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NOMENCLATURE Xl

NOMENCLATURE

Gene products olgs genes are numbered such that the first methioointe wild-type
protein is designated "1" in the amino acid segaeeRositions are shown as numbers after
the particular amino acids. Amino acid substitusi@ame termed as follows: The native amino
acid is designated in one-letter code, followedthy respective amino acid position in the
protein. The amino acid introduced by (site-dirdt®utagenesis is terminally added in one-
letter code (Example: Lgsfsn). Unless otherwise noted, nucleotide positiongcite the

distance from the transcriptional start site (+1).
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Al
Amp
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bp, kb
BSA
3-MeOH
°C

Da, kDa
DNA
DNAse
dNTP
DTT

Fig.

GFP

gen. DNA
His

HK

1gG

IPTG
Kan®®

LAI-1

LSP

mAU

mM, M

ms, s, min, h

ng, ug, mg

nm, cm
Ni**-NTA-agarose
ODx

SDS-PAGE

TBS

ABBREVIATIONS

autoinducer
ampicillin resistance
ammonium persulfate
base pairs, kilo base pairs
bovine serum albumine
beta-mercaptoethanol
degree Celsius
Dalton, kilo Dalton
deoxyribonucleic acid
desoxyribonucleinase
desoxyribonucleotidetriphosphate
dithiothreitol
figure
green fluorescent protein
genomic DNA
histidine
histidine kinase
immunoglobulin G
isopropylp-D-1-thiogalactopyranoside
kanamycin resistance
Legionellaautoinducer- 1
low speed pellet
milli arbitrary units
millimolar, molar
millisecond, second, minute, hour
nanogramm, microgramm, milligramm
nanometre, centimetre
nickel-charged resin tNhitrilotriacetic-acid)
optical density at x nm
SDS-polyacrylamide gel electrophoresis

Tris-buffered saline



XIV ABBREVIATIONS
PCR polymerase chain reaction
Pl propidiumiodide
PMSF phenylmethansulfonylfluorid
QS guorum sensing
RIU relative intensity unit
rpm revolutions per minute
RT room temperature
SDS sodium dodecylsulfate
SN supernatant
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TAE Tris-acetate-EDTA
TCA trichloroacetic acid
TEMED N,N,N',N'-tetramethylethylendiamine
Tef? tetracycline resistance
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SUMMARY

Quorum sensing represents an aspect of intercelbolmmunication, which bacteria use to
coordinate their behaviour based on the populatemsity. To achieve this, small chemical
signalling molecules termed autoinducers are preducecreted and sensed. Quorum
sensing systems are generally two-component sys(@@S) and employ the transfer of
phosphoryl groups for signal transduction. TCS ®insf two conserved components, a
sensor kinase and a response regulator protein.séhsor kinase, which is regulated by
external environmental stimuli (such as autoindunetecules), is autophosphorylated at a
conserved histidine residue, creating a high-eng@tgysphoryl group that is subsequently
transferred to an aspartate residue in the respmaggdator. This protein frequently is a
transcription factor, which upon phosphorylatiordergoes dimerization, thereby eventually
leading to alterations in gene expression. Thi$ dehsity-dependent regulation of gene
expression enables the bacterial population totadaghanging environmental conditions.
Legionella pneumophilas a Gram-negative bacterium and the causativatagfePontiac
fever or Legionnaires” disease. The infection c€@arogen via inhalation of aerosols from
contaminated hot water pipes, air conditioning eyst or cooling towers. Besides
environmental endemic amoebaepneumophilalso infects human alveolar macrophages.
For cell-cell communication, L. pneumophila employs the autoinducer LAI-1
(3-hydroxypentadecane-4-one), which is produced detbcted by the LqgsLégionella
quorum sensing) system. The system is encoded &ylgth cluster, consisting of the
autoinducer synthase LgsA, the putative sensoskihgsS and the response regulator LgsR,
as well as an orphan LgqsS homologue termed Lgs3-régqulated processes include uptake
and intracellular growth ol. pneumophilain phagocytes, production of extracellular
filaments, natural competence for DNA acquisitiord expression of a genomic “fitness
island®.

In this thesis the individual components of the kgistem were characterised biochemically,
and the signal transduction cascade was reconstrincvitro. Phosphorylation experiments
using inverted membrane vesicles and*’P]-ATP showed that LgsS and LgsT are
autophosphorylated at a conserved histidine resigi@00 or H204) located in their
cytoplasmic histidine kinase domain. Immuno-prdefgon revealed that LgsS and, albeit
less efficiently, LgsT are bound by LgsR. Autophusylation of either sensor kinase was
prevented by LgsR, dependent on the conserved tagpaesidue (D108) in its receiver

domain. LgsR catalysed the dephosphorylation ofspho-LgsS or phospho-LgsT, and
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efficient dephosphorylation required D108. Additdig, in vitro phosphorylation of LgsR at
D108 with acetyl phosphate caused dimerizatiorhefresponse regulator. Moreover, LqsS
and LgsT heterologously produced By coli localized to the membrane fraction. However
upon heterologous production, only LgsT was autsphorylated by ATP at the conserved
histidine, suggesting that LgsS required.apneumophilaco-factor for phosphorylation.

The influence of LAI-1 on the signal transductiascade was also analysed. These studies
revealed that LAI-1 inhibited the autophosphorgatiof both sensor kinases, LgsS and
LgsT, whereas it had no influence on the phosphetea reaction.

In summary, these results indicate that the sigaalsduction based on the pneumophila
sensor kinases LgsS and LgsT converges via phaspiséér on the response regulator
LgsR, and that the autoinducer LAI-1 negativelyulates this system.
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ZUSAMMENFASSUNG

Quorum Sensing ist ein interzellularer Kommunikasiprozess, den Bakterien verwenden
um ihr Verhalten auf Grund der Populationsdichtekmordinieren. Daflir werden kleine
chemische Signalmolekile, Autoinduktor genanntdpeiert, sekretiert und detektiert. Im
Allgemeinen handelt es sich bei Quorum SensingeBysh um Zweikomponentensysteme
(TCS), die einen Phosphotransfer fur die Signabvigitung verwenden. TCS bestehen aus
zwei konservierten Komponenten, einer Sensorkinasg® einem Antwortregulator. Die
Histidinkinase wird Uber externe Umweltreize (Auwtiktoren) reguliert und am
konservierten Histidinrest autophosphoryliert. Dabevird eine ,energiereiche”
Phosphorylgruppe kovalent gebunden und anschlieBanfli den Aspartatrest des
Antwortregulators Ubertragen. Dieser dient seiney$giufig als Transkriptionsfaktor, wobei
die Phosphorylierung Dimerisierung, und dadurcheztéetdlich eine Veranderung der
Genexpression induziert. Diese Zelldichte-abh&ngigegulation der Genexpression
ermoglicht der Bakterienpopulation eine hohe Anpagsfahigkeit an sich verandernde
Umweltbedingungen.

Legionella pneumophilast ein Gram-negatives Bakterium und als Auslddes Pontiac
Fiebers oder der Legionarskrankheit bekannt. Diektion erfolgt aerogen uber Inhalation
von Aerosolen aus kontaminierten Warmwasserleimpg@d@maanlagen oder Kuhltirmen.
Neben in der Umwelt natirlich vorkommenden Amébdeneén dem Pathogen auch
menschlichen Alveolarmakrophagen als Wirt.

Die Zell-Zell Kommunikation erfolgt belL. pneumophilatiber den Autoinduktor LAI-1
(3-Hydroxypentadecan-4-on), welcher durch das lgsgipnellaquorum sensing) System
produziert und detektiert wird. Das System wirdieaddurch dadgs Cluster, bestehend aus
der Autoinduktorsynthase LgsA, der mutmalilichen sBednase LgsS, dem
Antwortregulator LgsR sowie einem unabhangigen Egs#&olog, LqsT genannt. Zu den
Lgs-regulierten Prozessen gehéren Aufnahme undzeliulares Wachstum der Bakterien in
Phagozyten, Produktion von extrazellularen Filamenhatlirliche Kompetenz fir die DNA-
Aquisition und die Expression einer genomischenngss-Insel”.

Im Rahmen dieser Arbeit sollte eine biochemischear@kterisierung der einzelnen
Komponenten des Lgs Systems vorgenommen und dre@lB@nsduktionskaskade vitro
rekonstruiert werden. Phosphorylierungsexperimemteinvertierten Membranvesikeln und
[y-3?P]-ATP zeigten, dass LgsS und LgsT am konservigtistidinrest (H200 oder H204) in

der zytoplasmatischen Histidin-Kinasedoméane autsipbiyliert werden. Die Immuno-
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pazipitation machte deutlich, dass sowohl LgsSaalsh- mit einer geringeren Effizienz-
LgsT durch LgsR gebunden werden. Die Autophosplesyig beider Sensorkinasen wurde
durch LgsR verhindert. Dies war abhangig vom korieegien Aspartatrest (D108) in der
Empfanger-Domane. LgsR katalysierte die Dephospieompng von Phospho-LgsS oder
Phospho-LgsT in Abhé&ngigkeit von D108. Des Weiterbawirkte die in vitro
Phosphorylierung von LgsR an D108 durch Acetylphaspeine Dimerisierung des
Antwortregulators. InE. coli heterolog produzierte LgsS- und LgsT-Kinasen kennt
ebenfalls in der Membranfraktion lokalisiert werdéadoch wurde hier nur LqsT durch ATP
autophosphoryliert, und zwar am konservierten HiistiDies legt die Annahme nahe, dass
LgsS einen weiterenL. pneumophila Kofaktor fur die korrekte Faltung und/oder
Autophosphorylierung bendétigt.

