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Abstract

Identification and characterization of regulatory networks controlling the
expre§sion and activity of the alternative sigma factor PvdS in Pseudomonas
aeruginosa

Pseudomonas aeruginosa is one of the most dreaded opportunistic pathogens in the
hospital setting and represents the first cause of morbidity and mortality in cystic
fibrosis patients. P. aeruginosa is able to produce several virulence factors; among
them, the siderophore pyoverdine plays a critical role in P. aeruginosa pathogenicity.
This siderophore is not only the main iron uptake system of P. aeruginosa but also a
signaling molecule which promotes the expression of other virulence factors (i.e.
exotoxin A, extracellular protease PrpL). The key role of pyoverdine in P. aeruginosa
infections makes this siderophore a promising target for the development of anti-
virulence drugs.

The antimicrobial agents currently used in clinical practice induce a strong selective
pressure which causes the development and spreading of resistant bacteria. An
alternative antibacterial strategy, which should reduce the emergence of resistance, is
the development of anti-virulence drugs able to disarm pathogens without inhibiting
their growth.

In the first part of this PhD thesis the use of a drug repurposing approach to search
for anti-pyoverdine compounds is described. This approach is based on the search for
side activities in old drugs already used in humans. A library of 1,120 marketed drugs
was screened with a purpose-generated reporter strain, leading to the identification of
a promising hit compound, the antimycotic drug flucytosine, which strongly reduced
pyoverdine production in vitro without affecting bacterial growth. The anti-virulence
activity of flucytosine was also confirmed in vivo in a mouse model of lung infection.
This work provided the first evidence that pyoverdine inhibition is a suitable strategy
for anti-virulence therapy against P. aeruginosa, and that drug repurposing is a cheap
and rapid approach to search for novel anti-virulence compounds.

The prominent role of pyoverdine in P. aeruginosa virulence emphasized the
importance of pyoverdine regulation for full understand P. aeruginosa pathogenicity.
Previous transcriptomic studies suggested that the Gac system, which regulates the
switch between the planktonic and biofilm lifestyles, could also influence pyoverdine
gene expression in P. aeruginosa, although different studies obtained opposite results.
In the second part of this PhD thesis the role



of Gac system in the regulation of pyoverdine production has been investigated. It has
been demonstrated that the Gac system and high intracellular levels of the
intracellular signaling molecule bis-(3’-5")-cyclic dimeric guanosine monophosphate (c-
di-GMP) coordinately promote pyoverdine production. In more detail, these two
systems indirectly control pyoverdine genes by modulating the expression of the
operons encoding the enzymes involved in the synthesis of the two aggregative
exopolysaccharides Pel and Psl. The deletion of both the pel and ps/ operons caused a
strong reduction in the production of pyoverdine and pyoverdine-dependent virulence
factors, irrespective of the Gac activation state or the intracellular c-di-GMP levels,
indicating that these exopolysaccharides plays an important role in the regulation of
this siderophore. We also found that the effect of Pel and Psl on pyoverdine production
depends on their ability to support the formation of planktonic aggregates, rather than
on the exopolysaccharides per se. Indeed, we observed that the simulation of
aggregation in a Pel- and Psl-independent manner is able to restore pyoverdine
production in the exopolysaccharide-null mutant. These results indicate that
pyoverdine, and consequently, pyoverdine-dependent virulence factors are also
controlled by a new regulatory system activated by the cellular aggregation.

In conclusion, this thesis shows that cell aggregation is not only important in the first
stages of biofilm formation, but also in the regulation of virulence in P. aeruginosa.
The formation of cellular aggregates depends on the production of the Pel and Psl
exopolysaccharides, which are regulated by the Gac system. Therefore, given the role
of Gac also in the activation of pyoverdine-dependent virulence, this system could
represent a potential target to inhibit simultaneously biofilm formation and the
production of several virulence factors. The drug repurposing approach was thus used
to search for Gac inhibitors. Although the initial screening led to identify three
promising anti-Gac compounds, subsequent experiments revealed that these
molecules promote, rather than inhibit, biofilm formation in P. aeruginosa, in a Gac-
independent manner. Consequently, they were not further investigated as potential

anti-virulence drugs.



Riassunto

Identificazione e caratterizzazione dei sistemi di regolazione deputati al

controllo del fattore sigma alternativo PvdS in Pseudomonas aeruginosa

Pseudomonas aeruginosa € un batterio gram-negativo che rappresenta una delle
principali cause di infezione in ambito ospedaliero e soprattutto nei pazienti affetti da
fibrosi cistica. La patogenicita di P. aeruginosa dipende dalla sua capacita di resistere
a molteplici classi di farmaci e di produrre numerosi fattori di virulenza. Tra i fattori di
virulenza prodotti da P.aeruginosa, il sideroforo pioverdina € uno dei pit importanti, in
quanto non solo rappresenta il principale sistema di acquisizione del ferro del batterio,
ma agisce anche da molecola segnale che attiva |'espressione dei geni coinvolti nella
sintesi della pioverdina stessa e di altri fattori di virulenza. Il ruolo chiave svolto dalla
pioverdina nelle infezioni causate da P. aeruginosa rende la via biosintetica e
regolativa di questa molecola bersagli promettenti per lo sviluppo di farmaci anti-
virulenza. I farmaci anti-virulenza, che mirano a disarmare il batterio senza inibirne la
crescita, rappresentano una potenziale alternativa ai comuni farmaci antibatterici i
quali, avendo un’azione generalmente battericida o batteriostatica, esercitano una
forte pressione selettiva che favorisce l'insorgenza e la diffusione di resistenze. Nella
prima parte della presente tesi di dottorato e stata descritta la ricerca di farmaci anti-
pioverdina attraverso |'utilizzo di un approccio noto come “drug repurposing”. Tale
approccio consiste nella ricerca, in farmaci comunemente utilizzati in clinica, di attivita
diverse rispetto a quelle per cui ciascun farmaco viene utilizzato. A tale scopo & stato
generato un ceppo ricombinante di P. aeruginosa che permettesse di monitorare in
maniera rapida l|'espressione dei geni della pioverdina, la produzione di pioverdina
stessa e la crescita batterica. L'effetto anti-pioverdina e stato saggiato in una
collezione di 1,120 composti ed e stato selezionato un farmaco antimicotico, la 5-
fluorocitosina, in grado di causare una forte riduzione della produzione di pioverdina e
dei fattori di virulenza pioverdina-dipendenti senza pero avere effetti rilevanti sulla
crescita batterica. La riduzione della virulenza di P. aeruginosa, causata dall’inibizione
della sintesi della pioverdina mediata dall’azione della 5-fluorocitosina, € stato
confermata anche in vivo in un modello murino di infezione polmonare. Questo studio
ha dimostrato che la pioverdina € un bersaglio eccellente per un‘eventuale terapia
finalizzata a ridurre la virulenza di P. aeruginosa e che il drug repurposing rappresenta

una strategia rapida ed efficace per la ricerca di farmaci anti-virulenza.



Dato il ruolo chiave della pioverdina nella virulenza di P. aeruginosa, & stato essenziale
approfondire i meccanismi che regolano la produzione di tale sideroforo, al fine di
poter comprendere a pieno la patogenicita di P. aeruginosa. A tale scopo sono stati
condotti degli studi, descritti nella seconda parte della presente tesi di dottorato,
mirati a chiarire il ruolo del sistema Gac nella regolazione della pioverdina. Il sistema
Gac €& un sistema a due componenti coinvolto principalmente nella regolazione
dell’espressione dei geni responsabili della sintesi dei polisaccaridi Pel e Psl, che
rappresentano una componente essenziale della matrice del biofilm. Tali
esopolisaccaridi sono regolati a livello trascrizionale anche dal bis-(3'-5")-diguanosina
monofosfato ciclico (c-di-GMP), un secondo messaggero intracellulare che svolge un
ruolo chiave nella formazione del biofilm. Nel presente lavoro di tesi e stato
dimostrato che lo stato di attivazione del sistema Gac ed elevati livelli intracellulari di
c-di-GMP promuovono la produzione di pioverdina. Questi due sistemi di regolazione
controllano la produzione di pioverdina indirettamente, attraverso la modulazione
dell’espressione dei geni per gli esopolisaccaridi Pel e Psl. La generazione di un doppio
mutante negli operoni pel e ps/ ha consentito di scoprire che questi operoni svolgono
un ruolo essenziale nella regolazione della pioverdina, in quanto la mancata
produzione di entrambi gli esopolisaccaridi determina una drastica riduzione della
sintesi del sideroforo e dei fattori di virulenza da esso regolati. I risultati ottenuti in
questo studio suggeriscono fortemente che l'effetto degli esopolisaccaridi sulla
produzione di pioverdina sia dovuto alla loro capacita di indurre l’aggregazione
cellulare in P. aeruginosa. Simulando l'aggregazione in maniera indipendente dagli
esopolisaccaridi & stato infatti possibile ripristinare la produzione di pioverdina nel
doppio mutante pel ps/ a livelli paragonabili a quelli del ceppo parentale. I risultati
ottenuti indicano quindi la presenza di un nuovo sistema di regolazione, mediato
dall’aggregazione cellulare, che influenza la produzione di pioverdina e dei fattori di
virulenza pioverdina-dipendenti.

Nel presente lavoro di tesi e stato quindi dimostrato che |I'aggregazione cellulare non
solo svolge un ruolo chiave nelle prime fasi della formazione del biofilm, ma anche
nella regolazione della virulenza. L'aggregazione e mediata principalmente dagli
esopolisaccaridi, i quali sono regolati dal sistema Gac. Pertanto, questo sistema di
regolazione rappresenta un potenziale bersaglio per inibire al contempo la produzione
di alcuni fattori di virulenza e la formazione del biofilm. E’ stato quindi utilizzato

I'approccio del drug repurposing per identificare composti anti-Gac. Sebbene siano



stati individuati tre derivati flavinici in grado di ridurre significativamente |'attivazione
del sistema Gac, tali farmaci hanno mostrato un forte effetto di promozione della
formazione del biofilm in P. aeruginosa, del tutto indipendente dal sistema Gac, e

pertanto le loro potenzialita come farmaci anti-virulenza sono compromesse.
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Chapter 1
Introduction and aims

1 Pseudomonas aeruginosa

Pseudomonas aeruginosa is a non-spore forming, Gram-negative, rod-shaped y-
Proteobacterium measuring 0.5 to 0.8 ym by 1.5 to 3.0 ym. This bacterium grows
aerobically but is capable of using nitrate or arginine as a final electron acceptor in the
absence of oxygen, allowing anaerobic growth (Vander Wauven et al., 1984; Haas et
al., 1992). Because of its remarkable adaptability, P. aeruginosa can be found in
diverse environments such as soil, water, plants and animals (Rahme et al., 1995;
Mahajan-Miklos et al., 2000). P. aeruginosa synthesizes 2-aminoacetophenone (2-
AA), producing a fruity, grape-like smell. This feature, along with the fact that this
bacterium produces the blue colored soluble pigment pyocyanin, greatly helps in
identifying an unknown colony as P. aeruginosa. The complete genome of the widely
used laboratory strain P. aeruginosa PAO1, a wound isolate (Holloway, 1955), was
sequenced and published in 2000 (Stover et al., 2000). The genome has a high G+C
content (66.6 %) and consists of 6.3 million base pairs. The presence of 5,570
predicted open reading frames reflects the genetic complexity of the P. aeruginosa
genome underlying the capability of this bacterium to grow in different ecological
niches (Stover et al., 2000). Consistent with its larger genome size and environmental
adaptability, P. aeruginosa was argued to contain the highest proportion of regulatory

genes observed for a bacterial genome (Stover et al., 2000).

2 P. aeruginosa pathogenicity

P. aeruginosa is typical opportunistic pathogen which can cause a wide range of
infections in different tissues, including lung, eyes, ears, urinary tract and burns
(Lyczak et al., 2000). Airway infections, caused by this pathogen, could be classified
in two different types: acute and chronic infections (Arancibia et al., 2002). The best
example of an acute respiratory nosocomial infection is the ventilator associated
pneumonia (VAP). VAP is generally a consequence of the damage of the airway from
mechanical ventilation which is followed by the acute pneumonia. The high mortality
rate of VAP (34-48%) appears to be related to dysregulated host-pathogen interaction
with an excessive host response to pneumonia (William et al., 2010). If the acute
infection is not fully eradicated, P. aeruginosa can adapt to the lung environment and

can cause chronic infection. Chronic infections are generally associated with cystic



fibrosis (CF) and chronic obstructive pulmonary disease (COPD) (Doring et al., 2011).
CF is a congenital disease affecting 1:2,500 newborns in the Caucasian population; it
is due to loss-of-function mutations in the cystic fibrosis membrane regulator (CFTR),
which result in a dehydrated and thickened airway surface liquid that impairs the
normal clearance of the airway. Chronic P. aeruginosa infections represent the main

cause of morbidity and mortality in CF patients (www.cftr2.org). Chronic P. aeruginosa

lung infections are also associated with people who have COPD. This pathology is
caused by chronic inflammation of lung tissues leading to the restriction of airway
passage. The incidence of P. aeruginosa infection in patients with COPD ranges from 4
to 15% (William et al., 2010) and the mortality rate due to exacerbation is high (22-
49%).

Therapeutic options to treat acute and chronic P. aeruginosa infections are limited due
to the ability of P. aeruginosa to resist to many antimicrobial agents. P. aeruginosa
has developed many different mechanisms of resistance, that can be classified as
intrinsic or acquired (Moore and Flaws, 2011). The intrinsic mechanisms by which P.
aeruginosa exerts its ability to resist to many antimicrobial agents are mainly three.
The first is the low permeability of the outer membrane, which reduces the entrance
of the antimicrobial agents into the cell. Second, P. aeruginosa expresses many efflux
pumps, which are proteins able to eject a wide range of antibiotics out of the cell
(Benz and Hancock, 1981; Schweizer, 2003). The third intrinsic mechanism is the
production of the beta lactmase AmpC which is localized in the periplasm; it is
expressed at low levels but can be induced by sub-inhibitory concentrations of certain
beta-lactams (Juan et al., 2005). It has been demonstrated that P. aeruginosa could
also acquire antibiotic resistance by taking up resistance genes from other pathogens
and/or by mutation in the antibiotic targets or in the regulatory systems which
reinforce the intrinsic resistance (Breidestein et al., 2011). At present, few new drugs
are available to fight P. aeruginosa infections and there has been a return of old
drugs. In particular, colistin (a polymixin family drug), which was originally fallen out
due to its toxic side effects, is now routinely administered via inhalation in CF patients
suffering recurrent infections whit multi drug resistant strains of P. aeruginosa
(Falagas and Kasiakou, 2006).

2.1 Acute infection
Acute P. aeruginosa infections are characterized by the massive production of

virulence factors and by a strong immune response. P. aeruginosa has the genetic



potential to produce an arsenal of virulence factors; some of them are present on the
cell surface, such as type 1V pili, flagella and type III secretion system (T3SS), while
others are secreted, such as extracellular proteases, toxins, phospholipases (Fig 1),
(Sadikot et al., 2005). The type IV pili and flagella are mainly involved in P.
aeruginosa motility, but they also play a role in the pathogenesis by eliciting an
inflammatory response (Kipnis et al., 2006). The type IV pili are the most important
adhesins and the retractile properties of these structures make them responsible for
the twitching motility, which enables bacterial cells to move on solid surfaces. They
also facilitate the swarming motility (Mattick, 2002). Swarming is a special form of
motility; it depends on flagella and type IV pili and allows bacteria to move across
semi-solid surface. This type of motility is thought to be relevant to the movement of
P. aeruginosa through mucus layers because the conditions that trigger swarming
(intermediate viscosity and amino acids as a poor nitrogen source) exist in the lung
(Overhage et al., 2008). P. aeruginosa is also able to swim in agqueous environments
by using the flagellum which is a complex protein structure localized at the pole of the
bacterium (Feldman et al., 1998). These motile surface appendances are responsible
for bacterial motility and progression towards epithelial contact. The adhesion to
epithelial cells mediated by pili and the flagellum represents the first step of
colonization (Feldman et al., 1998). The contact with the host cells activates T3SS; it
is @ major determinant of virulence which allows to directly inject toxins into the host
cell, through a syringe-like apparatus (Hauser et al., 1998). The toxins secreted by
the P. aeruginosa T3SS are ExoU, Exo0S, ExoT, ExoY. These toxins are variably
expressed in different strains and all participate in the cytotoxicity. ExoT and ExoS
have ADP-ribosyltrasferase activity which causes the destruction of the cytoskeleton
of the host cell. ExoU has a phospholipase activity which destroys the eukaryotic cell
membranes, while ExoY is an adenylate cyclase which causes the increase of the cAMP
in the cytosol leading to increased epithelial barrier permeability in the lung (Hauser
et al., 2009). Other virulence factors involved in the invasion and dissemination of P.
aeruginosa are secreted through the type II secretion system (T2SS). They are the
phospholipase C (PIpC), the exotoxin A (ToxA) and the proteases LasB, LasA, PrpL.
The elastases LasA and LasB are not only involved in the damage of the respiratory
epithelium through the destruction of the cellular junctions (tight junction) but they
also induces an inflammatory response by the host (Azghani, 1996; Kon et al., 1999).
The PIpC, also called the hemolytic phospholipase, targets the eukaryotic membrane

phospholipids and participates to lung injury and inflammation (Konig et al., 1993). A



major role in P. aeruginosa virulence is played by the ToxA. This toxin inhibits
eukaryotic protein synthesis by blocking the elongation factor 2 (EF-2), and induces
cell death (Ochsner et al., 1996). ToxA and the protease PrpL are mainly expressed
under iron-depleted conditions (Paragraph 2.1). The extracellular protease PrpL (or
Protease 1IV) is an endoprotease which cleaves casein, lactoferrin, transferrin, elastin,
and decorin, and was found to contribute to the ability of P. aeruginosa to persist in a
rat chronic pulmonary infection model (Wilderman et al., 2001). Another important
protease produced by P. aeruginosa during the infections is the alkaline protease
AprA. This protease is a zinc metallo-protease released by the type I secretion
system. It has been demonstrated that AprA degrades several components of the host
immune system such as the cytokines INF-y TNF-a and the protein C1q e C3 inhibiting
the activation of the complement (Hong et al., 1992; Parmely et al., 1990). AprA also
cleaves the iron-binding protein transferrin (Laarman et al., 2012). The proteolysis of
transferrin causes the release of iron which could be taken up by the bacterium
favoring its spreading (Kim et al., 2006). The damage caused by the above-mentioned
virulence factors and the resulting strong inflammatory response make the acute

infections by P. aeruginosa severe and often lethal (Gellantly et al., 2013)
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Fig 1. Virulence factors produced by P. aeruginosa during acute infections. Flagella, pili and
T3SS are present on the cell surface. Pili and flagella represent the mains adhesions involved
in the contact with the host epithelial cells. The contact activates the T3SS and consequently
the injection of the cytotoxins (ExoU, ExoS, ExoT and ExoY) directly into the host cells . During
the lung colonization P. aeruginosa also secretes several virulence factors such as the
proteases, phospholipase C and exotoxin A (Modified from Gellantly and Hancock, 2013).



2.2 Chronic infection

CF, COPD or immune compromised patients are generally unable to completely
eradicate the acute infections and it could evolves in chronic infection in which P.
aeruginosa is completely adapt to the lung environment (Deretic et al., 1995). During
the chronic infection P. aeruginosa grows and persists as a biofilm, which is a surface
attached community of bacteria encased in a self-produced polymeric matrix
(Bjarnsholt et al., 2009). The polymeric matrix consists of polysaccharides, nucleid
acids, proteins and lipids and represents 50-90% of the biofilm volume. Biofilm
formation is a multistep process. The first contact of bacterial cells with the surface is
followed by a strong (irreversible) attachment. After the attachment bacteria grow as
microcolonies and begin to produce the extracellular polymeric matrix. The last step
relies on the maturation of the biofilm structure, characterized by the formation of
mushroom shaped structures and of the fluid filled channels for the exchange of
nutrients and waste products (Klausen et al., 2003). The microbial biofilm is a
relevant problem in clinical setting, since it allows bacteria to persist in the human
body and on medical devices such as catheters and endotracheal tubes. Bacteria
growing as biofilm show enhanced tolerance to the host immune response and to the
activity of antimicrobial agents. In particular, P. aeruginosa growing as a biofilm has a
minimal inhibitory concentration (MIC) and a minimal bacterial concentration (MBC)
for many antibiotics 100-1,000 fold higher than planktonic cells (Moskowitz et al.,
2004). The increased tolerance of bacteria growing as biofilm likely depends on the
limited penetration of the antimicrobial agents through the biofilm matrix and on the
reduced metabolic activity of biofilm-forming bacterial cells (Walters et al., 2003;
Chiang et al., 2013; Pamp et al., 2008). Many antibiotics target DNA replication,
protein synthesis or cell wall biogenesis and are highly active on actively replicating
planktonic bacteria; however, since the metabolic activity of bacteria growing as
biofilm is much higher in the upper part of biofilm compared to the inner part, biofilm-
forming bacterial cells present in the inner part of the biofilm are more tolerant to
these classes of antimicrobial agents (Werner et al., 2004; Pump et al., 2008). The
ability of P. aeruginosa growing as biofilm to persist on biotic and abiotic surfaces and

to resist to antimicrobial agents makes chronic infections difficult to eradicate.



3 P. aeruginosa iron uptake: evidence of different strategies in
different types of infections

Iron is an essential element in almost all living organisms. Although iron is the one of
the most abundant elements on the earth, the concentration of biologically useful iron
is generally extremely low. In aerobic inorganic environment, iron is mainly present in
the oxidized ferric form Fe(III) which aggregates into insoluble oxy-hydroxide
polymers and, consequently, it is not easily available to microorganisms. Once in the
human host, pathogens such as P. aeruginosa are forced with the problem of iron
acquisition. In human fluids iron is sequestered by proteins with high affinity for
Fe(III), such as transferrin and lactoferrin, while in the cells iron is fastened in heme,
iron-sulfur clusters and ferritins. The limited availability of iron is addressed by
bacteria through the development of different systems able to actively acquire iron
under depleted conditions (Ratledge and Dover 2000). P. aeruginosa has evolved
different strategies to acquired iron, which are: (i) the production of low-molecular
weight compounds which scavenge iron from various sources (siderophores); (ii) the
uptake of siderophore and iron chelators which are not synthesized by P. aeruginosa
itself, (iii) the uptake of heme molecule from host hemoproteins and (iv) the reduction
and/or uptake of Fe(II) (Poole and McKay, 2003).

Except for the last one, these uptake systems require the presence of specific
receptors on the outer membrane. These receptors need a complex of three proteins
localized in the cytoplasmic membrane (TonB, ExbB and ExbD) called the “TonB
complex”. The TonB complex converts the transmembrane proton gradient in energy
to internalize the iron carrier (siderophore or hemophore or hemoprotein) into the
periplasm. Once in the periplasm the transport across the inner membrane to the
cytoplasm is carried out by ABC permeases (Wandersman and Stojiljkovic, 2000).

The cytoplasmic concentration of iron is strictly regulated, and an overload of iron is
toxic for bacterial cells because the reduced form Fe(II) activates the Fenton reaction
generating reactive oxygen species which damage many biological macromolecules. In
order to prevent an excessive iron uptake, in P. aeruginosa, as well as in many gram-
negative bacteria, the systems involved in iron uptake are negatively regulated by the
ferric uptake regulator Fur. Fur is a 15 KDa protein which has been proposed to be
essential in P. aeruginosa, since deletion mutants in the fur gene were not obtained in
this bacterium (Vasil and Ochsner, 1996). Fur acts as an iron intracellular sensor
which represses directly or indirectly the expression of iron uptake genes under iron

replete conditions. When Fur is loaded with Fe(II) it forms homodimers that bind the



regulatory elements of its target genes and prevent the binding of the RNA
polymerase and hence transcription (Ochsner and Vasil, 1996). It has been proposed
that P. aeruginosa could vary the iron uptake strategies according to the type of
infection in order to best fulfill its needs without spending too much energy (Cornelis

and Dingemans , 2013)

3.1 Siderophores: Pyoverdine and Pyochelin

Pyoverdine is a green fluorescent siderophore which represents the primary iron
uptake system of P. aeruginosa (Meyer et al., 2000). This siderophore is composed by
three parts: (i) a fluorescent dihydroxyquinoline chromophore, (ii) an acyl side chain
bound to amino group of the chromophore and (iii) a variable peptide chain linked by

an amino group to the C1 carboxyl group of the chromophore (Fig 2).
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Fig 2. Structure of A) type I pyoverdine and B) pyochelin (Modified from Crosa and Walsh;
2002)

Each P. aeruginosa strain can produce one of three different pyoverdine types (type I,
IT or III; Bodilis et al., 2009). Pyoverdine is able to chelate Fe(III) with high affinity
(K=10%*M™) and a 1:1 stoichiometric ratio (Visca et al., 2007). The high affinity of
pyoverdine for Fe(III) makes it capable to scavenge iron from host proteins such as
transferrin and lactoferrin, allowing bacterial growth also in human serum
(Ankenbauer et al., 1985; Sriyosachati and Cox, 1986).

The ability to acquire iron is not the only property of this siderophore; indeed,
pyoverdine also acts as a signaling molecule involved in the regulation of virulence
genes expression (Fig 3) (Lamont et al., 2002). The signaling mediated by this
siderophore is called pyoverdine signaling and involves the TonB dependent receptor
FpvA, the antisigma factor FpvR, which spans the cytoplasmic membrane through a

single transmembrane helix, and the alternative sigma factors PvdS and FpvIl. FpvA is



the pyoverdine outer membrane receptor; it has a beta barrel structure with a
globular domain (plug domain) which occludes the interior of the barrel. Once
pyoverdine is loaded with iron, it binds FpvA and induces a conformational change of
the plug domain that enables the entry of the ferri-siderophore in the periplasm. The
binding of ferri-pyoverdine to FpvA also promotes the interaction between FpvA and
the periplasmic domain of the antisigma factor FpvR, and this interaction results in the
transmission of a signal to the cytoplasmic domain of FpvR. This signal leads to the
release of Fpvl and PvdS from the FpvR antisigma, ultimately determining the
activation of these two sigma factors. The alternative sigma factor Fpvl drives the
expression of the gene encoding the receptor FpvA, while PvdS controls the

expression of almost 30 genes (Ochsner et al., 2002).
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Fig 3. Schematic representation of the pyoverdine signaling cascade. In the absence of
pyoverdine, FpvR represses the activity of the alternative sigma factors FpvIl and PvdS. The
binding of pyoverdine loaded with iron to its outer membrane receptor FpvA induces a signal
through FpvR which leads to the release of the sigma factors and consequent activation of
FpvI- and PvdS-dependent genes (Jimenez et al., 2012).

Among the genes regulated by PvdS there are genes encoding virulence factors which
play a critical role in P. aeruginosa pathogenicity, such as pyoverdine, the protease
PrpL and the exotoxin A (Lamont et al., 2002). The prominent role of pyoverdine in
pathogenicity has been demonstrated in different mouse model of infections (Meyer et
al., 1996; Takase et al., 2000). In particular, in the burned mouse model of infection
used by Meyer and colleagues, mice were infected post-burned with 10°> CFU (colony
forming unit) of wild type strain or mutants unable to produce pyoverdine. The
mortality of the mice infected with the wild type strain was almost 100% while the

pyoverdine defective mutants appeared fully avirulent since no mice died. The



injection of pyoverdine into the infected mice restored the virulence of the pyoverdine
defective mutants and increased the mortality of burned mice (Meyer et al., 1996).

The other experimental model in which was tested the virulence of pyoverdine
defective mutant is the immunosuppressed mice. The wild type strain or the
pyoverdine defective mutant (approximately 10°) were inoculated intranasally in
immunosuppressed mice. The virulence of pyoverdine defective mutant appeared to
be attenuated because the mutant took somewhat longer to kill the mice then wild
type strain (12 hours versus 48 hours post inoculum), (Takase et al., 2000). Given
that pyoverdine is involved in the regulation of virulence factors important for the
colonization and invasion of human host, it seems to be essential to cause acute
infection (Cornelis and Dingemans, 2013). Interestingly, pyoverdine production is also
important for biofilm formation which is a typical trait of chronic infection. It has been
demonstrated that mutants which do not produce pyoverdine are unable to generate
mature biofilms under iron limited conditions, but the addition of exogenous
pyoverdine to the growth media restores the biofilm formation ability of pyoverdine
defective mutants (Banin et al., 2005; Patriquin et al., 2008) (Fig 4). Although
pyoverdine is involved in different biological processes, ranging from host invasion to
biofilm formation, its production is extremely energy consuming for P. aeruginosa,
given that its biogenesis occurs through non ribosomal peptide synthesis and requires

the activity of many different enzymes (Visca et al. 2007).

