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Introduction

1. Pseudomonas aeruginosand P. aeruginosanfections

P. aeruginosais a common environmental gram-negative bacillwhich acts as an
opportunistic pathogen under several circumstariBesley et al, 1983). The ubiquitous
occurrence oP. aeruginosan the environment (Greest al, 1974) is due to several factors,
including its abilities to colonize multiple envimmental niches and to utilize many
environmental compounds as energy sources (Will@misWorsey, 1976).

P. aeruginosawas likely first reported in human infections iB6R by Luke, who observed
rod-shaped particles in blue-green pus of somectioigs. Similar coloration had been
previously observed by Sedillot on surgical dregsjrand is now known to be caused by the
pigment pyocyanin produced . aeruginosaThe microorganism was first isolated from
infections in 1882 by Gessard, who calledBeucillus pyocyaneusGiven the widespread
occurrence ofP. aeruginosain the environment, it is noteworthy that humarsedise
attributable to it is quite rare in otherwise hieglindividuals (Lyczalet al, 2000).

Nearly all-clinical cases d?. aeruginosanfection can be associated with the compromise of
host defense. While many cases Ruof aeruginosainfection can be attributed to general
iImmunosuppression such as in AIDS patients (Frangeal, 1992; Kielhofneet al, 1992)
and in neutropenic patients undergoing chemothe(Bpydiget al, 1987), such scenarios
predispose the host to a variety of bacterial amaydl infections, and are not specific to the
pathogenesis dP. aeruginosaln this respect, four of the more informative famdiseases
caused byP. aeruginosaare: 1) chronic lung infection in cystic fibrogmtients; 2) burn
wound infections; 3) acute ulcerative keratitisusers of extended-wear soft contact lenses;

and 4) nosocomial pneumonia.

1.1P. aeruginosaand cystic fibrosis

Cystic fibrois (CF), fatal autosomal recessive digo, is most prevalent in the Caucasian
population with one of every 3,300 live births. &3Fone of the most common fatal genetic
disorders in the United States, affecting abou@@0,individuals, and a comparable number
of people in Europe also have CF (Bgeal, 1994).

Although immense progress has been made in thédation of the molecular and cellular

pathophysiology of CF since the cloning of the &heg (Rommenst al, 1989; Riordaret
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al., 1989; Kerenet al, 1989), the median life-span of CF patients atttirn of the century

was approximately 40 years of age (Elbetral, 1991) and the great majority of CF patients
die from lung infection (Orenstegt al, 2002; Boucher, 2004). The most common bacterium
to infect the CF lung i$. aeruginosalLungs of most children with CF become colonized

(inhabited long-term) b. aeruginosaefore their 18 birthday (vww.pseudomonas.com

CF transmembrane conductance regulator (CFTR) (Roamet al, 1989; Riordaret al,
1989; Keremet al, 1989), gene involved in CF, locates on humammiosome 7. CFTR,
normally produced in a number of tissues throughioeitbody, including the pancreas, sweat
glands, vas deferens and intestines, regulatemtvement of salt and water in and out of
these cells. Mutation of the CFTR gene alters tR I protein in people with CF. As a
result, one hallmark of CF is the presence of akthmucus secretion, which clogs the
bronchial tubes in the lungs and plugs the exispgss from pancreas and intestines, leading
to loss of function of these organs. When CF west fdentified as a disease, most affected
individuals died within the first few years of ljfewing to insufficient absorption of nutrients
secondary to pancreatic dysfunction. As treatmeniCi- patients improved over the years,
particularly after the introduction of improved ntibnal regiments, patients began living
much longer. As a consequence of this increasedvalir chronic bacterial lung infection
emerged as the primary cause of mortality in Ckeptd. AlthoughStaphylococcus aureus
often cited as an early pathogen for CF patientscredible study documents direct lung
pathology resulting from the presence $f aureusin throat cultures of CF patients. In
contrast, it is abundantly clear thBt aeruginosais the most prevalent and problematic
pulmonary pathogen in CF patients (Lycatkal, 2000). Once established in the lung of CF
patientsP. aeruginosacan never be completely eliminated by antibiotioe to the formation

of biofilm (Govan and Fyfe, 1978).

In addition to its role in salt transport, CFTR miajluenceP. aeruginosaung infection
directly through its role as an epithelial cell eptor for this microorganism (Piet al,
1996). Because bacterial internalization by airvegjthelium constitutes a host defense
mechanism, served to minimize the bacterial loathe airway in the normal lung. It was

proposed that in the CF lung, epithelium fails tmdtion properly due to the mutation of
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CFTR, resulting in abnormally high bacterial caggawhich promotes the establishment of
chronic bacterial infection.
To date, 1465 candidate mutations in the CF gexe haen identified and deposited in bank

of ‘CF mutation databasehitp://www.qgenet.sickkids.on.ca/cfr/

1.2P. aeruginosaand burn wound infections

Bacterial infection following severe thermal injucan be most simplistically attributed to
extensive breaches in the skin barrier. The faatRhaeruginosabccurs so commonly in the
environment makes it the most common cause of lwwund infections (Mayhall, 2003).
Exacerbating this situation, hospitals often hanmaiftidrug-resistanP. aeruginosahat can
serve as the source of infection (Hsusthal, 1998).P. aeruginosahas been found to
contaminate the floors, bed rails, and sinks ofpltaks, and has also been cultured from the
hands of nurses (Chitkara and Feierabend, 19813id8& transmission through fomites
(contaminant) and vectors, bacterial flora candreied into a hospital by the patient and can
be an important source of infection for the santividual after injury (Phillipset al, 1989).

The successful colonization &f. aeruginosaat a burn site depends upon not only the
concerted impairment of several host immune meshasi but also a variety of bacterial

virulence factors (Lyczakt al, 2000), which will be discussed later.

1.3P. aeruginosaand ulcerative keratitis

Ulcerative keratitis is a rapidly progressing infilamatory response to bacterial infection of the
cornea, and has been called the most destructioteriad disease of the human cornea
(Laibsonet al, 1972). Historically, this infection was usuadlgsociated with injury or trauma
to the cornea. However, in 1984, cases of ulcexdteratitis were reported among individuals
who had suffered no acute injury, but who were sisérextended-wear soft contact lenses
(Weissmaret al, 1984; Galentinet al, 1984).

In the cornea, the basal epithelial cells exprestiie most CFTR and possibly internalizing
P. aeruginosaare buried beneath of several layers of the sigmdrepithelial cells, which
express undetectable quantities of CFTR proteimd{£a al, 1999). Corneal injury due to the

use of contact lenses permits access of the badtethe basal epithelial cells. In such case,
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rather than serving to remoW aeruginosaas occurs in the airway, internalization Raf
aeruginosaby corneal epithelium creates a reservoir of irglatar bacteria which are

capable of replicating within the corneal epithietiglls (Fleisziget al, 1995).

1.4P. aeruginosaand nosocomial pneumonia

Nosocomial pneumonia (NP), a frequent complicationcritically ill patients requiring
mechanical ventilation, is responsible for a sigaifiit in-hospital morbidity and mortality
(Kollef, 2004). P aeruginosawas the most common Gram-negative bacterial pathog
isolated from the respiratory tract in infectedigis with both early-onset NP and late-onset
NP, while hospital mortality is significantly greatfor patients with early-onset and late-

onset NP compared to patients without NP (lIbragiral, 2000).

2. Virulence factors

It is now recognized that the relatively large geaeoof P. aeruginosa6.3 Mb) carries an
extensive repertoire of genes compatible with teious niches that this organism can
occupy, and possesses many potential virulencerfathat contribute to its pathogenesis

(Stoveret al,, 2000).

2.1 Lipopolysaccharide

Lipopolysaccharide (LPS) molecules are locatechandell wall and thus play an important
structural role while mediating interaction withetimeighboring environment. The tripartite
nature of LPS includes from inner to outer i) arfogdhobic lipid A region, ii) a central core
oligosaccharide region and iii) a repeating polgbacide portion referred to as O antigen or
O polysaccharide.

The lipid A region of LPS, composed of a phosphatad diglucosamine moiety substituted
with fatty acids, is thought to be responsiblerfayst of the biological activities of LPS (also
referred to as endotoxin) through the inductiorthe immunomodulating molecules via its
interaction with the toll-like receptor 4 signalingmplex. (Lynn and Golenbock, 1992; Kopp

and Medzhitov, 2003).
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The core oligosaccharide region of LPS can be sidetl into an inner and an outer core.
The outer core region is believed to be the liganediating the association with CF
transmembrane regulator protein (CFTR), a recedptothe binding ofP. aeruginosao host
epithelial surfaces, since strains producing rou@8 (lacking O antigen) and semirough LPS
(core-lipid A plus one O-antigen repeat) with a pbete core region were ingested more
readily than were those expressing wild-type smddis (attachment of the O antigen to
core-lipid A) (Pieret al, 1996).

O antigen or O polysaccharide is the most hetemges portion of LPS and it confers serum
resistance to the organisi. aeruginosds capable of concomitantly synthesizing two types
of LPS referred to as A band and B band. The A-bhR& contains a conserved O
polysaccharide region composed of D-rhamnose (hoigogr), while the B-band O-antigen
(heteropolymer) structure varies among the 20 Otgees. It is worth of pointing out that A
band is the LPS molecule selectively maintainedttenP. aeruginosacell surface during
chronic CF lung infections and the presence of-Aftand antibodies within CF patients
correlates with both increased duration Rof aeruginosainfections and lower pulmonary
function (Rocchettat al, 1999).

Taken together, LPS do play a key role in pathogisnén acute infections, a smooth LPS
protects the organism from complement-mediatedhiiland, during chronic lung infections,
an altered rough LPS helps the organism evadededshse mechanisms (Goldberg and Pier,
1996).

The regulatory mechanisms governing LPS synthesischanges in LPS production i

aeruginosahave not been determined.

2.2 Exotoxin A

Exotoxin A (ETA), a 66-kDa protein encoded byxA is an ADP-ribosylating enzyme
(Iglewski and Kabat, 1975; Gragt al, 1984). It is generally accepted that ETA is
internalized by the cell surface receptor CD91, di2emacroglobulin receptor/low density
lipoprotein receptor-related protein (Kounretsal, 1992) and asserts its cellular toxicity by
blocking protein synthesis through ADP ribosylatioh translation elongation factor 2
(Perentesiset al, 1992). ETA is considered to be the most toxictda secreted byP.
aeruginosa

Maximum production of ETA is usually detected when aeruginosais grown in iron-

deficient medium (Lory, 1986). The complicated msx of ETA production byP.
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aeruginosaalso involves several positive regulatory genesluding regA ptxR and pvdS
(Hamood and Iglewski, 1990; Hamoetal, 1996; Huntt al, 2002).

2.3 Alginate

Alginate, a copolymer of mannuronic and guluronitda (Evans and Linker, 1973), is an
exopolysaccharide that makes it very difficult tadicateP. aeruginosdrom the lungs of CF
patients due to its ability to shield the bactémen antibiotics and host defenses (Bageal,
1991, Cabrakt al, 1987, Learret al, 1987; Hatch and Schiller, 1998; Nivesisal, 2001;
Pieret al, 2001; Lyczalet al, 2002). The over-production of alginate in CHgras converts
the nonmucoid bacteria to mucoid form, which isoagged with a decline of pulmonary
function and survival rate (Pedersetnal, 1992). Alginate can also act as an adhesin (Bbig
al., 1987), which facilitates bacterial colonizatioh the respiratory tract. Only the two
bacterial gener®seudomonag.inker and Jones, 1966) araotobactePindar and Bucke,
1975) are known to produce alginates.

Most of the genes involved in alginate biosynthemis clustered in an operon, which
comprises 12 genesl¢D, alg8, alg44, algK, algE, algG, algX, algL, algl, algJ, algF, and
algA) under tight control of the alginate promoter, togam ofalgD (Chitnis and Ohman,
1993; Schuret al, 1993; Shankaet al, 1995).

algC is the only gene involved in alginate synthesat th not located in the cluster, but it is
also involved in lipopolysaccharide synthesis axgressed from its own promoter (Goldberg
et al, 1993; Zielinskiet al, 1991).

The alginate switch, including knovalgU, mucA mucB mucG andmucD, is responsible for
the conversion oP. aeruginosato the alginate-producing forms found predominarnl
lungs of CF patients (Deretet al, 1994; Martinet al, 1993; Matheet al, 1997; Shankagt
al., 1995). Regulatory genedgR, algP, algQ and algB, are important for transcriptional
activation of the alginate biosynthetic genes (Gac&998; Shankat al, 1995).

Historically, alginate has been considered the majmpolysaccharide of the. aeruginosa
biofilm matrix, however, recent chemical and gemstudies have demonstrated that alginate
is not involved in the initiation of biofilm formain in P. aeruginosastrains PAO1 and PA14

(Wozniak et al, 2003; Stappeet al, 2004). In fact, exopolysaccharide encodedpll
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(polysaccharide synthesis locus) guad (pellicle) genes is implicated in the biofilm foation
(Matsukawa and Greenberg, 2004; Jackstoal, 2004; Friedman and Kolter, 2004; Vasseur
et al, 2005).

2.4 Phospholipases

Phospholipases are a heterogeneous group of enzlateare able to hydrolyse one or more
ester linkages in glycerophospholipids and inclyd®spholipase A (PLA), B (PLB), C
(PLC) and D (PLD). Phospholipase activity can daite host membranes, lyse cells and
release lipid second messengers (Salyers and Y9®4). P. aeruginosaproduces several
extracellular phospholipases, including i) threeCBL a haemolytic PLC (PIcH), a non-
haemolytic PLC (PIcN) (Ostrofét al, 1990) and PLcB (Barkeat al, 2004); All presently
known PLCs oP. aeruginosahydrolyse phosphatidylcholine (PC), which is abamtdn lung
surfactant (Krieget al, 1988), therefore, PLCs probably has a role milence; Anti-PLC
antibody is readily detectable in CF patients, #aisolation of strains capable of secreting
PLCs is usually associated with a poor clinicatuiggGranstronet al, 1984); Only PIcB is
also active on phosphatidylethanolamine (PE) amlired for phospholipid chemotaxis
(Barker et al, 2004); ii) a PLD (PIdA), which plays a role fpersistence in a chronic
pulmonary infection model (Wildermagt al, 2001a); iii) a cytosolic PLA (cPIA2), which
plays an important role in the induction of hodt death (Kirschnek and Gulbins, 2006).
Expression of the PIcH is induced under phosphat@ation conditions or in the presence of

the osmoprotectants choline and glycine betaingd%ad Vasil, 1997).

2.5 Rhamnolipids

Rhamnolipids are glycolipidic biosurfactants, whicbduce water surface tension and
emulsify oil. Rhamnolipids are comprised of monodadirhamnose groups linked to 3-
hydroxy fatty acids that vary in length, the mosbmenon being L-rhamnosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (monorhamnolipiad L-rhamnosyl-L-rhamnosyl-3-
hydroxydecanoyl-3-hydroxydecanoate (dirhamnolipidang and Wullbrandt, 1995; Maier
and Soberon-Chavez, 2000; Dezg¢lal, 2003). For the synthesis of monorhamnolipid, the

enzyme rhamnosyltransferase 1 (Rt 1) catalyseghtiranose transfer {®-hydroxydecanoyl-
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B-hydroxydecanoate, while rhamnosyltransferase 2 2ARsynthesizes dirhamnolipid from
TDP-L-rhamnose and monorhamnolipid (Maier and Soté&havez, 2000). Genes for
biosynthesis, regulation and induction of the Rérzyme are organized in tandem in the
rhlABRI gene cluster (Ochsnet al, 1994a; 1994b; Ochsner and Reiser, 1995). The gen
rhlC encoding the Rt 2 enzyme has been described (Rethain 2001), and is homologous to
rhamnosyltransferases involved in lipopolysacclaarigiosynthesis. RhIG, #8-ketoacyl
reductase encoded bklG, which contains RhIR binding sites in the promategion but
does not require RhIR for activation, is also imedl in biosynthesis of rhamnolipids
(Campos-Garciat al, 1998).

Rhamnolipids are found in the sputa of CF patieaitd can inactivate tracheal cilia of
mammalian cells, indicating that they are virulefaeors (Hastieet al, 1986; Kownatzket

al., 1987). Rhamnolipid also play a role in the depetent of normal biofilm architecture
(Davey et al, 2003; Lequette and Greenberg, 2005) and mighthkeactual surfactant
involved in swarming motility (Kohleet al, 2000; Caiazzat al, 2005).

Rhamnolipid production coincides with stationaryapé growth (Hauser and Karnovsky,
1957) and is under RhIR-RhII quorum-sensing cor{ttahsneret al, 1994b, 1995; Campos-
Garciaet al, 1998; Rahinet al, 2001).

2.6 Phenazines

Phenazine compounds produced by fluoresBseudomonaspecies are biologically active
metabolites that function in microbial competitiess (Mazzolat al, 1992) and virulence in
human and animal hosts (Mahajan-Mikleisal, 1999).P. aeruginosgoroduce a variety of
redox-active phenazine compounds, including pyoicyaphenazine-1-carboxylic acid
(PCA), 1-hydroxyphenazine (1-OH-PHZ), and phenadirearboxamide (PCN)
(Budzikiewiczet al.,, 1993).

Genes involved in phenazine biosynthesiB.irmeruginosanclude two homologous core loci
(phzA1B1C1D1E1F1Gand phzA2B2C2D2E2F2Q2responsible for synthesis of PCA and
three additional genetizM phz$S and phzH encoding unique enzymes involved in the

conversion of PCA to pyocyanin and PCN (Mavretdal., 2001).
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From 90 to 95% oP. aeruginosasolates produce pyocyanin (Mavraatial, 2001), and the
presence of high concentrations of pyocyanin insiingum of CF patients has suggested that
this compound plays a role in pulmonary tissue dgrabserved with chronic lung infections
(Wilson et al, 1988). This idea is supported by several studidsch demonstrated that
pyocyanin contributes in a variety of ways to thethpphysiological effects observed in
airways infected by. aeruginosa(Warrenet al,, 1990; Hussairt al, 1997; Vukomanovic

et al, 1997; Denningt al, 1998).

The unusually broad range of biological activitg@dated with phenazines is thought to be
due to their ability to undergo redox cycling irethresence of various reducing agents and
molecular oxygen, which leads to the accumulatibtoric superoxide (@) and hydrogen
peroxide (HO,) and eventually to oxidative cell injury or dedlhassan and Fridovich, 1980;

Britiganet al, 1997).

2.7 Proteases

The major role of proteases kh aeruginosavirulence in various infection models is thought
to involve tissue penetration (Cowellal, 2003).

Proteases synthesized by this organism includeasles, LasB encoded by theB gene
(Bever and Iglewski, 1988) and LasA encoded byléisé& gene (Olson and Ohman, 1992),
alkaline protease (AprA) encoded by thprA gene (Okudaet al, 1990), and protease IV
encoded byrpL gene (Wildermamt al, 2001b; Traidegt al, 2003).

LasA enhances microbial virulence via modulatingthdefenses by shedding of syndecan-1,
the predominant cell-surface heparan sulphate @gbteans, which are ubiquitous and
abundant receptors/co-receptors of extracellugankls, including many microbes (Pak
al., 2001).

LasB decreases the host innate defense by clesledN-terminal domain of proteinase-
activated receptor 2 and disarms its subsequemtation, which is implicated in the
pulmonary innate defense (Dulenal, 2005).

Protease IV contributes to the pathogenicityPseudomonageratitis (Engelet al, 1997,
1998a; O'Callaghaat al, 1996). Purified protease IV (50-200 ng) inducedtheal epithelial

damage within 3 hours after injection into the @ainstroma and increased the virulence of
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protease IV-deficient bacteria (Engal al, 1998b). It appears that a combination of AprA,
LasB, LasA and protease IV work in concert to prtamiissue invasion (Sutet al, 1994;
Matsumotoeet al,, 2004).

Proteases production is regulated by quorum-sensiriy the first discovery of LasR,
regulator oflasB in the early 1990s (Gambello and Iglewskial, 1991; Todeet al, 1991;
Gambelloet al, 1993).

2.8 Pili

Pili, also known as fimbriae, are thin, hairlike pgpdages on the surface of many
microorganisms, especially gram-negative and grasitipe bacteria. After aspiration or
inhalation, the initial step in the establishmeha &. aeruginosanfection is the adherence to
susceptible host cells via type IV pili (Wooés al, 1980). In addition to their role as
colonization factors, the type IV pili of many spEalso play a role in twitching motility
(Mattick et al, 2002), biofilm formation (O'Toole and Kolter, 9%), natural transformation
(Dubnauet al, 1999), and bacteriophage infection (Bradley,497

Pilus synthesis and assembly require at least ABsgavhich are located in several unlinked
regions on the chromosome (Holdisal, 1993; Matticket al, 2002). The expression of pili
is mainly controlled by a two-component transcdpal regulatory system, PilS and PilR
(Hobbset al, 1993) and the alternative sigma factor RpoNiifisito and Lory, 1989). The
nature of the environmental signal that triggeses eélxpression of pili is not known. Proteins
involved in type IV pili biogenesis share homologigh the Xcp secreton, a type Il secretion

machinery involved in the release of toxins andyeres inP. aeruginosgRussel, 1998).

2.9 Flagella

Flagella, comprised of the membrane-spanning hadalbody and an external filament, are
complex organelles capable of propelling bactdmraugh liquids (swimming) and through
highly viscous environments or along surfaces (svirag) (McCarter, 2006).

In acute infections, flagella are essential Rr aeruginosapathogenesis. This has been
documented in a murine thermal injury model in whiootile strains were able to spread

rapidly throughout the host and nonmotile variamése restricted to the site of inoculation
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and easily cleared (Drake and Montie, 1988). Flagelso play a critical role in the
development of biofilms, where they aid in initiglrface adhesion as well as biofilm
dispersal (O'Toole and Kolter, 1998; Sawtral, 2002). In addition, soluble flagellin is
released by motile gram-negative bacteria and ast@ potent inducer of inflammation
through interaction with Toll-like receptor 5 (Haymet al, 2001). Flagellin activates the NF-
KB arm of the immune system and provokes the relegminflammatory mediators such as
tumor necrosis factor, interleukin 6, interleukin &nd nitric oxide by macrophages,
monocytes, and epithelial cells (Cobb al, 2004; Honko and Mizel, 2004; Rames al,
2004).

The biosynthesis and assembly of a functional flageare subject to a highly complex and
tightly controlled regulatory cascade, which regsicoordinate expression of approximately
50 genes encoding structural subunits, regulatootems, motor force generators, and
chemosensory machinery (Aldridge and Hughes, 2088. aeruginosaflagellar genes are
clustered in three distinct regions of the chromoesp and a four-tiered transcriptional
regulatory circuit controls flagellum synthesis @gaptaet al, 2003). The FleQ protein, an
NtrC-like transcriptional activator, has been reddr to as the master regulator of this
pathway, as it belongs to the top tier of the aatie flagellar hierarchy and is required for the
expression of all other known flagellar genes with exception ofliA (Aroraet al, 1997;
Jyotet al, 2002; Dasguptat al,, 2003).

Sequence and functional similarities exist betwiggyellar basal bodies and the apparatus of
the type Ill secretion system (Blocket al, 2003), another virulence factor that will be
discussed later. Flagella probably came first dreh tthe type Il secretion system (Saier,

2004).

3. Secretion pathways

Interaction of bacterial pathogens with host cellparticularly characterized by factors that
are located on the bacterial surface or are setipte the extracellular space. Although the
secreted bacterial proteins are numerous and éihard exhibit a wide variety of functions
that include proteolysis, haemolysis, cytotoxicitgnd protein phosphorylation and

dephosphorylation, only a few pathways exist byawhbacterial proteins are transported
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from the bacterial cytoplasm to the extracellulaace by crossing the inner membrane (IM),
periplasm, and outer membrane (OM) of the cell Bapee These pathways can be divided
into two main groups: (3ecdependent and (igecindependent (Hueck, 1998). All pathways

described below, except type IV, have been fourfel imeruginosgMa et al, 2003).

3.1Secdependent secretion pathways

Proteins secreted via tlsecdependent secretion pathways utilize a common mewh the
secsystem, the so-called general secretory pathwaychavexports proteins with cleavable
aminoterminal signal peptide from cytoplasm to plesm (Economou, 1999). . coli, the
secsystem mainly comprises a number of inner membpaoeins (SecD-G, SecY, Ya|C,
YidC) (Scaottiet al, 2000), a cytoplasmic membrane-associated ATE2s®A), a chaperone
(SecB) that binds to presecretory target proteind, the periplasmic signal peptidase (Hueck,
1998). All of these proteins were found in singbpyg inP. aeruginosgMa et al, 2003).
Seedependent secretion pathways involve two stedsdirtg export to the periplasm via the
secsystem by crossing the inner membrane and tranggooss the outer membrane. The
common secdependent secretion pathways include the type eliresion system, the
autotransporter and the chaperone/usher secretgians, which can be differentiated from

their mechanisms of secretion across the OM (Kastiagt al., 2005).

3.1.1 Type Il secretion system

The type Il secretion system is responsible forekieacellular transport of a wide variety of
hydrolytic enzymes and toxins, and the productibthe type IV pili, which are responsible
for adhesion and twitching motility of several e (Sandkvist, 2001).

Substrates of the type Il secretion system crosslihvia thesecsystem and fold in the
periplasm with the help of the DsbA, which is arzyne required for disulfide bond
formation (Bardwellgt al, 1991).

In the case of pullulanase (PulA) secretion (Figby Klebsiella oxytocathe best-studied
example of type Il secretion system, transport e&tbe OM involves 14 proteins, which are
encoded by a continuous gene cluster. At leastnsefehese proteins are located in the

cytoplasmic membrane, while PulD and PulS are ootembrane proteins (Hueck, 1998).
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PulD is believed to form the translocation charihgluwenet al, 1999) and is conserved in a
variety of gram-negative protein transport systesE, a cytoplasmic membrane-associated
ATPase, provides the energy for protein secrefRms$ot and Pugsley, 1994).

In P. aeruginosathe type Il secretion pathway, also called Xcgs been shown to be the
main pathway for the secretion of many degradagineymes and toxins, such as elastase,

exotoxin A, lipase, phospholipases or alkaline phasase ( Fillowet al, 1990; 1998).

extracellular
space

Type Il chaperone/usher autotransporter

VirB10,
2,8,6

ATP \A
ADP D k&‘ SecB

cytoplasm

FIG. 1. Schematic presentation ofsecdependent andsecindependent secretion pathways in gram-
negative bacteria. The type | pathway is exemplified by the hemolysin(HIyA) secretion in pathogenic
Escherichia coli the type Il pathway by YopE secretion Yersinia pestisthe type IV pathway by the VirE2
protein of Agrobacterium tumefacienshe chaperone/usher pathway by P pilus subum@pAlpP secretion in
uropathogeni&. coli, the autotransporter pathway by IgAl protease ff)g#ecretion irNeisseria gonorrhoeae
and the type Il pathway by pullulanase (PulA) sgarein Klebsiella oxytocaSecreted polypeptides are shown
in orange, with their amino- or carboxyl-terminaireal peptides drawn in red. Only proteins secrétgdec-
dependent pathways contain cleavable signal peptieieteins secreted by Sec-dependent pathwaydaithy
fully or partially, in the periplasm with the adsisce of periplasmic accessory factors (e.g., Dshereas
misfolded secreted proteins in the periplasm agratked by periplasmic proteases (e.g., DegP). iplaem;
SP, signal peptidd3, B-domain of autotransporter IgA1 protease; N, anteraminus; C, carboxy terminus. See
the text for further details. Reprinted from Kostdaket al, 2005. Except type IV pathway, all pathways shown
here have been describedPnaeruginosgMa et al, 2003).
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3.1.2 Autotransporter

Autotransporter pathway (Fig. 1) is one of the maslely distributed secretion systems
among the gram-negative bacteria (Yeh al, 2002; Kostakiotiet al, 2005). Many
autotransporters have been identified, such as moglabulin A protease (IgAp) from
Neisseria gonorrhoeaéHalter et al, 1984), vacuolating cytotoxin VacA froielicobacter
pylori (Schmitt and Haas, 1994), SepA fraghigella flexneri(Benjelloun-Touimiet al.,
1995), EspC from enteropathogeritscherichia coli (Stein et al, 1996), Hap from
Haemophilus influenza¢Hendrixsonet al, 1997), adhesin-involved-in-diffuse-adherence
(AIDA-I) autotransporter fromE. coli (Maurer et al, 1999), Hia fromHaemophilus
influenzag(Suraneet al, 2004).

The main characteristic of this pathway is thabaansporters mediate their own transport,
because the information required for transport srthe OM resides entirely within the
autotransporters themselves. A typical autotransporcontains three domains: an
aminoterminal signal sequence for secretion actiessIM by thesec system, an internal
passenger domaim{domain) and a carboxyterminal domafidomain). Following transport
across the IM and cleavage of the signal sequéinef;domain inserts into the OM to form a
B-barrel pore, through which the-domain passes to the cell surface. Thdomain may
either remain attached to the bacterial cell ordbeased to the external milieu by proteolysis
(Kostakiotiet al, 2005).

In P. aeruginosaesterase EstA was identified as an AT (Wilhelral, 1999) and another

two AT homologues were predicted (Maal., 2003).

3.1.3 Chaperone/usher secretion system

The chaperone/usher pathway is dedicated to themddg and secretion of pili as well as

capsule-like structures. The biogenesis of bothcsires occurs by similar mechanisms and
requires the actions of two secretion component&iwg in concert: a periplasmic chaperone
and an outer membrane protein called as ‘usherst@gaotiet al, 2005).

Assembly of P and type 1 pili by uropathoge#hic coli represents the prototype for the

chaperone/usher pathway (Thanastsial, 1998). Following translocation across the IM as

unfolded polypeptides via thsec system, P pilus subunits (PapA) interact with the
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periplasmic chaperone PapD (Fig. 1), which providetemplate for their folding in the
periplasm and caps interactive surfaces on the rstshupreventing their premature
aggregation. Chaperone-subunit complexes are &atrgetthe P pilus usher, PapC, in the OM,
where the chaperone dissociates from the subudigsociation of the chaperone uncaps the
interactive surfaces of the subunits, which dritressr assembly into pili. In the absence of an
usher, chaperone-subunit complexes accumulate anptriplasm but cannot translocate
across the OM for assembly into pili on the baetesurface.

In P. aeruginosachaperone/usher systems (Cup) are involved inbtbffm formation in

early stages (Valledt al, 2001)

3.2 secindependent secretion pathways

Secindependent pathways tend to allow direct expantnfthe cytoplasm to the extracellular
environment in one step, and do not involve pesiplia intermediates and aminoterminal
processing of the secreted proteins via ke system. These pathways include the type |
secretion system, the type lll secretion systemthedype IV secretion system, that can be
secdependent but is mostly considersetindependent (Dingt al, 2003; Kostakiotet al.,
2005).

3.2.1 Type | secretion system

Type | secretion system, also called ATP-bindingsette (ABC) protein exporters, is
employed by a wild range of gram-negative bactéarasecretion of toxins, proteases and
lipases (Binetet al, 1997). It exemplified by the secretion systemhefmolysin (HIyA) of
pathogenicE. coli (Koronakis et al, 1989). Type | secretion system consists of three
polypeptides: an inner membrane transport ATPasg, (dlyB), also termed ABC protein,
which provides the energy for protein secretionmembrane fusion protein (e.g., HlyD),
which is anchored in the inner membrane and sgam$é¢riplasmic space; an integral OM
protein (e.g., TolC) that forms [&barrel with a central hydrophilic pore (Fig. 1)xoRins
secreted by the type | secretion system does mbaicoa cleavable N-terminal signal peptide;
instead, they possess a noncleavable C-terminablsggquence that targets them to the

secretion apparatus (Hueck, 1998).
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In P. aeruginosaalkaline protease (AprA) is secreted by a typedretion pathway (Guzzi

al., 1991).

3.2.2 Type IV secretion system

Type IV secretion system is characterized by a rkaide functional versatility, as they can
transfer both proteins and single-stranded-DNAgimtcomplexes in a cell-contact-
dependent or cell-contact-independent mechanismsc@les and Christie, 2003; Llosa and
O'Callaghan, 2004). Type IV secretion system isegaly sec independent, with the
remarkable exceptions of treecdependent transport of thHgordetella pertussi$T toxin
(Cascales and Christie, 2003).

The T-DNA transfer system @fgrobacterium tumefacierntsas provided the basis of what is
known about type IV secretion system (CascalesCGimistie, 2003)A. tumefaciensransfers

at least three macromolecular substrates, includimgpgenic T-DNA, single-stranded DNA-
binding protein VirE2, and VirF protein, to plarlis during the course of infection (Christie,
2001). Recent studies have proposed that the psoiirB2, VirB6, VirB8, VirB9, and
VirB11 correspond to channel subunits of the ty@esécretion apparatus, whereas VirB4,
VirB5, VirB7, and VirB10 interact indirectly withhe secreted substrate through their direct
association with the channel subunits (CascalesCémnigtie, 2004).

Type IV secretion system is closely related to é@at conjugation and are thought to have

evolved from the conjugation machinery (Cascales@lnristie, 2003; Dingt al, 2003).

3.2.3 Type Il secretion system

The type lll secretion system (TTSS) can mediatévely of bacterial virulence factors
directly into host cells, involving protein exparbt only across the bacterial cell envelope,
but also the plasma membrane of the eukaryotic teNas first characterized for the Yop
proteins ofYersiniaand has much in common with the flagellar expostesy (Hueck, 1998).
TTSS, an important virulence factor, serves to etecrand inject proteins effectors of
virulence into the cytosol of eukaryotic host cellsring infection. The injected protein
effectors often resemble eukaryotic factors witinal transduction functions and are capable

of interfering with eukaryotic signalling pathway®edirection of cellular signal transduction
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may result in disarmament of host immune respormses cytoskeletal reorganization,
establishing subcellular niches for bacterial cation and facilitating a highly adapted
pathogenic strategy of "stealth and interdictiohhost defense communication lines (Hueck,
1998).

Distinctive features of the TTSS include: (i) tHesance of a typicaecdependent cleavable
signal sequence in the secreted proteins; (ii)rdgrirement of specific cytosolic proteins
with chaperone-like activity for the secretion dieast some of the effector proteins; and (iii)
the requirement of an environmental signal, usuadlsived from contact with the host cell,
for their full activation.

TTSSs are widely used by gram-negative bacter@duamg the animal pathogernersinia
spp., Shigella flexneri Salmonella typhimuriumenteropathogeniEscherichia coli(EPEC),

P. aeruginosa and Chlamydia spp and the plant pathogeRs syringae Erwinia spp.,
Ralstonia(formerly PseudomongssolanacearumXanthomonas campestriand Rhizobium
spp (Hueck, 1998). It is worth of pointing out ti&attyphimuriumYersiniaspp., ance. coli
have two TTSSs, otherwise, TTSSs are also presesbine commensal microorganisms
(Photorhabdus luminscenSodalis glossinidiysSitophilus zeama)js symbiotic rhizobia and
some nonpathogenic prokaryot&s fluorescens(Tampakakiet al., 2004).

The prototypical TTSS is exemplified by the plasrartoded YopYersiniaouter proteins)
export genes, which is responsible for secretionYop virulence determinants vitro
(Michiels et al, 1991a; 1991b). Genes encoding TTSS, especladlset genes encoding the
type lll secretion apparatus (TTSA), are clustefedsome organisms, these gene clusters are
located on plasmids, which are unique to the pahagnd are not found in nonpathogenic
relatives Yersinia spp., S. flexneri and R. solanacearuin In other pathogensS(
typhimurium EPEC,P. aeruginosaP. syringae E. Amylovoraand X. campestris the type

Ill secretion gene clusters are located on the mbemmes and often appear to have been
acquired during evolution, since related nonpathagdacteria lack these pathogenicity
islands but share corresponding adjacent sequéiHoesk, 1998).

While genes encoding TTSA are conserved in diffeignam-negative bacteria and show
significant sequence similarities to protein of tlagellar assembly machinery (Kuboet, al.,

1998), genes encoding secreted protein effectdiiexr @intirely, illustrating how one bacterial
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pathogenicity mechanism can give rise to a mulétod diseases that range from bubonic
plague in humans to fire blight in fruit trees (ldkeg1998).
Here we focus on thB. aeruginosal TSS, which is highly homologous to that Yoérsinia

species (Frank, 1997).

4. Type Il secretion system of. aeruginosa

4.1 Genetic organization and subcellular function

In P. aeruginosa most TTSS genes are clustered within five comtusu operons:
pSCNOPQRSTUpopNpcr1234DR exsCEBA pcrGVHpopBD and exsDpscBCDEFGHIJKL

(Table 1) (Frank, 1997www.pseudomonas.cgmAmong these five operons, the operon

exsCEBAplays a regulatory role (Hovey and Frank, 1995sddgtaet al, 2004; Rietsclet

al., 2005; Urbanowsket al, 2005), the operopcrGVHpopBDencode type Ill secretion
translocon, and the other three operons encodeTW#®A. Genes encoding the TTSS
effectors, includingexo$S exoT, exoU and exoY, are scattered in the chromosome Rof
aeruginosaamong whichexoU andexoSappear to be mutually exclusive in the same strain

(Feltmanet al, 2001).

4.1.1pscNOPQRSTU
Homologs of PscN, protein encoded fiiscN are present in all TTSSs described to date and

are among the most highly conserved type lll secygbroteins (Hueck, 1998). The proteins
show similarity to then- and (3-subunits of the F1 component of the bacteri#; fproton-
translocating ATPase (Walket al, 1984) and to the catalytic subunits of eukacyas well
as archaebacterial ATPases (Woestlyal, 1994).

The subcellular location has not been determineariiy of the members of the PscN family,
but by homology to the soluble F1 component gf;FATPase, it is likely that the PscN
ATPases are cytoplasmic proteins. PscN proteins im#gract with membrane-bound
components of the TTSA to energize secretion @ravide the energy for the assembly of
the secretion apparatus, as has been shown fdlatielum biosynthesis homolog Flil (Fan
et al, 1996).

PscO and PscP, encodedpsgOandpsck are homologues téersinia YscO and YscP,
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TABLE 1. Proteins of the TTSS ofP. aeruginosaand their homologues

Protein Siz¢  Loc Yert Flaf SP  Reference
TTSA
PscN 440 Cc? YscN (89) Flil - Woestghal, 1994
PscO 158 Cc? YscO (57) - Bergmetral, 1994
PscP 369 Unknown YscP (41) - Bergnedral, 1994
PscQ 309 Unknown YscQ (58) FIINY - Bergmeinal, 1994
PscR 217 IM? YscR (90) FliP - Fieldsal, 1994
PscS 88 Unknown YscS (88) FliQ + Bergnwdral, 1994
PscT 262 IM? YscT (83) FliR + Lewenetal, 2005
PscU 349 IM? YscU (84) FIhB - Lewengaal, 2005
""" PopN 288  Secreted  YopN/LcrE (64) -  Forshergl, 1991
Pcrl 92 Cc? TyeA (69) - Forsbesgal, 1991
Pcr3 121 Unknown YscX (64) - Yabt al, 1997
Pcra 109 Cc? YscY (60) - Yalet al, 1997
PcrD 706 IM YscV/LerD (89)  FIhA - Planet al, 1991
PcrR 144 Unknown LcrR (64) - Barve and Straley, 1990
""" PccG 98  Unknown LcrG(98) - Bergmebal, 1991
Pcrv 294 Secreted LerVv (57) - Sawehal, 1999
""" PscC 600 OM  YscC(77)  +  Yabtal,1996a
PscD 432 Cc? YscD (63) FilG - Yaht al, 1996a
PscF 85 Unknown YscF (81) - Quinaetdal, 2005
PscH 143 Cc? YscH/YopR - Yahret al, 1996a
Pscl 112 Unknown  Yscl (63) - Yabt al, 1996a
PscJ 248 Unknown YscJ (83) FliF + Yadtral, 1996a
PscK 208 Cc? YscK (57) - Yalet al, 1996a
PscL 214 c? YscL (75) FliH - Yatat al, 1996a
Translocon
PopB 390 Secreted YopB (62) - Frithz-Lindsétral, 1998
PopD 295 Secreted YopD (59) - Frithz-Linds&tral, 1998
Regulators
ExsE 81 Secreted none Rietschet al, Urbanowskiet al,2005
ExsB 137 Unknown VirG (50) - Goransenal, 1997
ExsA 278 C VirF/LcrF (72) - Frangt al, 1991
""" ExsD 276 C none - McCamtal,2002
Effectors
ExoS 453 Secreted YopE (45) Yadtral, 1996b
ExoT 457 Secreted YopE (50) - Yadtral, 1996b
ExoY 378 Secreted none - Yattral, 1998
ExoU 687 Secreted none - Finck-Barbanebal, 1997
Chaperone
SpcU 137 Unknown none - Finck-Barbanatral, 1998
Orfl 116 Unknown SycE/YerA (56) - Wattiaa al, 1993
Pcr2 123 Cc? SycN (67) - Day and Plano, 1998
PscB 140 Cc? YscB (63) - Day and Plano, 1998
PcrH 167 Unknown LcrH/SycD (76) - Bromsal, 2003; 2006
PscE 67 C YscE (63) - Quinaetlal, 2005
PscG 115 C YscG (69) - Quinaatlal, 2005
ExsC 145 c? none - Rietschet al, Urbanowskigt al, 2005

a. length of amino acids; b. subcellular locali@atiC, cytoplasmic, OM, outer membrane, IM, innenmbrane; c. Yer, homologue of

Yersinig number in parentheses indicate % similarity; Rlamologue of flagellum; d. signal peptide, preslicbywww.pseudomonas.com

or by ‘SignalP 3.0 Server’ from site bftp://www.cbs.dtu.dk/services/Signal®ifferent operons or classes are separated beddmes.
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respectively. These protiens share little or nausaqge similarities with other TTSSs genes
(Hueck, 1998). Studies showed that YscP acts aslecoiar ruler determining the length of
needle of TTSA (Journet al, 2003). In combination with YscU, YscP can alsgulate the
substrate specificity of the TTSS6érsinia(Edqvistet al, 2003).

PscQRSTU, encoded IpscQRSTUshow remarkably high homology to TTSS genes loéiot
gram-negative bacteria with respect to both indigidgenes and gene organization (Hueck,
1998). In addition, PscQRSTU show significant seqgeesimilarities to proteins of the
flagellar assembly machinery (Table 1) of both girsegative and gram-positive bacteria. By
similarity to the flagellar assembly machinery, @llthe respective proteins, including PscN,
PscQRSTU, PcrD, PscD, PscJ and PscL (Table 1)ilkely to be located in or associated
with the inner membrane and may form the cytoplasgadte (and perhaps a periplasmic
extension) of the TTSA. Since the flagellum bio$ysis proteins that are homologous to
type Il secretion proteins are specifically inwvedl in the flagellum-specific protein export
pathway, it is likely that some of the homologoustgins may play similar roles in both
systems. For some of the flagellar proteins, tmele in assembly of flagellar structural
components is known, and several interactions lextwibese proteins have been detected.
Therefore, these data may provide hints as to hewdspective components of TTSSs might
interact (Hueck, 1998).

These findings indicate also that the flagellaeagsy machinery and TTSSs evolved from a
common ancestor, though little information is aabié to answer the controversial question,

which came first (Saier, 2004)?