Weiterhin wurde auch der Einfluss von LAI-1 auf @gnaltransduktionskaskade des Lgs-
Systems untersucht. Diese Studien zeigten, dasawemduktor die Autophosphorylierung
beider Sensorkinasen, LgsS und LgsT, inhibiertehimgegen er keinen Einfluss auf den
Phosphotransfer hatte.

Diese Resultate veranschaulichen, dass die Signattuktion vonL. pneumophila
ausgehend von den Sensorkinasen LgsS und LgsT Bbhesphotransfer auf dem
Antwortregulator LgsR konvergiert und der Autointiuk LAI-1 dieses System negativ

reguliert.
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1 INTRODUCTION

1.1 Bacterial communication

1.1.1 Quorum sensing

Scientific research on bacterial cell-cell commatimn started in the early 1970s and began
with the marine bacteriur¥ibrio fischeri, which is a Gram-negative, symbiotic bacterium
regulating bioluminescence production via quorumssey (Engebrechat al, 1983, Nealson

& Hastings, 1979). At this point, it was believdtht the ability to communicate through
chemical signals was a characteristic trait of eydd@s. The discoveries from Engebrecht,
Hastings and Nealson established the basis foregqubst scientific investigations of
bacterial communication. This special type of comioation was termed quorum sensing
(QS) and is based on population density-dependetuption, detection and response to
small diffusible molecules termed autoinducers (Alhis process allows the bacteria to
gauge changes in cell density and adjust gene ssipre accordingly (Fig. 1). The Al
concentration in the environment increases simatiasly with a growing bacterial
population. Subsequently, detection of the ministahulatory (threshold) concentration of
the Al leads to an alteration of the bacterial gerpression. Quorum sensing controls the
expression of those genes that are beneficial fougs of bacteria acting in synchrony

(Bassleret al, 1994, Fuqua & Greenberg, 2002).

® -
® &

- A

..9.90
RS
(So -9 0a: .

. Al threshold

Al concentration

Cell densiti

Fig. 1: Scheme of a simple quorum sensing system. Bacterial cells (white/green) produce and
secrete small signaling molecules, termed autoinducers (Al, shown by blue pentagons). With
increasing cell density the Al concentration in the environment reaches a certain threshold and induces

changes in the common behavior of the population. Model adapted from previous publication (Keller &

Surette, 2006).
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The term “quorum” is Latin and described in the RonmEmpire the smallest number of
members that was needed for legal decisions inSereate. Among the diverse bacterial
processes regulated by quorum sensing are symbiirsikence, motility, biofilm formation,
bioluminescence, sporulation, competence and thmesgion of antibiotics (Miller &
Bassler, 2001). Quorum sensing systems are genénallcomponent systems (TCSs) and
can be divided into two classes: LuxIR-type quorsemsing systems in Gram-negative
bacteria and oligopeptide-type quorum sensing itgau Gram-positive bacteria.

The simplest and elementary form of a quorum sgnairtuit is the LuxIR system, existing
in in over 25 species of Gram-negative bacteriall@i& Bassler, 2001). These quorum
sensing systems contain homologues of the Wwio fischeriregulatory proteins named
Luxl and LuxR (Fig. 2A). The LuxI-type autoinducgynthase produces a species-specific
acyl-homoserine lactone (HSL), which works as atoiaducer and diffuses through the
cytoplasmic membrane. With increasing cell denghge extracellular as well as the
intracellular concentration increases. Upon reaghithe threshold concentration
(~1-10 pg/ml) the Al is detectable by the trandasip activator LuxR-like protein, which
regulates in the case ®f. fischerithe expression of theixICDABE operon (Miller &
Bassler, 2001). This operon encodes the enzymgensble for light production of this
symbiotic bacterium (Engebrecht & Silverman, 198BesidesV. fischeri among other
bacteria alsoAgrobacterium tumefacienand Pseudomonas aeruginossse this type of
qguorum sensing system (Passaetoal, 1993, Pipeet al, 1999).

Gram-positive bacteria evolved a different type g@fiorum sensing system using
oligopeptides instead of HSL as signalling molesulehese systems transport the Als via
specific ATP-binding cassette (ABC) transporterstivihcreasing cell density the secreted
peptide autoinducer accumulates in the bacterialir@mment and interacts with the
membrane bound sensor kinase. This binding trigggreosphorylation signalling cascade
converging on the response regulator, eventuabygimg the transcription of specific target
genes (Fig. 2B). This type of quorum sensing systecomposed of typical elements of two-
component systems. Among other processes, compgetencBacillus subtilis and
Staphylococcus pneumoniaad virulence ofStaphylococcus aureuse regulated this way
(de Kievit & Iglewski, 2000, Tortosa & Dubnau, 1999

Bacteria likeVibrio choleraeor Vibrio harveyiprocess information on cell density over a QS
circuit which represents a hybrid system of theocéral Gram-negative and the Gram-
positive bacterial QS system (Bass¢rl, 1993, Bassler, 1999).
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kinase

Response
regulator

4
—_— -

Peptide gene Target genes

Fig. 2: General models for LuxIR- and peptide-mediated quorum sensing systems. A. In typical
Gram-negative LuxIR circuits, the Luxl-type protein catalyzes the synthesis of an N-(3-oxohexanoyl)-
homoserine lactone (HSL) autoinducer (blue pentagons). At the threshold concentration of the
autoinducer, the response regulator protein LuxR binds the HSL and promotes the expression of target
genes and simultaneously represses the own transcription. B. Gram-positive bacteria produce
oligopeptide autoinducers (red triangles). The peptide signal is secreted by an ABC-transporter (green
squares). The Al is detected via a two-component signal transduction system, leading to the
phosphorylation of a response regulator protein, which regulates the transcription of target genes.
Model adapted from previous publication (Miller & Bassler, 2001).

1.1.2 Bacterial two-component systems

Two-component systems link the stimulus- and resganechanism in bacteria and are one
of the most effective signal transduction systei{SSs play an essential role in bacterial
behaviour such as adaptation to environmental awmnmduction of pathogenesis and
regulation of cell-cell communication (quorum sewggi TCSs utilize phosphorylation
signalling which is an evolutionarily conserved im&gism and is established in all domains
of life (Manninget al, 2002). In eukaryotes, the general phosphorylaites of kinases are
either serine or threonine residues, or less comymomosines (Blomet al, 1999), while in
bacteria histidine kinases are more common (RohinBackleret al. 2000, Stock, Robinson
et al. 2000).

Numerous TCSs are encoded in bacterial genomeslatng with the genome size and the
complexity of the organism’s lifestyle (Ulrich & dlin, 2007). Thereby the numbers range
from tens (e.g.Bacillus subtilis Escherichia coli to over hundred (e.g. cyanobacteria,
Myxococcus xanthjisHowever, some bacteria do exist that do not @acbCS, such as
Mycoplasmaspp.(Gacet al, 2007). The basic module of TCSs are two consepveteins;



4 1. INTRODUCTION

the sensor histidine kinase (HK) and the respoegelator (RR) with specific conserved
domains, utilizing a central mechanism of phosmrtfer to create a signalling pathway
(Stocket al., 2000, Robinsoret al, 2000). In addition to conserved domains, HKs RiRb
contain variable domains adapted to the specifstesy in which they function. HKs are
usually transmembrane proteins that function asa@snwith variable domains involved in
sensing diverse physical and chemical stimuli. RRstypically multi-domain proteins with
variable effector domains controlling the outpugpense (Robinsoet al.,2000).

The TCS signal transduction pathway includes tictemmical reactions (Fig. 3). Initially the
high energyy-phosphoryl group from ATP, which is used as a sabs is transferred to the
conserved histidine (His) core of the HK, resulting autophosphorylation. His
phosphorylation occurs on the imidazole nitrogaondpcing a high energy phosphoamidate
bond. The equilibrium of this autophosphorylati@action favours the unphosphorylated
HK protein, since at typical intracellular ATP/ADRtios only a small percentage of the HK
appears in a phosphorylated state (Stock, Robiasah2000).

