-butyldimethylsilyl Joxy Jphenyl)propanoic
acld (32). After dissolving 17 (100 £ 548 mmel) in DMF (11 ml),
imidazole (3.73 g 54.80 mmeol) and TBDMSCI (3,72 & 24.66 mmol)
were added and the reaction mixture was stirred for 48 h at room
temperature, Saturated solution of NH,Cl (40 ml) was added to the
reaction and the mixture was extracted three times with ethyl ac-
etate. The organic layers were collected together, washed with
brine, dried over NazS0O4 and the solvent was evaporated under
reduced pressure, The crude extract was dissolved in a mixture of
THE/MeOH/H;0 1:3:1 (25 mi), K;CO5 (757 mg. 548 mmol) was
added in the solution and the system was stirred for 30 min at room
temperature. The mixture was concentrated under vacuum at room
temperature. Water was added to the crude mixture and drops of
HCE 1 N were added until the pH = 7, The aqueous solution was
diluted with brine and extracted three times with ethyl acetate. The
organic layers were collected together, dried over NayS0O, and the
solvent was evaporated under reduced pressure. The crude extract
was purified by column chromatography (hexane/ethyl acetate 9:1)
yielding 2.14 g (95%) of 32 as a white crystalline solid. '"H NMR
(500 MHz acetone-dg): 0.21 (5. 6H) 0.22 (s, 6H), 0.99-1.01 {m,
18H).2.56 (t,J = 7.8,2H), 2.80(t, ) = 7.7, 2H),6.72(dd, ] - 8.1, ) = 2.3,
1H)L6.79(d,} ~ B.1, THL 681 (d, ] - 2.1, 1H), 1053 (ws, TH), C NMR
(125 MHz acetone-dg): -3.86, -3.81, 19.02, 19.04, 26.35. 26.37.
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30.8,36,1,121.8, 122.1,1222,135,5, 1458, 1473, 173.9, MS ( ES1) m/z:
|M+H]" = 410.84. Purity = >99%. Mp = 92--93 “C, Intermediate 32
was used as is for the synthesis of 33 and 35.

424, General synthesis of compounds 31 and 35

After dissolving the carboxylic acid in toluene (10 ml), SOCl,
(1 ml) was added and the reaction mixture was refluxed. The
toluene was removed under vacuum and the crude mixture was
dissolved In CH,Cl; under N; atmosphere. The alcohol and EryN
were added together to the solution and the reaction mixture was
stirred at room temperature for some hours, Brine was added to the
mixture and, then, it was extracted three times with CHCly; the
organic layers were collected, dried over Na;SO4 and the solvent
was evaporated under reduced pressure.

4.24.1. Methyl 3-(benzofd[[ 1.3 [dioxol-5-y)propanoate (31},
The carboxylic acid 20 (100 mg, 0.51 mmol} was used and the
mixture was refluxed for 4 h: MeOH (1 ml) and EtyN (1.5 mi) were
added in the second step and the mixture was stirred overnight,
The crude extract was purified by column chromatography (hex-
anefethyl acetate 8:2) yielding 21 mg (20%) of 31 as a colorless oil,
"H NMR (500 MHz, acctone-dg): 2.57 (t.] = 7.4. 2H), 283 (t, | = 74,
2H), 3.61 (s, 3H) 5.94 (s, 2H), 6.69 (ddd. J = 7.9, ) = 1.7.) = 1.0, 1H),
6.73(d.) ~ 7.8, 1H), 6.77 (d.] = 1.7, 1H}. *C NMR (125 MHz, acetone-
de): 313, 364, 51.6, 1018, 108.9, 1096, 122.0, 135.6, 1469, 149.6,
173.4. MS (ESI) myz: [M -+ MeCN + H] * = 249.86. Purity = 96.14%,
HRMS: calculated myz — 209.08084, experimental m/2 — 209.08058.

4242, Benzyl 3-(34-bis{(tert-butyldimethylsilyl Joxy \phenyl jprop-
anoate (351 The carboxylic acid 32 (410 mg, 1.0 mmol) was used
and the mixture was refluxed for 3 h: benzyl alcohol (104 ul,
1.0 mmol) and EtyN (140 pl, 1.0 mmol) were added in the second
step and the mixture was stirred for 2 h. The crude extract was
purified by column chromatography (hexane/ethyl acetate 9:1)
yielding 408 mg (81%) of 35 as an orange oil, '"H NMR {500 MHz,
acetone-dg): 0.20-0.22 (m, 12H), 0.99-1.01 (m, 18H), 2.64 (1, = 7.7,
2H), 284 (1, ] = 7.5, 2H), 5,10 (s, 2H), 6.70 (dd, J = 82, ] = 2.0, 1H),
6.78(d.] ~ 8.2, 1H), 6.80(d.J ~ 2.6.1H), 7.33-7.36 (m. 5H). "C NMR
(125 MHz, acetone-dg): —3,85, -3.80, 19.0, 2635, 26,37, 30.8, 36,5,
66.4, 121.8, 1221, 122.3, 128.78, 128.83, 1293, 135.1, 1375, 145.9,
147.4, 172.9. MS (ESI) m/z: [M{H|" « 501.07. Purity - >99% Inter-
mediate 35 was used as is for the synthesis of 36,

4.2.5. Synthesis of compound 33

4.2.5.1. 3-(3.4-Bis((tert-butyldimethylsilyl Joxy Jphenyl)-N-methyl-
propanamide (33). After dissolving 32 (200 mg 049 mmol) and
EryN (165 pl, 118 mmol ) in DMF (5 ml), the solution was cooled with
an ice-water bath. NH4Cl (40 mg, 0.59 mmol) was added to the
mixture; BOP (217 mg, 0.49 mmol) was dissolved in CH,Cly (5 ml)
and, then, added to the reaction mixture, The solution was stirred
for 2 h at 0 "C under N3 atmosphere. HC 1 N (15 ml) was added to
the reaction and the mixture was extracted three times with ethyl
acetate, The organic layers were collected together, washed in
sequence with a saturated solution of NaHCO3 and brine, dried over
Na,;S0, and the solvent was evaporated under reduced pressure,
The crude extract was purified by column chromatography (hex-
anc/ethyl acetate 1:1) yielding 121 mg (58%) of 33 as a white
crystalline solid. TH NMR (500 MHz, acetone-dg): 020 (s, 6H). 0.21
(5, 6H),0.99-1.01 (m, 18H}, 237 (¢, ] = 7.6, 2H), 266 (d.] = 4.7, 3H),
2.78(t,] = 79,2H), 667 (dd, ) = 8.2.] = 2.1, 1H), 6.76-6.78 (m, 2H),
6.88 (ws, TH). "C NMR (125 MHz, acetone-dy): ~3.85, -3.80, 19,0,
26,0, 26.36, 26,38, 31.5, 38.6, 121.7, 122.1, 122.2, 136.1, 1456, 1473,
1725. MS (ES1) m/z |[M+H]" ~ 42385 Purity - 9826%
Mp ~ 98-100 °C, Intermediate 33 was used as is for the synthesis of
34,
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4.2,6. Synthesis of compounds 34 ond 36

After dissolving the silyl ether compound in THF (4 ml), the
solution was cooled with an ice-water bath. HCl 1 N (1 ml) and TFA
(0,5 ml) were added to the solution and the mixture was stirred at
room tempesature for 24 h. Drops of saturated solution of NaHCO3
were added to the mixture until the pH was adjusted to 7; brine
was added to the mixture which was extracted three times with
ethyl acetate, The organic layers were collected together, dried over
Na;504 and the solvent was evaporated under reduced pressure.

4.26.1, 33 4-Dikydroxyphenyl l-N-methylpropanamide (341
The sily! ether 33 (100 mg, 0.24 mmol ) was used. The crude extract
was purified by column chromatography (pure ethyl acetate)
yielding 36 mg (77%) of 34 as a colorless oil. 'H NMR (500 MHz,
acetone-dg): 2.33-2.36 (m, 2H), 266 (d, | ~ 4.8, 3H), 2.72-2.75(m,
2H), 6,52 (dd, ] = 7.9, ] = 2.2, TH), 6.68-6.70 (m, 2H), 6.88 (ws, 1H),
7.65 (ws, 2H). '*C NMR (125 MHz, acetone-ds): 26.0, 31.8, 38.9,
1159, 1162, 1203, 1342, 1441, 1457, 1728, MS (ESI) my/z:
IM=H]" = 196,05. Purity = 96,03% HRMS: calculated m/
Z = 19609682, experimental m/z = 196.09659,

4262, Benzyl 3-34-dihydroxyphenyl Jpropancate (36). The silyl
ether 35 (200 mg, 0.40 mmol) was used. The crude extract was
purified by semi-preparative HPLC (mobile phase: water, acetoni-
trile; flow rate: 5 mijmin; gradient: 035 min, lincar gradient 30%~
70% acetonitrile) yielding 24 mg (22%) of 35 as a yellow crystalline
solid, "H NMR (500 MHz, acetone-dy): 2,61 (L) = 7.2, 2H), 279 (1,
J=79,2H).510{s, 2H. 655 (dd, ) = 82.] = 2.2, IH), 6.70-6.72 (m,
2H), 7.29-7.37 (m, 5H), 764 (5, 1H). 7.68 (s, 1H). "C NMR (125 MHz,
acetone-dg): 310, 36,7, 66,3, 1161, 116.3, 1204, 1287, 1288, 129.3,
133.3, 137.6, 144.3, 1458, 173.0, MS (ESI) m/z: [M+H|' = 272.84,
Purity ~ 9534% Mp -~ 50-53 "C. HRMS: calculated my/
2 = 27311214, experimental m/z = 273.11207.

4.3. Biology

4.3.1. Expression and purification of recombinant PgsD

The procedure for expressing and purlfying recombinant Pgsb
was conducted as recently described by us | 15), BL21 (ADE3) E coll
were transformed with the plasmid encoding PgsD (pT280( + )/
pgs) and the expression of the protein was induced with IPTG
overnight. After collecting the cells and lysis through sonication,
the recombinant Hisg-tag PgsD was separated from the lysate via
immobilized metal on affinity chromatography (IMAC) followed by
gel filtration. In the SPR expenments, Hisg-PgsD was used without
cleaving the tag as previously reported [20]; in the enzyme inhi-
bition assay, protein without the histidine-tag was employed, The
Hisg-tag was cleaved treating the Hisg-tag PqsD with thrombin and
a second IMAC was run obtaining the purified protein.

4.3.2. Enzyme inhibition assay using recombinant PgsD

The 1Csp values were determined checking the enzyme activity
by measuring the HHQ concentration as described in our previous
work | 16], PgsD was incubated with the compound for 10 min
before the addition of the substrates ACoA and g-ketodecanoic acid,
The in-house PqsD inhibitor 4-(3-(NN-diethylsulfamoyljbenza-
mido}-| 1.1"-biphenyi}-3.4'-dicarboxytic acid (ICsg = 2.7 uM) pub-
lished by Weidel et al. [20] was used as positive control. All
compounds were tested in sexcduplicates,

4.3.3. Surface plasmon resonance

SPR experiments were carried out using @ Reichert SR7500DC
instrument optical biosensor (Reichert Technologies, Buffalo, NY,
USA) and CMDS00 M sensor chips obtained by XanTec (XanTec
Bivanalytics, Diisseldorf. Germany). Processing and analysis of the
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data were performed using Scrubber software, Changes in refrac-
tive index due to DMSO-dependent solvent effects were corrected
by use of a calibration curve (seven solutions, 4.25%--5.75% DMSO
in buffer solutions).