Fig 4. Biofilm development in flow cell of A) P. aeruginosa PAO1 (wild type), B) an isogenic
mutant in the biosynthetic gene pvdA which is unable to produce pyoverdine, and C) the pvdA
mutant in the presence of exogenous pyoverdine The image represent a 6 day biofilm on a
glass surface in a flow of 1% of TSB (tryptic soy broth), (modified by Banin et al., 2005)

This could plausibly explain why PvdS activity and pyoverdine production are finely
regulated by the pyoverdine signaling cascade (see above). Indeed, this regulatory
network allows maximum siderophore production only when pyoverdine is effective in
catching iron from the environment or from host proteins, given that PvdS activity is

fully activated only when iron-loaded pyoverdine binds to the FpvA receptor.
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In addition, pvdS expression is directly repressed at the transcriptional level by Fur-
Fe(II) and, consequently, the production of pyoverdine is shut-off under iron replete
conditions (Ochsner et al., 1996). More recently, other proteins have been described
to positively influence pvdS expression, such as the LipA lipase and the transcriptional
regulator CysB (Funken et al., 2011; Imperi et al., 2010): LipA is an extracellular
lipolytic enzyme, and its absence causes a strong reduction in pvdS expression and
pyoverdine production, although the mechanism is still unknown (Funken et al.,
2011). CysB is a LysR-type transcriptional regulator which plays a central role in
sulfur metabolism. It has been demonstrated that CysB binds to the promoter region
of pvdS and positively controls its expression and, consequently, the production of
PvdS-dependent virulence factors (Imperi et al., 2010).

The second siderophore produced by P. aeruginosa is pyochelin (Fig 2). Pyochelin is a
condensation product of salicylate and two molecules of cysteine; it chelates iron with
a 2:1 (pyochelin:iron) stoichiometry (Tseng et al., 2006). The affinity for iron of
pyochelin (ke 10°M™) and the number of genes involved in its biosynthesis are lower
than pyoverdine (Youard et al., 2011). The production of this siderophore is regulated
by the cytoplasmic regulator PchR, which is a protein of the AraC/XylIS family. These
kind of regulators can act as transcriptional repressor or activator depending on the
presence of specific effector molecules. In particular, the pyochelin biosynthetic genes
are repressed by PchR in the absence of pyochelin, while they are induced when PchR
is activated by pyochelin binding (Fig 5) (Michel et al., 2007). Thus, as in the case of
pyoverdine, also pyochelin is only produced when it is effective in feeding the cell with
iron. Moreover, pyochelin production is also subjected to the repression by Fur, which
controls the expression of the genes involved in the synthesis (pchDCBA, pchEFGHI),
regulation (pchR) and internalization (fptA) of this siderophore. Recently, it has been
demonstrated that P. aeruginosa firstly produces pyochelin and then switches to
pyoverdine when iron concentration becomes extremely low (Dumas et al., 2013).
Given that the cost associated with the synthesis of pyochelin is much lower compared
to that of pyoverdine, it has been proposed that this regulatory strategy could allow P.
aeruginosa cells to save energy until the pyoverdine synthesis is absolutely required
for growth (Dumas et al., 2013).
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Fig 5. Schematic representation of the pyochelin genes regulation. In the presence of

pyochelin
pyochelin, PchR triggers the transcription of the pyochelin biosynthetic genes and of the gene
ftpA, encoding the outer membrane receptor for ferri-pyochelin (Modified from Crosa and
Walsh, 2002)

3.2. Other iron uptake systems

Although endogenous siderophores, in particular pyoverdine, represent the main iron
carriers of P. aeruginosa, this bacterium has evolved other strategies to acquire iron in
different environments. During the infection, a possible source of iron is represented
by the heme and hemoglobin (Wandersman and Stojiljkovic, 2000). Two different
systems for heme uptake have been identified and characterized in P. aeruginosa,
namely the Phu and Has systems. The Phu system consists of a TonB-dependent outer
membrane receptor for heme (PhuR) which binds heme and transport it into the
periplasm. Once in the periplasm, the periplasmic protein PhuS and the ATP-
dependent permease system PhuTUV direct the transfer of heme into the cytoplasm
(Ochsner et al., 2000). The other heme uptake system (Has) reminds the
siderophore-dependent iron uptake, since this system is based on the activity of the
haemophore HasA, an extracellular protein secreted by the bacterial cell that catches
heme with high affinity and delivers it to its TonB-dependent receptor HasR (Letoffé et
al., 1998; Takase et al., 2000). Once heme is in the cytoplasm, the heme oxygenase
HemO degrades heme to form biliverdin, CO and Fe(II) (Barker et al., 2012).

During the polymicrobial infection, P. aeruginosa could be benefited from the ability to
recognize and use siderophores produced by other species (xenosiderophores) or
other exogenous iron chelators. For this reason, P. aeruginosa has the genetic
potential to encode several TonB-dependent receptors for exogenous iron carriers,
such as PfeA and PirA for the E. coli siderophore enterobactin (Dean and Poole, 1993),
FoxB and FiuA for the uptake of ferioxamine and ferrichrome, respectively (Llamas et
al., 2006), FecA for the Fe-citrate (Marshall et al., 2009), FemA for the utilization of

mycobactin and carboxymycobactin (Llamas et al., 2008), ChtA for rhizobactin and
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aerobactin (Cuiv et al., 2006) and FvbA for the uptake of vibriobactin (Elias et al.,
2011).

The last iron uptake system used by P. aeruginosa is the Feo system, which
internalizes Fe(II). Fe(Il) is soluble and is mainly present under anaerobic conditions
and/or in the presence of low pH (Andrews et al., 2003). The ferrous iron diffuses
through the outer membrane through porins and is transported in the cytoplasm by
FeoB. FeoB is a GTP-dependent transporter and it is associated with other two
proteins of the inner membrane, FeoA and FeoC (Cartron et al., 2006). It has recently
been proposed that the Feo system could play a role in iron uptake during lung
chronic infections in CF patients, due to the ability of phenazines, which are secondary
metabolites produced by P. aeruginosa, to reduce Fe(III) to Fe(II). Indeed, it has
been demonstrated that phenazines and Fe(II) accumulate in the lung of CF patients

during chronic P. aeruginosa infection (Hunter et al., 2012; Hunter et al., 2013)

4 The regulatory switch from acute to chronic infection

During chronic and acute infections P. aeruginosa expresses different sets of genes
involved respectively in biofilm formation or in virulence factor production. The ability
to modulate gene expression on the basis of the type of infection is due to the
presence of intricate regulatory networks which can control, by repressing or
activating, different sets of genes (Stover et al., 2000). Among the systems involved
in the regulation of the switch between the planktonic and biofilm lifestyles, the most
studied are the Gac system and the bis-(3’-5')-cyclic dimeric guanosine

monophosphate (c-di-GMP) intracellular signal.

4.1 Gac regulatory network

The Gac regulatory network (global activator of antibiotic and cyanide synthesis) is a
two component system typically present in gamma proteobacteria (Fig 6). This system
consists of the inner membrane sensor kinase GacS, the response regulator GacA, two
small RNAs and the translational repressor RsmA (regulatory of secondary
metabolism). In response to a still unknown signal, GacS phosphorylates and
activates GacA, which in turn recognizes and binds the conserved Gac sequence
(TGTAAGNGCTTACA) present in the rsmZ and rsmY promoter regions, thereby
promoting their transcription (Brencic et al., 2009). These small RNAs are the

exclusive targets of the GacA regulator, and are part of an uncharacterized feedback
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mechanism by which they inhibit their own transcription (Kay et al., 2006). Structural
prediction of these small RNAs suggests the presence of multiple copies of a GGA
motif in the single strand region of a steam loop; this motif is responsible for the
binding of these sRNA to RsmA. RsmZ and/or RsmY binding to RsmA inhibits the
translational repressor activity of this protein. RsmA is a member of the CsrA family of
small translational regulatory proteins; it binds GGA motifs present within the 5’
untranslated region of target mRNAs, occluding the ribosome binding site and
consequently inhibiting translation (Lapouge et al., 2008). Additional regulators have
been described to modulate the activity of the Gac system, namely the hybrid sensors
RetS and LadS, which exert a negative and positive effect on rsmY and rsmZ
transcription, respectively. While RetS (regulator of exopolysaccharides and T3SS)
heterodimerizes with GacS, preventing its autophosphorylation and, consequently,
GacA activation, LadS (lost adherence sensor) promotes the activation of GacA
through a still unknown molecular mechanism (Ventre et al., 2006). The inhibitory
effect of RetS on GacA activity is confirmed by the fact that retS mutants have a

phenotype very similar to that of rsmA mutants (Goodman et al., 2004).

GacA
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=

Fig 6. Schematic representation of the Gac system (modified from Moscoso et al., 2011).

The effect of rsmA deletion on P. aeruginosa physiology has been extensively
characterized by several research groups through transcriptomic and phenotypic

analyses. In particular, rsmA mutants show strongly increased biofilm formation,

14



reduced T3SS expression and cytotoxicity, and diminished twitching motility. This
characteristic phenotype depends on the ability of RsmA to directly inhibit the
translation of genes responsible in the biosynthesis of the exopolysaccharide Psl, and
to indirectly promote the transcription of the genes involved in the production of the
T3SS, type IV pili and flagella (Irie et al., 2010; Brencic and Lory 2009, Burrowes et
al., 2006). Moreover transcriptomic analyses of rsmA mutants indicated that RsmA
negatively influence the expression of the genes encoding the type VI secretion
system and of the pel operon which encodes the enzymes involved in the synthesis of
the exopolysaccaride Pel (Brencic and Lory 2009). Transcriptomic analyses also
suggested that the Gac system influences the expression of several iron uptake genes,
although different studies obtained opposite results (Brencic and Lory 2009; Burrowes
et al., 2006). In one study, the deletion of rsmA in the P. aeruginosa reference strain
PAO1 caused an increase in the transcription of some iron uptake genes (Burrowes et
al., 2006), while in another study, performed on the P. aeruginosa strain PAK, the
rsmA deletion resulted in a decrease in iron uptake gene expression (Brencic and Lory
2009). Additional studies are clearly required to clarify the role of the Gac system in
the regulation of iron uptake in P. aeruginosa. Irrespective of its effect on iron uptake,
the ability of the Gac system to coordinately control the expression of many virulence
genes involved in the acute infection and those related to chronic infection makes the
Gac system an important factor in P. aeruginosa pathogenicity, as it has been
experimentally demonstrated in different models of infection. Indeed, deletion
mutants in gacA showed a strongly reduced ability to cause infection in mice, plants,
insects and nematodes (Rahme et al., 1995; Tan et al., 1999; Jander et al., 2000,
Coleman et al., 2003). Accordingly it has been demonstrated that the deletion of
rsmA, hence constitutive activation of Gac system, causes an increase in the ability of
P. aeruginosa to persist in the mouse lung (Mulcahy et al., 2007). The enhanced
persistence of the P. aeruginosa rsmA mutant could depend on the fact that in this
mutant the production of the exopolysaccharides Pel and Psl is not repressed by
RsmA, ultimately resulting in increased exopolysaccharide synthesis and biofilm
formation compared to the wild type strain. Indeed, in vitro experiments have
demonstrated that the deletion of rsmA causes a strong increase in the ability to form
biofilms, while the deletion of the two small RNA genes rsmY and rsmZ or of gacA
almost completely abolishes biofilm formation (Brencic et al., 2009).

Very recently, it has been proposed that the Gac system could also indirectly influence

the transcription of the exopolysaccharide operons pel and ps/ and, therefore, biofilm
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formation in P. aeruginosa by modulating the intracellular levels of the signaling
molecule c-di-GMP. In particular it has been demonstrated that deletion of retS, which
is the negative regulator of the activation state of Gac system, causes an increase of

the intracellular level of c-di-GMP (Moscoso et al., 2011).

4.2 Bis-(3'-5")-cyclic dimeric guanosine monophosphate (c-di-GMP)

The signaling molecule c-di-GMP has been identified in different bacteria and seems to
take part in the control of the switch between the planktonic and biofilm lifestyles
(Jenal et al., 2004). The intracellular levels of this molecule depend on the activity of
two classes of enzymes which are the diguanilate cyclases (DGCs) and

phospodiesterase (PDEs) (Fig 7).

2GTP
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s cyclases

© o 4

Motility Virulence Sessility and biofilm
Expression and Expression of formation

activity of flagella, acute virulence  Synthesis of various
swimming and genes adhesins and
swarming exopolysaccharides

Fig 7. Structure and functions of c-di-GMP. The intracellular levels of c-di-GMP depend on the
activity of diguanylate cyclases and phosphodiesterases. High levels of c-di-GMP promote
biofilm lifestyle while inhibiting virulence gene expression and motility (Modified from Hengge,
2009)

The active DGC is a dimer of two subunits with a GGDEF domain, which is essential for
the production of c-di-GMP from two molecules of GTP. The catalytic site is located at
the interface between the two subunits. Each subunit binds one molecule of GTP, and
point mutations in the GGDEF motif impair the catalytic activity (Malone et al., 2007).
The PDE activity is associated with two different motifs: EAL and HD-GYP. The EAL-
type PDE is a monomeric enzyme that linearizes c-di-GMP to 5’-pGpG which is then
degraded by other cellular enzymes, while the HD-GYP proteins are able to directly
degrade c-di-GMP to two molecules of GMP (Christen et al., 2005). Notably, some
enzymes have both the domains EAL and GGDEF, although the function of these

proteins remains unclear (Kulasakara et al., 2006). In P. aeruginosa, about 41 genes
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have been predicted to encode proteins with DGC and/or PDE domains (Kulasakara et
al., 2006). The high numbers of genes involved in the metabolism of c-di-GMP makes
the signaling network mediated by this molecule difficult to characterize. One of the
best characterized protein involved in the synthesis of c-di-GMP is the DGC WspR,
belonging to the Wsp chemosensory system. The Wsp system is a multi component
chemosensory system with homology to the well characterized chemotaxis pathway.
This system consists of a putative methyl-accepting chemotaxis protein (WspA), an
histidine kinsase (WspE), two adaptor proteins (WspB and WspD) predicted to link
WspA with WspE, a methytransferase (WspC),a methyesterase (WspF) and a response
regulator WspR (Fig 8). Likely in response to surface contact, WspA activates the
histidine kinase WspE resulting in phosphorylation of WspR receiver domain and DGC
activation (Guvener and Harwood, 2007). The methylesterase WspF is a negative
regulator of Wsp system. The inactivation of WspF causes an increase in the
intracellular levels of c-di-GMP which in turn promote cell aggregation and biofilm
formation (Hickman et al., 2005). A typical feature of strains with high intracellular
levels of c-di-GMP, as in the case of wspF mutant, is the small colony variant (SCV)
phenotype (Hickman et al., 2005). These colonies appear wrinkly and it is due to the
very high production of exopolysaccharides, which causes an increase in surface
adherence and aggregation. The link between SCVs and intracellular levels of c-di-
GMP has been demonstrated by different research groups through the analysis of the
effect of mutations in the negative regulators of two different DGCs, WspR and YfiN
(Hickman et al., 2005; Malone et al., 2010). The deletion of these inhibitors caused, in
both cases, an increase in the intracellular level of c-di-GMP and the concomitant
appearance of the SCV phenotype. The SCVs are characterized by enhanced levels of
persistence and resistance to many different antimicrobial agents and represent a
quite common morphotype of P. aeruginosa isolated from the sputum of chronically
infected CF patient (von Goé6tz et al., 2004, Drenkard and Ausubel, 2002; Starkey et
al., 2009), suggesting that evolution towards increased c-di-GMP levels occurs during
P. aeruginosa colonization of the CF lung.

As the Gac/Rsm system, c-di-GMP regulates biofilm formation and motility in opposite
ways. High levels of c-di-GMP cause an increase in exopolysaccharide production and
biofilm formation, but, at the same time, they result in the decreased expression of
genes encoding the flagellum and the type IV pilus, involved in the swimming,
swarming and twitching motilities (Choy et al., 2004; Hickman et al., 2005; Huang et
al., 2003).
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Fig 8. Schematic representation of Wsp system (modified from Guvener and Harwood, 2007)

In the last few years, an increasing number of systems involved in the regulation of
intracellular levels of c-di-GMP has been discovered. However, the molecular
mechanism by which c-di-GMP controls diverse cellular processes remains largely
unknown. This is the case of the ps/ operon, encoding the enzymes for the synthesis
one of the two aggregative exopolysaccharides produced during the biofilm formation;
although transcriptomic analysis indicates that c-di-GMP positively controls Psl
production, the underlying molecular mechanisms remain to be elucidated (Hickman
et al., 2005). Recently, the mechanism by which c-di-GMP exerts its regulatory
activity on the production of the Pel exopolysaccharide and flagella has been partly
elucidated. The Pel exopolysaccharide is responsible for the pellicle formation and it is
the only exopolysaccharide produced by P. aeruginosa strain PAl14. It has been
demonstrated that c-di-GMP controls the production of Pel at transcriptional and post
transcriptional level (Baraquet et al., 2012). The expression of the operon encoding
the enzymes involved in the synthesis of Pel is regulated by the transcriptional
regulator FleQ. FleQ could act as a repressor or activator of pel operon expression
depending on the intracellular levels of c-di-GMP. In the absence of c-di-GMP, two
molecules of FleQ bind two different sites into the promoter region of pel operon and
prevent RNA polymerase binding. The binding of c-di-GMP to FleQ induces a
conformational change in the protein and in the DNA promoter region which promotes
the binding of RNA polymerase and consequently transcription of the pel operon.

In addition to regulating pel genes for biofilm formation, FleQ has a second, better-

known role as master regulator of flagella gene expression. In particular FleQ
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activates the expression of genes involved in the regulation and assembly of the
flagella export apparatus and basal body (Hickman and Harwood, 2008). FleQ
contains an N-terminal domain, a central ATPase domain, and a C-terminal helix-turn-
helix DNA-binding domain. In general, ATP hydrolysis, by the ATPase domain,
provides energy for loading of the template strand of DNA into the active site of the
RNA polymerase (Bose et al., 2008). Baraquet and colleagues have demonstrated that
the binding of c-di-GMP inhibits FleQ ATPase activity and consequently causes a
reduction in the FleQ ability to activate flagella gene expression (Baraquet and
Harwood, 2013).

Thus, high intracellular levels of c-di-GMP promote the expression of pel operon and
at the same time repress the expression of flagella genes. This signaling molecule
could also be involved in the regulation of biofilm formation at post transcriptional
level. Indeed, the production of Pel is also regulated by c-di-GMP during the
generation of exopolysaccharide chain (Lee et al., 2007). It has been demonstrated
that PelD, encoded by one of the genes within the pel operon, specifically binds c-di-
GMP. PelD is predicted to be an inner membrane protein with four transmembrane
helices and a large cytosolic region (Whitney et al., 2012). The expression of PelD is
required for Pel polysaccharide production and mutations in the c-di-GMP binding site
of PelD impair the ability of the P. aeruginosa strain PA14 to produce biofilm (Lee et
al., 2007). Although the role of PelD in the synthesis of Pel is still unknown it is
thought that it is involved in the transport of the saccharide polymer across the inner
membrane (Franklin et al., 2011). The different types of regulation described above
are emblematic examples of the versatility of c-di-GMP regulation; this molecule could
be considered a transcriptional or post-transcriptional regulator depending on the role
of its effector proteins (Hengge et al., 2009).

Recently another regulator has been proposed to play an important role in the
modulation of the switch from the planktonic to the biofilm lifestyle: AmpR. This
protein belongs to the LysR family of transcriptional regulators and was originally
discovered as a regulator of the ampC gene (paragraph 1). AmpR seems to affect
both the intracellular levels of c-di-GMP and the activation state of Gac system. In
particular, AmpR negatively regulates RsmA activity by upregulating the expression of
ladS, therefore promoting the planktonic lifestyle and acute infection
(Balasubramanian et al., 2014). A proteomic study has demonstrated that AmpR also

positively regulates the transcription of three different phosphodiesteres (PA4367,
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PA4969 and PA4781) and, as a consequence, it causes a decrease in the intracellular

c-di-GMP levels, again promoting the acute infection (Kumari et al., 2014).

5 Aims of the thesis

Pyoverdine plays a key role in P. aeruginosa pathogenicity. It is important for iron
uptake and as a signaling molecule which promotes the expression of others virulence
factors. The main aims of this PhD thesis are (1) to search for inhibitors of the
synthesis or regulation of this siderophore and (2) to clarify the role of the Gac
system in pyoverdine. Given the increasing emergence of P. aeruginosa resistant
strains, mainly due to the strong selective pressure caused by the use of antibiotics,
new therapeutic options are needed. A possible strategy is to disarm bacteria by
inhibiting the regulatory networks involved in the regulation of virulence gene
expression. To this aim, a drug repurposing approach has been used to search for
inhibitors of pyoverdine production. Drug repurposing relies on the search for side
activities in old drugs already approved for use in humans, and could represent a fast
and cheap strategy to identify new uses for old drugs. The compounds identified with
this strategy will then be tested in vitro and in vivo for their anti-virulence activity.

Given the crucial role of pyoverdine in the P. aeruginosa infection process, the
characterization of the mechanisms which control the synthesis of this siderophore is
essential to fully understand P. aeruginosa pathogenicity. Recently, two independent
transcriptomic studies on the influence of the Gac system on pyoverdine production
provided opposite results. To clarify the actual role of this regulatory network on
pyoverdine gene regulation, deletion mutants in specific components of the Gac
system has been generated and assessed for pyoverdine production and expression of
pyoverdine genes. After having defined the role of the Gac system in pyoverdine
regulation, the mechanism(s) by which this system controls pyoverdine production
has been investigated, by verifying whether it acts through any of the already known
regulators of pyoverdine production or through a still unexplored regulatory

mechanism(s).
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Chapter 2

Repurposing the antimycotic drug flucytosine for
suppression of Pseudomonas aeruginosa pathogenicity

Traditional antibiotics used for the treatment of infectious diseases either kill bacteria
or inhibit their growth. These type of antimicrobial agents induce a strong selective
pressure resulting in the emergence and spreading of multidrug resistance bacteria.
An alternative strategy to reduce the emergence of resistance is the development of
anti-virulence drugs, which should disarm pathogens rather than kill them (Rasko and
Sperandio , 2010). Many bacteria have evolved numerous regulatory networks
controlling the expression of different virulence factors in response to cellular and
environmental signals. P. aeruginosa, which is renowned for its resistance, is also a
paradigmatic example of complex regulation of virulence factor production (Lee et al.,
2006). A smart strategy to disarm this pathogen could be to hit one of the regulatory
networks controlling the expression of several virulence genes. One of the best
characterized regulatory system controlling the expression the major P. aeruginosa
virulence factors is the pyoverdine signaling (Chapter 1). Given the relevant role of
pyoverdine in P. aeruginosa virulence gene expression, we hypothesized that it could
represent a promising target to disarm this bacterium. In the present work, we
searched for pyoverdine inhibitors by using a “drug repurposing” approach. This
strategy relies on the search for side activities in drugs already approved for use in
humans. The advantages of this strategy is the significant reduction of the time and
cost generally associated with the standard drug discovery processes (Wermuth et al.,
2006). The drug repurposing approach allowed us to identify a promising anti-
virulence activity in the antimycotic drug flucytosine. The promising results obtained
with flucytosine, both in vitro and in vivo, demonstrate not only that pyoverdine is a
good target to disarm P. aeruginosa, but also that drug repurposing is a rapid and

cheap strategy to identify anti-virulence proprieties in old drugs.
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Although antibiotic resistance represents a public health emergency,
the pipeline of new antibiotics is running dry. Repurposing of old
drugs for new clinical applications is an attractive strategy for
drug development. We used the bacterial pathogen Pseudomonas
aeruginosa as a target for the screening of antivirulence activity
among marketed drugs. We found that the antimycotic agent flu-
cytosine inhibits the expression of the iron-starvation ¢-factor PvdS,
thereby repressing the production of major P. aeruginosa virulence
factors, namely pyoverdine, PrpL protease, and exotoxin A. Flucyto-
sine administration at clinically meaningful dosing regimens sup-
pressed P. aeruginosa pathogenicity in a mouse model of lung
infection. The in vitro and in vivo activity of flucytosine against
P. aeruginosa, combined with its desirable pharmacological proper-
ties, paves the way for clinical trials on the anti-P. aeruginosa efficacy
of flucytosine in humans.

antivirulence drug | cystic fibrosis | drug repositioning | iron uptake |
selective optimization of side activities (SOSA) approach

Only 70 y after the introduction of antibiotics in the clinical
practice, the development and spread of resistance among
pathogenic bacteria are limiting the therapeutic efficacy of these
magic bullets. Inhibition of bacterial virulence, rather than growth,
is an alternative approach to the development of new anti-
microbials. Antivirulence drugs disarm rather than kill pathogens.
In principle, they combat bacterial infections without exerting the
strong selective pressure for resistance imposed by conventional
antibiotics, with no predictable detrimental effect on the host
microbiota (1). In the last decade, many antivirulence strategies
have been proven effective in animal models of infection (re-
viewed in ref. 2), although no antivirulence compound has yet
been tested in large-scale clinical trials.

A shortcut to the development of new drugs is searching for
side activities in old drugs already approved for use in humans
and for which safety issues have extensively been considered (3).
This drug-repurposing strategy has a high probability of yielding
safe and bioavailable hit compounds, which can move straight-
forward into clinical trials or be used as leads for drug optimization
programs (3).

The Gram-negative bacterium Pseudomonas aeruginosa is one
of the most dreaded nosocomial pathogens and the leading cause
of chronic lung infection in patients with cystic fibrosis (CF) (4).
Multidrug-resistant P. aeruginosa has become increasingly fre-
quent in healthcare settings and poses a tremendous challenge
to traditional antibiotic therapy (5). Because P. aeruginosa has a
large armamentarium of virulence factors (6), inhibition of master
regulatory networks controlling its pathogenicity, rather than
individual virulence traits, is more likely to cause an overall
attenuation of virulence (7).

The siderophore pyoverdine represents a promising target for
antivirulence compounds. Pyoverdine is not only the primary
iron carrier during P. aeruginosa infection and biofilm formation
(8, 9) but also, a master signal molecule that controls virulence
gene expression through a mechanism called surface signaling
(10). Interaction of iron-loaded pyoverdine with its cognate outer
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membrane receptor FpvA triggers a signal through the inner
membrane-spanning anti-c-factor FpvR, leading to full activa-
tion of the alternative o-factor PvdS, which is responsible for
expression not only of pyoverdine genes but also, key virulence
factors (i.e., exoproteases and exotoxin A) (10). Pyoverdine syn-
thesis is stimulated by iron deficiency, a nutritional condition
characterizing the biological fluids of infected mammals (11),
whereas negative control of pyoverdine synthesis is exerted by
the global regulator of bacterial iron homeostasis Fur, which
represses pvdS transcription under high-iron conditions (12).
Although the role of pyoverdine in pathogenicity has been known
for years, this system has so far been ignored as a target for
antivirulence drugs. Only recently, an enzymatic screening assay
allowed the identification of two compounds inhibiting the in vitro
activity of PvdQ, a periplasmic hydrolase that is required for pyo-
verdine maturation (13). However, the antipyoverdine activity of
these inhibitors has not been tested in bacterial cultures or in vivo.

The aim of the present work was to apply a drug-repurposing
approach to identify antipyoverdine compounds that could repre-
sent good candidates for in vivo use as antivirulence drugs against
P. aeruginosa. By using a specific biosensor for pyoverdine inhib-
itors, we screened a chemical library of marketed drugs and iden-
tified a promising US Food and Drug Administration-approved
compound that resulted effective in suppressing P. aeruginosa
virulence in vitro and in an animal model of pulmonary infection.

Results and Discussion

Identification of a Pyoverdine Synthesis Inhibitor. A screening system
for pyoverdine inhibitors, based on a P. aeruginosa PAO1 reporter
strain carrying a transcriptional fusion between the PvdS-dependent
pvdE promoter (PpvdE) and the luxCDABE operon inserted at a
neutral chromosomal site, was constructed (Fig. S1). This system
was used to screen a commercial library of 1,120 chemical com-
pounds with known biological activities selected for their high
chemical and pharmacological diversity and safety in humans
(Prestwick Chemicals). Blind screening led to the identification
of one compound that reproducibly reduced bioluminescence
and pyoverdine production by the reporter strain under iron-
depleted conditions. This compound was decoded as flucytosine
[5-Fluorocytosine (5-FC)], a synthetic fluorinated pyrimidine used
as an antimycotic drug with the brand name of Ancobon.

To confirm the antipyoverdine activity of 5-FC, the compound was
purchased from a different supplier (Sigma-Aldrich) and used for
additional investigation. Although 5-FC did not affect P. aeru-
ginosa growth (Fig. 14) (minimum inhibitory concentration >
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10 mM), it had a very high inhibitory activity on PpvdE-dependent
bioluminescence emission and pyoverdine production (Fig. 1B),
with ICsy values of 2 and 3 pM, respectively. 5-FC also showed
a similar inhibitory effect on the transcription of other pyoverdine
biosynthetic genes (Fig. S24), suggesting that 5-FC negatively
affects the expression of the entire pyoverdine biosynthesis
machinery. As a control, no variation in the expression of the
housekeeping gene proC was observed in the presence of 5-FC
(Fig. S2B).

5-FC Inhibits Pyoverdine Synthesis in Diverse P. aeruginosa Strains.
Because P. aeruginosa strains can produce one of three different
pyoverdine types (I, II, or III), which are recognized by cognate
FpvA receptor variants (14), we assessed the effect of 5-FC
on prototypic P. aeruginosa strains producing different types of
pyoverdine and carrying the PpvdE::lux reporter construct. The
inhibitory activity of 5-FC on both pyoverdine production and
pvdE transcription was similar among P. aeruginosa strains pro-
ducing type I, II, or III pyoverdine (Fig. 1 B and C), indicating
that the antipyoverdine activity of 5-FC is independent of the
chemical nature of the pyoverdine molecule and the structure
of the ferripyoverdine receptor.