1. Autophosphorylation HK-His + ATP = HK-His~P + ADP

2. Phosphotransfer HK-His~P + RR-Asp 4_' HK-His + RR-Asp~P
: —

3. Dephosphorylation RR-Asp~P + H,O <«— RR-Asp+P,

Fig. 3: Chemistry of the basic two-component signal transduction pathway. The basic two-
component signal transduction pathway comprises of tree reactions: 1. Autophosphorylation,
2. Phosphotransfer, 3. Dephosphorylation. Model adapted from previous publication (Stock et al.,
2000)

In a second reaction the RR catalyses the tranétéis phosphoryl group from the phospho-
His residue to a conserved aspartate (Asp) witisiown regulatory domain creating a high
energy carbonic acid phosphoric acid mixed anhydrldhis activates the RR and generates a
specific response (Sto&k al.,2000). To terminate signalling the phosphoryl grétom the

RR phospho-aspartate residue is dephosphorylatethr@e reactions are catalysed through
divalent metal ions, such as KigStocket al.,2000).

There are two basic pathway architectures of TCBs.simplest form is the phosphotransfer
pathway involving a HK and RR pair performing oneogphotransfer step/event (Fig. 4A
and B). In more complex systems multiple His-camtay and Asp-containing domains in

various proteins are involved, generating a phosgag (Fig. 4C).
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1.1.2.1 Structure of histidine kinases

In the TCS pathway the HK represents the essdirtkabetween the bacterial environment
and the cellular response. HKs function as recegdtorthe extracellular stimuli and regulate
the information flow through the signalling pathwaygKs are transmembrane proteins
composed of a diverse N-terminal periplasmic sgngtomain linked to a C-terminal
cytoplasmic kinase core, consisting of the dimeidraand histidine-phosphotransfer (DHP-)
domain and the catalytic ATP binding (CA-) domédhig(4) (Robinsoret al.,2000).

The N-terminal sensing domain of the HK is desigfeedietection of environmental stimuli.
These sensing domains share little sequence sityjilas the HKs contain a wide variety of
extracellular, intracellular and/or transmembrarmemssr domains designed for specific
ligand/stimulus interactions (Stoel al.,2000). In transmembrane HKSs, the sensor domains
are connected via one or more transmembrane helacdbe cytoplasmic kinase core.
Sometimes the transmembrane helices are followed bgker domain, the functions of
which are poorly understood, but it is assumed thay act as structural relay for signal
transduction (Zhu & Inouye, 2003). Also Per-ARNT¥SPAS) domains have been found in
HKs. These cytosolic sensing modules detect a wadiety of chemical and physical stimuli
(Moglich et al, 2009). PAS domains are small (~100 amino acidsl) tgpically located
adjacent to the last transmembrane region of theirsg domain and N-terminal to the kinase
domain (Stoclet al.,2000).

HKs sense extracellular stimuli and integrate themo a phosphorylation signal by
catalysing the ATP-dependent phosphorylation of twnserved His residue. This
autophosphorylation reaction is a bimolecular reactin which one HK monomer
phosphorylates a second monomer at the conservedéddidue within the DHP-domain
(Suretteet al, 1996). The characteristic feature of the HK fanml the kinase core which is
defined by five signature sequences containinge&xwesl amino acids (H-, N-, G1-, F- and
G3 boxes). The N, G1, F and G2 boxes form the Aiflibg pocket, and the H box contains
the conserved His residue that is the site of phagpation (Parkinson & Kofoid, 1992)
(Fig. 4A and C). According to their domain orgatisa HKs can be grouped into two major
classes (Bilweset al, 1999). In Class | HKs, the conserved His is ledatvithin the
dimerization (DHP-) domain, contiguous to the natilde binding domain. In contrast, in
Class Il HKs, the H-box containing region is digtéwom the CA domain, separated by
specific domain insertions (Dut&t al, 1999).

The HK family is extremely diverse ranging fromhatlox HKs with only one DHP-domain,

e.g. LgsS irL. pneumophilato hybrid kinases with multiple phospho-acceptuat pghospho-
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donor sites, e.g. CgsS M. cholerae(Tiaden & Hilbi, 2012a) (see below). The structural
architecture of the HKs results form the combinatmf sensing, catalytic and auxiliary
domains and reflects the adaption to specific requents of the signalling system (Staatk
al., 2000).

A Sensory- B
domain

ADP

CA- DHP- Rec- Output-
domain domain domain domain

C
®/—\/\
-E-dip<c] e

Fig. 4: Modular domains of a two-component signal transduction pathway. The basic two-
component system requires a histidine kinase (HK) and a response regulator protein (RR) to
generate phosphotransfer pathway (A, B). A. HK comprise three conserved components: the
transmembrane sensory domain (yellow), the dimerization and histidine phosphotransfer (DHP-)
domain (blue) and the catalytic ATP binding (CA-) domain (green). B. RR contains a receiver (Rec-)
domain (red) and an output domain (grey). The phosphotransfer occurs between phospho-histidine
(H) of the HK and the phospho-aspartate (D) in the downstream RR. C. To produce a
multicomponent phosphorelay the basic elements can be combined in many different ways. This
exemplary pathway uses a Class | hybrid sensor kinase containing both a HK and a regulatory part
(receiver domain); additionally the phosphoryl group is transferred to a downstream phosphotransfer

(HPT) protein, at last terminating on the RR.

1.1.2.2 Architecture of response regulators

The RR represents the second part of the TCS atieidinal regulatory element of the
pathway, functioning as a phosphorylation-activatedtch. Most RRs show a two-domain
architecture with a conserved N-terminal regulatdoynain linked to a variable C-terminal
effector domain (Stockt al.,2000) (Fig. 4B). As the regulatory or receiver ¢Balomain is

quite similar in all RRs, the chemotaxis RR prot€ineY fromE. coliis generally used as
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representative model (Stoek al, 1990). The Rec-domain is a conseradtihelical domain
consisting five five-stranded parall@-sheets surrounded by five amphipathic helices.
Several highly conserved residues in the receiwenain of RRs have important roles in
signal transduction and catalysis of phosphotranafel dephosphorylation (Gaet al.,
2007). The phosphorylation site contains a clusteronserved acidic residues including the
aspartic acid at the C-terminal endp&. Two additional acidic residues in tfg-al loop-
position bind a divalent metal ion, commonly #Mgwhich is required to catalyse both
phospho-transfer and -hydrolysis (Gatal.,2007).

RR are activated by catalysing the phosphotrarfefen the His residue of the HK to the
conserved Asp in the own regulatory domain. TherdKg are not the sole phospho-donors
for RR, as high energy compounds like acetyl phasphcarbamoyl phosphate, imidazole
phosphate, and phosphoramidate can also fulfilfthradtion (Lukatet al, 1992). In addition
to phosphotransfer activity, RRs regulate the ilifet of their activated state via
dephosphorylation. The half life of RR ranges freetonds to hours, corresponding to the
specific adaptive response (Lulatal., 1992, Stoclet al, 1991, Haldimanmt al, 1997).
Phosphorylation of the RR promotes a conformatiodahnge altering the molecular
structure, and the response is achieved througtstenad set of inter- and intramolecular
interactions of the output domain (Staekal., 2000). Thereby RRs exhibit a high structural
and functional diversity optimized for various efter functions. The majority of RRs are
transcription factors (~65 %), others have C-teghidomains with enzymatic activity
(~11 %), and some completely lack the effector dan{ald %). Only few show RNA
(~1 %) or protein binding (~2 %) or exhibit othetigities (~7 %) (Gaet al.,2007).

It is a general assumption that regulatory domaiRR exist in equilibrium between two
conformational states, the active and the inadtwen, and that phosphorylation of the Rec-
domain initiates a shift in equilibrium towards thetive form (Stoclet al., 2000). In most
cases, the phosphorylated regulatory domain playsadive role. Phosphorylation can
promote either oligomerisation (Portet al, 1993) or dimerization (Toro-Romaet al,
2005) or the combination of both processes (Aretral, 1998). In contrast, activation might
also implicate a relief of inhibition, as some Rf# be activated by deleting the N-terminal

regulatory domain (Hualet al, 1992).

1.1.2.3 TCS specificity
Although most bacteria encode dozens of TCSs tigemelatively little or no crosstalk,

indicating that the individual signalling pathwagee highly specific. In general there are
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three key mechanisms defining the specificity ob4womponent pathways at the level of
phosphotransfer. molecular recognition, phosphatasevity, and substrate competition
(Podgornaia & Laub, 2013).

The molecular recognition is delineated by pairgesidues located in one part of the HK
and/or RR. These residues are amino acids thav@ees These pairs are either located in
the same protein, where they form intramoleculantacts which maintain the structural
integrity of the protein conformation, or they doeated in opposite proteins, and have
coevolved to preserve the interaction of a reldiedse and regulator pair (Podgornaia &
Laub, 2013). As the correct RR interacts with peafic HK, the access of an incorrect
substrate/RR is prevented and only the correctai®@gRR is phosphorylated (Skerletral,
2008).