The immobilization of His-tagged protein was performed
following the procedure developed by Henn et al. |26] at 18 'C
using standard amine coupling chemistry. Hy-PgsD (38.4 kDa, >90%
pure based on SDS PAGE) was immobilized at densities of 5521
pRIU for the binding affinity assay and 5959 uRIU for the binding
studies with ACoA.

The binding assays were carried out using the protocol set up by
Weidel et al. [20] with some modifications. At a constant flow rate
of 30 plimin using Instrument running bufler {10 mM Hepes, pH
7.4, 150 mM NaCl, 5% DMSO (vjv), 0.05% P-20 (v/v)), 9-11, 27, 30
and 36 were tested at two concentrations, 500 pM and 250 pM. The
compounds were injected consecutively employing 120 s of asso-
ciation and 300 s of dissociation. Experiments were performed
twice, In the second experiment, ACOA (100 pd) was injected for
40 min with a constant flow of 5 pl/min to saturate the ACoA
binding site, Afterwards, the flow rate was increased to 50 pl/min
and kept stable for 30 min in order to flush all unreacted reagents
and residue CoA away until reaching the stability of the baseline
signal. The flow was decreased to 30 pl/min and additional ACoA
(10 uM) was injected for 120 s association and 300 s disseciation 1o
investigate if the binding site is fully blocked (no signal was
observed). Then, the compounds {tested at 500 yM and 250 uM)
were Injected again for 120 s of association and 300 § of dissocla-
tion. The obtained binding signals in the equilibdum were
compared to those obtained without ACoA pretreatment, Expeni-
ments were performed twice,

4,34, Cultivation of P. aeruginosa PAM posH  mutant

The cultivation of bacterial cells for the measurement of extra-
cellular HHQ levels was set up following the protocol developed by
Lépine et al. [27]: cultures of P aeruginosa PAT4 pgsH’ transposon
mutant {initial ODgyy = 0.02) were incubated with or without
compound (final DMSO concentration 15, v/v) at 37 °C, 200 rpm
and a humidity of 75% for 16 h in 24-well Greiner Bio-One Cellstar
plates {Frickenhausen, Germany) filled in 1.5 ml medium per well
Cultures were generally grown in PPGAS medium (20 m M NHCL
20 mM KCI, 120 mM Tris-HQ, 1.6 mM MgSQy4, 0.5% (w/v) glucose,
1% (w/v) Bactopy Tryptone), For each sample, cultivation and
sample work-up were performed in triplicates,

4.3.5, Determinartion of extracellular HHQ

Extraceliular fevels of HHQ were measured following the pro-
cedure of Lépine et al. with the modifications described subse-
quently [27). 50 pl of 4 10 uM methanolic solution of the internal
standard  {IS)  5,6,7.8-tetradeutero-2-heptyl-4 1H)-quinolone
(HHQ-dy) were added in an aliquot of 500 ul of bactenal culture
and. then, extracted with ethyl acetate (1 ml) by vortexing, After
centrifugation, 400 ul of the organic layer were evaporated in LC
glass vials. The crude extract was dissolved in methanol. UHPLC-
MS/MS analysis was set up as described in our previous work
[ 15]. The following ions were monitored (mother ion {m/zL product
ion [m/z), scan time [s}, scan width [m/z}, collision energy [V), tube
Iens offset [V]): HHQ: 244,159, 0.5, 0,01, 30, 106; HHQ-d4 (iS): 248,
163, 0.1, 0.01, 32, 113. The data was acquired using Xcalibur software
and quantified through a calibration curve relative to the area of the
IS. The in-house PgsR antagonist 2-heptyl-6-nitro-4-oxo-14-
dihydroquinoline-3-carboxamide published by Lu et al. [28] was
used as positive control of the assay and it was tested at 15 pM
resulting in 54% of reduction.
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9.3 Elucidation of the profile of MvfR-regulated small molecules in
Pseudomonas aeruginosa after Quorum Sensing Inhibitors treatment

Introduction
Pseudomonas aeruginosa is a ubiquitous Gram-negative bacterium able to cause severe chronic
infections in immuno-compromised patients, for example in people affected by cystic fibrosis
(Gbmez, Prince, 2007) or thermally injured individuals (Tredget et al., 2004). The eradication of this
pathogen with antibiotic treatments is becoming more and more difficult because of its intrinsic and
acquired resistance (Hancock, Speert, 2000; Aloush et al., 2006) and tolerance (Mulcahy et al.,
2010) toward these drugs. A new promising strategy for treating Pseudomonas aeruginosa
infections is blocking its pathogenicity without Kkilling the bacteria targeting a cell-to-cell
communication system called Quorum Sensing (QS) (Hurley et al., 2012).
This bacterium employs four interconnected QS systems, namely las, igs, pgs, and rhl that regulate
the expression of several toxins needed for adjusting its metabolism and virulence during the course
of infection (Lee, Zhang, 2015). The pgs QS system is selectively expressed by P. aeruginosa and
utilizes the signal molecule Pseudomonas Quinolone Signal (PQS) and its precursor 4-hydroxy-2-
heptylquinoline (HHQ) for activating the transcriptional regulator MvfR (Multiple Virulence Factor
Regulator), also called PgsR. This protein induces the production of different toxins, such as lectins,
pyocyanin, and hydrogen cyanide. It also regulates the expression of enzymes needed for the
biosynthesis of its natural ligands encoded by the pgsABCDE operon (Xiao et al., 2006) and has
been shown to be essential for persister cells development (Que et al., 2013).
Briefly, the synthesis of HHQ and PQS starts with the conversion of anthranilic acid (AA) into its
Coenzyme A (CoA) thioester derivative by the action of CoA-ligase PgsA. The activated molecule
is then condensed with malonyl-CoA by PgsD leading to the formation of 2'-aminobenzoylacetyl-
CoA (2-ABA-CoA), which is subsequently hydrolyzed by the thioesterase PgsE into 2'-
aminobenzoylacetate (2-ABA) (Dulcey et al., 2013; Drees, Fetzner, 2015). This reactive
intermediate is transformed into HHQ by the heterodimer PqsBC bearing an octanoyl chain (Dulcey
et al., 2013). Finally, PgsH oxidizes HHQ into PQS (Schertzer, et al., 2010) (Fig. 1).
Furthermore, 2-ABA-CoA and 2-ABA are intermediates for the biosynthesis of other important
metabolites. Actually, both compounds can cyclize leading to the formation of dihydroxyquinoline
(DHQ), which has been shown to be fundamental in P. aeruginosa pathogenicity (Gruber et al.,
2016), and in reducing the growth of epithelial cells (Zhang et al., 2008). Moreover, after
decarboxylation, 2-ABA is converted into 2'-aminoacetophenone (2-AA), an important signal
molecule that coordinates the transition from acute to chronic infection and the development of
persister cells (Kesarwani et al., 2011; Que et al., 2013). In addition, 2-ABA could be converted into
its hydoxylamine form by the oxidase PqgsL and, then, transformed into 4-hydroxy-2-
heptylquinoline-N-oxide (HQNO) by the complex octanoyl-PgsBC (Dulcey et al., 2013). HQNO is
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essential for biofilm formation because it favors extracellular DNA release by programmed cell
lyses of the bacteria (Hazan et al., 2016).
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Figure 1 Current model of the biosynthetic pathway of MvfR-related small molecules. AA: anthranilic acid. COASH:
Coenzyme A. MCoA: malonyl-CoA. 2-ABA-CoA: 2'-aminobenzoylacetyl-CoA. 2-ABA: 2'-aminobenzoylacetate. DHQ:
dihydroxyquinoline. 2-AA: 2'-aminoacetophenone. 2-HABA: 2'-hydroxylaminobenzoylacetate. HHQ: 4-hydroxy-2-
heptylquinoline. HQNO: 4-hydroxy-2-heptylquinoline-N-oxide. PQS: Pseudomonas Quinolone Signal.

Among the potential targets for blocking the pgs system, we herein discuss the transcriptional
regulator MvfR and the biosynthetic enzyme PgsBC. So far, a number of MvfR antagonists and
PgsBC inhibitors has been developed that efficiently reduced HHQ and PQS production in P.
aeruginosa (Zender et al., 2013; Lu et al., 2014a; Starkey et al., 2014). The aim of this work was to
gather detailed information about the effects of these QS Inhibitors (QSIs) on the production of
MvfR-related small molecules including 2-AA, DHQ, HQNO, HHQ, and PQS. Furthermore, we
monitored the expression of the pgs operon in a time-dependent manner upon treatment with the
aforementioned QSls.

Among the QS molecules, 2-AA was proven to be important in the development of P. aeruginosa
persister cells (Kesarwani et al., 2011; Que et al., 2013), which are metabolically inactive
individuals within the bacterial population (Lewis, 2010). Due to their dormant state, antibiotic
efficacy is severely impaired in this bacterial sub-group. Targeting persistence by blocking 2-AA
production through QS inhibition was shown to be a promising strategy (Starkey et al., 2014).
Consequently, an additional goal of the work was to quantify persister phenotype of P. aeruginosa
after treatment with QSls.
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Material and Methods:
Chemicals and growth media
1, 2 and 3 were synthesized as described in literature (Rahme et al, 2012; Zender et al., in press;
Storz et al., 2014). d4-HHQ was synthesized following the procedure of HHQ using ds-aniline (Lu et
al., 2012). 4 and amitriptyline were purchased from ChemDiv (USA) and Alfa Aesar (Germany),
respectively.
Water (Th. Geyer, Germany), acetonitrile (VWR, Germany) methanol (Sigma-Aldrich, USA) and
formic acid (Fluka, USA) were LC—MS grade and used for HPLC—MS/MS experiments.
Yeast extract (Fluka, Germany), sodium chloride (VWR, Germany) and peptone from casein
(Merck, Germany) were used for the preparation of Luria Bertani (LB) broth needed for performing
the quantification experiments of pgs-related signal molecules. Ready-made mixture of LB broth
(Fisher, USA) and Tryptic Soy Broth (TSB) 1% [w/v] (BD, USA) were used for pgsA-GFPasy and
persister cells experiments.

Bacterial strains

P. aeruginosa PA14 and its isogenic transposon mutants pqsA, pgsC, pgsH and pgsk kindly
provided by Susanne Haussler (Twincore, Hannover, Germany) were used in the experiments for the
quantification of MvfR-related small molecules with and without QSlIs. P. aeruginosa PA14, its
isogenic pgsBC transposon mutant, and its mvfR single mutant were employed for performing
persister cells assays. P. aeruginosa PA14 transformed with pAC37 carrying pgsA-GFPasy and
gentamicin resistance cassette was used in pgsA expression experiments. The bacterial strains were
maintained at —80°C in 25 % [v/v] glycerol stocks.