5-FC-dependent pyoverdine inhibition was also tested on a
small collection of P. aeruginosa CF isolates (n = 20), including
clonal variants isolated from the same CF patients during a pe-
riod of more than 15y (15) (Table S1). The ICs, values of 5-FC
for CF isolates were comparable with or even lower than the I1Cs,
determined for the laboratory strain PAOL1 (Fig. 1D), suggesting
that susceptibility to 5-FC is conserved in CF isolates.

5-FC Inhibits pvdS Gene Expression. To investigate the effect of 5-FC
on pyoverdine signaling, we determined the antipyoverdine activity
of 5-FC on a set of P. aeruginosa mutants impaired in different
steps of the pyoverdine signaling cascade (Fig. 24). The FpvA-
and PvdA-deficient mutants are impaired in pyoverdine uptake

and synthesis, respectively, and they are, therefore, unable to
activate the PvdS o-factor through pyoverdine-mediated signal-
ing (signaling-off mutants). In contrast, the FpvR-deficient mu-
tant cannot suppress PvdS activity in the absence of pyoverdine
signaling, thus resulting in signaling-insensitive up-regulation of
PvdS-dependent genes (constitutive signaling-on mutant) (Fig. 24).
5-FC inhibited pyoverdine production and pvdE gene expression
in all mutants tested (Fig. 24), indicating that pyoverdine sig-
naling is not the target of 5-FC. However, 5-FC seemed to be
slightly less effective against the fpvR mutant (Fig. 24). Because
the constitutively active state of pyoverdine signaling in the fpvR
mutant results in maximal activation of the PvdS intracellular pool
(16), the lower activity of 5-FC in the fpvR background suggests
that intracellular levels and/or activity of PvdS are critical for the
inhibitory activity of 5-FC.

The effect of 5-FC on pvdS gene expression was investigated in
P. aeruginosa carrying a transcriptional fusion between the pvdS
promoter and the p-gal gene. 5-FC reduced pvdS promoter activity
in a dose-dependent manner (Fig. 2B), suggesting that 5-FC acts
as an inhibitor of pvdS transcription and consequently, reduces
PvdS intracellular levels, expression of pyoverdine genes, and
ultimately, pyoverdine production. To verify this hypothesis, the
effect of 5-FC on pyoverdine production was assessed in a pvdS-
deficient P. aeruginosa mutant carrying the pvdS coding sequence
on a multicopy plasmid under the control of a constitutive pro-
moter. Although 5-FC inhibited pyoverdine production by the WT
strain carrying the empty vector, it had no effect on the strain
constitutively expressing PvdS (Fig. 2C). Interestlngly, 5-FC also
repressed the transcription of the Fur-Fe**—regulated gene pchR
(Fig. 2D), encoding an AraC/XylS-like transcriptional regulator
essential for production of the second P. aeruginosa siderophore
pyochelin (17). Accordingly, the expression of the PchR-regulated
gene pchE and production of pyochelin were also reduced in the
presence of 5-FC (Fig. 2D). 5-FC also inhibited the transcription
of additional iron-repressible genes, namely feo4 and foxA
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Fig. 1. 5-FC inhibits pyoverdine production in P. aeruginosa. (A) P. aeruginosa PAO1 growth curve in TSBD in the presence of different 5-FC concentrations
(0-100 pM). (B) Dose-response effect of 5-FC (0-100 pM) on bioluminescence (black bars, left y axis) and pyoverdine production (gray squares, right y axis)
by PAO1 PpvdE::lux at 14 h of growth in TSBD. (C) Dose-response effect of 5-FC (0-100 pM) on bioluminescence (black bars) and pyoverdine production
(gray squares) at 14 h of growth in TSBD by P. aeruginosa strains producing different pyoverdine types and pyoverdine receptors (lla, llb, or Ill) and carrying
the PpvdE:lux fusion. Values are normalized to Aggo of bacterial cultures and expressed as percentage of the corresponding untreated control values.
Values represent the mean (+ SD) of at least three independent assays. The specific pyoverdine receptor type expressed by each strain is indicated in Band C.
(D) 1Cso values (micromolar) of 5-FC for pyoverdine production in 20 P. aeruginosa CF isolates (white circles) compared with the PAO1 reference strain
(black circle). *Statistically significant differences (P < 0.01, ANOVA) in both bioluminescence and pyoverdine production with respect to the corresponding
untreated controls.
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carrying the PpvdE::/lux reporter fusion. Values are normalized to the cell density of the bacterial cultures and expressed as percentage of the corresponding
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Dose-response effect of 5-FC (0-100 pM) on B-gal expression by PAO1 PpvdS::lacZ during exponential (gray bars) and stationary phase of growth in TSBD (black
bars). (C) Effect of 5-FC (0-100 pM) on pyoverdine production at 8 h of growth in TSBD by P. aeruginosa PAO1 carrying the empty vector (pUCP18) and its
isogenic pvdS mutant constitutively expressing PvdS (pUCPpvdS). (D) Effect of 5-FC (0-100 pM) on p-gal expression by P. aeruginosa PAO1 PpchR::lacZ (dark gray
histograms, left y axis) and PAO1 PpchE::lacZ (light gray histograms, left y axis) and pyochelin production by PAO1 WT (black diamonds, right y axis) after 14 h of
growth in TSBD. Values represent the mean (+ SD) of three independent assays. Inset shows ferripyochelin yields following separation of PAO1 culture extracts

on a representative TLC plate. *Statistically significant differences (P < 0.01, ANOVA) with respect to the corresponding untreated controls.

(Fig. S2 C and D), which are directly and indirectly controlled
by Fur-Fe**, respectively (12). However, 5- FC—dependent sup-
pression of pyoverdine production was also observed in a P. aer-
uginosa PAO1 fur mutant (Fig. S2F), suggesting that 5-FC could
repress iron uptake genes through a Fur-independent mechanism.

5-FC Down-Regulates PvdS-Dependent Expression of Virulence Genes.
The finding that 5-FC inhibits pvdS transcription implies that this
compound could also affect the expression of PvdS-regulated vir-
ulence factors other than pyoverdine. To verify this hypothesis, we
investigated the effect of 5-FC on the expression of two major
virulence factors of P. aeruginosa, the endoprotease PrpL and
exotoxin A, which are directly and indirectly regulated by PvdS,
respectively (12). PrpL and exotoxin A were monitored at the
expression level using PprpL::lacZ and PtoxA::lacZ fusions and at
the protein level using antiexotoxin A Western blot analysis and a
PrpL enzyme activity assay. As for pyoverdine, the expression of
toxA and prpL genes was down-regulated in 5-FC-treated cultures

7460 | www.pnas.org/cgi/doi/10.1073/pnas.1222706110
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with respect to untreated controls (Fig. 34), consistent with the
strongly reduced ToxA and PrpL levels in culture supernatants
(Fig. 3 B and C).

5-FC Suppresses P. aeruginosa Pathogenicity in Vivo. The promising
antivirulence activity of 5-FC in vitro led us to investigate the
efficacy of 5-FC as an anti-P. aeruginosa drug in a mouse model
of pulmonary infection. Mice were infected intratracheally with
ca. 10° P. aeruginosa PAO1 cells embedded in agar beads and
then treated two times daily with i.p. administration of either a
therapeutic dose of 5-FC (30 mg/kg per day) or the placebo (saline).
As a control, mice were also infected with an isogenic pvdS mutant
and treated with saline. Although 75% of placebo-treated mice
were killed within 4 d of PAO1 infection, 5-FC treatment almost
completely protected mice from the P. aeruginosa lethal challenge
(Fig. 44). Notably, all mice infected with the pvdS mutant survived
the challenge (Fig. 44), highlighting the importance of PvdS as a
major pathogenicity determinant in P. aeruginosa pulmonary
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infection. After 6 d of infection, the bacterial load in lungs of
surviving mice was comparable between mice infected with PAO1
and PAOIpvdS as well as between 5-FC—treated and -untreated
mice (Fig. S3), confirming that 5-FC inhibits virulence rather than
cell viability. Moreover, lung histopathology revealed that lesions
and inflammation in bronchi and pulmonary parenchyma were
similarly reduced in both 5-FC-treated and PAO1pvdS-infected
mice compared with untreated mice infected with WT PAO1
(Fig. 4B).

Antivirulence Activity of 5-FC Requires Metabolic Conversion to
5-Fluorouracil. The antimycotic compound 5-FC is a prodrug that
is taken up by fungi through one or more cytosine permeases,
deaminated to 5-fluorouracil by a cytosine deaminase, and sub-
sequently, converted to 5-fluoro-UMP and 5-fluoro-dUMP, ul-
timately causing perturbation of DNA and protein synthesis (18).
Although 5-FC by itself is not toxic, S-fluorouracil is highly cyto-
toxic. Therefore, the direct use of 5-fluorouracil in medicine is
restricted to the treatment of solid tumors (19).

All P. aeruginosa genomes sequenced so far contain homologs
of the codA and codB genes of Escherichia coli (www.pseudomonas.
com), encoding a cytosine deaminase and a cytosine permease,
respectively (20). To assess whether conversion to 5-fluorouracil
is essential for the antipyoverdine activity of 5-FC, we tested 5-FC
against individual P. aeruginosa codA and codB deletion mutants.
Inhibition of pyoverdine production and pvdS gene expression by
5-FC was strongly reduced in the PAOlcodB mutant and com-
pletely abrogated in the PAO1codA mutant, indicating that 5-FC
uptake and conversion to S-fluorouracil are essential for 5-FC ac-
tivity in P. aeruginosa (Fig. 5). Interestingly, a very high 5-FC con-
centration (1 mM) retained some activity against the PAOlcodB
mutant (Fig. 5), suggesting that 5-FC can also enter P. aeruginosa
cells through low-affinity secondary systems or by passive diffusion.

Conclusions

This work represents proof that the pyoverdine system is a suitable
target for the development of antivirulence compounds against
P. aeruginosa. We showed that the antimycotic drug 5-FC inhibits
the production of critical virulence factors, like pyoverdine,
exotoxin A, and protease PrpL, by down-regulating pvdS gene
expression. 5-FC also suppressed P. aeruginosa pathogenicity in
a mouse model of lung infection, consistent with the essential
role played by PvdS during pulmonary infection (Fig. 4). The
molecular mechanisms by which 5-FC inhibits pvdS transcription
are unknown at the moment, although we showed that (i) 5-FC
has an inhibitory effect on the expression of iron uptake genes
and (i7) 5-FC uptake and metabolic conversion to 5-fluorouracil
are essential steps for 5-FC activity. Cytosine deaminase is typ-
ically produced by microorganisms and has no counterpart in
higher eukaryotes, including mammals. These features confer to
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5-FC selective activity on those species capable of assimilating
and activating the prodrug.

Our results gain additional relevance if the pharmacological
properties of 5-FC are taken into account. 5-FC is currently used
combined with other antifungal agents for the treatment of systemic
mycoses and fungal pneumonias (21, 22). Orally administered
5-FC is almost completely adsorbed, reaches peak concentrations
in serum within 1-2 h, and easily reaches most body sites (21).
5-FC is also well-tolerated and has very low toxicity as long as
serum concentrations are maintained below 50 pg/mL (388 pM)
(21, 23). This serum level is almost 40-fold higher than the 5-FC
concentration (10 pM) able to exert the maximal inhibitory effect
in vitro on P. aeruginosa virulence gene expression (Figs. 1, 2, and
3). 5-FC has also been successfully used to treat fungal infections
in CF patients, including a case of pulmonary candidiasis, without
causing side effects (24, 25). These issues raise the possibility that
currently recommended 5-FC dosing regimens would also be
effective as antivirulence therapy against P. aeruginosa. We hope
that our findings will foster clinical investigations aimed at verifying
the efficacy of 5-FC in the treatment of P. aeruginosa infections,
offering the unique chance of assessing the clinical impact of an
antivirulence drug.

Materials and Methods

Bacteria, Media, and Chemicals. Bacterial strains and plasmids used in this work
are listed in Table S2. P. aeruginosa CF isolates are described in Table S1. Bacteria
were grown in LB (26) for general genetic procedures, whereas they were grown
in the low-iron media trypticase soy broth dialysate (TSBD) (27) or M9 minimal
medium supplemented with succinate (26) for specific assays. 5-FC was purchased
from Sigma-Aldrich. Exogenous pyoverdine was added as pyoverdine-condi-
tioned medium (8).

General Genetic Procedures. E. coli was routinely used for recombinant DNA
manipulations. The PpvdE::lux construct was generated by cloning in plasmid
mini—CTX-lux (28) the Sall-HindIll DNA fragment encompassing the pvdE pro-
moter region excised from pMP190::PpvdE (29). The PpvdE::/ux construct was
integrated into the genome of P. aeruginosa strains as described (30). The
PAO1pvdS mutant was generated by replacement of the entire pvdS coding
sequence with a GmR cassette using a previously described strategy (31). The in-
frame deletion mutants PAO1codA and PAO1codB were generated using the
suicide vector pDM4 as described (32). The complementing plasmids pUCPcodA
and pUCPcodB were generated by cloning the codA and codB coding se-
quence, including their putative ribosome binding site, downstream to the /ac
promoter in the pUCP18 plasmid (Table S2). The PpchR::lacZ and PfeoA::lacZ
transcriptional fusions were generated by cloning a PCR-amplified DNA frag-
ment encompassing the entire promoter region of pchR and feoA genes, re-
spectively, into the promoter probe plasmid pMP220 (Table S2). Primers and
restriction enzymes used for cloning of PCR products are listed in Table S3.

Screening for Pyoverdine Inhibitors. Overnight cultures of PAO1 PpvdE::lux
were diluted to Aggo = 0.003 in the iron-poor TSBD medium, and growth at
37 °C in microtiter plates in the presence or absence of 50 or 5 pg/mL each
Prestwick compound (200 pL final volume) was monitored for up to 20 h.
Asoo and bioluminescence light counts per second (LCPS) were measured in
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Fig. 4. 5-FC suppresses P. aeruginosa virulence in vivo. (A) Effect of 5-FC
on P. aeruginosa PAO1 lethality in a mouse model of pulmonary infection.
Mice were infected intratracheally with P. aeruginosa PAO1 embedded in
agar beads and treated with i.p. administrations of 30 mg/kg per day 5-FC
(green lines) or saline (blue lines). As control, mice infected with PAO1pvdS
and treated with saline were used (orange lines). Data were pooled from
two independent experiments (n indicates the total number of mice). ***P <
0.0001 (Mantel-Cox test). (B) Murine lung histology. Four additional mice
per group were infected with P. aeruginosa PAO1 or PAO1pvdS embedded
in agar beads, treated with 5-FC or saline as described in A, and euthanized
at day 2 postinfection (10). Lung sections were stained with H&E. PAO1-
infected mice showed a massive bronchiolitis and huge interstitial/alveolar
inflammation. In PAO1pvdS- and PAO1-infected mice treated with 5-FC (+5-FC),
the inflammation was focal, and most of alveolar spaces were spared. Beads,
indicated by arrows, are visible in the bronchial lumen (L), and P. aeruginosa
macrocolonies can be observed into the beads. b, d, and f are enlargements
of the boxed areas in a, ¢, and e. (Scale bars: 200 pm.)

a Victor’Vv plate reader (Perkin-Elmer) as described (30). Pyoverdine
fluorescence was assessed as emission at 460 nm after excitation at 405
nm (33). Luminescence and fluorescence values were normalized by the cell
density and subtracted of untreated PAO1pvdA PpvdE:lux values. Criteria
used for the selection of hit compounds were (/) >50% inhibition of nor-
malized bioluminescence emission and/or pyoverdine-specific fluorescence
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and (ii) <20% alteration of growth relative to the untreated control. Criterion
ii was aimed at avoiding any unspecific effect of altered growth on bio-
luminescence and/or pyoverdine production. For promising compounds, pyo-
verdine was also quantified in diluted cell-free culture supernatants (see below).

Miscellaneous Assays. Pyoverdine levels in culture supernatants were mea-
sured as Azps in 100 mM Tris-HCl (pH 8) and normalized by the cell density
(Aso0) of the bacterial cultures (33). Exotoxin A was detected in 10 pL culture
supernatants by SDS/PAGE followed by Western blot with a polyclonal
antiexotoxin A antibody (Sigma-Aldrich). PrpL and p-gal enzymatic activities
were determined as previously described (34, 35). Pyochelin was isolated by
ethyl acetate extraction of acidified culture supernatants, resuspended in
methanol, and resolved by TLC on silica gel (36). Pyochelin was detected by
spraying with 0.1 M FeCl; and quantified by As,, readings of ferripyochelin
eluted with methanol from TLC plates (37). Anti-PvdA Western blot analysis
was performed using the 3H6D12 monoclonal antibody as described (38).

Mouse Model of P. aeruginosa Lung Infection. C57BL/6 male mice (Charles
River) were infected intratracheally with 10° P. aeruginosa viable cells
embedded in agar beads as described (15), except for the use of TSBD agar
instead of TSB agar for beads preparation. Mice were treated two times
daily (starting 2 h postinfection) by i.p. administration of 50 pL 50 mM 5-FC
in saline or 50 pL saline as control. Two 50-pL doses/d of 50 mM 5-FC corre-
spond to a daily dosage of about 30 mg/kg (mouse weight was 20-22 g), which
is within or below the dosage range recommended for humans; the dosage
ranges for humans are 25-100 mg/kg per day for infants (<1 mo) and
50-150 mg/kg per day for children and adults (http://www.drugs.com/dosage/
flucytosine.html). Mortality was monitored for a 6-d time period. Surviving
mice were killed at day 6 postinfection, and lungs were excised, homogenized,
and plated to determine the number of viable cells per lung. Four additional
mice per group were infected with P. aeruginosa PAO1 or PAO1pvdS and
treated with 5-FC or saline as described above, and they were euthanized
at day 2 postinfection for lung histology. Lungs were removed en bloc,
fixed in 4% (wt/vol) paraformaldehyde/PBS, and processed for paraffin
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Fig. 5. Enzymatic conversion to 5-fluorouracil is essential for the anti-

pyoverdine activity of 5-FC. Effect of 5-FC (0-1,000 pM) on (A) pyoverdine
production by PAO1, PAO1codA (codA), and PAO1codB (codB) containing or
not containing the plasmid pUCP18, pUCPcodA, or pUCPcodB as indicated
and (B) B-gal activity by the same strains containing the PpvdS::lacZ fusion
construct grown for 14 h in TSBD. Insets show (A) pyoverdine production in M9
medium (green fluorescence) and (B) p-gal activity (blue color) in M9 agar plates
containing the chromogenic substrate X-gal after 14 h of growth in the absence
(-) or presence (+) of 100 uM 5-FC. *Statistically significant differences (P < 0.01,
ANOVA) with respect to the corresponding untreated controls.
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embedding. Longitudinal sections of 5 um taken at regular intervals were
obtained using a microtome from the middle of the five lung lobes and stained
with H&E. Animal studies were conducted according to protocols approved by
the San Raffaele Scientific Institute Institutional Animal Care and Use Committee.

Statistical Analysis. Statistical analysis was performed with the software
GraphPad Instat using one-way ANOVA. Survival curves for the mouse infection
assay were analyzed using the log-rank Mantel-Cox test.
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Fig. S1. Response of the PvdS-dependent pvdE promoter (PpvdE) ::lux reporter to pyoverdine signaling. Bacterial growth (gray lines, left y axis) and bio-
luminescence emission (black lines, right y axis) of PAO1 PpvdE::lux (filled circles), PAO1pvdA PpvdE::lux (open squares), and PAO1pvdA PpvdE::lux plus 10 uM
exogenously added pyoverdine (open circles) cultured in TSBD medium at 37 °C in microtiter plates. Values represent the mean of five independent assays (SD <
9% of the mean values).
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Fig. S2. 5-Fluorocytosine (5-FC) specifically inhibits transcription of iron-dependent genes. (A) Effect of 5-FC (0-100 pM) on p-gal expression by PAO1 PpvdA::
lacZ (gray bars) and PAO1 PpvdD::lacZ (white bars) at 14 h of growth in TSBD. Inset shows a representative anti-PvdA Western blot on whole-cell lysates from
5-FC—treated or -untreated Pseudomonas aeruginosa PAO1 cells grown for 14 h in TSBD. (B) Effect of 5-FC (0-100 pM) on f-gal expression by PAO1 PproC::lacZ
at 8 and 14 h of growth (gray and black bars, respectively) in TSBD. Values represent the mean (+ SD) of at least three independent assays. (C) Bioluminescence
emission by PAO1 PfoxA::lux (Left) and B-gal expression by PAO1 PfeoA::lacZ (Right) at 14 h of growth in TSBD supplemented or not supplemented with 100 pM
FeCls. (D) Effect of 5-FC (0~100 uM) on bioluminescence emission by PAO1 PfoxA::lux (Left) and B-gal expression by PAO1 PfeoA::lacZ (Right) at 14 h of growth
in TSBD. (E) Effect of 5-FC (0-100 pM) on pyoverdine production by PAO1 and the fur mutant PAO1 A4 expressing a Fur variant, which is strongly impaired in
iron-dependent gene repression (1), at 14 h of growth in TSBD. Values represent the mean (+ SD) of at least three independent assays.

1. Barton HA, Johnson Z, Cox CD, Vasil Al, Vasil ML (1996) Ferric uptake regulator mutants of Pseudomonas aeruginosa with distinct alterations in the iron-dependent repression of
exotoxin A and siderophores in aerobic and microaerobic environments. Mol Microbiol 21(5):1001-1017.
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Fig. $3. 5-FC does not affect P. aeruginosa persistence in mouse lungs. (A) Percentage of mice showing >10° viable P. aeruginosa cells per lung among mice
surviving the pulmonary infection (corresponding to 100%) with P. aeruginosa PAO1 or the isogenic PAO1pvdS mutant treated or not treated with 5-FC (Fig.
4A). (B) Bacterial load [colony-forming unit (CFU) per lung] in the lungs of mice showing >10° viable P. aeruginosa cells per lung. No statistically significant
differences between groups (0.16 < P < 1) were observed (Fisher and unpaired two-tailed t tests for A and B, respectively).

Table S1. P. aeruginosa cystic fibrosis isolates used in this study

Strain* Source

BT2
BT73
KK1
KK28
KK71
KK72
TR1
TR66
& FM-01
FM-02
FM-04
FM-11
FM-12
FM-13
FM-14
FM-15
FM-17
FM-19
FM-20
FM-21 This work

NNNNNNNNNNN=S @ Q@ aaaaa

*Numbers of FM isolates refer to the sputum samples and thus, patients from
whom strains have been isolated (described in ref. 2). FM-21 was isolated from
the sputum sample of a CF patient chronically infected by P. aeruginosa and
hospitalized at the Policlinico Umberto | Hospital (Rome, Italy).

1. Bragonzi A, et al. (2009) Pseudomonas aeruginosa microevolution during cystic fibrosis lung infection establishes clones with adapted virulence. Am J Respir Crit Care Med 180(2):
138-145.
2. Massai F, et al. (2011) A multitask biosensor for micro-volumetric detection of N-3-oxo-dodecanoyl-homoserine lactone quorum sensing signal. Biosens Bioelectron 26(8):3444-3449.

39

Imperi et al. www.pnas.org/cgi/content/short/1222706110 30f5


www.pnas.org/cgi/content/short/1222706110

Table S2. Bacterial strains and plasmids used in this study

!
o

Genotype and/or relevant characteristics Source
Strain
P. aeruginosa
PAO1 WT (prototroph), type | pyoverdine producer ATCC
7NSK2 Type Il pyoverdine producer (type lla pyoverdine receptor) 1
ATCC27853 Type Il pyoverdine producer (type llb pyoverdine receptor) 1
LESB58 Type Ill pyoverdine producer 2
" PAO1pvdS PAO1 ApvdS, GmR This work
PAO1codA PAO1 AcodA, in-frame deletion mutant in the codA (PA0437) gene This work
“ PAO1codB PAO1 AcodB, in-frame deletion mutant in the codB (PA0438) gene This work
PAO1pvdA PAO1 ApvdA 3
K1660 K767 AfpvA 4
PAO1fpvR PAO1 fpvR:Km" 5
PAO1 A4 PAO1 carrying a fur mutation resulting in the H86—Y substitution in the Fur protein 6
Escherichia coli
DH5aF’ recA1 endA1 hsdR17 supE44 thi-1 gyrA96 relA1 A(lacZYA-argF)U169 [®80d/acZAM15] Nal® 7
S17-1 Apir TpR SmR recA, thi, pro, hsdR-M+RP4: 2-Tc:Mu: K., Tn7 Apir 8
Plasmid
pEX18Tc pMB1 replicon, oriT sacB lacZa, Mob* Tc', allelic exchange vector 9
pPS858 Ap"; source of Gm'-GFP cassette 9
pUCP18 E. coli-Pseudomonas shuttle vector; Ap/Cb® 10
pDM4 Suicide vector; sacBR, oriR6K: CmR 11
Mini-CTX-lux Promoter-probe vector containing the lJuxCDABE operon; Tc" 12
Mini-CTX-PpvdE:lux  Plasmid to insert a PpvdE::/ux fusion into the chromosome of P. aeruginosa; Tt This work
pEXApvdS pEX18Tc derivative carrying the Gm'-GFP cassette between flanking regions of the pvdS coding sequence This work
pDM4AcodA pDM4 derivative carrying the flanking regions of the codA coding sequence This work
pDM4AcodB pDM4 derivative carrying the flanking regions of the codB coding sequence This work
pUCPcodA pUCP18 derivative carrying the entire codA coding sequence under the control of the Prs5 lacO region This work
pUCPcodB pUCP18 derivative carrying the entire codB coding sequence under the control of the Pys lacO region This work
pUCPpvdS pUCP18 derivative carrying the entire pvdS coding sequence under the control of the Prs /acO region; Ap® 13
pMP220::PpvdA pMP220 derivative carrying a PpvdA::lacZ transcriptional fusion; Tc® 13
pPMP190::PpvdD pMP190 derivative carrying a PpvdD::lacZ transcriptional fusion; Cm" 14
pMP190::PpvdE pMP190 derivative carrying a PpvdE::/acZ transcriptional fusion; Cm~ 14
pPZ-pvdS PPZTC derivative carrying a PpvdS:/acZ transcriptional fusion; Cb® 15
pPZ-toxA pPZ20 derivative carrying a PtoxA::lacZ translational fusion; Cb® 5
pPZ-prpL PPZTC derivative carrying a PprpL::lacZ transcriptional fusion; Cb® 5
pMP220::PpchR pMP220 derivative carrying a PpchR::lacZ transcriptional fusion; Tc" This work
pPMP220::PfecA pMP220 derivative carrying a PfeoA::lacZ transcriptional fusion; Tc" This work
pPME6425 Translational pchE'-lacZ fusion, Tc" 16
pPME3641 Plasmid carrying a translational PproC::lacZ fusion, Cb? 17
Mini-CTX-lux::PfoxA  Plasmid to insert a PfoxA::lux fusion into the chromosome of P. aeruginosa; TcR 18

1.

N

3.

a.
5.

6.

7.

8.
9.

10.
11.

12

Bodilis J, et al. (2009) Distribution and evolution of ferripyoverdine receptors in Pseudomonas aeruginosa. Environ Microbiol 11(8):2123-2135.
Kukavica-lbrulj |, et al. (2008) In vivo growth of Pseudomonas aeruginosa strains PAO1 and PA14 and the hypervirulent strain LESB58 in a rat model of chronic lung infection. J Bacteriol
190(8):2804-2813.
Imperi F, et al. (2008) Membrane-association determinants of the omega-amino acid monooxygenase PvdA, a pyoverdine biosynthetic enzyme from Pseudomonas aeruginosa.
Microbiology 154(Pt 9):2804-2813.
Shen J, Meldrum A, Poole K (2002) FpvA receptor involvement in pyoverdine biosynthesis in Pseudomonas aeruginosa. J Bacteriol 184(12):3268-3275.
Lamont IL, Beare PA, Ochsner U, Vasil Al, Vasil ML (2002) Siderophore-mediated signaling regulates virulence factor production in Pseudomonasaeruginosa. Proc Nat/ Acad Sci USA 99(10):
7072-7077.
Barton HA, Johnson Z, Cox CD, Vasil Al, Vasil ML (1996) Ferric uptake regulator mutants of Pseudomonas aeruginosa with distinct alterations in the iron-dependent repression of
exotoxin A and siderophores in aerobic and microaerobic environments. Mol Microbiol 21(5):1001-1017.
Liss L (1987) New M13 host: DH5 F competent cells. Focus 9:13.
Simon R, Priefer U, Puhler A (1983) A broad host range mobilization system for in vivo genetic engineering: Transposon mutagenesis in Gram-negative bacteria. Biotechnology (NY) 1:784-791.
Hoang TT, Karkhoff-Schweizer RR, Kutchma AJ, Schweizer HP (1998) A broad-host-range Flp-FRT recombination system for site-specific excision of chromosomally-located DNA
sequences: Application for isolation of unmarked Pseudomonas aeruginosa mutants. Gene 212(1):77-86.

Schweizer HP (1991) Escherichia-Pseudomonas shuttle vectors derived from pUC18/19. Gene 97(1):109-121.

Milton DL, O'Toole R, Horstedt P, Wolf-Watz H (1996) Flagellin A is essential for the virulence of Vibrio anguillarum. J Bacteriol 178(5):1310-1319.

. Becher A, Schweizer HP (2000) Integration-proficient Pseudomonas aeruginosa vectors for isolation of single-copy chromosomal lacZ and lux gene fusions. Biotechniques 29(5):

948-950, 952.