4.1.2popNpcr1234DR
Proteins PopNPseudomonagalcium response (Pcr)l, Pcr2, Pcr3, Pcr4, Pcr® RerR,

encoded by the opergmopNpcrl234DRare homologous t&ersinia YopN, TyeA, SycN,
YscX, YscY, YscV (LcrD) and LcrR respectively (Tabl). Yersinialow calcium response
(LCR) is characterized at 37°C by either bactegadwth restriction (bacteriostasis) with
expression of Yop in low calcium medium or bactegeowth with repression of Yop in
medium containing at least 2.5 mM of calcium (Zahak and Brubaker, 1982; Brubaker,

2005).
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YopN, TyeA and SycN, together with YscB and Lcr@e @onsidered to form a plug of
TTSA,

which blocks Yop secretion in the presence of caftcin vitro or before contact with a
eukaryotic celin vivo, since in same conditions mutational inactivanbany one of the five
genes encoding these proteins results in uncoadr@écretion (Forsbewg al, 1991; Iriarte
et al, 1998; Cheng and Schneewind, 2000; Matson ankd\iR001; Gos®t al, 2004;
Ferracciet al,, 2004; 2005).

SycN, together with YscB, functions as a specifiagerone for YopN in Ypestis(Day and
Plano, 1998; Jacksaat al, 1998; Iriarte and Cornelis, 1999).

YscX and YscY are two proteins required for Yoprs&on (Iriarte and Cornelis, 1999).

LcrD is essential for the high-level expression aedretion of Yop in low calcium medium
(Plano and Straley, 1993).

LcrR is involved in the downregulation &drGVHpopBD transcription in the presence of
calcium and is necessary flerGVHpopBDexpression in the absence of calcium (Barve and

Straley, 1990).

4.1.3pcrGVHpopBD

OperonpcrGVHpopBD encodes five proteins, including PcrG, PcrV, RdPdpB and PopD,
which are homologous t8ersiniaLcrG, LcrV, LerH, YopB and YopD, respectively (Fta
1997).

LcrG/PcrG forms a stable complex with LerV/PcrV (gi#pek and Straley, 1993; Nilles al,
1997; DeBordet al, 2001; Matson and Nilles, 2001; Nanebal, 2003; Allmondet al,
2003). InYersinig LcrG acts as a negative regulator (plug) thathkdosecretion of Yops
(Matson and Nilles, 2001).

LcrV/PcrV, located at the tip of the needle of TT®Auelleret al, 2005), are known to be a
protective antigen (Leargt al, 1995; Neelyet al, 2005) and are required for the translocon
assembly in eukaryotic cell membranes in conjunctith translocators, YopB-YopD or
PopB-PopD (Frithz-Lindsteet al, 1998; Sawat al, 1999; Holmstronet al, 2001, Gouret
al., 2004, 2005).
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PcrH, a chaperone, is responsible for the presmgrstabilization and efficient secretion of
the PopB and PopD translocators, however, unlikeesother translocator-class chaperones
(e.g., LcrH ofYersiniaspecies, SicA oSalmonella entericaand IpgC ofShigellaspecies),

PcrH is not involved in thim vitro regulation of type lll secretion (Brones al, 2003).

4.1.4exsCEBA see Introduction 6 ‘regulation of TTSSRfaeruginosa

4.1.5exsDpscBCDEFGHIJKL

With few exceptions, the TTSS genedfofieruginosaandYersiniaspp. are highly conserved.
One of the exceptions isexsO first gene of the operoexsDpscB-L whose Yersinia
homologue is the opergrscA-M which lacks of thexsDbut has additionajscAandyscM
ExsD, a 32 kDa protein encoded éwsD is unique td. aeruginosaand was identified as the
first negative regulator of thE. aeruginosal TSS (McCawet al, 2002). The function of
ExsD is described below (see Introduction 6.1.2).

PscB is a protein encoded pgcBand is homologous to YscB, which functions as ecsje
chaperone for YopN iiY. pestigDay and Plano, 1998; Jacksetal, 1998).

PscC is encoded kyscCand is homologous to YscC, which is the integrgeo membrane
component of the TTSA ofersiniaand belongs to the family of secretins, such d®,Pu
which is a component of the type Il secretion payyFig. 1) (Genin and Boucher, 1994).
YscC forms stable ring-like oligomers in the outeembrane, which are thought to function
as transport channels of the TTSA (Burghetual, 2004).

PscD, encoded byscD, is considered to be part of the TTSA as its hagoué YscD (Plano
and Straley, 1995), because a mutation inpgeD resulted in a highly attenuated virulence.
Based on the observation that a triple-effectorsamuwas less attenuated in virulence than
the pscD mutant, author from the same study concludeddtdttionalP. aeruginosal TSS
virulence components remain to be identified (Mayat al, 2003).

PscE, encoded byscE and PscG, encoded pgcG are two chaperones for PscF, encoded
by pscF, which is the main component of the need|® oheruginosal TSA (Quinaudet al,
2005). PsckE and PscG fulfill roles of preventingrpature polymerization of PscF, needle-

forming subunit, within the bacterial cytoplasm anwhintaining it in a secretion-prone
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conformation (Quinauet al, 2005). Needle is essential for secretion anastogation and is
the hollow conduit through which effectors travel reach the target cell (Tamaset al,
2000; Jin and He, 2001; Et al, 2002).

PscH is encoded lyscHand is homologous to YscH, which is often calledrapR. Though
YopR seems not to be implicated in Yop secretibms involved inYersinia pathogenesis
since the LD50 (lethal dose which causes the defai®% of test animals) for the mouse of
theyscHmutant was 10-fold higher than that of the pafesttain (Allaouiet al, 1995). Lee
and Schneewind proposed that together with YopB YaopD, two other proteins that are
secreted but not delivered into the cytosol of mafian cells, YopR may be secreted into the
extracellular milieu in order to divert host defeasaway from the actual site of infection (Lee
and Schneewind, 1999). YopR displays structurallarity with one domain of YopN, a plug
of YersiniaTTSA (Schubott al, 2005).

PscJ, encoded bysc] is homologous to YscJ, which is essential for éixport of toxins
(Michiels et al, 1991b; Kimet al, 1997, Kanget al, 1997; Hauseet al, 1998).pscJis one

of the fewP. aeruginosal TSS genes having an aminoterminal signal peflidble 1).

PscL is encoded hyyscLand is homologous to YscL, which interacts wittcMsthe ATPase
in YersiniaTTSS, and is the regulator of YscN (Blayloekal, 2006). YscL also interacts
with YscQ in a complex composed of YscN, YscQ, Ysahd YscL (Jackson and Plano,

2000).

4.2 Type lll secretion apparatus

TTSA, the secretion apparatus of the TTSS, alstectalype Il secreton or type il
injectisome or needle complex, was first identifiadd biochemically isolated frors.
typhimurium (Kubori, et al, 1998). SalmonellaTTSA was described as a cylindrically
symmetrical object composed of two parts: i) a bagénder similar to the flagellar basal
body, formed by two pairs of rings (20 and 40 nndieimeter for upper rings and lower rings,
respectively) presumed to traverse the inner anterobacterial membranes and the
peptidoglycan; ii) a 7-8-nm-wide and 60-nm-long dleeemanating from the base. Rapidly,
similar but variant TTSAs of other gram-negativecteaia were visualized under electron

microscopy, for instance, the tripartite TTSA 8f flexnerihaving an additional ‘bulb’
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between the base and the needle (Blo&keal, 1999); the TTSA of EPEC possessing a
supplementary sheath-like structure (more thanrépat the tip of the needle (Sekighal,

2001). Similarity analysis showed that the TTSAgenetically and structurally related to
flagellar assembly machinery (Blocket al, 2003) (Fig. 2). It is thought that the TTSA
serves as a hollow conduit through which the sedrptoteins travel across the two bacterial

membranes and the peptidoglycan in one step.

MS-ring
C-ring

FIG. 2. Schematic representation of the bacterialligellum (A) and TTSSs inYersinia (B), E. coli (C) and

P. syringae (D). The basal body of flagellum consists of proteingaoizing the C-, MS-, P- and L-rings. Only
conserved proteins in the TTSSs (and their flagdltanologues) have been drawn and are marked hiasim
position and colouring. The P rod of flagellum dstss of FIgB, FIgC, FIgF and FIiE and has no horgolas
proteins in TTSSs. The question mark in TTSS indEahat a channel structure in the IM has not been
identified yet. The major constituent of the needgle/scF inYersinia ESpA inE. coli HrpA in P. syringae
Pore-forming proteins are drawn with the same aolauthe eukaryotic cell membrane (EM): LcrV, YopB,
YopD in Yersinig and EspB, D irE. coli In plant pathogens, putative translocator preteine HrpZ .
syringad and HrpF X. campestris Structurally characterized proteins are showmesztically. Known 3-D
structures of FliG, FliN, Hrcg LcrV and FIiC are shown. OM, outer membrane; péptidoglycan layer; IM,
inner membrane of the bacterium; EM, eukaryotic imeme; CW, cell wall of the plant cells. Reprinfedm
Tampakakiet al., 2004.
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In S. typhimuriumthe base and the needle of the TTSA as well ag #ssembly were
visualized under electron cryomicoscopy (Marlowtsal, 2004). The base is formed by
InvG, PrgJ, PrgH, and PrgK, and the assembly ofblee does not require the functional
TTSA (Kuboriet al, 2000, Marlovitset al, 2004). These results indicated that the explort o
the components of the base most likely occurs tiltdhe generalsecdependent” secretory
pathway. Consistent with this hypothesis, all congds of the base structure identified so
far exhibit asecdependent signal sequence (Kubetial, 2000). Prgl, whose assembly
requires the base of TTSA, forms the needle. lrortrols needle length by regulating the
assembly of the inner rod (Kubat al, 2000; Marlovitset al., 2006).

SalmonellainvG, PrgJ, PrgK, Prgl and InvJ correspondPtoaeruginosaPscC, Pscl, PscJ,
PscF and PscP (Hueck, 1998). PscC and PscJ, mossibé of thd®. aeruginosal TSA,
possessecdependent signal sequence (Table 1).

PscF has been proved to be the main componenteohdledle ofP. aeruginosaTTSA

(Quinaudet al, 2005).

4.3 Type Ill secretion translocon

In addition to the TTSA, direct injection of toximsto the cytoplasm of host cells requires
disruption of the cellular membrane at the siteaftact by the translocon, a proteinaceous
pore, which is presumably formed by proteins that @delivered through the needle of the
TTSA (Schoehret al, 2003).

PopB and PopD, 2 translocators secreted by theaifumat TTSA, are believed to be sufficient
to form the P. aeruginosatranslocon and act in synergy to promote membrane
permeabilization (Schoehet al, 2003; Faudryet al, 2006). However, some study showed
that PcrV is also required for the translocon asdgnn eukaryotic cell membranes in
conjunction with YopB and YopD (Goust al, 2004; 2005). Thus, the functionality of PcrV

in the formation oP. aeruginosdranslocon is still unclear.

4.4 Type lll secretion Effectors
In P. aeruginosathere are four known TTSS secreted effectordudieg ExoS, ExoT, ExoY

and ExoU. The complement of effectors varies fromraig to strain, but, in general, all strains
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have exoT and about 89% of strains haexoY The presence aéxoSand that ofexoU
appears to be mutually exclusive (Feltneaml, 2001). Strains, such as PA103, a human lung
isolate, expressingxoU appear to be more acutely cytotoxic and to lysgetacellsin vitro
(Finck-Barbancoret al, 1997). The sequencdd aeruginosastrain PAO1 containg€xo$
exoT, andexoY but lacksexoU (www.pseudomonas.com) (Stovet al, 2000). Upon entry
into the cytoplasm, effectors disturb the cellutgtoskeleton and initiate inflammatory and
apoptotic processes, eventually leading to celtld€ginck-Barbancoret al, 1997; Frank,

1997; Yahret al, 1998).

4.4.1 ExoS and ExoT

ExoS and ExoT share76% amino acid identity, and#vectional effectors with N-terminal
RhoGAP domains and C-terminal ADP-ribosyltransfer@8DPRT) domains. The N termini
of ExoS and ExoT also comprise a sequence reqdimedecretion through the TTSA, a
chaperone binding region, and a membrane locadizatiomain, which is a hydrophobic
region and localizes ExoS and ExoT to intracelluf@mbrane after translocation into host

cells through the TTSS ( Fig. 3) (Barbieri and S2004).

ExoS

1 15 51 72 96 R146 233 E379E381 453

Sec | Chap | MLD RhoGAP ADP-ribosyltransferase
ExoT

1 15 51 7278 R149 235 E383 E385 457
Sec | Chap | MLD RhoGAP ADP-ribosyltransferase

FIG. 3. Functional domains ofP. aeruginosaExoS and ExoT.ExoS and ExoT are similar yet distinct. They
share 76% amino acid identity and similar functias@main with N-terminal RhoGAP activity and C-teéral
ADP-ribosyltransferase activity. The N terminugodoS and ExoT are similar, containing sequenceired,fior
secretion (Sec), chaperone binding domains (Chagmbrane localization domains (MLD) and RhoGAP
domains (RhoGAP). ExoS and ExoT have distinct Gieal ADP-ribosyltransferase domains. Arginine at
position 146 (R146) of ExoS and R149 of ExoT aralgtc residues of the RhoGAP activity. Glutamiidaat
position 379 (E379) of ExoS and E383 of ExoT cdmité to the transfer of ADP-ribose to target sutef, and
E381 of ExoS and E385 of ExoT function as a catahgsidue. Adapted from Barbieri and Sun, 2004.
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The GAP domains of either enzyme target small Rtw-GTPases, and can stimulate the
reorganization of the actin cytoskeleton by inhdrtof Rac and Cdc42, and stimulate actin
stress fiber formation by inhibition of Rho (Goelygiet al, 1999; Pedersort al, 1999;
Wurteleet al, 2001; Krallet al, 2000; 2002).

Activation of ADPRT activity needs a soluble eukatry protein, FAS (factor activating
exoenzyme S) (Coburet al, 1991), which belongs to a highly conserved, Wiakstributed
eukaryotic protein family, collectively designatasl 14-3-3 proteins (Fet al, 1993). Though
both ExoS and ExoT have ADPRT activity, they ADBesylate different substrates. ExoS
has poly-substrate specificity and preferentiallygets Ras superfamily proteins that are
integral to cell signaling pathways (Iglewsii al, 1978; Coburret al, 1989; Coburn and
Gill, 1991; Knightet al, 1995; McGuffieet al, 1998; Radkeet al, 1999; Fraylicket al,
2002a; 2002b; Henrikssaat al, 2002), whereas ExoT has a more restricted hogtips and
specially targets Crkl and Crkll, two host kinaseémt regulate focal adhesion and
phagocytosis (Sun and Barbieri, 2003). ExoS ADPRIividy has effects on cell growth
(DNA synthesis), morphology (cell rounding) andlalalr adherence (Fraylickt al, 2001;
Rochaet al, 2003), whereas ExoS GAP activity plays an amijitytic role (Rochat al,
2003).

4.4.2 ExoY

ExoY, an adenylate cyclase, is homologous to tHaBardetella pertussigCyaA) and
Bacillus anthracis (EF) (Yahr, et al, 1998). Active ExoY results in an elevation of
intracellular cAMP and cell-morphology changes. ikmlCyaA and EF, which are secreted
by type | and type Il secretion pathways respebtjend may exert their effects at sites distal
from the site of infection (Gordoet al, 1989), ExoY only intoxicates host cells at sibés
colonization due to the delivery mechanism of TT@®. unknown eukaryotic protein,
distinct from calmodulin needed for the activity@yaA and EF, is required for the activation
of the adenylate cyclase activity of ExoY (Yaht,al, 1998). Recently, studies showed that
ExoY could inhibit P. aeruginosainvasion of epithelial cells coinciding with addstye
cyclase-mediated cytoskeleton disruption (Covetllal, 2005). However, ExoY does not

seem to be important for infection (Vansteal, 2005; Leeet al, 2005).
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4.4.3 ExoU

ExoU, parallely identified as PepA, is the mostotykic (Finck-Barbancoret al, 1997;
Hauseret al, 1998) and possesses lipase activity similar atatpy, human calcium-
independent phospholipase A2 (iPLA2) and cytogatiospholipase A2 (cPLA2) (Saé al,
2003).

ExoU is found in about one-third of clinical is@at and these ExoU-expressing strains are
associated in 90% of cases with severe diseases@daual, 2002; Feltmaret al, 2001).
ExoU has been shown to cause fatality in a mousgehaf lung infection (Finck-Barbancon
et al, 1997), and expression of ExoURn aeruginosastrains lacking it increases virulence in
a mouse model of acute pneumonia (Alleve¢lal, 2000).

Similar to ExoS, ExoT and ExoY (Cobuat al, 1991; Fuet al, 1993; Yahret al, 1998),
ExoU requires an unknown eukaryotic protein cofa@p complex for its phospholipase

activity in vitro (Satoet al, 2005).

4.5 Type Il secretion chaperones
Chaperones are proteins that associate transietitthyone or several substrates to prevent

premature or incorrect intramolecular or intermalac interactions. In TTSSs, before being
secreted, some proteins are stored in the cytoplagmeh is not their final destination, and
need to be stabilized, separated from other intierapartners, and maintained in a secretion-
competent state with the help of chaperones (Pag®arsot, 2002; Parset, al., 2003).
Although all type three secretion chaperones doshare sequence similarities, they have
common physical characteristics, including i) a lalecular weight (<15 kDa); ii) an acidic
pl (<5); iii) a predicted amphipathic a helix ne¢laeir C-terminal end (Wattiaet al, 1994). It

is worth pointing out that, genes encoding chapesamsually locate in the vicinity of gene
encoding their substrate(s).

Up to date, three classes of type three secretiaperones have been distinguished based on
the function of the substrates: class | chaperasssciate with effector(s); class Il chaperones
associate with translocators; and class Il chapem@ssociate with other components of the
TTSS (Page and Parsot, 2002; Parsbgl, 2003; Quinauckt al, 2005; Rietsclet al, 2005;
Urbanowskiet al,, 2005; Yipet al, 2005). Recent crystallographic and structunadists have
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shed light on the molecular basis of the speciiteractions between chaperones and their
substrates and the role of these interactions bstiate conformation (Birtalan and Ghosh,
2001; Stebbins and Galan, 2001; Letoal, 2001; Pharet al, 2004; Singeet al, 2004; van
Eerdeet al, 2004; Buttneet al, 2005; Locheet al, 2005; Schubogt al, 2005; Yipet al,
2005 Letzelteet al, 2006; Edgviset al, 2006).

Type three secretion chaperones have been sugge&stgdact as anti-aggregation and
stabilizing factors; ii) be secretion signal and aesecretion hierarchy; iii) function as
antifolding factors; iv) participate in the regudat of the TTSS (Page and Parsot, 2002;
Parsotet al, 2003; Feldman and Cornelis, 2003).

In P. aeruginosaseveral chaperones have been described.

4.5.1 Class | chaperones
SpcU

SpcU, specifid®. aeruginosachaperone for ExoU, is encodeddpcUand is a small 15-kDa
acidic protein that possessed a leucine-rich nastsiociated with the Syc family of cytosolic
chaperones for th€ersiniaYops. The association of ExoU and SpcU requiretharacids 3
to 123 of ExoU. InP. aeruginosaExoU and SpcU are coordinately expressed as aroop

that is controlled at the transcriptional levelExsA (Finck-Barbancoet al, 1998).

Orfl, Pcr2 and YscB

SycE/YerA, SycN and YscBf Yersiniaspp., homologous to Orfl, Pcr2 and YscBRof
aeruginosarespectively (Table 1), are known type three semrehaperones (Wattiaet al,
1993; Day and Plano, 1998) and the structure oESyas been determined (Birtalan and
Ghosh, 2001). However, up to date, no experimeddtd is available about the function of

Orfl, Pcr2 and YscB.

4.5.2 Class Il chaperones
PcrH, chaperone of the translocators PopB and Ppeiorms a critical function in ensuring

the assembly of a functional type Ill secretiomslacon (Bromet al, 2003). In the absence

of PcrH, P. aeruginosais translocation deficient because of a specigduction in
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presecretory stability and subsequent secretidhopB and PopD. PcrH exerts its chaperone
function by binding directly to PopB and PopD. Recstudy showed that tetratricopeptide
repeats of PcrH is essential for its activity tosgathe translocators and subsequently for the
translocation of exoenzymes into host cells (Bretasl, 2006).

However, unlike the regulatory roles of other cldsshaperones, for instance LcrH of
Yersiniaspecies (Francist al, 2001; Andersoret al, 2002), SicA ofSalmonella enterica
(Darwin and Miller, 2001), and IpgC dbhigella species (Mavriset al, 2002),in vitro
regulation ofP. aeruginosaype Il secretion does not involve PcrH.

It seems that PcrH is th®na fidechaperone, becaue the role of chaperones in gludateon

of transcription might not correspond to that otleperone that, by definition, does not
participate in the final function of its substraldwus, it remains to be determined whether or
not the class Il chaperones act as co-activatoes athaperones of transcriptional activator;
that is, whether or not they are associated witlivaors unpon transcription activation

(Parsotet al, 2003).

4.5.3 Class lll chaperones
® PsckE and PscG, were demonstrated to be chaperondds¢F, which is the main

component of the needle Bf aeruginosal TSA (Quinaudget al, 2005). PscE and PscG
are absolutely essential for PscF functionalityivo becauseP. aeruginosaPscE and
PscG knockout strains both lack PscF and are caesdg non-cytotoxic. PscE and
PscG trap PscF in a ternary, 1:1:1 complex andlifutfles of preventing premature
polymerization of PscF, needle-forming subunithwitthe cytoplasm and maintaining it
in a secretion-prone conformation (Quinaetal., 2005).

® ExsC, has the biochemical characteristics of a tiljpee secretion chaperone, including
low molecular mass (16.3 kDa), an acidic isoeleqioint (4.6) and a predicted carboxy-
terminal amphipathic alpha-helix (Dasgupté al, 2004). Two independent groups
showed that ExsC interact with ExXSE, a secretedllagny of P. aeruginosaTTSS
(Rietschet al, 2005; Urbanowsket al, 2005). ExsC is required for efficient secretain

ExsE and increase the stability of cytoplasmic E{dEbanowskiet al, 2005).
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4.6 Type lll secretion signals
Type three secretion effectors normally produceaty species of bacterium can apparently

be secreted by other bacteria with different TTS#gesting that all the different TTSSs use
a common mechanism for substrate recognition armlesen (Corneliset al, 2003).

However, substrates of TTSSs lack a single, defssaetion signal and there is evidence for
the existence of three independent secretion sighat direct substrates for secretion through

the TTSA (Aldridge and Hughes, 2001).

4.6.1 The 5’ mRNA signal

Arguments supporting this hypothesis include,apfeshift mutations, which completely alter
its amino acid profile while largely maintaining inRNA sequence, introduced into trepE
and yopN comprising the first 15 codons yield a functiosaktretion signal (Anderson and
Schneewind, 1997). Such tolerance to frameshiftatiarts of the first 15 codons was
observed from other substrates from different oisas though it has limits (Ramamurthi and
Schneewind, 2003b; 2005); ii) Codons’ synonymoussstutions, which preserve the same
amino acid sequence but largely change its mMRNAeasce, abrogated the functionyapQ
minimal secretion signals (Ramamurthi and Schneg&w2602; 2003a).

To date, we have been unable to discern any comityoima yop mRNAs, either at the
sequence level or in predicted secondary structuvkgh could suggest a method of RNA

recognition by the secretion machinery.

4.6.2 The N-terminal amino acid signal

Curiously, the same arguments employed in favahes’ mRNA signal hypothesis can also
be used in support of the amino acid signal hymishr type Ill secretion and include, i)
synonymous substitutions at 17 nucleotide positigitisin codons 2-11 of yopE, resulting in
the same amino acid sequence and dramatically edamgcleic acid sequence, produced no
secretion defect (Lloyet al, 2001). Similar results have been obtained far mfinimal
secretion signal oBSalmonellatype Il protein InvJ (Russmanet al, 2002); ii) frameshift
mutations into the first 11 codons of yopE withire tcontext of the full-lengtlyopE open

reading frame (ORF) results in polypeptides thatparorly secreted (Lloyet al, 2001).
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Controversy between mRNA signal and N-terminal amicid signal seemed to be
explainable, as suggested by Ramamurthi and Schmég®amamurthi and Schneewind,
2003b). mRNA signal could be ‘bipartite’ and compadsof a ‘minimal secretion signal’
(codons 1-10), which does not tolerate frameshiftation or synonymous substitutions of
codons, and a ‘suppressor region’ (codons 11-t&lich increases the efficiency of secretion
and suppresses mutations in the minimal secreigyrals However, proteins with alternating
Ser-lle motif generate amphipathic sequences, wpioimote type Il secretion. These data
argued strongly that amino acid sequences at thermNini of certain Yops constituted a
poorly defined, possibly structural motif that ftioos as an independent secretion signal
(Lloyd et al, 2002). Computational analysis of 58 known tyfesubstrates revealed that

66% harbor predicted secretion signals (LIey@l, 2002).

4.6.3 Chaperone signal

Arguments supporting this point of view include,in) addition to the first secretion signal
located in the first 15 amino acids of YopE, a seteecretion signal is located downstream
between residues 15-100 of YopE and is only reasghby the type Ill machinery when it is
bound to its chaperone, SycE (Chestgal, 1997); ii) chaperone-effector complexes could
function as three-dimensional TTSS secretion sgyaald may endow a temporal secretion
hierarchy (Birtalaret al, 2002). However, only limited effectors have apérone (Feldman
and Cornelis, 2003). If chaperones are not esddntiaecognition of all effectors by the
TTSA, why should they be essential for any? Inigiiesting to note that all known type three
secretion translocators, which should be secreefdré the effectors, have a respective
chaperone. However, no evidence is available fowesarchized secretion of translocators
over effectors, or effectors that have a chapenwe those that do not have any (Pakgot

al., 2003).

4.6.4 Model for type three secretion signals
Although any one of these signals may be sufficfentsecretion, the presence of all three
signals (the 5° mRNA signal, the N-terminal amircddasignal and the chaperone signal ) may

boost the efficiency of protein secretion. Furtherej the increased dependency on one signal
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or another by a substrate may render a particuldisteate more or less sensitive to
mutagenesis of the RNA or protein sequence (Ranthmand Schneewind, 2003b). One
hypothesis proposes the presence of three didigoals that mediate efficient secretion of
type 1l secreted substrates (Karlinsetyal, 2000; Aldridge and Hughes, 2001). The first is
that some distinct property gbp mRNAs mediates the recruitment of translating sdjoes

to the TTSA. However, as it has been demonstrdiadthe mRNA signal must be translated
to be functional (Ramamurthi and Schneewind, 2002) second is that some property of the
amino acid sequence allows the nascent polypepgtdengage the secretion apparatus.
Finally, the cognate chaperone of the secretiorstsate binds to downstream amino acid
sequences and prevents the dislocation of the Mop the secretion channel.

No data about secretion signalHnaeruginosaype Ill secreted substate is available.

4.7 Posttranslational and/or cotranslational secrébn
Corresponding to N-terminal amino acid secretiognai of the TTSS, it has been

demonstrated that, sontghigella proteins are posttranslationally secreted, meatiege
proteins are presynthesized and stored beforetgeti@®lenardet al, 1994; Bahranet al,
1997). On the contrary, a 5° mRNA secretion sigfelors the cotranslational secretion,
meaning that the translation of secreted proteircdapled to its subsequent secretion
(Karlinseyet al, 2000). Up to date, the only reported case afaoslational secretion is seen
in Shigella(Pageet al, 2002).

Unpublished observations in our lab have shown EhaS/ExoT are presynthesized in the

bacterial cytoplasm before secretion.

5. Regulation of TTSSs
5.1 Environment stimuli

Pathogenic bacteria occupy very different infectifmti, for instance animal pathogen
Shigella spp. andSalmonellaspp. make an intracellular living after successfilasion,

whereasyersiniaspp.,P. aeruginosaand EPEC predominantly remain extracellular (Fsanc
et al, 2002; Nataro and Kaper, 1998). Therefore, dffiérstimuli could be used to up- or

down-regulate the expression of TTSS genes.
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5.1.1 Temperature

Most bacteria normally reside in the surroundingi@mment. However, on contact with an
animal host, these bacteria encounter an increasieir growth temperature to 37°C.
Temperature increase has long been known to indU&S gene expression (Table 2) in
Shigellaspp (Maurelliet al, 1984),Yersiniaspp (Gogueret al, 1984; Michielset al, 1990)
and EPEC (Rosenshiret al, 1996; Umanskiet al, 2002; Bustamantet al, 2001). In
Shigella on temperature increase to 37°C, an AraC-likesteptional activator, VirF,
activates VirB which subsequently activates the liwiA@’'SS gene expression (Dormetral.,
2001; Beloin et al, 2002). As DNA supercoiling is temperature-depard only at
temperatures below 32°C but not 37°C, H-NS, a nodlassociated protein, is able to bind to
and repress the promoter activity of VirF (Falcehal, 1998). Similarly, DNA topology has
been implicated in the temperature-dependent esioref TTSS genes ofersinia spp.,
EPEC and enterohemorrhadic coli (EHEC) (Corneliset al, 1991; Rohdest al, 1994;
1999). It is likely that these four pathogens ekhi® comparable physical basis for
thermoregulation that probably involves the acdsisi for target DNA to H-NS (Francist
al.,, 2002). In addition to temperature, osmolarityy pnd oxygen tension, have been
implicated to cause topological changes in localADstructure. Not surprisingly, these
environmental stimuli are all encountered by a pgém during infection of an animal

(Franciset al, 2002).

5.1.2 Divalent cations
Divalent cations can function as an extracelluignal to regulate virulence gene expression

(Garcia Vescovet al, 1996). InS. typhimuriuma two-component system PhoPQ senses the
different Md¢f* concentrations outside and inside the host celint@rsely regulate two
independent TTSSs: pathogenicity island | (SPIvihjch is important in ensuring initial
invasion, and SPI-2, which is important for intdader survival and proliferation (Groisman,
2001; Chamnongpadt al, 2003). InYersiniaspp. andP. aeruginosaTTSS gene expression

in vitro is induced in low calcium medium by adding calciahelator (Gogueet al, 1984;

Pollacket al, 1986; Michielset al, 1990; Yahr and Frank, 1994; Frank, 1997).
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TABLE 2. A summary of regulatory characteristics of TTSSs of several animal pathogens

P. aeruginosa| Yersinispp. | Shigellaspp. | Salmonellsspf | EPEC
Environmental stimuli
Temperature + + +
Divalent cations Ca ca’ Mg** ca’
Cell contact + + + +
Serum + + + +
Special factors + + + + +
Secreted regulator ExsE LcrQ (YscM) OspD1
AraC-like activator E | VirE (LcrF) | VirF HilD, HIilC, | PerA; GadX
XSA InvF, RtsA
Anti-activator ExsD, PtrA
Regulatory chaperone ExsC SycH, LcrHipgC SicA
SycN, YscB
Two-component system GacS/GacA| YsrS/YsrR CpxA/CpxR, | PhoP/PhoQ, EvgS/EvgA
RetS, LadsS, OmpR/EnvZ | BarA/SirA
SadARS
Quorum sensing RhlI/RhIR ? (Al-2; SdiA) Al-2; SdiA;
QseA
TTSA component YopN, TyeA,
LcrG, YopD
Others Vfr,  CyaB,| YMoA, TtsA | \/irB HilA | Ler, H-NS,
RsmA, RpoS, IHF, Fis ,
PsrA, TruA, IHF, Tgt, | CsrABC, PerC, BipA,
DsbA, HultT, GrlA, GrIR
FimL, PtB, MiaA, H- | DsbA, FliZ,
MexCD-OprJ,
MexEF-OprN NS, mxiE,| FadD, Fis,
Fis, H-NS, Hha,
HU, CpxA,
Lon, HilE,
PNPase,
pPPGPP,
NpnN

%See text for more detail§Salmonellaspp. pathogenicity island | (SPI-Ienteropathogeni€. coli master
transcriptional regulators activating directly fRiESS genes expression are bold and underlined.

5.1.3 Cell contact
The properties of type Ill-mediated translocatimlude (i) bacterial and eukaryotic cell

contact, (ii) the introduction of translocation f@ims into the eukaryotic plasma membrane,
and (iii) the formation of a pore or channel thrbughich bacterial effector proteins
translocate (Lee, 1997). Theersinia TTSS and effector proteins (Yops) serve as the
prototypical model of type lll-mediated intoxicatio(Cornelis and Wolf-Watz, 1997).
Bacterial contact with macrophages results in asmasup-regulation of effectoyop gene
expression and subsequent injection of effector ¥dpstrates through TTSA (Rosqwstal,

1994; Petterssonet al, 1996). Elegant studies involving immunoprecita,
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immunofluorescence, and localization of enzymevdgtihave shown that théersinia
effectors (YopE, YopH, YopM, and YpkA) are delivdralirectly into host cells from
adherent bacteria (Sory and Cornelis, 1994; Perssal, 1995; Hakanssort al, 1996;
Bolandet al, 1996). Host cell contact-dependent activationthef TTSS gene expression is
also observed ishigellaspp (Menarcet al, 1994; Wataraet al, 1995), EPEC (Rosenshine
et al, 1996) andP. aeruginosdVallis et al, 1999; Hornett al, 2000).

5.1.4 Serum

Serum is able to activate the TTSSStiigella(Menardet al,, 1994),Salmonella(Zierler and
Galan, 1995)Yersinia(Leeet al, 2001) andP. aeruginosgVallis et al, 1999, Hornett al,
2000).

5.1.5 Other factors

® In Yersiniaspp., growth in chemically defined media, for epdan Dulbecco's minimal
Eagle medium, does not lead to type Il secreteren under low-calcium conditions
(Leeet al, 2001). Two additional signalglutamate and hostserum, must be provided
with the chemically defined media to activate tyyeet Il pathway (Leet al, 2001).

® In Shigellaspp., a group of chemical compounds, includdamngo red Evans blue and
direct orange, are able to induce secretion of Ipa proteins bgtdria suspended in
phosphate-buffered saline. In addition, activatadnlpa secretion by Congo red was
observed with bacteria harvested throughouteygonential phaseof growth but not
with bacteria in the stationary phase (Bahrainal, 1997). The interaction of bacteria
with components of the extracellular matrix, sushfiaronectin, laminin or collagen
type 1V, can stimulate the release of Ipa effector pretéiWataraiet al, 1995).tRNA
modification is also required for the full expression of TTSSgs (Duranet al, 2000).

® In Salemonellaspp., studies showed that,ng¢utral pH, low oxygen tensionandhigh
osmolarity conditions, favors the maximal expression of TTg8es (Bajagt al, 1996);
i) rising concentration o&cetatein the distal ileum (small intestine) providesignal
for TTSS gene expression, whengropionate and butyrate, present in high

concentrations in the caecum and colon (large tin®s inhibit the expression of TTSS
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genes (Lawhoet al, 2002; Gantoigt al, 2006); iii) cationic antimicrobial peptides a
conserved and highly effective component of innatsunity, repress the TTSS genes
expression while activate other virulence regul@eder,et al, 2003); iv) expression of
Salmonellal TSS genes is repressed in the presenbédeo{Prouty and Gunn, 2000).

In EPEC, maximal type Ill secretion occurs undemnditons reminiscent of those in the
gastrointestinal tract, including the presence sofdium bicarbonate millimolar
concentration®f calcium andFe(NO3) (Kennyet al, 1997). The negative regulation of
TTSS gene expression was observed in the presehcammonium or in LB
(Bustamanteet al, 2001). Otherwise, differeqtH during the passage through the acidic
stomach to neutral small intestine determine thelroe not of the TTSS gene expression

(Shinet al, 2001; Francist al, 2002), see part 5.3 ‘AraC-like transcriptionetinzator’.

5.2 Secreted regulators

The principle of secreting an inhibitor originatesm the flagellar biosynthesis regulation. In

this case, expression of the late flagellar bidsgsis genes is repressed by FIgM, an anti-

sigma factor that binds to the flagellar biosynitiespecific sigma factor, sigma 28. Once the

basal body and hook of the flagellum have beenhggited, the anti-sigma factor is secreted

from the cell by means of the flagellum, freeingnsa 28, which then directs late flagellar

gene transcription (Chilcott and Hughes, 2000).

In Yersinia spp., repression of the TTSS gene expressionlisved when LcrQ in
Yersinia pseudotuberculosiand two LcrQ homologues, YscM1 and YscM2Yersinia
enterocoliti@, are secreted by the TTSA (Pettersebral, 1996; Stainieet al, 1997;
Wulff-Strobelet al, 2002; Cambronnet al, 2000; 2004).

In Shigellaspp., the expression of late TTSS effectors, ctiattdoy MxiE and IpgCa, is
not initiated until OspD1, anti-activator of Mxiks secreted by the TTSA (Parset,al,
2005).

In P. aeruginosa TTSS gene expression is activated when EXxsE, al snmibitor of
TTSS, is secreted through the opened type lll searehannel (Rietsclet al, 2005;
Urbanowskiet al, 2005).
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The underlying principle in all these systems ise $ame: a type lll secreted negative
regulator is at the top of the subsequent reguylatascade though the details of the regulation

appear to differ among the systems.

5.3 AraC-like transcriptional activators

AraC family, is known by virtue of their homology & 99 amino acid segment of AraC, the

first transcriptional activator described. ProtewfsAraC family contain two potentiak-

helix-turn-a-helix DNA binding motifs and regulate diverse gl functions, including

sugar catabolism, responses to stress, and viell@wallegost al, 1997; Martin and Rosner,

2001).

® In Yersinig VirF from Y. enterocolitica(Corneliset al, 1987), and LcrF fronY. pestis
(Yotheret al, 1986) andy. pseudotuberculosi@orsberg and Wolf-Watz, 1988), belong
to the AraC family. VirF acts as a key transcriptibactivator of the expression of TTSS
genes, such agop and yscA-L, by specially binding to the promoters of thesaeage
(Hueck, 1998). As discussed in part 5.1.1, Virlensy active at 37°C and its expression
is modulated by a histone-like protein calfédrsiniamodulator A (YmoA) (Corneligt
al., 1991).

® In S. flexnerj VirF is an AraC-like positive regulator of thecsadary regulatory gene
virB and the structural geniesA The product of thevirB gene in turn activates
transcription of the genes coding for the invasproteins, and for the TTSA which
promotes export of the invasion proteins to thetdyéal cell surface (Dormaet al,
2001).

® In S. typhimurium HIlD and HilC, two AraC/XylS family members, aciite both
indirectly, via HilA, and directly the TTSS gene pegssion (Schechtest al, 1999;
Akbar et al, 2003). InvF, a third AraC-like regulator encodsdthe first gene of the inv-
spa gene cluster, is required for the optimal esgpom of several genes encoding SPI1-
secreted proteins (Kanigd al, 1994; Darwin and Miller, 1999; Eichelberg andld®a
1999). RtsA, a fourth AraC-like regulator, increasxpression of the TTSS genes by

inducinghilA expression (Ellermeier and Slauch, 2003).
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In EPEC, which is a major cause of infantile diaehin a number of developing
countries and is the prototype of pathogenic bectirat cause attaching and effacing
(A/E) intestinal lesions (Nataro and Kaper, 19%8rA (Gomez-Duarte and Kaper, 1995;
Porteret al, 2004) and GadX (Shiet al, 2001), two members of the AraC/XyIR family
of bacterial transcriptional regulators, coordihateegulate the expression of acid
tolerance and TTSS genes, because in order to izelaor invade the intestinal
epithelium, EPEC must first overcome the hostilieliacenvironment encountered during
passage through the stomach (Franeisal, 2002). In acidic conditions such as in the
stomach, GadX (glutamate decarboxylases) activgestAB genes expressing acid
tolerance, but represses PerA (plasmid encodedategy activator of Ler (LEE encoded
regulator) that is required for the TTSS genes esgion (Melliest al, 2006), to ensure
survival. After entry into the duodenum, where isigel food contents are deacidified and
digested by pancreatic juice, GadX repressedAB and activates PerA to promote a
cascade of expression of TTSS genes, which arededcby a pathogenicity island
termed locus of enterocyte effacement (LEE) and raguired for the successful
colonization of the small intestine.

In P. aeruginosaAraC-like ExsA is the master activator for TTS&hg expression, see

below (6.1.1) for more details.

5.4 Regulatory chaperones

In Yersiniaspp., both chaperone LcrH and SycH play a rolthénregulation of TTSS
genes expression together with their substrate Yapid LcrQ/YscM respectively
(Andersoret al, 2002; Wulff-Strobeét al, 2002; Cambronnet al, 2000; 2004).

In S. flexnerj IpgC, chaperone of effectors IpaB and IpaC, bitmd$xiE and allows
MxIE to bind DNA target sites and activate late BIrgenes when IpgC has been
liberated after the secretion of its substratesvfidat al, 2002; Parsatt al, 2005).

In S. typhimuriumthe type Ill secretion chaperone SicA binds antivates InvF, a
regulator that is responsible for the transcriptidrihe SPI-1 type Ill secretion genes in
this organism (Darwin and Miller, 2001). This rdsmhplied a model whereby SicA is
bound to its secretion substrates, SipB and Sigien8. typhimuriumare not secreting.
When secretion is triggered, SipB and SipC aresparted out of the cell, freeing SicA
to bind InvF and induce transcription of TTSS gefiMiler, 2002).
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In P. aeruginosa ExsC, chaperone of secreted regulator ExsE, astan anti-anti-

activator in the regulation of TTSS genes expressee part 6.1.1 for more details.

5.5 Two-components regulatory system

Two-component system (TCS) is one of the most foreddal and widespread mechanisms of

signal perception/transduction in prokaryotes &poad to changes in their surroundings. A

canonical TCS consists of a histidine kinase sersut a cognate response regulator.

Signaling through TCS begins with the autophosplation of a sensor kinase at a conserved

histidine residue, usually in response to an egthalar signal. This phosphate is ultimately

the substrate of a phosphotransfer reaction torsetved aspartate residue in a cognate

response regulator domain/protein. Phosphorylatidaces a conformational change in the

regulatory domain that results in activation ofemsociated domain that effects the response

(Stocket al., 2000).

In Y. enterocolitica YsrS/YsrR (Walker and Miller, 2004), a putativ€$, is required
for the NaCl-dependent expression of Ysa TTSS, lwiscthe 2ndY. enterocoliticais
TTSS encoded by chromosomal DNA and have only begscted in vitro when cells are
cultured at 26°C in a high-NaCl medium (Haller let 2000).

In S. sonnei CpxA/CpxR is involved in regulation of TTSS geegpression through
posttranscriptional processing of the regulatoByia master regulator @higellaspp.
TTSS genes (Mitobet al, 2005). OmpR/EnvZ, another TCS, appears to meelTlaSS
genes expression according to environmental camdit{Bernardinet al, 1990).

In S. typhimuriumPhoP/PhoQ (Pegues al, 1995), represses the synthesipgHIIK
(PhoP-repressed gene) transcript, which, togetiterinavG, is required for the assembly
of TTSA (Kubori et al, 2000, Marlovitset al, 2004). In fact, PhoP/PhoQ control
prgHIJK expression indirectly by regulation of the expr@ssof HilA, which is the
master regulator of TTSS expression Salmonellaspp. (Bajajet al, 1995; 1996;
Eichelberg and Galan, 1999; Lostroh and Lee, 20BdnA/SirA, another two-component
sensor kinase and a response regulator, activat8s henes expression WaA and

hilC (Teplitskiet al, 2003).
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® In EPEC, upon activation of the EvgS/EvgA two-comat system, EvgA (the response
regulator) activates botlydeP and ydeO expression and that YdeP and YdeO act
conjointly, directly or indirectly repressing th&peession of TTSS genes (Nadkdral.,
2006).