Secondly, phosphatase activity determines the lefvphosphorylated RR and is correlated
to the signal input. The level of phosphorylatedsRtan potentially be controlled either
through formation or hydrolysis of the phosphorgsidue (Stocket al.,, 2000). One
possibility is the direct coupling between the HiKmnsillus and the RR response, such that the
growing signal input increases the ratio of autgphmrylation of the HKs and therefore
provides a greater number of phosphoryl groupsdoemsferred to the RR. Alternatively,
HKs can posses a phosphatase activity, leadingktoniddiated RR dephosphorylation, or
RRs can also exhibit intrinsic autophosphataseviactiThe phosphatase activity of the HK
minimizes undesired cross-talk by dephosphorylatisgpecific RR when it is accidently
phosphorylated by another kinase or a small motéegohospho-donor (background
phosphorylation) (Podgornaia & Laub, 2013).

Finally, TCS specificity is enhanced by the compmti between response regulators for
phosphorylated kinases. Generally, the relativeileelconcentration of the RR exceeds that
of the associated HK, enhancing the probabilitthef RR for binding to a cognate kinase by
effectively outcompeting nonrelated regulators (tawet al, 2009).

1.2 The pathogehegionella pneumophila

Legionellaspp. can cause in humans mainly two types of “Legjlosis”. Legionnaires’
disease and Pontiac Fever. Legionnaires’ diseagesévere pneumopathy, whereas Pontiac
fever is a milder form where patients suffer froha-like symptoms, but no pneumonia
(Kaufmannet al, 1981). Legionnaires’ disease was named afterpatemic outbreak of
pneumonia at the American Legion convention in &glphia in 1976 (Fraset al, 1977,
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McDade et al, 1977). The infection occurs aerogen both throudtalation of bacteria-
harbouring aerosols and by micro aspiration of @mmated water. Cause of infection are
water sources such as hot water storage tanks,eseowhirlpools, air-conditioning units,
plumbing systems and cooling towers (Stout & YuQ7A)9(Fig. 5). People at risk of this
opportunistic pathogen are mainly immuno-suppressaididuals, such as elderly, smokers
as well as inpatient and ambulatory patients inphals (Carratala & Garcia-Vidal, 2010,
Hilbi et al, 2010). However, transmission by interpersonakacnhas never been reported
(Fraseret al., 1977, Steineret al, 2002, Molofsky & Swanson, 2004). The most sugabl
clinical tests forLegionella are urine antigen tests, cultures of sputum, sgyolor
identification by PCR (Phirt al, 2014). Treatment of Legionellosis involves anitaatic
therapy with macrolides or fluoroquinolones (Hibdi al., 2010). Nevertheless the average
case fatality rate is over 5 % in Europe and inUls& (WHO, 1997).

The clinically most relevant species of this pa#mgare Legionella pneumophilaand
Legionella longbeachaeBoth cause the same diseases but are adaptedffeoerd
environmental habitats (Hillet al., 2011a). In contrast th. pneumophila, L. longbeachae
colonizes not only aquatic habitats, but is moa#gociated with soil and plants. Therefore,
Legionnaires’ disease due to. longbeachaeis thought to have a different route of
transmission, which is not fully identified yet. |IAdonfirmed cases were associated with
potting soil mixes and composts and not with comated water systems (Steede al,
1990, Lindsayet al, 2012). In Europd.,. pneumophilas responsible for 90 % or more of the
Legionnaires’ disease cases and the most commaosatdael agent for the remainder is
L. longbeachaeln Australia and New Zealand, reported casek.dbngbeachaenfection
occur as often as caseslopneumophilanfection (Amodecet al, 2010).

To date there are over 50 described speci¢egionellaerepresenting 73 serogroups in the
family LegionellaceaeThe members of the genusgionellacontinue to increase (Fields
al., 2002) L. pneumophilais the best studied species and is described am-Gegative,
mono-flagellated, obligate aerobic bacterium witph@&notypic appearance, which can range
between rod-shaped and filamentous up tar2dong, depending on the cultivation medium
and growth phase (Piaa al, 2006, Benson & Fields, 1998).

1.2.1 Life cycle
L. pneumophilas a ubiquitous waterborne parasite, colonizingide range of natural or
man-made water sources all around the world (Rdwémt 1980). The bacteria can both

survive and replicate within intracellular and exgllular niches and have adopted a biphasic
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life cycle consisting of a replicative and a tramssive (virulent) phase (Molofsky &
Swanson, 2004) (Fig. 5).

Like most bacterial.. pneumophilacolonizes in the environment complex aquatic biti

of prokaryotic and eukaryotic organisms, includirPgeudomonas aeruginosa Klebsiella
pneumoniae(Hilbi et al., 2011a, Mampelet al, 2006) (Fig. 5). The bacteria naturally
replicate in free-living protozoa, including amoeba(ictyostelium discoideum,
AcanthamoebaHartmanellg Naegleriaor Vahlkampfiaspp.), ciliates Tetrahymenaspp.) or
nematodesCaenorhabditis elegapgSolomonet al, 2000, Steinert & Heuner, 2005, Fields,
1996, Brassingat al, 2010) (Fig. 5). Several of these species wer@tadaas laboratory
model systems for intracellular replication, indhglAcanthamoeba castellantartmanella
vermiformis or Dictyostelium discoideunfFields, 1996, Hagelet al, 1998, Solomon &
Isberg, 2000). Of note, growth akgionellaspp. in the absence of hosts has been reported
only in laboratory media (Fields, 1996, Hageteal, 2000).

Signals triggering the switch from the replicatitee the transmissive life cycle phase are
limited nutrients (amino acids) and the simultareecrease of the intracellular alarmone
guanosine 3°,5 -bispyrophosphate (ppGpp) (HammerSwWanson, 1999, Molofsky &
Swanson, 2004). ppGpp levels control a complexlatgry network for transmissive traits
comprising the sigma factors Rpo8®j, RpoN ¢°%, FliA (5°®) and the LetA/S two-
component system (Bachman & Swanson, 2001, Hal8kuinan, 1999, Heunet al, 1997,
Hammer & Swanson, 1999).

In the transmissive growth phakepneumophilaepresses multiplication and instead starts
to express virulence traits such as the flagellgvagatus, the type IV pilus machinery,
Icm/Dot-dependent and -independent virulence factord regulatory proteins like the QS
response regulator LgsR (Tiadetnal.,2007, Molofsky & Swanson, 2004) (Section 1.3.2).
When nutrient supply is exhaustéd,pneumophilaexits the cell and searches for new hosts.
Therefore, at the end of the replication perio@, plathogen not only increases its resistance
to extracellular stress but also exhibits pore-fagractivity to escape the host (ABit al,
2000, Hales & Shuman, 1999, Molofsky & Swanson,300
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Fig. 5: Schematic life cycle of L. pneumophila. The life cycle of L. pneumophila consists of a
replicative and a transmissive phase. In environmental niches L. pneumophila infects and replicates
within amoebae and other hosts (ciliates, nematodes), colonizes surfaces and grows in biofilms, and
persist in nematodes. Upon reaching the stationary growth phase, L. pneumophila is released from its
environmental niches and, via inhalation of contaminated aerosols, infects human lung macrophages.
Macrophage-resistance is a prerequisite to cause Legionnaires’ disease in humans. Model adapted

from previous publication (Hilbi et al., 2011a).

The virulence and transmissive traits enable thlequgen to evade its protozoan host, survive
as a planktonic cell and re-establish a replicativde within a new host, where the cycle
repeats. In humaris pneumophilacan infect and replicate within alveolar macropsagnd
cause a severe pneumonia.lApneumophilacannot be transmitted via interpersonal contact
(e.g. droplet infection), as known for other pulmapn disease pathogens, such as
Streptococcus pneumorvaHaemophilus influenzabumans represent a dead end in the life
cycle of this bacterium (Jiet al, 2007, Hilbiet al, 2011b, Tikhomirova & Kidd, 2013).

1.2.2 Intracellular replication

L. pneumophilais a facultative intracellulapathogen and therefore, gains competitive
advantage in comparison to other microorganisms ¢ha replicate only either inside or

outside of host cells. Intracellular replicatioropdes two main advantages: the evasion of
environmental predators and initialisation of aheido evade humoral and cellular immune

response of the infected host (Isbetgal.,2009). The pathogen’s life cycle in amoebae and
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macrophages is remarkably similar, enforcing theuaption that the virulence strategy of
L. pneumophilawas evolutionary selected in aquatic habitats, the adaptation of the
bacteria to protozoa is a precondition for them@dtion to macrophages (Fiekisal., 2002,
Molofsky & Swanson, 2004). In order to ensure iodflular replication in host cells
L. pneumophilautilises diverse mechanisms and translocated fackdtachment and uptake
are the first steps of infection (Fig. 6), durindiigh L. pneumophilaexpresses several
adhesins to provide specific binding to host cdlsch as RtxA, PIlEL, EnhC and Hsp60
which mediate attachment té\. castellanii (Garduno et al, 1998). Furthermore,
L. pneumophilaexpressemajor outer membrane proteins (MOMPS) ensuringbthding to
macrophages via host cell complement receptordiiBel-Kawahara & Horwitz, 1990).
After host cell attachment the bacteria are eittadten up via macropinocytosis or by
phagocytosis (Hilbiet al, 2001). In both cases the uptake is dependingodin &actin and
actin-binding coronin (Lu & Clarke, 2005).