. Ambrosi C, Tiburzi F, Imperi F, Putignani L, Visca P (2005) Involvement of AlgQ in transcriptional regulation of pyoverdine genes in Pseudomonas aeruginosa PAO1. J Bacteriol 187(15):5097-5107.
. Cunliffe HE, Merriman TR, Lamont IL (1995) Cloning and characterization of pvdS, a gene required for pyoverdine synthesis in Pseudomonas aeruginosa: PvdS is probably an

alternative sigma factor. J Bacteriol 177(10):2744-2750.

. Ochsner UA, Wilderman PJ, Vasil Al, Vasil ML (2002) GeneChip expression analysis of the iron starvation response in Pseudomonas aeruginosa: Identification of novel pyoverdine

biosynthesis genes. Mol Microbiol 45(5):1277-1287.

. Reimmann C, Serino L, Beyeler M, Haas D (1998) Dihydroaeruginoic acid synthetase and pyochelin synthetase, products of the pchEF genes, are induced by extracellular pyochelin in

Pseudomonas aeruginosa. Microbiology 144(Pt 11):3135-3148.

. Savioz A, Zimmermann A, Haas D (1993) Pseudomonas aeruginosa promoters which contain a conserved GG-N10-GC motif but appear to be RpoN-independent. Mo/ Gen Genet
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Table S3. Primers used in this study

Restriction
Primer name Sequence* site Application
pvdS mut_UP_FW 5'-CGGAATTCCGTCTCCTGCTGCGC-3’ EcoRI Generation of the PAO1pvdS deletion mutant
pvdS mut_UP_RV 5'-ACGCGTCGACCGACATGGAAATCACCTTG-3' Sall Generation of the PAO1pvdS deletion mutant
pvdS mut_DOWN_FW 5'-ACGCGTCGACTGACGGCGGCGAGCATTC-3’ Sall Generation of the PAO1pvdS deletion mutant
pvdS mut_DOWN_RV 5'-CCCAAGCTTCCGTCCCCAGCCTC-3’ Hindlll Generation of the PAO1pvdS deletion mutant
codA mut_UP_FW 5'-GCTCTAGACCGCCGTGGTGGTGTGC-3' Xbal Generation of the PAO1codA in-frame deletion mutant
codA mut_UP_RV 5-CGGAATTCGCGGCCGCGCAGGC-3’ EcoRI Generation of the PAO1codA in-frame deletion mutant
codA mut_DOWN_FW 5'-CGGAATTCGACGCGGTGCGCCG-3’ EcoRl Generation of the PAO1codA in-frame deletion mutant
codA mut_DOWN_RV 5-GGCCTGCTCGAGGTCTGG-3' Xhol Generation of the PAO1codA in-frame deletion mutant
codB mut_UP_FW 5'-GCTCTAGATGGACAGCCATGGCTAC-3’ Xbal Generation of the PAO1codB in-frame deletion mutant
codB mut_UP_RV 5'-CGGAATTCCGCCAGCGGGACCGG-3’ EcoRI Generation of the PAO1codB in-frame deletion mutant
codB mut_DOWN_FW 5'-CGGAATTCGCTTGCGGCACCGCC-3’ EcoRI Generation of the PAO1codB in-frame deletion mutant
codB mut_DOWN_RV 5'-GCGCACCTCGAGCATGGC-3' Xhol Generation of the PAO1codB in-frame deletion mutant
codA_FW 5'-CGGGATCCCCCACGGAGACTCGCG-3’ BamH]I Construction of codA-complementing plasmid
codA_RV 5'-CCCAAGCTTGTCAATCAGCATGGAGGAC-3’ Hindlll Construction of codA-complementing plasmid
codB_FW 5-CGGGATCCAGAAGAGGTCCTCCATG-3’ BamHI Construction of codB-complementing plasmid
codB_RV 5'-CCCAAGCTTCGCTAGAAGGCTCCGG-3’ Hindlll Construction of codB-complementing plasmid
PpchR_FW 5-GGAAGATCTACCGTGTCGCCATGTG-3' Bglll Construction of PpchR::lacZ transcriptional fusion
PpchR_RV 5-GCGGAATTCGATGTGCGCGACGCC-3' EcoRI Construction of PpchR::lacZ transcriptional fusion
PfeoA_FW 5'-CGGAATTCGACAACCGCCCGGCC-3’ EcoRI Construction of PfeoA::lacZ transcriptional fusion
PfeoA_RV 5-GCTCTAGATGCGGTAGGAACGGGAC-3’ Xbal Construction of PfeoA::lacZ transcriptional fusion

All PCRs were performed using the genomic DNA of the PAO1 strain as template.
*The restriction site used for cloning is underlined in the primer sequence.
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Correction for “A post-Kyoto partner: Considering the strato-
spheric ozone regime as a tool to manage nitrous oxide,” by
David Kanter, Denise L. Mauzerall, A. R. Ravishankara, John S.
Daniel, Robert W. Portmann, Peter M. Grabiel, William R.
Moomaw, and James N. Galloway, which appeared in issue 12,
March 19, 2013, of Proc Natl Acad Sci USA (110:4451-4457; first
published February 25, 2013; 10.1073/pnas.1222231110).

The authors note that on page 4454, left column, 2nd full
paragraph, lines 7-9, “For example, oxidation catalysts are able
to reduce N,O emissions ~70% compared with models without
the technology (22)” should instead appear as “For example,
advanced three-way catalysts are able to reduce N,O emissions
~65% compared with models without the technology (22).”

The authors also note that ref. 22 should appear as:

22. Eggleston HS, Buendia L, Miwa K, Ngara T, Tanabe K, eds (2006) /PCC Guidelines for
National Greenhouse Gas Inventories, Volume 2: Energy (Institute for Global Envi-
ronmental Strategies, Hayama, Japan), p 3.22.

www.pnas.org/cgi/doi/10.1073/pnas.1317243110

BIOPHYSICS AND COMPUTATIONAL BIOLOGY
Correction for “Charge interactions can dominate the dimen-
sions of intrinsically disordered proteins,” by Sonja Miiller-Spéth,
Andrea Soranno, Verena Hirschfeld, Hagen Hofmann, Stefan
Riiegger, Luc Reymond, Daniel Nettels, and Benjamin Schuler,
which appeared in issue 33, August 17, 2010, of Proc Natl Acad
Sci USA (107:14609-14614; first published July 16, 2010; 10.1073/
pnas.1001743107).

The authors note that Eq. 5 appeared incorrectly. The corrected
equation appears below.

b Ka
R=N"2Z(1
g \/a< +”1+Ka)

www.pnas.org/cgi/doi/10.1073/pnas.1317338110

WWW.pnas.org
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Correction for “Repurposing the antimycotic drug flucytosine
for suppression of Pseudomonas aeruginosa pathogenicity,” by
Francesco Imperi, Francesco Massai, Marcella Facchini, Emanuela
Frangipani, Daniela Visaggio, Livia Leoni, Alessandra Bragonzi,
and Paolo Visca, which appeared in issue 18, April 30, 2013, of
Proc Natl Acad Sci USA (110:7458-7463; first published April §,
2013; 10.1073/pnas.1222706110).

The authors note that that the following statement should be
added to the end of page 7461, right column, line 2:

“While exogenously provided 5-fluorouracil is toxic to
P. aeruginosa (39), it has been found to inhibit several P. aeruginosa
virulence-related traits at subinhibitory concentrations (40), though
pyoverdine-dependent virulence gene expression was not previously
shown as 5-fluorouracil target. Given that S-fluorouracil affected
P. aeruginosa growth, while flucytosine did not (see ref. 39 and
this work), further studies are required to decipher the different
specificities, impacts, and modes of action of flucytosine and
S-fluorouracil treatments on this bacterial pathogen.”

Additionally, the authors note that they omitted references to
articles by West et al. and Ueda et al. The complete references
appear below.

39. West TP, Chu CP (1986) Utilization of pyrimidines and pyrimidine analogues by
fluorescent pseudomonads. Microbios 47(192-193):149-157.

40. Ueda A, Attila C, Whiteley M, Wood TK (2009) Uracil influences quorum sensing and
biofilm formation in Pseudomonas aeruginosa and fluorouracil is an antagonist.
Microb Biotechnol 2(1):62-74.

www.pnas.org/cgi/doi/10.1073/pnas.1316459110
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Chapter 3

The Gac/Rsm and cyclic-di-GMP signalling
networks coordinately regulate iron uptake in
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Chapter 3

The Gac/Rsm and cyclic-di-GMP signaling networks
coordinately regulate iron uptake
in Pseudomonas aeruginosa

During the colonization and infection of the human host the opportunistic pathogen P.
aeruginosa produces an arsenal of virulence factors; some of them (i.e. pyoverdine,
the protease PrpL and the exotoxin A) are regulated at transcriptional level by the
alternative sigma factor PvdS. The prominent role of PvdS in the P. aeruginosa
virulence, as demonstrated in the previous chapter, makes the knowledge of pvdS
regulation important to better understand P. aeruginosa pathogenicity. The best
characterized mechanisms which control the transcription and the activity of this
alternative sigma factor are the master regulator of iron metabolism Fur and
pyoverdine signaling, respectively (Chapter 1). Recently, new potential PvdS
regulators have been identified, such as the master regulator of sulfur metabolism
CysB (Imperi et al., 2010), the extracellular lipase LipA (Funken et al., 2011) and the
Gac regulatory network (Brencic et al., 2009; Burrowes et al., 2006). Regarding the
Gac/Rsm system, its effect on pvdS expression is still debated, since two independent
transcriptomic analyses, carried out by two different research groups, provided
opposite results (Brencic et al., 2009; Burrowes et al., 2006). The main aim of the
present work was to clarify the role of the Gac system in pvdS expression, and to
investigate whether this regulatory network also affects other iron uptake systems.
This work represents the first clear evidence that the Gac system positively modulates
the expression of iron uptake genes in P. aeruginosa. Our findings indicate that P.
aeruginosa has evolved an impressive capacity to finally tune and integrate the

expression of regulons implicated in virulence.

44



Environmental Microbiology (2013)

society Jfor applied
[ ( microbiology

doi:10.1111/1462-2920.12164

The Gac/Rsm and cyclic-di-GMP signalling
networks coordinately regulate iron uptake in

Pseudomonas aeruginosa

Emanuela Frangipani,'t Daniela Visaggio,?
Stephan Heeb,® Volkhard Kaever,* Miguel Camara,®
Paolo Visca' and Francesco Imperi?*

'Department of Sciences, University ‘Roma Tre’, Rome,
Italy.

2Pasteur Institute-Cenci Bolognetti Foundation,
Department of Biology and Biotechnology ‘C. Darwin’,
Sapienza University of Rome, Rome, ltaly.

3School of Molecular Medical Sciences, Centre for
Biomolecular Sciences, University of Nottingham,
Nottingham, UK.

*Research Core Unit for Mass Spectrometry —
Metabolomics, Institute of Pharmacology, Hannover
Medical School, Hannover, Germany.

Summary

Pseudomonas aeruginosa is a versatile bacterial
pathogen capable of occupying diverse ecological
niches. To cope with iron limitation, P. aeruginosa
secretes two siderophores, pyoverdine and pyoche-
lin, whose ability to deliver iron to the cell is crucial
for biofilm formation and pathogenicity. In this study,
we describe a link between iron uptake and the
Gac/Rsm system, a conserved signal transducing
pathway of P. aeruginosa that controls the production
of extracellular products and virulence factors, as
well as the switch from planktonic to biofilm lifestyle.
We have observed that pyoverdine and pyochelin pro-
duction in P. aeruginosa is strongly dependent on the
activation state of the Gac/Rsm pathway, which con-
trols siderophore regulatory and biosynthetic genes
at the transcriptional level, in a manner that does
not involve regulation of ferric uptake regulator (Fur)
expression. Gac/Rsm-mediated regulation of iron
uptake genes appears to be conserved in different
P. aeruginosa strains. Further experiments led to
propose that the Gac/Rsm system regulates sidero-
phore production through modulation of the intra-
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cellular levels of the second messenger c-di-GMP,
indicating that the c-di-GMP and the Gac/Rsm regula-
tory networks essential for biofilm formation can also
coordinately control iron uptake in P. aeruginosa.

Introduction

Bacteria adapt to changing environments by tightly regu-
lating gene expression. Sensing environmental stimuli is
primarily achieved via two-component systems, which
enable bacteria to quickly induce the transcription of
genes needed to increase their fitness in a defined niche
(Mikkelsen et al., 2011). The opportunistic human patho-
gen Pseudomonas aeruginosa colonizes a variety of dif-
ferent environments, from humans to water and soil,
representing a true example of highly versatile adaptabil-
ity, which is reflected by the abundance in its chromosome
of genes involved in transcriptional regulation or environ-
mental sensing (Stover et al., 2000).

In P. aeruginosa, the Gac/Rsm signalling network plays
a major role in the transition from the planktonic to the
biofilm lifestyle and, in a clinical setting, from acute to
chronic infection (Coggan and Wolfgang, 2012). This
regulatory network is based on a two-component system
consisting of a response regulator, GacA, which is acti-
vated through phosphorylation by the cognate inner mem-
brane sensor kinase GacS. GacS activity is influenced by
two additional inner membrane sensor kinases, LadS and
RetS, that have indirect opposite effects (positive and
negative, respectively) on the GacA activation status
(Ventre et al., 2006). Although the signals that activate the
three sensor kinases have not yet been identified, it has
been proposed that the Gac/Rsm system may sense envi-
ronmental cues and/or signals produced by the cells
themselves in a population density-dependent manner
(Goodman et al., 2004; Kay et al., 2006). Once activated,
GacA only promotes the transcription of two small non-
coding RNAs (sRNAs), RsmY and RsmZ (Brencic et al.,
2009), which act by titrating out the RNA-binding protein
RsmA (Kay et al., 2006). RsmA, in turn, binds to specific
motifs (usually ANGGA) in single-stranded loops of target
messenger RNAs (mRNAs), and when these motifs
overlap the ribosome binding site, this results in the
repression of translation (Kay et al., 2006). RsmA directly
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inhibits some P aeruginosa phenotypes involved in
sessile growth and/or chronic infection, such as
exopolysaccharide production and type VI secretion
(Brencic and Lory, 2009; Irie et al., 2010). Interestingly,
RsmA also has positive effects on gene expression in
P. aeruginosa. Production of rhamnolipids and lipases,
surface motility and expression of type Il secretion
system and type IV pilus genes are positively regulated by
RsmA (Heurlier et al.,, 2004; Brencic and Lory, 2009).
However, the mechanism(s) by which this positive control
occurs remains unclear. Although it is plausible that RsmA
indirectly regulates these functions by affecting the
expression of specific regulators (Brencic and Lory, 2009),
it has also been proposed that besides affecting mRNA
translation, RsmA binding to some messengers may
somehow increase their half-life, ultimately resulting in
a positive effect on gene expression (Heurlier etal,
2004).

Iron availability is an environmental cue that has a
strong impact on P. aeruginosa physiology. In environ-
ments where iron is scarce or where its bioavailability is
poor, including the body fluids of infected mammals,
P. aeruginosa dramatically modifies its gene expression
profile activating a number of pathways involved not only
in iron uptake but also in virulence (Ochsner et al., 2002;
Banin et al., 2005; Visca et al., 2007). A central role in this
response is played by the transcriptional repressor ferric
uptake regulator (Fur), whose relevance in P. aeruginosa
physiology is inferred by the evidence that furis an essen-
tial gene in this bacterium (Vasil and Ochsner, 1999). Fur
requires ferrous ion as a co-repressor for dimerization and
binding to a specific operator site (the Fur box) within
target promoters, shutting down the transcription of target
genes in iron-replete cells. However, only a minority of
iron-regulated genes have a Fur box in their promoter
region (Ochsner et al., 2002), and indeed, it has been
shown that Fur can affect numerous genes indirectly
through several Fur-regulated transcriptional regulators
and sRNAs (reviewed in Cornelis et al., 2009). Genes
responsible for the biogenesis of the two P. aeruginosa
siderophores, pyochelin and pyoverdine, for instance, are
indirectly regulated by Fur through the AraC/XylS-type
regulator PchR and the alternative sigma factor PvdS,
respectively, the latter being also involved in the transcrip-
tional control of two well-characterized virulence factors,
i.e. exotoxin A and protease PrpL (Lamont et al., 2002;
Imperi et al., 2013).

Two independent transcriptomic analyses of
P. aeruginosa rsmA mutants suggested that the loss of
RsmA alters the mRNA levels of many genes, including
some involved in iron acquisition (Burrowes et al., 2006;
Brencic and Lory, 2009). However, while the rsmA muta-
tion was found to negatively affect siderophore gene
expression in P aeruginosa PAO1 (Burrowes et al.,

2006), an opposite effect was observed in the strain
PAK (Brencic and Lory, 2009). Although both microarray
analyses were performed under non-inductive culture
conditions, i.e. in an iron-replete complex medium, such
analyses differ in several parameters other than the
genetic background, including the growth phase at which
these experiments were performed (exponential for PAO1
and stationary for PAK), which could also have affected
the available iron content in the growth medium (Brencic
and Lory, 2009). It is worth mentioning that a connection
between the Gac/Rsm signalling network and iron homeo-
stasis has also been suggested in other Pseudomonas
species (Liao etal, 1997; Hassan etal, 2010; Kong
etal., 2012). Overexpression of P. aeruginosa RsmA in
P. syringae caused a decrease in pyoverdine production
(Kong etal.,, 2012), and similarly, reduced pyoverdine
levels were observed in a P. marginalis gacA mutant (Liao
et al.,, 1997). On the other hand, a transcriptomic analysis
of P, fluorescens Pf-5 showed that the transcript abun-
dance of the alternative sigma factor gene pvdS was
highly increased in a gacA mutant compared with the
parental strain, suggesting a negative effect of the Gac
system on iron uptake (Hassan et al., 2010).

Given the discordant literature on the relationship
between the Gac/Rsm system and iron uptake, the aim
of this work was to investigate in more detail the role
played by the Gac/Rsm system in iron regulation using
the opportunistic pathogen P. aeruginosa as the model
organism and siderophore production as the read-out. By
deleting and/or overexpressing specific components of
the Gac/Rsm regulatory cascade, we demonstrate that
this system positively controls siderophore production
and expression of siderophore genes in different
P. aeruginosa strains and irrespective of the iron avail-
ability in the growth medium. We also show that the
Gac/Rsm system controls the intracellular levels of the
second messenger cyclic-di-GMP and that the Gac/Rsm-
mediated regulation of iron uptake genes likely occurs
through a still-uncharacterized cyclic-di-GMP-dependent
regulatory mechanism.

Results
The Gac/Rsm system controls pyoverdine production

In order to investigate the role of the Gac/Rsm system in
iron uptake regulation, we first assessed the effect of the
deletion of genes encoding key players of this regulatory
network on the production of the siderophore pyoverdine
in the type strain P. aeruginosa PAO1 under iron-depleted
conditions. A deletion of rsmA resulted in an increase in
pyoverdine levels in culture supernatants, particularly
during early exponential phase (8 h), when they were
threefold higher than those from the wild type (Fig. 1A).
In contrast, the PAO1 ArsmY ArsmZ double mutant

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology
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Fig. 1. The Gac/Rsm system affects pyoverdine production in

P. aeruginosa.

A. Pyoverdine production (OD4os/ODeoo) in P. aeruginosa PAO1,
PAO1 overexpressing RsmA (RsmA*) and selected isogenic
mutants in the Gac/Rsm regulatory pathway (as indicated) grown in
TSBD medium at 37°C. Values are the mean of at least three
independent assays [standard deviation (SD) < 12% of the mean
values].

B. Pyoverdine production (ODuos/ODeoo) in P. aeruginosa PAO1
(black bars) and PAO1 ArsmA (white bars) grown for 8 h at 37°C in
TSBD medium in the presence of increasing concentrations of
FeCls (0-50 uM) or 2,2-dipyridyl (DIP, 0-200 pM). Values represent
the mean (+ SD) of two independent assays performed in duplicate.
C. Pyoverdine production (ODa40s/ODeoo) in selected P. aeruginosa
strains producing type Il (ATCC27583), Il (LESB58) or | (PAK)
pyoverdine and containing a plasmid that overexpresses RsmA
(RsmA™) or the empty vector (ctl), grown in TSBD medium at 37°C
for 14 (ATCC27583 and PAK) or 24 h (LESB58). Values represent
the mean (£ SD) of three assays.

produced very low levels of pyoverdine along the whole
growth curve compared with the wild type (Fig. 1A). No
significant growth differences were observed under iron-
poor conditions between the wild type and mutant strains
(Fig. S1). The PAO1 AgacA mutant and the ArsmY ArsmZ
double mutant showed a similar behaviour, in line with
the essential role of GacA in the transcription of the two
small RNAs (Kay et al., 2006; Brencic et al., 2009). A

Gac/Rsm regulates siderophore synthesis in P. aeruginosa 3

triple ArsmY ArsmZ ArsmA deletion mutant displayed a
pyoverdine production profile comparable with that of
the single ArsmA mutant (Fig. 1A), suggesting that the
pyoverdine-defective phenotype of the PAO1 ArsmY
ArsmZ double mutant is directly associated to the
increased availability of free RsmA protein in the absence
of the negative control exerted by the two small RNAs.
Accordingly, wild-type PAO1 overexpressing the rsmA
gene produced very low levels of pyoverdine comparable
with those observed in the PAO1 ArsmY ArsmZ mutant
(Fig. 1A). Notably, single deletions of rsmZ or rsmY only
slightly affect pyoverdine production (Fig. 1A), indicating
that each sRNA is sufficient to counteract the negative
effect of RsmA on pyoverdine production.

Variation of iron availability in the growth medium
altered pyoverdine yields without affecting the RsmA-
mediated regulation, as inferred by the systematically
higher levels of pyoverdine in the supernatants of PAO1
ArsmA than the wild type after growth in the presence of
increasing concentrations of FeCl; (increasing iron
content) or the iron chelator 2,2’-dipyridyl (decreasing iron
availability) (Fig. 1B). Moreover, overexpression of RsmA
in P. aeruginosa prototypic strains producing different
pyoverdine types (Bodilis et al., 2009) also resulted in a
decrease in pyoverdine levels (Fig. 1C), suggesting that
the negative regulation exerted by RsmA on pyoverdine
production is conserved in P. aeruginosa.

As a whole, these experiments demonstrate that the
Gac/Rsm system exerts a strong control over pyoverdine
production in P. aeruginosa, which relies on the activity of
the post-transcriptional regulator RsmaA.

RsmA negatively affects pvdS transcription

To gain further insight into the mechanism of Gac/Rsm-
dependent control of pyoverdine production, we com-
pared the intracellular protein levels and promoter
activities of selected genes involved in pyoverdine
biogenesis between PAO1, PAO1 ArsmA and PAO1
ArsmY ArsmZ by means of Western blotting and lacZ
transcriptional fusion analyses. Intracellular levels of the
biosynthetic enzyme PvdA and activity of the pvdA pro-
moter showed a trend comparable with that observed for
pyoverdine levels. With respect to the wild-type strain,
both protein levels and promoter activities were markedly
higher in the PAO1 ArsmA mutant during early exponen-
tial phase, while they were strongly reduced in the PAO1
ArsmY ArsmZ double mutant along the whole growth
curve (Fig. 2A and B). The same activity profile was also
observed in these mutants for the promoter of pvdD,
another pyoverdine biosynthetic gene (data not shown).
These results indicate that RsmA controls pyoverdine pro-
duction by downregulating transcription of pyoverdine
biosynthetic genes.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology
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Fig. 2. The Gac/Rsm system controls pyoverdine production by regulating pvdS transcription.

A. Intracellular levels of PvdA in P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ grown in TSBD medium at 37°C. PvdA levels
were determined at different time points in growth by Western blot analysis of whole cell lysates (5—-10 ug of proteins) with an anti-PvdA
monoclonal antibody. The image is representative of two independent experiments showing similar results.

Activity of PpvdA (B), PpvdS (C) or PprpL (E) transcriptional fusions in P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ (black,

white and grey bars, respectively), cultured as in panel A.

D. Activity of the PpvdS::lacZ transcriptional fusion in P. aeruginosa PAO1 in the presence of a plasmid that overexpresses RsmA (RsmA*) or

the empty vector (ctl).

F. Activity of the PproC’-‘lacZ translational fusion in P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ (black, white and grey bars,
respectively), cultured as in panel A. Values in panels B-F are expressed in Miller units (M.U.) and are the mean (+ SD) of at least three

independent assays.

Because transcription of pyoverdine genes is driven by
the alternative sigma factor PvdS, we monitored the activ-
ity of the pvdS promoter in the above mutants using a
PpvdS::lacZ transcriptional fusion. Activity of the pvdS
promoter showed an opposite profile between the PAO1
ArsmA and ArsmY ArsmZ mutants, being higher at early
stages of growth in the absence of RsmA and markedly

reduced when the abundance of free RsmA is increased
(PAO1 ArsmY ArsmZ) (Fig. 2C). Activity of the pvdS
promoter was also negatively affected by the
overexpression of RsmA in wild-type PAO1 (Fig. 2D). A
comparable activity profile was also observed for a
PpvdS'-‘lacZ translational fusion (Fig. S2A), ruling out
that the Gac/Rsm system also controls pvdS expression

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology
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at the post-transcriptional level. These results indicate
that RsmA negatively affects pyoverdine production by
reducing the transcription of pvdS and, as a result, of
pyoverdine biosynthetic genes. As a further control, a
transcriptional /acZ fusion to the promoter of piv (prpL),
another PvdS-regulated gene encoding the PrpL protease
IV, showed an expression profile similar to those observed
for the promoters of the pyoverdine biosynthetic genes
(Fig. 2E). Notably, the expression of the housekeeping
gene proC, used as a control, was unaffected by the
Gac/Rsm system (Fig. 2F; Pérez-Martinez and Haas,
2011), indicating that the observed regulation of the
pyoverdine system mediated by RsmA cannot be
ascribed to a generalized effect on gene expression or on
the reporter system used.

RsmA also controls pyochelin production

In order to assess whether the Gac/Rsm system exerts a
broader regulation on iron uptake in P. aeruginosa, we
monitored the effects of altering the levels of free RsmA
on the promoter activity of pchR, encoding an AraC/XylS-
type regulator of pyochelin biosynthetic genes (Michel
et al.,, 2005). As observed for pyoverdine genes (Fig. 2),
under iron-depleted conditions the pchR promoter was
also strongly repressed in the PAO1 ArsmY ArsmZ double
mutant and in the RsmA-overexpressing PAO1 strain,
while an increase in pchR promoter activity was observed
in the ArsmA mutant compared with the wild type (Fig. 3A
and B). As for pvdS, a PpchR-'lacZ translational fusion
showed an activity profile comparable with that of the
transcriptional fusion (Fig. S2B), ruling out that the Gac/
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Fig. 3. The Gac/Rsm system regulates pyochelin production.
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Rsm-mediated control on pchR expression also occurs at
the post-transcriptional level. Consistent with the pchR
gene expression analysis, relevant differences were
observed in the pyochelin levels in culture supernatants
between the wild type and the ArsmA and ArsmY ArsmZ
mutants (Fig. 3C). Notably, the expression of another iron-
regulated gene, i.e. feoA, which is involved in the uptake
of ferrous iron (Cartron et al., 2006), was also found to be
influenced by the activation state of the Gac/Rsm system
(Fig. S3), suggesting that RsmA has a general effect on
iron uptake regulation in P. aeruginosa.

RsmA does not control siderophore production through
modulation of Fur expression

In order to investigate the mechanism by which RsmA
exerts its control on target iron uptake genes, we first
assessed whether RsmA directly affects the expression of
the pvdS and pchR genes. To this aim, the transcriptional
lacZ reporter fusions to pvdS and pchR promoters were
introduced into Escherichia coli MC4100, together with a
plasmid overexpressing RsmA or with the corresponding
empty vector. Differently from what observed in P
aeruginosa (Figs 2D and 3B), the activity of the pvdS and
pchR promoters under iron-depleted conditions was unaf-
fected by RsmA in the heterologous host E. coli (Fig. 4A).
As a positive control of RsmA activity in E. coli, we used a
‘lacZ translational fusion to PA4492, a P. aeruginosa gene
known to be under the direct post-transcriptional control of
RsmA (Brencic et al., 2009, Fig. S4). The reporter activity
of this translational fusion was repressed in E. coli
MC4100 cells carrying the plasmid overexpressing RsmA

C
0 ctt [ RsmA**
PAO1  rsmA rsmYrsmZ
14 h . Ui

14 20
Time (h)

A. Activity of the PpchR::lacZ transcriptional fusion in P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ (black, white, and grey

bars, respectively) grown in TSBD medium at 37°C.

B. Activity of the PpchR::lacZ transcriptional fusion in P. aeruginosa PAO1 in the presence of a plasmid that overexpresses RsmA (RsmA*) or
the empty vector (ctl), cultured as in panel A. Values in panels A and B are expressed in Miller units (M.U.) and are the mean (+ SD) of three

independent assays.

C. Thin layer chromatography plate showing pyochelin levels in culture supernatants of P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY
ArsmZ grown as described in panel A. Two different volumes (5 and 10 pl) of pyochelin extracted from 25 ml of culture supernatants and
resuspended in 100 pl of methanol were loaded onto the plate. The image is representative of two independent experiments showing similar

results.
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Fig. 4. RsmA-mediated regulation of iron uptake genes is indirect.