MvfR-related small molecule quantification

P. aeruginosa strains were cultivated as previously described (Maurer et al., 2013). After letting
PA14 strains grow for 6 h in LB, an aliquot of bacterial culture was centrifuged for 10 min at 4835 x
g and 25 °C using a Rotina 380R Centrifuge (Hettich, Germany). The supernatant was discarded, the
pellet was resuspended in fresh LB, and the bacterial cells were spun down using the previous
centrifugation settings. After repeating the wash step a second time, the ODggo 0f the washed cells
was measured using a BioPhotometer plus Spectrophotometer (Eppendorf, Germany) in order to
prepare a final bacterial suspension with ODggo = 0.02 in LB. Aliquots of 1.5 mL were added in each
well of a 24-well Cellstar plate (Greiner Bio-One, Frickenhausen, Germany). 15 uL of
dimethylsulfoxide (DMSQO) or DMSO stock solutions of the target compound were added in each
well. Triplicates of each condition were evaluated in every assay. The plates were incubated for 17 h
at 37 °C with 75 % humidity and shaken at 200 rpm. The quantification of anthranilic acid
derivatives was performed following a previously described protocol (Lépine et al., 2003) with
slight modifications. 750 pL of culture from each well were diluted with 750 pL of Internal
Standard (IS) stock solution in acetonitrile. The IS employed in experiments with PA14 wt and pgsC
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mutant was ds,-HHQ at a final concentration of 500 nM, while the experiments in PA14 pgsH mutant
required amitriptyline as IS at a final concentration of 1 uM. After mixing the diluted cell culture for
5 min, the mixture was spun down for 15 min at 18,620 x g and 15 °C using a Mikro 220R
Centrifuge (Hettich, Germany). 1 mL of supernatant was transferred in glass vial and analyzed with
the Accela HPLC system (Thermo Fisher Scientific, Germany) coupled to a triple quadrupole mass
spectrometer TSQ Quantum Access Max (Thermo Fisher Scientific Germany) equipped with an
HESI-II source. Separation was achieved by a Macherey-Nagel Nucleodur Cig Pyramid column
(150%x2 mm, 3 um) heated at 40 °C. The mobile phase consisted of 10:90 MeOH:H,0 for 0.5 min,
followed by a linear gradient of 1.5 min for reaching 100 % MeOH, which was kept constant for 1
min. Then, the initial eluents composition was pumped for 2 min. The flow rate employed was 600
uL-min™t. A final concentration of 0.1 % formic acid was present in the eluents. Compounds were
ionized using heated electrospray ionization (hESI) in positive ion mode with the following
parameters: spray voltage: 3500 V; vaporizer temperature: 370 °C; sheath gas pressure (nitrogen):
35 units; auxiliary gas pressure (nitrogen): 30 units; skimmer offset voltage: 0 V; capillary
temperature: 270 °C. Selected reaction monitoring was used for detecting DHQ (161.971—115.979,
collision energy: 28 V, tube lens: 95 V), 2-AA (136.016—91.048, collision energy: 24 V, tube lens:
68 V), HHQ (244.050—158.944; collision energy: 31 V; tube lens: 100 V), HQNO
(260.036—158.908; collision energy: 28 V; tube lens: 110 V), PQS (260.048—174.927; collision
energy: 30 V; tube lens: 110 V), d;-HHQ (248.081—162.965; collision energy: 32 V; tube lens: 100
V) and amitriptyline (278.061—232.932; collision energy: 16 V; tube lens: 90 V) employing a scan
width of 0.010 m/z, a scan time of 0.100 s, and a peak width of 0.70. Calibration curves were
prepared following the same protocol and using PA14 pgsA mutant as matrix without compounds
and spiked with known concentrations of analytes and IS after the overnight growth. The assays
were repeated at least three times.

PQsA expression assay

The assays were performed following the protocol previously published (Kesarwani et al., 2011)
with few modifications. After let PA14 wt transformed with pAC37 grow overnight in LB with 60
pug/mL of gentamicin, an aliquot of bacterial culture was centrifuged for 5 min at 8000g at 25 °C
using a 5810R Centrifuge (Eppendorf, USA). The supernatant was discarded, the pellet was
resuspended in fresh LB with the same antibiotic and the bacterial cells were spun down using the
previous centrifugation settings. After repeating the wash step a second time, the ODgy Of the
washed cells was measured using a Spectronic Unicam Genesys 10 UV spectrophotometer (Thermo
Fisher, USA) in order to prepare a final bacterial suspension with ODgy = 0.02 in LB with 60
pg/mL of gentamicin. 100 pL of the prepared culture was poured in each well of a 96-well plate
(Corning Inc. Corning, USA) and the compounds were added in triplicates. The final concentration
of DMSO was 1% v/v. The plates were incubated at 37°C under static condition in Infinite F200
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plate reader (Tecan Group Ltd, Minnedorf, Switzerland) monitoring GFP fluorescence (Aex = 485
nm; Aem = 535 nm) and ODgoo every 15 min. The assays were repeated at least three times.

Persister cells assay

The effects of QSIs on persistence were evaluated following the published protocol (Starkey et al.,
2014) with some modifications. After streaking the bacteria on LB agar and overnight incubation at
37 °C, one colony was dispersed in 5 mL of LB and the bacteria were grown at 37 °C up to ODgg =
0.5. 30 pL of the culture were transferred into glass tubes with 5 mL of TSB 1 % [w/v] and
incubated overnight at 37°C under shaking condition. Then, an aliquot of P. aeruginosa culture was
centrifuged for 5 min at 8,000 x g and 25 °C using a 5810R Centrifuge (Eppendorf, USA). The
supernatant was discarded, the pellet was resuspended in fresh LB, and the bacterial cells were spun
down using the previous centrifugation settings. After repeating the wash step a second time, the
ODgoo of the washed cells was measured using a Spectronic Unicam Genesys 10 UV
spectrophotometer (Thermo Fisher, USA) in order to prepare a final bacterial suspension with ODgg
=0.02 in 5 mL of TSB 1% [w/v] in each glass tube. The target compounds were added in the tubes
and the final concentration of DMSO was 0.5 % [v/v]. The bacterial suspension was incubated at 37
°C under shaking condition for 4 h. An aliquot of 100 pyL of culture from each tube was used for
dilution plating on LB agar plates and colony forming units (CFU) quantification (normalizers). 50
pL of meropenem 1 mg/mL were added in each tube and the cultures were incubated at 37 °C for 24
h under shaking condition. Aliquots of 600 pL of bacterial suspension were utilized for dilution
plating on LB agar plates and CFU quantification (persisters). The survival fractions were calculated
as the ratio of normalizers over persisters. Triplicates per each condition were employed in each
assay and the experiments were repeated at least three times.

Results and Discussion
The QSIs evaluated in this study were the two MvfR antagonists 1 (Starkey et al., 2014) and 2
(Zender et al., unpublished results), and the two PgsBC inhibitors 4 (Starkey et al., 2014) and 3
(unpublished results) shown in Figure 2. As previously published, these compounds were able to
inhibit the production of the signal molecules HHQ and PQS in PA14 pgsH mutant and wt,
respectively. However, the effects of these QSIs on the other MvfR-related small molecules were
not studied. Considering that 2-AA, HQNO, and DHQ are pathogenicity-promoting molecules in P.
aeruginosa infections, it was important to analyze the behavior of the inhibitors on the production of
all these anthranilic acid derivatives. To ensure a convenient analytic procedure, we developed an
“all-in-one” method for the simultaneous evaluation of these bacterial metabolites. Following the
protocol by Lépine and coworkers (Lépine et al., 2003) with some optimizations, a single assay for
guantification of the relevant pgs-related small molecules was established allowing medium
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throughput, easy sample processing, low material consumption, without relevant interference
between analytes.
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Figure 2 Structures of the compounds evaluated in this work. MvfR antagonist 1, PqsBC inhibitors 3 and 4.

Effects of MvfR antagonists on pgs-related small molecules

The MVfR antagonists 1 and 2 were able to reduce dose-dependently the production of the alkyl-
quinolones (AQs) and 2-AA in PA14 wt with an ICsq of 1.1 uM and 3.1 uM, respectively (Table 1,
Figure 3AB). Interestingly, the sigmoidal curves of each of these metabolites were very steep with a
Hill coefficient over 1 giving the idea of a possible exponential effect of the MvfR natural ligands
on the pgs regulon expression. Moreover, while DHQ production was inhibited at high
concentrations, its biosynthesis was enhanced up to 330 % and 396 % after the respective incubation
of P. aeruginosa with 1 and 2 at a concentration close to the compounds’ ICses (inhibitor
concentration causing half maximum inhibition). The basal levels of DHQ were reached at lower
doses of the two QSIs. Nevertheless, 1 and 2 were able to reduce dose-dependently the overall
biosynthesis of these metabolites with an ICsp of 1.2 pM and 3.8 puM, respectively.

Table 1 Effects of MVfR antagonists on production of MvfR-related small molecules in PA14 wt.

Maximal DHQ
2-AA ICy ) HQONO ICs HHQ + PQS Overall I1Cs
Compounds production
[rM] %] [nM] 1Cs0 [nM] [uM]

1 1.3 330+12° 1.2 1.1 1.2

(1.1-1.2) @1 M (1.1-1.3) (1.0-1.2) (1.1-1.3)
) 3.6 396 + 25" 3.8 3.1 3.8

(3.3-3.9)° @3 pM (3.5-4.0) (2.9-3.3)° (3.6-4.1)°

295 % Confidence Intervals. ° Standard Error of the Mean intervals.
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Figure 3 Dose-response curves of MvfR antagonists acting on MvfR-related small molecules production in PA14
strains. 1 (A) and 2 (B) in PA14 wt. 2-AA: green. DHQ: orange. PQS + HHQ: grey. HQNO: red. Sum of all anthranilic
acid derivatives: black. 1 (C) and 2 (D) in PA14 pgsH mutant. 2-AA: green. DHQ: orange. HHQ: grey. HQNO: red.
Sum of all anthranilic acid derivatives: black. The “x” axes indicate the logarithm of the concentration of the antagonists
in molar units (M). The error bars indicate Standard Error of the Mean.

These compounds were also evaluated in PA14 pgsH mutant strain, which does not convert HHQ
into PQS. Notably, in a clinical setting, it has been observed that P. aeruginosa tends to produce
much more HHQ than the hydroxylated analog (Que et al., 2011) and used as potential biomarker of
early stage infections (Barr et al., 2016). Our experiments with the PQS-deficient pgsH mutant
revealed that the QSIs showed similar profiles on the other pgs-related molecules production
compared to PA14 wt. Indeed, 1 and 2 efficiently inhibited AQs and 2-AA production displaying an
ICso of circa 0.30 uM and 0.85 uM, respectively, and very steep inhibitory curves as in PA14 wt
(Table 2, Figure 3CD). Likewise, they enhanced DHQ formation up to 300 % and 373 % at their

40



respective 1Cso concentration. Considering that PQS is more active than HHQ in inducing pgs
expression (Xiao et al., 2006), it is not surprising that the MvfR antagonists were more potent in
repressing the biosynthesis of pgs-related signal molecules in PA14 pgsH mutant than in wt.

Table 2 Effects of MvfR antagonists on production of anthranilic acid derivatives in PA14 pgsH
mutant.
Maximal DHQ

2-AA |C50 . HQNO |C50 HHQ |C50 Overall |C50
Compounds production
[uM] [eM] [uM] [eM]
[%0]

. 0.19 304 + 2° 0.27 0.27 0.32
(0.16-0.22)* @ 0.2 uM (0.25-0.30)* (0.25-0.30)? (0.30-0.34)*

) 0.69 373 +18° 0.73 0.91 0.86
(0.59-0.81)° @ 0.6 uM (0.67-0.80)° (0.85-0.96)* (0.81-0.91)

295 % Confidence Intervals. ° Standard Error of the Mean intervals.