® In P. aeruginosaseveral TCS play a role in the regulation of TTg&8e expression, see

below (6.2.1) for more details.

5.6 TTSA components

® TTSA plug
In Yersinia.spp., YopN, TyeA and SycN, together with YscB amtG, are considered
to form a plug of TTSA, which blocks Yop secretionthe presence of calcium vitro
or before contact with a eukaryotic call vivo, since in same conditions mutational
inactivation of any one of the five genes encodimgse proteins results in uncontrolled
secretion (Forsbergt al, 1991; Iriarteet al, 1998; Cheng and Schneewind, 2000;
Matson and Nilles, 2001; Gossal, 2004; Ferracaet al, 2004; 2005).

® Translocator
In Y. enterocolitica When YopD is associated with its cognate chaperborH, it
represses expression of type Il secretion-asstiaiRNAs (Andersoret al, 2002).
Secretion of YopD relieves this repression. Acaogtyi, ayopD deletion mutant results
in constitutive expression in this system, evethancontext of a mutation that inactivates
the secretion apparatus (Williams and Straley, 1998

® In P. aeruginosaa negative regulatory loop has been postulateddan the observation
that mutants in components of the secretion appar@iscN pscC or pcrD) fail to
accumulate type lll-related exoproducts in the plasm (Yahret al, 1996a; Vallist al,
1999; Hornekt al., 2000).

In these cases, the alternation of TTSS genes ssipreis probably due to structural defect of

TTSA, so it might not be appropriate to call th@3&A components as regulators.

5.7 Quorum sensing

Quorum sensing (QS), cell-to-cell communicatiorbacteria, involves producing, releasing,
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detecting, and responding to small hormone-like etwles termed autoinducers allowing
bacteria to monitor the environment and to altdraveor in a population density-dependent
manner in response to changes in the number aspiéaies present in a community (Waters
and Bassler, 2005).
® In Y. enterocolitica production of the Yop proteins in the wild typedain a QS
mutant is indistinguishable (Throgp al., 1995).
® In S. flexneri maximal expression of TTSS gene and maximal iagtdf TTSA occur
at high cell density. However, autoinducer 2 (A]-2)QS signaling molecule active in
late log phase of. flexneri does not influence TTSS gene expression (Day and
Maurelli, 2001).
® In EPEC, QS controls TTSS genes transcription aotejm secretion (Sperandet
al., 1999). Such known regulators include Al-2 (Spdra et al, 1999), SdiA
(Kanamaruet al.,, 2000), ark. coli homologue of QS regulators, and QseA, quorum-
sensingE. coli regulator A (Sperandiet al, 2002). QseA shares homology with
several hypotheticaP. aeruginosaproteins and PtxR, which positively regulates
exotoxin A (Hamoocet al, 1996).
® In P. aeruginosaQS has an important impact on the TTSS expressem part 6.2.3
for more details.
Taken together, expression of TTSS genes is céedrdby multicomponent regulatory
networks which integrate a diverse set of enviromadecues, probably to restrict the energy-
consuming expression of 20 or more proteins tactreect place and time only when they are
really needed (Hueck, 1998). Additional regulatfmgtors implicated in the expression of

TTSSs of several animal pathogens are listed ineT2b

6. Regulation of TTSS ofP. aeruginosa
The TTSS ofP. aeruginosais induced by at least three environmental sigifghr and

Frank, 1994; Frank, 1997; Vallist al, 1999, Hornefet al, 2000): i)in vivo contact with
eukaryotic host cells; iiln vitro removal of calcium from medium; iii) the preserafeserum
(due to the existance of type Ill secretion fagtevkich were recently identified as albumin

and casein (Kinet al, 2005). However, a subsetifaeruginosal TSA component, encoded
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by the operorexsDPscB-Land transcriptional activator ExsA, are consirely expressed,
indicating the existence of an expression hierarginyilar to the ordered assembly of the
highly related flagellar structure (Wolfgareg al, 2003). Such scenario may facilitate the
subsequent assembly and localization of additidi&A components for rapid secretion of
presynthesized or cotranslational proteins unde&33-inducing conditions.

TTSS ofP. aeruginosas tightly transcriptionally and posttranscriptadly regulated.

6.1 ExsA-dependent regulation
6.1.1 Regulatory operorexsCEBA
® ExsA, a member of the AraC family of transcriptibnegulators, exhibits 56% overall

amino acid identity to th¥ersiniaVirF/LcrF proteins (Frank, 1997). ExsA functiors a
central transcriptional regulator of TTSS becauss required for the expression of all
TTSS genes, including itself, by binding to the semsus sequence TXAAAAXA, which
is located approximately 51 or 52 bp upstream ef tlanscriptional start site of four
operons PscN-U popNpcrl234DR pcrGVHpopBD exsDpscB-L encoding the TTSA
and translocation machinery, the opeexsCEBA and the effector proteins (Hovey and
Frank, 1995). ExsA is constitutively expressed (iyahg et al, 2003), but little
information is available about this control.

® ExsC, a type three secretion chaperone of Exskfiins as an anti-anti-activator due to
the fact that ExsC binds to and sequesters theaatitiator, ExsD, under TTSS-inducing
conditions, thus freeing ExsA to activate the egpien of TTSS genes (Dasgugtaal.,
2004).

® ExsE, identified by two independent groups, is areted regulator of TTSS iPR.
aeruginosaRietschet al, 2005; Urbanowslket al, 2005). When the secretion channel is
closed, ExsE is complexed with its chaperone, Exs@e cytoplasm, and transcription
of the TTSS is repressed by sequestration of Exs&xsD. On the contrary, when the
secretion channel is opened, ExsE is secretedinpd&xsC free to interact with ExsD
and releasing ExsA, thereby allowing liberated ExsAactivate transcription of the

TTSS genes (Fig. 4).
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® exsB 39 gene of the operoexsCEBA is not translated. UntranslatezksB region

mediates either the stability or the translatioexsA(Goransoret al, 1997).
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FIG. 4. A model for the coupling of transcription with type Ill secretory activity in P. aeruginosa All
proteins except ExskE (E) and PcrV (V) are indicdbgdname. The type Il secretion apparatus is degic
spanning the inner membrane (IM) and outer memb¢@hé). Expression oéxoSunder inducing condition is
indicated by a wavy arrow. Reprinted from Rietstlal, 2005.

Exs

6.1.2 ExsD
ExsD was identified as the first negative regulagbP. aeruginosal TSS (McCawet al,

2002). Bacterial two-hybrid data indicated that Bxsteracts with the ExsA and functions as
an antiactivator to regulate the expression of TTggBes. ExsD is essential to prevent
inappropriate expression of TTSS genes in conditisach as in the absence of the

appropriate environmental cue for secretion or utants lacking a functional TTSA.

6.1.3 PtrA
PtrA, Pseudomonasype Ill repressor A, can repress TTSS genes egyme by inhibition of

the ExsA function through a direct binding. The megsion of PtrA is highly and specifically
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induced by high copper signal, for instance durihg infection of mouse burn wound,
through a CopR-CopS two-component regulatory systenshut down energy-expensive

TTSS (Haet al, 2004).

6.2 ExsA-independent regulation
6.2.1 Two-components regulatory system

® RetS regulator of exopolysaccharide and type Il stene(Goodmanet al, 2004;
Zolfagharet al, 2005), and RtsM, regulator of type Ill secret{baskowskiet al, 2004),
are the same protein identified independently bijedint groups. RetS, an unusual
hybrid two-component signaling protein with a senkimase domain followed by two
response regulator receiver domains in tandenggsired for expression of TTSS genes
and for repression of genes responsible for ex@paalsharide components of tie
aeruginosabiofilm matrix. Recent study also showed thatjrdaact phosphoacceptor site
within receiver domain 2, but not receiver domaijnisl absolutely required for RetS
activity, and periplasmic domain and phosphorylatdd receiver domain 1 may inhibit
RetS activation. Furthermore, RetS may serve asbatmte for another sensor kinase
(Laskowski and Kazmierczak, 2006).

® LadS, another hybrid sensor kinase, aBdcS/GacA a canonical TCS, together with
RetS, are all involved in reciprocal regulation ®TSS genes expression and
exopolysaccharide synthesis (Vengt al, 2006). Signals transduced by these three
sensor kinase proteins are hypothesized to ultignatentrol the levels of a small
regulatory RNA, RsmZ, which in turn regulates trexiprocal expression of genes
involved in TTSS and biofilm formation by titratirtge amount of free, or active RsmA
in the cell (Goodmaet al, 2004; Ventreet al, 2006; Burrowegt al, 2006). RsmA is a
global regulator, which appears to control gene@sgion at the posttranscriptional level
and positively regulates TTSS gene expression [isee6.2.4) (Heurlieret al, 2004,
Burrowes et al, 2005; Mulcahyet al, 2006). Such a system would allow fBr
aeruginosato switch between patterns of gene expression thatracterize acute
infection versus chronic colonization; however,hbtte signals that are sensed by this

system as well as the biochemical relationships/éeh these various regulators remain
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uncharacterized. It is possible that RetS and Lad$ respond to carbohydrates of host
or bacterial origin, because the periplasmic donodinoth proteins belongs to a class of
bacterial periplasmic sensor modules, 7TMR-DISME®DBich have been identified in a
variety of carbohydrates binding proteins (Vertal, 2006).

SadARS a three-component regulatory system, is comprisEd putative sensor
histidine kinase, SadS, and two response regulédadA and SadR. SadARS may either
promote or repress TTSS genes expression underatiff circumstances (Kuchreaal,
2005).

CopR-CopS a canonical TCS, can sense the copper streggydine infection of mouse
burn wound and induce the expression of PtrA ta slown energy-expensive TTSS

genes expression in such special conditionseir-éd, 2004).

Screening th®. aeruginosaggenome has led to the identification of 64 respargulators and

63 histidine kinases, as well as 16 atypical kiea@eodrigueet al, 2000). However, the

functions of the majority of these regulatory pmogehave not been established yet.

6.2.2 Metabolic factors

Mutants lacking pyruvate dehydrogenaaeeAor aceB, or a glucose transport regulator
(gltR) fail to induce the TTSS expression (Dachetial, 2002, Wolfganget al, 2003).

In the presence of histidine in the medium, exeesgptake and degradation of histidine
due to the overexpression of histidine utilizatgenes, for instanckutT, abolishes the
ability to induceexoSexpression and rends the bacteria non-cytotoxietghet al.,
2004). The cytotoxicity defect can be partially grgssed by an insertion abrA, gene
that encodes the sensor kinase of CbrAB two-commporegulatory system involved in
sensing and responding to a carbon-nitrogen imbalan

A dose-dependent upregulation of TTSS gene exressiseen with increasing NaCl
concentrations (Hornedt al, 2000). Increasing the concentration of salth@ medium
correlates with an increase in the percentage 0 tkat are able to inducexoS
expression. It seems thatoSexpression is in fact controlled by osmolarity dese salt
could be replaced by sucrose in these experimdaisthermore, one metabolite

controlling the TTSS expression might be derivedniracetyl-CoA (Rietsch and
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Mekalanos, 2006). Though induction @foSexpression by removal of calcium does not
work in minimal glucose media, addition of caseamatids but not just glutamate is

able to totally restore its induction (Rietsch amekalanos, 2006).

6.2.3 Quorum sensing
QS is crucial in the pathogenesis Rf aeruginosanfections and controls virulence factor

gene expression in the lungs of CF patients (Jahak 2005; Ericksoret al, 2002). The two
intimately linked QS systems iR. aeruginosainvolve an interaction between a small
diffusible molecule, an acylhomoserine lactone (AHind a transcriptional activator. Tlas
system (Gambello and Iglewski, 1991), consistshefttanscriptional activator LasR and the
AHL synthase Lasl, which directs the synthesis e3-bixo-dodecanoyl-homoserine lactone
(3-0x0-C12-HSL); thehl system (Latifiet al, 1995), consists of the transcriptional regulator
RhIR and the AHL synthase Rhll, which directs thlyatkesis of N-butanoyl-homoserine
lactone (C4-HSL). The third QS systemRnaeruginosanvolves a non-AHL-related signal,
2-heptyl-3-hydroxy-4-quinolone?. aeruginosaguinolone signal (PQS) (Pes#t al, 1999).
PQS adds a further level of complexity to the Q&voek and provides a link between tlas
andrhl systems. QS systemskn aeruginosaare hierarchically arranged with thees system
being on top of the signalling cascade and hava sbkewn to activate the expression of a
wide variety of virulence genes (Julasal, 2005).
® Expression of TTSS genes, except opemxsCEBA is negatively regulated by
RhII/RhIR, but not Lasl/LasR QS system (Hogaetital., 2004; Blevest al, 2005) as
well as by the stationary phase sigma factor Rpd&érdtet al, 2004). Although the
mechanism is unknown, it has been proposed thatSTWw8Buld not be necessary for
bacteria embedded in a biofilm during chronic itifat, as most bacterial cells will not
have any contact with the host cells.
® Analysis of 5 QS-deficient clinical isolates prothgeither no or very low level of AHL
signals showed that, only one isolate produced abfifiSS effector proteins ExoS and
ExoT, two isolates produced ExoT only, and twoases produced no effector proteins

(Schabeet al, 2004).
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6.2.4 Others

® RsmA, regulator of secondary metabolites, is a sRbIA-binding protein and bind to,
and affect the translation rate of target mRNAS§ rection that is further modulated by
one or more, small, untranslated competitive rdageyaRNAs (Heelet al, 2006). RsmA
plays an important role in the posttranscriptioregjulation of a number of virulence-
related genes iR. aeruginosgPessiet al, 2001; Heurlieret al, 2004; Burrowe®t al,
2005) and positively regulates TTSS genes expnesbyp controlling other TTSS
regulators (Mulcahyt al, 2006), becaussmAmutant results in decreased expression of
five positive regulators, including RetS, ExsA, ExLCyaB and Vfr, and one negative
regulator, ExsD (Mulcahet al, 2006), and increased production of QS signaHSA-
(Pessiet al, 2001) and multidrug resistance efflux pump Mex@brN (Burroweset al,
2006). All these effects, except that on ExsD, mRkeA a positive regulator of the
expression of TTSS genes.
RsmA is highly homologous (85% identity) &almonellaCsrA, which has been shown
to be a positive regulator of invasion genes amdpmnents of the TTSS (Lawhen al,
2003).

® A membrane-associated adenylcyclase (CyaB), reggen®r cAMP synthesis, and a
cAMP-binding CRP homologue called Vfr are showrbéorequired for the expression of
TTSS genes (Wolfganet al, 2003; Smitret al,, 2004; Loryet al, 2004). Modulation of
intracellular cAMP seems to be an important medrargontrolling TTSS expression.

® {ruA, gene encoding pseudouridinase enzyme, is reqtorethe expression of type Il
secretory genes. Pseudouridination of tRNAs is @sed to be critical for the translation
of TTSS genes or their regulators (Ad¢ral, 2004).

® dsbA gene encoding a periplasmic thiol/disulphide oraédiuctase affects expression of
multiple virulence factors, including TTSS genekisTis probably a non-specific effect
resulting from abnormal protein folding caused hy kack of disulphide bonds (K al.,
2003).

® FimL, homologous to the N-proximal domain of themgdex chemosensory protein
ChpA, regulates TTSS genes expression by interggetith Vfr-modulated pathways
(Whitchurchet al, 2005).
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® Overexpression of the MexCD-OprJ and MexEF-OprN,ltidnug resistance efflux
pumps, is associated with a reduction of TTSS gempsession. Since these pumps can
extrude a wide range of compounds belonging tee#fit structural family, it is possible
that intracellular signal needed for the activatednT TSS genes expression is extruded
(Linareset al.,, 2005).

The regulation of TTSS expressionHnaeruginosas briefly summarized in Fig. 5.
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FIG. 5. Regulation of TTSS expression irP. aeruginosa The expression of the operons encoding TTSS
regulators, apparatus, translocon and effectanader the control of the positive transcriptioredulator ExsA.
Other main factors implicated in the regulationTdfSS expression are indicated.
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INTRODUCTION

(Résumee en francais)
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1. P. aeruginosaet la mucoviscidose

P. aeruginosaconnue depuis longtemps sous le nonBdeillus pyocyaneusu agent du pus
bleu des plaies surinfectée, est un bacille a Gnaguatif se développant dans une large
gamme d’environnements différen®. aeruginosaest un pathogéne opportuniste capable
d’infecter un large spectre d’hétes: plante, animeiuhommes. Chez ’homme, cette bactérie
affecte particulierement les personnes immunodé&menles grands brilés et est la cause
principale de morbidité et mortalité des patientsiats de mucoviscidose.

La mucoviscidose, maladie héréditaire autosomiceessive, a pour origine la mutation
d’'une protéine membranaire appelé cystic fibrossmdmembrane conductance regulator
(CFTR) (Rommenset al, 1989; Riordaret al, 1989; Kerenet al, 1989), qui joue un réle
dans la régulation des échanges ioniques des exlavec le milieu extérieur. Sur le plan
pulmonaire, le disfonctionnement de cette protéprevoque un changement de la
composition ionique et une diminution de I'hydragatdu mucus bronchique. Ce mucus plus
visqueux perturbe le phénoméne de clairance @li@irconstitue un terrain plus propice a la
colonisation bactérienne.

Les patients atteints de mucoviscidose développeet infection pulmonaire chronique
conduisant a une destruction des tissus pulmopairées toxines bactériennes et le relargage
du contenu des granules des cellules phagocytélremodeéle de pathogénicité suggére deux
phases d’infection : I'invasion puis la persistanicers de I'invasion initiale du poumom,
aeruginosaexprime une grande quantité de facteurs de vicelareutralisant les défenses
immunitaires innées de I'héte. En suite, durargdeonde phase, une fois la zone colonisée, la
bactérie adhérerait a I'épithélium et adopteraipbénotype mucoide. Elle se développe alors
sous forme de micro-colonies entourées d'un biofilomposé notamment d'un
oligosaccharide et l'alginate. Sous cette forie,aeruginosaest plus résistante face aux
défenses de I'hote et aux antibiotiques. La cokltioa de la totalité des poumons se ferait
ensuite de proche en proche par essaimage d’indivildi biofilm et réactivation du cycle

d’invasion-persistance avec expression de factirgrulence.

2. Les facteurs de virulence d@. aeruginosa
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P. aeruginosgossede et utilise un vaste arsenal de factewswence agissant a différents
niveaux au cours de l'infection lui permettant devs/re de nombreux environnements et de
coloniser divers types d’hétes. Le systéme de seéarde type Il (SSTT) est un des facteurs
deP. aeruginosail fera I'objet d’'un paragraphe séparé.

Le lipopolysaccharide (LPS), couche externe de la membrane, est implidags les
interactions directes avec les hotes ainsi que @assmulation de la réponse inflammatoire.
Le LPS est composé de trois parties, i) I'antigbn@u polysaccharide-O, ii) le coeur
oligosaccharidique, et iii) la région du lipide Bantigéne-O, partie la plus distale, est la plus
variable et peut méme étre absent. La présence 'ahtigéne-O attaché au coeur
oligosaccharidique et au lipide A donne le phénetlipse du LPS, alors que la perte de
I'antigene-O aboutit au phénotype rugueux. Selorpiésence ou non l'antigene-O, les
souches d®. aeruginosaont plus ou moins résistantes a la phagocytaeg @Pal., 1996).
L'exotoxin A, la protéine la plus cytotoxique produite garaeruginosaest sécrété sous
forme d’une pro-toxine inactive et ensuite inteised dans la cellule cible par le récepteur a
I" a,-macroglobuline (Kounnast al, 1992). Cette interaction produit le clivage depko-
toxine. La partie active se fixe et ADP-ribosyle fecteur d’élongation E2 aboutissant a
I'inhibition de la synthese protéique eucaryotéda mort des cellules cibles (Iglewski and
Kabat, 1975; Perentes$ al, 1992).

L’alginate, des polymeres linéaires de haut poids moléculamastitués d'acide D-
mannuronique et d’acide L-guluronique, est un ekgazcharide jouant un réle majeur dans
le changement de phénotype He aeruginosaau cours de l'infection. La surproduction
d’'alginate rend P. aeruginosa mucoide et lui confere une résistance aux réponses
immunitaires de I'h6te ainsi qu’aux antibiotiquésctaket al, 2002).

Les phospholipases enzymes extracellulaires, sont capables d’hydeslydes glycero-
phospholipides et ainsi de déstabiliser la membeikilaire (Salyers and Witt, 19943.
aeruginosaproduit trois phospholipase C, qui peuvent hydsehya phosphatidylcholine, trés
abondante dans le surfactant pulmonaire (Keegl, 1988 ; Ostrofiet al, 1990 ; Barkeet
al., 2004). Au moins une phospholipase D et une piagmse A cytosolique sont aussi

produites paP. aeruginosgWildermanet al, 2001a ; Kirschnek and Gulbins, 2006).
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Les rhamnolipides biosurfactants glycolipidiques, peuvent inhibarfénction ciliaire de
I'épithélium respiratoire humain et se trouver ddes crachats des patients atteints de
mucoviscidose (Hastiet al, 1986; Kownatzkiet al, 1987). Cependant, le rle exact des
rhamnolipides dans les infections aigués ou chrersgeste obscur.

Les protéasesqui agissent sur un grand nombre de protéines l@ddastine, un composant
majeur du tissu pulmonaire, sont impliqguées dansdsion tissulaire (Cowebt al, 2003).

P. aeruginosgpeut produire quatre protéases majeures, y corhpsB (Bever and Iglewski,
1988), lasA (Olson JC and Ohman DE, 1992), AprA ket al, 1990) et protéase IV
(Wildermanet al, 2001b). Il semble que I'ensemble de ces 4 pse®aarmonise l'invasion
tissulaire (Matsumotet al, 2004).

Les pili, situées sur la membrane externe, sont des stegdilamenteuses et sont importants
pour I'adhésion aux cellules cibles (Woagtsal, 1980). Les pili interviennent aussi dans une
mobilité de type ‘twiching’ (déplacement sur desfaces) et dans le développement du
biofilm (O'Toole and Kolter, 1998; Mattiokt al, 2002).

Le flagelle, organelle de mobilité, est constituée de troiagiypales parties, le filament, le
crochet et le corps basal (Fig. 2). Des travauxnsodéle murin montrent clairement qu’un
mutant dépourvu de flagelle est atténué dans sdewtce (Drake and Montie, 1988). Le
flagelle est aussi impliqgué dans le développemenbidfiim (O'Toole and Kolter, 1998 ;

Mattick et al, 2002).

3. Les différents systemes de sécrétion bactériens

La sécrétion des facteurs de virulence est réalig@ee a différents mécanismes qui
permettent le transport actif de protéines a tsales membranes bactériennes. On pourrait
diviser les différents systemes de sécrétion erx dgaupes selon l'utilisation ou non du
systéemeseG qui transporte des protéines contenant une séquilrterminale clivable du

cytoplasme vers I'espace périplasmique (Econom@29)L

3.1 La sécrétionsecdépendante
Le systeme de sécrétion de type Ila mieux connue des voies de sécrétion, s'effeetue

deux étapes. La premiére étape consiste en urpbdrdes protéines du cytoplasme vers le
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périplasme par le systensec La deuxiéme étape correspond a I'exportation iemilieu
extérieur a travers la membrane externe par ure différente de la premiéere. L'exemple le
plus étudié est la sécrétion de pullulanasekpetsiella oxytocdFig. 1). CheZ. aeruginosa

le systéme de sécrétion de type Il, également appegh, est impliqué dans la sécrétion de
nombreuses enzymes et toxines, telles que I'émstbexotoxine A, la lipase, les
phospholipases ou la phosphatase alcaline (Fikbak, 1990; 1998).

L’autotransporteur , lui-méme contenant non seulement la séquencanrale clivable
mais aussi l'information pour le passage a travarsnembrane externe, peut passer la
membrane externe par lui-méme (Kostakietial., 2005) (Fig. 1). Che®. aeruginosa
I'estérase EstA a été identifiée comme autotratespo(\Wilhelmet al, 1999) et deux autres
homologues ont été proposés (btaal, 2003).

Le systeme de sécrétion chaperonne/ushedédié a I'assemblage et la sécrétion de pili,
réalise son rbéle en harmonisant la fonction der@pmsants: une chaperonne et une protéine
membranaire, ‘usher’. L’exemple le plus étudiélestsemblage les pili de type | p&r coli
(Fig. 1). ChezP. aeruginosace systeme, appelé Cup, est impliqué dans laafkbom du

biofilm & la phase initiale (Valledt al, 2001).

3.2 La sécrétionsecindépendante

Systeme de sécrétion de type, laussi appelé ABC-transporteur, permet le trarisger
protéines directement du cytoplasme vers le mibeiérieur (Binetkt al, 1997). Ce systeme
est constitué 3 complexes protéiques: une protirteansport avec une activité ATPase dans
la membrane interne, une protéine formant un pars ¢ membrane externe, et une protéine
liant les deux premieres (Fig. 1). Chezaeruginosala protéase alcaline est sécrétée par le
systéme de sécrétion de type | ( Guetal, 1991).

Systeme de sécrétion de type I\Mabsent cheP. aeruginosaest capable de transporter une
grande variété de substrats, y compris protéin®$A [t de complexes nucléoprotéiques.
L’exemple le plus étudié est la sécrétion de fragm& du plasmide Ti (T-DNA)

d’ Agrobacterium tumefacier{€ascales and Christie, 2003) (Fig. 1).

Systeme de sécrétion de type lllpar sa composition et son fonctionnement, egilus

complexe des systemes de sécrétion bactériens cehest présent dans de nombreux genres
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de bacilles a Gram négatif donYersinia Salmonella Shigella les Escherichia
entéropathogenesgtc (Hueck, 1998). La sécrétion de type Il est indéfaarte du systeme
seG cependant son assemblage requiert probablemerdyséeme se¢ car plusieurs
composants possedent des séquences signal simgatelles trouvées dans le systésae
(Table 1). L'appareil de sécrétion de type Il esinposé de plus de vingtaine de protéines et
la plupart des protéines de la membrane internetsmmnologues aux protéines de I'appareil
de biosynthese du flagelle des bactéries Gram ifégfapositif (Table 1). Activé par le
contact avec la cellule eucaryote, ce systemeétié ch I'injection d’effecteurs directement
du cytoplasme de la bactérie dans le cytosol @ellale cible. Ces effecteurs ont pour effets
la mort cellulaire ou le dysfonctionnement de ldlube en détruisant la membrane, en
perturbant les cascades de transduction des sigoausn désorganisant le cytosquelette
(Hueck, 1998). lls permettent aux bactéries pathegéd’envahir les tissus de I'organisme
infecté ou de circonscrire ses défenses. Les SSdilisconservés au niveau structural entre
les bactéries a Gram négatif et présentent de gsasinilitudes avec le corps basal du

flagelle (Fig. 2) (Tampakalgat al, 2004).

4. Le systeme de sécrétion de type Il d@. aeruginosa

4.1 L’organisation génétique

A I'exception des génes codant les exotoxinesgé®es codant les protéines du SSTT sont
regroupés en clusters sur chromosome contraireenegenreYersiniapour lequel le SSTT
est situé sur un plasmide. lls sont organisés apéions. L'opéronexsCEBAcode les
principaux régulateurs du SSTT, les opépsaN-U popNpcr1234DRexsDpscB-Lcodent la
structure de l'appareil de sécrétion, permettantpdssage des effecteurs a travers les
membranes bactériennes, et I'opénperGVHpopBD code des protéines indiquées dans
I'appareil de translocation, permettant I'injectides effecteurs directement dans le cytosol de

la cellule cible eucaryote (Table 1) (Frank, 1997).

4.2 Effecteurs
Quatre effecteurs sécrétés par le SSTT sont caclre=P. aeruginosa ExoS, ExoT, ExoY

and ExoU. Toutes les souches ne possédent paesoeffecteurs (Feltmaat al, 2001).
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ExoS et ExoT sont des protéines bifonctionnelles qui partageso d’identité. Elles
possédent une activité GAP spécifique des petiatgipes G de la famille Rho ainsi que une
activité  ADP ribosyltransférase (a I'extremité Cnaténal) sur des substrats différents:
respectivement les protéines de la famille Ra&€rkl/Il pour ExoS et ExoT (Barbieri and
Sun, 2004). L’'activité ADP ribosyltransférase n'esttive qu’en présence d'une protéine
eucaryote, FAS (Factor activating exoenzyme S) (@olet al, 1991). Ces activités
perturbent la transduction des signaux intracehesa médiés par Ras par exemple, et
conduisent a la mort cellulaire ou au remodelageytiosquelette d’actine, induisant ainsi une
inhibition de la phagocytose ou un changement dg@hatogie des cellules.

ExoY est une adénylate cyclase qui présente des homslagec les adénylates cyclases de
Bordetella pertussigCyaA) etBacillus anthracis(EF). ExoY induit une augmentation de la
concentration en AMP cyclique et son activité néitesun ou des facteurs eucaryotes
inconnus (Yahr,et al, 1998). Bien que ExoY inhiberait I'internalisatidbactérienne en
perturbant le cytosquelette des cellules épittedidCowellet al, 2005), il aurait seulement
un réle mineur lors d’'une infection pulmonaire @d¥anceet al, 2005; Leeet al, 2005).

ExoU, l'effecteur le plus cytotoxique injecté par le .9Sde P. aeruginosa possede une
activité phospholipase de type PLA2 (Sataal, 2003). Il est associé a une lyse rapide des
cellules et une forte Iéthalité en modele murim¢kiBarbancoret al, 1997). Similaire aux
autres effecteurs, il a besoin d'une ou plusieursémes eucaryotes inconnues pour son

activité phospholipase (Satb al, 2005).

4.3 Chaperonnes

Plusieurs protéines seécrétées par SSTT requieeemrdsence de protéines cytosoliques
appelées chaperonnes. Les chaperonnes sont caeegdrar une petite taille (< 15 kDa), un
pl acide (<5), et en C-terminal une hélice alphalaihile capable de fixer leur substrat
protéique (Wattiaet al, 1994). Les genes codant ces chaperonnes sehtogénéralement a
proximité des génes codant les protéines qu’ellenf. Les chaperonnes ont des différents
réles importants, en particulier elles peuvent ity leurs partenaires (Page and Parsot,
2002; Parsotet al, 2003; Feldman and Cornelis, 2003). Les chap@®nmpourraient se
diviser en plusieurs groupes selon le type de pretgu’elles fixent (Page and Parsot, 2002;
Parsotet al, 2003). Plusieurs chaperonnes se trouvent BhaeruginosgTable 1).
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4.4 Signaux de sécrétion
Pour étre sécrétés, les effecteurs de SSTT dotvabbrd étre reconnus par I'appareil de

sécrétion. Trois différents types de signaux ogt@rbposés, y compris un 5° mRNA, une
séquence N-terminale et les chaperonnes (AndemsdnSahneewind, 1997; Cherq al,

1997; Lloydet al, 2001; 2002; Birtalaret al, 2002; Ramamurthi and Schneewind, 2002;
2003a; 2003b; 2005). L'existence de plusieurs aignde sécrétion pourraient rendre la
sécrétion plus efficace et déterminer la hiérarcl@da sécrétion, par exemple, les protéines
nécessaires a la formation de I'appareil de traasion devront étre sécrétées avant les

effecteurs par I'appareil de sécrétion.

5. La régulation de I'expression du SSTT cheR. aeruginosa

Le SSTT deP. aeruginosaest activén vivo lors du contact avec la cellule eucaryaneyitro
lors de la déplétion calcique dans le milieu deurel et la présence de sérum (Yahr and
Frank, 1994; Frank, 1997; Vallet al, 1999, Hornett al, 2000; Kimet al, 2005). Pourtant,
méme en absence des signaux d’activation, I'opérspscB-L(génes codant I'appareil de
sécrétion) etexsA le gene codant I'activateur transcriptionnel, ame faible expression
(Wolfganget al, 2003). En effet, 'ensemble des génes constitieaBSTT deP. aeruginosa
est sous le contréle d’'un facteur transcriptionB&kA, qui se trouve dans 'opérersCEBA
ExsA coordonne l'expression des génes de l'appadeil sécrétion, de I'appareil de
translocation et des effecteurs. Les réseaux delatdgn controlant I'activation du SSTT
agissent principalement sur I'expression ou l'at#ivd’ExsA, de facon directe ou indirecte.
Par conséquent, on peut distinguer deux types gldatéon: la régulation ExsA-dépendante

et la régulation ExsA-indépendante.

5.1 La régulation ExsA-dépendante

ExsA, homologue de VirF qui controle I'expression dulr$ShezYersinig est un membre
de famille des activateurs transcriptionnels deet@raC (Frank, 1997). Il posséde une
activité de fixation ADN de typea-hélice-toure-hélice’ et se fixe sur les promoteurs des
opérons codant les génes du SSTT au niveau degleersge consensus TXAAAAXA, a

environ 50 paires de base en amont du site diiutiade la transcription (Hovey and Frank,
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1995). ExsA active sa propre synthese en se figanie promoteur de I'opéroexsCEBA
créant ainsi une boucle de rétroaction positivee bnutation du génexsAconduisant a un
défaut d’expression ou une protéine non fonctidenabolit 'expression des génes du SSTT
et aboutit a une souche moins virulente. L’hypath&lkune bistabilité dans le niveau
d’expression de ExsA a été récemment proposéep(iFilet al, 2006).

ExsD, codé par le premiere géne de I'opéexsDpscB-Lest un anti-activateur du SSTT de
P. aeruginosaMcCaw et al, 2002). ExsD est capable de se fixer a ExsA iahier son
activite. Une surexpression d’ExsD induit une intidm du SSTT et son absence une
dérépression de I'operaxsCEBAet par conséquent de 'ensemble des genes du SSTT.
ExsC, codé par le premier gene de I'opéexsCEBAest un anti-anti-activateur du SSTT de
P. aeruginosgar sa capacité a inhiber l'activité de ExsD &érdant ExsA (Dasguptet al,
2004). De plus, ExsC pourrait étre la protéine ehapne d’ExsSE (Rietsclet al, 2005;
Urbanowskiet al., 2005).

EXsE, positionné au sommet de la cascade de régulegininée sur I'activité d’ExsA, est un
inhibiteur du SSTT d@. aeruginosdRietschet al, 2005; Urbanowsket al, 2005). En effet,
les quatre protéines ExsA, ExsD, ExsC et ExsE fatno@e cascade de régulation sous la
dépendance d’ExsA. ExsE, au sommet de cette casuaulge la transcription des genes du
SSTT avec l'activation de la sécrétion. En absetieetivation, le canal de sécrétion est
fermé, ExXsE est fixée a ExsC laissant ExsD jouerdlm d’inhibiteur en se fixant a ExsA.
Lors de la présence des signaux d'activation, pemgle la déplétion calcique, EXSE est
sécrété, ExsC libéré fixe alors ExsD et permet sAEXinduire la transcription des génes du
SSTT (Fig. 4). L'expression des genes du SSTT déitendre d’'un équilibre fin entre les
concentrations des différents constituants de ceteade.

PtrA, répresseur du SSTT &e aeruginosapourrait inhiber en s’y liant, I'activité d’Exsét
ainsi I'expression des genes du SSTT. PtrA lui-mésteinduit par la présence de cuivre en
concentration élevée, ainsi que cela est obsergéde I'infection secondaire & une brdlure

(Haet al, 2004).

5.2 La régulation ExsA-indépendante

D’autre facteurs, y compris i) les régulateurs aixdeomposants, par exemple RetS

59



Introduction

(Goodmaret al, 2004; Zolfaghaet al, 2005; Laskowsket al, 2004), LadS et GacS/GacA
(Ventre et al, 2006); ii) les facteurs métaboliques, par exemal pyruvate déhydrogénase
(PDH) (Dacheuwet al, 2002); iii) le quorum sensing, par exemple AR (Hogardtet al,
2004; Bleveset al, 2005); iv) les régulateurs globaux, par exemfie (Wolfgang et al,
2003); pourraient aussi étre impliqués dans laladigm de I'expression des génes du SSTT

chezP. aeruginosgFig. 5).

6. Objectif du travall
Les objectifs de ce travail sont d’'une part de daréser les protéines impliqguées dans la
régulation transcriptionnelle dsxsCEBAet, d’autre part d’identifier des signaux régulase

de type ‘quorum sensing’.
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1. Bacterial media
e Luria-Bertani Medium (LB medium)
o Tryptone (GibcoBRL, Paisley, Scotland) 10g
0 Yeast extract (GibcoBR1) 59

o NaCF(VWR International, Fontenay sous Bois, France)g 10

Add 1 liter of deionized KD from Millipore, ultra-pure water system (Millip@rSAS, Molsheim,
France). Shake until the solutes have dissolvedigathe pH to 7.0 with 10 N NaOH if necessary).
Autoclave at 121°C for 15 minutes. Sterile media loa stored at room temperature.

4f not indicated, the chemical reagents used ia #hidy were either from VWR International or
from Sigma, St. Louis, MO, USA.
* Vogel-Bonner (VB) minimal medium (Vogel and Bonn&®56)

0 D-(+)-Glucose (GH120¢) 459 (25mM)
o Citric acid (GHgO7.H20) 29 (9.5mM)
0 Sodium amnonium phosphate (Nadfd,.4H,0) 3.59 (16.7mM)

Add 980 ml of tap water (not deionized,®). Shake until the solutes have dissolved. Adjust
pH to 7.2 with 10 N NaOH ( ~ 3ml). Sterilize bytfdtion through a 0.2pM filter (Millex ® GP,
Cork, Ireland).

* LB agar plate

o Tryptone 10g
0 Yeast extract 59
o NaCl 10g
o Agar (GibcoBRL) 159

Add 1 liter of deionized kD. Shake until the solutes have dissolved (adhespH to 7.0 with 5 N
NaOH, if necessary). Autoclave at 121°C for 15 rteésuWhen the medium is recovered from the
autoclave, swirl it gently to distribute the meltadar evenly throughout the solution. Allow the
medium to cool to 50-60°C before adding appropreatébiotics (Table 3). Plates can then be
poured directly from the flask using about 20 ml mm&dium per 90-mm plate (Dominique
Dutscher, Brumath, France). When the medium hadeln@d completely, invert the plates and
store them at 4°C until needed (as fresh as pessibl more than 2 months). The plates should be
incubated at 37°C for 1 hour before they are used.

e Pseudomonaksolation Agar (PIA) plate
Suspend 45¢g of the PIA (Difco laboratories, DefrbiSA) powder in 1 liter of deionized,B
supplemented with 20 ml of glycerol. Prepare th& plate as described for LB agar plate.

TABLE 3. Antibiotic solutions

Stock solutiof Working concentration
Pseudomonas aeruging@HA  Escherichia coli
LB PIA plate LB/LB agar plate

Carbenicillin (Cb) 300 mg rifi 300 ug mt 600 pg mif

Gentamicin (Gm) 80 mg il 200 pg mf 400 pg mt 10/20 pg mt
Tetracycline (Td) 20 mg mtt 250 pug mit 250 pg mif 10/20 pg nif
Ampicillin (Amp) 100 mg mt* 100 pg mt
Kanamycin (Kana) 50 mg il 50 pug mif

Stock solutions of antibiotics dissolved in@ (except tetracycline here) should be sterilibgdfiltration
through a 0.22uM filter. Store antibiotic solutions at -20°C.

PTetracycline should be dissolved in ethanol and'tdoeed be sterilized. Store stock solution in figight
containers. Magnesium ions are antagonists of dgttime. Use media without magnesium saksg( LB
medium) for selection of bacterial resistant toaeycline.