A. Activity of the PpvdS::lacZ and PpchR::lacZ transcriptional fusions and of the PA4492’-‘lacZ translational fusion in E. coli MC4100
harbouring a plasmid that overexpresses RsmA (RsmA*) or the empty vectors (ctl), grown in TSBD medium at 37°C.

B. Activity of a fur-‘lacZ translational fusion transcribed from the fur promoter (bME6014 fur-‘lacZ) in P. aeruginosa PAO1, PAO1 ArsmA and
PAO1 ArsmY ArsmZ (black, white and grey bars, respectively), grown in TSBD medium at 37°C. Values in panels A and B are expressed in
Miller units (M.U.) and are the mean (+ SD) of at least three independent assays.

C. Pyoverdine production (OD4os/ODswo) in P. aeruginosa PAO1 APA2384 (circles), PAO1 ArsmA APA2384 (squares) and PAO1 ArsmY ArsmZ
APA2384 (diamonds) grown in TSBD medium at 37°C. Values are the mean of three independent assays (SD < 9% of the mean values).

but not in cells carrying the corresponding empty vector
(Fig. 4A) confirming that P. aeruginosa RsmA retains its
activity in E. coli cells. Taken together, these results ruled
out a direct control of RsmA on the expression of the
reporter fusions to target iron uptake genes, indicating
thatin P. aeruginosa RsmA acts on a regulatory factor that
affects the promoter activity of both pvdS and pchR
genes.

A possible effector of the RsmA-mediated regulation
of iron uptake genes is Fur, which directly or indirectly
controls almost all the iron-regulated genes in Gram-
negative bacteria. Because Fur acts as a transcriptional
repressor (Ochsner et al., 1995) and taking into account
the negative effect of RsmA on the promoter activity of
siderophore genes (Figs 2 and 3), we first hypothesized
that RsmA could downregulate these genes by positively
affecting fur expression. Given that fur is an essential
gene in P aeruginosa (Vasil and Ochsner, 1999), we

decided to verify such hypothesis by generating a trans-
lational reporter fusion between the entire fur gene,
including its own promoter, and ‘lacZ (Table S1) in order to
assess whether the Gac/Rsm system affects furtranscrip-
tion, translation and/or mRNA stability. In our experimental
setting, no differences were observed in the activity of the
fur-‘lacZ reporter fusion between PAO1, PAO1 ArsmA
and PAO1 ArsmY ArsmZ during early stages of growth (8
and 14 h, Fig. 4B), i.e. when the Gac/Rsm system exerts
its maximum effect on siderophore production (Figs 2 and
3). This evidence rules out that the observed regulation
of iron uptake genes by RsmA occurs via modulation of
Fur expression. Interestingly, during stationary phase, the
activity of the fur-‘lacZ reporter fusion appeared ~40%
higher in the PAO1 ArsmA and ~40% lower in the PAO1
ArsmY ArsmZ mutants compared with the wild type
(Fig. 4B). This result suggests a negative effect of RsmA
on fur expression, the contrary of what would be expected
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Fig. 5. The Gac/Rsm system controls siderophore production via
c-di-GMP.

A. Relative intracellular levels of c-di-GMP (ng mg™" of cellular
proteins) in P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY
ArsmZ cells grown for 14 h in TSBD medium at 37°C. Results are
the mean (£ SD) of three independent assays.

B. Pyoverdine levels (ODuos) in culture supernatants of

P. aeruginosa PAO1 (circles), PAO1 ArsmA (squares) and PAO1
ArsmY ArsmZ (diamonds) harbouring the empty vector
pBBR1MCS-4 (ctl, dotted grey lines) or the same plasmid that
constitutively expresses either the diguanylate cyclase WspRR242A
(wspRf?*A  solid black lines, filled symbols) or the
phosphodiesterase PA2133 (PA2133, solid black lines, empty
symbols), grown in TSBD at 37°C. Results are the mean of at least
three independent assays.

C. TLC plate showing pyochelin levels in culture supernatants of
P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ
harbouring a plasmid that expresses the constitutively active
diguanylate cyclase WspRP242A (wspRf24?4) or the corresponding
empty plasmid (ctl), cultured as in panel A. Two different volumes
(5 and 10 ) of pyochelin extracted from 25 ml of culture
supernatants and resuspended in 100 pl of methanol were loaded
onto the plate. The image is representative of two independent
experiments showing similar results.

for an involvement of Fur in the RsmA-mediated repres-
sion of iron uptake genes. Therefore, although interesting
per se, this finding was not investigated further in this
work.

Gac/Rsm regulates siderophore synthesis in P. aeruginosa 7

Besides Fur, a microarray analysis proposed the
protein encoded by PA2384 as a possible additional regu-
lator involved in the transcriptional control of both pvdS
and pchR genes in P. aeruginosa PAO1 (Zheng et al.,
2007). We thus tested whether this protein was a potential
effector of RsmA-mediated control on the siderophore
genes by deleting the PA2384 gene in the wild-type,
ArsmA and ArsmY ArsmZ backgrounds, and monitoring
pyoverdine production in the resulting mutant strains. As
shown in Fig. 4C, the deletion of the PA2384 gene had no
effect on the ability of RsmA to affect pyoverdine produc-
tion, thus ruling out the involvement of PA2384 in the
Gac/Rsm-mediated control of iron uptake genes.

RsmA controls siderophore production through
modulation of cyclic-di-GMP levels

Recently, two independent works showed that the Gac/
Rsm system is interconnected with the cyclic-di-GMP
(c-di-GMP) signalling network in P. aeruginosa (Moscoso
etal, 2011; lrie etal, 2012) in line with a previous
observation that the overexpression of a c-di-GMP
phosphodiesterase (PDE) can suppress the swarming-
negative phenotype of a P aeruginosa rsmA mutant
(Ryan et al., 2006). Therefore, we investigated whether
c-di-GMP could play a role in the Gac/Rsm-mediated
control of iron uptake genes. We preliminarily investigated
the effect of rsmA and rsmY rsmZ deletions on c-di-GMP
levels in P. aeruginosa cells grown under iron depletion.
As shown in Fig. 5A, c-di-GMP levels were higher in the
PAO1 ArsmA mutant than in the wild type, while they were
strongly reduced in PAO1 ArsmY ArsmZ, indicating that
the Gac/Rsm pathway plays an important role in the
control of c-di-GMP homeostasis under iron-depleted
conditions. This result prompted us to assess the effect
of ¢-di-GMP on siderophore production. To this aim,
P. aeruginosa wild-type and mutant strains were trans-
formed with a plasmid encoding the constitutively acti-
vated diguanylate cyclase (DGC) WspRR242A which has
previously been used to artificially increase c-di-GMP
levels in P. aeruginosa (Moscoso et al., 2011). Overpro-
duction of c-di-GMP led to a large increase of pyoverdine
production in the PAO1 ArsmY ArsmZ mutant and, to a
lesser extent, in the wild-type and PAO1 ArsmA strains
(Fig. 5B). Notably, in the presence of WspR™242A, the wild-
type strain and the ArsmA and ArsmY ArsmZ mutants
showed an identical pyoverdine production profile
(Fig. 5B). In agreement with the earlier data demonstrat-
ing that the Gac/Rsm system affects pyoverdine produc-
tion by controlling pvdS transcription (Fig. 2), the WspR-
mediated increase in c-di-GMP levels was found to
restore the activity of the PpvdS::lacZ transcriptional
fusion in the ArsmY ArsmZ double mutant to levels com-
parable with those of the wild type and ArsmA mutant
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strains (Fig. S5). Notably, a similar trend was also
observed in the case of pyochelin production (Fig. 5C),
highlighting the relevant role of c-di-GMP in the regulation
of siderophore biosynthesis. This is further supported by
the finding that the overexpression of a c-di-GMP degrad-
ing enzyme (the PDE PA2133; Moscoso etal., 2011)
almost abolished pyoverdine production in all strains
tested, irrespective of the activation state of the Gac/Rsm
signalling system (Fig. 5B).

Discussion

The Gac/Rsm signalling cascade plays a key role in the
control of P aeruginosa lifestyle and pathogenicity.
Several P, aeruginosa virulence-related traits are directly
or indirectly controlled by the Gac/Rsm system through
the post-transcriptional regulator RsmA (Heurlier et al.,
2004; Kay et al., 2006), and a functional Gac/Rsm system
is required for P aeruginosa pathogenicity in different
animal models (Rahme et al., 1995; Coleman et al., 2003;
Mulcahy et al., 2008), raising the interest on this system
as a potential drug target (Pérez-Martinez and Haas,
2011; Yamazaki et al., 2012).

In this work, we further characterized the regulatory
network of the Gac/Rsm system in P aeruginosa by
describing a new link between Gac/Rsm, c-di-GMP and
iron uptake. Although RsmA has previously been sug-
gested to affect the expression of P. aeruginosa iron
uptake genes by two different microarray analyses
(Burrowes et al., 2006; Brencic and Lory, 2009), the actual
regulatory activity of RsmA on iron uptake genes was
still unclear. By using two complementary P. aeruginosa
PAO1 mutant strains mirroring opposite activation states
of the Gac/Rsm system, i.e. a ArsmA mutant and a ArsmY
ArsmZ double mutant, we showed that RsmA inhibits the
production of the siderophores pyoverdine and pyochelin
by reducing the activity of the promoters of the two tran-
scriptional regulators PvdS and PchR (Figs 1-3). The
negative effect of RsmA on siderophore production occurs
in a broad iron concentration range and has been
observed in different P. aeruginosa strains (Fig. 1), sug-
gesting that Gac/Rsm-mediated regulation on iron uptake
genes likely involves an iron-independent regulative
pathway conserved in P. aeruginosa.

Attempts to characterize the molecular mechanism
of Gac/Rsm-mediated control of siderophore genes
revealed that RsmA has indirect effects on pvdS and
pchR transcription and that these effects do not rely on
RsmA-mediated regulation of Fur expression (Fig. 4B).
Moreover, because Fur structure and function are highly
conserved in Gram-negative bacteria (Escolar et al.,
1999), the inability of RsmA to repress pvdS and pchR
transcription in E. coli (Fig. 4A) also rules out a direct
involvement of RsmA in modulating Fur activity. However,

because we found that, besides the siderophore genes,
also another Fur-dependent gene involved in ferrous iron
uptake is under the control of the Gac/Rsm system
(Fig. S3), it cannot be excluded that RsmA might indirectly
influence Fur activity through a still-uncharacterized
P. aeruginosa regulatory circuit. Although not related to
the observed effect of the Gac/Rsm system on iron uptake
genes, RsmA was also found to slightly affect Fur expres-
sion at late stages of growth (Fig.4B). In E. coli, Fur
expression is controlled at the transcriptional level by
several regulators, including Fur itself, the catabolite-
activator protein (CAP) (de Lorenzo et al., 1988) and the
oxidative stress regulators OxyR and SoxS (Zheng et al.,
1999), and at the translational level by the sRNA RhyB
(Vecerek et al., 2007). Fur expression and activity have
been succinctly investigated in P aeruginosa; further
studies are thus required to verify whether any of the
many proteins and/or cellular functions directly or indi-
rectly affected by RsmA (Burrowes et al., 2006; Kay et al.,
2006; Brencic and Lory, 2009) could somehow influence
Fur expression and/or activity in this bacterium.

Although the specific intermediary regulatory factor(s)
by which RsmA regulates pvdS and pchR promoters
remains unknown, c-di-GMP appeared to play a role in
Gac/Rsm-mediated control on iron uptake gene expres-
sion. c-di-GMP levels were found to be higher in a ArsmA
mutant and strongly reduced in a ArsmY ArsmZ double
mutant (Fig. 5A) in line with the increased c-di-GMP
content previously reported in a P. aeruginosa retS mutant
(Moscoso etal, 2011) and, very recently, in an rsmA
mutant (Irie etal, 2012). Moreover, artificially induced
dysregulation of c¢-di-GMP homeostasis by over-
expression of a constitutively active DGC or of a c-di-GMP
PDE abrogates the Gac/Rsm control of siderophore
production (Fig. 5). Finally, while the two sRNAs RsmY
and RsmZ have been previously found to be essential
for the c-di-GMP-dependent switch between type |llI
and type VI secretion systems in P. aeruginosa (Moscoso
etal., 2011), c-di-GMP does not require a functional
Gac/Rsm system to positively regulate iron uptake, as
demonstrated by the fact that c-di-GMP overproduction
efficiently promotes siderophore synthesis in an rsmY
rsmZ defective background (Fig. 5). Taken together, our
results indicates that the Gac/Rsm system regulates
iron uptake genes by modulating the intracellular level of
¢-di-GMP, which in turn promotes siderophore production
(Fig. 6).

c-di-GMP is a nearly ubiquitous intracellular signalling
molecule in bacteria. It acts as a secondary messenger
that controls fundamental bacterial behaviours such as
motility, sessility and virulence. c-di-GMP is synthesized
from GTP by DGCs and broken down by specific
PDEs (Hengge, 2009; Schirmer and Jenal, 2009). The
P. aeruginosa genome encodes more than 40 predicted
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Fig. 6. Model depicting the link between the

N N\ N perlplasm Gac/Rsm system, c-di-GMP and siderophore
— re— r— re— production. Grey lines indicate the existence
RetS Gacs LadS IM of an already described regulation, and black
lines highlight the connections described in
l GacA l cytoplasm this work. T-shaped lines represent negative
control; arrows represent positive control.

Rsm?Z %&o%ﬁm RsmY

Siderophores

c-di-GMP

proteins with potential DGC, PDE or DGC-PDE domains
that could participate in c¢-di-GMP homeostasis
(Kulasakara et al., 2006; Ryan et al., 2009). Although the
involvement of c-di-GMP in iron uptake has not been
previously investigated, there are some literature reports
that indirectly support our findings. Several siderophore
genes were shown to be upregulated by microarray analy-
sis in a P. aeruginosa wspF mutant overproducing c-di-
GMP (Hickman et al., 2005). Moreover, a P. aeruginosa
mutant in the transmembrane signalling system YfiBNR,
characterized by high intracellular c-di-GMP levels and a
small colony variant phenotype, also showed enhanced
pyoverdine and pyochelin production (Malone etal.,
2010). Concomitant increase in both c-di-GMP and
pyoverdine levels was also observed in a P. aeruginosa
strain lacking PA4781, encoding a HD-GYP domain
protein with predicted PDE activity (Ryan et al., 2009). As
a whole, these results are in line with the proposed role of
c-di-GMP as an activator of siderophore production in
P. aeruginosa; further studies are however needed to
unravel the specific mode of action and/or effector(s)
involved in c-di-GMP-mediated control of iron uptake
genes.

Besides the known functions directly regulated by
RsmA at the post-transcriptional level, such as the regu-
lation of genes involved in exopolysaccharide production
and type VI secretion (Brencic and Lory, 2009; Irie et al.,
2010), RsmA also indirectly affects, by still unknown
mechanism(s), a number of P. aeruginosa phenotypes,
including quorum sensing, protein secretion, cytotoxicity
and motility (Mikkelsen et al., 2011). Given the observed
role of the Gac/Rsm system in c-di-GMP homeostasis
(Fig. 5) and considering that RsmA and c-di-GMP display
partially overlapping regulons in P. aeruginosa (Coggan

and Wolfgang, 2012), it is tempting to speculate that c-di-
GMP could be the mediator of Gac/Rsm-dependent regu-
lation not only of iron uptake genes but also of other
genes indirectly affected by RsmaA.

Our study shows that the Gac/Rsm system and c-di-
GMP act in a concerted way to regulate iron uptake in
P. aeruginosa (Fig. 6). Both c-di-GMP and Gac/Rsm sig-
nalling networks control the P. aeruginosa switch between
planktonic and biofilm lifestyles, as well as between acute
virulence and chronic persistence during infection (Ventre
etal., 2006; Hengge, 2009; Mikkelsen etal, 2011;
Coggan and Wolfgang, 2012). In particular, high c-di-GMP
levels and activation of the two-component system GacS/
GacA reduce virulence and motility while inducing biofilm
formation (Coggan and Wolfgang, 2012). Our results
demonstrate that they also act in concert to promote
siderophore production (Figs 1, 3 and 5).

What could be the biological significance of coupling
biofilm development to enhanced siderophore produc-
tion? Several lines of evidence indicate the importance of
siderophores in P aeruginosa biofilms. Siderophore
genes are expressed by P aeruginosa biofilm-forming
cells (Banin etal, 2005; Yang etal, 2009), and
siderophore-mediated iron uptake is essential for biofilm
formation under iron depletion (Banin et al., 2005; Kaneko
etal.,, 2007). Moreover, P aeruginosa cells living in
biofilms are more susceptible to iron limitation than plank-
tonic cells (Patriquin et al., 2008), suggesting that biofilm-
forming cells either require more iron for their metabolism
or are disadvantaged in iron acquisition compared with
planktonic cells. Linking siderophore gene expression to
regulatory mechanisms crucial for switching from motile to
biofilm lifestyles would therefore represent a strategy to
guarantee the iron uptake potential required during biofilm
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development. Siderophores were also found to be impor-
tant for biofilm formation in other bacteria (Ojha and
Hatfull, 2007; May and Okabe, 2011), and Csr/Rsm and
c-di-GMP are key components of widespread bacterial
signalling networks promoting the biofilm lifestyle
(Rémling, 2012; Romeo et al., 2013). Whether coordi-
nated expression of siderophore and biofiim-related
genes might represent a common regulatory strategy in
biofilm-forming bacteria is an interesting question that
deserves future research.

Experimental procedures
Bacterial strains and growth conditions

Bacterial strains and plasmids used in this study are listed in
Table S1. Bacteria were routinely grown in LB medium
(Sambrook et al., 1989). The iron-depleted complex medium
trypticase soy broth dialysate (TSBD) was used as iron-poor
medium (Imperi et al., 2010) to which FeCl, or 2,2-dipyridyl
were added at the indicated concentrations when required.
Unless otherwise stated, bacteria were grown at 37°C in
microtitre plates under static conditions. Antibiotics were
added at the following concentrations for work with E. col,
with the concentrations used for P. aeruginosa shown in
brackets: ampicillin, 100 ug ml™'; carbenicillin (250 pug ml™);
chloramphenicol 30 ug mI™" (350 ug ml™");  gentamicin,
15 ug ml (200 pug mi™); nalidixic acid, 20 pug ml™; tetracycline
12 ug mi~* (100 pg mi™).

Deletion mutants and reporter plasmids

Recombinant DNA was manipulated as described elsewhere
(Sambrook et al., 1989). All the primers and restriction sites
used for PCR and cloning are listed in Table S2. Deletion
mutants in rsmA, rsmY, rsmZ, gacA and PA2384 were gen-
erated using the suicide plasmids pZH13, pME3087ArsmY,
pMES3332, pME6111 and pME9643, respectively (Table S1).
Gene replacements in P, aeruginosa were verified by PCR
and DNA sequencing. Reporter plasmids pMP220::PpvdS,
pMP220::PpvdA, pMP190::PpvdD, pMP220::PfecA, pPZ-
proL, pME3641 have been previously described (Table S1).
The PpchR-lacZ transcriptional fusion was generated by
amplifying by PCR and cloning a 573-bp DNA fragment
encompassing the entire pchR promoter into the promoter
probe plasmid pMP220 (Spaink et al., 1987). The PA4492’-
‘lacZ translational fusion was generated by amplifying by
PCR and cloning a 511-bp DNA fragment encompassing the
promoter and the start codon of PA4492 into the plasmid
pMEG6014 (Schnider-Keel et al., 2000) in frame with the trun-
cated ‘lacZ gene. The pME6014::fur-‘lacZ plasmid encoding
a Fur-‘LacZ fusion protein expressed from the fur promoter
was generated by amplifying by PCR and cloning into the
plasmid pME6014 a 500-bp DNA fragment encompassing the
promoter and the whole coding sequence of fur minus the last
two codons fused in frame with the truncated ‘lacZ gene. All
constructs were verified by DNA sequencing. Plasmid pME
3849 was used for RsmA overexpression experiments using
the empty plasmid pME6001 as negative control (Table S1).

B-galactosidase assays

The B-galactosidase activity from P. aeruginosa cells carrying
the different reporter plasmids (Table S1) was determined
spectrophotometrically using o-nitrophenyl-B-D-galactopyra-
noside as the substrate, normalized to the ODsg Of the bac-
terial culture and expressed in Miller units (Miller, 1972).

Western blot analysis

Appropriate volumes of bacterial cultures were centrifuged,
and pellets were suspended in SDS-PAGE loading buffer
(0.25 M Tris-HCI, pH 6.8; 2% SDS; 10% B-mercaptoethanol;
20% glycerol) for SDS-PAGE analysis of whole-cell extracts.
Pellets from identical culture volumes were also collected to
determine the cellular protein concentration for each sample
by using the DC protein assay kit (Bio-Rad, Milan, ltaly) and
bovine serum albumin as the standard. Volumes of SDS-
PAGE samples corresponding to 5 or 10 ug of proteins were
loaded onto the gel. Proteins resolved by SDS-PAGE were
electrotransferred onto a nitrocellulose filter (Hybond-C extra,
Amersham, Milan, Italy) and probed for PvdA using a mouse
monoclonal anti-PvdA antibody (Putignani etal., 2004).
Filters were developed with 5-bromo-4-chloro-3-indoyl-
phosphate and nitro blue tetrazolium chloride reagents for
colorimetric alkaline phosphatase detection (Promega, Milan,
Italy).

Pyoverdine, pyochelin and c-di-GMP quantifications

Pyoverdine quantities were measured as the OD4os of culture
supernatants appropriately diluted in 0.1 M Tris-HCI (pH 8)
(Imperi et al., 2009). Pyochelin was isolated by ethyl acetate
extraction of acidified culture supernatants (Zhang et al.,
2005). After evaporation, the dry residue was suspended
in 100 ul of methanol. Pyochelin extracts (5-10 ul) were
applied to a Silica Gel (60F,) thin-layer chromatography
(TLC) plate (Merck, Darmstadt, Germany) using
acetone : methanol : 0.2 M acetic acid (5:2:1) as the mobile
phase (Zhang et al., 2005). Pyochelin on TLC plates was
qualitatively characterized by iron-binding capacity when
sprayed with 0.1 M FeCl; in 0.1 M HCI resulting in red-brown
spots (Cox and Graham, 1979). Intracellular levels of c-di-
GMP were determined by liquid chromatography coupled
with tandem mass spectrometry, as described (Spangler
etal., 2010), and normalized to the corresponding cellular
protein content determined using the DC protein assay kit
(Bio-Rad) and bovine serum albumin as the standard.
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Fig. S1. Growth (ODg) of P aeruginosa PAO1 (circles),
PAO1 ArsmA (squares) and PAO1 ArsmY ArsmZ (diamonds)
at 37°C in TSBD medium. Values represent the mean
(+ standard deviation) of at least three independent assays.
Fig. S2. Activity of (A) PpvdS-‘lacZ and (B) PpchR-‘lacZ
translational fusions in P aeruginosa PAO1 (black bars),
PAO1 ArsmA (white bars) and PAO1 ArsmY ArsmZ (grey
bars) grown in TSBD medium at 37°C. Values are the mean
(+ standard deviation) of three independent assays.

Fig. S3. Activity of the PfeoA::lacZ translational fusions in
P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ
grown for 14 h in TSBD medium at 37°C. Values are the
mean (+ standard deviation) of three independent experi-
ments performed in duplicate.

Fig. S4. Activity of the PA4492’-‘lacZ translational fusions in
P. aeruginosa PAO1, PAO1 ArsmA and PAO1 ArsmY ArsmZ
grown for 8 h in TSBD medium at 37°C. Values are the mean
(+ standard deviation) of three independent assays.

Fig. S5. Activity of the PpvdS::lacZ translational fusions in
P. aeruginosa PAO1 (black bars), PAO1 ArsmA (white bars)
and PAO1 ArsmY ArsmZ (grey bars) harbouring a plasmid
that constitutively expresses the diguanylate cyclase
WspRR22A (wspRf2#24) or the empty plasmid (ctl), grown for
14 h in TSBD at 37°C. Results are the mean (£ standard
deviation) of four independent assays.

Table S1. Bacterial strains and plasmids used in this study.
Table S2. Primers used in this study’.
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Figure S2. Activity of (A) PpvdS-lacZ and (B) PpchR-'lacZ translational fusions in P.
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bars) grown in TSBD medium at 37 °C. Values are the mean (x SD) of three independent
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Figure S4. Activity of the PA4492’-’lacZ translational fusion in P. aeruginosa PAO1, PAO1
ArsmA and PAO1 ArsmY ArsmZ grown for 8 h in TSBD medium at 37 °C. Values are the

mean (£ SD) of three independent assays.
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Figure S5. Activity of the PpvdS::lacZ transcriptional fusion in P. aeruginosa PAO1 (black
bars), PAO1 ArsmA (white bars) and PAO1 ArsmY ArsmZ (grey bars) harboring a plasmid
that constitutively expresses the diguanylate cyclase WspRR242A (wspRR2424) or the empty
plasmid (ctl), grown for 14 h in TSBD at 37°C. Results are the mean (+ SD) of four
independent assays.
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Table S1. Bacterial strains and plasmids used in this study

Strain or plasmid

Genotype and/or relevant characteristics

Reference or source

P. aeruginosa
PAO1 (ATCC15692)

PAO1 ArsmA

PAO1 AgacA

PAO1 ArsmY

PAO1 ArsmZ

PAO1 ArsmY ArsmZ

PAO1 ArsmY ArsmZ ArsmA

PAO1 A2384
PAO1 ArsmA A2384

PAO1 ArsmY ArsmZ N2384

E. coli
S17.1\pir

DH5aF’

MC4100

Plasmid
pBluescript-II KS+
pBBR1MCS-4
pMP220

pME6014

PME3641
pME6001
pME3849

pME6111

pPZ-prpL

pZH13
pME3087ArsmY
pME3332
pME9643

pMP220::PpvdA

Prototroph

PAO1 deleted of the rsmA coding sequence

PAO1 deleted of the gacA coding sequence

PAO1 deleted of rsmY

PAO1 deleted of rsmz

PAO1 ArsmY deleted of the rsmZ coding sequence

PAO1 ArsmY rsmZ deleted of the rsmA coding
sequence

PAO1 deleted of the PA2384 coding sequence

PAO1 ArsmA deleted of the PA2384 coding
sequence

PAO1 ArsmY ArsmZ deleted of the PA2384 coding
sequence

thi pro hsdR hsdM™* recA RP4-2-Tc::Mu-Km::Tn7
Apir, GmR

recAl1 endA1 hsdR17 supE44 thi-1 gyrA96 relAl
A(lacZYA-argF)U169[¢80 dlacZaM15], Nal®

araD139 rpsL150 relA1 fIbB5301 deoC1 pstF25
rbsR A(lacZYA-argF)U169 Str'

Cloning vector; ColE1 replicon; ApR
Broad-host range cloning vector; Ap®

Broad-host-range, low-copy-number promoter-
probe vector, IncP replicon, lacZ Tc" Tra~

Cloning vector for translational /acZ fusions; Tc?

Translational PproC’-‘lacZ fusion
Cloning vector derived from pBRR1MCS, GmR

pME6001 containing the rsmA gene under the
control of the P,,. promoter

gacA gene-exchange construct; pME3088 suicide
vector carrying a 4.8 kb fragment containing
gacA::QSm/Sp; TcR, Sm/SpR

pPZTC derivative carrying a PprpL-lacZ
transcriptional fusion; CbR. prpL = piv

Suicide plasmid for rsmA deletion; CmR
Suicide plasmid for rsmY deletion; Tc®
Suicide plasmid for rsmZ deletion; TcR
Suicide plasmid for PA2384 deletion; Tc®?

Promoter of pvdA directionally cloned into pMP220

60

American type culture
collection

This study
This study
This study
This study
This study
This study

This study
This study

This study

Simon et al., 1983

Liss, 1987

Casadaban and Cohen,
1980

Stratagene
Kovach et al., 1995
Spaink et al., 1987

Schnider-Keel et al.,
2000

Savioz et al., 1993
Blumer et al., 1999
Pessi et al., 2001

Reimmann et al., 1997

Lamont et al., 2002

Pessi et al., 2001
Kay et al., 2006
Heurlier et al., 2004

C. Reimmann,
unpublished

Leoni et al., 1996



pMP220::PpvdS Promoter of pvdS directionally cloned into pMP220 Ambrosi et al., 2002

pMP220::PpchR Promoter of pchR directionally cloned into pMP220 This study
pMP190::PpvdD Promoter of pvdD directionally cloned into pMP190 Cunliffe et al., 1995
pMP220::PfecA Promoter of feoA directionally cloned into pMP220 Imperi et al., 2013
pME9301 Translational PpvdS'-‘lacZ fusion Frangipani et al., 2008
pME7226 Translational PpchR'-'lacZ fusion Michel et al., 2005
pME6014 PA4492'-‘lacZ Promoter of PA4492 cloned into pME6014 in frame This study
with lacZ
pME6014 fur’-‘lacZ fur gene (including promoter and coding This study
sequence) cloned into pME6014 in frame with /acZ
pBBR1MCS-4-PA2133 PA2133 cloned into pBBR1MCS-4 Moscoso et al., 2011
pBBR1MCS-4-wspRR2424 R252A-wspR cloned into pBBR1MCS-4 Moscoso et al., 2011

Additional references (not included in the main text):

Ambrosi, C., Leoni, L., and Visca, P. (2002) Different responses of pyoverdine genes to autoinduction in
Pseudomonas aeruginosa and the group Pseudomonas fluorescens-Pseudomonas putida. Appl Environ
Microbiol 68: 4122-4126.