Shortly after uptake, the bacteria evade lysosam®mh and remodel the phagosome into a
replication-permissive vacuole, theegionellacontaining vacuole (LCV). To this end the
LCV recruits a series of components of host cefjaoelles to the vacuolar membrane,
including early and late endosomes, mitochondrialloved by ribosome-covered
membranes derived from the endoplasmic reticuluR) (Esberget al., 2009) (Fig. 6). In
order to generate an intracellular replication-pesine niche L. pneumophilamanipulates
the host cell and establishes a stable LCV by lpaatng about 300 different effector
proteins via the lcm/Dot type IV secretion systéiM{S) into the host cell (Hubber & Roy,
2010, Zhuet al, 2011). These effectors manipulate many host paghwand inhibit the
phagosome maturation, vacuole acidification andtdved degradation (Hubber & Roy,
2010). Some of these effector proteins share segueomologies with eukaryotic proteins
or harbour functional eukaryotic domains, which evdikely acquired by trans-kingdom
horizontal gene transfer (Hillet al.,2011a, Molofsky & Swanson, 2004). Within the LCV,
L. pneumophilastarts to multiply by switching to the replicatiphase of its life-cycle
(Section 1.2.1), during which genes involved in monacid biosynthetic pathways as well as
amino acid and iron uptake transport systems aregufated (Faucheet al, 2011).
Furthermore, genes involved in glycerol catabolisra also upregulated, suggesting that
glycerol is used as a carbon source for intracallgrowth. As intracellular replication is
coming to an end... pneumophilashifts into the infectious, transmissive phasehef life
cycle, which is characterised by the upregulatibimeasion and virulence genes, such as the

flagellar machinery and substrates of the Icm/DdiS$ (Hoffmannet al, 2014). For
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termination of the growth cyclé,. pneumophilehas to exit the host cell and search for new
prey. To achieve this, several processes have testribed, such as lysing host cells by
secreted proteins, induction of apoptosis or alea-lgtic release (Mdulleret al, 1996,
Molmeretet al, 2007, Cheret al, 2004). At the end of this process the pathogarbegin a

new infection cycle (Molofsky & Swanson, 2004).

Mitochondrium

5
? — >
LCV
( LCV
ER

lcm/ Dot

Fig. 6: Formation of the intracellular replication vacuole of L. pneumophila. The infection cycle
can be devided into six main stages. 1. Pathogen uptake through the Icm/Dot T4SS, 2. Vesicles
derived from the endoplasmatic reticulum (ER) and mitochondria appear close to the LCV, 3. Vesicles
that surround the LCV attach and expand onto the surface, 4. Membranes that surround the LCV
become similar to rough ER in appearance and get coated with ribosomes, 5. Intracellular replication
within the LCV, 6. Bacterial exit. Model adapted from previous publication (Isberg et al., 2009).

1.3 Quorum sensing system bf pneumophilandV. cholerae

1.3.1 TheL. pneumophildgs gene cluster

At present, cell-cell communication via quorum $egss seen as the most important signal
transduction system in bacteria (Bassler & LosRBQ6). While there is a huge variety of
different chemical signals, only three classespaesent in Gram-negative bacteria: acylated
homoserine lactones;-hydroxyketones and furanosyl borate diester (N@dssler, 2009,
Miller & Bassler, 2001). Aru-hydroxyketone (AHK) signalling circuit is both litied by
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L. pneumophilaand Vibrio cholerae for their communication.V. cholerae is, like

L. pneumophilaan opportunistic pathogen and is responsible tdabreaks of the severe
disease, cholera (Nelsat al, 2009). Bioinformatic analysis of the genomes adee that

L. pneumophilaandV. choleragpossess homologous QS gene clusters, knowgs&Siaden

et al., 2007) andcqgs (Miller et al, 2002). Legionellaquorum sensinglds) and cholerae
guorum sensingcl9 genes encode cognate pairs of an Al synthaseaasehsor histidine
kinase (LgsA/LgsS and CgsA/CgsS), which produce sese the corresponding AHK
molecules:Legionella autoinducer-1 (LAI-1: 3-hydroxypentadecane-4-oaeyl Cholerae
autoinducer-1 (CAI-1: 3-hydroxytridecane-4-one)igpet al, 2008a, Higginst al, 2007)
(Fig. 7). Additionally, thdgs gene cluster encodes the putative response regllgsR and

a homologue of th&scherichia coliHdeD (HNS-dependent expression D), the function of
which is still unknown (Tiadenet al., 2007, Tiadenet al, 2010c). Furthermore,
L. pneumophilaproduces an additional orphan sensor kinase, tedngsT, which is not
encoded in thégs cluster but is located near the effector geste=D, sdcAandsidC (Kessler

et al, 2013). This HK bears 31 % similarity to LqsS (Kleset al.,2013).

The two Al synthases LgsA and CqgsA share 45 % igenand are functional
pyridoxal-5'-phosphate (PLP)-dependent aminotraasé enzymes (Spirigt al, 2008b,
Kelly et al, 2009). Accordingly, both Al synthases contain smmwed lysine residues
(CgsAxzss and LgsAcss) that covalently bind PLP.

The biosynthesis of the Al molecules LAI-1 and CAEan be divided into two reaction
steps an Al-synthase dependent reaction followethbyAl-synthase independent reaction.
For the biosynthesis oV¥. cholerae CAI-1, (S)-adenosylmethionine (SAM) or (S)-3-
aminobutyrate (SAB) is used together with decar@yh or octanoyl-CoA as substrate.
Presumably, SAM (or SAB) is coupled with dodecar@glA for the synthesis of LAI-1 in
L. pneumophilaThese aminotransferase reactions are catalys€&fibs and, likely, LgsA.
Through this process several partially unstablerobal intermediates are produced such as
Am-CAI-1, Am-C8-CAIl-1, Ea-CAl-1, Ea-C8-CAl-1 and, nalogously, Am-LAI-1,
Ea-LAI-1. These compounds are converted into CARhdl LAI-1 by spontaneous hydrolysis
and dehydrogenase reactions, or by so far unknoechamisms (Tiaden & Hilbi, 2012b,
Kelly et al.,2009).
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Fig. 7: Genetic organisation of L. pneumophila and V. cholerae QS gene cluster and the
corresponding autoinducers. A. The Igs and cgs loci harbour the Al synthases (IgsA, cqsA), cognate
sensor kinases (IgsS, cgsS) and the Legionella response regulator IgsR. B. Al molecules synthesized
by LgsA and CqgsA are LAI-1 and CAI-1. The percent identity with the corresponding
L. pneumophila proteins are indicated. Model adapted from previous publication (Tiaden & Hilbi,
2012b).

The potential LAI-1 sensor LgsS and the CAI-1 récegqsS and belong to the class of six-
transmembrane-helix sensor histidine kinases aadesk9 % identity (Fig. 7). LgsS and
CgsS are located in the inner bacterial membrarte @uple the detection of the Al
molecules via an N-terminal receptor domain toGkeerminal signal transduction part of the
protein (Tiaderet al.,2010a). As CgsS has an additional receiver doméalnma conserved
aspartate residue, it belongs to the class of Hydnsor kinases. For signal recognition by
CqgssS the first three transmembrane helices wemdfém harbour motifs that are essential for
ligand binding and signal transduction (Mgal, 2011, Nget al, 2010). These motifs are
also conserved in LgsS, supporting the notion that cholerae CqsS and

L. pneumophild_.gsS share a common ligand-binding domain (Tiagédilbi, 2012b).

In both QS systems the HKs are expected to catétgsautophosphorylation by ATP at the
conserved histidine residues (Lgs&, CqsSigs) (Wei et al, 2012, Tiaden & Hilbi, 2012a)
(Fig. 8). In theL. pneumophilasystem the phosphoryl group is subsequently likely
transferred directly from the sensor kinase to Db®&he response regulator LgsR. By
contrast, inV. choleraethe phosphoryl group is shuttled from H194 to D6MBich lies
within the hybrid sensor kinase, and during thdofeing phosphorelay the phosphate is
transported via the orphan phosphotransfer pratext (H58) to the receiver domain of the
response regulator LuxO (D47) (Freeman & Bass@994, Freeman & Bassler, 1999b).
Besides CAI-1V. choleraesenses a second chemical signal, known as Al4di(alucer 2).

Al-2 is a furanosyl borate diester and is produaged recognized through the LuxS/LuxPQ
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system. InV. choleraeboth QS systems operate in parallel by integrattegAl signals in a
joint phosphorylation cascade (Millet al.,2002) Nevertheless, the CgsS system represents
the major QS system M. choleragWei et al.,2012).