2. Bacterial strains and plasmids
All bacterial strains and plasmids used in thiglgtare listed in Table 4.
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TABLE 4. Bacterial strains and plasmids used in ths study

Strains or plasmids Descriptibn Source
Strains
E. coli DH5a used for plasmid transformation Stratagene
E. coliBL21(DE3) used for recombinant protein production Stratagene
E. coliS17-1 used for mating constructs ift@eruginosa Simonet al., 1983
CHA mucoid CF isolate Toussainet al, 1993
NexsA exsA:Gm mutant of CHA Dacheuxet al, 1999
CHA (pClux) lux fusion withexsCEBApromoter intergrated at tlzétB site of the CHA chromosome  This study
CHA (pSluy lux fusion withexoSpromoter at thattB site of the CHA chromosome This study
ApsrA CHA containing an in-frame deletion of amino aclds194 ofpsrAORF This study
ApsrA(pClux) lux fusion withexsCEBApromoter at thattB site of theApsrAchromosome This study
ApsrA (pSluy lux fusion withexoSpromoter at thattB site of theApsrAchromosome This study
ArpoS CHA containing an in-frame deletion of amino acld207 ofrpoS ORF This study
ArpoS(pClux) lux fusion withexsCEBApromoter at thattB site of theArpoSchromosome This study
ApsrA(pPsrA) (pCluXy)  ApsrA(pCluy) complemented bgsrA This study
ApsrA(pPsrA) (pSluy  ApsrA(pSluy complemented bgsrA This study
ApsrA(pDD2) pCluy)  ApsrA(pClux) containing pDD2 vector This study
ApsrA(pDD2) ESIu®  ApsrA(pSluy containing pDD2 vector This study
Alasl CHA containing an in-frame deletion of amino acld$55 oflasl ORF This study
Alasl (pClux) lux fusion withexsCEBApromoter at thattB site of theAlasI chromosome This study
Arhll CHA containing an in-frame deletion of amino ac2fs201 ofrhll ORF This study
Arhll (pClux) lux fusion withexsCEBApromoter at thattB site of theArhll chromosome This study
Alasl rhll CHA containing two in-frame deletions of bdésl ORF andrhll ORF This study
Alasl rhll (pCluy lux fusion withexsCEBApromoter at thattB site of theAlasIrhll chromosome This study
AphnAB CHA containing an in-frame deletion of amino acid$30 and 1-172 ophnAand This study
phnBORF respectively
AphnAB(pClux) lux fusion withexsCEBApromoter at thattB site of theAphnABchromosome This study
AtrpA CHA containing an in-frame deletion of amino acds247 oftrpA ORF This study
AtrpA (pClux) lux fusion withexsCEBApromoter at thattB site of theAtrpA chromosome This study
AtrpA (pSluy lux fusion withexoSpromoter at thattB site of theAtrpA chromosome This study
AVIrA CHA containing an in-frame deletion of amino ac3¢-677 ofvirA ORF This study
AvirA (pClux lux fusion withexsCEBApromoter at thattB site of theAvirA chromosome This study
AvirA (pSluy lux fusion withexoSpromoter at thattB site of theA\virA chromosome This study
Plasmids
pTOPO Blunt end cloning vector, Ap Invitrogen
plApC pUCP20-derived vector containiegsCEBApromoter Dacheugt al, 2001
pDD2 pUCP20 derived vector containiagsAgene; Ap Dacheuxet al, 1999
pEX100Tlink Allelic replacement suicide vector; pb) Queneeet al, 2005
pUCGmlox pUC18-based vector containing #aeClgene flanked biox; Ap’, Gnl Queneeet al, 2005
pCM157 Cre recombinase;Tc Marx and Lidstrom,
2002
Mini-CTX-lux mini-CTX-lux ; Td Laskowskiet al, 2004
Mini-CTX-exsCp-lux ~ mini-CTX-lux containingexsCEBApromoter ; Tt Laskowskiet al, 2004
mini-CTX-exoSp-lux mini-CTX-lux containingexoSpromoter ; Tt Laskowskiet al,, 2004
pFLP2 Flp recombinase; AEb) Hoanget al, 1998
pUCP20 Escherichia-Pseudomonahuttle vector ; ACh') Westet al, 1994
puC18 ForPseudomonagenomic DNA cloning; Ap Yanisch-Perronet al,
1985
pexsAnd pUCP20-derived vector containing IPTG-inducibesA Ap'(Cl) Filoponet al, 2006
pppsrA pTOPO-derived vector containifpgrA promoter This study
ppfleQ pTOPO-derived vector containirfigQ promoter This study
pphpARec pET15b-derived vector containiplgpA Ap’ This study
ppsrA-Rec pET15b-derived vector containipgrA Ap” This study
pvfr-Rec pET15b-derived vector containiviig; Ap' This study
pPsrA pUCP20-derived vector containipgrA ORF as well as its promoter region;' &)  This study
pKO-psrA pEX100Tlink-derived vector containing up- and dewveam region ofpsrA and This study
Gmlox; Ag, Gnl
pKO-rpoS pEX100Tlink-derived vector containing up- and detvaam region offpoS and This study
Gmlox; Ag, Gnl
pKO-lasl PEX100Tlink-derived vector containing up- and detvaam regions ofasl and This study
Gmlox Ap", Gl
pKO-rhll pEX100Tlink-derived vector containing up- and detveam regions ofhll and This study
Gmlox Ap", Gl
pKO-phnAB pEX100Tlink-derived vector containing up- and detvaam regions ophnABand This study
Gmlox Ap', Gl
pKO-trpA pEX100Tlink-derived vector containing up- and dstveam regions ofrpA and This study
Gmlox Ap", Gl
pKO-virA pEX100Tlink-derived vector containing up- and detveam regions o¥irA and This study
Gmlox Ap", Gl

#Ap’, ampicillin resistance ; Gingentamicin resistance ; Ttetracycline resistance ; Clarbenicillin resistance; KO, knock
out.
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2.1 Strain construction

2.1.1 Strain containing chromosomal transcriptionalgene reporter

In order to study precisely the level of transaptof exsCEBAandexoSpromoters, we used
the system developped by Laskowsky and colleagoesonstruct transcriptional gene
reporter. In brief, the plasmids mini-CTe&sCp-luxand mini-CTXexoSp-luxwere mobilized
into Pseudomonastrain by mating and vector backbone sequences excised by Flp
recombinase as previously described (Fig. 6) (Hareg, 1998). Each reporter construct is
therefore present as a single, unmarked copy mtegrat the chromosomattB site
(Laskowskiet al., 2004).

feinsag Sacl
| e PAO Chromosome Notl
Kpnl-a—Sacl Spel
-2 R o A O Xbal Bankl
FRT anP FRT Pl
oriT mini-CTX1 EcoRI
. FRT EcoRV
it ori -t anp Hindlll
et Q Sall
o) Xhol
(7) Integrase-mediated recombination Apal
tRNASer FRT Kpnl
- ini-CTX1 Xbal
anB"p et . int p Sacl Kpnl anpg mint
e ori g OFIT_ 0} (5610 bp) .
& © - =T Tc' Integrant oril’
FRT FRT
L ] ori
A
@ Flp recombinase-mediated excision int
of unwanted plasmid sequences
(RNASET
S
atB'P ¢ S Kpnl g Integrated mini-CTX tet FRT
MCS and flanking I/ attP
FRT sequences [\
%MXE
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int 12838 UxB
n ux
atB"P P aup
CHA chromosome Y
FRT FRT // JuxA
pC ﬂ
luxD
lucC

FIG. 6. Construction of transcriptional gene repoter. Adapted from Hoang et al., 1998.

MATERIALS
-Bacterial strains
* P. aeruginosawild-type CHA
 E.coliS17-1
-Plasmids
*  mini-CTX-exsCp-luxa kind gift of Dr. Kazmierczak)
e mini-CTX-exoSp-luxa kind gift of Dr. Kazmierczak)

» pFLP2 (a kind gift of Pr. Schweizer)
Attention, genebank access N° for mini-CTi¢and pFLP2 are AF140579 and 048702, respectively.

-Agar plate
« LB (Tetracycline, 20 pg rif)
« PIA (Tetracycline, 250 pg i)
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«  PIA (Carbenicillin, 600 pg ri)
e LB without salt

METHOD
-Preparation oE.coli S17-1 containing mini-CTXxsCp-luxor mini-CTX-exoSp-lux
1. TransformE.coli S17-1 by mini-CTXexsCp-luxand mini-CTXexoSp-luxand select
in LB agar plate containing tetracycline (20 pg'jnl
-Mating betweerP. aeruginosawild-type CHA anckE.coli S17-1
2. Mix at 1:1 with 50ul of exponential phase (Qg = 0.5) CHA andE.coli S17-1.
Deposit the mixture on the surface of LB agar withgalt. Incubate the plate
overnight in the incubator at 37°C.
3. Transfer the bacteria into a microfuge tube comtgii ml of LB.
4. Spread 10Qul bacteria (O3 is from 1 to 2 ) on the PIA containing tetracyeli(250
ng mih). Incubate the plate overnight in the incubat87ZiC.
-Excision of vector backbone sequences by Flp réooase
5. Electroporate the mated bacteria with pFLP2. SedacPIA containing carbenicillin
(600 pg mt). Incubate the plate overnight in the incubat@B@#IC.
-Remove pFLP2 plasmid
6. Culture the bacteria (Gbin 2ml of LB without antibiotic overday. Inocutafgain in
2 ml of LB overnight. Repeat another overday aneronght.
7. Select the bacteria (T,cCb).
8. Verify the construct by EGTA activation test.
IMPORTANT : To obtain mutant containing p& and p3ux, we begin by mating CHA
(pClux) [or CHA (pSux)] with E. Coli S17-1 containing plasmid pKO-gene (Fig. 7), thouwghcan
also begin by mating mutant with Coli S17-1 containing gene reporterlpor pSux.

2.1.2 Mutants

Study of gene function is often carried out by tete genes in the strains of interest and
observing the phenotypic differences between thienpal and deleted strains. We usee

lox system developped in our lab combining the sacitgositive selection to construct
mutants (Fig. 7) (Queneet al, 2005). The advantage ofe-lox method is thatox-flanked
antibiotic marker gacCl, for gentamicin resistance) can be removed frbm lacterial
genome by site-specific recombinase encoded bgréhgene.

MATERIALS
-Plasmids

* PKO-gene(Table 4)
* pEX100Tlink @Hindlll) (Queneeet al, 2005 ).

This vector contains 1) the counterselectaaleBmarker, 2) arriT for conjugation-mediated plasmid
transfer and 3) multiple cloning sit€dacBgene allows for positive selection of the segriegatf true
mutants from the more fequently occuring merodigdoion medium containing 5% sucrose
(Levansucrase , encoded kgcB can produce toxic products from sucrose; mutavith simple
combination could not survive in the medium coritagrsucrose due to the preseseeB only mutants
with double combination could survive in the 5%rsise due to the lost shcB Schweizer and Hoang.

1995).
* pUCGmMmIox
« pCM157
-Bacteria strains
« CHA
e E.coliS17-1
-Agar plate
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* LB agar without salt

* PIA containing 5% sucrose
* PIA (Gnuo)

* PIA (Chsoo)

« PIA (TC250)

E’» gene —
| WT

4_

pPEX100Tlink
' lox lox

" aacCl II

CHA
Qgg_f\__ CHA (PClux

CHA (pSlu3

Qg I aacCl I ;f, )
Agene::Gnox (Gm' Cb*Sucrosg

cre recombinase l
(pPCM157)

E. coliS17-1
(pKO-gene)

Agene:tox (Tc")

SO ) :

Agene:tox

FIG. 7. Procedure for mutant construction (Also used to construct mutants containig gepenters).

METHOD
-Preparation oE.coli S17-1 containing plasmid pK@eneof interest (Fig. 7).

1. PCR upstream and downstream region (about 0.84).®kgene (to be deleted) by
using primer pairgeneUl-geneU2 andgeneD1-geneD2, respectively (Table 5).

2. Topo cloning, miniprep, verification by digestiondaDNA sequencing.

3. Ligate upgene downgeneinto plasmid pEX100Tlink (digested with appropeiat
enzymes, such dscoRL/Hindlll, Hindlll/BamHL andEcoRL/BamHL respectively) at
16°C, O.N. Transfornk.coli DH5a, select on the LA agar plate (Amap), miniprep to
obtain plasmid pEX100Tlink containing w@nedown-gene
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TABLE 5. Primer sequences used in this study

Primer Sequences* Description

psrAUl 5'-AGAATTC CGCCGTCGTCATTCGCCGA-3’ Amplification of upstream region flankingsrA
psrA-U2 5-TAAGCTT CCGCATCGAGAATGCGTTCG-3'

psrAD1 5-TAAGCTT GGTGATGCACCTGATGGTGC-3' Amplification of downstream region flankirngsrA
psrAD2 5-AGGATCCCATCGACAGCTCCCTCAATC-3

rpoSU1 5-TAGGATCCAGACCCTGAAAGGCGCC-3 Amplification of upstream remi flanking poS
rpoSuU2 5-AGAAGCTTCGCTGGGTTTTCTGGC -3’

rpoSD1 5-ATAAGCTTCTCGTCCAGCATGATGCC -3’ Amplification of downstrearagion flanking poS
rpoSD2 5-ATGAATTCGAAGACCTGCATCGCCG-3'

vir-R1 5'-ACATATGGTAGCTATTACCCACACA-3' Amplification of recombinan¥fr protein

vfr-R2 5-AGGATCCTCAGCGGGTGCCGAAGAC-3'

psrAR1 5-ACATATGGCCCAGTCGGAAACCG-3’ Amplification of recombinant Psprotein
psSrA-R2 5-AGGATCCTCAGGCCTTGGCGGGCGT-3

psrAC1 5'-AGAATTC ACTGGTGCGTCATCTGCCGC-3 Amplification of fragment containinggsrA ORF as well as its

promoter region
psSrA-C2 5-AGGATCCTCAGGCCTTGGCGGGCGT-3’

ppsrA-F 5-AGAATTCGGGGCGTCAGCTTCTGCAT-3' Amplification of fragment containingsrA promoter region
ppsrAR 5-AGAATTCAATGCGTTCGACGGTTTCCG-3’

pfleQ-F 5-AGAATTCCTACCAGATGTTCGGATAAGT-3’ Amplification of fragment containingf promoter region
pfleQR 5'-AGAATTCCGAATGGGTCTCGCTCGACC-3’

phpAl 5-ACATATGGAATTCCTTGTTAAAAGCGT-3’ Verification of AphpA

phpA2 5'-AGGATCCGGGTCACTTGGCCCGTTCC-3

psrA-l 5-ATGGCCCAGTCGGAAACCG-3’ Verification of ApsrA

psrA2 5-TCAGGCCTTGGCGGGCGT-3'

rpoS1l 5-GCGAGTTGGTCATCATCAAAC-3 Verification of ArpoS

rpoS2 5'-GCATCAAGTGCAAATACACCG-3'

lasl-Ul 5-ACGGATCCAAGTGGCTATGTCGCCG-3’ Amplification of upstream remi flankinglasl
lasl-U2 5-ACAAGCTTCCGGACCCTTGCTAGGC-3’

lasl-D1 5-AGAAGCTTGGCCTGGACGTATCGCG-3' Amplification of downstreamgien flankinglasl
lasl-D2 5-GGGAATTCTCAGCCTGCCC-3’

rhll-Ul 5-TATCTAGACGCGGTGCGCCGCAAGG-3’ Amplification of upstream regiflankingrhll
rhil-U2 5-ATAAGCTTGCTCGGCGATCATGGCG-3

rhll-D1 5-ATAAGCTTGCGTCATCGGGCGTTCC-3' Amplification of downstreangien flankingrhll
rhil-D2 5'-CAGAGCTCTGTCCGGAAATCCTCATGC-3’

phnABU1 5-ATGGATCCATGTTGAACCACGGTGTCC-3’ Amplification of upstreamgen flankingphnAB
phnABU2 5-ATAAGCTTTCGCCGCAATGGATGTCC-3

phnABD1 5-ATAAGCTTGATTCTCACCACCCACGG-3’ Amplification of downstreanegion flankingphnAB
phnABD2 5-ATGAATTCGGGAACTGACGATTGCAG-3’

trpA-Ul 5-AGAATTCTCAGATCAGCTCGTGGCGG-3’ Amplification of upstreamgien flankingtrpA
trpA-U2 5-TAAGCTTCAGGCGGTCAAGGATGTCCT-3'

trpA-D1 5-TAAGCTTCCAGGGAAGACGCGTAGT-3 Amplification of downstreanegion flankingtrpA
trpA-D2 5-TGGATCOGCACAAGATCAACAACTGC-3’

VirA-U1l 5-AGGATCCCACACCGATGCAGAAGACCG-3’ Amplification of upstreanmegion flankingvirA
VirA-U2 5-TAAGCTTGTCGTGGAGATAGTCGCGAT-3’

VirA-D1 5-TAAGCTTAAGGGCGTGGGCAAGGGCAC-3 Amplification of downstrearagion flankingvirA
VirA-D2 5-AGAATTCTGTACCCATGCCTCGACCCT-3’

lasl-1 5'-GTGGATGCTCAAGAAGGACTAC-3’ Verification of Alasl

lasl-2 5-CTGATCGGCAACCTTACCC-3'

rhil-1 5'-CGCGGCGCTGGGTCTCATC-3’ Verification of Arhll

rhil-2 5-GTAACCGCCCTCTTCCGTGCGG-3

phnAB1 5-GATTCTCTCCCGCCAGGCG-3’ Verification of AphnAB

phnAB-2 5-CCATCGACGAGGAACTGAAG-3’

trpA-1 5-TCAGCGTGCGTTGCGCACGC-3’ Verification of AtrpA

trpA-2 5'-AAGCATGAGCCGCCTGCAGA-3’

VirA-1 5-GTCGCGGATATTCTTCGGCG-3’ Verification of AvirA

VirA-2 5-TTGCCGATCTCCGAGTGGAT-3’

trpA-C1 5-AGGATCCATGAGCCGCCTGCAGACCCG-3 Amplification of completepA ORF for complementation
trpA-C2 5-TAAGCTTCAGCGTGCGTTGCGCACGC-3

aacC1F 5-ATGTTACGCAGCAGCAACGA-3 Amplification ofaacC1probe for southern blot

aacCIR 5-CAAGTTCCCGAGGTAATCGG-3

* Restriction enzyme sites are underlined

4. Ligate Gmox (digested from plasmid pUCGmlox Byindlll) into Hindlll digested
PEX100Tlink containing ugrenedowngeneat 16°C, O.N. Transform the ligate into
E.coli DH5a and select on the LA agar plate (@MRmpigg). Miniprep to obtain
plasmid pK@ene(pEX100Tlink-upgeneGmlox-down-geneg.
5. Transform pK@ene(pEX100Tlink-upgeneGmlox-down-geng into E.coli S17-1.
-Mating between CHA/CHAMACIuX/CHA (pSlu® andE.coli S17-1 (pKOgeng
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6. Mix at 1:1 of 50ul exponential phase (OD6G90.5) CHA andE.coli S17-1 (pKO-
gene). Deposit the mixture on the surface of LBragéhout salt. Incubate the plate
overnight in the incubator at 37°C.

Transfer the bacteria into a microfuge tube coitgii ml of LB.

Spread 10@ul bacteria (ORyois from 1 to 2 ) on the PIA (Gs). Overnight, 37°C.
Inoculate 50 colonies on the PIA containing 5% eser Overnight, 37°C.

In theory, only mutants with double combinatiorulcbsurvive in the presence of 5% sucrose, but in
fact all mutants survive after overnight’s incubat{with different size of the colonies).

10.Re-inoculate these 50 colonies on the PIA (g)ras well as PIA (Cho). Overnight,
37°C.
11.Select colonies growing on the PIA(Ggd) but not on the PIA (Gl for further
verification by PCR.
-Excision of Gnhox by Cre recombinase
12.Electroporate the PCR confirmed colonies (&’ with plasmid pCM157 and select
on the PIA (Tegsg). Overnight, 37°C.
-Remove pCM157 plasmid
13. Culture the bacteria (T)cin 2ml of LB (without antibiotic) overday. Inoate again in
2 ml of LB overnight. Repeat another overday aneroight.
14.Select the bacteria (T,6GnT).
15. Verify the construct by PCR.

© o N

2.1.3 Complementation construct

A complemetation construct has to be constructemidirm that the phenotype of the mutant
is really due to the deletion of the gene but ngt tb the neighbouring genes that might be
affected by a polar effect of this deletion.

MATERIALS
-Primers
e psrACl
e psrAC2
-plasmid pUCP20
-Materials needed for PCR, agarose gel electrogisyr&opo cloning, Miniprep, digestion,
ligation and transformation.

METHOD
1. Carry out the PCR to produce a 782-bp fragmentasoing thepsrA open reading
frame (ORF) as well as 80 bp upstream encompasbkmgromoter region so that
psrAis under the transcriptional control of its owmoter.
2. Topo cloning, miniprep, verification by digestiondaDNA sequencing.
3. Digest and ligate this fragment inot pUCPHE2@RL-BamHL) to generate RsrA
4. Transform @srAinto strainApsrAby electroporation.

2.2 Strain maintenance, storage, recovery, culturand guantitation

MATERIALS
-Bacterial strains (Table 4)
-Bacterial media (Materials and Methods 1)
-Special equipments
» Protect Bacterial Preservers (TSC, Lancashire, UK)
* Nunc Cryo Tube, 1.0 ml (NordicCell, Copenhagen, idark)
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* Toothpick

» Disposable bacterial loop/spreader (VWR Internatipn

* 14 ml of polypropylene round-bottom tut#etton Dickinson labware, Meylan, Frahce
* Microbiological safety cabinet class Il (Claus Dantttumleback, Denmark)

* Incubator (Memmert, Schwabach, Germany)

» Bacterial shaker: Novotron platform shaker (TLSckland, New Zealand)

» Spectrophotometer: Uvikon 860 (UVK-LAB, Trappesaiice)

e -86°C ULT Freezer (Thermo Forma, Marietta, OH, USA)

» Autoclaver (Slli, Montpellier, France)

METHOD

» P.aeruginosaand E. coli strains were maintained on PIA plate and LB adatep
respectively with antibiotics as required (Table 3)

* P. aeruginosastrains were stored in Protect Bacterial Pressre¢r-80°C. Briefly,
scrape enougl. aeruginosafrom PIA palte and make a thich suspension in the
cryopreservation fluid. Invert intensely the tubedastand it for several minutes.
Withdraw as much as fluid as possible and stasie-80 °C.

* E. coli strains were stored at -80°C as 40% glycerol staokNunc Cryo Tube.
Briefly, add 0.5 ml of sterile 80 % glycerol (steed by autoclaving) to 0.5 ml of
E.coli culture in Nunc Cryo Tube. Mix well and freeze thature in ethanol-dry ice or
in liquid nitrogen. Transfer the tube to -80 °C fong-term storage. 15% glycerol
stock is proposed by Molecular Cloning (Sambroaot Rassell, 2001).

» To recover the bacteria, scrape the frozen sudh€e coli (Nunc Cryo Tube) or pick
a frozen bead oP. aeruginosaProtect Bacterial Preservers) with a sterile dxaak
spreader, and then immediately streak onto theaseirbf an LB agar plate or PIA
plate containing the appropriate antibiotics. Iretebthe plate overnight in the
incubator at 37°C.

» Bacterial culture was usually performed in 2 mlL& with a single colony picked
from an agar plate. Grow the bacteria overnigha shaker at 37°C with agitation of
260 rpm. Wash the overnight bacteria with LB andculate at 1:100 for another
culture. The volume of culture is best not morenthiaenth of that of the tube or the
flask to assure enough air needed for the growthebacteria.

» Bacterial growth level or quantity were estimategdbly optical density measuremnt at
600 nm (ORgo) using spectrophotometer. We consider that theee 6a10° P.
aeruginosan 1 ml of LB at an Oy of 1.

2.3 Bacterial transformation

Bacterial transformation is the process by whiclcté@al cells take up naked DNA

molecules. DNA do not enter bacteria under theimopower, but require assistance
traversing the outer and inner cell membranes amdaching an intracellular site where they
can be expressed and replicated. Bacteria whiclalaleeto uptake foreign DNA are called
‘competent’ and are obtained either from a comnaéurce or by treatment with calcium
chloride in the early log phase of growth. Transfation are carried either by chemical
method, heat-shock method or by physical methedttporation.

2.3.1 Chemical transformation oft.coli DH 5a by heat shock method

MATERIALS
-DNA: ligated mixture,or plasmid, or PCR produatdigested genomic DNAet al
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-Chemically competent DHb(Invitrogen)

-Thermomixer (Eppendorf, Hamburg, Germany) or aewhath preset to 42°C
-SOC medium (Invitrogen) or LB medium

-LB agar plate containing appropriate antibiotics

METHOD
1. Add 1-3pl of transforming DNA (up to 25 ng) in 5@ of competent DH&. Swirl the

tube gently several times to mix their content.ri@dd mix by pipetting up and down.
The DNA volume should not exceed 10 % of that ef¢cbmpetent cells.

Incubate on ice for 30 minutes.

Heat-shock the cells for 45 seconds at 42°C witksbaking.

Transfer immediately the tube to ice and allowdéks to cool for 1-2 minutes.
Add 250ul prewarmed SOC medium (or LB) and shake the tal35 &C for 1 hour.
Spread 2%l and 250ul of transformed cells onto the prewarmed selegbiates .
Incubate at 37°C overnight.

Nog,r~WN

2.3.2 Transformation of P. aeruginosaby electroporation (Enderle and Farwell, 1998)

MATERIALS

-Electroporation cuvettes (BTX San Diego, California,USA)

-ECM 399 pulse generator (BTX

-FreshP. aeruginosdrom PIA (storing the plate at 4°C lowers the sf@mmation efficiency)
-Disposable bacterial loop/spreader (VWR)

-Plasmid (1:10 diluted Miniprep inJ® or TE, 10 mM Tris-HCI, pH 8.0, 1mM EDTA)
-PIA plate containing appropriate antibiotic

-H,0 (sterile, distilled and deionized)

METHOD

1. Transfer the half loop of fresP. aeruginosato a 1.5 ml microcentrifuge tube
containing 1 ml of HO. Suspend the cells by pipetting up and down.

2. Centrifuge at 14 000 rpm for 1 min. Remove the sog@nt and resuspend the cells in
another 1 ml of KO. Vortex to make a homogenos mixture.

3. Repeat step 2 for three times. Suspend the celld jui of ice H,O (ODsqo is about 5,
so there would be about<11(® bacteria). Keep on ice.

4. Add 1-3 pl plasmid (10-30 ng) and mix well with the cell.cirbate on ice for 30
minutes.

5. Add the mixture in the cold electroporation cuvet0°C for 30 minutes) and pulse
the cuvette at 1800V in a ECM 399 pulse generadald immediately 1 ml of
prewarmed LB and shake at 37°C for 1 hour.

Cuvettes could be reused by rising inCHand ethanol, air-drying and treating with UV ligio
inactivate any DNA.

6. Spread 50ul and 500 ul of transformed cells onto the prewarmed PIA date

containing appropriate antibiotic.
Transformation efficiency is about 1 transformaet p& bacteria.
7. Incubate at 37°C overnight.
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2.4 Plasmid manipulation

2.4.1 Miniprep

Many methods have been developed to purify plasnfidsh bacteria. These methods
invariably involve three steps: growth of the baeleculture, harvesting and lysis of the
bacteria and purification of the plasmid DNA. QI&pr Miniprep System provides a fast,
simple, and cost-effective plasmid miniprep metfardroutine molecular biology laboratory
applications. QIAprep Spin Miniprep kit using a naicentrifuge is designed for purification
of up to 20ug of high-copy plasmid DNA from 1-5 ml of overnigtltures oft. coliin LB
medium.

MATERIALS

-1-5 ml of overnight cultures d&. coli

-QlAprep® Spin Miniprep kit (Qiagen, Courtaboeuf, France)

-Centrifuge (Eppendorf, Hamburg, Germany)
Relative centrifugal force (RCF)=1410° (rpm}r.
The symbolr represents the radial distance (mm) from the ceoftehe rotor to the point for which
RCF is required. This is generally equivalent g of the rotor. For example, rotor speed (rpm) = 80,
000 rpm and = 20 mm, RCF can be calculated as 142, 080 gthsigquation given above.

METHOD
All procedures were performed according to therutsions of the manual of the kit.

2.4.2 Restriction enzyme digestion

MATERIALS

-Restriction enzymes (Roche, Meylan, France ortlogen, Cergy pontoise, France)
-10 x buffer for Restriction enzymes (Roche or Invitrope

-Plasmids

-Thermomixer (Eppendorf, Hamburg, Germany) or aewhath preset to 37°C

METHOD
1. In a sterile 0.5 or 1.5 ml microfuge tube, mix:
* Plasmid 0.1-0.5g (1-5pl)
« Restriction enzymes (10 ™) 0.5l
» 10 x buffer for restriction enzymes Vi
« HO to total volume of 1l

One unit is defined as the amount of enzyme reduehydrolyze lug of ADNA to completion in 60
minutes in a total reaction volume of P} under optimal assay conditions (salt concerdratpH,
temperature). Digestion is generally performed veith-fold excess of enzyme whose volume should
not be more than 1 tenth of the total volume tacegale effects, such as star activity.

2. Incubate at 37°C for 2h (mix 1-2 times during theubation, centrifuge the tube if
necessary).
3. Check the digestion by agarose gel electropho(sses Materials and Methods 6).

2.4.3 DNA ligation

MATERIALS

-DNA (digested by same restriction enzyme(s) andfipd from agarose gel)
e Plasmid
* Insert DNA

-T4 DNA ligase (Invitrogen)
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T4 DNA ligase joins fragments of DNA with compagbtohesive termini as well as blunt ended DNA
fragments. DNA fragments with cohesive termini tenligated at 4°C overnight by the addition of 0t61
0.1 Weiss units of enzyme ppg DNA. Blunt-ended DNA fragment ligation is usuatigrried out at 16°C
with 1 to 2 Weiss units pgrg DNA. DNA ligase catalyzed the formation of a pblosdiester bond between
adjacent 3'-OH and 5-P termini. This phosphodiesiend-forming reaction requires ATP hydrolysiseTh
10 x incubation buffer provided in the kit containind R. Inorganic pyrophosphate and AMP are released
as by-products.

-10 x buffer for T4 DNA ligase (Invitrogen)

-Thermal cycler or a water bath preset to 16°C

METHOD
1. In a sterile 0.5 or 1.5 ml microfuge tube, mix:
* Plasmid 20-200 ngften use 0.1l of Miniprep)
* Insert DNA 3-fold molar excess (not mass)
» T4 DNA ligase lul
* 10x buffer for T4 DNA ligase Jul
* H0O to total volume of 1l

2. Incubate at 16°C overnight.
3. Carry out a transformatin or conserve it at -20°C .

2.4.4 Transformation
It was performed as described in Materials and Blt2.3.1 and 2.3.2.

2.4.5 DNA sequencing
It was performered at GENOME express, Meylan, Feabg delivering 1ug of plasmid.
(generally 1Qul of Miniprep).

2.4.6 Cloning in plasmid vectors

In principle, cloning in plasmid vectors is veryasghtforward. Closed circular plasmid DNA
is cleaved with one or two restriction enzymes hgatedin vitro to foreign DNA bearing
compatible termini. The products of the ligatioracon are then used to transform an
appropriate strain dE. coli. The resulting transformed colonies are screenddybridization,

by PCR or by digestion with restriction enzymesdientify those that carry the desired DNA
sequences. To generate a high yield of circulanmdxnants containing a single insert in a
predefined orientation, digestion with two residot enzymes is a good choice which is
known as directional cloning.

2.4.6.1 TOPO and PCR-Script cloning

MATERIALS
-PCR cloning kit
« Zero Blunf TOPQ PCR cloning kit (Invitrogen, San Diego, USA)

Zero Blunf TOPO® PCR cloning provides a highly efficient, 5 minytese-step cloning strategy for
the direct insertin of blunt-end PCR products getest by a proofreading polymerase (Pl) into a
plasmid vector (pCRBlunt II-TOPC).

« PCR-Script cloning kit (Stratagene, La Jolla, CA, USA)
-PCR product amplified bifu polymerase
-IPTG (for PCR-Script cloning)
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IPTG is a galactose analogue not recognize@pplactosidase. It is an inducer of the operoi.irCol..
IPTG can inducef-galactosidase genda¢z) expression allowing the selection of Lac+ recamabi
bacteria in X-Gal containing medium.
Make a 1M stock solution by dissolving IPTG in deited HO. Sterilize by filtration through a 0.22vV
filter (Millex® GP). Dispense the solution into 1-ml aliquots atwe them at -20°C. IPTG is generally used
at a 0.5-1mM concentration in LB medium. For LB ragkate, spread 50l of 10 mM IPTG and 5@l of
2% X-gal on the prewarmed plate 30 minutes befpreaxing transformeH. coli.

- X-Gal (for PCR-Script cloning)
X-Gal is ap-galactosidase chromogenic substrate. In the pceseff3-galactosidase, X-Gal is hydrolyzed
and yields a blue precipitate. X-Gal is used fa idhentification and selection @fgalactosidase producing
bacteria, they produce blue colonies on agar medium
Make a 2% (20 mg nl) stock solution by dissolving X-Gal in dimethylfoamide. Use a glass or
polypropylene tube. The tube containing the sofutghould be wrapped in aluminum foil to prevent
damage by light and should be stored at -20°G ftot necessary to sterilize X-Gal solutions biydtlon.
X-Gal is used at a 4fig mI* concentration.

-LB agar plate containing
« 50 pg mit kanamycin(for Topo cloning)
« 100pg mit ampicillin supplemented with IPTG and X-gfk PCR-Scrpit cloning)

METHOD
All procedures were performed according to therutsions of the manual of the kit.

2.4.6.2 Expressing cloning

MATERIALS
-DNA
* Plasmid, pET-15b (Novagen, Darmstadt, Germany)
This vector allows the expression from a T7 promatiethe gene of interest cloned in frame with a
sequence for poly His-tag used in immobilized meifdinity chromatography (IMAC) purification
prodecure.

* Gene phpA psrA vir) digested byNdd andBamH
-T4 DNA ligase and 1@ buffer (Invitrogen)
-Chemically competent DHb(Invitrogen)

-E. coliBL21 (DE3) (Novagen)

METHOD

1. Ligate pET-15b and insert DNA.

2. Transform the ligation mixture into DH5and select on LB agar plate containing
Ampioo

3. Miniprep, verify by digestion and DNA sequencing.

4. Transform the pET-15b-gene inko coli BL21 (DE3) as step 2 and select on LB agar
containing Ampoo. Miniprep, verify by digestion.

5. Small-scale expression of the target protein, seteNals and Methods 16.

2.4.6.3 Genomic DNA cloning

MATERIALS
-DNA

* Plasmid, 7.5ug pUC18

* 2.5ug genomic DNA of transposon insertion mutant
-Shrimp alkaline phosphatase (SAP) andXuffer (Invitrogen)
-T4 DNA ligase and 18 buffer
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-Chemically competent DHb(Invitrogen)
-E. coliBL21 (DE3) (Novagen, Darmstadt, Germany)

METHOD
1. Digest plasmid pUC18 and genomic DNA witist.
2. InactivatePst by heating to 65°C for 15 minutes.
3. Incubate SAP (1 unifig DNA) with restriciton-digested pUC18 at 37°C s to 60
minutes in 18 SAP buffer in a final volume of 30l.

After linearization with a single restriction enzgnthe pUC18 is dephosphorylated to reduce itstyabil
to recircularize during ligation and to increase gimoportion of recombinant clones.

Inactivate SAP by heating to 65°C for 15 minutes.

Use a 10ul of dephosphorylated pUC18 aliquot (2.ag) for ligation with 2.5ug

genomic DNA digested biyst in a 30pl volume.

6. Transform the ligation mixture into chemically coetgnt DH® and select on LB
agar plate containing Amg and Gm.

7. Miniprep, verify by digestion, southern blot and BNequencing.

a s

2.4.6.4 Other cloning

For example, in complementation test, gene wasedamo plasmid pUCP20, a shuttle vector
for E.coli and P.aeruginosathe procedure is similar as described beforeagdwncluding
digestion, ligation, transformation and verificatio

3. Preparation of genomic DNA fromP.aeruginosa

The standard way to remove proteins from nucleid aolutions is to extract first with
phenol:chloroform and then with chloroform. Thi®pedure takes advantage of the fact that
deproteinization is more efficient when two diffet@rganic solvents are used instead of one.
Although phenol denatures proteins efficiently,dibes not completely inhibit RNAase
activity, and it is a solvent for RNA molecules tltantain long tracts of poly(A). Both of
these problems can be circumvented by using a meixtiiphenol:chloroform:isoamyl alcohol
(25:24:1). The subsequent extraction with chlonmfasoamyl alcohol removes any lingering
traces of phenol from the nucleic acid preparation.

MATERIALS
-2 ml of overnight cultures d?.aeruginosa
-Buffers and solutions

« PBS
o NacCl 849
o KCI 0.2g

0 NaHPO 144¢g

0 KHPO, 0.24 ¢

Add 900ml of deionized HD. Shake until the solutes have dissolved. AdjastgH to 7.4 with
HCI. Add H,0 to 1 liter. Dispense the solution into aliquotsl sterilize them by autoclaving.

* Resuspension buffer

o 0.15M NaCl

o 0.1 MEDTA (pH 8.0)
 10% SDS

A 10 % SDS (w/v) should be prepared in deionize@® tdnd stored at room temperature. SDS is toxic, an
irritant, and poses a risk of severe damage teyes. Wear appropriate gloves.

e 5M Sodium perchlorate, NaCjO
* Phenol:chloroform:isoamyl alcohol (QBIOgene, Il France)
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* Chloroform:isoamyl alcohol (QBIOgene)
* 100% ethanol (VWR International)
« TE
0 10 mM Tris-HCI, pH8.0
o 1mMEDTA, pH8.0
-Special equipment
» Vortexer (Bioblock Scientific, lllkirch, France)
» Centrifuge (Eppendorf, Hamburg, Germany)
* Thermomixer (Eppendorf) or a water bath prese €6

METHOD
1. Collect 1.5 ml of overnigh cultures &faeruginosan LB and centrifuge for 2 min at
9,000 rpm.
2. Wash pelleted bacteria by adding 1.5 ml of PBSetoave alginate and centrifuge for
1 min at 9,000 rpm.
3. Resuspend pelleted bacteria in §i0resuspension buffer and then add 10A.0%
SDS to lysis the bacteria.
Mix gently and incubate at 60°C until the solutlmecomes clear (about 5 minutes).
Add 75pul 5M NaClO, and mix well to stop the lysis.
Add 675ul phenol:chloroform:isoamyl alcohol and mix thordgby vortexing for 1
min.
7. Centrifuge for 15 min at 14,000 rpm and collectemus phase (about 6Q0.
8. Repeat steps 6 through 7 (or just repeat steptfgie is visible protein contamination
in the collected aqueous phases.
9. Add an equal volume of chloroform:isoamyl alcohall mix well.
10. Centrifuge for 15 min at 14,000 rpm and collectemus phase (about 500.
11.Repeat step 10 if there is visible protein contatam.
12.Precipitate DNA by adding 2 volume of cold etha(dix well and see cotton-like
pellet).
13. Centrifuge for 15 min at 14,000 rpm at 4°C.
14.Discard the ethanol and wash the pellet by adding 4f 70% ethanol and 30% TE.
15. Centrifuge for 5 min at 14,000 rpm at 4°C.
16. Discard the supernatants and dry the pellet irathe
17.Dissolve the pellet by adding $0H,O and store them at -4°C.

o gk

4. Quantitation of nucleic acids

Two types of methods are widely used to measurani@unt of nucleic acid in a preparation.
If the sample is pure (i.e., without significant @mts of contaminants such as proteins,
phenol, agarose, or other nucleic acids), specttophetric measurement of the amount of
ultraviolet irradiation absorbed by the basesnspé¢ and accurte.

Sometimes there is not sufficent DNA (<250 ng'htb assay spectrophotometrically, or the
DNA may be heavily contaminated with other substanthat absorb ultraviolet irradiation
and therefore impede accurate analysis. A rapid wagstimate the amout of DNA in such
samples is to utilize the ultraviolet-induced flascence emitted by EB molecules intercalated
into the DNA. Because the amount of fluorescenqeaportional to the total mass of DNA,
the quantity of DNA in the sample can be estimdtgdomparing the fluorescent yield of the
sample with that of DNA molecular weight marker. Ale as 1-5 ng of DNA can be
detected by this method. This method is used tnaestt the amount of DNA digested by
restriction enzymes.
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MATERIALS
-DNA samples, such as genomic DNARBeruginosa
-Spectrophotometer (Beckman, B840, Fullerton, California, USA)

METHOD

Take readings at wavelength of 260 nm and 280 nhe feading at 260 mm allows
calculation of the concentration of nucleic acidtle sample. An OD of 1 corresponds to
approximately 5qug mI™* for double-stranded DNA, 4g mI* for single-stranded DNA and
RNA, and ~ 33ug mI* for single-stranded oligonucleotides.

The ratio between the readings at 260 nm and 28001Da;/OD.gg) provides an estimate of
the purity of the nucleic acid. Pure purificatiasfSDNA and RNA have ORyyOD.g, values

of 1.8 and 2.0 respectively. If there is contamoratvith protein or phenol, the QR/OD-g

will be significantly less than the values giveroad, and accurate quantitation of the amount
of nucleic acid will not be possible.

5. Polymerase chain reaction

Polymerase chain reaction (PCR$, a common method of creating copies of specific
fragments of DNA. PCR rapidlly amplifies a singleNB molecule into many billions of
molecules.

MATERIALS
-Template DNA.

The template can be a fragment of DNA, a prepanatib genomic DNA, a plasmid, or any other DNA-
containing sample. In the case of mammalian gend@Né@, up to 1.0pg of DNA is utilized per reaction, an
amount that contains ~8 10° copied of a single-copy autosomal gene. The tygin®unts of yeast, bacterial,
and plasmid DNAs used per reaction are 10 ng, aing,1 pg, respectively.

-Forward primer and reverse primer.

Each primer should be 20-30 nucleotides in lengtth ldave no significant homology with other sequenze
either strand of the target genome. G+C contentilgdhoe between 40 and 60%, with a balanced distabwof
all four bases along the length of the primer ataapropensity to form stable secondary structuREstriction
sites can be added to the 5’ termini of the priavedt these primer-specific restriction sites aradferred to the
termini of the target DNA during amplification @hould be sure that there is no primer-specifitrict®n sites
within amplified DNASs). Oligonucleotide primers cae synthesized on an automated DNA synthesizecand
generally be used in standard PCR without furtheifipation. It is recommended that primers be restituted
at concentrations greater thandd in TE (10 mM Tris-HCI, pH8.0; 1 mM EDTA pH 8.0nd stored at -20°C.
We stored all primers at concentration of 100 in H,O at -20°C. Typically 0.1-0.5M of each primer is used
and higher concentrations of primers favor mispmigmiwhich may lead to nonspecifi amplification. ACR
primers used in this study are listed in Table H. pkimers were designed on the basis of PAO1l genom
sequencehttp:www.pseudomonas.cprnd synthesizd by Invitrogen, Cergy pontoisenEea

-Thermostable DNA polymerase.

Taq DNA polymerase is the enzyme of choice for routimaplification of small segments of DNA. However,
when greater fidelity is required, other thermoktaDNA polymerase may have significant advantagds.
example, if the goal is to make faithful copiesaofjene, an enzyme with proofreading function isuireql,
whereas if the goal is to clone an amplified pradaa enzyme that generates blunt ends may bevaintabe,
Pfu polymerase is the choice in such case. Otherwisgstures of two or more DNA polymerases can
significantly increase yield and enhence amplifaat particularly of longer target DNAs.

* TagDNA polymerase (QBIOgene, lllkirch, France)

» Pfupolymerase (Promega, Madison, USA)
-Buffers and solutions.
All thermostable DNA polymerases require free divel cations, usually Mg for activity. Increasing the
concentration of M§ to 4.5 mM or 6 mM has been reported to decreasspezific priming in some cases and
to increase it in others. The optimal concentratérMg®* must therefore be determined empirically for each
combination of primers and template. Optimizati@n de achieved by comparing the yield obtained feom
series of ten PCRs containing concentration of Manging from 0.5 mM to 5.0 mM, in 0.5 mM incremenif
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possible, preparations of template DNA should nmitain significant amounts of chelating agents sash
EDTA or negatively charged ions, such as;P@hich can sequester ¥fg DMSO has been shown to facilitate
DNA strand separation (in GC rich difficult secongatructures) because it disrupts base pairinghesdbeen
shown to improve PCR efficiency (Sambrook and Riis2@01). Sometimes 5% DMSO was added in our PCR.

* 10x amplification buffer (QBIOgene)

» dNTP solution containing all four dNTPs (QBIOgene)
-Additional reagents
. Reagents needed for agarose gel electrophoresisigerials and Methods 6)
-Special equipment

* Microfuge tubes (0.25 ml or 0.5 ml)

« Thermal cycler (Mastercycl& Hamburg, Germany or MJ MiniCyciét, watertown,

USA)

If the thermal cycler is not equipped with a healied(for example, MJ MiniCyclé?), use either
mineral oil or parafin wax to prevent evaporatidnliquid from the reaction mixture during PCR. If
mineral oil was used to overlay the reaction, reenthe oil from the sample by extraction with 3H0
of chloroform for the purpose such as cloning.

* Equipment needed for agarose gel electrophoresis

METHOD
1. In a sterile 0.25 or 0.5 ml microfuge tube, mixtie following order:

* 10x amplification buffer qul
* 5 mM solution of four dNTPs @l
« 10pM (pmol pl™) forward primer il
« 10pM (pmol pl™) reverse primer al
« 5 unitpl™ thermostable DNA polymerase QuP
« HO 33-38ul
* Template DNA 1-5ul
» Total volume 5ql

TABLE 6. Standard reaction conditions for PCR
Mg~* KCI dNTPs  Primers DNA polymerase Template DNA

1.5mM 50 mM 200uM 0.1-1pM  1-5 units 1 pg to 1ug

®For bacterial colony PCR, pick colony with a steédibthpick and dab the toothpick into a microfuge
tube containing 10Qul water. Heat the tube at 95°C for 10 minutes &rugt the cells. Centrifuge at
6000g for 5 min and use the supernanant as termipidfe

2. Programming PCR
PCR is an iterative process, consisting of threenehts: denaturation of the template by heat, dimgea
of the oligonucleotide primers to the single-streshdarget sequence(s), and extension of the artheale
primers by a thermostable polymerase.
Double-stranded DNA templates denature at a tertyrerdahat is determined in part by their G+C
content. The higher the proportion of G+C, the kigtihe temperature required to separate the strands
of template DNA. 45 seconds at 94-95°C are recond@@rfor routine amplification of linear DNA
templates whose contents of G+C is 55% or lesshérfirst cycle of PCR, denaturation is sometimes
carried out for 5 minutes to increase the probgbthat long molecules of templae DNA are fully
denatured.
The temperature used for the annealing step (Tajtisal. If the annealing temperature is too hitite
primers anneal poorly to the template and the yaldmplified DNA is very low. If the annealing
temperature is too low, nonspecific annealing afmprs may occur, resulting in the amplification of
unwanted segments of DNA. Annealing is usuallyiedrout 3-5°C lower that the calculating melting
temperature at which the oligonucleotide primerssdtiate from their templates. The melting
temperature (Tm) of hybrids between oligonucleofidieners can be easily estimated using classical
equation: Tm (in °C)=2 (A+T) + 4 (G+C), where (A+1§ the sum of the A and T residues in the
oligonucleotide and (G+C) is the sum of G and Qdwess in the oligonucleotide.
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Extension of primers is carried out at or neardpémal temperature for DNA synthesis catalyzed by
the thermostable polymerase, which in the casd@aaf DNA polymerase is 72-78°C. Extension is
carried out for 1 minute for every 1000 bp of prodiéror the last cycle of PCR, an extension tina th
is generally three times longer than in the presioycles is used to allow completion of all amplifi
products.