The characteristic profiles in wt and pgsH mutant of this class of QSIs, such as the steep inhibitory
dose-dependent curves and the overproduction of DHQ close to the 1Cso for AQ inhibition, suggest
the pgs autoloop as a reason. Actually, PQS and HHQ have high activity toward MvfR in the
nanomolar range (Lu et al., 2014b; Xiao et al., 2006) and the actual QS signal is amplified through
expression of enzymes, which produce again a multitude of additional MvfR natural ligands.
Antagonizing the transcriptional regulator would thus have a higher-order effect on the downstream
products resulting from pseudo-cooperative effects. Each decrease in signal molecule synthesis
achieved by MvfR antagonism would have an additional impact on MvfR deactivation due to less
competing autoinducers. In the concentration range close to the antagonist 1Csp, it would be
plausible that the biosynthetic pathway cannot convert the major amount of anthranilic acid into
HHQ and PQS maybe because of a slow kinetic step in the biosynthesis. Considering the low
affinity of 2-ABA toward PgsBC (Drees et al, 2016), it is feasible to claim that the slow step is the
condensation and cyclization reaction performed by PgsBC. This would lead to an accumulation of
the reactive intermediate 2-ABA that quickly cyclizes into DHQ.

For confirming these hypotheses, the compounds were evaluated in PA14 pgsC mutant, which
synthesizes only 2-AA and DHQ, in an experimental setup with and without exogenous addition of
the signal molecule PQS. Since these bacteria do not produce any MvfR natural ligands, the pgs
autoloop is consequently absent and it was possible to control its expression with external
administration of PQS. Exogenous addition of the quinolone of 1 uM and 10 uM reduced the
potency of the QSIs on MvfR-related small molecules synthesis of circa one and two orders of
magnitude, respectively, and increased the steepness of the inhibitory curves (Table 3, Figure 4).
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Figure 4 Dose-response curves of MvfR antagonists acting on 2-AA and DHQ production in PA14 pgsC mutant with
and without external addition of PQS. Effect of 1 on 2-AA (A), DHQ (B) and 2-AA + DHQ (C) synthesis. Effect of 2 on
2-AA (D), DHQ (E) and 2-AA + DHQ (F) synthesis. Concentration of PQS: 0 uM (green curves), 1 uM (light blue
curves), 10 uM (dark blue curves). The “x” axes indicate the logarithm of the concentration of the antagonists in molar
units (M). The error bars indicate Standard Error of the Mean.

Actually, the 1Csp of 1 on 2-AA production worsened from 50 nM (without PQS) over 0.3 uM (with
1 uM PQS) to 4.2 uM (with10 puM PQS). In addition, the concentration of compound needed to
reduce DHQ production to 50 % shifted from 30 nM (without PQS) over 90 nM (1 pM PQS) to 1.7
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uM (10 uM PQS). Consequently, the overall effect of the QSI on the production of pgs-related
molecules within the PqsADE biosynthetic pipeline present in the pgsC mutant was also affected by
PQS administration. Hence, an increase of 1Csos from 30 nM (no PQS) over 0.11 uM (1 uM PQS) to
2.0 uM (10 uM PQS) was observed. In a similar manner, compound 2 showed higher 1Cs0s on 2-AA
formation revealing an enhancement from 30 nM (without PQS) to 0.49 uM (1 uM PQS) and 4.8
uM (10 uM PQS). Similarly, the DHQ ICsq increased from 20 nM (without PQS) to 0.23 uM (1 uM
PQS) and 2.9 uM (10 uM PQS). The ICs on the total biosynthesis of the MvfR-related molecules
shifted from 20 nM (without PQS) to 0.27 pM (1 uM PQS) and 3.0 uM (10 uM PQS).

Table 3 Effects of MvfR antagonists on 2-AA and DHQ production in PA14 pgsC mutant with and
without external addition of PQS.

Exogenous 2-AA I1Cq DHQ ICy 2-AA + DHQ
Compounds
PQS [uM] [nM] [nM] 1Cs [nM]
0 0.05 0.03 0.03
(0.04-0.06) (0.03-0.04) (0.02-0.04)
1 1 0.33 0.09 0.11
(0.28-0.38) (0.05-0.18) (0.07-0.19)
10 4.2 1.7 2.0
(3.0-5.8) (1.3-2.3) (1.4-2.8)
0 0.03 0.02 0.02
(0.02—-0.05) (0.01-0.04) (0.01-0.03)
) 1 0.49 0.23 0.27
(0.37-0.65) (0.17-0.31) (0.17-0.41)
10 4.8 2.9 3.0
(4.0-2.9) (2.4-3.6) (2.5-3.8)

The data are reported with 95 % Confidence Interval.

These findings confirmed that the presence of PQS in the bacterial culture plays an important role in
controlling the biosynthesis of pgs-related molecules. Indeed, when the natural ligand is present, the
efficiency of the compounds was strongly reduced as the shifts in 1Cso confirmed. In addition, the
increased steepness of the inhibitory curves after addition of PQS to the PA14 pgsC mutant culture
displayed that, in case of a small reduction in concentration of QSlIs, the MvfR-related compounds
were quickly restored to the basal production level.

Furthermore, the expression levels of pgsA were monitored under MvfR antagonist treatment using
the PA14 wt transformed with the plasmid carrying the construct pgsA-GFPasy (Yang et al., 2007).
The kinetic studies showed that the expression of the plasmidic pgsA promoter occurred in the
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exponential phase of bacterial growth as for the genomic pgs operon (Déziel et al., 2004) and the

tested QSIs were highly efficient in reducing it. In detail, 1 and 2 inhibited the expression displaying
ICs0s of 16 nM and 1.5 UM, respectively (Figure 5).
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Figure 5 Expression of pqsA-GFP sy (dotted lines) and growth curves (solid lines) of Pseudomonas aeruginosa treated
with 1 (A) and 2 (B). ICs, curves of 1 (C) and 2 (D). The “x” axes indicate the logarithm of the concentration of the

antagonists in molar units (M). The error bars indicate Standard Error of the Mean.

Combining these findings with the results in PA14 wt and pgsH mutant indirectly confirmed that the
action of autoinducers HHQ and PQS within this positive feedback loop is the explanation for the
pronounced steepness of the sigmoidal dose-response curves for 2-AA, HHQ, PQS, and HQNO
levels. The fact that down-regulation of the pgsA operon results in an initial increase in DHQ, while
the other investigated components show the expected sigmoidal dose-response curves, suggests that
either 2-ABA-CoA or 2-ABA accumulate in this scenario, which can be spontaneously degraded to
the shunt product. From published studies on the whole PQS biosynthesis cassette, it can be
assumed that the reactions mediated by the PgsAD-cascade proceed quickly enough also at lowered
enzyme concentrations to enable sufficient 2-ABA-CoA production. These initial steps should be
more dependent on the cellular availability of the substrates anthranilic acid and malonyl-CoA. The

hydrolysis catalyzed by PgsE can also be performed by housekeeping thioesterases like TesB. But,
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an analysis of a pgsk transposon mutant by Drees et al. regarding the profile of PQS-related
molecules showed increased DHQ levels (Drees, Fetzner, 2015). We corroborated and extended the
data on this strain with the established pgs-related small molecule quantification method (Figure 6).
As expected for this strain, 2-AA levels are reduced while DHQ concentration is dramatically
increased hinting at accumulation of the reactive intermediate 2-ABA-CoA. Finally, insufficient
action of PgsBC and, thus, accumulation of 2-ABA should lead to both increased DHQ and 2-AA
levels.

Production [%

oo ‘\cﬁ‘o & &
&
Figure 6 Relative production of 2-AA, DHQ, HQNO, HHQ + PQS and overall amount of AQs in PA14 pgsE mutant
compared to PA14 wt. The error bars indicate Standard Error of the Mean.
Hence, the gathered information suggests that through the MvfR-antagonist-induced down-
regulation of the pgsA operon an initial accumulation of 2-ABA-CoA rather than 2-ABA takes place
(as in the pgsE mutant). Interestingly, it has been shown that the condensation reaction mediated by
PqgsBC should be the rate-limiting step in this biosynthetic cascade (Drees, Fetzner, 2015). Thus, we
consider it rather surprising that we observe a metabolite profile that hints more towards the role of
2-ABA-CoA upon partial inactivation of the pgsA operon.
Nevertheless, at very low levels of MvfR activity, DHQ is finally reduced as the diminished PgsAD
cascade ceases to operate efficiently resulting in the observed metabolite profiles.
Among the pgs-related molecules produced by this pathogen, 2-AA was shown to be a key factor for
switching the infection from acute to chronic state favoring the formation of persister cells
(Kesarwani et al., 2011; Que et al., 2013). Actually, high levels of this QS compound enhanced the
genesis of these metabolically inactive bacteria within the population reducing the killing activity of
antibiotics. Considering the high efficiency of the MvfR antagonists in reducing 2-AA (Starkey et
al., 2014), these QSIs were evaluated in their capability to modify the survival fraction of the
pathogen after treatment with meropenem. A dose of 10 uM of 1 and 2 reduced significantly
persisters development in PA14 wt from 1.2 x 10°® of the untreated control to 2.3 x 107 and 3.7 x
107, respectively, reaching the same levels of the 2-AA non-producing strain PA14 mviR mutant,
that is 2.7 x 107 (Figure 7). These findings corroborated the importance of suppressing the
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biosynthesis of this carbonyl compound via blockage of the transcriptional regulator for achieving a
more efficient antibiotic therapy against P. aeruginosa infections.
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Figure 7 Persister cells survival of PA14 wt with and without MvfR antagonists and PA14 mvfR mutant after the
treatment with 10pg/mL of meropenem for 24 h. The error bars indicate 95% Confidence Interval of the geometric
mean. Statistical analysis performed with non-parametric one-way ANOVA (o = 0.05; **** = p<0.0001; *** =
p<0.003; * = p<0.05).

Effects of PgsBC inhibitors on mvfR-related small molecules

The PgsBC inhibitors 3 and 4 reduced the production of the MvfR natural ligands in PA14 wt down
to 34 % and 35 %, respectively, at their highest concentration (Table 4, Figure 8A). As expected
(vide supra), the levels of 2-AA and DHQ strongly increased after the treatment with such inhibitors
up to 188 % and 389 % after incubation with 250 uM of 3 and 415 % and 654 % with 10 uM of 4.
Surprisingly, the synthesis of HQNO was also enhanced up to two times compared to the untreated
bacteria. Interestingly, the overall production of the pgs signal molecules was not significantly
affected. Reducing the concentration of these QSIs led to a reduced inhibitory activity on HHQ and
PQS production and a relapse of 2-AA, DHQ and HQNO to the respective basal levels.

The compounds were also evaluated in PA14 pgsH mutant giving similar results obtained with the
isogenic wt (Table 5, Figure 8B). Here, 3 and 4 reduced at their highest dosage the formation of
HHQ down to 62% and 73%, respectively. Moreover, the production of 2-AA, DHQ, and HQNO
was increased by 157 %, 581 %, and 265 % after treatment with 250 puM of 3 and 150 %, 264 %,
and 141 % after incubation with 10 uM of 4 compared to the untreated control. In addition, as in
PA14 wt, the overall amount of the MvfR-related compounds was not affected by the addition of
these QSls.
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Figure 8 Effects of PgsBC inhibitors on pgs related signal molecules production in PA14 strains. (A) 3 and 4 in PA14
wt. 2-AA: green. DHQ: orange. PQS + HHQ: grey. HQNO: red. Sum of all anthranilic acid derivatives: black. (B) 3 and
4 in PA14 pgsH mutant. 2-AA: green. DHQ: orange. HHQ: grey. HQNO: red. Sum of all anthranilic acid derivatives:
black. The error bars indicate Standard Error of the Mean. Statistical analysis performed with one-way ANOVA (o =
0.05).
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Table 4 Production of pgs signal molecules in PA14 wt after the treatment with PgsBC inhibitors.