Blumer, C., Heeb, S., Pessi, G., and Haas, D. (1999) Global GacA-steered control of cyanide and
exoprotease production in Pseudomonas fluorescens involves specific ribosome binding sites. Proc Natl
Acad Sci U S A 96: 14073-14078.

Casabadan, M.J., and Cohen, S.N. (1980). Analysis of gene control signals by DNA fusion and cloning in
Escherichia coli. J Mol Biol 138: 179-207.

Cunliffe, H.E., Merriman, T.R., and Lamont, I.L. (1995). Cloning and characterization of pvdS, a gene
required for pyoverdine synthesis in Pseudomonas aeruginosa: PvdS is probably an alternative sigma
factor. J Bacteriol 177: 2744-2750.

Frangipani, E., Slaveykova, V.I., Reimmann, C., and Haas, D. (2008) Adaptation of aerobically growing
Pseudomonas aeruginosa to copper starvation. J Bacteriol 190: 6706-6717.

Kovach, M.E., Elzer, P.H., Hill, D.S., Robertson, G.T., Farris, M.A., Roop, R.M. 1., and Peterson, K.M.
(1995). Four new derivatives of the broad-host-range cloning vector pBBR1MCS, carrying different
antibiotic-resistance cassettes. Gene 166: 175-176.

Leoni, L., Ciervo, A., Orsi, N., and Visca, P. (1996) Iron-regulated transcription of the pvdA gene in
Pseudomonas aeruginosa: effect of Fur and PvdS on promoter activity. J Bacteriol 178: 2299-2313.

Liss, L. (1987). New M13 host: DH5 F’ competent cells. Focus 9:13.

Pessi, G., Williams, F., Hindle, Z., Heurlier, K., Holden, M.T., Cdmara, M., et al., (2001) The global
posttranscriptional regulator RsmA modulates production of virulence determinants and N-
acylhomoserine lactones in Pseudomonas aeruginosa. J Bacteriol 183: 6676-6683.

Reimmann, C., Beyeler, M., Latifi, A., Winteler, H., Foglino, M., Lazdunski, A., Haas, D. (1997) The global
activator GacA of Pseudomonas aeruginosa PAO positively controls the production of the autoinducer N-
butyryl-homoserine lactone and the formation of the virulence factors pyocyanin, cyanide, and lipase. Mol
Microbiol 24: 309-319.

Savioz, A., Zimmermann, A., and Haas, D. (1993) Pseudomonas aeruginosa promoters which contain a
conserved GG-N10-GC motif but appear to be RpoN-independent. Mol Gen Genet 238: 74-80.

Simon, R., Priefer, U., and Plhler, A. (1983) A broad host range mobilization system for in vivo genetic
engineering: transposon mutagenesis in Gram negative bacteria. Bio/Technology 1: 784-790.
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Table S2. Primers used in this study?!

Primer name Sequence? Restriction Application
site

Construction of
PpchR_FW 5'-GGAAGATCTACCGTGTCGCCATGTG-3’ BglII PpchR::lacZ

transcriptional fusion

Construction of
PpchR_RV 5'-GCGGAATTCGATGTGCGCGACGCC-3’ EcoRI PpchR::lacZ

transcriptional fusion
fur-lacZ_FW 5'-CGCGAATTCATCGGTGAGCGACTTCC-3 ECORI Construction of fur‘acZ

translational fusion
fur-lacZ_RV 5'-GCGGGATCCTCTTCTTGCGCACGTAGAG-3'  BamHI Construction of furlacz

- E— translational fusion

PA4492_FW 5'-GCGGAATTCTGCTGGAGCTGCACGC-3’ ECORI Construction of PA4492"-

lacZ translational fusion
PA4492_RV 5'-CCGGGATCCTCGAACCGAAGATACGCATG-3'  BamHI Construction of PA4492"-

‘lacZ translational fusion

62

L All PCRs were performed using the genomic DNA of the PAO1 strain as template.
2 Restriction site used for cloning is underlined in the primer sequence.
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Chapter 4

Exopolysaccharide-mediated cell aggregation promotes
pyoverdine dependent iron uptake and virulence in
Pseudomonas aeruginosa

Among the virulence factors produced by P. aeruginosa, pyoverdine is one of the most
fascinating, this is not only because of its for its dual personality (as iron scavenging
molecule and as virulence-inducing signal molecule) but also because it seems to play
a key role in both acute and chronic infections (Chapter 1). During chronic infections,
P. aeruginosa generally grows as biofilm, and pyoverdine is essential for biofilm
formation under iron-depleted conditions (Banin et al., 2005). The switch between the
planktonic and the biofilm lifestyle is mainly regulated by the Gac regulatory system
and the signaling molecule c-di-GMP. This two regulatory networks control the
formation of biofilm matrix by modulating the expression of the genes responsible for
the biosynthesis of the aggregative exopolysaccharides Pel and Psl (Hickman et al.,
2005; Brencic and Lory, 2009). In our previous work (Chapter 2), we demonstrated
that the Gac system and c-di-GMP also coordinately promote pyoverdine production,
although the underlying mechanism(s) remains unclear (Frangipani et al., 2014). In
order to gain insight into the regulation of pyoverdine production mediated by these
regulatory networks, we focused our attention on the overlap between the Gac and c-
di-GMP regulons, and this led us to investigate the possible involvement of the
exopolysaccharides Pel and Psl. By generating single and double deletion mutants in
the pel and ps/ operons, we demonstrated that Gac and c-di-GMP require at least one
of the two exopolysaccharides to exert their control on pyoverdine biosynthesis. In the
pelps! double mutant the production of pyoverdine, PrpL and exotoxin A was almost
abolished, indicating that exopolysaccharides have a strong impact on pyoverdine-
dependent virulence gene expression. The molecular mechanism by which Pel and Psl
control pyoverdine production remains unclear, but the experimental evidence
obtained so far leads us to propose that cell aggregation mediated, by Pel and/or Psl,
rather than the exopolysaccharides by themselves, is the cue which promotes
siderophore and virulence gene expression in P. aeruginosa. This work has been

submitted to Environmental Microbiology and is currently under revision.
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Summary

In Pseudomonas aeruginosa the Gac signaling system and the second messenger cyclic-di-GMP
participate in the control of the switch between planktonic and biofilm lifestyles, by regulating the
production of the two exopolysaccharides Pel and Psl. The Gac and cyclic-di-GMP regulatory
networks also coordinately promote the expression of the pyoverdine siderophore, although the
underlying mechanism remains unknown. By coupling reverse genetics with gene expression and
phenotypic assays, we demonstrate that the extracellular polysaccharides Pel and Psl| are essential
for Gac- and cyclic-di-GMP-mediated activation of pyoverdine production. An exopolysaccharide-
null pel ps/ mutant produces very low levels of pyoverdine and shows a marked reduction in
exotoxin A and PrpL protease expression. Exopolysaccharides-dependent control of pyoverdine
gene expression is independent of both Fur and pyoverdine signaling regulatory pathways. While
the exopolysaccharide-proficient parent strain forms multicellular planktonic aggregates in liquid
cultures, the exopolysaccharide-null mutant mainly grows as dispersed cells. Notably, artificially-
induced cell aggregation is able to restore pyoverdine-dependent gene expression in the
exopolysaccharide-null mutant. This study demonstrates that cell aggregation is an important cue
triggering the expression of pyoverdine-related genes in P. aeruginosa, highlighting a novel link

between virulence gene expression, cell-cell interaction and the multicellular community lifestyle.
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Introduction

Pseudomonas aeruginosa is a metabolically versatile Gram-negative bacterium and an
opportunistic pathogen in cystic fibrosis (CF) and otherwise critical patients, causing both chronic
and acute infections. The ability of P. aeruginosa to rapidly adapt to diverse ecological niches and
to switch from acute to chronic infections is related to the tightly regulated expression of specific
sub-sets of genes in response to environmental cues (Stover et al., 2000). Characteristic traits of
P. aeruginosa chronic infection are the microcolony and biofilm mode of growth. Microcolonies are
small aggregates of cells that open the way to the communal organization of a biofilm. Biofilms
are surface-associated communities of bacteria encased in a self-generated polymeric matrix.
Extracellular polysaccharides represent a key component of the biofilm matrix, and are involved in
surface attachment and cell-cell interaction (Ma et al., 2009). Bacteria growing as biofilms show
enhanced resistance to antimicrobials and to the host immune response, and this makes biofilm-
associated infections difficult to eradicate (Parsek and Singh, 2003).

P. aeruginosa has been considered a model organism for studies on biofilm formation and
resistance. It produces three main exopolysaccharides, namely alginate, Pel and Psl| (Colvin et al.,
2012). Alginate was the first exopolysaccharide described in P. aeruginosa, and confers the typical
mucoid phenotype to producing strains (Sherbrock-Cox et al., 1984). Alginate plays a crucial role
in CF lung colonization, while Psl and Pel are normally produced by non mucoid strains, and failure
to produce Pel and/or Psl exopolysaccharides impairs biofilm formation in vitro (Colvin et al.,
2012). The exopolysaccharide Psl, encoded by the polysaccharides synthesis locus (PA2231-
PA2245 in the reference strain PAO1), consists of repeating pentamers of D-mannose, L-rhamnose
and D-glucose (Ma et al., 2007). The helical distribution of Psl on the individual cell surface
promotes cell-cell and cell-surface interactions in microcolonies (Zhao et al., 2013), although it
also plays an essential role in the maintenance of the mature biofilm structure (Jackson et al.,
2004; Ma et al., 2009). The exopolysaccharide Pel is encoded by a seven-genes operon (PA3064-

PA3058 in PAO1l), and was identified by a transposon mutagenesis screening for the loss of
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surface pellicle formation. Pel structure has not yet been determined, although carbohydrate
analysis suggested a glucose-rich composition (Friedman and Kolter, 2004).

The production of the Pel and Psl exopolysaccharides is directly or indirectly controlled by many
regulatory networks at the level of transcription, translation and sugar chain biosynthesis
(Goodman et al., 2004; Ventre et al., 2006; Sakuragi et al., 2007; Gilbert et al., 2009; Lee et al.,
2007). The best characterized regulatory networks involved in the regulation of pel/ and ps/ gene
expression and, consequently, in the switch from the planktonic to the biofilm lifestyle are the Gac
system and the signaling molecule cyclic-di-GMP (c-di-GMP). The Gac system relies on a two
component system consisting of the sensor kinase GacS that, in response to a still unknown
signal, activates the transcriptional regulator GacA, which in turn promotes the transcription of
two small noncoding RNAs (sRNAs), RsmZ and RsmY (Brencic et al., 2009). These sRNAs bind to
and sequester the mRNA binding protein RsmA, thereby inhibiting its activity as translational
repressor. When the Gac system is inactive, RsmA binds to specific motifs (usually ANGGA) in the
5’ untranslated region of target genes and prevents translation (Hebb et al., 2006). While ps/ gene
expression is directly regulated by RsmA at the translational level (Irie et al., 2010), there are no
evidence of the direct effect of RsmA on the pel genes, although transcriptomic analysis showed
that the Gac network also affects transcription of the pel operon (Brencic and Lory, 2009). The
Gac system has recently been shown to play a key role also in the modulation of the intracellular
levels of the signaling molecule c-di-GMP, which induces biofilm formation by promoting
exopolysaccharides production (Moscoso et al., 2011; Irie et al., 2012; Frangipani et al., 2014;
Moscoso et al., 2014). This second messenger exerts its regulatory activity on Pel production both
at the transcriptional and post-transcriptional level. In fact, c-di-GMP inhibits the activity of FleQ,
a transcriptional repressor of the pel operon (Hickman and Harwood, 2008), and activates the
inner membrane protein PelD, which is involved in the generation of the polysaccharide chain (Lee
et al., 2007). Although the molecular mechanism has not been elucidated yet, high intracellular

levels of c-di-GMP also increase the expression of ps/ genes (Hickman et al., 2005).
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Exopolysaccharides production and biofilm formation are not the only common targets of Gac and
c-di-GMP signaling, as these systems also act in a concerted way to control iron uptake. In
particular, an active state of the Gac system and high intracellular levels of c-di-GMP promote the
expression of genes involved in pyoverdine production (Frangipani et al., 2014). Pyoverdine is a
green fluorescent siderophore which plays a prominent role in P. aeruginosa pathogenicity (Visca
et al., 2007). Pyoverdine acts not only as a high-affinity iron scavenger, providing P. aeruginosa
cells with the required amount of iron for biofilm formation under iron-depleted conditions (Banin
et al., 2005) and growth in human serum (Ankenbauer et al., 1985), but also serves as a signal
molecule to promote expression of important P. aeruginosa virulence factors (Lamont et al.,
2002). Pyoverdine stimulates virulence via a cell-surface signaling cascade which involves the
other membrane ferri-pyoverdine receptor FpvA, the cytoplasmic membrane-spanning antisigma
factor FpvR, and the extracytoplasmic function (ECF) sigma factor PvdS. The binding of ferri-
pyoverdine to FpvA transmits a signal to the antisigma factor FpvR, ultimately resulting in the
release of PvdS from FpvR in a state that is competent for interaction with the RNA polymerase
core (Lamont et al., 2002; Tiburzi et al., 2008). PvdS drives transcription of almost thirty P.
aeruginosa genes, including those involved in pyoverdine biosynthesis and transport, the gene for
the extracellular protease PrpL and, indirectly, the exotoxin A gene toxA (Ochsner et al., 2002;
Llamas et al., 2014). The dual function of pyoverdine (an iron-uptake molecule and a virulence-
inducing signal) makes it an essential element for P. aeruginosa virulence, as demonstrated in
different mouse models of infection (Meyer et al., 1996; Takase et al., 2000; Imperi et al., 2013).
As for any iron-uptake system, pyoverdine production needs to be promptly shut down when
intracellular iron levels are sufficiently high. This iron-mediated control occurs through the ferric
uptake regulator Fur, an iron-sensing transcriptional repressor which binds to its co-repressor Fe?*
and inhibits transcription of the sigma factor gene pvdS (Ochsner et al., 2002).

In the present study we addressed the mechanism by which Gac and c-di-GMP control pyoverdine
biosynthesis. By coupling reverse genetics experiments with gene expression and phenotypic

assays, we demonstrate that the extracellular polysaccharides Pel Psl are essential for Gac and c-
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di-GMP-mediated regulation of pyoverdine production, which indeed results almost abrogated in a
pel ps/ double mutant. We also show that artificially-induced cell aggregation restores pyoverdine-
dependent gene expression in the exopolysaccharide-null mutant. Our findings suggest that
aggregation of P. aeruginosa cells, rather than polysaccharide production per se, is an important
cue triggering production of pyoverdine and pyoverdine-controlled virulence factors in P.

aeruginosa.
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Results

Exopolysaccharide production is essential for Gac- and c-di-GMP-mediated regulation of
pyoverdine production. We recently demonstrated that both the Gac signaling system and the
second messenger c-di-GMP positively control the production of the P. aeruginosa siderophore
pyoverdine (Frangipani et al., 2014). The Gac and c-di-GMP regulons are quite large, and include
genes involved in several functions, including biofilm formation, virulence, protein transport and
secondary metabolism (Hickman et al., 2005; Burrowes et al., 2006; Brencic and Lory, 2009).
However, some overlap between Gac and c-di-GMP regulons exists, with the best characterized
example being the regulation of biosynthetic genes for the exopolysaccharides Pel and Psl, which
are involved in P. aeruginosa attachment and biofilm formation (Mann and Wozniak, 2012; Colvin
et al., 2012).

Thus, we attempted to verify whether the Pel and Psl| exopolysaccharides are involved in the Gac
and c-di-GMP mediated control of pyoverdine production. To this aim, we generated single and
double deletion mutants in pel and ps/ genes in P. aeruginosa PAO1 (wild type) and in isogenic
mutants in which the Gac signaling is inactive (rsmY rsmZ mutant) or constitutively active (rsmA
mutant) (Table S1). As previously reported (Frangipani et al., 2014), pyoverdine production was
higher in the rsmA mutant and strongly reduced in the rsmY rsmZ mutant compared with the wild
type (Fig. 1A). This pyoverdine production profile was maintained in strains lacking either Pel or
Psl, while pyoverdine production was drastically reduced in the pel ps/ double mutant irrespective
of the activation state of the Gac system (Fig. 1A). This response appeared to be independent of
the previously-reported effect of the Gac system on c-di-GMP production, since mass
spectrometry analysis revealed that the Gac system is still able to control intracellular c-di-GMP
levels in a Pel/Psl deficient background (Fig. 1B). Accordingly, the overexpression of a
constitutively activated diguanylate cyclase (WspRR**?*; Moscoso et al., 2011) was able to
promote pyoverdine production in pel or ps/ single mutants, but not in the pel ps/ double mutant
(Fig. 1C), although it resulted in almost 100-fold increase in c-di-GMP intracellular levels in both

wild type and Pel/Psl deficient cells (Fig. 1D). Thus, both the Gac system and the c-di-GMP second
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156 messenger require at least one of two exopolysaccharides Pel and Psl to exert their control on
157 pyoverdine biosynthesis, suggesting that these exopolysaccharides, or an exopolysaccharide-
158 dependent phenotype, play a role in pyoverdine production by P. aeruginosa.

159

160 Exopolysaccharide-defective P. aeruginosa cells are impaired in the production of
161 pyoverdine and pyoverdine-regulated virulence factors. To investigate the effect of Pel and
162  Psl deficiency on pyoverdine biosynthesis, we compared pyoverdine production between wild type
163 PAO1 and the pel ps/ double mutant. While the growth of the pel ps/ mutant was slightly impaired
164  with respect to the wild type, the relative pyoverdine production by the mutant was almost
165 abolished along the whole growth curve (Fig. 2A). This well correlates with the expression of the
166 pyoverdine biosynthetic gene pvdD, since both the activity of a PpvdD::lacZ transcriptional fusion
167 (Fig. 2B) and the levels of pvdD mRNA (Fig. 2C) were greatly reduced in the pel ps/ mutant,
168 relative to the wild type. Accordingly, the expression of the pyoverdine-dependent virulence genes
169  toxA and prpL, as well as the levels of the corresponding virulence factors in culture supernatants,
170  was strongly reduced in the pel ps/ double mutant (Figs. 2C-E). Therefore, lack of
171 exopolysaccharides causes a significant reduction in the production of the siderophore pyoverdine
172  and of pyoverdine-dependent virulence factors by P. aeruginosa.

173

174 Exopolysaccharides affect pvdS gene expression and pyoverdine production
175 independently of Fur and pyoverdine signaling. Expression of pyoverdine synthesis genes
176  and pyoverdine-dependent virulence genes is under the primary control of the ECF sigma factor
177 PvdS. Thus, we investigated the link between production of exopolysaccharides and PvdS
178  expression. Compared with the wild type, the activity of a PpvdS::lacZ transcriptional fusion was
179  significantly lower in the pel ps/ mutant (Fig. 3A). Comparable results were obtained with a
180  PpvdS’-'lacZz translational fusion (Fig. 3A), indicating that exopolysaccharides affects pvdS
181 expression at the transcriptional level. No differences were observed between the pel ps/ mutant

182  and wild type in the expression of the housekeeping gene proC (Fig. 3A; Pérez-Martinez and Haas,
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2011). Therefore, exopolysaccharides regulation pvdS is a specific effect which cannot be ascribed
to a generalized effect on gene expression or on the reporter used. By comparison with reporter
gene assays, however, real-time PCR experiments showed a less pronounced effect of
exopolysaccharide deficiency on pvdS mRNA levels, which were reduced in the pel ps/ mutant less
than two-fold compared to the wild type strain (Fig. 3B). Such a moderate decrease in the pvdS
mRNA levels poorly correlates with the strong reduction in pyoverdine production observed in the
exopolysaccharide mutant (Fig. 2A), and suggests that additional steps of pyoverdine production
could also be affected by the lack of Pel and Psl exopolysaccharides. To definitely assess the
contribution of pvdS expression to the exopolysaccharides-mediated control of pyoverdine
biosynthesis, we generated arabinose-dependent pvdS conditional mutants in wild type and
Pel/Psl defective backgrounds (Table S1). As expected, pyoverdine production in the pvdS
conditional mutant was proportional to the amount of arabinose added to the growth medium,
with 0.5% arabinose being sufficient to restore pyoverdine production to wild-type levels (Fig.
S1). Such arabinose levels increased pyoverdine production in the pel ps/ pvdS conditional mutant
without restoring the wild type levels (Fig. 3C). A similar trend was observed for the activity of the
PpvdD::lacZ transcriptional fusion (Fig. 3D), and the production of the PvdS-dependent virulence
factor PrpL (Fig. 3E). Taken together, these observations suggest that exopolysaccharides control
the production of pyoverdine and pyoverdine-related virulence factors not only via pvdS, but also
via an additional regulatory mechanism that plausibly occurs downstream of pvdS expression.

In a previous work, it was demonstrated that the Gac system does not regulate pvdS transcription
by affecting the expression of the master regulator of iron uptake Fur (Frangipani et al., 2014).
However, we cannot rule out that regulation of Fur activity, rather than expression, could be
involved in the observed effect of exopolysaccharides on pvdS gene expression. Fur is considered
an essential protein in P. aeruginosa (Barton et al., 1996; Cornelis et al., 2009), and fur null
mutants have never been obtained in this species. Thus, to verify the possible involvement of Fur
in exopolysaccharide-mediated control of pvdS transcription, we performed conditional

mutagenesis of the fur gene in PAO1 and pel psl. For this purpose, a fur conditional mutant was

74
Wiley-Blackwell and Society for Applied Microbiology



Page 10 of 42

210 generated by replacing the native fur gene with an arabinose-inducible allele (Table S1). The
211 PAO1 fur conditional mutant grew poorly in the iron-poor TSBD medium, and even less in TSBD
212 supplemented with 50 uM free iron, but growth was restored to wild type levels upon arabinose
213 induction of fur gene expression (Fig. S2). Compared with the wild type, pyoverdine levels and
214  pvdS gene expression were significantly higher in the fur conditional mutant grown without
215 arabinose, and were not shut down by the addition of iron to the growth medium (Fig. S2). This
216  evidence confirmed the suitability of our conditional mutagenesis strategy to obtain Fur-depleted
217  P. aeruginosa cells. Notably, the differences in pyoverdine production and activity of the
218 PpvdS::lacZ transcriptional fusion between fur and pel ps/ fur conditional mutants in the absence
219  of arabinose were comparable to those observed for the wild type and the pel ps/ mutant (Fig. 4A-
220  B), clearly indicating that exopolysaccharides control pvdS gene expression in a way that is
221  independent of Fur.

222 Since exopolysaccharides affect the expression of pyoverdine-related genes in part by
223 mechanisms that appear independent of pvdS expression (Fig. 3), we hypothesized that the
224 absence of extracellular polysaccharides in the pel ps/ mutant negatively affects the pyoverdine
225  surface signaling cascade (Lamont et al., 2002; Llamas et al., 2014), ultimately resulting in lower
226 PvdS activity and, consequently, reduced expression of PvdS-dependent genes. To test this
227  hypothesis, we deleted the fpvR gene in the wild type and Pel/Psl-negative backgrounds, in order
228  to obtain strains in which PvdS activity cannot be influenced by pyoverdine signaling through the
229  anti-sigma factor FpvR (Lamont et al., 2002; Llamas et al., 2014). However, deletion of fpvR did
230  not restore pyoverdine production in the pel ps/ mutant (Fig. 4C), ruling out any involvement of
231 FpvR and, thus, of the pyoverdine signaling cascade on the exopolysaccharides-mediated control
232 of PvdS-dependent gene expression.

233

234  Artificially-induced cell aggregation restores production of virulence factors in
235 exopolysaccharide-defective cells. Irrespective of the regulatory mechanisms involved, our

236  findings argue for a prominent role of extracellular polysaccharides in triggering the expression of
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pyoverdine and PvdS-dependent virulence genes. As shown in Figure 1, each single
exopolysaccharide is able to promote pyoverdine production, suggesting that a phenotype that
depends on the presence of exopolysaccharide(s), rather than a specific exopolysaccharide
molecule, could be important for pyoverdine-related gene expression. Extracellular
polysaccharides have a role in cell attachment to biotic and abiotic surfaces and in biofilm
formation, and indeed the PAO1 pel ps/ mutant was unable to adhere and form biofilms on plastic
tubes (Fig. 5A) (Colvin et al., 2012). Moreover, exopolysaccharides have also been proposed to
mediate planktonic aggregation (Klebensberger et al., 2007), as confirmed by our observation
that Pel/Psl-deficient cells prevalently grow as dispersed cells, while Pel/Psl-proficient wild-type
cells grow as large aggregates including hundreds of cells (Fig. 5B). These bacterial aggregates
are quite loose, and can be dispersed by vigorous pipetting or vortexing (data not shown).

We thus hypothesized that cell-to-cell contacts, instead of exopolysaccharides by themselves,
could represent the signal triggering PvdS-dependent gene expression. This hypothesis was first
tested by growing wild-type and pel ps/ mutant cells as colonies on the surface of TSBD medium
solidified with different gelling substances, such as polyacrylamide and the polysaccharides agar
and phytagel, and qualitatively assessing pyoverdine production by comparing fluorescence
emission under UV light (Visca et al., 2007). While the fluorescence of the pel ps/ mutant grown in
liquid medium was much lower than that of the wild type and comparable to that of the
pyoverdine-deficient mutant PAO1 pvdA (Imperi et al., 2008), the exopolysaccharide mutant
showed fluorescence levels that were indistinguishable from those of the wild type, and much
higher than those of the pvdA mutant, during colony growth on solid surfaces (Fig. 6A). Although
this assay clearly showed that growth on solid surfaces, where cells can interact with each other
irrespective of aggregative polysaccharides, enhanced pyoverdine production in the pel psl/
mutant, the qualitative nature of the assay did not allow a quantitative comparison of pyoverdine
levels between strains. To overcome this limitation, strains were cultured in TSBD medium
supplemented with different sub-gelling concentrations of agar (0.0125-0.2%, Fig. 6B) or

phytagel (0.08-0.125%, Fig. S3), thus allowing to quantitatively assess pyoverdine levels in
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264  culture supernatants. Pyoverdine levels in the supernatants of pel ps/ mutant cultures were
265 increased by sub-gelling concentrations of agar in a concentration-dependent manner, while agar
266  had minor or no effects on pyoverdine production by the wild-type strain (Fig. 6B). Substantially
267  similar results were obtained with phytagel (Fig. S3). At the microscopic level, the presence of
268  sub-gelling concentrations of agar in the growth medium forced the pel ps/ mutant, as well as the
269  wild type, to grow as large clusters of thousands of cells (Fig. 6C), consistent with the conclusion
270  that cell aggregation stimulates pyoverdine production.

271 Notably, pyoverdine production by the pel ps/ mutant in the presence of agar was abrogated by
272  agar degradation with B-agarase I, which however had no effect on pyoverdine production by wild
273  type PAO1 (Fig. 6B). This result confirms that the effect of agar on the pel ps/ mutant has to be
274  ascribed to the polymeric nature of the gelling agent rather than to any specific constituent of the
275 polymer or to a general increase in the osmolarity of the growth medium. The latter point was
276  further corroborated by the observation that, differently from agar and phytagel, high
277  concentrations of sucrose (up to 10%) did not stimulate pyoverdine production by the
278  exopolysaccharides-null mutant (Fig. S3). To also rule out any involvement of the increased
279  viscosity of the growth medium due to the presence of agar, we verified that the addition of
280  glycerol (up to 5%) did not promote pyoverdine production in both wild type and pel ps/ cultures
281 (Fig. S3). Coherent with the observed effects on pyoverdine production, addition of 0.2% agar
282  stimulated pvdS and pvdD expression (Fig. 6D), as well as PrpL and ToxA production by the pe/
283  psl/ mutant (Figs. 6E-F), while it had no effect on the expression of the housekeeping gene proC
284  (Fig. 6D).

285 It appears therefore that artificially-induced cell aggregation, obtained by growing cells either as
286  colonies on solid surface or in liquid cultures in the presence of aggregating agents such as agar
287 or phytagel, is able to restore pyoverdine-dependent phenotypes in the exopolysaccharide-
288  deficient mutant pel ps/, suggesting that cell-to-cell contacts and/or growth as aggregates by itself
289  are cues that stimulate pyoverdine production and virulence in P. aeruginosa.

290
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Unspecific physical contacts do not promote pyoverdine production. In order to verify
whether the effect of aggregation on pyoverdine production was due to specific cell-to-cell
interactions or to an increase in unspecific surface contacts during growth as cellular aggregates,
the pel ps/ mutant was cultured in the presence of 5x10’ or 5x10% 3-pm size polystyrene
beads/ml (Polysciences), under vigorous shaking in order to maintain beads in suspension. The
pel psl mutant is not able to attach to polystyrene (Fig. 5A); thus, the presence of such beads
should only increase the number of contacts between planktonic cells and the inert plastic
material. As shown in Figure 7, polystyrene beads had no effect on pyoverdine production by the
pel psl mutant or the wild type used as control, strongly suggesting that cell aggregation, rather
than unspecific physical contacts, represents the signal which triggers pyoverdine gene expression

in P. aeruginosa.
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303  Discussion

304 In the last decades, the old vision of bacteria as strictly unicellular organisms living in a planktonic
305 single-cell status was swept away by the finding that bacterial cells in natural, industrial and many
306 clinical settings predominantly exist as biofilms, i.e. structured microbial communities attached to
307 a surface and encased in an extracellular matrix (Mann and Wozniak, 2012). But also during
308 planktonic growth in liquid cultures bacteria can assemble into aggregates of densely packed cells,
309 and it is believed that planktonic aggregation can play a role in resistance to stresses and
310 antibiotics (Schleheck et al., 2009; Blom et al., 2010; Haaber et al., 2012), as well as in microbe-
311 host cell interaction (Lepanto et al., 2011). Although hundreds of studies have investigated the
312  physiology of biofilm-living bacterial cells, very little is known about the effects of aggregate
313  growth on planktonic cells.