The number of cycles required for amplification €legs on the number of copies of template DNA
present at the beginning of the reaction and tfieieficy of primer extension and amplification. At
least 25 cycles are required to achieve acceptatads| of amplification of single-copy target seques

in mammalian DNA templates.

3. Amplify the nucleic acids using the desired programexample listed below
* 94°C 5min
e 094°C 45sec
* 60°C 45sec
e 72°C 1 min (for 1 kb of length of the target DNA)
* repeat steps 2-4 for another 34 cycles
e 72°C 7 min
* 4°C up to overnight

6. Agarose Gel Electrophoresis

Electrophoresis through agarose gel lies near #zet lof molecular cloning and is used to
separate, identify, and purify DNA fragments. Thehnique is simple, rapid to perform, and
capable of separating fragments of DNA that canbetseparated adequately by other
procedures, such as density gradient centrifugakarthermore, the location of DNA within
the gel can be determined directly by staining witkv concentrations of fluorescent
intercalating dyes, such as ethidium bromide; bammgaining as little as 20 pg of double-
stranded DNA can be detected by direct examinatiothe gel in UV. If necessary, these
bands of DNA can be recovered from the gel and twred variety of purposes.

The two major classes of agaroses are standardssgarand low-melting temperature
agaroses whose melting teperatures are near 95f@hkaut 65°C respectively. Agarose gels
have a great range of separation. DNAs from 50dbpeteral megabases in length can be
separated on agarose gels of various concentramhsonfiguraions, see Table 7.

TABLE 7. Range of separation of DNA fragments throgh different types of agarose

Size range of DNA fragments separated by agaroses

Agarose (%) Standard Low melting temperature

0.5 700 bp to 25 kb

0.8 500 bp to 15 kb 800 bp to 10 kb

1.0 250 bp to 12 kb 400 bp to 8 kb

1.2 150 bp to 6 kb 300 bp to 7 kb

15 80 bp to 4 kb 200 bp to 4 kb

2.0 100 bp to 3 kb

3.0 50 bp to 1 kb

MATERIALS

-Agarose

. Standard agarose, (SeaK&&TG® agarose, Rockland, ME, USA)

. Low melting temperature agarose (NuS{&8&G® agarose, Rockland, ME, USA)
Agarose should be melted in the electrophoresifebthat provide electrical conductivity and buffey
capacity.

-Buffers and solutions
» Electrophoresis buffer, 59 TAE stock solution, per liter
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o Tris base 242 g (2 M)
o Glacial acetic acid 57.1 ml (2 M)
o EDTA (0.5M, pH 8.0) 100 ml (50 mM)

« EDTA (0.5M, pH 8.0)
Add 186.1g disodium ethylenediaminetetraacetatg?td 800 ml of deionized . Stir vigorously
and adjust the pH to 8.0 with NaOH (~20g of NaOHetg, the disodium salt of EDTA will not go into
solution until the pH of the solution is adjustem @pproximately 8.0). Dispense into aliquots and
sterilize by autoclaving.

« Ethidium bromide: 10 mg ritl(20,000%) (Sigma).
EB is a powerful mutagen and is toxic. Avoid bréaghthe dust. Wear appropriate gloves when
working with solutions that contain this dye. Spiecihandling and disposal procedures are
recommended by the laboratory.

* Gel-loading buffer: Blue/Orange>6loading dye (Promega, Madison, WI, USA).
Gel-loading buffers are mixed with the samples befoading into the slots of the gel. These buffers
serve three purposes: They increase the densttyeaample, ensuring that the DNA sinks evenly into
the well; they add color to the sample, therebypdifiying the loading process; and they contain dyes
that, in an electric field, move toward the anodepeedictable rates. Bromophenol blue migrates
through agarose gels run in &X5TAE at approximately the same rate as linear dosbhianded DNA
300 bp in length, whereas xylene cyanol FF migrategpproximately the same rate as linear double-
stranded DNA 4 kb in length.

-Nucleic acids and oligonucleotides
* DNA samples, such as PCR product, digested plasmids
« Molecular weight marker: 1 kb DNA ladder (100 mg") ( Promega)
-Special equipment
» Electrophoresis apparatus with chamber and comibi{Eet, San Diego, CA, USA)
* Gel-sealing tape
* Microwave oven (Bluesky, Meylan, France)
» Electrophoresis power supply device (Apelex, MaEsgnce)

* UV device (Bioblock Scientific, lllkirch, France)

UV light and/or UV radiation is dangerous and camdge the retina of the eyes. Never look at an
unshielded UV light source with naked eyes. Viewydhrough a filter or safety glasses that absatbntiul
wavelengths. Wear protective appropriate glovesnwiading materials under the UV light source.

* Imaging device (Vilber lourmat, Marne-La-VallegaRkce)

METHOD

1. Prepare sufficient electrophoresis buffer (8.FAE) to to cast the gel and fill the
electrophoresis tank.

2. Prepare a solution of agarose in 8.9AE at an appropriate concentration (usually
1% (w/v)) in an Erlenmeyer flask (the gel shoulddeéween 3 mm and 5 mm thick).

3. Heat the slurry in a microwave oven until the agardissolves and add EB to a final
concentration of 0.5ig mI'* when the molten gel has cooled (about 55°C).

4. Mix the gel solution thoroughly by gentle swirlimgpd pour the agarose solution into
the mold containing an appropriate comb for forntimg sample slots in the gel.

5. Allow the gel to set completely (30-45 minutes @m temperature) and mount the
gel in the electrophoresis tank.

6. Add electrophoresis buffer (without EB) to covee tiel to a depth of ~ 1 mm.

7. Mix the samples of DNA with & gel-loading buffer.

8. Load the DNA marker and the sample mixture intodlo¢s of the submerged gel.

9. Close the lid of the gel tank and attach the dldtieads so that the DNA will
migrate toward the positive anode (red lead). Agplsoltage of 1-5 V cih (measured
as the distance between the positive and negateerades). Bubbles should be
generated at the anode and cathode (due to elet#ol
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10.Run the gel until the bromophenol blue and xyleganol EF have migrated an
appropriate distance through the gel.

11.Turn off the electric current and remove the leaads lid from the gel tank.

12.Photograph the gel using the imaging device (drggamine the gel by UV device)

13.Imprint and save the image.

7. Recovery of DNA from agarose gel
Many methods and many kits have been developed theeyear to recovered DNA from
agarose gels. Two such kits were used in our work.

MATERIALS
-Gel Extraction kit
* QIAquick Gel Extraction kit (Qiagen, Courtaboeufakce)
QIAquick Gel Extraction kit is designed for extriact of DNA fragments (70 bp to 10 kb) from
standard, or low-melting agarose gels in TAE or TB&Efer and DNA cleanup from enzymatic
reaction.
» UltraCleanTM15 DNA purification kit (Mo Bio, SolarBgeach, USA)
UltraClead™15 kit is a 10-15 minute DNA purification kit. DN@an be recovered from TAE and TBE
agarose gels, solutions, and enzymatic reactioms.DNA size range that can be purified is 60 bpao
kb.

-Agarose gel containing the DNA fragment of inté(@s$ least 100 ng)
-Additional regents
* Isopropanol (needed only for very big or small DHAgment)
-Special equipment
* Equipment needed for agarose gel electrophoresis
» Scapel
* Thermomixer (Eppendorf, Hamburg, Germany) or a wadth preset to 50°C
» Centrifuge (Eppendorf)
* UV device (Bioblock Scientific, lllkirch, France)

METHOD
All procedures were performed according to therutdions of the manual of the Kkit.

8. SDS-PAGE of proteins

Almost all analytical electrophoresis of proteime aarried out in polyacrylamide gels under
conditions that ensure dissociation of the protémag their individual polypeptide subunits
and that minimize aggregation. Most commonly, tttergly anionic detergent SDS is used
in combination with a reducing agent and heat ssatiate the proteins before they are
loaded onto the gel. The denatured polypeptided BiDS and become negatively charged.
Because the amount of SDS bounds almost alway®giopal to the molecular weigh of the
polypeptide and is independent of its sequenceS-fddypeptide complexes migrate through
polyacrylamide gels in accordance with the size¢hef polypeptide. At saturaion, ~ 1.4 g of
detergent is bound per gram of polypeptide. By gisivarkers of known molecular weight, it
is possible ot estimate the molecular weight ofgblypeptide chain(s). Modifications to the
polypeptide backbone, such as N- or O-linked glytaosn, however, have a significant
impact on the apparent molecular weight. Thus,ajygaret molecular weith of glycosylated
proteins is not a true reflection of the mass efpblypeptide chain.

In most cases, SDS-PAGE is carried out with a dinaous buffer system. The sample and
the stacking gel contain Tris-HCI (pH 6.8), thealgsg gel contains Tris-HCI (pH8.8), and
the electrophoresis buffer contains Tris-glycinéd (B.3). All components of the system
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contain 0.1 % SDS. The SDS-polypeptide complexabensample that is applied to the gel
are swept along by a moving boundary created whezlextric current is passed between the
electrodes. After migrating through a stacking gélhigh porosity, the complexes are
deposited in a very thin zone (or stack) on thdaser of the resolving gel. The ability of
discontinuous buffer systems to concentrate alihefcomplexes in the sample into a very
small volume greatly increases the resolution ofS§idlyacrylamide gels. The SDS-
polypeptide complexes move through the resolvirigagd are separated according to size by
sieving.

The effective range of separation of SDS-polyacmytke gels depends on the concentration
of polyacrylamide used to cast the gel and on theumt of cross-linking (see Table 8).

TABLE 8. Effective range of separation of SDS-polyerylamide gels

Acrylamide concentration (%) Linear range of sepana(kDa)
15 10-43
12 12-60
10 20-80
7.5 36-94
5.0 57-212
8.1 SDS-PAGE
MATERIALS

-Acrylamide solution
e 30 % Acrylamide and N,N’-methylene-bis-acrylamiddusion, 37.5 :1 (Bio-Rad,
Hercules, CA, USA).

Monomers of acrylamide are polymerized into longiok in a reaction initiated by free radicals.He t
presence of N,N’-methylene-bis-acrylamide, thesairdh become cross-linked to form a gel. The
porosity of the resulting gel is determined by thagth of chains and degree of cross-linking that
occurs during the polymerization reaction. Acryldei(unpolymerized) is a potent neurotoxin and is
absorbed through the skin. Wear appropriate gldvelacrylamide is considered to be nontoxic, but i
should be handled with care because it might corsiaiall quantities of unpolymerized acrylamide.

e 1.5MTris (pH 8.8)

e 1.0 M Tris (pH 6.8)

Dissolve 181.65 g or 121.1 g of Trizma baseninimum (Sigma) in 800 ml of H20. Adjust the p#l t
the desired value by adding concentrated HCI (\vaparopriate gloves and perform with great care in a
chemical fume hood). Allow the solution to coolrimm temperature before making final adjustments
of the pH since the pH of Tris solutions is temper@dependent and decreases ~0.03 pH units for eac
1°C increase in temperature. Adjust the volumehaf $olution to 1 liter with H20. Dspense into
aliquots and sterilize by autoclaving. Store atmdemperature. Tris may be harmful.

* 10% SDS
Exclusive use of one brand of SDS is recommendatkdhe pattern of migration of polypeptides may
change quite drastically when one manufacturer’s &Dsubstituted for another’s.

Ammonium persulfate (Bio-Rad)

Ammonium persulfate (AP) provides the free radittiat drive polymerization of acrylamide and
bisacrymamide. A small amount of a 10 % (w/v) steokution should be prepared in deionizegDH
and stored at 4°C. AP decomposes slowly, and §ekliions should be prepared weekly.

e TEMED (Bio-Rad)

TEMED accelerates the polymerization of acrylanade bisacrylamide by catalyzing the formation of
free radicals from ammonium persulfate. TEMED isremxely destructive to tissues of the mucous
membranes and upper respiratory tract, eyes,amd ¥kear appropriate gloves and use in a chemical
fume hood

See Table 9 for resolving gel recipes and Tabl&d8tacking gel recipes.
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TABLE 9. Solutions for resolving gels for SDS-PAGE

Concentration 6 % 8% 10 % 12 % 15 %
Components /volumelOml 30ml 10ml 30ml 10ml 30ml 10ml 30ml 10ml 30ml
H>O 5.3 159 46 139 4.0 119 3.3 9.9 2.3 6.9

30 % crylamide/bis 20 6.0 27 80 33 100 40 120 50 150
1.5M T Tris(pH8.8) 25 75 25 75 25 75 25 75 25 75

10 % SDS 61 03 01 03 01 03 01 03 01 03
10% AP 61 03 01 03 01 03 01 03 01 03
TEMED 0.008 0.024 0.006 0.018 0.004 0.012 0.004 0.012 0.004 0.012

TABLE 10. Solutions for 5 % stacking gels for SDS-RGE
Components/volume 1ml 2ml 5ml 6 ml

H,O 068 14 34 41

30 % acrylamide/bis 0.17 0.33 0.83 1.0
1.0MTris(pH6.8) 013 025 063 0.75

10 % SDS 0.01 002 0.05 0.06
10% AP 001 002 0.05 0.06
TEMED 0.001 0.002 0.005 0.006

-Protein marker (Amersham Biosciences, BuckinghamsbK)
-10 x SDS-PAGE buffer
e 250 mM Tris
e« 2.5 Mglycine (pH 8.3)
* 1% (w/v) SDS
-5 x SDS gel-loading buffer
e 250 mM Tris-HCI (pH 6.8)
* 500 mM dithiothreitol
* 10 % (w/v) SDS
* 0.5 % bromophenol blue
* 50 % glycerol
-Protein samples
Samples to be resolved, for example, cell lysgtesfied protein.
-Special equipment
» Electrophoresis power supply device (Apelex, MaEsgnce)
» Vertical electrophoresis apparatus (Amersham Bevsms, San Francisco, CA, USA)
* Thermomixer (Eppendorf, Hamburg, Germany) pres89t¢
« 20pl or 50l Microliter™ syringe (Hamilton, Bonaduz, Switzerland)

METHOD

1. Assemble the glass plates.

2. Prepare the appropriate volume (5 ml for a mini§edm x 10 cm x 0.1 cm; and 30 ml
for a big gel, 15 cm x 18 cm x 0.15 cm) and conediain (often 12 %) of solution for
resolving gel using values given in Table 9.

3. Mix the acrylamide solution and pour it into thepdaetween the glass plates as soon
as the TEMED has been added. Use a Pasteur pifgettarefully overlay the
acrylamide solution with D (best containing 0.1 % SDS) in order to prevetygen
from diffusing into the gel and inhibiting polymeaition.
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4. Place the gel in a vertical position at room terapee until the polymerization is
complete (about 30 minutes). Pour off the overlag wash the top of the gel with
H,O. Remove any remaining,8 with the edgy of a paper towel.

5. Prepare the stacking gel (1 ml for a minigel andiSor a big gel) using values given
in Table 10 and pour it directly onto the surfatéhe polymerized resolving gel.

6. Insert quickly a comb into the stacking gel andceléhe gel in a vertical position at
room temperature.

7. Prepare the samples in the SDS gel-loading bufidreat them, including protein
marker, to 100°C for 5 minutes to denature theginst

8. Remove the comb carefully after the polymerizaimmcomplete (about 30 minutes).
Wash the wells immediately with,B to remove any unpolymerized acrylamide.

9. Mount the gel in the electrophoresis apparatusatd SDS-PAGE buffer to the top
and bottom reservoirs.

10.Load up to 15ul of each of the samples in a predetermined onater the bottom of
the wells using microliter syringe.

11. Apply a voltage of 8V/cm to the stacking gel andrthncrease the voltage to 15 V/cm
to the resolving gel. Run it until the bromophehblie reaches the bottom of the gel.
12.Mark the orientation of the gel and then the gel ba stained or used to establish an

immunoblot as described on the following pages.

8.2 Staining SDS-polyacrylamide gels by CoomassigilBant Blue

Unlabeled proteins separated by SDS-PAGE typicailly detected by staining, either with
Coomassie Brilliant Blue or with silver salts. Inrelatively rapid and straight-forward

reaction, Coomassie Brilliant Blue binds nonspeaify to proteins but not to the gel, thereby
allowing visualization of the proteins as discrd#tie bands. Silver staining, although
somewhat more difficult to perform, is nearly 1@)df more sensitive than staining with
Coomassie Brilliant Blue and is capable of detects little as 0.1 ~ 1 ng of polypeptide in a
single band. Kits for silver staining are commadigiavailable from Pierce and Bio-Rad.

MATERIALS

-Coomassie Brilliant Blue R 250 (Merck, Darmsta@grmany).Dissolve 0.25 g of Coomassie
Brilliant Blue R250 per 100 ml of methanol:acetwd H,0 (5:1:4, v/v/v) solution. Filter the solution thugh a
Whatman No. 1 filter to remove any particulate matt

-Methanol: glacial acetic acidz® (5:1:4, v/v/v)
-SDS-polyacrylamide gel containg separated protSes Materials and Methods 8.1)

METHOD

1. Immerse the gel in the Coomassie Brilliant Blue3® 2olution.

2. Rotate slowly for a minimum of 1 hour at room temgere.

3. Remove the staining solution and save it for futige.

4. Destain the gel by soaking it in the methanol: iglieacetic acid: KO (5:1:4, v/v/v) on
a slowly rocking platform for 4-8 hours, changire tdestaining solution several
times (Use methanol: glacial acetic acidO-B:1:6, v/vv, for a more rapid destainig).

5. Store indefinitely the fixed gel in4® containg 20 % glycerol before drying.

8.3 Air drying SDS-polyacrylamide gels

MATERIALS
-Owl Gel-Drying kits (Owl Sepration Systems, Portarth, NH, USA)
» Two sets of gel-drying frames
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* 50 sheets of precut cellophane
-Methanol (20 %) containing 3% glycerol
-SDS-polyacrylamide gel from Materials and Meth8d

METHOD
1. Soak the fixed gel in 20 % methanol containing@yterol for at least 1 h.
2. Wash the cellophane with,8.
3. Place the gel between two sheets of cellophaneeandve any bubble if possible.
4. Fix the cellophane on the gel-drying frame and e@lkem in a vertical position at
room temperature for several days until the gdkys

9. Preparation of labeled DNA probes

Radioactive isotopes, usualf§P and*>S, are used to detect hybridization between labeled
probes and target sequences. Although radiolaljeigloes can detect minimal quantities of
immobilized target DNA (< 1 pg), they suffer fromaav stability (always less than 6 weeks).
In addition, the exposure to radiation, the storagé disposal of low-level radioactive may
be significant.

The most used nonradioactive method was basedefaltieling of the nucleic acid probe
with biotin. After hybridization, the biotinylate@robe was detected via interaction with
streptavidin that had been conjugated to a repemeyme, usually horse radish peroxidase
(HRP). The membrane was then exposed to an enzgpable of hydrolyzing a colorigenic,
fluorogenic, or chemiluminescent substrate. Thesisigity of this systmem derives from the
rapid enzymatic conversion of the substrate tooayoet that is colored or emits visible or UV
light at a specific wavelength. The distributiordantensity of the product correspond to the
spatial distribution and concentration of targejusnces on the membrane.

Digoxigenin (DIG), like biotin, can be chemicallpupled to linkers and nucleotides. DIG-
labeled hybrids are detected with an anti-DIG Falgrhent conjugated to a reporter enzyme,
usually alkaline phosphatase (AP), whose best chgemc substrates are 5-bromo-4-chloro-
3-indolyl phosphate (BCIP) and nitroblue tetrazali(NBT).

9.1 Labelig probes with®*s

MATERIALS

-[*S]-dATP (PerkinEImer”, Boston, MA, USA)

-1 mM dGTP (Roche, Meylan, Rance)

-5 unitpl™ Klenow enzyme (Roche)
DNA polymerase | can be cleaved by mild treatmeith wsubtilisin into two fragments, the larger
fragment is known as the Klenow fragment and thallenfragment is nameless. Klenow fragment,
which retains the DNA polymerase and the.J’exonuclease activities of the holoenzyme but sk
powerful 5’ 3’ exonuclease activity, is used to fill recesséteBnini of double-stranded DNA.

-10 x SURE/Cut Buffer H for Restriction enzyme (Roche)

-Linearized DNA: a 280-bexsCEBApromoter (&), 3 ug plasmid plApC of Miniprep
digested byBamHL and purified from agarose gel.

-Thermomixer (Eppendorf, Hamburg, Germany)

METHOD
1. Add the following in a sterile 1.5 ml microfuge &b
« 100 ngul™ linearized DNA 3l
« 1mM dGTP# 2.5
« 5U It Klenow enzyme 2l
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* 10x SuRE/Cut Buffer H |
* H0 8.5ul
s [*S]-dATP 2l
* Totla volume 5@l
# dGTP were adde@amHL  5-G ons
3-CCTAG ps
Mix well.

Incubate for 2 hours at 37°C.
Stop reaction by incubation for 10 min at 80°C.
Decrease slowly the temperature to 25°C and thee the samples at 4°C.

All procedure was carried out in special room fadioactive manipulation. Always wear appropriate
gloves, lab coat and safety goggles. Always motitoroughly after using radioisotopes.

ablrwn

9.2 Labeling probes with Biotin

MATERIALS
-Biotin-16-dUTP (Roche, Meylan, Rance)
-1 mM dATP (Roche)
-1 mM dGTP (Roche)
-5 unitpl™ Klenow enzyme (Roche)
-10 x SURE/Cut Buffer H for Restriction enzyme (Roche)
-Linearized DNA
* A 280-bpexsCEBApromoter (), 3 ug of plasmid plApC of Miniprep digested by
BamHL and purified from agarose gel.
* A 280-bppsrA promoter (psrA), 3 ug of plasmid ppsrA of Miniprep digested by
EcoR1 and purified from agarose gel.
* A 280-bpfleQ promoter (fleQ), 3 pg of plasmid pfieQ of Miniprep digested by
EcoR1 and purified from agarose gel.
-Thermomixer (Eppendorf)

METHOD

1. Add the following in a sterile 1.5 ml microfuge &ib
« 100 ngul™ linearized DNA 3l
* 1 mM Biotin-16-dUTP il
* 1mMdATP* 2.5ul
e 1mMdGTP# 2.5
« 5U It Klenow enzyme 2l
* 10x SuRE/Cut Buffer H |
* HO 6 or 8.5
* Totla volume 5ql

* Only dATP was added forgsrAand fleQY EcAR1 5-G opz:
3-CTTAA ps

# Both dGTP and dATP were added f@/BamHL  5-G ona:
3-CCTAG p5
2. Mix well.
3. Incubate for 2 hours at 37°C.
4. Stop reaction by incubation at 80°C for 10 min.
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5. Decrease slowly the temperature to 25°C and thee fte samples at -20°C.
6. Test the labeling efficiency using EMSA (see Matlsrand Methods 15)

9.3 Labeling probes with Digoxigenin

MATERIALS
-10x PCR DIG labeling Mix (Roche)
« 2mMdATP
e 2mMdCTP
e 2mMdGTP
e 1.9mMdTTP
* 0.1 mM DIG-11-dUTP
-Thermomixer (Eppendorf)
-Other reagents and special equipment needed far(8€e Materials and Methods 5)

METHOD
1. PCR (See Materials and Methods 5).
2. Prepare low melting agarose gel (See Materialdveitiods 6).
3. Agarose gel electrophoreis (See Materials and Mty and cut the band.
4.

Store the band (probe) at -20°C.
Attention, the PCR product amplified using PCR D#beling Mix is bigger than that using normal
dNTP mix.

10. Southern hybridization

Southern transfer and hybridization is used toyshav genes are organized within genomes
by mapping restriction sites in and around segmehtgenomic DNA for which specific
probes are available. Genomic DNA is first digesteth one or more restriction enzymes,
and the resulting fragments are separated accotdingize by electrophoresis through a
standard agarose gel. The DNA is then denatursdu and transferred from the gel to a solid
support (usually a nylon membrane, which is far endurable and has a higher binding
capacity than a nitrocellulose membrane). The DXAched to the membrane is hybridized
to a labeled DNA probe (or RNA, or oligonucleoti®be) and bands complementary to the
probe are located by an appropriate detection mystior example, by traditional
autoradiography or by enzymatic methods. By estimgathe size and number of the bands
generated after digestion of the genomic DNA wiffedent restriction enzymes, singly or in
combination, it is possible to place the target DNighin a context of restriction sites.

In our study, southern hybridization was perforn@derify that the mutants were caused by
a single transposition event (that is to say tienly one copy chacClinserted in genomic
DNA) and to obtain useful informations for subsetjugoning.

MATERIALS
-Buffers and solutions
e Denaturation solution
o 1.5 M NaCl
o 0.5M NaOH
* Neutralizing buffer
0 0.5 M Tris (pH7.5)
o 1.5 M NacCl
* 20x SSC (neutral transfer buffer)
o 3M NaCl
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0o 300 mM sodium citrate
0 Adjust the pH to 7.0 with NaOH and autoclave.
» Blocker (Roche, Meylan, France)

Blocking agents prevent ligands from sticking tofaces. They are used to decrese nonspecific landin
of probes in Southern, Northern and Western bigttihleft to their own devices, these probes would
bind tightly and nonspecifically to the supportinigrocellulose or nylon membrane. Without blocking
agents, it would be impossible to detect anything the strongest target macromolecules. Two
blocking agents in common use in nucleic acid tdibétion are Denhardt's reagent and BLOTTO
(Bovine Lacto Transfer Technique Optimizer) (Sanalrand Russell, 2001).

e 10 % (w/v) blocking solution (10 g blocker in 100 of detection solution 1)
» Prehybridization/hybridization solution (DIG Easyt Roche)
o0 5xSSC
0 1 % (w/v) blocking solution
o 0.02 % (w/v) SDS
0 % (w/v) N-lauroylsarcosine (detergent)
* Washing buffer 1: Z SSC containing 0.1% SDS
* Washing buffer 2: 0.% SSC containing 0.1% SDS
» Detection solution 1
o 150 mM NaCl
o 100 mM maleic acid
o Adjust the pH to 7.5 with NaOH and autoclave.
» Detection solution 2: detection solution 1 contagni % (w/v) blocking solution
* Detection solution 3
0 100 mM Tris
o 100 mM NaCl
o 50 mM MgCb
o0 Adjust the pH to 9.5 with HCI and autoclave.
DIG Nucleic Acid Detection Kit (Roche)
0 Anti-DIG AP-conjugate
o0 NBT-BCIP stock solution
-Enzymes and buffers
* Pstl (Invitrogen)
-Nucleic acids and oligonucleotides
* Genomic DNA, ~ Jug
» Digoxigenin labeled probe DNA: low-melting tempena& agaroses containing p0
PCR product ohacCl.
-Materials needed for agarose (0.8 %) gel electvogsis
-Special equipments
» Transparent ruler
* Nylon membranes, positively charged (Roche, Ingiafig, IN, USA)
*  Whatman 3MM (Whatmdn, Middlesex, UK)
* Model 785 Vacuum blotter unit (Bio-Rad, Herculeg,, OSA)
* Liquid trap
« Cross-linking device: UV Stratalinkerl800 (Stratagene, La Jolla, CA, USA)
* Water bath, boiling
» Hybridization oven (Bioblock Scientific, IlIkircH;rance)
* Roller bottles (Schott, Stafford, UK)
* Rotary platform shaker (Stuart Scientific, Watfétdrts, UK)
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METHOD
-Digestion and electrophoresis of genomic DNA
1. Digest 5ug genomic DNA with 30 unit®stl(generally 5 units pgtg DNA) at 37°C
overnight in a total volume of 5d.
2. Incubate at 80°C for 10 minutes to inactivate thezyene and wait until the
temperature has decreased to 37°C.
Add 1pug RNase to degrade RNA at 37°C for 10 minutes.
Steps 2 and 3 are not obligatory.
Separate the DNA fragments by electrophoresis gir@n agarose gel (0.8%).
Photograph the gel by placing a transparent ridergside the gel.
A complete digestion should give a smear.

Place the gel in 0.25 N HCI for 15 minutes withtatjon.

Remove the 0.25 N HCI and rince the gel twice witter.
Steps 6 and 7 are recommended by the instructionuehaof Bio-Rad, but we haven't
performed these two steps.

-Preparation for vaccum transfer
8. Cut a nylon membrane (cut off a small corner topdiiyy orientation) and Whatman

3MM according to the size of the gel and wet them water.
Use very clean forceps and powder-free gloveshamdle the membrane only at the corners.
9. Setup vaccum blottersée instruction manuel of Bio-Rad for more detaild informations).
-Vaccum transfer DNA from agarose gels to nylon oeme
10. Start slowly the vaccum source until the gaugesedd inches of mercury.
11.Denature immediately the gel by pouring 15 ml ohateration solution for 15
minutes.
12.Neutralize the gel by pouring 10 ml of neutralizimgffer for 5 minutes.
13.Repeat step 12.
14.Transfer the gel by pouring 20SSC (about 50 ml) for 1 hour. Keep the gel humide.
15. Turn off the vacuum source and soak the membrabeiS8SC for 5 minutes.
Several other methods, such as electrophoretisfegncan be used to transfer DNA from
agarose gels to nylon membrane. Although singlrsied DNA and RNA could be
transferred directly, fragments of double-stran®®tA must first be denatureid situ as step

11, neutralized as step 12 and then soaked inrepdairesis buffer (0.5« TAE) before
electrophoretic transfer.

-Cross-linking DNA to the membrane by UV irradiatio
16.Place the damp membrane on a dry piece of paperciass-link the DNA to the
membrane by UV Stratalinkér.800 using ‘auto cross link’ . Cross-link once éarch
side of the membrane.
-Hybridization of probes to DNA immobilized on nplanembrane
17.Soak the membrane in6SSC for 2 minutes.
18.Roll gently the wetted membrane into a hybridizatioller bottle. Add 15 ml of
prehybridization solution (at least 0.1 ml per 1°afi membrane). Close the bottle
tightly.
19. Place the hybridization bottle inside a prewarmggridization oven at 68°C for 1 h.
Attention, 42°C for solvents containing 50 % fornide) 65°C for phosphate-SDS solvents.
20.Denature the probe DNA (PCR productaaicCl in low-melting temperature agarose)
by heating at 100°C for 5 minutes and chilled rgpah ice for 2 minutes. Store the
probe DNA at 68°C (if not, the agarose will gel).
Single-stranded DNA or RNA probes need not be deadt
21.Pour off the prehybridization solution from the hglzation bottle and replace with
fresh hybridization solution containing probe.
Collect both prehybridization and hybridizationg@idns which could be reused and store them
at -20°C.

No gk w
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22.Seal the bottle and replace it in hybridizationroesernight with rolling at 68°C.
-Detection of hybridization

23.Pour off the hybridization buffer and wash the meanle with 25 ml of washing
buffer 1 (2x SSC containing 0.1% SDS, at least 1 ml per 1 @hmembrane) at room
temperature for 15 minutes. Repeat another waslr. #bthe wahsing buffer 1.

24.Add 25 ml of washing buffer 2 (0.4 SSC containing 0.1% SDS, at least 1 ml per 1
cnt’ of membrane) at 68°C for 15 minutes. Repeat aneothsh.

25.Remove the membrane from the hybridization bottie @lace it in a tray with
appropriate size (as small as possible to econotihhé&esagent).

26.Soak the membrane in 20 ml of detection buffer 30(inM NaCl, 100 mM maleic
acid, pH 7.5) and incubate at room temperature géhtle agitation for 2 minutes.
Pour off the detection buffer 1.

27.Add 20 ml of detection buffer 2 (detection buffecdntaining 1 % (w/v) blocking
solution). Incubate at room temperature with geatéation for 1 hour. Pour off the
detection buffer 2.

28.Add 10 ml of Anti-DIG AP-conjugate solution (1:500%nti-DIG AP-conjugate in
dection buffer 2). Incubate at room temperaturén\gientle agitation for 30 minutes.
Pour off the solution.

29.Add 20 ml of detection buffer 2 and incubate atmotemperature with gentle
agitation for 15 minutes. Repeat once again and pibihe solution.

30.Add 20 ml of detection buffer 3 and incubate atmotemperature with gentle
agitation for 2 minutes. Pour off the solution.

31.Add 10 ml of relevation solution (20l NBT-BCIP stock solution in 10 ml of
detection buffer 3) and incubate at room tempeeatwith gentle agitation until the
bands have appeared (about 30 minutes). Prevénhdiiging the incubation.

32.Remove the membrane and wash it with water forra¢tienes.

33.Dry the membrane between two sheets of paper towels

34.Take a photo and restore the membrane in an eraelop

11. Western blotting

Western blotting is used to identify and measueesiie of macromolecular antigens (usually
proteins) that react with a specific antibody. Pheteins are first separated by electrophoresis
through SDS-polyacrylamide gels and then transfiealectrophoretically from the gel to a
solid support, such as a nitrocellulose, catiojiom membrane or polyvinylidene difluoride.
After the unreacted binding sites of the membrare ldocked to suppress nonspecific
adsorption of antibodies, the immobilized protesme reacted with a specific polyclonal or
monoclonal antibody. Antigen-antibody complexes é&rally located by radiographic,
chromogenic, or chemiluminescent reactions. Akelidis 1-5 ng of an average-sized protein
can be detected by Western blotting.

MATERIALS
-SDS-polyacrylamide gel containg separated protes Materials and Methods 8)
-Ponceau S (Sigma)

Ponceau S may be used to prepare a stain for (Bpidinutes) reversible detection of protein bands o
nitrocellulose membranes. 0.1% (w/v) ponceau $éslun 5 % (v/v) acetic acid.

-Electrophoretic transfer apparatus: semi-dry fiemsnit (Amersham Biosciences)
-Whatman 3MM paper (Whatman Middlesex, UK)
-Nitrocellulose membrane (Bio-Rad, Hercules, CAAYS

Nitrocellulose binds proteins chiefly by hydropholimteraction. The nitrocellulose can be staineththe
removable but insensitive stain Ponceau S.

-Semi-dry buffer (pH 8.3)
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» Tris base 24 mM
* Glycine 192 mM
* Methanol 20 % (v/v)
-1 x TBS (Tris-buffered saline)
e 10 mM Tris-HCI, pH 8.0
* 150 mM NaCl
* 0.05% Tween 20
-1 x TBST: 1x TBS containing 0.05% Tween 20
-Blocking solution: 1x TBST containing 5 % (w/v) nonfat dried milk
-ECL Western blotting detection reagents and amagystemAmersham Biosciences)
-Autoradiography cassette (Amersham Biosciences)
-X-ray film: Hyperfim™ ECL™ (Amersham Biosciences)
-Dark room

METHOD
-Transfer proteins from SDS-polyacrylamide gel toacellulose using ‘semi-dry’ method.

1. Soak gel, nitrocellulose membrane and 6 piecé¥lmdtman 3MM paper in semi-dry
buffer for several minutes.

2. Wet transfer apparatus with,8. Place 3 pieces of Whatman 3MM paper on the
platform; place nitrocellulose on 3MM paper; plagg on top of nitrocellulose; place
another 3 pieces of prewet 3MM paper on top of igdll;out air bubbles at each step.

3. Switch the transfer apparatus and run it at 1 amifi/cnf (equal to 3-15 V according
to the size of the gel) for 60 minutes.

-Confirm transfer effeciency by Ponceau S staining

4. Soak the membrane in 0.1 % (w/v) Ponceau S sol@ioseveral minutes (less than 5
minutes) with gentle agitation till the appearantdands. Wash with $0; mark the
positions of bands and take a photo if necessary.

5. Wash away the Ponceau S withHor TBS. (The membrane could then be wraped in
serawrap and be stored at 4°C or -20°C)

-Western hybridization

6. Put the membrane into 10 ml of blocking solution amcubate at room temperature
for 45 min.

7. Pour off the blocking solution and add 10 ml ofddimg solution containing 1:5000
anti-Hiss HRP conjugates (=antibody). Incubate for 45 miaue room temperature
with gentle agitation. Collet the solution (confagpantibody) which could be reused.

8. Wash the membrane 3 times with TBST for 5 min @ank with agitation.

9. Briefly dry the membrane with the edgy of a papevel and put it on the serawrap.

10.Mix 1 ml of the two ECL detection reagents togetaed pour off the mixture on the
membrane and incubate the membrane for 1 minute.

11.Briefly dry the membrane; wrap the membrane witlaweap and put it into cassette.

12.Expose the membrane in a dark room to ECL hyperfibm 30 seconds to several
minutes.

12. Heparin-Sepharos&" Affinity Chromatography

lon exchange is a technique that is used to sepeal@dely similar biological molecules from
highly complex mixtures on the basis of the chagesied by solute molecules. Since almost
all biological molecules are polar and can be aobdrgon exchange is widely used and has a
very high resolving power. lon exchangers can baseSepharose, Sephadex, DEAE-
Sephacel, and so on. Polyanionique structure ofardmepmimics DNA and binds
transcriptional factors.
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MATERIALS
-Chromatography system
* HiTrap-heparin column 5 ml and 1 ml (Amersham Biesces, Buckinghamshire,
UK)
* Chromatography accessories
o Adaptor (Pharmacia Biotech, Sweden)
0 Pump, Pharmcia LKB Pump P-1 (Pharmacia Biotech)
o Recorder, Pharmcia LKB REC 101 (Pharmacia Biotech)
0 Monitor, Optical unit UV-1 and Control unit UV-Pharmacia Biotech)
-Cell extract from 200 ml of cultures (Q§ of 1.5) of mutanfiexsA
-Buffer A
« 25 mM HEPES (pH 7.3)
* 5% Glycerol
-Elution buffer
* NacCl (0.3, 0.42, 0.44, 0.46, 0.48, 0.50, 0.52, 0686, 0.6 M)
* Buffer A
-Addtional equipment
« Cell disruptor (Branson Sonifier Danbury, CT, USA)
« Centrifuge (Beckman avanti J-25, Ramsewlinnesota, USA)

METHOD
-Cell extract preparations

1. Inoculate 200 ml of LB in a 1-liter flask with 2 raf overnight cultures ofAexsAand
incubate the cultures with shaking at 37°C un#l thiltures have reached the £bf
1.5 (about 3-3.5 hours).
Harvest the cells by centrifugation at 5000g fomiiGutes at 4°C.
Resuspend the cell pellets in a 50-ml tube of polgplene with 25 ml of buffer A
(generally 1/10 original culture volume).

4. Disrupt the cell by Branson Sonifier using a ‘Qitput, ‘30° % duty cycle and
‘continous’ power for 1 minute avoiding any bubbdmd keeping cold during
sonicaion and then put it on ice for 1 minute.

5. Repeat step 4 several times until the solution imesoclear.

6. Centrifuge the solution at 14,000 rpm for 30 misutet 4°C and filtrate the
supernatant (cell lysate) through a OL22 filter.

7. Collect 20 ml of (1.51,g mr™) solution in a new tube.

8. Adjust the NaCl concentration to 0.2 M by addin@ Ml of buffer A containing 0.6 M
NaCl and store it at 4°C (ready for step 11) ore20

-Equilibration of the HiTrap-heparin column (5 ml)

9. Wash the column with 5 column volumes of sterig®H25 ml).

10. Equilibrate the column with 5 volumes of buffer Antaining 0.2 M NacCl.
-Fractination of the lysate

11.Load immediately the cell lysate (30 ml, 1 mg'ifrom step 8), onto the column and
adjust the flow rate at 1 ml mifrand collect the whole flowthrough.

12.Wash the column with at least 10 column volumebludfer A containing 0.2 M NacCl
until the Apgo of the flowthrough is <0.01 and adjust the floweratt 2 ml miff.
Collect the fisrt 10 ml of wash soultion.

13. Elute the column with 5 volumes of elution buffentaining 0.3 M NaCl (25 ml) .

14.Collect the first 2-3 volumes of elution solutiabput 10-15 ml) according to theg
of the fraction.

w N
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15.Repeat steps 13 and 14 using elution buffer comigid.6 M NacCl.
16.Wash the column and regenerate the column accotdirlge instructions given by
Amersham.
-Determine the concentration of each fraction (dagerials and Methods 14).

-Assay each fraction for pC binding activity by EM&ee Materials and Methods 15).

-Fractionner the preliminarily purified fractiongbout 12 ml, eluted from elution buffer

containing 0.6 M NaCl) having pC binding activity & 1 ml HiTrap-heparin column.

Adjust the NaCl concentration of preliminarily ffied fractions to 0.3 M with buffer A. Equilibrate
the column by the buffer A containing 0.3 M NaClask the column by 10 column volumes of buffer A
containing 0.3M NaCl at a flow rate of 0.5 ml miand then load the preliminarily purified fractioWdash the
column with at least 10 volumn volumes of buffercAntaining 0.3 M NaCl until the A is <0.01. Elute
delicately the column with 10 volumes of elutiorffieu containing a series of 0.42-0.6 M NaCl atawfrate of
0.5 ml min' and monitor the Ao Collect the first 2-3 volumes (about 2-3 ml) &ffthrough (0.1-0.3 mg of
each fraction) according to thegof each fraction. Analyse each fraction for pC lagdactivity by EMSA.

13. Mass spectrometry analysis

Mass spectrometry (MS) has emerged as an impaddahfor analyzing and characterizing
large biomolecules of varying complexity. The matassisted laser desorption/ionization
(MALDI) technique (Karaset al, 1987), developed in 1987, has increased theruppss
limit for mass spectrometric analysis of biomolesulo over 300,000 Da and has enabled the
analysis of large biomolecules by mass spectrontetbecome easier and more sensitive. An
attractive feature of the time-of-flight (TOF) masgectrometer is its simple instrumental
design. TOF mass spectrometers operate on thaenhbat when a temporally and spacially
well defined group of ions of differing mass/charnge/z) ratios are subjected to the same
applied electric field and allowed to drift in agren of constant electric field, they will
traverse this region in a time which depends upeir im/z ratios.

MALDI TOF-MS is now a valuable tool in the biosceas for obtaining both accurate mass
determinations and primary sequence information.

MATERIALS

-SDS-polyacrylamide gel stained by Coomassie BntiiBlue
-Sterile scalpel

-10% alcohol

METHOD
-MALDI sample preparation
1. Depose the gel on the glass plate which has beshedaby soap liquid and then by
methanol.
2. Cut the bande of interest (as small as possible).
3. Put the band in the eppendorf (biopure, keratieyfmmntaining 50@ of 10% alcohol
(or 25 mM ammonium bicarbonate, also called amnmanioydrogen carbonate,

NH4HCO;3) and seal the eppendorf with parafilm. Store &t.4°
It is important to wear the gloves washed by saapta avoid any contamination of keratin, suchhas t
hand, the box of gloves.