L. pneumophila V. cholerae

LAI-1© ®
o

(i
|® )
ATP
H200)
4
Sensor H
kinase
Lqg ADP
@
Phosphotransfer
protein
Response
regulator

Fig. 8: Signal transduction cascade of L. pneumophila LgsS and V. cholerae CqsS sensor
kinases. LgsS (red) is an orthodox HK, while CgsS (purple) is a hybrid histidine kinase coupled to a
phosphorelay system. The autoinducer signal is presumably detected in both sensor kinases by six
trans-membrane helices (yellow) representing the sensory domain. The HK catalyse the
autophosphorylation of the conserved histidine residues (LgsS: H200, CgsS: H194) by ATP. In the
L. pneumophila system the phosphoryl group is subsequently likely transferred from the sensor kinase
directly to D108 of the response regulator LgsR. By contrast, in V. cholerae the phosphoryl group is
shuttled from H194 to D618 which lies within the hybrid sensor kinase. During the following
phosphorelay the phosphate is transported via the orphan phosphotransfer protein LuxU (H58) to the
receiver domain of the response regulator LuxO (D47). LgsS and CqgsS are presumably bifunctional

kinases/phosphatases (IM = inner membrane).

1.3.2 Thelgssignalling circuit
In L. pneumophilathe Igs signalling circuit is linked to the stationary grthn phase

regulatory network. Stationary phase Lin pneumophilais induced by a response to the
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production of the second messenger ppGpp by thibayes RelA and SpoT. In concert with
ppGpp, the alternative sigma factors Rp6%)( RpoN ¢°%) and FIiA ¢°°) as well as the
LetAS TCS control bacterial transmission (Bachmars&anson, 2001, Hales & Shuman,
1999, Heuneet al.,1997, Hammer & Swanson, 1999).

The RR LgsR plays a decisive role in thepneumophilaQS system, as it is a prototypic
member of a novel family of RRs and (i) controle thansition form the replicative to the
transmissive phase of the life cycle, (ii) promoteteraction between the bacterium and
phagocytes and (iii) regulates the expression afsimissive/virulence traits (Tiaden al.,
2007, Kessleet al.,2013). Production of LgsR is dependent on theradté/e sigma factor
RpoS as well as the response regulator LetA afuttiser regulated at a post-transcriptional
level by the sRNAgsmYZand the small RNA-binding protein CsrA (Sadtr al, 2009,
Tiadenet al.,2007) (Fig. 9).

The TCS LetA/LetS, which is homologous to ¥echoleraevarA/VarS system, is required
for induction of the transmissive phase of thepneumophilalife cycle. LetA directly
upregulates the expression of the small non-cosliRigAs (smYandrsm2 which bind and
inhibit the global regulatory protein CsrA, thusieeing the repression of transmissive traits
(Molofsky & Swanson, 2003, Rasis & Segal, 2009xACs a conserved small RNA-binding
protein, an essential activator of intracellulapli@tion and a global repressor of
transmission traits. Furthermore, LetA and Rpo%ilatg the expression of the RNA-binding
protein Hfg, so that the amount cdrA mRNA increases and CsrA can promote entry into
the replicative growth phase (McNeaal, 2005).

1.3.3 Thecqgssignalling pathway

In V. choleraethe cqs system regulates gene expression in a densityndepe manner. At
low cell density, when the concentration of CAlslbelow the threshold level, CgsS acts as a
kinase and autophosphorylation occurs. The phogpgooup is subsequently transferred to
the phosphotransfer protein LuxU. Phosphorylatedlun turn, transfers the phosphoryl
group to the response regulator LuxO which induttes expression of small quorum
regulatory RNAs drr1-qrr4) (Lenz et al, 2004, Freeman & Bassler, 1999a, Freeman &
Bassler, 1999b) (Fig. 8 and 9). The expressionhef SRNAs further requires the small
nucleoid protein Fis, which directly binds to themoters of the SRNAs (Lenz & Bassler,
2007). Mediated by the RNA chaperone Hfq, trel-qrr4 sRNAs destabilize thbapR
MRNA and thus prevent production of the QS mastgulator. HapR is inactive at low cell
densities and active at high cell densities (Ng &s#&er, 2009), and can act both as
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transcriptional repressor (e.g. virulence and biofiormation) and activator (e.g. protease
and competence). At high cell density, the HK Chsfsls CAI-1 and switches from a kinase
to a phosphatase (Wet al., 2012). This event reverses the phosphate flowutirathe
circuit which dephosphorylates LuxU and LuxO. Tangion of theqrrl-qrr4 sRNAs is
not induced and so HapR is produced. Also the TgS8es VarAS provides further
regulatory input to QS-dependent gene regulatidre Tesponse regulator VarA and the
sensor kinase VarS are homologous. tpneumophild_etAS and promote the expression of
three SRNAssrBCD (Tiadenet al.,2010a). These sRNAs bind to and inhibit the afstivi
of the global regulatory protein CsrA which in turegulates the expression of the
grr SRNAs and of the master regulat@pR(Ng & Bassler, 2009).

1.3.4 AHK regulated processes

For both L. pneumophilaand V. cholerae,survival and interaction in natural habitats-
through the ability to communicate both within dretween species- is a critical feature. The
Igs system regulates many essential procesdesgneumophilancluding pathogen-host cell
interactions, production of virulence factors (Tleadet al, 2008, Tiadenet al., 2007),
formation of extracellular filaments (Tiaden al., 2010c), expression of a genomic fitness
island as well as natural competence (Kesslat.,2013).

Analysis of L. pneumophilamutants demonstrated thstrains lackinggsT or both sensor
kinases IgsSandlgsT) show increased salt resistance, greatly enhamagaal competence
for DNA acquisition and impaired uptake by phagesytompared to wild-type bacteria
(Kessleret al., 2013). LgsS and LgsT, are differentially expressethe post-expontential
growth phase, and transcriptome studies reveabddhl corresponding mutant strains show
reciprocal gene regulation for genes encoding loaated effector proteins and a genomic
fitness island (Kesslegt al., 2013). The genomic fitness island is a 133 kbaegn the

L. pneumophilagenome, flanked by putative DNA-mobilizing genesl &ncoding multiple
metal ion efflux pumps (Tiadegt al, 2010b).

Furthermore, strains lackinigsS (Tiadenet al., 2010a),IgsT (Kessleret al., 2013),IgsR
(Tiadenet al., 2007), or the entirégs cluster [gsA-lgsR—hdeD-lg$gTiadenet al., 2008)
are severely impaired for host cell uptake ancagelular replication. ThalgsSandAlgsR
strains produce extracellular filaments, and thaegiment more slowly than wild-type
bacteria (Tiadert al.,2010a). FinallyL. pneumophildackinglgsAis only slightly impaired
for pathogen-phagocyte interactions (Tiadgnal., 2010a), but outcompeted by wild-type
bacteria upon co-infection @t. castellanii(Kessleret al.,2013).
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Fig. 9: The AHK signalling circuits of L. pneumophila and V. cholerae. A. In L. pneumophila, the
LAI-1 signalling circuit is linked to the stationary growth phase regulatory network and consists of the
autoinducer synthase LgsA (producing LAI-1), the sensor kinases LgsS and LgsT and the response
regulator LgsR. The stationary sigma factor RpoS (5°%) and the TCS LetAS system regulate the
expression of transmission traits (motility, virulence). LetA directly upregulates the expression of the
sRNAs, which, together with the RNA chaperone Hfqg, titrate the global repressor of transmissive traits
CsrA. B. In V. cholerae, CAI-1 signalling is linked to convergent density-dependent regulatory circuits
and comprises the autoinducer synthase CgsA (producing CAI-1) and the sensor kinase CgsS. At low
cell density, the response regulator LuxO is phosphorylated by the phosphotransferase LuxU. Together
with the sigma factor RpoN (5°%) and the small nucleoid protein Fis, phospho-LuxO induces the
expression of the sSRNAs grrl-grr4. The sRNAs, together with the RNA chaperone Hfq, destabilize the
hapR mRNA and thereby prevent production of the master regulator HapR. At high bacterial density,
LuxO is dephosphorylated and inactive, the grrl—qrr4 sRNAs are not induced, and HapR is produced.
The two-component system VarAS is homologous to L. pneumophila LetAS and promotes the
expression of the sRNAs csrBCD, which inhibit the activity of the global regulatory protein CsrA and
regulate the expression of HapR. OM = outer membrane, PP = periplasm, IM = inner membrane. Model

adapted from previous publication (Tiaden et al., 2010a).
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1.4 Aims of the thesis

The Lgs quorum sensing system lbf pneumophilaregulates various traits including
virulence, formation of extracellular filamentstual competence for DNA acquisition and
expression of a genomic fitness island. Howevehiatstage the Lgs system has only been
characterised by genetic and phenotypic means lgegtsal.,2013).