Compounds  COnCENAtON o, A6l DHQ6] HONO 6] TR TPRS G erall o4
[uM] [%0]
250 188+4 389433 19812 34+ 1 98 + 8
50 15244 249415  201+10 57+ 1 1015
’ 10 111 +8  141+31  148+19 81+ 6 100 +3
2 107 +2 115+7 128+ 1 93+4 102+ 2
10 415+39  654+49  218+16 35+ 3 136 + 5
1 134+7 131 +12 181439 86 + 2 1005
* 0.1 99 + 4 102 +1 103 +2 96 + 3 98 + 3
0.01 99 + 4 100 + 4 97 +2 103+5 99 + 3

100% is the level of metabolite produced in the untreated PA14 wt. The data are reported with
Standard Error of the Mean intervals.

Table 5 Production of pgs signal molecules in PA14 pgsH mutant after the treatment with PqsBC
inhibitors.

Concentration

Compounds [M] 2-AA [%] DHQ [%] HQNO [%] HHQ [%]  Overall [%]

250 157+ 8 581+ 76 265+ 38 62+6 107 +4

50 134 +£5 355+ 31 255+ 10 81+4 108 +£3

’ 10 126 £ 6 215+3 199+2 91+4 104 +4

2 102 +2 133+2 1381 97+2 1012

10 150+ 3 264 + 11 141 +1 7314 92+6

1 121+2 139 £3 143+ 2 91+1 98 +2

* 0.1 102+1 102 +2 106 +1 100+ 3 100+ 2

0.01 9+1 9+1 9+1 %Bx1l B+l

100% is the level of metabolite produced in the untreated PA14 pgsH mutant. The data are reported
with Standard Error of the Mean intervals.
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Additionally, 3 and 4 were examined in PA14 pgsC mutant for confirming their target selectivity.
Both compounds turned out to be inactive in reducing 2-AA and DHQ production independently
from the concentration of PQS added into the culture (Figure 9) supporting the in vitro
characterization of the two inhibitors (unpublished results; Starkey et al., 2014).

Considering their efficiency in reducing the production of the MvfR natural ligands in PA14 wt and
pgsH mutant, these inhibitors were analyzed in the pgsA-GFPasy construct for monitoring their
potential ability for reducing the expression of the pgs operon. Actually, 3 and 4 reduced the operon
transcription down to 36 % and 15 %, respectively, at their highest dosage (Figure 10).
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Figure 9 Effects of PqsBC inhibitors on 2-AA and DHQ production in PA14 pgsC mutant. (A) 3 and (B) 4. 2-AA:
green. DHQ: orange. Sum of all anthranilic acid derivatives: black. The error bars indicate Standard Error of the Mean.
Statistical analysis performed with one-way ANOVA (a. = 0.05).
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Figure 10 Expression of pgsA-GFPasy (dotted lines) and growth curves (solid lines) of Pseudomonas aeruginosa
treated with 3 (A) and 4 (B). (C) Percentage of pgqsA-GFP sy expression after PqsBC inhibitors addition. The error bars
indicate Standard Error of the Mean. Statistical analysis performed with one-way ANOVA (a = 0.05; **** = p<0.0001).
Taking into consideration the obtained results, the effects of the PgsBC inhibitors on the MvfR
natural ligands, 2-AA, and DHQ production fitted to the expected behavior of blocking the hetero-
dimer PgsBC. Actually, its inhibition would lead to a reduced conversion of the reactive 2-ABA into
HHQ with consequently reduced expression of the pgs operon. The excess of this intermediate
would be consequently transformed more into the stable molecules 2-AA and DHQ, conversions
that do not require PgsBC. According to the current model of HQNO synthesis, 2-ABA is N-
oxidized by the oxidase PgsL into its hydroxylamine form, 2-HABA. We assume that this moiety of
the intermediate should be a more reactive nucleophile (Ningst et al., 2012) than the amine of 2-
ABA or a better substrate and that, consequently, the reaction of condensation and cyclization
performed by the hetero-dimer proceeds faster. Moreover, it is plausible to expect that the enzyme
complex has a different affinity towards the amine and the hydroxylamine intermediates and, due to
this fact, the inhibitors would have also different activities in blocking both reactions. Based on the
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obtained results, this hypothesis would reasonably explain the overproduction of HQNO after
incubation of PA14 with PgsBC inhibitors. But, we do not exclude that an additional, yet unknown
bypass reaction towards HQNO might cause this unexpected observation. In addition, the analysis of
the overall amount of the pgs-related small molecules revealed that these QSIs modify only the ratio
of the QS compounds without affecting the total content.

Because of the different QS profiles of PgsBC inhibitors compared to MvfR antagonists and, in
particular, the inductive effects on 2-AA production, 3 and 4 were examined regarding their
capability to affect persister cells development. We found that only 3 significantly enhanced the
persistence phenotype of PA14 wt increasing the survival fraction from 1.2 x 10°® (untreated) up to
4.6 x 107 cells. This corresponds to the levels of PA14 wt treated with 2-AA as well as the untreated
PA14 pgsBC mutant showing persister rates of 7.2 x 10® and 4.1x 107, respectively (Figure 11).
These findings confirmed that targeting PgsBC led to an enhanced survival of the bacteria. This
might ultimately result in a reduced efficiency of antibiotic therapy.
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Figure 11 Persister cells survival of PA14 wt with and without PqsBC inhibitors or 2-AA and PA14 pgsBC mutant after
the treatment with 10pug/mL of meropenem for 24 h. The error bars indicate 95% Confidence Interval of the geometric
mean. Statistical analysis performed with non-parametric one-way ANOVA (a = 0.05; *** = p<0.003; ** = p<0.01; * =
p<0.05).

Conclusions
The profiling of Pseudomonas aeruginosa MvfR antagonists and PgsBC inhibitors emphasized the
importance in selecting the target for the development of new anti-infectives. The analysis of the
pgs-related small molecules after the incubation of PA14 strains with MvfR antagonists showed the
high efficiency of these QSIs at the highest concentration to strongly reduce the formation of the
bacterial metabolites. However, the treatment of the bacteria at lower concentration of MvfR
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antagonists revealed a characteristic profile featuring an overproduction of DHQ at concentrations
close to the compounds’ ICso. The PgsBC inhibitors showed to be less efficient in reducing the
MvfR natural ligands synthesis at the highest dosages and, moreover, lead to an increased
production of 2-AA, DHQ, and HQNO. Actually, they mainly affected the ratio of QS molecules
generated within a bacterial population without modifying the overall production. Finally, we could
corroborate the importance of reducing 2-AA production through MvfR antagonism for achieving
lower persistence and, consequently, more efficient antibiotic therapy. In the end, we recommend
that the preferable target for blocking the pgs system is the transcriptional regulator MvfR. In case
of PgsBC inhibitors, a combination with other QSIs (e.g., MVfR antagonists) might still be a valid
route towards novel anti-infectives.

Funding
The research was supported by the Helmholtz Centrum for Infection Research, Massachusetts
General Hospital and by “GradUS global” — promoted by the German Academic Exchange Service
(DAAD) and funded by the Federal Ministry of Education and Research (BMBF).

Acknowledgement
I would like to thank Prof. Dr. Susanne Haussler for kindly supplying Pseudomonas aeruginosa
PA14 wt and its isogenic pgsA, pgsC, pgsk and pgsH mutants. Furthermore, | would like to thank
Simone Amann for having helped me in performing some pgs-small molecules quantification
experiments. Finally, I would like to thank Dr. Jens Eberhard, Dr. Martin Empting, Dr. Christine K.
Maurer and Prof. Dr. Rolf W. Hartmann for supervising the project.

References

Aloush, V., Navon-Venezia, S., Seigman-Igra, Y., Cabili, S., Carmeli, Y. (2006). Multidrug-resistant Pseudomonas
aeruginosa: risk factors and clinical impact. Antimicrob. Agents Chemother. 50 (1), 43—48.

Barr, H., L., Halliday, N., Barrett, D., A., Williams, P., Forrester, D., L., Peckham, D., Williams, K., Smyth, A., R,
Honeybourne, D., Whitehouse, J., L., Nash, E., F., Dewar, J., Clayton, A., Knox, A., J., Cadmara, M., Fogarty, A.,
W. (2016). Diagnostic and prognostic significance and systemic alkyl quinolones for P. aeruginosa in cystic
fibrosis: a longitudinal study. J. Cyst. Fibros. doi: 10.1016/j.jcf.2016.10.005.

Déziel, E., Lépine, F., Milot, S., He, J., Mindrinos, M. N., Tompkins, R. G., Rahme, L. G. (2004) Analysis of
Pseudomonas aeruginosa 4-hydroxy-2-alkylquinolines (HAQs) reveals a role for 4-hydroxy-2-heptylquinoline in
cell-to-cell communication. PNAS. 101 (5), 1339-1344.

Drees, S. L., Fetzner, S. (2015). PgsE of Pseudomonas aeruginosa acts as pathway-specific thioesterase in the
biosynthesis of alkylquinolone signaling molecules. Chem. Biol. 22 (5), 611-618.

Drees, S. L., Li, C., Prasetya, F., Saleem, M., Dreveny, I., Williams, P., Hennecke, U., Emsley, J., Fetzner, S. (2016).
PgsBC, a condensing enzyme in the biosynthesis of the Pseudomonas aeruginosa quinolone signal: crystal
structure, inhibition, and reaction mechanism. J. Biol. Chem. 291 (13), 6610—6624.

52



Dulcey, C. E., Dekimpe, V., Fauvelle, D.-A., Milot, S., Groleau, M.-C., Doucet, N., Rahme, L. G., Lépine, F., Déziel, E.
(2013). The end of an old hypothesis: the Pseudomonas signaling molecules 4-hydroxy-2-alkylquinolines derive
from fatty acids, not 3-ketofatty acids. Chem. Biol. 20, 1481-1491.

Gomez, 1. M., Prince, A. (2007). Opportunistic infections in lung disease: Pseudomonas infections in cystic fibrosis.
Curr. Opin. Pharmacology. 7, 244—-251.

Gruber, J., D., Chen, W., Parnham, S., Beauchesne, K., Moeller, P., Flume, P., A., Zhang, Y., M. (2016). The role of
2,4-dihydroxyquinoline  (DHQ) in Pseudomonas aeruginosa pathogenicity. PeerJ. 4:e1495. doi:
10.7717/peerj.1495.

Hancock, R. E. W., Speert, D. P. (2000). Antibiotic resistance in Pseudomonas aeruginosa: mechanisms and impact on
treatment. Drug Resist. Updat. 3, 247-255.

Hazan, R., Que, Y.-A., Maura, D., Strobel, B., Majcherczyk, P. A., Hopper, L. R., Wilbur, D. J., Hreha, T. N., Barquera
B., Rahme, L. G. (2016). Auto poisoning of the respiratory chain by a quorum-sensing-regulated molecule favors
biofilm formation and antibiotic tolerance. Curr. Biol. 26 (2), 195-206.

Hurley, M. N., Cadmara, M., Smyth, A. R. (2012). Novel approaches to the treatment of Pseudomonas aeruginosa
infections in cystic fibrosis. Eur. Respir. J. 40, 1014-1023.

Lee, J., Zhang, L. (2015). The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein Cell. 6 (1),
26-41.

Lépine, F., Deziel, E., Milot, S., Rahme, L. G. (2003). A stable isotope dilution assay for the quantification of the
Pseudomonas quinolone signal in Pseudomonas aeruginosa cultures. Biochim. Biophys. Acta. 1622 (1), 36—41.