-MALDI TOF-MS was perfomred by Kuhn L in the labtway of Protein Chemistry (Director
J. Garin), CEA, Grenoble, France.

14. Quantitation of protein
Many methods have been used to determine the cwatien of soluble protein. The Bio-Rad
Protein Assay, based on the Bradford dye-bindingcguure, is a simple and accurate
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procedure. It involves the addition of an acidiedyCoomassie Brilliant Blue G-250 whose
absorbance maximum shifts from 465 nm to 595 nmmwihieding to protein occurs, and
subsequent measurement at 595 nm with a spectmpbtdr or microplate reader. The color
change of dye is in response to various conceatratof protein. Comparison to a standard
curve provides a relative measurement of protencentration.

MATERIALS

-Bio-Rad’s protein assay kit (Bio-Rad, Hercules,,@fSA)
-Spectrophotometer:Beckman B640 (Beckman coulter, Fullerton, CA, USA)
-Protein sample

METHOD
All procedures were performed according to therutdions of the manual of the Kkit.

15. Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) has aeed extensively for studying DNA-
protein interactions. This assay is based on tloe at DNA-protein complexes migrate
slower than unbound DNA in a nondenaturing polykenyde or agarose gel, resulting in a
‘shift’ in migration of the labeled DNA band. Torfher determine the binding sequence of
the protein, DNase | footprint assay should begraréd.

The LightShiff™ Chemiluminescent EMSA Kit uses a nonisotopic méttm detect DNA-
protein interactions. Biotin end-labeled DNA contag the binding site of interest is
incubated with a nuclear extract, cell lysate onffad factor. This reaction is then subjected
to gel electrophoresis on a nondenaturing polyaonide gel and transferred to a nylon
membrane. The biotin end-labeled DNA is detectethgughe streptavidin-horseradish
peroxidase conjugate and LightSHifichemiluminescent substrate.

MATERIALS
-LightShift"™ Chemiluminescent EMSA Kit (Pierce, Rockford, ILSH)
-Biotin-labeled DNA probe (Materials and Method2)9.
» exsCEBApromoter fragment
* psrApromoter fragment
» fleQ promoter fragment
-Proteins of interest
* bacterial extract
* recombinant protein, such as rPsrA, rVir
-Buffers and solutions
* 5x TBE stock solution

o Tris base 54 g (0.45 M)
o Boric acid 275¢g (0.45 M)
o EDTA (0.5M, pH 8.0) 20 ml (20 mMm)

A precipitate forms when concentrated stock sofutid TBE are stored for long periods of
time. To avoid problems, store thexSolution in glass bottles at room temperaturedisdard
any batches that develop a precipitate.

» polydldC (Amersham Biosciences, Buckinghamshire) UK
PolydldC is the non-specific competitor DNA whichused to reduce nonspecific binding.

« 250 mM HEPES (pH 7.3)

 0.5M NaCl

* 50 % glycerol

* 5 9% nondenaturing polyacrylamide gel solution
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0 30 % acrylamide/bis 5ml

o 5xTBE 3 ml

0 10 % ammonium persulfate 0.3 mil

o TEMED 30ul

o HO total volume 30 ml

EMSA electrophoretic buffer: 0.5 TBE

-Materials needed for polyacrylamide gel electrapbis
-Additional equipments

Nylon membranes, positively charged (Roche, Indpatig, IN, USA)

Whatman 3MM paper (Whatman Middlesex, UK)

Electrophoretic transfer apparatus: semi-dry tmghit (Amersham Biosciences, San
Francisco, CA, USA)

Cross-linking device: UV Stratalink&rL800 (Stratagene, La Jolla, CA, USA)
Autoradiography cassette (Amersham Biosciences)

X-ray film: Hyperfilm™ ECL™ (Amersham Biosciences)

X-ray room

METHOD

-Binding reactions
1. To a sterile 1.5-ml microfuge tube add:

0 2ugpl™ polydidC 1yl

0 200 pM biotin-labeled DNA probe (2

0o 250 mM HEPES (pH 7.3) 2

o 0.5 M NacCl 2l

o 50 % glycerol 2l

o protein of interest 0.01-7,&°
o H0 to 20ul

MW of rPsrA= PsrA + His-Tag-Thrombin site= 25784*+2012 = 2719

MW of rVfr = Vfr + His-Tag-Thrombin site= 24225+2012 = 26237 Da

Suppose 1ug rPsrA is in the 2Ql reaction volume, the rPsrA concentration is egléat of 1.7
UM (1/20/27796 M). On the contrary, M rPsrA in 20ul reaction volume is equivalent of 0.6
(0.56) g protein.

$Various quantity of recombinant proteins was addedvever, aboutg of extract was added for
each binding reaction as control; *calculated fremaw.infobiogen.fr.

20 uM cAMP was supplemented both in the gel and indleetrophoretic buffer for the binding
reaction of rVfr.

2. Mix and incubate the solution at 37°C for 20 tor8idutes.

-Native polyacrylamide gel electrophoresis
3. Pre-run the gel for 30 to 60 minutes. Apply 1200v & 15 cnx 18 cmx 0.1 cm gel.
4. Load 20ul of each example onto the gel and run the ge8at\i for 2 hours.

No difference was observed when the electrophovesssperformed at room temperature or at 4° C.

-Electrophoretic transfer binding reactions to pesly charged nylon membrane
5. Soak Whatman 3MM paper and nylon membrane ink0IBE for 1 minute.
6. Sandwich the Whatman 3MM paper (2-3 sheets), ngilembrane, gel and Whatman

3MM paper (2-3 sheets) in the electrophoretic fiemapparatus according to the
manufacturer’s instructions.

7. Transfer at 1 milliamp per chof membrane (4-15 V) for 1 hour.
-Cross-linking DNA to the membrane by UV irradiatio
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8. Place the damp membrane on a dry piece of paperitamd cross-link the DNA to
the membrane by UV Stratalinkef.800 using ‘auto cross link’ . Cross-link once for
each side of the membrane.

Membrane may be stored at -4°C for several days.
-Detection of biotin-labeled DNA

9. Perform according to the instructions but use dmedtor half volume of reagent

recommended by the manufacturer (Pierce).

16. Expression and purification of recombinant progin

16.1 Expression of recombinant protein

Escherichia colis the system of choice for expression of mangtoébgous proteins because
of the vast fund of knowedge about its geneticgcliemistry and molecular biology;
straightforward genetic manipulations; easy andkpeasive culture; high toleration and
expression of many foreign proteins. The amourttedérologous proteins produceddncoli

will vary depending on the target protein, busitypically in the range of 1-10 mg of protein
per 100 ml of cell culture. HoweveE,.coli is not always the host of choice. For example,
proteins whose full biological activity requires spiwanslational modification e(g,
glycosylation or cleavage at specific sites) magt bbe expressed in a eukaryotic host.

MATERIALS

-Nucleic acids and oligonucleotides
* PrimersphpAR1-R2 containingNdd-BanH| respectively (Table 5).
* PrimerspsrAR1-R2 containingNdd-BanHI respectively (Table 5).
* Primersvir R1-R2 containingNdd-BanHlI respectively (Table 5).

- Bacterials strains and vectors

* E.coliBL21 (DE3) (Novagen, Darmstadt, Germany)

E. coli BL21 (DE3) contains a chromosomal copy of the gimeT7 RNA polymerase (T7 gene 1)
from bacteriophage DES3, a lambda derivative thed &las the immunity region of phage 21 and cagies
DNA fragment containing théacl gene and thdéacUV5 promoter. In the absence of inducer, T7 RNA
polymease production is inhibited by tta reprssor, encoded bgcl gene, which binds to the operator
(lacO) and prevents synthesis of T7 gene 1 mRNApréssion of T7 RNA polymerase is relieved by
addition of IPTG, which binds to the repressor aadses a conformational change that lowers thaitgffi
of the repressor for the lacO. T7 RNA polymeasentimeturn transcribes the target DNA in the plasmid
containing bacteriophage T7 promoters. DE3 is teseinto theint gene ofE. coli BL21, preventing DE3
from integrating into or excising from the chromos®without a helper phagE. coli BL21 is deficient in
the lon protease and lack thempl outer membrane protease that can degrade prateiivgg purification.

E. coliBL21 (DE3) is the most widely used host for targete expression.
* pET-15b (Novagen)

pET-15b vector carries bacteriophage T7 promotedsalows regulated expression (IPTG-inducible)
of foreign genes by bacteriophage T7 RNA polymerasmsgnizing only bacteriophage T7 promoters,
which are not present in thecoli chromosomal DNA. Their multiple cloning siteBafrH1, Xhol, Ndel)
allow an inserted coding sequence to be placed ruodetrol of the ‘natural’ promoter for T7 RNA
polymerase. Attaching target protein to an N-teahidis-Tag sequence provide a convenient method to
‘tag’ and purify the target protein by nickel affynchromatography.

-Media
« LB agar plates containing 1@ mI* ampicillin
« LB containing 10Qug mi* ampicillin
-Additional reagents
« IPTG
* Materials needed for PCR
« Zero Blunf TOPJ PCR cloning kit
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* Materials needed for SDS-PAGE
* Materials needed for Coomassie Brilliant staining
-Special equipment
* FlaskofllL
« Centrifuge (Beckman avafif J-25, RamseWwlinnesota, USA)

METHOD
-Preparation oE. coliBL21 (DE3) containing the recombinant expressiecter
1. Amplify phpA psrAandvfr by PCR and clone them into pERBlunt-TOPQO’
Sequence the constructs to ensure that no spuriategions were induced during PCR.

2. DigestphpATopo, psrATopo andvir-Topo of plasmid minipreparations as well as
pPET-15b byNdd-BanHiI

3. LigatephpA, psrAandvir into pET-15b

4. Transform the ligation mixutre into DH5 select on LB agar plate containing Afsp
and Miniprep.

5. TransformE. coliBL21 (DE3) with pET-15b containing gene of intdres

6. Screen the transformants by restriction enzymeyaisahfter Miniprep.

-Large-scale expression of the target protein

7. Inoculate 10 ml of LB containing 100g mi* ampicillin in a 100-ml flask with
individual colonies oE. coliBL21 (DES3) containing gene of interest and inceltae
cultures with shaking overnight at 37°C.

8. Inoculate 200 ml of LB containing 1Q@y mI* ampicillin in a 1-liter flask with 2 ml
of overnight cultures and incubate the culturedhwsitaking at 37°C until the culture
has reached the mid-log phase of growth (A600 =D®).

9. Induce expression of recombinant protein by ad@usgmM IPTG with shaking but at
30°C for another 3 hours.

10.Harvest the cells by centrifugation at 5000g fomiibutes at 4°C.

11. Store the cells at -20°C (or at -80°C) before peaifon.
An optimization of the induction of target proteempression should be performed in a small
volume before large-scale expression, includinginogit values of IPTG concentration,
incubation temperature and incubation time. Tapyetein expression could be analysed by
SDS-PAGE (resuspend directly each cell pellet irsQel-loading buffer) in combination with
Coomassie brilliant blue staining and confirmed/Mgstern blot using anti-Hjsntibody.

16. 2 Purification of recombinant protein

A protein carrying an exposed His-6 region will ¢bito a resin charged with divalent nickel
ions. Because of its large binding capacity, ashragc10 mg of recombinant protein may be
purified from 1 ml nickel resin. Contaminating ppts can be removed with appropriate
washing, and the protein of interest can then btedlby a soluble competing chelator such as
imidazole. Efficient elution is usually achievedtvi50-100 mM imidazole at pH 7-8. The
lowest effective concentraion should be establishgidg a linear gradient of 10-200 mM
imidazole. Because few natural proteins bind wiginiicant affinities to a resin charged with
divalent nickel ions, His-6-labeled proteins getedlaby recombinant techniques can be
purified substantially in a single step by metatlate affinity chromatography.Those natural
proteins that do bind to these matrices can alnadatays be removed in a second
chromatography step. Because any chelator carfergewith metal affinity chromatography,
buffers used for extraction and chromatography khbe free of EDTA or EGTA. The nickel
ions resin can be regenerated and reused many. times
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MATERIALS
-E. coli BL21 (DE3) pellets (from 200 ml of cell culturesypressing a polyhistidine-tagged
protein, PhpA, PsrA or Vir
-0.22pM filter (Millex ® GP)
-Ni**-charged chromatography resin: Ni Sephalfdsérigh performance (Amersham
Biosciences).
-Binding buffer (pH7.3)
25 mM HEPES (pH 7.3)
* 250 mM NaCl
* 5 mM imidazole
-Imidazole (5 M)
-Elution buffer
* Imidazole (50, 100, 200, 500 mM)

* Binding buffer (pH 7.3)

In fact, elution buffer of pH 6 is recommended bglbtular Cloning (Sambrook and Russell, 2001).
-Special equipment

» Test-tube rotator (Labinco, Breda, Netherlands)

« Cell disruptor (Branson Sonifier Danbury, CT, USA)

« Centricor’ YM-10 (Millipore, Bedford, MA, USA)
Centricol centrifugal filter units provides efficient condeation of even dilute (ng rilto pg mr?)
protein solutions. Uses low binding Ultracel-YM migrance with five cut-offs available: 3,000,

10,000, 30,000, 50,000 and 100,000 nominal moleautight limit. For instance, CentriconYM-10
can concentrate proteins having a molecular weigterthan 10 kDa.

METHOD
-Equilibration of the Ni*-charged chromatography resin

1. Invert gently the bottle of Ni-charged chromatography resin to mix the slurry an
transfer 2 ml to a 15-ml tube of polypropylene.oill the resin to pack under gravity
flow.
Wash the resin with 25 ml of sterile®l.
Centrifuge the solution at 1,000 g for 3 minuted“& and discard the supernatant.
Equilibrate the solution with 25 ml of binding beff centrifuge and discard the
supernatant.
Repeat step 4 for another time.
Equilibrate the solution by rotating gently on tagdbe rotator for 15 minutes at 4°C.

The resin is now ready for use in step 13.
Prepacked Ni-affinity column (HisTrap" HP column) is available from Amersham Biosciences,
in this case, we directly equilibrate the columrd ararry out the purification according to the
instructions which is similar to that of chromataghy. Monitor the Agy Of each fraction.
HisTrap™ HP column could bind at least 40 mg polyhistidiagged protein per ml medium.

-Preparation of cell extract

8. Resuspend thE. coliBL21 (DE3) cell pellets (Materials and Methods1l.Gtep 11)
in a 50-ml tube of polypropylene with 25 ml (gerllgrane tenth of original culture
volume) of binding buffer (pH7.3) containing 1 mM -(Zaminoethyl)
benzenesulfonyl-fluoride (AEBSF), and ilM pepstatin A, inhibitors of protease.

9. Disrupt the cell by Branson Sonifier using a ‘ditput, ‘30" % duty cycle and
‘continous’ power for 1 minute avoiding any bubbdmd keeping cold during
sonicaion and then put it on ice for 1 minute.

10.Repeat step 9 several times until the solution imesoclear.

11.Centrifuge the solution at 14,000 rpm for 30 misutat 4°C and collect the
supernatant (cell lysate) in a new tube.

hwn
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12. Filtrate the cell lysate through a 0.g®1 filter and collect it in a new tube.
-Purification of the polyhistidine-tagged protein

13.Add the equilibrated resin in the filtered supeamatand mix them by rotating gently
on test-tube rotator for 30 minutes at 4°C.

14.Centrifuge at 1,000 g for 3 minutes at 4°C andemlthe supernatant (flowthrough)

15.Wash the bound protein with 25 ml of binding buffentaining 10 mM imidazole and
mix them by rotating gently on test-tube rotatar3aminutes at 4°C.

16. Centrifuge at 1,000 g for 3 minutes at 4°C andemblthe supernatant (wash).

17.Elute the bound protein with 5 ml of elution buff@ntaining 50 mM imidazole and
mix them by rotating gently on test-tube rotatar3aminutes at 4°C.

18. Centrifuge at 1,000 g for 3 minutes at 4°C andemlthe supernatant (elution 1, 50
mM imidazole).

19.Repeat steps 17 and 18 using elution buffer comgimcreasing concentrations of
imidazole (100 mM, 200 mM and 500 mM).

20.Assay all the fractions for the presence of theylpistidine-tagged protein by
analyzing 304l aliquots by SDS-PAGE in combination with Coomasiillant blue
staining and then Western blot using antigHistibody.

-Concentration of the polyhistidine-tagged prot@gimecessary)

21. Add purified polyhistidine-tagged protein (up ter) in Centricori] YM-10.

22.Centrifuge at 4,000 g at 4°C ( for about 45 minutestil the volume has greatly
decreased ( 90%)

23.Add 1.5 ml of binding buffer without imidazole andntrifuge to eliminate imidazole.

24.Repeat step 23.

25.Collect concentrated protein containing little ilszele and sotre it at -20°C.

17. Gene reporting analysis: TTSS transcriptional etivation

In order to study precisely the level of transeéaptof exsCEBAandexoSpromoters, reporter
strains containing one single copy of transcripglolsions ofpClux or pSluxwere tested in
different conditions.

17.1 Transcription in response to calcium depletion

MATERIALS
-Bacteria containingCluxor pSlux

-0.5M EGTA (pH7.2)
Add 19.02 g of EGTA to 80 ml of #. Mix well by vortexing and adjust the pH to 7.&wNaOH. Add

H,O to 100 ml. Filtrate through a 0.28M filter. EGTA does not dissolve until the pH ofettsolution is
adjusted to ~7.2.

-2M MgC|2

-0.5M CaC}

-spectrophotoluminometer (Luminoskan Ascent, Latesys, Finland)
-96 wells plate (Costd)

METHOD
1. Grow bacteria in 2 ml of LB overnight at 37°C, wéhration and agitation of 260 rpm
2. Wash bacteria 2 times with LB and then inoculatenthat 1:100 in 1 ml of LB
supplemented with 5mM EGTA/20mM MgC(inducing condition) or LB in the
presence of 5mM Cag(non-inducing conditon), for 3-4 hours till an @pof 1-1.5.
3. Measure relative luciferase units (RLU) of 0.2 rhkalture (1:2, 1:4 and 1:8 dilution
by LB) in 96 wells plate using a spectrophotolunmmeer. Bacterial quantity was
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estimated from OR)o (we consider that there isxB0° bacteria in 1ml of LB at O
of 1). Transcription is then expressed as RLU pdi08bacteria.

17.2 Transcription in response to human serum

MATERIALS
-Bacteria containingCluxor pSlux
-Human serum AB
-Modified HEPES-buffered saline (mHBS) (Dacheeixal, 1999)

e 15 mM HEPES

« 8 mM glucose

* 4 mMKCI

* 140 mM NacCl

* 0.5 mM MgCb

« 0.9mM CaCl
-spectrophotoluminometer (Luminoskan)
-96-well plate (Costat)

METHOD
1. Wash O.N. bacteria 2 times with LB and precultirem at 1:100 in 1 ml of LB to
ODgoo 0f ~1 (about 2 hours).
2. Wash twice with mHBS and platex80° bacteria/well in a 96-well plate with or
without 10% human serum AB.
3. Read RLU from the entire culture plate immediaggher adding bacteriae (t = 0) and
at 1 h intervals.

17.3 Transcription in response to cell contact

MATERIALS

-Bacteria containingCluxor pSlux
-Differentiated PLB-985 cells (Biondzt al, 2004)
-mHBS

-spectrophotoluminometer (Luminoskan)
-96-well plate (Costal)

METHOD
1. Wash PLB-985 2 times with mHBS and plate t6ll/well in a 96-well plate.
2. Add precultured bacteria at a MOI of 5. Controkittions were set up under identical
conditions in the absence of PLB-985 cells.
3. Read RLU from the entire culture plate immediaggher adding bacteriae (t = 0) and
at 1 h intervals.

18. Functionality of TTSS
To examine the functionality of TTSS, we analydseldecreted proteins.

MATERIALS

-Bacteria of interest

-LB

-LB containing 5mM EGTA and 20 mMMggl
-LB containing 5mM CagGl
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-Acetone
-Trichloroacetic acid (TCA) 50 % solution

Dissolve 110.1 g TCA in 100 ml of deionized® The resulting solution will contain 50% (w/v) AC
-SDS-PAGE associated materials

METHOD

1. Grow bacteria in 2 ml of LB containing appropriat&ibiotics at 37°C for overnight.

2. Wash bacteria twice by LB, re-inoculated at 1:100 inducing or non-inducing LB,
and culture at 37°C for 3 h.

3. Collect the supernatant of the bacterial culturguifealent of 1 ml of Oky 1) by
centrifugation 13,000 rpm for 15 min .

4. Add 0.35 ml 50% TCA per ml supernatant (TCA financentration is 13%) to
precipitate proteins at 4°C for 30 min.

5. Collect precipitated proteins by centrifugation@X) rpm for 15 min

6. Wash the pellet with cold acetone (-20°C) and deigie 5 min; repeat another wash.

7. Dry the pellet in air ( about 5 min) and resuspénem in 20ul 1x SDS-PAGE
loading buffer.

8. Perform a 10% SDS-PAGE and stain the gel by Coam&sgliant Blue.

19. Resistance to phagocyte killing
Differentiated poly-morphonuclear (PMN) leukocyikel cells, PLB-985 were used to
examine the ability of different strains Bfaeruginos&o resist the bacterial killing activity of

PMN.

MATERIALS

-PLB-985 cells (GREPI, CHU Grenoble, France, Bioatal, 2004)
PLB-985 are single, round cells and are belongumdn acute myeloid leukemia, derivative of HL-60.
They are maintained in 90% RPMI 1640 with 10% fé@vin serum (FBS), 100 units Mpenicillin, 100
pg mit streptomycin, 2 mM L-glutamine at 37°C in a 5% &@mosphere. Minimum density of subculture
is about 0.2 x 10cells mi*, doubling time is about 24 hours and maximal dgrisiat about 1.5 x faells
mi™ (generally is 1 x 1Dcells mI*). PLB-985 are stored in liquid nitrogen (-196°@)710% RPMI 1640,
20% FBS, 10% DMSO at about 5 x®lls per ampoule.

-Cell culture incubator (Heraeus, Courtaboeuf, Eean
-RPMI 1640 (Invitrogen, San Diego, USA)

-FBS (Invitrogen)

-10, 000 units mt penicillin (Invitrogen)

-10, 000 pg mt streptomycin (Invitrogen)

-200 mM (100 x) L-glutamine (Invitrogen)
-N,N-Dimethylformamide (DMF) (Sigma)

-mHBS (See Material and Methods 17.2)

METHOD

1.

wn

Expose 5 x 10PLB-985 cells per ml (20 ml volume) to 0.5% DMR 7 days to
obtain differentiated granulocytes whose activityuld be estimated as described
previously (Biondeet al., 2004).

Re-inoculate overnigh®. aeruginosaat 1:100 in LB for 3 hours.

Wash bacteria twice with mHBS and adjust them 50216 bac mf* in mHBS.

Wash differentiated PLB-985 twice with mHBS andusgzend 5 x 1Dcell in 800l
mHBS in a culture tube.

Add prepared 10Ql of P. aeruginosg2.5 x 10 bac, MOI= 5), 10Qul human serum
AB (1 ml total), mix well and then incubate the ¢udt 37°C wtih gentle agitation.
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6. Prepare immediately (time [tf]=0) and after diffarémervals two 1:10 interaction
dilutions and plated 50l diluted solution onto the prewarmed PIA plates.

7. Count CFU after 16 h of incubation at 37°C and wale the average value.
The 1:1Gdilution was prepared by adding fiDinteraction solution in 5 ml of LB (1:2)) then 50ul in

another 5 ml of LB (1:1%) and at the end 10@l in 900 ul LB (16). In theroy, in 50ul interaction
solution (time [t]=0), there should be 50 bact¢rif.05x2.5x1010°).

20. Search of TTSS inhibitor(s) from stationary phae culture supernanant
20.1 Supernatant preparation and its activity on tle transcription of exsCEBA

MATERIALS
-Strains

* CHA wide type
* Transposon insertion mutants

 CHA (pCluX
-Medium

e LB

e VB

-Flask of 500 ml

METHOD
-Supernatant preparation
1. Inoculate overnight bacteria (wash twice with LBYL&200 in 100 ml of LB in a flask
of 500 ml and grow the bacteria at 37°C with agtabf 260 rpm for 6 hours (Qfgy
should be 3.0-4.0)
Centrifuge at 8,000 rpm for 10 min and pour off su@ernatant.
Wash briefly the pellet with 10 ml of VB, centrifag@nd pour off the supernatant.
Add 100 ml of VB and culture at 37°C with agitatiovernight.
Centrifuge at 15,000 rpm for 45 min and collect siipernant which could be stored
at -20°C or 4°C.
Otherwise, we could concentrate the supernatantybghilization using Freeze dry system/LYPH
LOCK 4.5° (LABCONCO, Kansas, Missouri, USA): then suspere gowder in 10 ml of 70 % alcohol
to precipate the salt and protein at -20°C for @irheentrifuge at 15000 rpm at 4°C for 45 minutes;
collect the supernatant and then eliminate alcblyolSS110 Speed VATsystem (Thermo, Waltham,
Manchester, USA) and finally resuspend the prempain 1 ml of HO. Such treatment does not
influence the activity of supernatant on CHRC{uX/(pSlu® (Thesis of Didier FILOPON, December
21, 2005, UJF Grenoble 1).
-Supernatant activity on the transcriptionreaCEBA
6. Take 1.05 ml of supernatant and add fubfixture as follows:
o 12l precultured CHA Clux) at ODso~1
e 120pl10xLB
o 12ul/12 ul 0.5 M EGTA/2 M MgCh*
7. Read RLU immediately after adding bacteriae (t afj at 1 h intervals.
*: replace 124l 0.5 M CacC} for the negative control.

ablrwn

20.2 Construction and screening transposon insertiomutant library

Transposon insertion mutants were generated byliziabi the suicidal plasmid pFAC from
E. coli S17-1 toP. aeruginosaCHA as previously decribed (Wong and Mekalano$)020
Diaz-Perezt al, 2004).
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MATERIALS
-Strains
* Wild-type CHA
* E.coliS17-1 (pFAC) (pFAC is a gift from Dr. Campos-Gaici

-Medium
* LB agar without salt
* PIA Gm400
LB
VB

-Digital multichannel pipette 5-50i (Titertek”, Titertek, Finland)
-Digital multichannel pipette 50-2qd (Titertek’)
-96 wells plate

METHOD
-Mating between wild-type CHA arif.coli S17-1 (pFAC)

2. Mix at 1:1 of 100ul exponential phase (Qky= 0.5) CHA andE.coli S17-1. Deposit
the mixture on the surface of LB agar without slaitubate the plate overnight in the
incubator at 37°C.

3. Transfer the bacteria into a microfuge tube comgiri ml of LB and dilute OBy, to
0.02.

4. Spread 10Qul suspension on the PIA Gm400 and incubate the maérnight in the
incubator at 37°Qmating rate is about 1/4there is about 120 colonies, 0:@X10%10/10).

-Screening mutants whose supernatant do not repxeSpromoter activity

5. Inoculate 84 colonies as well as CHA (in 6 diffarerlls, positive control) in 96-well
plate containg 10@ LB/well (conserve 6 empty wells as negative cohtrincubate
the plate overnight at 37°C with agitation.

6. Transfer 5ul overnight culture using multichannel pipette irsioother 96-well plate
containing 10Qul LB/well. Incubate the plate 6 hours at 37°C wvatfitation.
Centrifuge the plate at 1200 g at 25°C for 1 hawt pour off the supernatant.

Add 100ul VB/well and incubate the plate overnight at 3%f{th agitation.
9. Centrifuge the plate at 1200 g at 25°C for 1 hond d@ransfer carefully 8Qul
supernatant/well using multichannel pipette.
10.Add 20pl mixture containing
o 5yl precultured CHA §SIuy at ODsp~1
e 10ul10xLB
e 1pl/1lpu0.5MEGTA/2 M MgCh*
« 3uHO
11.Read RLU immediately after adding bacteriae (t afij at 1 h intervals.
*: replace 1ul 0.5 M CaC} for the negative control.

o N

20.3 Mutant characterization

Mutants whose stationary phase supernanants legt dbility to inhibit exoS promoter
activity were characterized by genomic DNA cloningp pUC18 and then sequencing, see
Material and Methods 2.4.6.3 and 2.4.5. A singdmgposition event of mutant was verified
by southern hybridization, see Material and Methbals
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21. High Performance Liquid Chromatography

MATERIALS

-HPLC system

Liquid chromatography: LC-10AD (Shimadzu, Kyotopda)

UV spectrophotometric detector: SPD-6A (Shimadzu)
Chromatopac: C-R5A (Shimadzu)

*  Pump: Gastorr GT-103 (Laboc)

C18 cartridge column (Shimadzu)

-Supernatant (filtrated by 0.28M filter, see Materials and Methods 20.1)
-Solvent A: 0.1% trifluoroacetic acid (TFA)

-Solvent B: 80% methanol and 20% solvent A

METHOD

Stationary phase culture supernatant from the typ@é CHA and mutantAtrpA were
prepared as described in Materials and Methods @0dlwere filtrated through a 0.2@/
filter. 1 ml of samples were injected into a LC-IDAevice, washed with 10 ml of solvent A
and eluted with 5 ml of solvent B at a flow rateC0 ml min'. The linear gradient elution
was initially 100% solvent A, programmed to be 1088tvent B over 30 minutes and hold
100% solvent B for 5min. A C18 cartridge column weguilibrated prior and after each
injection.
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Chapter 1

PsrA is a positive transcriptional regulator of type

lll secretion system inPseudomonas aeruginosa
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Résumé en francais

Le systeme de sécrétion de type Il (SSTTPdeudomonas aeruginosat induitin vivo lors

du contact avec la cellule eucaryoteretitro lors de la déplétion calcique dans le milieu de
culture. Nous avons observé qu’'une protéine préogdmt identifiée, PsrA, est nécessaire
pour la pleine activation de I'expression des ge&leSSTT cheP. aeruginosalLes analyses
de gel retard ont montré que la protéine recombin&srA peut se fixer sur la région du
promoteur dexsCEBA qui est l'opéron régulateur du SSTT clezaeruginosaUn mutant
avec une délétion du gemsrA a été construit. En utilisant des fusions trapgicmnelles,
nous avons montré que PsrA est nécessaire pouleilae pactivation de la transcription
d’exsCEBAet exo$ bien que le mutarfipsrA ait toujours répondu a la déplétion calcique, au
sérum, et au contact de cellule hote. Le mulqusrAa montré une diminution marquée de la
sécrétion des effecteurs de type lll et une faiblstance a la phagocytose par les cellules
PLB-985. Le défaut de la transcription des genda sécrétion des effecteurs du SSTT dans
le mutantApsrA a pu étre complémenté par I'expressiontrans de psrA PsrA a été
précédemment identifi€ comme un activateur trapgsorinel de RpoS, un régulateur central
pendant la phase stationnaire. Nous avons configo® RpoS a un effet négatif sur
I'expression des genes du SSTT. L'ensemble deHatsssuggére que PsrA soit un nouveau
activateur qui est impliqué directement dans I'egpion du SSTT en augmentant le niveau de

la transcription &xsCEBA

En anglais

1. Background

In P. aeruginosaexpression of all TTSS genes is coordinately ledgd by an AraC-like
transcriptional activator, ExsA, which binds to ansensus sequence (TNAAAANA)
approximately 50 bp upstream of the transcriptistait site of the TTSS genes (Hovey and
Frank, 1995). In recent years, a cascade of ptes been discovered which may influence
posttranscriptionally the activity of ExsA. ExsDh antiactivator, is a negative regulator that
binds ExsA and prevents it from activating TTSS egéranscription (McCavet al, 2002).
ExsC has recently been shown to interact with Exsld is thought to act as an anti-
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antiactivator that releases ExsA from inhibition lBysD (Dasguptat al, 2004). ExsE, a
small TTSS secreted protein binding tightly to Exa@@ acting as a repressor of the TTSS,
has been recently identified (Rietsehal, 2005; Urbanowsket al, 2005). EXSE sequesters
ExsC when the TTSS channel is closed but is setweteen the channel is activated by a
signal such as low calcium concentration, leaving@ free to interact with ExsD and
releasing ExsA, thereby allowing ExsA to activafESB expression. It is interesting that,
except forexsD the genes encoding these protessA exsG andexsE are located in the
same operorexsCEBAbut other genes, such as that for PtrA, pseudastype Il repressor
A, may also affect the TTSS through direct intamactwith ExsA. PtrA is highly and
specifically inducible by a high copper concentmtisignal and suppresses the TTSS by
inhibiting the function of ExsA through direct iméetion, although it is not clear whether
PtrA blocks the DNA binding ability of ExsA or itability to interact with the RNA
polymerase (H&t al, 2004). Otherwise, defect of TTSS gene expressionutants, such as
deletions ofcyaAB or vir (Wolfgang et al, 2003), aceAB (Dacheuxet al, 2002), and
retSrtsM (Goodmanet al, 2004; Laskowsket al, 2004; Zolfaghaet al, 2005), could be
restored to normal level byn trans expression ofexsA indicating another important
transcriptional level of regulation of the TTSS dhgh the activity of promoter of the
exsCEBAoperon (pC). Therefore, it is interesting to sttigy regulation oexsCEBAitself to
explore the regulation of the TTSSRnaeruginosa

Previous work realised in our lab showed that, dcaptional activation of the TTSS is
defective in pyruvate dehydrogenase (PDH) mutah® @aeruginosa strairCHA (Dacheux
et al., 2002). Work also showed that cell extra¢t8DH mutant contain a protein able to bind
strongly to the promoter pC. Leucine aminopeptid®®A, one clearly enriched protein in
the fraction having the strongest pC binding attiwas indentified by Matrix Assisted Laser
Desorption/lonization-Time of Flight (MALDI-TOF) @published work realised by
Epaulard.et al). Furthermore, PhpA was reported to be involvedegative regulation of the
expression ofalgD, the first gene of the alginate biosynthetic oper®oolwine and
Wozniak, 1999), and its homologous (56 % amino aigahtity) protein inE. coli, PepA, is a
multifunctional protein, possessing independentnapeptidase and DNA-binding activities
(Charlieret al, 2000). The regulation @flgD transcription inP. aeruginosas related to the
aminopeptidase activity of PhpA and the bindindg?bpA to thealgD promoter region has not
been studied (Woolwinet al, 2001).
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2. Objective and strategy

Our objective is to isolate, identify and charaeithe role in TTSS regulation of proteins
able to act as regulator on the promoter pC. Foh surpose, we have used strategies
summarized in Fig. 8. Briefly, we prepared extifacin mutantAexsAand fractionnated them
by heparin-sepharose affinity chromatography. U&MSA, we determined each fraction’s
DNA-binding activity to biotin-labelled promoter p@nd collected fractions which have a
strong pC binding activity. After separation by SBSGE, unique bands in these fractions
were analyzed by MALDI-TOF and 2 co-purified protewere characterized as Vfr, a known
transcriptional activator of TTSS and PsrA, a memntfethe TetR family of transcriptional
regulators. Recombinant proteins PhpA, PsrA and Wére produced to determine their
binding activity to pC. Mutants construction alladve® further investigate the role of each of

these proteins in regulation of TTSS genes exBssi

AexsAextract and fractions
(Purified by Heparin-Sepharddé Affinity Chromatography)

pc*biotin
— _
——
Electrophoretic mobility shift assay
SDS-PAGE/ MALDI-TOF
PhpA (previous work) PsrA, Vir (this work)
Recombinant protein Mutants construction
EMSA Gene reporting analysis Functionality of Resistance of

(pClux/pSlux the TTSS phagocyte killing

FIG. 8. Strategy in search of unknown regulators aing at promoter of exsCEBAoperon.
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3. Results

3.1 Chromosomal transcriptional gene reportepClux and pSlux

In order to study the regulation eksCEBAitself to explore the regulation of TTSS genes
expression irP. aeruginosawe have constructed chromosomal transcriptioeakgeporter
strains containing one single copy of transcripiociusion of promoter of operoexsCEBA
with lux (pCluX) and promoter oéxoSwith lux (pSluy. Construction was realized by mating
E.coli S17containing plasmid mini-CTXxsCp-luxor mini-CTX-exoSp-lux(a kind gift of
Dr. Kazmierczak) with our CHA strain. Then plasnidckbone sequences was excised via
Flp recombinase as described in Materials and Mistlh1.1 (Laskowsket al, 2004). As
seen in Fig. 9, transcription of bodxsCEBAandexoS in the CHA wild-type is quickly
activated in TTSS-inducing conditions (calcium d@gjoin by adding EGTA), indicating that
chromosomal transcriptional gene repor@téux andpSluxprovided us a useful tool to study

precisely the transcriptional level eksCEBAaneexoSpromoter.
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RLU/6*10 bac (pClux)

900 - Culture time (hours)
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1 2 3 4 5 6

Culture time (hours)

FIG. 9. Analysis of TTSS exprssion by transcriptioal gene reporterpClux and pSlux. The CHA wild-type
carrying a single copy of theClux or pSluxtranscriptional reporter at its chromosome wemgrat 37°C from
an initial ODypo of 0.05 in LB under TTSS-noninducing (black barsthe presence of 5 mM calcium) or -
inducing (white bars, in the presence of 5 mM EGIndl 20 mM MgC)) conditions. RLU were measured at 1-h
intervals over 6h of culture and calculated intamalized bacterial counts (6 10° bac). Bars represent the
means plus the standard deviations of resultsrijplicate samples and show the averages of rebolts three
independent experiments. bac, bacteria. Ca, calcium
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It is worth pointing out that maximum expressionboth exsCEBAandexoShappens at the
end of four hours culture (Fig. 9) and this phenoamewill be investigated in the second part

of work.

3.2 PhpA doesn't play a role in the regulation of TSS expression

3.2.1 pC binding activity of rPhpA

In order to determine the binding activity of PhpApromoter pC, we first produced kHs
tagged recombinant protein PhpA (rPhpA)E&n coli BL21(DE3). rPhpA was purified by
using a nickel affinity column according to thetmastions of the manual, analyzed by SDS-
PAGE, visualized with Coomassie staining (Fig. 1&)d confirmed by Western blotting

using anti-Higantibody (data not shown).

FIG. 10. Expression and purification of recombinant proteins rPhpA. SDS-PAGE
analysis of rPhpA, which were expressed from a f@bTector inE.coli BL21 (DE3) and
purified using Ni-NTA Agarose with differenct imidale concentrations in the wash and
elution step. Kd, kilodalton; M, protein marker vagosizes are indicated at left side; 1, cell
lysate; 2, flow-through; 3: wash solution in theesgnce of 10 mM imidazole; 4-7: elution
containing 50 mM, 100 mm, 200 mM and 500 mM imidazeespectively. PhpA was
visualized by a Coomassie Blue-stained 10% SDSdeojjamide gel.

To verify if rPhpA is able to bind the pC, we cediout, as described in Materials and
Methods 15, an electrophoretic mobility shift asseMich is usually used to study the
interaction between DNA and protein. In this expemt, DNA fragment was a 280-bp pC
fragment containing the region of promot&@gBA It has been shown previously that this pC
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fragment fused tayfp can be used to monitor transcriptional regulatodnthe exsCEBA
operon (Dacheuxet al, 2001). The pC fragment was obtained from digesbf plasmid
plApC with BamH and then was labeled with biotin-16-dUTP. As shaw Fig. 11, several
shifts were appear in the reaction of pC angy4f total extract prepared from straiexsA
suggesting beside ExsA, several other proteinsdctind to pC. However, using same
conditions of EMSA, no shift was observed from thaction between pC and rPhpA (Fig.
12A) and such phenomenon was also observed usiigatselled pC (Fig. 12B), implying
that rPhpA does not bind to pC.

0 08 4 20 Extract (ug)

FIG. 11. Analysis of extract’s pC binding activity. A 280-bp biotin-labeled pC fragment was incubateth
AexsAextract in the presence of| g of poly(dl-dC) as described in Materials and Meth The quantity of
used extract was indicated on the upside.

0 03 0.6 1.2 2.4 rPhpA (ug)

A hed HL-JLJH

5mM EGTA 5mM MnCl,
0 03 06 12 20 06 24 06 24 rPhpA{g)

FIG. 12. rPhpA does not bind to the pC regionAn EMSA experiment was performed to show the et&on
between rPhpA and a 280-bp pC fragment labelledibin (A) or by*®S (B). Interaction was carried out in the
presence of g of poly(dl-dC), and purified rPhpA of differentigntity was used as indicated in the figure.
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3.2.2 Phenotype of mutanfphpA

To determine the role of PhpA in the regulatioif@SS expression, we first constructed, by
allelic exchange, as described in Materials andhilds 2.1.2, an unmarked in-frame deletion
mutation of genghpA yielding theAphpAstrain which was confirmed by PCR. As seen in
Fig. 13, with the same primer pahpAl-phpA2 as listed in Table 5, the size of amplified
DNA fragment alters as expected from wild-type tatamtAphpAdue to the insertion and the
deletion of the cassette Gaom (lox-flanked aacC1 encoding gentamicin resistance). The
amplified DNA fragment became smaller after theigga of cassette Glox, indicating that

the mutanfAphpAhas been correctly constructed.

AphpA
kb M Wt Gmox lox

15
1.0

0.5

FIG. 13. Characterization of mutant AphpA by PCR. PCR was performed on genomic DNA prepared from
different wild-type CHA and mutanfphpA Wt, wild-type CHA; Gmlox, lox-flanked aacC1 encoding
gentamicin resistance, is present in the chromostoreonly lox but notaacClis present in the chromosome.
M: DNA marker whose sizes are indicated at lefeskb, kilobase.

We then yielded the straifiphpA containing one single copy of transcriptional s of
exsCEBAwith lux [AphpA (pCluxX], andAphpA containing one single copy of transcriptional
fusions ofexoSwith lux [AphpA (pSluy] by matingE. coli S17-1 (pKOphpA with CHA
(pCluX) and CHA pSluX as described in Materials and Method 2.1.1. Gattro wild-type
CHA, the deletion ophpAdoes not have an influence on the activation adhaeexsCEBA
nor exoSexpression in TTSS-inducing conditions (calciunpldéon by EGTA) (Fig.14).
Taken together, PhpA is not the right protein ia #xtract of PDH mutant responsible for
strong pC binding activity, and PhpA does not pdayole in the regulation of TTSS genes

expression ifP. aeruginosa
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FIG. 14. PhpA has not a regulatory role in the expgssion of TTSSThe CHA wild-type and\phpA strains
carrying a single copy of theClux (left) or pSlux(right) transcriptional reporter at its chromosowere grown
at 37°C in LB under TTSS-noninducing (black bansthe presence of 5 mM calcium) or -inducing (whutes,
in the presence of 5mM EGTA and 20 mM MgGtonditions. RLU were measured over 4 h of cultanel
calculated into normalized bacterial counts<(( bac). Bars represent the means plus the stane@aidtidns
of results for triplicate samples and show the ages of results from three independent experimdias,
bacteria. Ca, calcium.