The aim of this thesis was the detailed biochemit@racterisation of the. pneumophila
guorum sensing system by analysing the single caemts and their interactions vitro.
Via phosphorylation assays it was to be shown lthhigS and LgsT are membrane localized
sensor kinases and have autophosphorylation activih conserved histidine residue (H200
or H204) located in their cytoplasmic histidine &s@ domain. Additionally, LgsS and LgsT
heterologously produced . coli localized to the membrane fraction as well. Howgve
only LgsT was autophosphorylated by ATP at the eored histidine, suggesting that LgsS
requires ar.. pneumophilaco-factor for correct folding and/or phosphorydati

The response regulator LqsR was so far also onalysed via genetic and phenotypic
analysis (Kessleet al., 2013), but than vitro activity of this protein remained unknown.
LgsR was to be heterologously produced and purifredn E.coli in order to obtain
biochemically active protein. Through various agutees the impact of LgsR on the
signalling cascade was investigated. Direct intgwacof the sensor kinases LgsS and LgsT
with the response regulator LgsR was shown by inmownecipitation. Moreover the
influence of LgsR on the autophosphorylation ofheiteach sensor kinase was to be
analysed. In additionn vitro phosphorylation-mediated conformational changkegqsR was
analysed. Finally, the influence of the putativedse ligand on of the signal transduction
cascade was to be validated.
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2 MATERIALS AND METHODS

2.1 Materials and laboratory equipment

Tab. 1: Chemicals & consumables

Material Manufacturer

ACES AppliChem (Darmstadt)
Activated charcoal powder Fluka (Buchs)

Agar BD Biosciences (Franklin Lakes)
Agarose Biozym (Hessisch Oldendorf)
Ampicillin Roth (Karlsruhe)

Anti-His antibody

Anti-M45 antibody
Anti-LgsR antibody

[y *P]-ATP

Bacto yeast extract

Bovine serum albumin (BSA)
Chloramphenicol

DNA standard (2-Log-DNA Ladder)
DNase

DNeasy tissue kit

dNTPs

ECL detection kit

FeNsOg X 9 HO

Gene pulser cuvette
Glutathione sepharose 4B
Synthetic LAI-1

L-cysteine

Milk powder
Ni>-NTA-agarose
Nonidet-P40 (99 %)

Nucleo spin-gel & PCR clean up
Nucleo spin-plasmid

Qiagen (Hilden)
Genovac AG (Freiburg)
Neosystem (Strasbourg)
Perkin ElImer (Rodgau)
BD Biosciences (Franklin Lakes)
AppliChem (Darmstadt)
Sigma (Deisenhofen)
New England BiolgBsankfurt)
Roche (Basel)
Qiagen (Hilden)
Invitrogen (Karlsruhe)
GE Healthcare (Chalfont St Giles)
Sigma (St. Louis)
Bio-Rad (Munchen)
GE Healthcare (Chalfoiles)
D. Trauner, C. Hedberg, J. Schulz
Sigma (St. Louis)
Roth (Karlsruhe)
Qiagen (Hilden)
AppliChem (Darmstadt)
Macherey-Nagel (Djire
Macherey-Nagel (Diren)
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Phusion DNA polymerase
PMSF

Restriction enzymes

Finnzymes (Espoot)
Sigma-Aldrich (Minchen)
New England Biolabs (Frankfurt)
Thermo (Waljha
New England Biolabs (Frankfurt)

Page ruler prestained protein ladder
T4 DNA ligase

TEMED Biomol Feinchemikalien (Hamburg)

All materials that do not appear in the table abaeee obtained in purity grageo analysis
from the companies AppliChem (Darmstadt), Bayervf@rkusen), Biomol (Hamburg),
BioRad (Munchen), Biozym Diagnostics GmbH (Hessdebdorf), Fluka (Neu-Ulm),
Gibco/BRL (Eggenstein), ICN Biomedicals Inc. (AumprOhio), E. Merck (Darmstadt),

Roche Diagnostics (Mannheim), Roth (Karlsruhe) env& (Heidelberg), respectively.

Tab. 2: Laboratory equipment

Laboratory equipment

Manufacturer

AKTA explorer

Autoclave Varioklav classic

Benchtop centrifuge 5417R
Electrophoresis chamber Mini-Protean 3
Electrophoresis chamber Mini-Subcell GT
Electrophoresis chamber Subcell GT
Electroporation device GenePulser XCell
French press SIM AMINCO

Gel imaging system ChemiDoc MP System
Gel imaging system GelDoc EQ

Hot plate magnetic stirrer RCT basic

Ice maker AF30

Incubation cabinet Certomat BS-1
Incubation cabinet Oribital shaker
Incubator Heraeus BR6000

Incubator Heraeus Function Line

Medical Film processor FPM-100A Fuiji-Film

Mixer Vortex-Genie 2

pH-meter Level 1

GE Healthcare (Frankfurt a. Main)

H&P (Oberschleil3heim)
Eppendorf (Hamburg)
Bio-Rad (bhem)
Bio-Rad (idiien)
Bio-Rad (Munghen
Bio-Rad fietien)
Spectronic (New York)
Bio-Rad (Nhimg
Bio-Rad (Miinchen)
IKA (Staufen)
Scotsman (Vernon Hills)
Sartorius (Gogéim
Thermo (Waltham)
Thermo (Waltham)
Thermo (Waltham)
EU (Diéddorf)
IKA (Staufen)
inoLab (Weilheim)
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Power supply PAC100 Bio-Rad (Munchen)
Precision balance BP61-S Sartorius (Goettingen)
Precision balance PG2002-S Mettler-Toledo (Gregehs
Protein transfer device MAXI-Semi-Dry-Blotter Ratkarlsruhe)

Rocking platform shaker Mini MR-1 Biosan (Riga)
Spectrophotometer Helios Epsilon Thermo (Waltham)
Spectrophotometer NanoDrop ND-1000 PeglLab (Erlangen

T3 Thermocycler Biometra (Goéttingen)

Ultra centrifuge Optima TL Beckman Coulter (Krefeld
UV Transilluminator Bio-Rad (Mtnchen)

2.2 Strains, plasmids and oligonucleotides

Tab. 3: Bacterial strains

Strain Genotype Reference

E. coli

fhuA2 [lon] ompT galA DE3)
[dcm]4hsdSt DE3 =1 sBamHIa4EcoRI-

BL21(DES3) B int::(lacl::PlacUV5::T7 genel) i21 Novagen
Anin5
OkdpFABCDE thi rha lacZ nagA trkA405 .
TKR2000 trkD1 atp706 (Studieret al, 1990)
recAl endAl gyrA96 hsdR17 supE44
TOP10 relAl (lacproAB)/F’ [traD36proAB*laclq Invitrogen
lacZ M15]
L. pneumophila
AKO1 (AlgsT) JR32IgsT::Km (Kessler et al., 2013)
AKO2 (AlgsSAlgsT) JR32IgsS:Km IgsT::Gm (Kessler et al., 2013)
L. pneumophilaserogroup 1
JR32 Philadelphia-1, salt-sensitive isolate of (Sadoskyet al, 1993)
AM511
NTO2 (AlgsA JR32IgsA:Km (Tiaden et al., 2010c)
NTO3 (AlgsR JR32IgsR:Km (Tiaden et al., 2010c)

NTO5 (Algs9 JR32IgsS:Km (Tiaden et al., 2010c)
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Tab. 4: Plasmids

Plasmid Characterisation Sequence
pCR-2 pGEX-4T-1-GS%&idC (Weberet al, 2006)
pCR-33 pMMB207C-RBS-M45 (Weber et al., 2006)

pKK-LuxN-6His pKK223-3tuxN-Hisg
PQE-LuxU-6His pQE30QuxU-Hisg

pNT-35 PGEX-6P-1-GSTgsR

pRB-4 pPET-28a(+)-HisgsRy10sn

puUC19 oriR (pMB1), lacl, lacZ’, Amp®
pTS-23 pET-28a(+)-HitgsR

pUS-1 PMMB207-C-RBS-M43gsS
pUS-2 PMMB207-C-RBS-M43gsT
pUS-5 PMMB207-C-RBS-M43g5S2000
pUS-6 pPMMB207-C-RBS-M43¢ST2040

(Timmenet al, 2006)
(Timmen et al., 2006)
(Schellet al, 2014)
(Schell et al., 2014)
Lab collection
(Tiaden et al., 2007)
(Schell et al., 2014)
(Schell et al., 2014)
(Schell et al., 2014)
(Schell et al., 2014)

Tab. 5: Oligonucleotides

Oligonucleotide  Sequence 5'- 3' Comments

0AT-LgsR-fo ATATGGATCCATGCAACATTTCTCAATACC 5" lgsR(fo), BanHl

0AT-LgsR-re ATATCTCGAGCCTTAATTCAGAAACATTTCC 3" lgsR(re), Xhad

0LgsRy10sa-fO CAGTAGTCGTTGTTGCGTATGCAATGCCGGGTATGGA 5' LgsRbiosa (f0)
TGG

oLgsRyi0sare CCATCCATACCCGGCATTGCATACGCAACAACGACTA 3' LgsRbiosa (re)
CTG

0LgsR10en-O CAGTAGTCGTTGTTAATTATGCAATGCCGGGTATGGA 5' LgsRyiosn (f0)
TGGATTAGAG

oLgsRbiosnre CTCTAATCCATCCATACCCGGCATTGCATAATTAACA 3' LasRbiosn (re)
ACGACTACTG

0LgsSiz000T0 ATGATTGCCCAAGAATTGCGTTCACCATTG 5' LgsSiz000 (fo)