314 Here we provide evidence that growth as planktonic aggregates promotes production of three
315 major virulence factors in the opportunistic pathogen P. aeruginosa, namely pyoverdine,
316  extracellular protease PrpL and exotoxin A. Indeed, we observed that an exopolysaccharide-null
317 mutant unable to aggregate in liquid cultures is also defective in the expression of virulence factor
318 genes, and that this effect can be rescued by artificially-induced cell aggregation (Figs. 6 and S3).
319 Exopolysaccharide-mediated aggregation appeared to control pyoverdine and virulence gene
320 expression at two different levels. We noticed that exopolysaccharides enhance transcription of
321 the pvdS regulatory gene (Fig. 3). However, expression of PvdS from an arabinose-dependent
322 regulatory region, which abolishes any transcriptional effect on pvdS promoter activity or post-
323 transcriptional control involving the 5’ untranslated region, only partially restored expression of
324  pyoverdine and virulence genes (Fig. 3). This indicates that a mechanism downstream of pvdS
325  transcription and translation is mainly responsible for the exopolysaccharide-induced increase of
326  PvdS-dependent gene expression. At present, the existence of a still-unknown regulator with a
327  regulon that partially overlaps with that of PvdS cannot be ruled out. However, it is also possible
328 that exopolysaccharides can indirectly affect the activity of the PvdS protein. While pvdS gene

329  expression is modulated by several environmental signals and regulatory pathways in addition to
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the well-characterized Fur regulation, pyoverdine signaling is the only system known to affect
PvdS activity (reviewed in Llamas et al., 2014). Since pyoverdine signaling relies on a cascade
involving different components residing in the cell envelope, we excluded that the absence of
exopolysaccharides and the consequent inability to form cell aggregates could influence some cell
envelope properties that are important for pyoverdine signal transduction. In fact, inactivation of
the fpvR antisigma gene, which results in a constitutively active state of the PvdS sigma factor
(Lamont et al., 2002; Tiburzi et al., 2008), had no effect on pyoverdine production by the pel ps/
mutant (Fig. 4), clearly ruling out any involvement of the pyoverdine signaling cascade in
exopolysaccharide-mediated activation of PvdS-dependent genes.

Another issue that deserves further investigation is how cell-to-cell contacts and/or -cell
aggregation are perceived by the bacterial cell and integrated into a regulatory cascade ultimately
leading to the activation of virulence gene expression. At least two hypotheses can be made. First,
a sensory machinery could transduce a contact signal deriving from the cell envelope into a
cytoplasmic response. Our experiments lead to exclude the involvement of physical changes in the
cell envelope due to unspecific contacts with abiotic surfaces (Fig. 7), suggesting that specific cell-
to-cell interactions may be implicated. Such a kind of cell contact-sensitive signaling systems are
involved in the regulation of surface motility in Myxococcus xanthus (Mauriello et al., 2009),
carbon source utilization in Pseudomonas putida (Joshi et al., 2009), and contact-dependent
secretion systems in many bacteria (reviewed in Hayes et al., 2010). Also the Wsp system of P.
aeruginosa, a chemotaxis-like signal transduction complex which promotes c-di-GMP production
by activating the diguanylate cyclase WspR, has been found to be stimulated by growth on
surfaces (Guvener and Harwood, 2007). Since we have ruled out c-di-GMP as the effector of
exopolysaccharide-mediated increase of pyoverdine-dependent gene expression (Fig. 1), the
involvement of the Wsp system can be reasonably excluded. However, other contact-dependent
systems could exist in P. aeruginosa. For instance, the P. aeruginosa PAO1 genome is predicted to
encode 26 methyl accepting chemotaxis proteins (Whitchurch et al., 2004), 13 cell-surface

signaling systems (Llamas et al., 2014), up to 50 canonical two-component systems and more
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357 than 10 orphan sensor kinases (Gooderham and Hancock, 2009), many of them being involved in
358 virulence gene regulation. Very recently, it has been reported that surface-attached P. aeruginosa
359  PA14 cells are more virulent than planktonic ones against the amoeba Dictyostelium discoideum,
360 and that the pilus-biogenesis factor PilYl could be involved in surface contact-dependent
361 activation of virulence (Siryaporn et al., 2014). Although our experimental evidence suggests that
362 cell aggregation rather than surface contact is the signal which triggers pyoverdine gene
363 expression (Figs 6 and 7), we cannot rule out, at present, the involvement of PilYl (or other
364 mechanosensitive factors) in the exopolysaccharides-mediated activation of virulence during
365  planktonic growth.

366  An alternative hypothesis is that growth as aggregates determines changes in the cell surrounding
367 environment that could influence virulence gene expression. Studies on the physiology of
368 planktonic aggregates are still at an early stage, but a recent paper reported that localized oxygen
369 depletion occurs in aggregates of P. aeruginosa cells grown in a gelatin-based microtrap (Wessel
370 et al., 2014). Notably, oxygen is a well known inducer of pvdS gene expression (Ochsner et al.,
371 1996; Llamas et al., 2014); thus oxygen limitation can hardly explain the observed activation of
372 PvdS-dependent genes in bacterial aggregates. It has also been reported that pyoverdine
373  concentration is heterogeneous in P. aeruginosa microcolonies on solid surface, with a maximum
374  at the colony center (Jolou et al., 2013). Although it can be speculated that this heterogeneity
375 could influence the efficiency of pyoverdine-dependent signaling and/or iron uptake in cell
376 aggregates, we have demonstrated that aggregation-mediated increase of PvdS-dependent gene
377  expression is independent of pyoverdine signaling and the iron sensor Fur (Fig. 4). However, other
378 chemical and/or physiological changes occurring in densely packed bacterial cells could be
379 responsible for the observed activation of virulence genes in P. aeruginosa planktonic aggregates.
380 In the whole, our study highlights a link between planktonic aggregation of P. aeruginosa cells and
381 enhanced expression of secreted virulence factors. Such a kind of cell contact- or aggregation-
382 dependent activation of virulence could represent a further strategy to modulate bacterial

383 pathogenicity in response to population density, additional or complementary to chemical
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394
395
396
397

signaling via quorum sensing. Cellular aggregation also represents the first committed step of
biofilm formation. Although some recent transcriptomics and proteomics studies highlighted an
overall attenuation of virulence gene expression in mature P. aeruginosa biofilms (Li et al., 2014;
Park et al., 2014), which include many slowly growing or quiescent cells, our finding indirectly
suggests that the virulence potential of P. aeruginosa may be actually increased during the first
stages of biofilm formation, when siderophores, extracellular enzymes and toxins would provide
cells with essential nutrients for the energy-demanding biofilm development process. This
hypothesis is in line with the evidence that the gene expression profile of P. aeruginosa developing
biofilms is more similar to that of exponential phase cultures rather than mature biofilms (Waite et
al., 2006). Finally, since planktonic aggregation seems to be widespread among bacteria
(Schleheck et al., 2009; Blom et al., 2010; Haaber et al., 2012), it could be verified whether the
observed correlation between cell aggregation and virulence represents a conserved strategy in

bacterial pathogens.
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398 Experimental procedures

399 Bacterial strains, growth conditions and plasmids

400 Bacterial strains and plasmids used in this study are listed in Table S1. Bacteria were routinely
401 grown in LB medium (Sambrook et al., 1989). The iron-depleted complex medium TSBD was used
402  as iron-poor medium (Ohman et al., 1980), to which FeCl; was added at the indicated
403  concentrations to increase iron availability, when required. The assays were performed on bacteria
404  grown at 37°C in 96-well microtiter plates (250 ul of medium in each well) under static conditions.
405 Antibiotics were added at the following concentrations for work with E. coli, with the
406  concentrations used for P. aeruginosa shown in brackets: ampicillin, 100 ug/ml; carbenicillin (250
407 pHg/ml); chloramphenicol 30 pg/ml (350 pg/ml); gentamicin, 15 pg/ml (200 ug/ml); nalidixic acid,
408 20 pg/ml; tetracycline 12 pg/ml (100 ug/ml). When specified, TSBD medium was supplemented
409  with L-arabinose, agar, phytagel, sucrose or glycerol (Sigma-Aldrich) at the indicated final
410  concentrations. Polystyrene beads (Polybead® Microspheres 3.00 um, Polysciences) were washed
411  several times with sterile water and then resuspended in TSBD at the desired concentrations.

412

413  Generation of deletion and conditional mutants

414  Recombinant DNA was manipulated as described elsewhere (Sambrook et al., 1989). All the
415  primers and restriction sites used for PCR and cloning are listed in Table S2. Deletion mutants in
416  pelABCD, psIABCD or fpvR were generated using specific derivatives of the pDM4 suicide plasmid
417  (Table S1). The fur conditional mutant was generated using a recently-described strategy (Lo
418  Sciuto et al., 2014), based on the mini-CTX1-mediated insertion of the fur coding sequence under
419  the control of an arabinose-dependent promoter into a neutral site of the P. aeruginosa genome,
420  followed by the in-frame deletion of the endogenous fur gene using the pDM4Afur suicide plasmid
421  (Table S1), under permissive conditions (i.e. growth in the presence of arabinose). The same
422  strategy was employed to obtain the pvdS conditional mutant, with the only exception that a
423  previously-generated suicide plasmid (pEXApvdS; Table S1) was used for pvdS deletion. Gene

424  replacements and insertions were verified by PCR and DNA sequencing.
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Growth and pyoverdine measurements

Growth was measured as the ODgo of appropriate dilutions of bacterial cultures in sterile growth
medium. Pyoverdine production was measured as the OD4gs of culture supernatants appropriately
diluted in 0.1 M Tris-HCI (pH 8), and normalized to the ODgy of the corresponding cultures
(Imperi et al., 2009). When indicated, pyoverdine production was normalized to the number of

colony forming units/ml.

B-galactosidase and c-di-GMP assays

The B-galactosidase activity from P. aeruginosa cells carrying the different reporter plasmids
(Table S1) was determined spectrophotometrically using o-nitrophenyl-B-D-galactopyranoside as
the substrate, normalized to the ODgq of the bacterial culture and expressed in Miller units (Miller,
1972). Intracellular levels of c-di-GMP were determined by liquid chromatography coupled with
tandem mass spectrometry as described (Spangler et al.,, 2010), and normalized to the
corresponding cellular protein content determined using the DC protein assay kit (Bio-Rad) and

bovine serum albumin as the standard.

Western blot analysis of ToxA and PrpL enzymatic assay

For detection of ToxA, 100-ul aliquots of culture supernatants were supplemented with 20 pl of 6%
SDS-PAGE loading dye [375 mM Tris.HCI (pH 6.8), 9% SDS, 50% Glycerol, 0.03% Bromophenol
blue]. In order to normalize the amount of secreted proteins to bacterial growth, the volume of
supernatants loaded into SDS-PAGE gels was calculated according to the formula: loading volume
(M) = 10/0Dggo of the corresponding bacterial culture. Proteins resolved by SDS-PAGE were
electrotransferred onto a nitrocellulose filter (Hybond-C extra, Amersham), and probed for ToxA
using a rabbit polyclonal anti-ToxA antibody (Sigma-Aldrich). Filters were developed with 5-
bromo-4-chloro-3-indoyl-phosphate and nitro blue tetrazolium chloride reagents for colorimetric

alkaline phosphatase detection (Promega).
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452 PrpL activity was determined by means of a specific enzyme assay based on the use of the
453  chromogenic substrate Chromozym PL (tosyl-Gly-Pro-Lys-p-nitroanilide; Sigma-Aldrich) (Imperi et
454  al., 2010). Briefly, 10 pl of culture supernatants were mixed with 10 pl of 2 mg/ml Chromozym PL
455  and 180 pl of phosphate buffer (pH 7.0) in 96-well microtiter plates. The OD4;o was read at 2 min
456 intervals for 30 min in a Victor’V plate reader (Perkin-Elmer), and the change in optical density
457 (AODg415) per minute was determined. PrpL activity units were determined as: (AODg4;o X total
458 assay volume/ml)/(sample volume x E410 x light path); where total assay volume was 200 ul,
459  sample volume was 10 ul, the extinction coefficient (E) of the product (p-nitroaniline) at 410 nm
460 was 9.75, and the light path was 0.35 cm. PrpL activity was then normalized to the ODgyg of the
461  corresponding bacterial culture.

462

463 Real-time PCR

464  Total RNA was purified by using RNeasy minicolumns (Qiagen), including the on-column DNase I
465  digestion described by the manufacturer. Eluted RNA samples were treated with 6 units of Turbo
466 DNase (Ambion) for 1 h at 37°C in the presence of 1 pl of RNase inhibitor (Qiagen). DNase I was
467 removed by using the RNeasy MinElute cleanup kit (Qiagen) according to manufacturer’s
468  instructions. cDNA was reverse transcribed from 0.5 pg of total RNA with PrimeScript RT reagent
469 Kit (TaKaRa). cDNA was then used as the template for quantitative real-time PCR in a 7300 Real-
470 Time PCR System (Applied Biosystems) using SYBR green with the ROX detection system (Bio-
471 Rad). The primers used for real-time PCR are listed in Table S2. At least three wells were run for
472  each cDNA sample. The threshold cycle value (Ct) of each gene was used to calculate relative
473  gene expression with respect to the housekeeping gene rpsL by using the 222 method (Livak and
474  Schmittgen, 2001).

475

476  Confocal microscopy

477  Thirty pl of P. aeruginosa cultures in TSBD were spotted on a glass slide that was freshly

478  coated with 0.5% agarose in water, and covered with a cover slip. Images were acquired with
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479
480
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487
488
489
490

a Leica TCS SP5 inverted confocal microscope equipped with a HCX PLAPO lamba blue
40X/1.25 OIL objective (Zeiss). Images were recorded using specific sets for GFP (excitation at

488 nm, emission window from 500 to 600 nm).

Biofilm assay

Visualization of biofilm formation was carried out in 12 ml polystyrene tubes. Bacteria were
inoculated in 1 ml of TSBD medium to an ODgg of 0.02. After 14-h incubation at 37°C under static
conditions, planktonic cells were discarded and the tubes were washed with water three times.
Attached cells were stained with 0.1% crystal violet and tubes were washed with water to remove

unbound dye.
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Legends to figures

Fig. 1. Exopolysaccharides are crucial for the Gac- and c-di-GMP-mediated control on pyoverdine
production. (A) Pyoverdine production by P. aeruginosa PAO1, pel, psl and pel psl/ mutants, and
their derivatives deleted in the rsmA or in the rsmY and rsmZ genes. (B) Intracellular levels of c-
di-GMP (relative to wild type PAO1l) in P. aeruginosa PAO1, the pel psl/ mutant, and their
derivatives deleted in the rsmA or the rsmY and rsmZ genes. (C) Pyoverdine production by P.
aeruginosa PAO1, pel, psl and pel ps/ mutants harboring the empty vector pBBR1MCS-4 or its
derivative constitutively expressing the diguanylate cyclase WspRR?*?A, (D) Intracellular levels of
c-di-GMP (relative to PAO1 pBBR1MCS-4) in P. aeruginosa PAO1 and the pel ps/ mutant harboring
pBBR1MCS-4 or its derivative constitutively expressing the diguanylate cyclase WspRR**A,

Bacteria were grown in TSBD at 37°C under static conditions for 14 h. Values are the mean (+

SD) of at least three independent assays.

Fig. 2. Exopolysaccharides positively affect production of pyoverdine and pyoverdine-dependent
virulence factors. (A) Growth (ODggo, empty symbols) and pyoverdine production (ODg4gs/ODgqo,
filled symbols) by P. aeruginosa PAO1 (black lines) and the pel ps/ mutant (grey lines) in TSBD at
37°C under static conditions. (B-D) Activity of a PpvdD::lacZ transcriptional fusion (B), relative
mMRNA levels of pvdD, toxA and prpL as determined by real-time PCR (C), and PrpL enzymatic
activity in culture supernatants (D) in P. aeruginosa PAO1 and the pel ps/ mutant grown in TSBD
at 37°C under static conditions for 14 h. Values in panels A-D are the mean (£ SD) of at least
three independent assays. (E) Western-blot showing ToxA levels in culture supernatants of P.
aeruginosa PAO1, the pel ps/ mutant, and the toxA mutant (used as negative control) grown in
TSBD at 37°C under static conditions for 14 h. The image is representative of four independent

experiments giving similar results.
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765 Fig. 3. Exopolysaccharides partially control pyoverdine-dependent genes by promoting pvdS
766  transcription. (A) Activity of a PpvdS::lacZ transcriptional fusion, and PpvdS’-‘lacZ and PproC'-
767  ‘lacZ translational fusions in P. aeruginosa PAO1 and the pel ps/ mutant. (B) Relative pvdS mRNA
768 levels in P. aeruginosa PAO1 and the pel ps/ mutant. (C-E) Pyoverdine production (C), activity of
769  the PpvdD::lacZ transcriptional fusion (D), and PrpL enzymatic activity in culture supernatants (E)
770  in P. aeruginosa PAO1, the pel ps/ mutant, and their derivatives in which the native pvdS gene
771 was replaced by an arabinose-inducible allele (PgappvdS) in the presence (+) or in the absence (-)
772  of 0.5% arabinose. Bacteria were cultured in TSBD at 37°C under static conditions for 14 h, and
773  values are the mean (£ SD) of at least three independent assays.

774

775 Fig. 4. Fur and pyoverdine signaling are not involved in exopolysaccharide-mediated pyoverdine
776 regulation. (A) Pyoverdine production and (B) activity of the PpvdS::lacZ transcriptional fusion in
777  P. aeruginosa PAO1, the pel ps/ mutant, and their derivatives in which the native fur gene was
778 replaced by an arabinose-inducible allele (Pgapfur). (C) Pyoverdine production by P. aeruginosa
779  PAO1 fpvR and pel psl/ fpvR mutants. Bacteria were cultured in TSBD at 37°C under static
780  conditions for 14 h, and values are the mean (£ SD) of at least three independent assays.

781

782  Fig. 5. Role of exopolysaccharides on attachment and aggregation of P. aeruginosa cells. (A)
783  Biofilm formation on polystyrene tubes by P. aeruginosa PAO1 and the pel ps/ mutant after 14 h of
784  growth in TSBD at 37°C under static conditions. (B) Confocal microscopy images of P. aeruginosa
785 PAO1 and pel ps/ cells harboring the GFP-expressing vector pMMG cultured in TSBD at 37°C under
786  static conditions for 14 h. The images are representative of several micrographs from five
787 independent experiments. Bar: 50 ym.

788

789  Fig. 6. Cell aggregation is involved in exopolysaccharide-mediated control of pyoverdine-
790  dependent virulence factors. (A) Fluorescent phenotype upon UV light exposure of P. aeruginosa

791 PAO1, the pel ps/ mutant and the pvdA mutant (used as pyoverdine-deficient negative control)
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grown in liquid TSBD medium (Control) or on TSBD solidified with 1.5% agar, 1% phytagel or
10% acrylamide. (B) Pyoverdine production by P. aeruginosa PAO1 and the pel ps/ mutant grown
in TSBD supplemented with increasing concentrations of agar (0-0.2%) and/or B-agarase I (3.3
units/ml). (C) Confocal microscopy images of P. aeruginosa PAO1 and pel ps/ cells harboring the
GFP-expressing vector pMMG cultured in TSBD supplemented or not with 0.2% agar. Images are
representative of several micrographs from at least three independent experiments. Bar: 50 um.
(D) Activity of the PpvdS::lacZ, PpvdD::lacZ and PproC’-'lacZ reporter fusions, (E) PrpL enzymatic
activity and (F) ToxA levels in culture supernatants from P. aeruginosa PAO1 and pel ps/ cultures
in TSBD supplemented or not with 0.2% agar. Bacteria were cultured in TSBD at 37°C under
static conditions for 14 h. Values in panels B, D and E are the mean (£ SD) of at least three
independent assays. Images in panels A and F are representative of two independent experiments

giving similar results.

Fig. 7. Pyoverdine production is not stimulated by unspecific physical contacts. Pyoverdine
production by P. aeruginosa PAO1 and pel ps/ in the presence or in the absence of 3-um size
polystyrene beads (5x10” or 5x10® beads/ml), normalized to the number of colony forming
units/ml and expressed as percentage with respect to the untreated wild type. Bacteria were
grown in TSBD at 37°C for 14 h under vigorous shaking (220 rpm). Values are the mean (* SD)

of three independent assays.
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Fig. 1. Exopolysaccharides are crucial for the Gac- and c-di-GMP-mediated control on pyoverdine production.
(A) Pyoverdine production by P. aeruginosa PAO1, pel, ps/ and pel psl mutants, and their derivatives deleted
in the rsmA or in the rsmY and rsmZ genes. (B) Intracellular levels of c-di-GMP (relative to wild type PAO1)
in P. aeruginosa PAO1, the pel ps/ mutant, and their derivatives deleted in the rsmA or the rsmY and rsmzZ
genes. (C) Pyoverdine production by P. aeruginosa PAO1, pel, psl and pel psl mutants harboring the empty

vector pBBR1MCS-4 or its derivative constitutively expressing the diguanylate cyclase WspR*?*?A, (D)

Intracellular levels of c-di-GMP (relative to PAO1 pBBR1MCS-4) in P. aeruginosa PAO1 and the pel ps/
mutant harboring pBBR1MCS-4 or its derivative constitutively expressing the diguanylate cyclase WspRR?*?A,

Bacteria were grown in TSBD at 37°C under static conditions for 14 h. Values are the mean (% SD) of at
least three independent assays.
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Fig. 2. Exopolysaccharides positively affect production of pyoverdine and pyoverdine-dependent virulence
factors. (A) Growth (ODego, empty symbols) and pyoverdine production (OD4os/ODego, filled symbols) by P.
aeruginosa PAO1 (black lines) and the pel ps/ mutant (grey lines) in TSBD at 37°C under static conditions.
(B-D) Activity of a PpvdD::lacZ transcriptional fusion (B), relative mRNA levels of pvdD, toxA and prpL as
determined by real-time PCR (C), and PrpL enzymatic activity in culture supernatants (D) in P. aeruginosa
PAO1 and the pel ps/ mutant grown in TSBD at 37°C under static conditions for 14 h. Values in panels A-D
are the mean (£ SD) of at least three independent assays. (E) Western-blot showing ToxA levels in culture
supernatants of P. aeruginosa PAO1, the pel ps/ mutant, and the toxA mutant (used as negative control)

grown in TSBD at 37°C under static conditions for 14 h. The image is representative of four independent

experiments giving similar results.
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Fig. 3. Exopolysaccharides partially control pyoverdine-dependent genes by promoting pvdS transcription.
(A) Activity of a PpvdS::lacZ transcriptional fusion, and PpvdS’-‘lacZ and PproC’-‘lacZ translational fusions in
P. aeruginosa PAO1 and the pel ps/ mutant. (B) Relative pvdS mRNA levels in P. aeruginosa PAO1 and the
pel ps/ mutant. (C-E) Pyoverdine production (C), activity of the PpvdD::lacZ transcriptional fusion (D), and
PrpL enzymatic activity in culture supernatants (E) in P. aeruginosa PAO1, the pel ps/ mutant, and their
derivatives in which the native pvdS gene was replaced by an arabinose-inducible allele (PgappvdS) in the
presence (+) or in the absence (-) of 0.5% arabinose. Bacteria were cultured in TSBD at 37°C under static
conditions for 14 h, and values are the mean (& SD) of at least three independent assays.
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103
Wiley-Blackwell and Society for Applied Microbiology



Page 39 of 42

>
o
(@]

PpvdD::lacZ

N
o
=
=Y

i

]

-
~

e

©

8

I RN . N A

PAO1 pelpsl Pgapfur pelpsl PAO1 pelpsl Pgppfur pelpsl fpvR  pel psl
Pgapfur Pgapfur fpvR

(ODAOS/O DGOO)
o
o

Per-cell pyoverdine
(OD405/OD600)
B-galactosidase
(1,000 x M.U.)
o
w

Per-cell pyoverdine

o

Fig. 4. Fur and pyoverdine signaling are not involved in exopolysaccharide-mediated pyoverdine regulation.
(A) Pyoverdine production and (B) activity of the PpvdS::lacZ transcriptional fusion in P. aeruginosa PAO1,
the pel ps/ mutant, and their derivatives in which the native fur gene was replaced by an arabinose-inducible
allele (Psanfur). (C) Pyoverdine production by P. aeruginosa PAO1 fpvR and pel psl fpvR mutants. Bacteria
were cultured in TSBD at 37°C under static conditions for 14 h, and values are the mean (£ SD) of at least
three independent assays.
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Fig. 5. Role of exopolysaccharides on attachment and aggregation of P. aeruginosa cells. (A) Biofilm
formation on polystyrene tubes by P. aeruginosa PAO1 and the pel ps/ mutant after 14 h of growth in TSBD
at 37°C under static conditions. (B) Confocal microscopy images of P. aeruginosa PAO1 and pel psl/ cells
harboring the GFP-expressing vector pMMG cultured in TSBD at 37°C under static conditions for 14 h. The
images are representative of several micrographs from five independent experiments. Bar: 50 pm.
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Fig. 6. Cell aggregation is involved in exopolysaccharide-mediated control of pyoverdine-dependent
virulence factors. (A) Fluorescent phenotype upon UV light exposure of P. aeruginosa PAO1, the pel ps/
mutant and the pvdA mutant (used as pyoverdine-deficient negative control) grown in liquid TSBD medium
(Control) or on TSBD solidified with 1.5% agar, 1% phytagel or 10% acrylamide. (B) Pyoverdine production
by P. aeruginosa PAO1 and the pel ps/ mutant grown in TSBD supplemented with increasing concentrations
of agar (0-0.2%) and/or B-agarase I (3.3 units/ml). (C) Confocal microscopy images of P. aeruginosa PAO1
and pel psl cells harboring the GFP-expressing vector pMMG cultured in TSBD supplemented or not with
0.2% agar. Images are representative of several micrographs from at least three independent experiments.
Bar: 50 um. (D) Activity of the PpvdS::lacZ, PpvdD::lacZ and PproC’-‘lacZ reporter fusions, (E) PrpL
enzymatic activity and (F) ToxA levels in culture supernatants from P. aeruginosa PAO1 and pel ps/ cultures
in TSBD supplemented or not with 0.2% agar. Bacteria were cultured in TSBD at 37°C under static
conditions for 14 h. Values in panels B, D and E are the mean (x SD) of at least three independent assays.
Images in panels A and F are representative of two independent experiments giving similar results.
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(220 rpm). Values are the mean (* SD) of three independent assays.
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PeappVvdS grown in TSBD at 37°C under static conditions for 14 h in the presence of increasing

concentrations of arabinose. Values are the mean (£ SD) of two independent assays.
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Fig. S2. Validation of the fur conditional mutant. (A) Growth of P. aeruginosa PAO1 and the fur
conditional mutant (PAO1 Pg,pfur) in TSBD, supplemented or not with 50 pM FeCl, and/or 0.5%
arabinose, at 37°C in microtiter plates under static conditions, measured in Victor?V plate reader
(Perkin-Elmer). (B) Pyoverdine production and (C) activity of the PpvdS::lacZ transcriptional
fusion in the P. aeruginosa PAO1 and the fur conditional mutant (PAO1 Pg,pfur) grown in TSBD,
supplemented or not with 50 uM FeCl, and/or 0.5% arabinose, at 37°C in microtiter plates under

static conditions for 14 h. Values are the mean (+ SD) of at least two independent assays.
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Fig. S3. Effect of phytagel, sucrose and glycerol on pyoverdine production. Pyoverdine
production by P. aeruginosa PAO1 and the pel ps/ mutant grown in TSBD at 37°C in microtiter
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Table S1. Bacterial strains and plasmids used in this study.

Strain or plasmid Genotype and/or relevant characteristics Reference or source

P. aeruginosa

PAO1 (ATCC15692) Prototroph American type culture
collection
PAO1 rsmA PAO1 deleted of the rsmA coding sequence Frangipani et al., 2014
PAO1 rsmY rsmZ PAO1 deleted of the rsmY and rsmZ genes Frangipani et al., 2014
PAO1 pel PAO1 deleted of the pelABCD genes This work
PAO1 ps/ PAO1 deleted of the psIABCD genes This work
PAO1 pel ps/ PAO1 pel deleted of the ps/IABCD genes This work
PAO1 rsmA pel PAO1 rsmA deleted of the pelABCD genes This work
PAO1 rsmA psl PAO1 rsmA deleted of the ps/ABCD genes This work
PAO1 rsmA pel psl/ PAO1 rsmA pel deleted of the psIABCD genes This work
PAO1 rsmY rsmZ pel PAO1 rsmY rsmZ deleted of the pelABCD genes This work
PAO1 rsmY rsmZ psl PAO1 rsmY rsmZ deleted of ps/lABCD genes This work
PAO1 rsmY rsmZ pel psl/ PAO1 rsmY rsmZ pel deleted of psIABCD genes This work
PAO1 fpvR PAO1 deleted of the fpvR coding sequence This work
PAO1 pel psl fpvR PAO1 pel psl deleted of fpvR coding sequence This work
PAO1 pvdS PAO1 deleted of the pvdS coding sequence Imperi et al., 2013
PAO1 pvdS araCPgpppvdS PAO1 pvdS carrying an arabinose-dependent copy This work
of pvdS
PAO1 pel psl pvdS PAO1 pel psl deleted of the pvdS coding sequence This work
araCPgpppvdS and carrying an arabinose-dependent copy of
pvds
PAO1 fur araCPgapfur PAO1 deleted of the fur coding sequence and This work
carrying an arabinose-dependent copy of fur
PAO1 pel psl fur PAO1 fur araC-Pgpapfur deleted of ps/IABCD and This work

araCPgppfur
PAO1 pvdA
PAO1 toxA

E. coli
S17.1\pir

DH5aF’

Plasmid
pBluescript-II KS+

pelABCD genes
PAO1 deleted of the pvdA coding sequence

PAO1 mutant with a transposon insertion in toxA
(Mutant ID 40695), TcR

thi pro hsdR hsdM* recA RP4-2-Tc::Mu-Km::Tn7
Apir, GmR

recAl endAl hsdR17 supE44 thi-1 gyrA96 relAl
A(lacZYA-argF)U169[¢80 dlacZaM15], Nal?