3. 3 PsrAis an activator of TTSS irP. aeruginosa

3.3.1 PsrA was identified from extracts possessimggC binding activity

To identify protein(s) implicated in the regulatiohexsCEBAexpression, we decided to keep
identifying protein(s) having an interaction withet DNA fragment containin the region of
promoter pC. To exclude the pC binding activity doethe presence of ExsA and the
influence of ExsA itself, the straiiexsAwith a deletion obexsA(Dacheux et al, 1999) was
used to produce extracts, which were then fractteth by heparin-sepharose affinity
chromatography through adjusting the concentratiosalt. Proteins from the fraction (eluted
from 0.44 M NaCl) possessing the strongest pC hopdictivity and those from the fraction
(eluted from 0.46 M NacCl) with no pC binding actwiFig. 15A) were separated by SDS-
10% PAGE and stained with Coomassie blue (Fig. 19Be bands present in the active
fraction and absent in the adjacent nonactive ibactvere sliced, and a matrix-assisted laser
desorption-time of flight (MALDI-TOF) analysis waerformed. Results of the MALDI-TOF
analysis were listed in Table 11, where band hésmixture of PsrA and Vfr; band 2 is the
mixture of 50S ribosomal protein L14 and putrescameinotransferase; and band 3 is the
mixture of 50S ribosomal protein L14 and 50S riboab protein L19. Because Vir
(Wolfgang et al, 2003) and PsrA (Kojic and Venturi, 2001; Kogt al, 2002; 2005) are

known transcriptional regulators & aeruginosaand moreover because Vir is a suggested
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activator of the TTSS by an unknown mechanism, weewnterested to know whether Vir

and/or PsrA play a role in TTSS regulation by diteoding to the promoter pC.

kba M  0.44M 0.46M
S Elution (NaCl, mol/L)

O e \(\\6) N A\
@ T AF PP AR A

' s
o Juvsivnsiagy @ .
A B b

14 % -

FIG. 15. Isolation of protein(s) possessing pC biridg activity. (A) Results of EMSA ofAexsAcrude extract
or purified fractions on the pC. A 280-bp biotirdéded pC fragment was incubated witexsAextract or a
fraction obtained from heparin-Sepharose affinityoenatography in the presence ofug@ of poly(dl-dC) as
described in Materials and Methods. Extract, tetditact ofAexsA elution 1, preliminarily purified extract from
5-ml column; other lanes, fractions collected fraecond purification with elution at the indicatech@
concentration. One microgram of protein was addegbich lane. (B) SDS-PAGE analysis of fractionAe{sA
extract purified using heparin-sepharose affinibyoenatography. The fraction (0.44 M) possessing e
binding activity and the adjacent fraction (0.46 Myt having any pC binding activity (A) were sepacaby
SDS-10% PAGE and stained with Coomassie blue. Hmeld present only in the 0.44 M fraction indicalyd
arrows were sliced, and a MALDI-TOF analysis wadgrened.

Table 11. Analysis of MALDI-TOF

band Protein name Gene name *PA number
1 PsrA Pseudomonasigma regulator) psrA PA3006
Vir (virulence factor regulator) vir PA0652
2 RpIN (50S ribosomal protein L14) rpIN PA4253
SpuC (putrescine aminotransferase)spuC PA0299
3 RpIN (50S ribosomal protein L14) rpIN PA4253
RplS (50S ribosomal protein L19) rplS PA3742

* PA number refers to thHe. aeruginosassigned numbers in www.pseudomonas.com.

3.3.2 Recombinant protein PsrA binds to the pC regin
To determine if PsrA and/or Vfr could effectivelind to the pC, we produced recombinant
protein PsrA (rPsrA) and rVfr ii. coli BL21(DE3). Recombinant proteins were purified by

using a nickel affinity column chromatography withidazole gradient elution, analyzed by
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SDS-PAGE, visualized with Coomassie staining, aodfiomed by Western blotting using
anti- His antibody (Fig. 16).

A. KiMm1 2 3 4 5 6 C.KdM 1 2 3 4 5 6

B. & - gpgpe

FIG. 16. Expression and purification of recombinantproteins rPsrA and rVfr. SDS-PAGE analysis of
rPsrA (A) and rVfr (C), which were expressed frorpET15b vector irE.coli BL21 (DE3) and purified using
Ni-NTA resin from Invitrogen with different imida#® concentrations in the wash and elution step. Kd,
kilodalton; M: protein marker whose sizes are iatld at left side; 1: total cell lysate (5 mM inddée); 2:
flow-through; 3: wash (10 mM imidazole); 4-6: 50 m00 mM and 200 mM imidazole elution respectively.
Proteins were visualized by a Coomassie Blue-sthit®% SDS-Polyacrylamide gel. Arrows indicate the
position of rPsrA (A) and rVfr (C). Western blot @psis of rPsrA (B) and rVfr by using anti-HisIRP
antibody, the bands present in (B) and (D) corredpo the bands presented at the level indicatearimws in

(A) and (C) respectively.

To verify if rPsrA and/or rVfr is able to bind thpeC, an EMSA was performed. Purified rPsrA
and rVfr were tested for their ability to bind tl280-bp DNA pC fragment containing
promoter ofexsCEBAoperon. As shown in Fig. 17, the mobility of the was retarded in the
presence of 1..uM rPsrA. It has to be noted that the position aicihthis retardation
occurred is not exactly the same as that due tetdleninarily purified extract from which
PsrA was identified. In contrast, no retardationtled pC was observed in the presence of

rVfr, even in combination with 2QM cyclic AMP, a known ligand of Vfr that increases i
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capacity to bind DNA. The mixing of rPsrA and r\ffran equimolar ratio did not modify the
retardation profile of rPsrA alone. This suggedtet Vir is not able to bind, at ledstvitro,

to the pC. The binding of rPsrA needed relativaghitoncentrations of recombinant protein,
indicating either a low binding affinity for the p@ poor activity of the recombinant protein.
In order to determine the binding specificity off @BsrA on the pC, we also produced a 280-
bp ppsrA a known promoter for PsrA (Kojt al, 2002), and a 280-bpflgQ, a
proven promoter having binding sequences for Virasgupteet al, 2002). As shown in
Fig. 17, no retardation was observed in the paseaf gleQ and rPsrA even with a high
concentration of rPsrA. In contrast, retardatiorswaserved with fieQ and rVfr (Fig. 17),
indicating (i) that the rVir protein is correctlglied and active and (ii) that, for the first time,
we showed that Vfr is not able to bind the pC.Ha same mannerpprAwas retarded in the
presence of rPsrA at a concentration 10 times |divan that needed for the pC, indicating
that rPsrA is active and that, although the bindsgpecific, the in vitro binding affinity of
PsrA for the pC is low.

pC pfleQ ppsrA
< > < > <
§ &
0 5153 6 120 3 6 12015 0 & & & (M
&

o
H U'MUHW

FIG. 17. rPsrA binds to the pC region.An EMSA experiment was performed to show that AHateracts with
the pC region. Biotin-labeled DNA fragments conilagnpC, dleQ, or ppsrAwere incubated in the presence of 2
png of poly(dl-dC) with purified rPsrA of differentoncentrations as indicated in the figure. Elution 1
preliminarily purified extract (Jug) fraction obtained from the first heparin-Seplsaraffinity chromatography
purification as described in Materials and MethodsVFR was used for this lane to verify itfigQ binding
activity.

3.3.3 Mutant ApsrA and ApsrA containing gene reporterpClux or pSlux
As PsrA is able to bind the pC, we asked whetheA Rgas indeed necessary for the
transcription ofexsAand logically the TTSS effectors, suche®$ in response to various

known stimuli of the TTSS. Therefore, from our CHharental strain we constructed, by
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allelic exchange, an unmarked in-frame deletionatior of ApsrA as described in Materials
and Methods, yielding the straifipsrA and thenApsrA containing one single copy of
transcriptional fusions adxsCEBAwith lux [ApsrA (pCluX)], andApsrA containing one single
copy of transcriptional fusions @xoSwith lux [ApsrA (pSlu®], which were confirmed by
PCR (Fig. 18).

< ApsrA(pCqu)> < ApsrA(pSIw)>

M Wt Gmlox  lox Gmlox lox

FIG. 18. Mutant analysis by PCR.PCR was performed on genomic DNA prepared frorfediht strains. Wt,
wild-type CHA; Gmlox,lox-flankedaacC1lencoding gentamicin resistance, is present irctiemosomelox,
only lox but notaacCLlis present in the chromosome. M: DNA marker whgiges are indicated at left side; kb,
kilobase.

3.3.4 PsrA is required for the full transcriptional activation of exsAand exoS

---PsrA is required for the full activation of exsAand exoSby calcium depletion

The different strains were cultured from an §y»f 0.05 in TTSS-noninducing conditions (in
the presence of calcium) and in TTSS-inducing dions (in the presence of calcium
chelator EGTA). As seen in Fig. 19, the transooipdl level forexoSandexsAin the CHA
wild-type was two- to threefold higher than thattie ApsrA strain over 4 h of growth with
EGTA. However, the difference in the fold activatiof gene expression between the wild-
type strain and thApsrA strain was quite low (4.7/3.3 and 11.1/10.4). Nib&g under these
culture conditions, no discernible growth differengas observed between the strains. Thus,
it seemed that PsrA is implicated in the regulatodrihe level of expression afxsAand

henceexoSbut not in the regulation in response to calciweplétion. As calcium depletion
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activation occurs through the release of ExsA fitsrantiactivator ExsD, our result confirm

that PsrA is a positive transcriptional activatbf®SS independent of ExsA.

8000 475
> 7000 e
3 6000
% 5000 -
s 4.7* 3.3+
" 4000 . W Cacl2
S 2000~ 3.3+
@ 1000
0 - —
CHA  ApsrA  ApsrA  ApsrA  ArpoS
pPsrA pDD2
900 -
800 - 13.4*
< 700 11.1* 2.8*
% 700 T -
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§ o W Cacl2
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"5 400 10.4*
o 300- OEGTA
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@ 200-
100 -
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CHA ApsrA ApsrA ApsrA
pPSrA pDD2

FIG. 19. Full activation of TTSS transcription requires PsrA. The CHA wild-type,ApsrA, ApsrA(pPsrA),

ApsrA(pDD2), andArpoS strains carrying a single copy of ti€lux (up) or pSlux (down) transcriptional
reporter at its chromosome were grown at 37°C inubBer TTSS-noninducing (black bars) or -induciwite

bars) conditions. RLU were measured over 4 h ofucaland calculated into normalized bacterial cey6tx

10® bac). Bars represent the means plus the standaidtidns of results for triplicate samples andvstibe

averages of results from three independent expetsné, fold activation of gene expression undeduicing

conditions compared with that under noninducingditions. bac, bacteria.
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---PsrA is required for the full activation of exsAand exoShy serum

Since serum is one of the environmental signalsdha induce the expression of TTSS in P.
aeruginosa (Vallis et al., 1999; Hornef et al., 20Rim et al., 2005), we asked what is role of
PsrA in such induction. It is interesting thattlve presence of the human serum stimulation
for 4 h, the transcription axsAwas always about fourfold lower in tAg@srA strain than in
the CHA wild-type and the fold activation in psrfas/two times lower than that in the wild-

type (Fig. 20).

70
20.2*

607 ] 25 6+
< 90 1 |mHo
L_:; 40 - mH1
e mH2
3 30 OH3
™ 20- Lo OH4

10 -

CHA- CHA+ ApsrA- ApsrA+ ApstA  ApsrA’
PPSrA- pPsrA+

FIG. 20. Activation of TTSS transcription by serumrequires PsrA. Cultured bacteria (% 10°) of the CHA
wild-type and strainApsrA andApsrA (pPsrA) carrying a single copy of theClux transcriptional reporter at its
chromosome were incubated with mHBS buffer (=) @%lhuman serum AB (+) in a 96-well plate. RLU were
measured over 4 h of incubation. RLU readings vieken immediately after addition of serum (t = 6@t 1-h
intervals. Bars represent the means plus the stdrikviations of results for triplicate samples atmdw the
averages of results from two independent experisaentfold activation of gene expression at houuntler
inducing conditions compared with that under noatidg conditions. HO to H4, hours O to 4.

Complementation apsrAin transwith the plasmid PsrArestored the level of transcription
of exsAandexoSin response to both calcium depletion and serumsAmuli (Fig. 19 and
Fig. 20). Expressionn trans of exsAonly partially restored the level of transcription
exsCEBAunder the calcium depletion condition; howevergaimpletely restored the level of
exoSexpression (Fig. 19). Thus, PsrA appeared to &kéyreequired for the full expression of
exsCEBAand hence the TTSS effectors, suckasS
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---PsrA is required for the full activation of exsAupon host cell contact

Besides calcium depletion growth conditions, thpregsion of thd>. aeruginosal TSS and
secretion of effector proteins could also be induefter contact with tissue culture cells
(Vallis et al, 1999; Hornefet al, 2000). Therefore, we asked whether PsrA is reduior
such induction by measuring transcription of g@ux reporter construct in wild-type and
ApsrA strains following infection of PLB-985 polymorphariear leukocyte-like cells. As
seen in Fig. 21exsCEBAtranscription increased about fourfold at houm4GHA in the
presence of PLB-985 cells as did that in #yesrA strain; on the contrary, the global

transcription level oExsCEBAIn the ApsrA mutant was twofold lower than that in the wild-

type strain.
16 -
14 4.4*
T
12 -
— mHO
X
> 104
o mH1
2 8- mH2
2 6 4.4+ |B3
e OH4
4 -
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0 .

CHA+Buffer CHA+PLB985 ApsrA+Buffer ApsrA+PLB985

FIG. 21. Transcriptional activation @xsCEBAduring exposure of bacteria to differentiated PA&S cells
requires PsrA. RLU produced by 5 x*Ifliltured bacteria of CHA anfipsrA strains carrying a single copy of
the pCluxtranscriptional reporter at its chromosome werasueed over 4 h following bacterial interactiontwit
10° PLB-985 cells or mHBS buffer control in a 96-wplate. RLU readings were taken immediately after th
addition of bacteria (t = 0) and at 1-h intervddars represent the means plus the standard densatioresults
for triplicate samples and show the averages afli®from two independent experiments. *, fold eation of
gene expression at hour 4 under inducing conditemmpared with that under noninducing condition®. tel
H4, hours 0 to 4.
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3.3.5 Secretion of the type Il effectors is decread in theApsrA strain

Secretion of TTSS effectors is strongly correlatgith P. aeruginosavirulence both in animal
models and in studies of human disease (Haetsal, 2002). Therefore, we examined the
secretion of TTSS effector molecules in wild-typelAG the ApsrA strain, and the\psrA
strain carrying pPsrAApsrA (pPsrA)] under TTSS-noninducing or -inducing conditioAs.
seen in Fig. 22, thApsrA mutant showed markedly decreased secretion of Bxe&T, and
PopB proteins compared to the parental CHA sti@onversely, complementation ApsrA
restored the strain's ability to secrete ExoS, Exantl PopB proteins whose amounts seemed
slightly higher than those of proteins from thedatype CHA strain, confirming the positive
regulatory function of PsrA for the TTSS. Howevegtopic expression opsrA cannot
overcome the requirement for a TTSS-inducing sigsaich as calcium depletion, as
demonstrated by the absence of ExoS, ExoT, and RepEtion whel\psrA(pPsrA) was
grown under noninducing conditions, indicating tthegt presence of EGTA is essential for the

secretion (Fig. 22).

CHA ApsrA ApsSrApPsrA
kDaM 1 2 1 2 1 2
94
66
ExoT
- s ExoS
43
PopB
31

FIG. 22. Secretion of the type Il effectors is deeased in theApsrA strain. Bacteria were grown under
TTSS-noninducing (lanes 1) or TTSS-inducing (laBesonditions. Supernatants normalized to bactenahts

(6 x 1¢ bacteria lané) were subjected to trichloroacetic acid precijpitat The extracellular proteins were
separated by SDS-10% PAGE and stained with Coomdndse. M, protein marker. Sizes in kilodaltons are
indicated at the left.

121



Results-Chapter 1

3.3.6 StrainApsrAis less resistant to the phagocyte-like PLB-985 lte

To examine the effect of th&psrA mutation on the ability oP. aeruginosato resist the
bacterial killing activity of polymorphonuclear ukocyte-like cells from differentiated PLB-
985 cells, CHA, thépsrAstrain, and\exsA a TTSS-defective strain, were compared. Fig. 23
shows that the\psrA strain is less resistant to the phagocyte-like BB cells than its
parental strain, CHA, as the

number of viable bacteria after 80 min of cocultwth PLB-985 was two times lower for the
ApsrA strain than for wild-type CHA. Nevertheless, thevéval of AexsAin the presence of
phagocyte-like PLB-985 cells reveals that, besitiesTTSS, other factor(s) may also play a

role in the resistance &f. aeruginosdo phagocytosis.

300 -
8 250 -
Q

g 200 - —o—CHA
E 150 - —&—ApsrA
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FIG. 23. The ApsrA strain is less resistant to phagocyte-like PLB-98Bells The numbers of viable bacteria
were calculated from colony counts made from a “ldiluition over 3 h following bacterial interactiomith
differentiated PLB-985 cells at different intervaRoints represent the means plus the standarctoms of
results for duplicate samples and show the averaigesults from two independent experiments.
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4. Discussion

The TTSS is known to be tightly controlled by thetpins encoded by the regulatory operon
exsCEBA patrticularly by the central positive regulatorsBx though many other proteins,

such as Vfr, RetS, PtrA, and pyruvate dehydrogeraseimplicated in the regulation of the
TTSS (Fig. 24).

FIG. 24. A model for the regulation of the TTSSPsrA activates the TTSS through a positive effefon the
expression of ExsA and may also regulate anothkenawin protein(s) (X) which has a role in the TTESrA
also has a positive effect on RpoS, which has athegeffect on the TTSS by an unknown mechanistheO
main molecules involved in the regulation of theSSTthat are mentioned in the text are also indicate

It is not surprising thaP. aeruginosahas multiple regulatory networks, because 8% f it
genome codes for regulatory genes, indicating tRataeruginosahas dynamic and
complicated regulatory mechanisms responding tmwarenvironmental signals (Greenberg,
2000). Because of the requirement for a large numbgenes, the construction of the type Ili
secretion apparatus is an energy-expensive prémes®e bacteria, rendering so important the
ability to precisely regulate the TTSS in respoiasthe environmental changes.

In this work, we describe R. aeruginosgrotein, PsrA, that is required for the full aetion

of the TTSS regulatory oper@axsCEBAand hence the expression of effector genes, athou
the mutant still responds to depletion of calci@xposure to serum, and contact with tissue
culture cells. PsrA was previously described asgalator involved in positive regulation of
RpoS and in negative autoregulation by direct ligdio the promoters (Kojic and Venturi,
2001; Kojicet al., 2002; 2005). RpoS, a central regulator duriagjatary phase (Loewest
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al., 1998), was identified also as an inhibitor ad TiTSS (Hogardet al, 2004) (Fig. 24). The
PsrA-dependent induction of the synthesis of Rpa$ lleen shown to take place in the late
exponential and stationary phases (Kojic and Ver2001). Here we measured the induction
of the TTSS by different stimuli in the first past the exponential growth phase when no
RpoS induction of synthesis could occur. Furtieme, we confirmed the RpoS-dependent
inhibition of TTSS synthesis in our strain CH¥poSpCluX (Fig. 19). This indicated that
the action of PsrA on TTSS gene transcription @ependent of its role in RpoS regulation. A
previous study showed that/gpsrA mutant had a 90% reduction ipoS promoter activity
(Kojic and Venturi, 2001); considering also the ogipe functions of PsrA and RpoS in TTSS
regulation, we could speculate that PsrA shouldehan even more important regulatory
ability for the TTSS than that measured here. éimsed that PsrA is implicated rather in the
regulation of the basic level axsAand henceexoSexpression than in the regulation in
response to environmental signals, at least caldeptetion and host cell contact, since there
was no or only a small difference in fold activatiof gene expression under these inducing
conditions compared with that under noninducingdttions for the mutant and the wild-type
strain (Fig. 19 and Fig. 21). We also always obsethat the growth curves of the CHA and
ApsrA strains were identical, indicating that the deletiof psrA has no metabolic
consequences for the CHA strain. Moreover, the ¢ementationin trans by a multicopy
plasmid harboring thpsrA gene controlled by its own promoter showed an agation of
the type lll secretion. In addition, we showed ttet decrease @xsCEBAexpression due to
psrA deletion could not be overcome by expressiotrans of exsA while exoSexpression
could be restored (Fig. 19). Taken altogether, éhesults suggest that PsrA is a ExsA-
independent positive regulator @tsCEBAand hence the whole TTSS genes.

Using the PsrA binding motif (G/ICAAAC N, 4 GTTTG/C, where My 41is any two to four
nucleotides) to search against thd®. aeruginosa genome sequence at
http://www.pseudomonas.com revealed that at leGsgeéhes may be controlled by PsrA
(Table 12), indicating that the PsrA is a globaulator. 15 genes were described as target
genes of the PsrA regulator (kojgt al, 2005) during the process of our submitted paper
concerning PsrA. It is reasonable to propose teeh Bould influence the TTSS by activating
or repressing genes having a potent regulatory mleTTSS expression (Fig. 24).
Identification of such unknown genes as well asriationship with PsrA will help us to

better understand the mechanism by which PsrA@BffEESS expression.
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TABLE 12. Possible promoter regions coaining PsrA binding sites

PsrA binding site

Region Type Gene name or N° of PA

CAAAC
CAAAC
CAAAC
GAAAC
CAAAC
GAAAC
CAAAC
GAAAC
GAAAC
GAAAC
GAAAC
CAAAC
GAAAC
CAAAC
GAAAC
GAAAC
CAAAC
GAAAC
CAAAC
CAAAC
CAAAC
GAAAC
GAAAC
GAAAC
CAAAC
GAAAC
C/GAAAC

AAAC GTTTG
AGTG GTTTC
GCCT GTTTG
CAGC GTTTC
CCGC GTTTC
CG GTTTC
ACTT GTTTG
CG GTTTC
CG GTTTC
GCT GTTTG
TG GTTTC
CC GTTTG
GTAT GTTTC
GAGC GTTTC
CGGG GTTTC
CC GTTTC
CCG GTTTC
TGAA GTTTC
CGA GTTTC
TCC GTTTG
TTCC GTTTG
GCCC GTTTC
CG GTTTG
CC GTTTC
GT GTTTC
CG GTTTC

N2-4 GTTTG/C

intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
intergenic
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene
PA_gene

etfB-PA2953
groESPA4387
PA0505-PA0506
PA3594-PA3595
PA4792-PA4793
PA4963-parC
psrA-lexA(PA3006-3007)
PIXR-ptxgPA2258-2259)
ptxSPA2260
argJ (PA4402)
betB(PA5373)
CyoA(PA1317)
cysC(PA1393)
ligT (PA2861)
mmsA(PA3570)
PA0098
PAO112
PA0805
PA1736
PA2674
PA3623
PA4421
PA4489
pilK (PA0412)
pilT (PA0395)
wbpW(PA5452)

We do not know the signal(s) to which PsrA resporg it may play an important role

during infection, asApsrA bacteria are less resistant to phagocyte-like B8B-cells.

Furthermore, the presence of PsrA homologues iargbathogenic bacteria that employ a

TTSS, such a®. syringae raises the possibility that these homologues plag roles in

regulating the other TTSS. If this proves to be ¢hse, it will be interesting to ask whether

the signal(s) transduced by PsrA and its homologsieslso conserved among plant and

human pathogens.

Though the rPsrAn vitro bound the pC with a relatively low affinity, it &ill possible that

PsrA mayin vivo activate the TTSS by directly binding onto it.fact, pC sequence analysis

revealed no presence of a true consensus bindmdosiPsrA, but some sequences, such as

GAAAC at the position -56 from the transcriptiorsahrt site, resemble a partial binding site.

Considering the complicated regulatory network leg TTSS, it is possible that PsrA may

bind the pQdn vivo at a higher affinity in the presence of anothetrga(s) or it may also help
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another regulator(s) to bind the pC. The copuriiicaof PsrA and Vfr, an known activator of
the TTSS (Wolfganget al, 2003), suggests possible interaction of PsrA \éfndduring the
process of regulation of the expression of the TTB&loring the interaction of PsrA with
another molecule(s) and the pC would enrich undedshg of the adaptation of bacteria to
living conditions. The extract of th&psrA strain possessed the same pC binding activity as
the one ofAexsAstrain (Fig. 25), indicating that the protein(gving a strong pC binding
activity has not been isolated in this work andpassibly the partner of PsrA in TTSS
regulation. Isolation and identification of thisopgin will provide us more information about
the regulation of TTSS genes expression via thestrgotion level of the regulatory operon
exsCEBA

AexsA ApsrA ApsrA-pPsrA

-y

pC - + - + EGTA

b ot

FIG. 25. Extract of Apsr preserve the pC binding activity. Extracts of different strains as indicated were
prepared from TTSS non inducing (-) and inducingditions (+, EGTA). A 280-bp biotin-labeled pC fragnt
was incubate with fug extract in the presence ofig of poly(dI-dC).
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Chapter 2

Study of the inhibition of TTSS genes expression

during the stationary phase
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Résumé en francais

P. aeruginosaest responsable d’infections aigués a d’infectiomoniques. Le systéeme de
sécrétion de type Ill (SSTT) est un facteur delgimae qui semble étre trés important dans les
infections aigués chez I'humain mais moins impdrt@our maintenir les infections
chroniques causeées pRr aeruginosaNous avons observé que I'expression du SSTTirest,
vitro, dépendante de la densité des bactéries dans lieuxnide culture. En outre, le
surnageant venant d’une culture en phase stati@paut inhiber l'activation du SSTT. Ici
nous rapportons l'observation de PARST, un inhiibitqui est produit dans la phase
stationnaire de la culture et réprime I'expressitnSSTTin vitro. L'analyse des mutants
d'insertion de transposon a montré que la productie PARST pourrait dépendre du
tryptophane, qui est le précurseur de l'acide dig@-acétic (IAA). IAA-Na et un analogue
fonctionnel, potassium acide 1-naphthalacétic (NQAa des concentrations millimolaires
sont en effet capable d’inhiber I'expression esd&rétion du SSTT. Une molécule ez
224.2, présent uniquement dans le surnageantrsiatie de la souche sauvage CHA mais
pas celui du mutant avec la délétion de gepéa a été déterminé par LC-MS. Cette molécule
de m/z 224.2 a le méme poids moléculaire de NAA-K patrétre linhibiteur de
'expression des genes du SSTT quand les bacténéent la phase stationnaire. Ces
observations fournissent une autre voie régulatiares la transition de I'expression de génes

entre un état avec des cellules a faible densitélet avec des cellules a forte densité.
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En anglais

1. Background

Several reports suggest that functional type Itrston ofP. aeruginosas far less common

in cystic fibrosis (CF) patient isolates than iolédes from patients with acute infections
(Dacheuxet al,, 2000; Roy-Burmaet al, 2001). Following infection of cystic fibrosis fnt
airways,P. aeruginosastrains evolved to reduce the expression of TT.&®8 ét al, 2005) or
gradually changed from a type lll protein secrefmsitive phenotype to a secretion-negative
phenotype (Jaiet al, 2004). This theme seems to be common in battefextion, because
the expression of other TTSSs were also down-régpilduring mammalian cell infection by
Salmonella entericaerovar Typhimuriumi. coli 0157 andShigella flexner{Erikssonet al.,
2003; Daharet al, 2004, Lucchiniet al, 2005, Faucheet al, 2006). The consistency of
these data suggests that the down-regulation oSTgehes may be a conserved phenomenon
that follows successful infection of mammalian selly these gram-negative pathogens.
Presumably, a mechanism should exist for inactigathe TTSS once it has fulfilled its
mission.

In enterohemorrhagic and enteropathogénicoli, study showed that maximum expression
of TTSS happens during the transition from the lexponential to the stationary phase
(Sperandicet al, 1999). InP. aeruginosawe observed that maximum expression of TTSS
genes such asxsCEBAandexo$ happens at 4h of culture (corresponding ardotf 1.5 to
2.0), and then decreased rapidly with the incredseDsoo (Fig. 27, page 131). Furthermore,
we observed the existance of unknown inhibitorépressing the expression of TTSS genes
when bacteria enter stationary phase in the culgdium. This unknown inhibitor(s) was

termed as ‘PARST’ forPseudomonagutorepressor of secretion three’.
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2. Objective and strategy

Our aim is to identify gene(s) involved in the puotlon of PARST and finally the nature of
PARST. For such purpose, we have used strategy aumed in Fig. 26. Briefly, we first
produced a library of about 1@nutants using mariner-based transpoiimarl::Gni from
plasmid pFAC (Wong and Mekalanos, 2000; Diaz-Peeal, 2004). Then, we screened
about 2,000 mutants for the effect of their stargnphase culture supernatant on the
expression ofexoS We selected and characterized transposon insertiatants whose
supernatants did lose the ability to inhibit #ve0Sexpression. To investigate the nature of
PARST, further analysis such as liquid chromatolgyamass spectrometry will be performed.

CHA E.coli (pFAC)

N _/
—

Library of 10,000 transposon insertion mutants

Screening mutants whose stationnay phase supetrdmant
represexoSpromoter activity

l Southern blot

Mutants characterization< Molecular cloning

l Sequencing
Deletion mutants construction

Further analysis

FIG. 26. Strategy in determination of the nature oPARST
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3. Results

3.1 TTSS expression is cell density-dependent

Chromosomal transcriptional gene reporters compagedxsCEBAprotmoterlux fusion
(pClux), andexoSpromotertux fusion pSluX were used to study precisely the transcriptional
level ofexsCEBAandexoS(Shenet al, 2006). From the results shown in Fig. 27, gvalent
that bothexsCEBAand exoSwere expressed in a growth phase-dependent mavimem
strains were initially cultured from an @3 of 0.05 in LB without or with calcium depletion
by EGTA. ExsCEBA and exoS expression reached their maximums at 4h of culture
corresponding an Qfgy of 1.5 to 2.0 and then decreased rapidly withiticeease of ORyo

We were not sure whexsCEBAandexoSexpression decline over time but this phenomenon
was reminiscent of quorum sensing (QS) regulatimmyhich a sufficient number of bacteria,
the bacterial ‘quorum’, is needed to induce or esprexpression of a group of genes (Fuqua
et al, 1994). QS having an impact on TTSS expressioR.imeruginosaSchaberet al,
2004; Hogardtet al, 2004; Bleveset al, 2005; Juhagt al, 2005) plus report that the
maximum expression of TTSS happens during theitrandrom the late exponential to the
stationary phase in enterohemorrhagic and entdroganicE. coli (Sperandicet al, 1999)
prompted us to examine the possibility that theuctidn of exsCEBAand exoSexpression
over time was due to the regulation of QS, whichticd genes expression at cell density-

dependent manner by producing different QS siggatiolecules.

Culture time (hours)

Culture time (hours)
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FIG. 27. TTSS expression is cell density-dependerithe CHA wild type carrying a single copy ptClux
(right) or pSlux (left) transcriptional reporter at its chromosomaswgrown at 37°C in LB under TTSS-
noninducing (black bars, in the presence of 5 mMigm) or inducing conditions (white bars, in theepence of
5mM EGTA and 20 mM MgG). RLU were measured over 6h of culture at 1-hrirgks and calculated to
normalized bacterial counts (6 10° bac). Bars represent the mean plus the standasidtide of triplicate
samples, and are the average of three independpatiments. Black angles and white squares repreéken

ODggo in Nnoninducing and inducing conditions, respedyivbac, bacteria.
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3.2 PARST inhibitsexsCEBAexpression during the stationary phase

To verify our hypothesis mentioned above, we carestd known QS mutants, including
Alasl, Arhll, Alasirhll and AphnAB and prepared stationary phase culture supernatant
described in Materials and Methods (work realizgd=ibopon, thesis, UJF grenoble, 2005).
Supernatants were then added to the CHBIX cultured from an initial OBy, of 0.05 in

LB under TTSS-inducing conditions in order to ewduthe influence of each supernatant on
the exsCEBAexpression. In contrast to TTSS-noninducing caowkt exsCEBAexpression
was induced about fivefold in inducing conditionsalCium depletion); however, such
induction was decreased in the presence of statigrtease culture supernatant from both the
wild-type CHA and QS mutants in which the transtoipal level ofexsCEBAwere in the
same range and were about twofold lower than thtte absence of supernatant (Fig. 28).
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FIG. 28. PARST, but not QS signals, inhibitexsCEBAexpression during the stationary phase.The wild-
type CHA carrying a single copy @fCluxtranscriptional reporter at its chromosome was grav37°C in LB
under TTSS-inducing conditions (white bars) sup@etad with stationary phase culture supernatanh fro
CHA, Alasl, Arhll, Alasirhll, AphnAB andArpoS indicated as asterisk. RLU were measured ovesf4tulture
and calculated to normalized bacterial counts @@%bac). Bars represent the mean plus the standaidtide

of triplicate samples, and are the average of thméependent experiments. Number indicated aboxdodn are
fold activation of exsCEBAexpression under inducing conditions compared wfitat under noninducing

conditions (black bar). bac, bacteria. control, supernatant was added. This work was realized lpéi,
thesis, Université Joseph Fourier-Grenoble 1, 2005.
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To totally exclude the role of known QS signal nooies (AHL) in such repression,
stationary phase culture supernatant were analygédC-MS. As shown in Table 13, both 3-
oxo0-G-HSL and G-HSL were produced in the wild-type CHA, on the ttary, respective
AHL was absent in the mutantdasl, Arhll and double mutanf\lasirhll. These results
indicate that i) there is an inhibitory signal(sjiag on the TTSS expression in the stationary
phase culture supernatant, ii) AHL synthase Lasickvdirects the synthesis of QS signaling
molecule 3-oxo0-G-HSL; AHL synthase Rhll, which directs the syntlsesf C-HSL and
anthranilate synthase PhnAB, which directs the ®gis Pseudomonaguinolone signal
(PQS) may not be implicated in the production afrstiTSS inhibitory signal(s).

Considering the important role of RpoS, which ikrown central regulator during the
stationary phase (Loewest al, 1998) and recently identified as an inhibitortbé TTSS
(Hogardtet al, 2004; Shert al, 2006), we prepared the stationary phase cutupernatant
from ArpoS and tested its role on tlexsCEBAexpression. As seen in Fig. 28, deletion of
rpoS does not change the inhibitory role of supernatantheexsCEBAexpression. Taken
together, these results indicated that inhibitordgferent from known QS signals, play(s) a

role in repressing TTSS genes expression whentaeteter stationary phase.

TABLE 13. QS signal analysis by LC-MS
C4-HSL 3-ox0-C12-HSL

CHA 8399 29.8

Alasl 4149 0

Arhll 0 0
Alaslrhll 0 0

(Filopon, thesis, UJF grenoble, 2005)

3.3 Construction and screening transposon insertiomutant library

To identify the gene(s) involved in the productmPARST in the stationary phase, a library
of about 18 Gm-resistant mutants was generated with the nrabiased transposon
Himarl::Gnl from plasmid pFAC (Wong and Mekalanos, 2000; Ckazezet al, 2004).
About 2,000 mutants were screened for the roldeif tstationary phase culture supernatants
on the expression @xoS Screening was carried out in 96-well plates apithwal procedure
described in Materials and Methods 20.2 was detexdhiafter different tests. Briefly,
stationary phase culture supernatants were prefpa@stwell plate from tansposon insertion
mutants as well as CHA wild-type and were testedtie effect orexoSexpression of CHA

(pSlux in TTSS-inducing conditions. Interesting mutanidhose supernatant seemed to lose
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their ability to inhibit theexoSexpression as exemplified in Fig. 29 (arrowede€tasting

mutant’), were selected and stored at -20°C fah&rranalysis.
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FIG. 29. High throughput screening of transposon igertion mutants that do not inhibit the exoS
expression. Stationary phase culture supernatants were prépar@®6-well plate from tansposon insertion
mutants as well as CHA wild-type and were testedlie effect orexoSexpression by mesurirgkoSpromter
activity in TTSS-inducing condtions (5mM EGTA and &M MgCh) except for Cll. M, mutants; C, controls, I
no PARST (but same volume of VB was added in pteicBARST); Il, 5 mM CaGt Ill, PARST of wild-type
CHA.

From about 2000 screened transposon insertion tsytaventy mutants were selected in the
first round screening and stationary phase cukupernatants of these mutants were prepared
in normal culture tube (in replace of 96-well plateupernatants were then added to the CHA
(pSlux cultured from an initial OB of 0.05 in LB under TTSS-inducing conditions to
evaluate if these mutants could still produce PAR&I seen in Fig. 30, most supernatants of
these twenty mutants have partially lost their litlory role on theexoS expression,
particularly three of them, including supernatdmsn mutants M7, M11 and M14, indicating

that these mutants could no longer produce (enoR4RST.
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FIG. 30. Second screening of 20 transposon insemiomutants selected from first-round screening.
Stationary phase culture supernatant were preparedrmal tube from 20 mutants (numbered from 2@ as
well as CHA wild-type (CIll) and were tested foretleffect onexoSexpression by mesuringxoSpromter
activity in TTSS-inducing condtions (5mM EGTA an® PnM MgChk) except for CII. Cl, control without
PARST (but same volume of VB was added in repldd@ARST); Cll, TTSS-noninducing conditions (5 mM
CacCl); Clll, in the presence of supernatant (PARSThfiild-type CHA.

3.4 Isolation and characterization of mutants not ppducing PARST
To determine the transposon position in mutant MI1 and M14, genomic DNA of these
mutants were prepared, digestedAsyland cloned into plasmid pUC18 (Fig. 31).

Kb M P

3.0
2.0

1.5
1.0

0.5

FIG. 31. Molecular cloning of genomic DNA of transpson insertion mutants.Genomic DNA of transposon
insertion mutants was digestedRstl and ligated into plasmid puC18 (P). P-M7, P-MP114 mean pUC18
containing transposon Himarl::Gnfencoded byaacCl) originated from mutant M7, M11 and M14
respectively. M, marker; Kb, kilobase.

13t



Results-Chapter 2

The flanking DNA fragments of transposon were teequenced. Comparison of sequence to

PAOlgenome sequencéttp://www.pseudomonas.constover et al, 2000) showed that

transposon insertion of M7 and M14 had occurrethan ORF oftrpA (position of 37371,
PA0035), gene encoding tryptophan (Trp) synthasen¢hwhich is implicated in the Trp
biosynthesis (Hadero and Crawford, 1986) #éC (position of 3504252, PA3121), gene
encoding 3-isopropylmalate dehydratase large stipwhich is implicated in the leucine and
isoleucine biosynthesis (Kirinet al, 1994), respectively. Unfortunately, we haveritaon
the sequence information about M14 due to unkneasan.

To confirm that all mutants were caused by a sirtgdmsposition event, southern blot
hybridization was performed using digoxigenin-laéelprobeaacCl (Fig. 32). As shown in
Fig. 33, each mutant has a unique hybridizatlmand, indicating that the mariner-based

transposordimarl::Gni (encoded byacCl) was indeed inserted in only one site.

FIG. 32. Preparation of digoxigenin-labelled probeaacCl. Digoxigenin-labelled probaacCl was prepared
by PCR using dNTP mixture supplemented with DIGELIFP. Lane 1, PCR with normal dNTP mixture; lane
2, PCR with DIG-11-dUTP-contained dNTP mixture. ehtion, fragment amplified from DIG-11-dUTP-
contained dNTP is a little bigger (lane2) than taplified from normal dNTP mixture (lane 1).

C M7 M1l Mi14

FIG. 33. Characterization of transposon insertion ratants by southern blot. Genomic DNA from
transposon insertion mutants (M7, M11 and M14) digested byPstl, seprated by agarose gel and transfered
to nylon membrane. Southern blot was performedgudigoxigenin-labelled probaacCl. C, control.
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Transposon insertion mutam?7 was selected for further study because M7 atégene
trpA, which is implicated in the biosyntheis of trypk@m, a precursor (or itself) of several
important signalling molecules in plant, bactema &duman (Fig. 34, Table 14 and Table 15).

+
e
CH,CH-COO Xanthurenate COOH
N
NH,
(CH N0, MW|-=|204.23) Kynurenate (C,H,NO, MW=137.14)
Trvoptophan Anthranilate
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IAM (P. syringa 1st TDO (kynA KYN (kynU)

IPA (P. putidg 21 KEA (KynB)
+ o)
p OH
Hoocth C-CH,-CH-COO
N\ |
NH, N (CH,)eCH,
H H
(C,H,NO, MW=175.18) (CyoHiN,03 MW=208.21) (C1eH,,NO, MW=259)
IAA | 5-Hydroxy-IAA | Kynurenine PQS

FIG. 34. Tryptophan (Trp) is a precursor of severalimportant signalling molecules inPseudomonaspp.
1) Trp-dependent indole-3-acetic acid (IAA, auximpsynthesis. The two most common routes for auxin
biosynthesis in bacteria are the indole-3-acetan(id®) pathway and indole-3-pyruvic acid (IPA) pathy
(Lambrechtet al, 2000). InP. syringage Trp monooxygenase (laaM) converts Trp to |IAM, aamd IAM
hydrolase (laaH) converts IAM to IAA (Patten andid® 1996). Theipdc, gene encoding indolepyruvate
decarboxylase and the key gene in the IPA pathwayAA synthesis, was isolated . putida(Patten and
Glick, 2002). 2) Degradation of Trp to kynurenide. P. aeruginosa tryptophan 2,3-dioxygenase (TDO),
encoded bkynA(PA2579), and kynurenine formamidase (KFA), encbidgkynB (PA 2081), are involved this
pathway (Kurnasowet al, 2003). 3)Pseudomonagjuinolone signal (PQS) biosynthesis. Anthraniletehe
precursor of PQS (Calfeet at 2001) and all enzymes required in the anthramilgathway via Trp were
characterized i®. aeruginosgdKurnasowet al, 2003). KYN, kynureninase, encodedkynU (PA2080).

TABLE 14. Pseudomonaspp. possess genes encoding enzymes involved iA osynthesis

P. syringae P. putida P. aeruginosa
(accession N°) | (accession N°)| PA N° ®homology
IAM pathway
Trp monooxygenase (laaM) (AAR06971) PA4548 4E%
Indole-3-acetamide hydrolase (laaH)| (P52831) PA4483 5%
IPA pathway
Indolepyruvate decarboxylase (IpdC (AAG00523) | PA4977 5%
PA4696  |5E?
PA4180 |7E'®
PA2035 |1EY
PA2108  |2E"

3P A number invww.pseudomonas.carfin comparison with proteins f.syringaeor P. putidain this table.
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Table 15. Role of three Trp-derived signalling moleules, 1AA, Kynurenine and PQS

Molecules Functions References
IAA 1. Phytohormone, plant growth and development\aat nM) Woodward and Bartel, 2005
2. A reciprocal signal in bacteria-plant interans Lambrechtet al, 2000

3. Inhibit the expression of genes involved in T®Nansfer  Liu et al, 2006

(type IV secretion) ilAgrobacterium tumefaciens

4. 0.5-1.0 mM IAA causes death of neutrophils Piers de melet al, 1998
Kynurenine 1. Inhibit T cell proliferation Hwu et al, 2000 ; Frumentet
al., 2002 ; Ternesst al, 2002
2. Inhibit NK cell proliferation (0.5 mM of L-kyne@nine ) Frumentoet al, 2002
3. Inhibit NK cell activity (0.3-0.6 mM of L-kynurgéne) Della Chiesat al, 2006
PQS Pseudomonas quorum-sensing signal Petsai, 1999

3.5 Tryptophan is implicated in the production of ARST

To determine the role dfpA in the production of PARST during the stationahage, an
unmarked in-frame deletion mutation ¢fpA was constructed by allelic exchange as
described in Materials and Methods and was confirmePCR (Fig. 35).