Lewis, K. (2010). Persister cells. Annu. Rev. Microbiol. 64, 357-372.

Lu, C., Kirsch, B., Zimmer, C., de Jong, J. C., Henn, C., Maurer, C. K., Misken, M., Haussler, S., Steinbach, A.,
Hartmann, R. W. (2012). Discovery of antagonists of PgsR, a key player in 2-alkyl-4-quinolone-dependent
quorum sensing in Pseudomonas aeruginosa. Chem. Biol. 19, 381-390.

Lu, C., Kirsch, B., Maurer, C. K., de Jong, J. C., Braunshausen, A., Steinbach, A., Hartmann, R. W. (2014a).
Optimization of anti-virulence PgsR antagonists regarding aqueous solubility and biological properties resulting
in new insights in structure-activity relationship. Eur. J. Med. Chem. 79, 173-183.

Lu, C., Maurer, C. K., Kirsch, B., Steinbach, A., Hartmann, R. W. (2014b). Overcoming the unexpected functional
inversion of a PgsR antagonist in Pseudomonas aeruginosa: an in vivo potent antivirulence agent targeting pgs
Quorum Sensing. Angew. Chem. Int. Ed. 53, 1109-1112.

Kesarwani, M., Hazan, R., He, J., Que, Y.-A., Apidianakis, Y., Lesic, B., Xiao, G., Dekimpe, V., Milot S., Deziel, E.,
Lépine, F., Rahme, L. G. (2011). A guorum sensing regulated small volatile molecule reduces acute virulence
and promotes chronic infection phenotypes. PLoS Pathog. 7:8. doi: 10.1371/journal.ppat.1002192.

Maurer, C. K., Steinbach, A., Hartmann, R. W. (2013). Development and validation of a UHPLC-MS/MS procedure for
quantification of the Pseudomonas Quinolone Signal in bacterial culture after acetylation for characterization of
new quorum sensing inhibitors. J. Pharm. Biomed. Anal. 86, 127-134.

Mulcahy, L. R., Burns, J. L., Lory, S., Lewis, K. (2010). Emergence of Pseudomonas aeruginosa strains producing high
levels of persister cells in patients with cystic fibrosis. J. Bacteriol. 192 (23), 6191-6199.

Ningst, T. A., Antipova, A., Mayr, H. (2012). Nucleophilic reactivities of hydrazines and amines: the futile search for
the a-effect in hydrazine reactivities. J. Org. Chem. 77 (18), 8142-8155.

Pistorius, D., Ullrich, A., Lucas, C., Hartmann, R. W., Kazmaier, U., Miiller, R. (2011). Biosynthesis of 2-alkyl-4(1H)-
quinolones in Pseudomonas aeruginosa: potential for therapeutic interference with pathogenicity. Chembiochem.
12 (6), 850-853.

Que, Y.-A., Hazan, R., Ryan, C. M., Milot, S., Lépine, F., Lydon, M., Rahme, L. G. (2011). Production of Pseudomonas
aeruginosa intercellular small signal molecules in human burn wounds. J. Pathog. 2011:549302. doi:
10.4061/2011/549302.

53



Que, Y.-A., Hazan, R., Strobel, B., Maura, D., He, J., Kesarwani, M., Panopoulos, P., Tsurumi, A., Giddey, M.,
Wilhelmy, J., Mindrinos, M. N., Rahme, L. G. (2013). A quorum sensing small volatile molecule promotes
antibiotic tolerance in bacteria. PLoS One. 8:12. doi: 10.1371/journal.pone.0080140.

Rahme, L. G., Lépine, F., Starkey, M., Lesic-Arsic, B. (2012). Antibiotic Tolerance Inhibitor. US Patent No 61/445,448.
Washington, DC: U. S. Patent and Trademark Office.

Schertzer, J. W., Brown, S. A., Whiteley, M. (2010). Oxygen levels rapidly modulate Pseudomonas aeruginosa social
behaviours via substrate limitation of PgsH. Mol. Microbiol. 77 (6), 1527-1538.

Starkey, M., Lépine, F., Maura, D., Bandyopadhaya, A., Lesic, B., He, J., Kitao, T., Righi, V., Milot, S., Tzika, A.,
Rahme, L. (2014) Identification of anti-virulence compounds that disrupt Quorum-Sensing regulated acute and
persistent pathogenicity. PLoS Pathog. 10:8. doi:10.1371/journal.ppat.1004321.

Storz, M. P., Allegretta, G., Kirsch, B., Empting, M., Hartmann, R. W. (2014). From in vitro to in cellulo:
structure—activity relationship of (2-nitrophenyl)methanol derivatives as inhibitor of PgsD in Pseudomonas
aeruginosa. Org. Biomol. Chem. 12, 6094-6104.

Tredget, E. E., Shankowsky, H. A., Rennie, R., Burrell, R. E., Logsetty, S.. (2004). Pseudomonas infections in the
thermally injured patient. Burns. 30, 3—26.

Xiao G., Déziel, E., He, J., Lépine, F., Lesic, B., Castonguay, M.-H., Milot, S., Tampakaki, A. P., Stachel, S. E., Rahme,
L. G. (2006). MVfR, a key Pseudomonas aeruginosa pathogenicity LTTR-class regulatory protein, has dual
ligands. Mol. Microbiol. 62 (6), 1689-1699.

Yang, L., Barken, K. B., Skindersoe, M., Christensen, A. B., Givskov, M., Toler-Nielsen, T. (2007) Effects of iron on
DNA release and biofilm development in Pseudomonas aeruginosa. Microbiol. 153, 1318—1328.

Zender, M., Klein, T., Henn, C., Kirsch, B., Maurer, C. K., Kail, D., Ritter, C., Dolezal, O., Steinbach, A., Hartmann, R.
W. (2013). Discovery and biophysical characterization of 2-amino-oxadiazoles as novel antagonists of PgsR, an
important regulator of Pseudomonas aeruginosa virulence. J. Med. Chem. 56, 6761-6774.

Zhang, Y. M., Frank, M. W., Zhu, K., Mayasundari, A., Rock, C. O. (2008). PgsD is responsible for the synthesis of 2,4-
dihydroxyquinoline, an extracellular metabolite produced by Pseudomonas aeruginosa. J. Biol. Chem. 283 (43),
28788—28794.

54



10 DISCUSSION
10.1 Development of PgsD inhibitors

One of the main goals of the thesis was to develop and optimize inhibitors against the
enzyme PqgsD because of its key role in the pgs-related signal molecules biosynthesis. Two
strategies were applied: a ligand-based and a similarity-guided approach.

10.1.1 Ligand-based approach

Based on the results of Storz and coworkers (Storz et al., 2012), the PgsD inhibitor I was
identified simplifying and rigidifying the scaffold of the tetrahedral intermediate of A-CoA in the
catalytic pocket of the enzyme. Considering the potential noxious effects of the nitro group
(Kovacic, Somanathan, 2014), it was attempted to exchange it with other electron withdrawing
groups (EWGS) as trifluoromethyl, nitril and halogens. However, all these derivatives revealed to be
completely inactive in the PgsD cell-free assay highlighting the importance of the nitro group in the
enzyme inhibition. Consequently, compound | was evaluated in toxicity and mutagenesis assays
using respectively human THP-1 macrophages and Salmonella typhimurium (Ames test). These tests
revealed that this QSI did not show neither toxic nor mutagenic effects. Consequently, the
optimization of the scaffold was attempted for improving the activity of the compound class both in
vitro and in cellulo assays. Around 50 compounds were designed and synthesized as fully described
in the publication A changing the substitution pattern on the nitrophenyl and the R substituents (Fig.
5).

NO, OH
(] R
SN/ A
G4

Fig. 5 Molecular scaffold of the (2-nitrophenyl)methanol compounds. G could be EWG, or EDG, or H. R could be alkyl
chains, or (hetero)aromatic rings, or alkyl chain with terminal amine or phthalimide moiety, or H.

Compound | was shown to bind tightly the bacterial enzyme in its active site with a slow
onset kinetic and displaying, as a consequence, a higher potency in case of longer pre-incubation
time with PgsD (Storz et al., 2013). Consequently, the potency of the compounds was evaluated
quantifying the concentration of inhibitor necessary for blocking the 50% of conversion (ICsg) of A-
CoA into HHQ using different pre-incubation times (10 and 30 minutes) of the enzyme with the
QSIs (Storz et al., 2012; Storz et al., 2013). Actually, compound I showed an ICs of 3.2 + 0.1 uM
using 10 min pre-incubation protocol and an ICsy of 0.5 £ 0.1 uM after 30 min incubation with
PgsD. So, | was taken as reference compound for studying the SAR of this QSI class. The different
properties of the substituents added in position 4 and 5 on the nitrophenyl ring affected interestingly
the compound behavior. The analysis of the inhibitors with the short pre-incubation protocol
revealed that while the addition of EWGs, as chlorine or nitro, diminished activity compared to I,
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the analogues having electron donating groups (EDGSs), as methyl or methoxy groups, resulted to be
as potent as I. Furthermore, the comparison of the results between short and long pre-incubation
time assay revealed that substituents in position 4 can modulate the binding kinetics. Actually, while
EWGs slowed down the onset of the compound, the EDGs accelerated it. On the contrary,
substituents in 5 did not modify the kinetic onset. Dealing with a slow tight binder would be
beneficial, as it would imply a longer residency of the inhibitor in the enzyme and, consequently, a
more efficient blockage of the protein functionality. So, the nitrophenyl ring was not additionally
substituted and the scaffold optimization was continued on the R side. The phenyl in R of | was
replaced with alkyl chains and saturated rings of different size and molecular volume. PgsD
inhibition analysis revealed that compounds with bulky and/or long aliphatic moieties showed lower
potency than the QSIs with smaller linear chains. It is plausible that big substituents have steric
clashes and need high entropic penalties for binding PgsD. Considering the positive effect of short
alkyl chains in inhibiting PgsD, R was replaced with short saturate linkers bearing at the end
functional groups, as phenyl ring, amine, phthalimide and fluorophores. Only the phthalimide
derivatives resulted to be as potent as | showing ICsgs in the high nanomolar range with the longer
pre-incubation time as compound Il which displayed an ICs of 0.3 £ 0.1 uM. The compounds with
an amino moiety at the end of an alkenyl chain were inactive or weakly active as expected. Actually,
it is plausible that at physiological pH the amino group is protonated and, consequently, an
electrostatic repulsion occurs between the compound and the positively charged entrance channel.
The derivatives carrying phenyl rings and fluorophores showed to have acceptable ICss in the
single digit micromolar range, but still less potent than I maybe due to steric clashes and/or entropic
penalties. Furthermore, the phenyl group present in | at R was exchanged with several
heteroaromatic rings. While compounds with thiophene and pyridine did not show a better
inhibitory activity on PgsD compared to I, the derivatives with furan displayed a particular behavior.
Actually, the 2-furyl VI derivative showed to be as potent as I; on the contrary, the 3-furyl analogue
VII was almost inactive. A deep analysis of this specific compound revealed that it is a selective
PgsBC inhibitor (unpublished data) (Tablel).