Cloning vector; ColE1 replicon; Ap®

Imperi et al., 2008
Jacobs et al., 2003

Simon et al., 1983

Liss, 1987

Stratagene

pDM4 Suicide vector; sacBR, oriR6K; CmR Milton et al., 1996
pDM4ApelABCD pDM4 derivative for pelABCD deletion Leoni L., unpublished
pDM4ApsIABCD pDM4 derivative for ps/IABCD deletion Leoni L., unpublished
pDM4AfpvR pDM4 derivative for fpvR in-frame deletion Visca P., unpublished
pDM4Afur pDM4 derivative for fur in-frame deletion This work

pEXApvdS pEX18Tc derivative for pvdS deletion, GmR, Tc? Imperi et al., 2013
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mini-CTX1 Self-proficient integration vector with tet, Q-FRT- Hoang et al., 2000
attP-MCS, ori, int, and oriT; TcR

mini-CTX1-araCPgpptolB mini-CTX1 derivative carrying araCPgaptolB Lo Sciuto et al., 2014
mini-CTX1-araCPgapfur mini-CTX1-araCPgaptol/B derivative in which to/B This work

has been replaced with fur by HindIII/EcoRI

digestion

mini-CTX1-araCPgappvdS mini-CTX1-araCPgpaptolB derivative in which tolB This work
has been replaced with pvdS by HindIII/EcoRI

digestion

pBBR1MCS-4 Broad-host range cloning vector; Ap® Kovach et al., 1995

pBBR1MCS-4-wspRR2424 R252A-wspR cloned into pBBR1MCS-4 Moscoso et al., 2011

pME3641 Plasmid carrying a translational PproC::lacZ Savioz et al., 1993
fusion, CbR

pMP220::PpvdS Plasmid carrying a transcriptional PpvdS::lacZ Ambrosi et al., 2002
fusion, Tc?

pMP190::PpvdD Plasmid carrying a transcriptional PpvdD::lacZ Cunliffe et al., 1995
fusion, CmR

pME9301 Plasmid carrying a translational PpvdS'-‘lacZ Frangipani et al., 2008
fusion, Tc?

pMMG pME6032 derivative constitutively expressing the Popat et al., 2012

green fluorescent protein (GFP), Tc®

Additional references (not included in the main text):

Ambrosi, C., Leoni, L., and Visca, P. (2002) Different responses of pyoverdine genes to autoinduction in Pseudomonas
aeruginosa and the group Pseudomonas fluorescens-Pseudomonas putida. Appl Environ Microbiol 68: 4122-4126.

Cunliffe, H.E., Merriman, T.R., and Lamont, I.L. (1995) Cloning and characterization of pvdS, a gene required for
pyoverdine synthesis in Pseudomonas aeruginosa: PvdS is probably an alternative sigma factor. J Bacteriol 177: 2744-
2750.

Frangipani, E., Slaveykova, V.I., Reimmann, C., and Haas, D. (2008) Adaptation of aerobically growing Pseudomonas
aeruginosa to copper starvation. J Bacteriol 190: 6706-6717.

Hoang, T.T., Kutchma, A.J., Becher, A., and Schweizer, H.P. (2000) Integration-proficient plasmids for Pseudomonas
aeruginosa: site-specific integration and use for engineering of reporter and expression strains. Plasmid 43: 59-72.

Jacobs, M.A., Alwood, A., Thaipisuttikul, I., Spencer, D., Haugen, E., Ernst, S., et al., (2003) Comprehensive
transposon mutant library of Pseudomonas aeruginosa. Proc Natl Acad Sci U S A 100: 14339-14344.

Kovach, M.E., Elzer, P.H., Hill, D.S., Robertson, G.T., Farris, M.A., Roop, R.M.I., and Peterson, K.M. (1995) Four new
derivatives of the broad-host-range cloning vector pBBR1MCS, carrying different antibiotic-resistance cassettes. Gene
166: 175-176.

Liss, L. (1987) New M13 host: DH5 F’ competent cells. Focus 9: 13.

Milton, D.L., O'Toole, R., Horstedt, P., and Wolf-Watz, H. (1996) Flagellin A is essential for the virulence of Vibrio
anguillarum. J Bacteriol 178: 1310-1319.

Popat, R., Crusz, S.A., Messina, M., Williams, P., West, S.A., and Diggle, S.P. (2012) Quorum-sensing and cheating in
bacterial biofilms. Proc Biol Sci 279: 4765-4771.

Savioz, A., Zimmermann, A., and Haas, D. (1993) Pseudomonas aeruginosa promoters which contain a conserved GG-
N10-GC motif but appear to be RpoN-independent. Mol Gen Genet 238: 74-80.

Simon, R., Priefer, U., and Puhler, A. (1983) A broad host range mobilization system for in vivo genetic engineering:
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Table S2. Primers used in this study!

Primer name Sequence (5’-3’)2 Restriction Application
site

pvdS_FW CCCAAGCTTATGTCGGAACAACTGTCTACC HindIII Generation of the mini-CTX1-
araCPgappvdS construct

pvdS_RV CGGAATTCTGAGGAATGCTCGCCGC EcoRI Generation of the mini-CTX1-
araCPgappvdS construct

fur_FW CCCAAGCTTATGGTTGAAAATAGCGAACTTC HindIII Generation of the mini-CTX1-
araCPgppfur construct

fur_RV CGGAATTCATGGAACCGTTGCGCGAC EcoRI Generation of the mini-CTX1-
araCPgppfur construct

fur mut_UP_FW CCGCTCGAGTCGGAACCGGTACCG Xhol Generation of the pDM4Afur
construct

fur mut_UP_RV CGGGATCCATGTCTGCTTTCTCAGCG BamHI Generation of the pDM4Afur
construct

fur mut_DOWN_FW CGGGATCCGCGCGGCTTCGAGCTGG BamHI Generation of the pDM4Afur
construct

fur mut_DOWN_RV GCTCTAGAGTTCCTGGTCAGCGCC Xbal Generation of the pDM4Afur
construct

pel mut_UP_FW ATATCTAGAACGCCGTTACGGCACCCT Xbal PCR check of pel deletion
mutants

pel mut_DOWN_RV ATACTCGAGGGGCGAAGAGAATCCTCAG Xhol PCR check of pel deletion
mutants

ps/ mut_UP_FW ATATCTAGACCGAAATGGCAC GAGGCG Xbal PCR check of ps/ deletion
mutants

ps/ mut_DOWN_RV ATACTCGAGTCAGCGATCATT GTTGACGG Xhol PCR check of ps/ deletion
mutants

fpovR mut_UP_FW GCTCTAGAAGGAACTGCGGCAGATG Xbal PCR check of fpvR deletion
mutants

fovR mut_UP_RV CCGCTCGAGGGTGTACTGGGCAC Xhol PCR check of fpvR deletion

pvdD_RT_FW
pvdD_RT_RV
toxA_RT_FW
toxA_RT_RV
prpL_RT_FW
prpL_RT_RV
pvdS_RT_FW
pvdS_RT_RV

GAAAGGAAGGCATTGGCTG
GTAGACGCAAGACACTCGGG
CGACCTCTGGAACGAATGC
TTGTCGATGGCCAGCTTG
GCCGGCAAGGAAATCTTC
CAGGGAGTCGGCGAAATAC
TCGGAACAACTGTCTACCCG
TGCCTTGAACGACGAAGTG

mutants

Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR
Real-time PCR

! Preparative PCRs for cloning were performed using P. aeruginosa PAO1 genomic DNA as the template.
2 Restriction sites are underlined.
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Chapter 5

Search for biofilm inhibitors through inhibition of the Gac regulatory

system

Introduction

The relevance of the Gac system in P. aeruginosa pathogenicity has been investigated
in many studies, showing that gac mutants have reduced ability to cause infection in
different models, including plants, nematodes, insects and mice (Rahme et al., 1995;
Tan et al., 1999;Jander et al., 2000; Coleman et al., 2003). Accordingly, it has been
demonstrated that the deletion of the rsmA gene, which leads to a constitutively-
active state of the Gac system, promotes the development of P. aeruginosa chronic
infection in a mouse model, likely through stimulation of biofilm formation (Mulcahy et
al., 2008).

The Gac system has a pivotal role in biofilm formation, as the deletion of gacS or gacA
and their direct effectors rsmZ and rsmY impairs the ability of P. aeruginosa to
generate biofilm (Parkins et al., 2001; Brencic et al., 2009). It has been demonstrated
that the Gac system controls biofilm formation by modulating the expression of both
the pel and ps/ operons, responsible for the production of the exopolysaccharides of
the biofilm matrix (Brencic and Lory 2009). With the aim of identifying drugs able to
reduce biofilm formation in P. aeruginosa, we searched for inhibitors of the Gac
system, by employing the drug repurposing approach which was formerly used to
identify PvdS inhibitors (Chapter 2). To this aim, a biosensor able to monitor the
activation state of the Gac system has been generated and used to screen a
commercial library consisting of 1,600 FDA approved drugs (PHARMAKON 1600,
MicroSource Discovery Systems). The compounds selected in this screening were then

tested for their ability to reduce biofilm formation in P. aeruginosa.
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Materials and Methods

Bacteria, media and chemicals. Bacterial strains and plasmids used in this work are
listed in Table 1. Bacteria were grown in Luria-Bertani medium or M9 minimal
medium (Sambrook et al., 1989) supplemented with 0.2% glucose as carbon source.
Acriflavine hydrochloride, proflavine hemisulfate, and 9-aminoacridine were purchased
from Sigma-Aldrich.

General genetic procedures. E. coli was routinely used for recombinant DNA
manipulations. The PrpoB::lux construct was generated by cloning the promoter
region of rpoB, amplified by PCR using the primers PrpoB_FW (5'-
CCCAAGCTTACAGCCCGAGCGTCAAG-3") and PrpoB_RV (5'-
CGGGATCCGCAGCGGTACGGCGAAG -3’) and digested with the enzymes HindIII and
BamHI (restriction sites are underlined in the primer sequences), in the plasmid mini-
CTX-lux (Becher and Schweizer, 2000) previously digested with the same enzymes.
The PrsmZ::lux, PrsmY::lux and PrpoB::lux constructs (Table 1) were integrated into
the genome of P. aeruginosa strains as described (Massai et al., 2011).

Screening for Gac inhibitors. Overnight cultures of PAO1 PrsmZ::lux were diluted
to Asoo = 0.003 in LB medium and grown at 37°C in microtiter plates in the presence
or in the absence of 20 or 200 uM of each compound of the PHARMAKON 1600 library
(200 pl final volume).The Asoo and bioluminescence (LCPS) were measured after 14
hours of growth in a Victor3V plate reader (Perkin-Elmer), and luminescence values
were normalized by the Aesoo Of the bacterial culture. Criteria used for the selection of
hit compounds were: (i) = 50% inhibition of normalized bioluminescence emission and
(i) < 20% alteration of growth relative to the untreated control. Criterion (ii) was
aimed at avoiding any unspecific effect of altered growth on bioluminescence emission
and/or rsmZ expression.

Biofilm assay. Visualization and quantification of biofilm formation was carried out in
12 ml glass tubes. Bacteria were inoculated at an Asoo = 0.02 in 1 ml of M9 minimal
medium supplemented with 0.2% glucose in the presence or in the absence of
acriflavine hydrochloride, proflavine hemisulfate, or 9-aminoacridineat 25 or 50 pM
concentration. After 14-hours incubation at 37°C under static conditions, the Aegoo of
the bacterial cultures (or of appropriate dilutions) was measured in a
spectrophotometer (AG22331 Hamburg/ Eppendorf). Planktonic cells were discarded
and the tubes were washed with sterile water three times. Attached cells were stained
with 0.1% crystal violet and tubes were washed with water to remove unbound dye.

Crystal violet was solubilized with 1.2 ml of 95% ethanol, the Asqo was measured and
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the values obtained were normalized to the cell density (Aeoo) of the corresponding

bacterial cultures.

Table 1 Bacterial strains and plasmid used in this work

Strain or plasmid

Genotype and/or relevant characteristics

Reference or source

P. aeruginosa

PAO1 (ATCC15692)

PAO1 AgacS
PAO1 ArsmZrsmY
PAO1 PrsmZ::lux

PAO1 PrsmY::lux

PAO1 PrpoB::lux

PAO1 AgacS PrsmZ::lux

E. coli

S17.1Apir

DH5aF’

Plasmid
pBluescript-II KS+
mini-CTX-lux

mini-CTX PrsmY::lux

mini-CTX PrsmZ::lux

mini-CTX PrpoB::lux

Prototroph

PAO1 deleted of the gacS coding sequence
PAO1 deleted of the rsmZ and rsmY

PAO1 with a PrmsZ::lux fusion integrated into
the chromosome in the neutral attB site

PAO1 with a PrmsY::lux fusion integrated into
the chromosome in the neutral attB site

PAO1 with a PrpoB::lux fusion is integrated into
the chromosome in the neutral attB site

PAO1 AgacS with a PrmsZ: :lux fusion integrated
into the chromosome in the neutral attB site

thi pro hsdR hsdM™* recA RP4-2-Tc::Mu-Km::Tn7
Apir, GmR

recAl1 endAl1 hsdR17 supE44 thi-1 gyrA96 relAl
A(lacZYA-argF)U169[$80 dlacZAM15], NalR

Cloning vector; ColE1 replicon; ApR

Promoter-probe vector containing the luxCDABE
operon; TcR

Plasmid to insert a PrsmY::lux fusion into the
chromosome of P. aeruginosa

Plasmid to insert a PrsmZ::lux fusion into the
chromosome of P. aeruginosa

Plasmid to insert a PrpoB::/ux fusion into the
chromosome of P. aeruginosa

American type culture
collection

Frangipani et al., 2014
Frangipani et al., 2014
This work

This work

This work

This work

Simon et al., 1983

Liss, 1987

Stratagene

Becher and Schweizer,
2000
S. Heeb, unpublished

S. Heeb, unpublished

This work
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Results and Discussion

Construction and validation of the biosensor for Gac inhibitors

When the Gac system is active, the sensor kinase GacS activates GacA which in turn
triggers the transcription of the rsmZ and rsmY genes, encoding the small RNAs RsmZ
and RsmY. The Gac system directly regulates, at the transcriptional level, only the
expression of these two small RNAs (Brencic et al., 2009). In order to generate a
reporter system to monitor the activation state of the Gac system, the promoter
region of rsmZ was fused to the luxCDABE operon and inserted into a neutral site of
the chromosome in the wild type strain P. aeruginosa PAO1. As negative control, the
construct was also inserted in a isogenic gacS deletion mutant, in which the Gac
system is constitutively inactive. As expected, the expression of rsmZ, measured as
bioluminescence emission normalized to the cell density of the bacterial culture, was

strongly reduced in the gacS mutant compared to the wild type (Figure 1A).
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Fig 1. Validation of the reporter system.

(A) Bioluminescence emission (LCPS/Aeo0) by PAO1 PrsmZ::lux and AgacS PrsmZ::lux grown
for 14 h in LB medium at 37°C under static conditions. (B) Bioluminescence emission
(LCPS/Ae600) by PAOL1 PrsmZ::lux in the presence of increasing concentrations of AZM (0-4
Mg/ml) after 14 h of growth in LB medium at 37°C under static conditions. Values represent
the mean (£ SD) of three independent assays.

To further verify the reliability of this reporter system, the expression of rsmZ was
measured in the presence of different sub-MIC concentrations of azithromycin (AZM),
since it has been recently reported that AZM at sub-MIC concentrations reduces the
expression of rsmZ and rsmY by affecting the translation of regulatory proteins
involved in the activation of the small RNA transcription (Pérez-Martinez and Haas,

2011). AZM treatment caused a 50% decrease in bioluminescence emission compared
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with the untreated control (Figure 1B). Overall, these results confirmed the suitability
of the PAO1 PrsmZ::lux reporter system to monitor the activation state of the Gac

system.

Screening for Gac inhibitors

The PAO1 PrsmZ::lux reporter system was used to screen the commercial library
PHARMAKON 1600. This library consists of 1,600 chemical compounds with known
biological activities, selected for their high chemical and pharmacological diversity and

safety in humans (http://www.msdiscovery.com/pharma.html).

The aim of the screening was to identify compounds which are able to inhibit the
bioluminescence emission but that have little or no effect on bacterial growth. Only
three of the 1,600 compounds tested (i.e. acriflavine hydrochloride, proflavine
hemisulfate, and 9-aminoacridine) showed reproducible inhibitory activity on rsmzZ
transcription with minor effects on bacterial growth. These compounds correspond to
different flavine derivatives, and are generally used as local antiseptics, although P.
aeruginosa is intrinsically resistant to the growth inhibitory activity of these drugs
likely due to active efflux (Sekiya et al. 2003).

To verify the results of the screening assay, the three compounds were purchased
from an alternative supplier (Sigma-Aldrich) and retested at different concentrations
for their inhibitory activity on rsmZ expression. This new experiment confirmed that
flavines have little effect on bacterial growth and strong inhibitory activity on rsmZz
expression in a dose-dependent manner (Figures 2A and 2B). In order to assess the
specificity of the selected compounds, they were also tested on P. aeruginosa PAO1
recombinant strains containing either a PrsmY::lux transcriptional fusion or a
PrpoB: :lux fusion (Table 1). The housekeeping gene rpoB encodes the 3 subunit of the
RNA polymerase, and was therefore used as control to rule out any generalized effect
on gene expression. A reduction of rsmY promoter activity (40-70% in the presence of
25-50 yM compound concentrations) was observed for all compounds, although it was
more evident for acriflavine and proflavine compared to 9-aminoacridine (Figure 2C)
and, in general, it was less pronounced than that observed with the PrsmZ::lux fusion
(Figure 2A). On the other hand, flavines did not show any relevant inhibitory effect on
rpoB transcription, while 9-aminoacridine and, to a lesser extent, proflavine actually

induced PrpoB activity (Figures 2C e 2D).
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Fig 2. Flavines negatively affect the activity of the rsmZ and rsmY promoters
Bioluminescence emission (LCPS/As00), expressed as percentage relative to untreated controls,
by (A) PAO1 PrsmZ::lux, (C) PAO1 PrsmY::lux and (D) PAO1 PrpoB::lux grown for 14 h in LB
medium at 37°C under static conditions in the presence of increasing concentrations (0-200
HMM) of acriflavine hydrochloride, proflavine hemisulfate or 9-aminoacridine. (B) Growth (Asoo),
expressed as percentage relative to untreated controls, of PAOl1 PrsmZ::lux grown as
described above in the presence of increasing concentrations (0-200 pM) of acriflavine
hydrochloride, proflavine hemisulfate or 9-aminoacridine. Values represent the mean (£ SD) of
at least three independent assays.

Effect of flavines on biofilm formation

The Gac system is involved in the regulation of the switch from the planktonic to the
biofilm lifestyle, and indeed P. aeruginosa mutants impaired in Gac signaling (gacA or
rsmZ rsmY mutants) were found to be strongly defective in biofilm formation (Brencic
et al., 2009; Parkins et al., 2001; Sall et al., 2014, Figure 3A). We therefore
investigated whether flavines could reduce or inhibit biofilm formation by negatively
affecting the activation state of the Gac system. Surprisingly, the addition of each
flavine to the growth medium caused an increase in biofilm formation in the wild type
strain (Figure 3B), indicating that, irrespective of their inhibitory effect on the Gac
system, these compounds actually promote biofilm formation in P. aeruginosa, likely
in @ Gac-independent manner. The latter hypothesis was verified by testing the effect

of the flavine compounds on biofilm formation by a rsmZ rsmY deletion mutant, in
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which the Gac system is constitutively inactive (Brencic et al. 2009; Moscoso et al.
2011; Frangipani et al. 2014). The addition of flavines to the growth medium caused a
strong increase in the ability of rsmZ rsmY mutant to generate biofilm (Figure 3C),
confirming that the unexpected positive effect of flavines on biofilm formation by P.

aeruginosa is independent of the activity of the Gac system.
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Fig 3. Effect of flavins on biofilm formation.

(A) Biofilm formation (Asso/Asco) on glass tubes by the wild type strain PAO1 and an isogenic
rsmZ rsmY double mutant after 14 h of growth in M9 with 0.2% glucose under static
conditions. Biofilm formation is expressed as percentage relative to PAO1l. B-C) Biofilm
formation (Aseo/As0o) on glass tubes by PAO1 (B) or the rsmZ rsmY mutant (C) in the presence
of 25 or 50 puM of acriflavine hydrochloride, proflavine hemisulfate or 9-aminoacridine. The
values are expressed as percentage relative to untreated controls. Strains were cultured as
described in panel A. Values represent the mean (£ SD) of three independent assays.
Comparable results were obtained in LB medium (data not shown).
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Conclusions

In this study the drug repurposing approach was used to search for inhibitors of the
Gac system, with the final goal of identifying anti-biofilm drugs active against P.
aeruginosa. Three compounds showing a potent inhibitory effect on rsmzZ and rsmY
promoter activity were found, but unexpectedly they all caused a strong (Gac-
independent) increase in biofilm formation, clearly indicating that these compounds
cannot be further developed as anti-biofilm drugs against P. aeruginosa. Thus,
although the drug repurposing approach can represent a promising strategy to search
for anti-virulence side activities, as demonstrated by our flucytosine study (Chapter 2)
and some other works (Imperi et al., 2013; Ho Sui et al., 2012; Gi et al., 2014), it
failed in identifying anti-biofilm compounds among those showing Gac inhibitory
activity. This could be at least partially related to the multifactorial nature of the
biofilm phenotype, which is controlled by a several cellular and environmental factors
(Coggan and Wolfgang, 2012; Balasubramanian et al., 2013). Thus, a compound with
activity against a specific regulatory network (e.g. the Gac system) could also have
other general effects on P. aeruginosa physiology which could ultimately influence the

biofilm mode of growth, in an unpredictable manner.
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Chapter 6

Concluding remarks

P. aeruginosa is one of the most dreaded opportunistic pathogens in the hospital
setting and represents the first cause of morbidity and mortality in cystic fibrosis
patients (Driscoll et al., 2007). The success of this opportunistic pathogen is mainly
due to its ability to resist to several antimicrobial agents and to produce a multiplicity
of virulence factors (Gellatly and Hancock, 2013). Among the virulence factors
produced by P. aeruginosa, the siderophore pyoverdine is one of the most interesting
because it plays a dual role during the infection; as an iron chelator, it allows the
bacteria to survive under iron depleted conditions while, as a signal molecule, it
promotes the expression of other virulence factors (Visca et al., 2007). Moreover, it
has been demonstrated that this siderophore is also important for biofilm formation
under low-iron conditions (Banin et al., 2005). In P. aeruginosa biofilm formation is
mainly regulated by two different signaling networks, namely the Gac system and c-
di-GMP signaling (Hickman et al., 2005; Brencic and Lory 2009). They control biofilm
formation by regulating, at the transcriptional or translational level, the expression of
the operons encoding the enzymes involved in the synthesis of the exopolysaccharides
Pel and Psl. Different transcriptomic studies suggested that the Gac system could
interplay with the pyoverdine system, although results were not conclusive (Burrowes
et al., 2006; Brencic and Lory 2009). In this PhD thesis, the role of the Gac system in
the regulation of pyoverdine production has been clarified. It has been shown that the
Gac system, as well as the intracellular signaling molecule c-di-GMP, promote
pyoverdine production by increasing the expression of the two aggregative
exopolysaccharides Pel and Psl. These exopolysaccharides are an important
component of the biofilm extracellular matrix, but are also essential for bacterial cell
aggregation in liquid culture, as it has been shown in this thesis and previously
suggested by Klebensberger and colleagues (Klebensberger et al., 2007). Notably, we
have demonstrated that the effect of Pel and Psl on pyoverdine production does not
depend on the exopolysaccharides per se, but on their ability to support the formation
of planktonic aggregates, as confirmed through the simulation of cellular aggregation
in an exopolysaccharide-independent manner. The mechanism by which aggregation
promotes pyoverdine production remains an open issue, but our results rule out the
involvement of well-known regulators of pyoverdine gene expression (i.e. the ferric
uptake regulator Fur and pyoverdine signaling). On the other hand, the role of the

alternative sigma factor PvdS in aggregation-mediated regulation of pyoverdine genes
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remains controversial. Although we have observed a strong effect of the Gac system
and c-di-GMP and consequently, of the Pel and Psl exopolysaccharides, on pvdS
transcription (Chapters 3 and 4), the constitutive expression of this alternative sigma
factor is not sufficient to restore pyoverdine production in the exopolysaccharide-null
mutant. This evidence indicates that other mechanisms downstream of pvdS gene
expression could be involved in the regulation of pyoverdine mediated by cellular
aggregation. Our study strongly suggests the presence of a new regulatory system,
activated during planktonic aggregate formation, which controls the expression of
pyoverdine genes and, consequently, the production of pyoverdine-dependent
virulence factors. Planktonic aggregates could represent an intermediate way of
growth between the dispersed single cells and the mature biofilm , and cellular
aggregation is also the first committed step of the biofilm formation. A transcriptomic
analysis suggested that during the mature biofilm the virulence genes expression is
attenuated (Waite et al., 2006). This PhD thesis suggests that the virulence potential
of P. aeruginosa may be actually increased during the first stages of biofilm formation,
when siderophores, extracellular enzymes and toxins would provide cells with
essential nutrients for the energy-demanding biofilm development process. Further
studies are clearly required to identify and characterize the system(s) involved in the
regulation of virulence during the formation of the planktonic aggregates.

The knowledge of the regulatory networks controlling the expression of virulence
genes is essential not only for better understanding the pathogenicity of this
bacterium but also for the development of other possible strategies to fight P.
aeruginosa infections. P. aeruginosa infections are generally difficult to treat due to
resistance to many antimicrobial agents (Moore and Flaws, 2011). The antimicrobial
agents commonly used in clinical practice cause a strong selective pressure which
promotes the development of resistance. A promising strategy to reduce the
emergence of drug resistance is to inhibit virulence factor production rather than
inhibit bacterial growth (Clatworthy et al., 2007). In this thesis, a drug repurposing
approach was used to search for anti-pyoverdine and anti-Gac compounds, by
screening two different libraries of compounds already approved for use in humans.
The first screening led to the identification of an antimycotic drug, flucytosine, which
showed promising anti-virulence activity both in vitro and in vivo (Chapter 2).
Flucytosine inhibits pyoverdine-dependent virulence by reducing the expression of the
alternative sigma factor PvdS. To exert its inhibitory activity on pyoverdine

production, flucytosine has to be converted into 5-fluorouracil by the cellular enzyme
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cytosine deaminase. Although flucytosine by itself is not toxic, 5-fluorouracil is highly
cytotoxic since it inhibits protein synthesis and DNA replication in eukaryotic cells (Pan
et al., 2011). Although our work led to exclude that flucytosine and, thus, 5-
fluorouracil affect pyoverdine production through Fur or pyoverdine signaling, the
mechanism by which 5-fluorouracil impairs the transcription of pvdS remains
unknown. Nevertheless the anti-virulence activity of flucytosine, both in vitro and in
vivo, confirms that the pyoverdine system represents an excellent target to disarm P.
aeruginosa.

The results obtained in the screening for Gac inhibitors are less encouraging. Although
the screening led to the identification of three inhibitors of the activation of the Gac
system, these drugs were found to promote, rather than inhibit, biofilm formation in
P. aeruginosa, in a Gac-independent manner. Consequently, these compounds were
not investigated further as anti-biofilm compounds. Biofilm formation is a multi-
factorial process (Jimenez et al., 2012) and it cannot be excluded that a given
compound with activity against a specific regulatory network (e.g. the Gac system)
could also have other (unpredictable) effects on P. aeruginosa physiology, which could
ultimately affect the switch from the planktonic to the biofilm lifestyle.

In conclusion, in this thesis the drug repurposing approach has been used to search
for pyoverdine and Gac inhibitors, but the outcomes of these two screenings were
completely different. In one case, a new promising drug to fight P. aeruginosa
infections was identified, while in the second one the hit compounds failed in the
suppressing biofilm formation. Despite the discouraging results obtained with the anti-
Gac screening, flucytosine and other anti-virulence compounds identified by other
research groups (Ho Sui et al., 2012, Gi et al 2014) using the drug repurposing
approach represent the proof that this strategy can be considered a fast and cheap

way to identify new potential anti-virulence drugs.
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