AtrpA AtrpA (pClux)  AtrpA (pSux)
>« >« >

<
Kb M Wt 1 2 1 2 1 2

FIG. 35. Mutant analysis by PCR.PCR was performed on genomic DNA prepared frorfediht strains. Wt,
wild-type CHA; mutantAtrpA and AtrpA carring a single copy opClufAtrpA (pCluxX)] or pSlufAtrpA
(pSlux]. 1, cassette Glox, lox-flankedaacClencoding gentamicin resistance, is present irchinemosome; 2,
only lox, but notaacC}, is present in the chromosome. M: DNA marker whsiges are indicated at left side;
Kb, kilobase.

13¢



Results-Chapter 2

Stationary phase culture supernatants were prepemedwild-type CHA and mutarhtrpA,
and were added to the CHAGIuX cultured from an initial OBy, of 0.05 in LB under TTSS-
inducing conditions. In contrast to the supernateorh the wild-type CHA, supernatant from
AtrpA lost its ability to inhibitexsCEBAexpression and gave the same profile as ‘conimnol’
which supernatant was replaced by VB (Fig. 36). Glementation ofAtrpA by adding 200
ug of Trp mi* in VB during the preparation of supernatantaesd the inhibitory feature of
the supernatant fromstrpA on theexsCEBAexpression, on the contrarily, the addition of Trp
during the preparation of supernatant of the wjiget CHA didn’t change its inhibitory ability
on theexsCEBAexpression compared to normal prepared supernd@ant36). These results
indicate thatfrpA may be implicated in the production of PARST dgrihe stationary phase
and PARST production seemed to be Trp-dependent.

1800 T
1600 + T I
1400 +

400 +
i j
0 - ' | | | 4 !

Cl Cll CHA* CHA200* AtrpA* AtrpA200*

FIG. 36. Trp is implicated in the production of PARST during the stationary phase.The wild-type CHA
carrying a single copy gbClux transcriptional reporter at its chromosome was graw 37°C in LB in the
presence of stationary phase culture supernatengticdted as asterisk), which were prepared in ZBIA and
AtrpA) or VB supplemented with 200g of Trp mI* (CHA200 andAtrpA200). RLU were measured over 4h of
culture and calculated to normalized bacterial ¢t®6 x 18 bac). Bars represent the mean plus the standard
deviation of triplicate samples, and are the avermifgthree independent experiments. Black bar ahmitevibars
represent TTSS-noninducing and inducing conditioespectively. bac, bacteria. ClI, control, TTSSinduocing
conditions (in the presence of 5 mM calcium); €bntrol, TTSS-inducing conditions (5 mM EGTA and M

3.6 Tryptophan itself is not responsible for the TBS inhibitory activity

Before investigating the role of Trp-derived metigbs in the regulation of TTSS expression,
we first we first determined the role of Trp. Ais¢dilution of L-Trp (Sigma) was added in

the CHA @CluX cultured from an initial OBy, of 0.05 in LB under TTSS-noninducing and
inducing conditions, no difference was observectutture with or without Trp (Fig. 37),

indicating that Trp itself is not responsible fbetTTSS inhibitory activity.
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FIG. 37. Trp itself is not responsible for the inhbiton of TTSS expressionThe wild-type CHA pCluxX) were
grown at 37°C in LB in the absence or presencesdral L-Trp (Sigma) under TTSS-noninducing (kldars)

or inducing conditions (white bars). RLU were measuover 4h of culture and calculated to normalized
bacterial counts (6 x fac). Bars represent the mean plus the standaidtida of triplicate samples, and are
the average of three independent experiments baateria.

3.7 Kynurenine and PQS are not implicated in the rgulation of TTSS expression

Because Trp-derived kynurenine plays an importalat in the regulation of T cell-mediated
immune response (Table 15), and enzymes involvedardegradation of Trp to kynurenine
in P. aeruginoséhave been characterized (Fig. 34) (Kurnasbal, 2003), we tested the role
of kynurenine in the regulaion of TTSS. As seefrimm 38, kynurenine does nont seem to be
implicated in the regulation of TTSS. Furthermd?€S signal still exists iAtrpA stationary
phase culture supernatant (Filopon personal congatian), indicating that PQS is not the
PARST.
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FIG. 38. Kynurenine is not implicated in the regulaon of TTSS expression.The wild-type CHA pClux
were grown at 37°C in LB in the absence or preseasfceé-kynurenine sulfate salt (Sigma) under TTSS-
noninducing (black bars) or inducing conditions ifehbars). RLU were measured over 4h of culture and
calculated to normalized bacterial counts (6 & iéic). Bars represent the mean plus the standaidtide of
triplicate samples, and are the average of thrdepiendent experiments. bac, bacteria.
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3.8 IAA and NAA has a regulatory role in the TTSSexpression

3.8.1 IAA and NAA inhibit TTSS expression

Trp-derived auxin was the first discovered plantnmene and was latter determined to be
indole-3-acetic acid (IAA) (Coheet al, 2003; Woodward and Bartel, 2005). Because I1AA is
a reciprocal signalling molecule in bacteria-plamé¢ractions and is critical for the growth and

development of plants (Lambrecét al, 2000; Woodward and Bartel, 2005), we examined
the role of IAA in the regulation of TTSS expressio
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FIG. 39. IAA inhibits TTSS transcription without af fecting bacterial growth. The wild-type CHA carrying a
single copy ofpClux or pSluxtranscriptional reporter at its chromosome werenmgrat 37°C in LB in the
absence or presence of a serial IAA-Na (Sigma) und€SS-noninducing (black bars) or inducing coiucis
(white bars). RLU were measured over 4h of culamd calculated to normalized bacterial counts (@bac).
Bars represent the mean plus the standard deviatiotriplicate samples, and are the average ofethre
independent experiments. Black angles represer®ihg, under inducing conditions. bac, bacteria.
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As shown in Fig. 39, though IAA sodium salt (IAA-N&igma) having no effect on TTSS
expression up to concentration of 0.01mM, 1 mM INA-had an evident inhibition on both
exsCEBAexpression andxoSexpression and 1énM IAA-Na inhibit totally the TTSS
expression with no inhibition of the growth of bexta.

We also tested the other three commercial I1AA @ives (formula of sodium or potassium
salt, Sigma), including indole-3-butyric acid (IBA)-Naphthaleneacitic acid (NAA) and (2,4-
Dichlorophenoxy) acetic acid (2,4-D) (Woodward @wattel, 2005), and only NAA-K had a
similar inhibitory role to IAA on the TTSS expressi(Fig. 40).
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FIG. 40. Both IAA and NAA inhibit TTSS transcriptio n induced by EGTA. The wild-type CHA carrying a
single copy ofpClux transcriptional reporter at its chromosome werewgrat 37°C in LB under TTSS-
noninducing (in the presence of 5 mM calcium) afuicing conditions (in the presence of 5 mM EGTA a6d
mM MgCl,) in supplemented with or not IAA-Na (Sigma) andidatives , including IBA-K, NAA-K, 2,4-D-Na
(Sigma), of dirrerent concentraions (O, 10 uM, 100 pM, 1 mM and 10 mM). RLU were measured over 4h
of culture and calculated to normalized bacteralnts (6 x 1Bbac). Ca, calcium.

Besidesin vitro calcium depletion growth conditions, growth in {hi@sence of serum leads
to generalized TTSS expression and secretion @/atlial, 1999). Therefore, we asked
whether IAA could inhibit TTS®xpression in the presence of human serum AB stirAsl
seen in Fig. 41lexsCEBAtranscription was partially inhibited in the prese of 1mM IAA-
Na and NAA-K but not IBA-K or 2,4-D-Na. No pH chamgvas observed due to the use of
IAA-Na and its derivatives. Considering that IBA identical to IAA except for two
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additional methylene groups in the side chain &edformer has no effect on the expression

of the TTSS, we conclude that IAA-Na and NAA-K ihhithe expression of TTSS genes

specifically.
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FIG. 41. IAA and NAA inhibit TTSS transcription ind uced by serum.Cultured bacteria (% 10°) of the
wide-type CHA carrying a single copy of tb€lux transcriptional reporter at its chromosome wereilated
with mHBS buffer or 10% human serum AB in a 96-wsdte supplemented with or not 1 mM or 10 mM IAA-
Na (Sigma) and its derivatives, including IBA-K, WA, 2,4-D-Na (Sigma). RLU were measured over 4fh o
incubation. Bars represent the mean plus the stdrdtviation of triplicate samples, and are therage of two
independent experiments.
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3.8.2 IAA inhibits also TTSS secretion

Secretion of TTSS effectors is strongly correlatgtth P. aeruginosavirulence both in animal
models and in studies of human disease (Roy-Buehah, 2001, Hauseet al, 2002, Smith
et al, 2004). To examine whether IAA is implicated hetinhibition of TTSS secretion,
culture supernatant was analyzed from the wild-tg}¢A containing plasmid gxsAnd,
which could express trans exogenougxsAby the induction of IPTG. As shown in Fig. 42,
only growth of bacteria in the presence of EGTAulissin TTSS secretion, however such
secretion is prevented in the presence of 5 mM Mai-even with the exogenous expression
of ExsA from pmxsAnd induced by IPTG. In combination with the reswf TTSS
transcription in the presence of IAA (Fig. 39, 4Q,) and the fact that TTSS transcription is
coupled to secretion (Urbanowskt al, 2005), we speculated that IAA could block the
opening of the translocation pore hence block #lease of ExsA and the transcriptional
activation of TTSS genes. An equivalent process bhasn demonstrated for recently
identified inhibitory molecules that acts as ‘caloi mimetics’ onYersiniatype Ill secreion
(Nordfelthet al, 2005).
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FIG. 42. 1AA inhibits TTSS secretion. The wild-type CHA expressinm trans ExsA from IPTG-inducible
plasmid gxsAnd were grown in the absence (-) of presence {§ @mM of IAA-Na under TTSS-noninducing
or inducing conditions (+EGTA). Supernatants noimsal to bacterial counts (6 10° per lane) were subjected
to TCA precipitation. The extracellular proteinsrerseparated by 10% SDS-PAGE and stained with Cssima
Blue. M, protein marker, sizes in kilodaltons (ke indicated at the left.
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3.8.3 VirA is not involved in the IAA-dependent inhbition of TTSS expression

Since IAA can inhibit the expression of TTSS andjmibe an inhibitory signal during the
stationary phase, we looked for the inhibition dfacterial secretion systems by similar
moleculesAgrobacterium tumefaciens a pathogen that cause crown gall tumors inrietya

of plants by transferring the oncogenic DNA fragisefT-DNA) into plant cellsvia its type

IV secretion system (Introduction 3.2.2). VirA/Givao component regulatory system, senses
the plant signal molecules, typically phenolic caupd acetosyringone, and activates the
expression oWir genes, which are responsible for T-DNA processing transfer (Brencic
and Winans, 2005). It was recently shown that IAAdtivatesvir genes expression by
competing with acetosyringone for interaction withiA (Liu et al, 2006). By searching
Pseudomonagienome database, we found a protein (PA1243), tatatb as a probable

sensor/response regulator hybrid, is 49% similavitd (www.pseudomonas.constoveret

al., 2000). To investigate Pseudomona¥irA is the receptor of IAA and has a regulatory
role in genes expression, such as TTSS expressmueleted the generA and yielded the
mutantAvirA containing the chromosomal transcriptional gerporier pClux andpSlux As
seen in Fig. 43., the deletionwafA has no influence on the activationeXfsCEBAexpression
as 10 mM NAA still inhibit the activation oexsCEBAexpression in TTSS-inducing
conditions in the absence of VirA sensor. This lteisdicates that VirA is not involved in the

NAA-dependent inhibition of TTSS expressiorAmaeruginosa
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FIG. 43. VirA is not involved in the IAA-dependentinhibition of TTSS expression inP. aeruginosa The
wild-type CHA and mutanfvirA carrying a single copy gfClux transcriptional reporter at its chromosome
were grown at 37°C in LB in the absence or presaricemM IAA-Na (IAA-1) or 10 mM IAA-Na (IAA-10)
under TTSS-noninducing (-) or inducing conditidm$. RLU were measured over 4h of culture and dated

to normalized bacterial counts (6 x®1ilac). Bars represent the mean plus the standaidtide of triplicate
samples, and are the average of three indepenxieatiments. bac, bacteria.
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FIG. 44. HPLC analysis of stationary phase culturesupernatants.Stationary phase culture supernatants from
wild-type CHA and AtrpA were prepared in VB (CHA antirpA) or VB supplemented with 208y of Trp mi*
(CHA200 andAtrpA200), and HPLC was performed as described in Mateand Methods. Arrow showed the
peak, which was only present in the supernatah®fwild-type CHA, absent in the supernatanAtpA but
reappeared in the supernatant &fpA when 200pg of Trp mI* was added during the preparation of
supernatants.
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3.9 Tentative of determination of the nature of PARST

Based on the obtained results before, the producid®ARST during the stationary phase
depends on Trp, precursor of IAA, which could hibit both TTSS secretion and
expression. We asked here if IAA is indeed in tfagienary phase culture supernatant. Using
Salkowski's reagent as previously described (Padigsh Glick, 2002), we haven’t detected
IAA in the stationary phase culture supernatarthenwild-type CHA and no difference was
observed between the supernatants of differentgsh@ata not shown). It seemed that IAA
should not be PARST, however we could not ruletbat the special analogs of IAA might
exist in the supernatant and regulate TTSS exmmessivivo at very low concentration,
which could not be detected by Salkowski’'s reagé&ot.identify the nature of PARST, the
wild-type CHA and theé\trpA were collected from stationary phase and then grovernight

in the VB or VB supplemented with 200g mI* Trp. Supernatants were collected by
centrifugation, filtrated through a 0.2@/ filter, and then were passed and analysed by HPLC
on C18 column as described in Materials and MetitidsAs seen in Fig. 44, peak 44.925
(min of elution, indicated by the arrow) presentedhe wild-type CHA was absent from the
AtrpA and this same peak reappeared after supplemeaniatidrp during the culture of strain
AtrpA.

RLU/6*10° bac (pClux)

O - T T 1

Cl Cll Peak-CHA ‘Peak’AtrpA

FIG. 45. Peak analysis on the activation ofxsCEBAexpression.During the procedure of HPLC, peak of
CHA (Peak-CHA), indicated in Fig. 44, as well aattbf trpA (‘peak'AtrpA) appeared at the same time point
were collected, evaporated and incubated with CldAirng pClux transcriptional report under TTSS-inducing
conditions (white bars). RLU were measured ovep#bulture and calculated to normalized bacter@alnts (6

x 10%). Bar represent the mean plus the standard dewviaf 3 reads. Cl, control, TTSS-noninducing caiadis
(black bar); ClI, control, TTSS-inducing conditiofgac, bacteria.
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To determine its role on the TTSS expression, gea25 (CHA) was collected, evaporated
and resuspended in LB containing CHAC(uX) with an initial OQyo of 0.05 under TTSS-
inducing conditions. A weak inhibition @xsCEBAexpression (Fig. 45) was observed in the
presence of resuspended peak 44.925 (CHA) compaitedthe presence of the solution
collected fromAtrpA during HPLC the same time point at which the p&4l925 (CHA) was
collected. We could not exclude the possibilityttRARST was not in peak 44.925 (CHA),
but even PARST was indeed in the peak, it mighehast a part of its activity during the

preparation.
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FIG. 46. m/z 224 is uniquely present in the stationary phase @ure supernatant of CHA. Fractions of the
peak 44.925 CHA (as indicated in Fig. 44) and finamn AtrpA collected at the same time point during the
separation by HPLC were further analyzed by LC-MSlascribed in Materials and Methods. The extraicted
chromatograms here showed the only detected diffeiein a scan range from m/z 100 to 1500 betweaen t
strains. m/z present only in the wild-type CHA wardicated by arrows.
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3.10 PARST might be a molecule ah/z224

Supposing PARST is indeed in the peak 44.925 (CH#AgQ. 44), we collected this peak as
several fractions and that frofrirpA at the same time point during the separation bGP
LC-MS analysis showed that 4 molecular ions, inclgdn/z207.3 [M-HO+H] ¥, m/z225.2
[M+H] ", m/z247.2 [M+Na] andm/z239 (possibly [M+Ck+H]"), were uniquely present
in the peak of 44.925 (CHA) (Fig. 46).

Therefore, the molecule present in the stationagsp culture supernatant from the wild-type
CHA should bem/z 224.2 (225.2 minus 1, molecular weight of atom Hd at was
reminiscent of NAA-K simply due to the facts thaAA-K has a molecular weigh of 224.3
and can inhibits TTSS expression. So what's thaticeiship between the/z224.2 and the
NAA-K? Mass spectra analysis of commercial NAA-Khibited 3m/z includng m/z187.07,
225.03 and 262.99 corresponding to [NAA¥HNAA+K] * and [NAA+2K-H] respectively.

It is possible thatn/z207.3, 225.2 and 247.2 in the peak 44.925 (CHA)hincorrespond to
[NAA-H ,O+K]*, [NAA+K] * and [NAA+K+Na-H] respectively. It is normal that no NAA-
2K was detected because there is little K but raitgein the culture medium. Taken together,
we speculated that NAA itself or its derivativesiicbbe produced in the stationary phase and
inhibits TTSS expression.

4. Discussion

The expression of the TTSS is controlled by muthponent regulatory networks which
integrate a diverse set of environmental cues, giilybto restrict the energy-consuming
expression of 20 or more proteins to the correatgland time only when they are really
needed (Hueck, 1998). Although TTSS is very liketlportant in acute human infections, it
is not necessary for maintaining chronic infect{®acheuxet al, 2000; Roy-Burmaet al,
2001; Hauseet al, 2002; Erikssomt al, 2003; Jairet al, 2004; Daharet al, 2004; Lucchini

et al, 2005; Leeet al, 2005; Faucheet al, 2006).In vitro culture condition, the expression
of the TTSS seems to be cell density-dependerst thidy). Presumably, just as a mechanism
exists for activating the TTSS genes when theyrmeded, a mechanism should exist for
inactivating the same TTSS genes when they areremtired. The data presented here
described PARST, an inhibitor of the expressio DES, that appears in the stationary phase
of culture (high cell density).

Considering that QS is a generic regulatory medmargontrolling in a population density-
dependent manner the expression of virulence genelsiding TTSS genes (Juhas al,
2005), we ruled out the possibility that the PARS &ssociated with the QS system (Fig. 28).
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The fact that the production of PARST is Trp-depamdFig. 36) in combination with the
fact that Trp is the precursor of IAA, which havel important features described below,
we tested the role of IAA and IAA-like compoundsthre regulation of TTSS expression.
IAA, the first discovered plant hormone, is criti¢ar plant growth and development and is
often potent at nanomolar concentrations in pl@sodward and Bartel, 2005\though it

is widely accepted that plants use both Trp-depeindand Trp-independent routes to
synthesize 1AA, none of the pathways is yet defitedhe level of knowing each relevant
gene, enzyme and intermediate. It is also recodnilzat many bacteria are able to produce
IAA mainly using Trp-dependent pathway (Lambreefital, 2000) and such pathway is
indeed observed iPseudomonagPatten and Glick, 1996; 2002) (Fig. 34 and Tabig.
Recent studies showed that several strainB.aeruginosasolated from soil (Banet al,
2003; Kumaret al, 2005; Ayyaduraiet al, 2006) could produce IAA and maximum
production of IAA (19.1ug mi?) by strainP. aeruginosaFP10 was observed after 42-h
incubation in Dworkin and Foster (DF) salts medisapplemented with 50Qg mI* of L-
tryptophan (Ayyaduragt al, 2006).

IAA and one of I1AA-like compounds, NAA, could inddenhibit the expression and the
secretion of the TTSS at millimolar concentratighgy. 39, 40, 41, 42). However, no IAA
was detected from our stationary phase culturersagent using Salkowski’'s reagent. Thus,
IAA does not seem to be the component of PARSTyghaenes encoding enzymes needed
in the Trp-dependent biosynthesis of IAA do exisithe genome oP. aeruginosaPAO1
(Table 14) www.pseudomonas.cgmHowever, we still have reasons to believe thaRBT

could be IAA-like compound, because m/z 225.2 (Bi§), corresponding to the molecular
weight of [NAA+K]", is only present in the supernatant of the wildetyCHA but not the
mutant with the deletion dfpA whose product is the precursor in the biosynthesI8A. It

is possible that undetectable IAA in the cultur@esnatant might be due to the dilution of
IAA, if exist, and the limit of the method we used,such case, it is possible that IAA or
IAA-like compound at very low concentration could bighly active due to its special form.
It is worth noting that 1mM of IAA has cytotoxicfett on the cultured neutrophils (Pires de
Melo et al, 1998). Therefore, it would be interesting if IA&Auld play a role in the regulation
of the transition between two totally different at& inhibiting the expression of the TTSS on
the one hand and activating the pathway to killtbetrophils on the other hand.

Though one study showed that IAA can inhibit theression of genes required for the

transfer of T-DNA (type IV secretion) iA. tumefaciensia VirA, a sensor kinase of a two-
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component regulatory system (Let al, 2006), VirA homolog ofP. aeruginosais not
involved in the IAA-dependent inhibition of the egpsion of TTSS (Fig. 43).

Recently, one study showed that LadS and RetShiad sensor kinases &seudomonas
are implicated in the transition between activatainthe TTSS (acute infection) and the
biofilm (chronic infection) by sensing an unknowigral (Ventreet al, 2006). Therefore, it
would be interesting to investigate if IAA or NN/ ithe signal sensed by LadS/RetS
pathway.

We don’'t know why PARST, probably Trp-derived metiitie, is implicated in the regulation
of TTSS, but it is true that metabolic signalsisties have a profound influence on the TTSS
expression. Mutants lacking pyruvate dehydrogefas®Aor aceB (Dacheuxet al., 2002) or

a glucose transport regulatgitR) (Wolfganget al, 2003) fail to induce the TTSS expression
under calcium depletion conditions. Similarly, gu&duction of MDR efflux pumps (Linares
et al, 2005) or overexpression of genes involved irtidiise transport and metabolism
(Rietsch et al, 2004) prevents the TTSS expression. A recentystuggests that one
metabolite controlling the TTSS expression is daivirom acetyl-CoA (Rietsch and
Mekalanos, 2006).

It is not surprising thaP. aeruginosahas multiple regulatory networks, because 8% f it
genome codes for regulatory genes, indicating tRataeruginoa has dynamic and
complicated regulatory mechanisms responding toiowar environmental conditions
(Greenberg, 2000). In addition to its role in TT@Mes induction, IAA or NAA may serve as
a signal toPseudomonathat the living environment is changing, from a/lcell density to a
high cell density state, and that the bacteriunukhmodify its gene expression to favarite its
survival. This possibility could be explored thrbughe use of DNA microarrays or all

proteomic analysis under conditions in which thé li& added or not.
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En francais

P. aeruginosa comme beaucoup de bactéries Gram-négatives pmatesgde plante ou
d’animal, possede un facteur de virulence majeusysteme de sécrétion de type Il (SSTT).
Il est composé de plus de trente protéines quisstablent pour former un machinerie
complexe dont le réle est de délivrer des effest@uotéiques directement dans le cytoplasme
des cellules cibles (Yahet al, 1995; Frank 1997) ou ils agiront pour pervedifférents
mécanismes cellulaires de I'hdte, conférant fingletma la bactérie un avantage pour sa
survie (Hueck, 1998). La construction, et l'utitism de ce systéme de virulence représente
un codt énergétiqgue considérable pour la bactérieeq contre partie a mis en place un
contrble extrémement précis tant au niveau de tesgion des genes qu'a celui de
l'utilisation du SSTT.

PsrA est un activateur trancriptionnel du SSTT deP. aeruginosa

ChezP. aeruginosal’expression de I'ensemble des genes du SSTEadtblée par EXsA,
une protéine qui se fixe sur des séquences spégeffigituées dans les régions régulatrices des
différents opérons du SSTT, pour activer leur gcaiption (Hovey and Frank, 1995). Ceci
permet de supposer que la bactérie peut contr@epression du SSTT soit en modifiant
l'activité de ExsA soit en contr6lant le niveau xpeession de ExsA lui-méme. La premiére
situation a été trés bien étudiée et a permis dect&iser les systémes de contrdle de
l'activité de ExsA (McCawet al, 2002; Dasguptat al, 2004; Heet al, 2004; Rietsclet al,
2005; Urbanowsket al, 2005). Ici nous avons découvert le role d’'unveaw facteur de
transcription, PsrA, nécessaire pour que la trgosmn de I'opéronexsCEBAqQui contient
exsAet par conséquent celle des autres opérons du §8@ft maximales.

La recherche des régulateurs impliqués dans le@endu niveau d’expression de I'opéron
exsCEBAest basée sur I'observation faite au laboratoire des extraits bactériens totaux
préparés a partir de culture d’'un mutant de dél&liexsAcontiennent toujours une activité
de fixation spécifique a 'ADN du promoteur de l&pn (pC). Une protéine, PsrA, a pu étre
identifiée a partir de I'analyse de fractions enies en activité de fixation sur pC. La protéine
recombinante PsrA (rPsrA) a été préparée pureleetest effectivement capable de se fixer
spécifiguement sur pC. Bien que I'affinité de fioat sur pC soit relativement modeste, cela
suggere que PsrA peut étre un régulateur de I'opéxsCEBAet donc de I'ensemble des
genes du SSTT. La démonstration du réle joué pak #ans I'expression des genes du SSTT
a été clairement établie par I'étude du phénotype dhutant de délétion dpsrA (ApsrA
obtenu au cours de ce travail. En effet, I'analyae géne rapporteur a montré que PsrA est
nécessaire pour obtenir une activation totale dé&dascription deexsAdans différentes
conditions d’induction comme la déplétion calcigiaddition de sérum ou le contact
cellulaire. La délétion desrA se traduit par une diminution d’'un facteur 2 oduBniveau
d’expression dexsAet peut étre complémentée par I'additien transdu géngpsrA

La diminution du niveau d’expression d&sAse traduit d’une part par une diminution de

152



Conclusion and perspectives

'expression des genes du SSTT, en particulieradeoxine ExoS et, d’autre part par une
diminution de la sécrétion de ExoS et ExoT. Finaetnle rble positif de PsrA dans
'expression du SSTT et, par conséquent, dangldevice de la bactérie a été confirmé par la
plus faible résistance a la phagocytose de la sogsrA

Curieusement, les extraits du mutapisrA continuent d’avoir cette forte activité de fixatio
au promoteur de I'opéroaxsCEBA indiquant que la protéine PsrA n’est pas la pneté
responsable de cette activité. Si on considerecgst en condition de non activation du
SSTT que I'on mesure la plus forte activité detioxa dans les extraits (Figure 25), il est tout
a fait légitime d’émettre I'hypothése que la pro&iresponsable agirait plutdt comme un
inhibiteur de transcription, alors que PsrA ag#irdment comme activateur. La présence de
ces différentes activités de fixation au promotp@; indépendantes de ExsA et de PsrA
suggerent bien que d’autres facteurs de transonigtourraient agir de concert pour donner a
la bactérie une grande flexibilité et une grandécigsion dans le niveau d’expression du
SSTT. La caractérisation de ces régulateurs doptosesuivre afin non seulement d’obtenir
plus d’informations sur la capacité des bactériesrétréler finement le niveau d’expression
de leurs genes, mais aussi pour fournir des cibi¢entielles permettant la conception de
nouveaux moyens de lutte contre les infectionsévartnes.

Le PARST (Pseudomonasutorepressor of secretion three) inhibe I'expressn du SSTT

de P. aeruginosaen phase stationnaire

Il avait déja été observé au laboratoire que l'egpion des genes du SSTT chez
aeruginosadépend de la densité cellulaire avec un maximuni'ek@ression des geénes
commeexsCEBAou exoSvers le milieu de la phase exponentielle corredpoha une Dgyo

de 1.5 a 2 suivit d'une rapide diminution, voirenalation compléte de I'expression lorsque
gue la DO dépasse 2. Ceci indique qu’un mécanisrgpe ‘quorum sensing’ intervient pour
inactiver I'expression du SSTT en phase statioendde plus, les surnageants de culture de
notre souche ou d’autres souches Rigeruginosaobtenus en fin de phase stationnaire
contiennent un signal, trés fort, capable de praeode blocage de I'expression du SSTT.
Nous avons appelé ce signal PARST p&seudomonaautorepressor of secretion three’.
Puisque les mécanismes de ‘quorum sensing’ (Q3)sen connus cheR. aeruginosgour
réguler 'expression de genes de maniére dépendarite densité cellulaire et que le QS a en
effet un impact sur I'expression du SSTT (Sperargtical, 1999; Schabeet al, 2004;
Hogardt et al, 2004; Bleveset al, 2005; Juhast al, 2005), nous avons examiné si
l'inhibition de I'expression du SSTT constatée atkadensité cellulaire était due ou non aux
mécanismes du QS conventionnel. L'activité PARSTnegintenue dans les surnageants des
différents mutants de délétion des genes impligla#s la synthese des signaux connus du
QS. Ceci indique clairement que le PARST est difiédes signaux classiques du QS, et que
sa synthése implique des voies nouvelles. C’estitin pour laquelle nous avons construit
une banque de plusieurs milliers de mutants despi@sition de notre souche CHA pour
identifier les génes impliqués dans la synthesBARST en phase stationnaire.

Le crible de 2000 mutants a révélé que le ggmé& codant la sous-unité A de la tryptophane
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synthétase ne peut plus produire I'activité PAR&Mgle surnageant. Un mutant de délétion
detrpA (AtrpA) a été construit pour préciser le réle joué paAldans la synthése du PARST.
De maniére similaire au mutant d’insertion, aucaoivité PARST n’a pu étre mesurée dans
les surnageants de cultures du mutant de délé&igfrsson ajoute dans le milieu de culture du
tryptophane ce qui suggere fortement que le trymop est un intermédiaire essentiel dans la
synthése du PARST.

Puisque le tryptophane est le précurseur d’'unedgrdamille de signaux connus chez les
plantes et les bactéries, les auxines, nous av@mieé le role des représentants principaux
de cette famille comme IAA, IBA, NAA et 2,4-D danexpression du SSTT cheP.
aeruginosa Nous avons observé que I'lAA et aussi le NAA pentvtotalement réprimer
I'expression du SSTT et la sécrétion de toxinesgoiils sont ajoutés a la concentration de 5
mM dans les milieux de culture, sans aucune iribibitde la croissance des bactéries.
Malheureusement nous n’avons pas pu détecter ldards les surnageants des cultures de nos
souches d@. aeruginosa

Pour déterminer avec précision la nature du siBARST, nous avons comparer le profil de
séparation par HPLC sur colonne C18 des surnageamtenant du PARST issus de la
souche CHA a ceux n’en contenant pas issus du tmiiggA. Nous avons observé qu’un pic
évident était présent dans les surnageant de CHgena dans ceux du mutaistrpA et a
nouveaux présents lorsqu’on rajoute du tryptophdaes le milieu de culture du mutant
AtrpA. L'analyse par LC-MS de ces surnageants indiquengumolécule dan/z 224.2 est
présent dans ce pic issu de CHA. Bien que cecespande aum/z du NAA-K, il semble
difficile pour I'instant de pouvoir affirmer que NAA est bien le PARST.

Dans un modéle murin d’'infection aiguéPaaeruginosale PARST agit positivement pour
améliorer la clairance des bactéries, ce qui irglique des inhibiteurs spécifiques du SSTT
peuvent étre utilisés avec avantage pour luttetredh aeruginosaEn fait I'expression de
genes de virulence représente désormais de bonidss cpour le développement
d’antibiotique nouveaux comme cela a été encoremérent démontré chézbrio cholera

ou une petite molécule inhibant I'expression déokine et des pili s’est révélée capable de
protéger les jeunes souris de la colonisation jgdie chactérie (Hungt al, 2005). Tres
réecemment 2 différentes molécules ont été propopéas inhiber le SSTT d€hlamydia
trachomatisafin de lutter contre les fléaux causeés par dedietérie (Muschiokt al, 2006;
Wolf et al., 2006).

Bien que le NAA ne soit probablement pas le PAR&T pourrait examiner son role dans
l'infection pulmonaire aigué &. aeruginosaSi cette molécule a bien un réle protecteur, il
faudra alors identifier par quel récepteur le sigmatransmet jusqu’aux systemes de controle
de I'expression du SSTT.
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En anglais

P. aeruginosalike many other Gram-negative animal and planih@gens, possesses a major
virulence factor, the type Il secretion system §Bl), where over 30 proteins assemble into a
complex machinery designed to deliver bacteriatgino(effectors) directly into eukaryotic
host cells (Yahet al, 1995; Frank 1997). Injection of the bacteridéetors into the host cells
results in various phisiological changes, all ofishhseem to confer a survival advantage on
the bacterial pathogen within the host environn{ehteck, 1998). Because the construction
of the type Il secretion apparatus is an energyeasive process due to the requirement for a
large number of genes, it is important for the eaatto tightly regulate the TTSS in response
to the environmental changes.

PsrA is a positive transcriptional regulator of type Ill secretion system inP. aeruginosa

In P. aeruginosaexpression (transcription) of the entire TTSSegeis controlled by ExsA, a
DNA-binding protein acting as a positive transdapal regulator (Hovey and Frank, 1995),
suggesting thatP. aeruginosamight control the expression of TTSS genes eithgr b
influencing the activity of ExsA or by adjusting &X's expression level. The first situation
has been extensively investigated (McGatval,, 2002; Dasguptat al, 2004; Heet al,, 2004;
Rietschet al, 2005; Urbanowsket al, 2005). Here, we shed light of a new transcriglo
activator, PsrA, which is needed for the full tremgstion of the operoexsCEBAand hence
the expression of other TTSS genes.

The research of regulator involved in the regulattbexsCEBAexpression was based on the
observation, that the crude extract from a mufsxsA(with a deletion oexsAgene) has a
strong binding activity to the DNA fragment contaithe promoter of the operaxsCEBA
(pC). One protein, PsrA, was identified from thaction having the strongest pC binding
activity. We further showed that the recombinamt@n PsrA (rPsrA) could specifically bind
to the pC though the binding affinity is quite loimplying that PsrA might be a regulator of
the operorexsCEBAand hence interfere the expression of whole TT&&sg Our hypothese
has been justified by analyzing the phenotype efrttutantApsrA (with a deletion ofposrA
gene). Gene reporter analysis showed that PsrA&gsined for the full transcription of the
exsCEBAN different TTSS-inducing conditions, includinglcium depletion from the culture
medium, contact with eukaryotic host cells andpghesence of human serum. The deletion of
psrA decreased two- to threefold the transcription llesfeexsCEBAIn different TTSS-
inducing conditions and such defect was restorednblyans complementation witlpsrA
confirming that the decrease of the expressionl lelvexsCEBAs indeed due to the deletion
of psrA Furthermore, the decreaseexdssSCEBAexpression could not be totally overcame by
the expression okxsA indicating clearly that PsrA controls the tramsicm level of
exsCEBAAs expected, the decreasee@bCEBAranscription resulted in a decrease of TTSS
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genes expression, such @S and of the secretion of type Il effectors, fastance ExoS
and ExoT. The positive role of PsrA in regulatidrtiee TTSS genes expression was further
confirmed by phagocyte killing test, since the istipsrAis less resistant to phagocyte-like
PLB985 cells.

In fact, we haven’t indeed identified the protaion the fraction having the strongest binding
activity to pC, since the extract of the strasrA possessed the same pC binding activity as
the strainAexsA Considering that the pC binding acitvity is mastonger in TTSS-
noninducing conditions than in TTSS-inducing condit(Fig. 25), and that the expression of
TTSS is induced only in the presence of specialremental signal, we speculated that the
protein to be identifed would more likely to be euhibitor. Because the extrac of strain
AexsAhave different binding activity (Fig. 11 and Fip), it is possible that, beside ExsA
and PsrA, other transcriptional regulators mighttagether on the level of the promoter of
the operonexsCEBA In fact, such scenario give. aeruginosamore flexibility in their
response to ever changing environmental conditidhs.identification of such regulator will
provide us more information concerning the regalabf TTSS expression and may provide
us targets for new drugs which specially attentteebacterial pathogens by directly affecting
the function of the main virulence factor TTSS.

PARST inhibits the expression of TTSS oP. aeruginosaduring the stationary phase

In P. aeruginosawe observed that the expression of TTSS geneslliglensity-dependent,
more precisely, maximum expression of TTSS genes) asexsCEBAandexo$ happens at
an ODypo of 1.5 to 2.0, and then decreased rapidly withitlkeease of OBy, indicating that a
mechanism exists for inactivation of TTSS in regmrio the cell density increase.
Furthermore, we found an inhibitory signal produdseasm the stationary phase (high cell
density) culture supernatant and termed this unknavhibitory signal as ‘PARST’ for
‘Pseusomonasgutorepressor of secretion three’ in analogy ® dther signals of quorum
sensing (QS), the ‘PAI' forPseudomonaautoinducer’.

Because QS regulates genes expression at cellyddepiendent manner and QS having an
impact on the expression of TTSS genes (Speraatial, 1999; Schabeet al, 2004,
Hogardtet al, 2004; Bleveset al, 2005; Juha®t al, 2005), we examined whether the
repression of TTSS genes expression at high ceBifewas due to the regulation of the
known QS signals. However, inhibitory actvity stdkists in the stationary phase culture
supernatant from mutants with the deletion of ganeslving the production of known QS
signals, indicating that PARST is different from @fgnal. A transposon insertion mutant
library was constructed to identify potential ges)eivolved in the production of PARST
during the stationary phase. After having screaislit 2000 insertion mutants, we observed
that the mutant with the transposon insertion stk genérpA, coding the tryptophan (Trp)
synthase involved in the biosynthesis of Trp, cawddonger produce PARST. A mutant with
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the deletion ofrpA (AtrpA) was constructed to determine the rolérpA in the production of
PARST. Similiar to its transposon insertion mutamg, evident PARST was produced from
AtrpA and such defect could be restored by adding Trmgluhe preparation of stationary
phase culture supernatant, indicatingA might be implicated in the productin of PARST.
Since Trp is the precursor in the biosynthesisuxirg a plant hormone, we examined the role
of different auxins, including IAA, IBA, NAA and 2;D, in the regulation of TTSS genes
expression. We observed that both IAA and NAA coudthlly repress the expression and
secretion of TTSS genes at a concentration of 10 wilMout inhibiting their growth.
However, no IAA was detected from the stationarggehculture supernatant.

Oxydative metabolism of Trp also produces kynurenibut kynurenine was not able to
repress the expression of TTSS.

To determine the nature of PARST, we compared theCHprofile between the supernatant
containing PARST, collected from CHA, and the sap&ant without PARST, collected from
AtrpA. We observed that an evident peak was presentHih &nd absent id\trpA, on the
contrary, this peak reappeared MtrpA when Trp was added during the preparation of
supernatant fromtrpA. LC-MS analysis showed that a molecule witin/a224 was uniquely
present in that peak of the supernatant from CH#Anot fromAtrpA. Though this unknown
molecule has the same molecular weight of NAA, deevate of auxin, they are probably not
the same.

In fact, virulence gene expression represents getdor antibiotic discovery, as recently
shown forVibrio choleraewhere a small molecule inhibitor of both toxin gmlil expression,
protecting infant mice from colonization (Hureg al, 2005). Very recently, 2 different
molecules inhibitors of TTSS were identified asgmbial drug in treatment aChlamydia
trachomatis a Gram-negative bacteria causing sexually tratsthdisease and preventable
blindness worldwide (Muschi@t al, 2006; Wolfet al, 2006).

Though NAA is probably not the PARST, we couldl gttamine its possible role in the acute
infection of P. aeruginosalf NAA is able to decrease the virulenceRafaeruginosan the
acute lung infection, it would be interesting tovestigate its receptor on the surface of
bacteria.

Nevertheless, work needs to be done to furtherachenize PARST molecule. The influence
of PARST on global gene expressionAnaeruginosashould also be studied by proteomic
and/or transcriptomic approaches.
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RESUME

Pseudomonas aeruginosat un pathogéne opportuniste responsable d’infecgraves chez
les personnes immunodéprimées, les grands brllés patients atteints de la mucoviscidose.
Cette pathogénicité repose sur de nombreux factluvirulence dont le systéme de sécrétion
de type Ill (SSTT). Activé par le contact avec édlde eucaryotén vivo, le SSTT est dedié a
l'injection d’effecteurs protéiques directementldeébactérie dans le cytoplasme de la cellule
cible afin de favoriser I'invasion bactérienne.

Nous avons observé une protéine précédemment fidentPsrA, nécessaire pour la pleine
activation de lI'expression du SSTT cliezaeruginosales analyses par retard de migration
électrophorétique de fragments du promoteur deefap régulateuexsCEBAont montré que

la protéine recombinante PsrA pourrait se fixer aelui-ci. A I'aide de géne rapporteurs,
nous avons montré que PsrA est nécessaire pouleilae pactivation de la transcription
d’exsCEBAet exoS(gene représentatif pour les effecteurs), bienlgurutant de délétion du
genepsrA (ApsrA) ait toujours répondu a la déplétion calcique,satum, et au contact de
cellule héte. Le mutaripsrAa montré une diminution marquée de la sécrétigreffecteurs
de type Il et une faible résistance a la bactéiecpar des cellules de type phagocytaires,
PLB-985. Le défaut de la transcription du SSTT iage la sécrétion d’effecteurs dans le
mutant ApsrA ont pu étre complémentés par I'expressiontrams de psrA PsrA a été
préecédemment identifi€ comme un activateur trapgsorinel de RpoS, un régulateur central
pendant la phase stationnaire. Nous avons configo® RpoS a un effet négatif sur
I'expression des genes du SSTT dans notre soutdreseimble des résultats suggerent que
PsrA est un nouvel activateur qui est impliqué daagression du SSTT en augmentant le
niveau de la transcriptioneXsCEBA

Dans un second temps, nous nous sommes intérespégr@omene anciennement observé au
laboratoire qui suggere que I'expression du SSTiTdépendant de la densité bactérienne.
Nous avons amélioré les outils pour mettre en évidejue le milieu de culture conditionné
(surnageant venant de la phase stationnaire) philier I'activation du SSTT. Nous avons
mis en évidence qu’un signal inhibiteur, produihsida phase stationnaire de la culture, peut
réprimer I'expression du SSTih vitro. L'analyse de milliers de mutants de transposiéion
montré que la production de ce signal dépend dptdphane, qui est le précurseur de
nombreux métabolites dont l'acide d'indole-3-ac@##®) et la kynurénine. IAA-Na et un
autre membre de cette famille de molécules, lagsitm acide 1-naphthalenacétic (NAA-K)
aux concentrations millimolaires peuvent en effdtiber I'expression et la sécrétion du
SSTT. La kynurénine n’a pas d'effet. L'identificai précise de ce signal nécessite des
investigations plus poussées. Ces observationsigm@nt des arguments en faveur de
I'existence d’'une autre voie régulatrice dans &ngition de I'expression de genes entre un
état avec des cellules a faible densité et celet aes cellules a forte densité plus connut sous
le terme de ‘quorum sensing’.

Mots clés:Pseudomonas aerugingske systéme de sécrétion de type lll, régulati®srA,
‘quorum sensing’