The most in vitro active QSIs were, then, tested in bacterial cultures of P. a. pqsH mutant
capable to produce all the biosynthetic products of the pgs system down to HHQ with the exception
of PQS. Consequently, it was monitored the reduction of HHQ after overnight incubation of PqsD
inhibitors with the bacteria. The compounds were evaluated at a final concentration of 250 uM, if
soluble. Considering that I inhibited HHQ production of 43 + 4%, the compounds having additional
substituents on the nitrophenyl ring resulted to be less active or completely inactive. On the other
side, modification of R moiety affected the activity of the compounds in the cell based assay
depending on its chemical properties. The QSIs having alkyl chains showed a particular profile.
Starting from the hydrogen derivative, the compounds displayed increasing activity up to the ethyl
analogue 111 capable to reduce HHQ of 61 + 2%. Then, the enlargement of R reduced the cellular
potency of the analogues. Furthermore, all the PgsD inhibitors characterized by having a saturated
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linker bearing specific functional groups were completely inactive. The introduction of
heteroaromatic rings on R, on the contrary, led to the identification of the most potent QSlIs of the
class in the cellular settings capable (Table 1).

Table 1 Most potent compounds of the class in cell-free and/or whole-cell assays using PA14 pgsH
mutant.

NO, OH
R
1-VII
Compound R (10 S ;[)“r'e\;lr{c.) * | (30 S [IZZJLI{[C\:II’:!C.) b ?Ellthpc:?Ei?nigfannitn

| Ph 32401 05+0.1 43+6°
I (CH,),Phth 1.2+0.1 03+0.1 Inactive °
" Et 1.1+0.2 0.8+0.1 61+2°
v 2-Thienyl 143+1.9 1.5+0.2 64+6°
\Y; 3-Thienyl 5.9+ 0.9 6.4+19 74+6°
VI 2-Furyl 1.8+0.4 09+0.1 51+15°
VII 3-Furyl 28 % @ 50 UM 13.1+2.8 73+2°

Errors indicate Standard Deviation. ® Cell-free PgsD assay with 10 minutes pre-incubation protocol of enzyme with compound. ° Cell-
free PqsD assay with 30 minutes pre-incubation protocol of enzyme with compound. ¢ Compounds tested at 250 puM. ¢ Compounds
tested at 125 pM.

A comparison of the results between in vitro and in cellulo assays revealed that there was not
a clear correlation of the activities between the two protocols. Actually, only few compounds that
were highly active in the PgsD assay efficiently reduced also HHQ production in P. a. cultures as I,
111 and VI. A deeper analysis of the compounds properties disclosed that most of the inhibitors
active in the cellular setting have a molecular weight below 250 Da, a cut off value much smaller
compared to the one reported for Gram-negative active drugs of 600 Da (O'Shea, Moser, 2008). This
finding highlighted the characteristic low permeability of the membranes of this class of bacteria,
especially of the outer layer which is rich in proteins involved in transporting compounds inside and
outside the cell (Nikaido, 2003). So, it should not be excluded that these QSIs require transporters or
porins for entering into the cells, or are expelled by the bacterium through the usage efflux pumps.
In addition, P. a. expresses also some enzymes for xenobiotic metabolization as nitroreductases,
needed for the reduction of the nitro to an amino group, and acetylases, necessary for the
conjugation of acetyl moieties (Noguera, Freedman, 1996; Schackmann, Miller, 1991).
Consequently, the requirement of high concentrations of compounds could be also due to their
possible inactivation by proteins involved in xenobiotic metabolism.
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10.1.2 Similarity-guided approach

Taking into consideration functional and mechanistic properties, PqsD has some common
features with the Poliketide Synthase (PKS) family and, in particular, with the Chalcone Synthase
(CHS2), a vegetable protein expressed by Medicago sativa (known also as alfalfa) (Bera et al.,
2009; Ferrer et al., 1999). CHS2, as PgsD, is a condensing enzyme and it favors the conversion of p-
coumaric acid into the flavone naringenin employing three molecules of M-CoA (Ferrer et al., 1999)
(Fig. 6). In addition, the vegetable protein can catalyze in unnatural condition the conversion of
other compounds belonging to cinnamic acid family, as caffeic acid, cinnamic acid and ferulic acid,
into the respective flavones (Dao et al., 2011; Schrdder, 2000).

L S8 )
——

p-Coumaric ac. OH O
Naringenin

Fig. 6 Conversion of p-coumaric acid into naringenin by CHS2

Even if CHS2 and PgsD are not homologues, the enzymes share several characteristics.
Firstly, both proteins employ the triad cysteine-histidine-asparagine for their condensation reactions.
Moreover, maybe due to the use of the same secondary substrate M-CoA, CHS2 and PgsD have
similar active site volume, comparable deepness of the CoA binding pocket and the entrance of the
catalytic site is surrounded by basic aminoacids (Bera et al., 2009; Ferrer et al., 1999; Dao et al.,
2011). Encouraged by the positive results obtained in the application of a similarity-guided approach
between the bacterial enzymes PgsD and FabH for the development of new QSIs (Weidel et al.,
2013), a similar strategy was employed with CHS2 and the P. a. protein. Starting from the scaffold
of the CHS2 substrates, more than 30 compounds were designed and synthesized as fully described
in the publication B.

The evaluation of the cinnamic acids analogues and their respective methyl esters in the
PgsD cell-free assay revealed that only the methyl caffeate (V111) showed a significant inhibition of
the enzymatic conversion with an ICsy = 51 £ 4 uM. However, this compound contains an a,-
unsaturated system that could act as Michael-acceptor. Consequently, it might react with
nucleophiles in the cell and display toxic effects (Mulliner et al., 2011). So, the olefinic linker was
exchanged with a saturated congener as in compound 1X which resulted to be much more potent
exhibiting an 1Csp = 23 = 1 uM. The next step of scaffold optimization involved the modification of
different moieties of the molecule, as the substitution pattern on the phenyl ring, the carboxylic part
and the linker (Fig. 7).
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Gy O CinkeD~ R

G, 9

Fig. 7 Molecular scaffold of the CHS2 substrate-like compounds. G; and G, could be substituents with different
chemical properties, or H. R could be esters or amide bearing hydrocarbon moieties of different size.

Actually, the replacement of the catechol with any other substituents, as nitro, acetal and the
isosters amino, fluorine and methyl, provoked a completely loss in activity highlighting the
fundamental requirement of the 3,4-dihydroxy group for having PgsD inhibition. Consequently, this
feature was kept and modification on the carboxylic moiety were attempted for improving activity.
The introduction of bigger ester substituents from methyl to benzyl (IX—XII) enhanced compound
potency in relation to the size of the group down to single digit micromolar ICsgs as for XI and XII
(Table 2) suggesting that a favorable hydrophobic interaction could take place between the inhibitor
and the enzyme. In addition, replacement of the ester with the isoster amide in X111 did not improve
compound potency. The next step of scaffold optimization involved the linker length. The analysis
of analogues having different bridge size revealed that longer alkenyl chain improved compound
activity as the propylene congener X1V showing an I1Cso = 7.9 £ 0.2 uM (Table 2). Actually, it is
plausible that, as for the ester substituents, a favorable hydrophobic interaction is established
between the QSI and the protein that would counter balance the higher entropic penalty due to the
longer alkenyl chain.

Furthermore, the binding mode of this PgsD inhibitor class was analyzed by SPR monitoring
the association and dissociation sensograms of the compounds on the enzyme (Weidel et al., 2013).
Actually, the experiment was constituted by two phases. In the first step it was measured the binding
of compounds on free protein. Then, after washing PgsD with running buffer for removing the
ligands, the second step consisted in pre-incubating the enzyme with A-CoA followed by addition of
the inhibitor. Taking into consideration that the pre-treatment with A-CoA blocks the active site, the
binders can interact with PgsD only in the entrance channel (Fig. 8).

Case Il

Case |
(4] - « « o «
‘ [635) &D
@ @
Fig. 8 Representative schemes of the two possible binding mode of inhibitors on PgsD. 1 is a competitor of A-CoA in

the active site, 2 is an inhibitor that bind the channel before the active site. Case I: PgsD with the compounds. Case II:
PgsD, preincubated with A-CoA (“A”), with the inhibitors.

- @

Among the several analogues, six compounds were selected for binding mode evaluation,
three having the unsaturated linker as V111 and three with the saturated chain as XII. Actually, the
analysis revealed that these inhibitors are capable to interact with PgsD also after A-CoA treatment
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and, consequently, they do not bind the enzyme in the catalytic pocket, but likely in the entrance
channel.

Furthermore, it was investigated the capability of these pathoblockers to reduce HHQ
production in PA14 pgsH mutant. As for the (2-nitrophenyl)methanol derivatives, the inhibitors
were tested at 250 UM. Interestingly, the most potent compounds in the cell-free assay XI, XII, XIV
revealed to be weakly active or completely inactive in the cell-based test, while the unsaturated
derivative VIII showed to be the most active inhibitor of the class capable to reduce HHQ
production of 31 + 2% at 250 puM (Table 2). In addition, while the amide XII1 was as potent as the
analogue ester in the PgsD cell-free assay, in the cell-based is showed no effect on HHQ reduction.

Table 2 Most potent compounds of the class in cell-free and/or whole-cell assays using PA14 pgsH

mutant.
HO CinkeD~ R
AT
VI - X1V
S e
VI CH=CH (E) OMe 51+4 31+2
IX CH,CH; OMe 23+1 17+1
X CH,CH; OEt 14+1 17+1
XI CH,CH, OiPr 8.6+0.6 16+1
XI1 CH,CH, OCH,Ph 59+1.2 Inactive
X1 CH,CH, NHMe 20+4 Inactive
X1V CH,CH,CH, OMe 79+0.2 18+2

Errors indicate Standard Deviation. # Cell-free PgsD assay with 10 minutes pre-incubation protocol of enzyme with compound. °
Compounds tested at 250 pM.

As for the (2-nitrophenyl)methanol QSls, also these PgsD inhibitors showed to be efficient in
reducing the enzymatic catalysis in in vitro settings and active in cellulo only at high concentrations
without finding a clear correlation between the two assay conditions. Actually, the accessibility of
the compounds to reach the bacterial target could be challenging due to the low permeability of the
bacterial membranes as previously mentioned (Nikaido, 2003) and/or due to possible metabolization
of the QSlIs by bacterial esterases (Pesaresi el al., 2005).

10.1.3 Common characteristics of the two classes

Even if the two approaches applied for the development of PgsD inhibitors were different
and ended with the discovery of two completely diverse scaffolds, the two compound classes shares
two main characteristics. Firstly, no correlation was found between high potency in cell-free and in
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whole-cell assays in both classes. Secondly, high concentration of PgsD inhibitor, such as 250 uM,
was required for displaying a significant inhibition of the signal molecule. As previously mentioned,
P. a. is known to have very selective low permeable cellular membranes, thanks also to high
expression of efflux pumps, and a set of enzymes that can metabolize xenobiotics. However, it
should not be excluded that targeting PgsD could not completely suppress the pgs system as, for
example, the partial reduction of HHQ did not affect the production of the redox toxin pyocyanin
(unpublished data). Consequently, it might be possible that other strategies for blocking this QS
system should be taken into consideration.

10.2 Evaluation of PgsBC inhibitors and MvfR antagonists

Considering the high doses necessary for reducing HHQ production in P. a. cultures and the
possibility that PgsD would not be the best target for blocking the pgs system, no further
optimizations were made on the developed inhibitors. Consequently, a deeper study in the scientific
literature highlighted the importance of PgsBC and MvfR in coordinating the functionality of this
QS system, as AQs biosynthesis and P. a. virulence. So, four tool compounds, such as the two
PgsBC inhibitors VII (unpublished data) and XV (Starkey et al., 2014), and the two most potent
MvVIR antagonists XVI (Starkey et al., 2014) and XVII (Zender et al., unpublished data) (Fig. 9)
were used for investigating the pgs biosynthetic machinery in different P. a. strains as fully
described in the manuscript C.
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Fig. 9 Structures of the PgsBC inhibitors VI1 and XV and of the MvfR antagonist XVI. The chemical formula of XVII
cannot be disclosed because of patent submission on going.

While it was previously described the activity of these compounds in reducing PQS and
HHQ production in PA14 wt and its isogenic pgsH mutant, respectively, the effects of these QSIs on
2-AA, DHQ and HQNO were not elucidated. Consequently, an "all-in-one™ assay using the HPLC-
MS/MS was established for detecting the five major pgs-related small molecules in multiple P. a.
strains modifying the published protocol of Lépine and coworkers (Lépine et al., 2003). The two
classes of inhibitors showed a characteristic profile regarding mvfr-related small molecule formation
in PA14 wt and its isogenic pgsH mutant.
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10.2.1 Effects of MVfR antagonists on pgs-small molecules

The MVfR antagonists XVI and XVII were capable to completely suppress the overall
biosynthesis at the highest concentration in both strains. Reduction of the QSI dose provoked a
quick restoration of the synthesis of AQs and 2-AA as highlighted by the observed very steep
curves. Furthermore, while XVI and XVII showed respective AQs ICsp of 1.2 uM and 3.8 uM in
PA14 wt, the compounds were around one order of magnitude more potent in PA14 pgsH mutant
displaying AQs ICs of 0.30 uM and 0.85 uM. Actually, this difference in activities between the two
strains was expected as PQS is much more potent than HHQ in activating the transcriptional
regulator (Xiao et al., 2006a). Interestingly, the DHQ level tremendously increased at dosages of
antagonist close to the 2-AA and AQs ICsps for returning to basal levels at lower amounts of
compound. These overall specific profiles suggested that the pgs autoloop could be one of the
causing factors. Actually, MvfR antagonization would result in reduced pgs expression with
subsequent lower amount of signal molecules capable to compete with the QSIs on the
transcriptional regulator. This would have, in the end, a pseudo-positive cooperative effect on the
MvVfR antagonist efficacy. Furthermore, at concentrations of pathoblocker close to AQs ICses, the
biosynthetic machinery would not be capable to convert the major amount of anthranilic acid into
HHQ/PQS maybe because of slow kinetic step in it. Considering the low affinity of 2-ABA toward
PgsBC (Drees et al., 2016), it was assumed that the conversion of 2-ABA into HHQ was the slow
step. Consequently, this would lead accumulation of the reactive intermediate which spontaneously
cyclize in the stable molecule DHQ.

So, the compounds were evaluated in PA14 pgsC mutant with and without exogenous
addition of PQS for modulating operon expression. Actually, XVI and XVII showed smooth
inhibitory curves of 2-AA and DHQ in absence of signal molecule and 1Csgs values in the two digits
nanomolar range. The addition of quinolone increased both the steepness of the curves, and their
respective 1Csgs values up to the single digit micromolar range, similar to their inhibitory activity in
wt strain. These results, consequently, confirmed that PQS and its autoloop would be two factors of
the steepness of the inhibitory curves. Furthermore, analysis of pgsA expression after addition of
MvTR antagonist revealed that these QSlIs efficiently suppressed the transcription of the operon.

In addition, the profiling of the pgs-small molecules in PA14 pgsE mutant uncovered a
profile characterized by a much higher levels of DHQ and lower production of 2-AA and HQNO
compared to the isogenic wt. This specific distribution of mvfR-related compounds in pgsE mutant
occurred because the thioester cleavage of 2-ABA-CoA into 2-ABA would be carried out by the
slow unspecific thioesterase TesB (Drees, Fetzner, 2015). Considering the similar distribution of 2-
AA, DHQ and HQNO between PA14 pgsE mutant and PA14 wt with AQs 1Cso doses of antagonist,
it is plausible that an accumulation of the intermediate 2-ABA-CoA took place in PA14 wt instead
of the hypothesized 2-ABA.
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10.2.2 Effects of PgsBC inhibitors on pgs-small molecules

The analysis of the PgsBC inhibitors VII and XV on pgs-small molecule production in PA14
wt and pgsH mutant showed that these QSIs were not able to affect the overall formation of QS
molecules. Actually, these QSIs mainly influenced the distribution of the pgs biosynthetic products
favoring the increase of 2-AA, DHQ and HQNO amounts and the decrease of signal molecules
levels. While the increase in 2-AA and DHQ was expected, the higher production of HQNO was
surprising as the biosynthesis of this specific AQ requires the hetero-dimeric protein.

Consequently, it was preferable to confirm their target selectivity. So, these QSIs were
evaluated in PA14 pgsC mutant in which they resulted to be completely inactive. Furthermore,
analysis of the pgsA expression showed that 500 uM of VII and 10 uM of XV strongly suppressed
the transcription of the operon in accordance with the efficient reduction of signal molecules at
similar concentrations.

Taking into consideration the obtained results and the biosynthetic pathway, it is plausible to
assume that PgsBC might have different kinetic parameters and affinities depending on the substrate
to be used, 2-HABA for HQNO and 2-ABA for HHQ. Consequently, the designed PqsBC inhibitors
would have different inhibitory activity depending on the reaction to be blocked. So, while the
formation of the signal molecule is inhibited, the reactive intermediate 2-ABA is transformed into
DHQ, 2-AA and 2-HABA which is, finally, converted into HQNO.

10.2.3 Effects of MvfR antagonists and PgsBC inhibitors on antibiotic tolerance

Considering the important role of 2-AA in antibiotic tolerance development, the four
compounds were analyzed to assess their capability to influence the rate of persister cells and,
consequently, modulate the killing rate of the employed antibiotic meropenem. Actually, the
efficiency of the MvfR antagonists in reducing the 2-AA formation translated into their capability to
reduced PA14 wt tolerance to the isogenic mvfR mutant levels with the consequent improvement of
antibiotic efficacy. On the contrary, while both PgsBC inhibitors enhanced 2-AA production, only
VII increased persistence to similar levels of PA14 wt incubated with 2-AA. A comparable result
was obtained for the isogenic pgsBC mutant which led to a reduced antibacterial potency of
meropenem.

10.2.4 Comparison between PgsBC inhibitors and MviR antagonists

The combination of the findings from the pgs-small molecules profiling and persistence
assessment revealed that targeting PgsBC would not be beneficial for blocking P. a. infections.
Actually, higher production of 2-AA and HQNO in the infection site would be translated into higher
chances to develop chronic infections characterized by biofilms richer in persistent cells. In addition,
the overproduction of DHQ would lead to intoxication of the host cells. Consequently, the
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eukaryotic cell growth would be inhibited and the mechanism of tissue repair would be strongly
delayed.

On the contrary, targeting MvfR would efficiently inhibit the whole pgs system and,
consequently, reduce P. a. pathogenicity and development of long-term infections. So, the
employment of the transcriptional regulator antagonists would, firstly, help the host immune system
in blocking the colonization and invasion of the pathogen in the tissues and, secondly, improve the
efficacy of antibacterial drugs.
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11 CONCLUSIONS AND OULOOKS

The evaluation of three different QSI groups, such as PgsD and PgsBC inhibitors and MvfR
antagonists, helped in understanding more in depth the pgs system and the therapeutic efficiency in
blocking singularly the proteins.

The application of two different strategies used in drug discovery, as the ligand-based and
similarity-guided, helped in the development of PgsD inhibitors based on two diverse scaffolds.
Deep SAR studies were conducted on both classes which resulted in the identification of potent
compounds in cell-free settings with 1Csgs values between single digit micromolar - high nanomolar
range. In addition, while the (2-nitrophenyl)methanols were shown to bind the enzyme in its
catalytic site, the catechols revealed to likely interact in the entrance channel of the protein. The in
cellulo evaluation of the QSIs showed that some compounds potent in the PgsD assay were capable
to efficiently reduce signal molecule production at 250 uM. However, the usage of such high doses
in the whole-cell assays suggested three possible explanations. Firstly, it could not be excluded that
both compound classes were not be able to permeate easily through the bacterial membranes due to
low import in the cell or high expulsion carried out by efflux pumps. Consequently, in a next step,
the permeability of the QSIs could be analyzed as employing in vitro models mimicking the
physicochemical properties of the bacterial membrane (Graef et al., 2016). In case the compounds
diffuse easily through the bacterial membrane, the PgsD inhibitors could be evaluated in strains
lacking in the expulsion systems (ElI'Garch et al., 2007) or tested in combination with efflux pumps
inhibitors (Lomovskaya et al., 2001). Secondly, based on the arsenal of metabolizing enzymes
expressed, P. a. may transform the QSIs into inactive forms. So, their possible metabolic
inactivation could be analyzed through quantification of the inhibitor during cellular incubation by
HPLC-MS/MS (Said et al., 2016; Bhat et al., 2013).Thirdly, considering the high activity of the
signal molecules in activating the pgs operon, it might be that PgsD inhibition does not fully
suppress the expression of the gene cluster. Consequently, analysis of pgs operon expression could
help such elucidation.

So, the evaluation of other targets was accomplished, such as the biosynthetic enzyme
PgsBC and the transcriptional regulator MvfR. After the development of an "all-in-one” HPLC-
MS/MS assays, an extended analysis of all the pgs biosynthetic products was performed using two
tool compounds for each target protein. PgsBC inhibitors revealed that they mainly affected the
distribution of the mvfR-related small molecules, but not the overall production. Actually, these
compounds induced higher 2-AA, DHQ and HQNO biosynthesis, key molecules in persistence, host
toxicity and biofilm formation, while reduced signal molecules levels. Consequently, the developed
inhibitors of this heterodimeric protein would not block all its reactions, but only conversion of 2-
ABA into HHQ. On the contrary, the designed MvfR antagonists showed to reduce 2-AA, AQs and
the overall production dose-dependently with very steep inhibitory curves. In addition, they induced
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a boost of DHQ formation at AQs 1Csy values. Comparing the activities of the compounds in the
pgsC mutant with and without exogenous PQS, used for modulating operon expression, highlighted
that the signal molecule and its autoloop are factors which influence the steepness of the curves.
Furthermore, the similar distribution of the pgs-small molecules between the pgsE mutant and the wt
with AQs ICso concentration of antagonist highlighted that the overproduction of DHQ could be due
to the accumulation of the reactive intermediate 2-ABA-CoA. In addition, considering the different
effects of the two QSI groups on 2-AA production, their activities in modulating persistence was
evaluated. While PgsBC inhibitors enhanced bacterial tolerance, MvfR antagonists efficiently
reduced it displaying, in the end, the preferable profile.

In the end, this study highlighted that, among the three targets evaluated, blocking MvfR was
identified as the optimal strategy to be applied for reducing P. a. pathogenicity. Consequently,
further efforts should be put in the optimization of the known class of compounds designed to
antagonize the transcriptional regulator and in the discovery of novel scaffolds. In addition, while a
monotherapy with the studied PgsD or PgsBC inhibitors would not be ideal for treating P. a.
infections, these compounds could be employed in combination therapies with MvfR antagonists for
improving the anti-virulence effects of the transcriptional regulator blockers (Thomann et al., 2016).
Consequently, analysis of pgs-small molecules production and persistence assessments would be
recommended to be performed after the incubation of P. a. with the combination therapy. Actually,
these studies will give further information about the efficiency of this therapeutic approach in
reducing bacterial virulence, and guide the scientific community in how to improve it.
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