0LQgsSi200qre ACGCAATTCTTGGGCAATCATGCCTGC 3' LgsSiz00q (re)

oLgsThzoagfO AGTATCGCTCAAGATTTAAGAACGCCG 5" LgsTuz04q (fo)

ol_quH204Q.re TCTTAAATCTTGAGCGATACTTCCAGC 3 LqSTH204Q (re)

oUS-LgsS-fo TAAGGAGGATCCATGTCACAACTAAAAAAAATAGTG 5 IgsS(fo), BanHI
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0US-LgsS-re AGAAAAGTCGACTTAAACCGAGCCTGGAAAACTCAG 3'[gsS(re), Sal
oUS-LgsT-fo AATTAAGGATCCATGCAAAGGTTAAAAAATATA 5'lgsT (fo), BanHI
oUS-LgsT-re GTTAAAGTCGACTTAATCAATTTTGGGGAATTT 3'IgsT (re), Sal

2.3 Cultivation procedures

2.3.1 Cultivation ofEscherichia coli

E. coli strains shown in Table 3 were cultivated aerobjcal 37 °C in Luria-Bertani (LB)-
medium (1 % NaCl (w/v); 1 % tryptone (w/v); 0.5 %/¢) yeast extract) or KML-medium
(1 % (w/v) tryptone; 1 % (w/v) KCI; 0.5 % (w/v) ysiaextract). Agar plates were produced
by addition of 1.5 % agar (w/v). Antibiotics werelded in concentrations of 3@g/ml
(ampicillin, chloramphenicol, kanamycin). Bactemgmbwth was controlled by measuring the

optical density in the spectrophotometer (Thermajttdam) at 600 nm.

2.3.2 Cultivation ofLegionella pneumophila

L. pneumophilastrains shown in Table 3 weggown at 37 °C on CYE agar plates (1 %
ACES (w/v), 1 % Bacto yeast extract (w/v), Activditeharcoal puriss p.a.; powder 0.2 %,
1.5 % agar, 0.04 % L-cysteine (w/v), 0.025 % E@Nx 9 H,0) (Feeleyet al, 1979). ACES
and the yeast extract were dissolved yOHand the pH adjusted to 6.9 with 10 M KOH.
After addition of the activated charcoal, autoatgyvand cooling to 50 °C the filter-sterilised
cysteine- and iron-solutions were added. If neggsdaoramphenicol was supplemented to
a final concentration of 5 pug/ml. After 3 days ailttvation on CYE plates, bacteria were
transferred in 3 ml AYE liquid medium (1 % ACES W/ 1 % Bacto yeast extract (w/v),
0.04 % L-cysteine(w/v), 0.025 % Fe® x 9 HO) (Horwitz, 1983) with a starting Qfy of
0.1 and grown aerobically at 37 °C as long as rsecgs

2.3.3 Permanent storage

Freshly cultivated cultures with an OD of 2.5 wearexed 1:1 with sterile glycerol

(v/w 50 %) and snap frozen in liquid nitrogen. Btsavere stored as stocks at -80 °C.
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2.4 Molecular biology and genetic methods

2.4.1 Isolation of genomic and plasmid DNA

Genomic and plasmid DNA were isolated from 3 mlrayght cultures according to the
protocol of the manufacturer using kits from Qiadetilden) or Macherey-Nagel (Diren),
eluted in 30-50 pl elution buffer or nuclease fnwater and stored at -20 °C. DNA

concentrations were determined by Nano Drop 10@e&tBgphotometer (Peqglab, Erlangen).

2.4.2 Modification of DNA

DNA manipulations were performed according to staddprotocols (Sambrookt al,
1989). In vitro modification of DNA, such as restriction and ligat were performed
according to requirements of manufacturers. Tobimheligation, linearised vectors were
treated with alkaline phosphatase (CIP) (NEB, Fhark

2.4.3 Polymerase chain reaction (PCR)

DNA fragments were amplifieth vitro by PCR (Mullis & Faloona, 1987). Reactions were
carried out in a T3 Thermocycler (Biometra, Gotény using Phusion DNA polymerase
(Finnzymes, Espoot) and the listed oligonucleotidedle 5).

The PCR protocol consisted of an initial denatorastep at 94 °C for 4 min, followed by 30
cycles of annealing at 55 °C for 30 sec, elongaditon2 °C for 90 sec and a denaturation step

at 94 °C for 1 min. The reaction was terminateatdytinuous cooling at 4 °C.

2.4.4 Electrophoretic analysis of DNA fragments

Analytical and preparative analysis of DNA fragnenvas obtained by agarose gel
electrophoresis. Agarose gels were prepared comggth8 % (w/v) agarose solved in TAE-
Buffer (40 mM Tris, 40 mM acetic acid, 1 mM EDTAX&0.2 pg/ml ethidium bromide.

DNA samples were mixed with 10x sample-buffer (5qQW¥) glycerol, 0.1 M EDTA, 1 %
(w/v) SDS, 0.1 % (w/v) Bromphenol blue). Gels wemm at 100 V for 30 min in an
Electrophoresis chamber Mini-Subcell GT (Bio-Radjindhen). DNA fragments were
detected on UV-Transilluminator (Bio-Rad, Miunchah304 nm and sizes were determined
using 2-Log DNA Ladder (NEB, Frankfurt).
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DNA fragments were extracted via Nucleo Spin-GdP&R clean up Kit (Macherey-Nagel,
Duren) from agarose gels and the concentration watkermined by Nano Drop-

Spectrophotometer (Peqglab, Erlangen).

2.4.5 DNA sequence analysis

Sequencing of double stranded DNA was performedrdatg to chain-terminating method
of Sangeret al, 1977 by GATC-Biotech (Konstanz). Sequences veeraysed with CLC-
DNA Worchbench 6 (Qiagen, Hilden).

2.4.6 Construction of plasmids

DNA manipulations were performed according to staddprotocols, and plasmids were
isolated using commercially available kits (Maclyelagel). The genes encodilgsSand
IgsT were amplified froml. pneumophilagenomic DNA using the oligonucleotides listed in
Table 5, restriction digested witlBamHI/Sall and cloned into the vector pCR-33
(PMMB207C-RBS-M45), yielding pUS-1 and pUS-2. Thegpeession vectors encoding
LgsSi2000 (PUS-5) or LgsTizoesaq (PUS-6) were constructed from pUS-1 and pUS-2qitie
Quickchange site-directed mutagenesis kit accorthnifpe manufacturer’'s recommendation
(Stratagene) and the oligos listed in Table 5. Uéwtor encoding GST-LgsR (pNT-35) was
constructed by PCR using the oligos 0AT-LgsR-fo/-réTable 5) and
L. pneumophilagenomic DNA as a template, restriction digestethvidamHI/Xhol and
cloned into pGEX-6P-1. The expression vectors eimcpelis-LgsRyiosa (PRB-3) or His-
LgsRoi0sn (PRB-4) were constructed using the Quick chandeakd the oligos listed in
Table 5. To this end|gsR was released from pTS-23 (His-LgsR) by digestioith w
BamHI/Ndel, cloned into pUC19 (used as a templaferisite directed mutagenesis), and
finally cloned back into pET-28a(+). All PCR-gene@ DNA fragments were verified by

sequencing.

2.4.7 Competent cells and transformation

2.4.7.1 Chemically competent cells and transformation

Transformation oft. coli cells with plasmid DNA was performed with a moedfi RbCI-
method of Promega. 1 ml of & coli overnight culture (TOP10, BL21) was added to
100 ml LB medium. At an O§ of 0.5 the bacteria were centrifuged at 4 °C ahdo4x g
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for 5 min and resuspended in 50 ml ice-cold TFBlutemn (30 mM potassium acetate,
10 mM CaC}, 50 mM MnC}, 100 mMRDbCI, 15 % glycerol, pH adjusted with acetic add t
5.8). After a subsequent centrifugation, the celise resuspended in 1 ml ice-cold TFB2
(200 mM MOPS pH 6.5, 75 mM Cagl10 mM RDbCI, 15 % glycerol, pH adjusted with
potassium hydroxide to 6.5) and incubated on icelf®»60 min. Aliquots of 50 ul were
snap-frozen and stored at -80 °C.

For transformation 50-100 ng of plasmid was adaedhiemically competer. coli on ice
and incubated for 30 min. The bacteria were heatistd for 1 min at 42 °C and put back on
ice for 2 min. After addition of 450 ul LB mediumrmé incubation at 37 °C for 1 h, the

bacteria were plated onto selective LB agar.

2.4.7.2 Electrocompetent cells and electroporation

1 ml of a pre-stationary phake pneumophilaculture was added to 30 ml AYE. At an @p
between 0.3 and 0.5 the bacteria were cooled asteda3 times with sterile, ice-cold 10 %
glycerol (10 ml, 2.5 ml, 160 pl). Aliquots of 25 ulere snap frozen and stored at -80 °C.
100 ng of plasmid was added to electrocompdtepheumophilan ice. After transfer into a
cuvette with a 2 mm electrode gap (gene pulserttejvand electroporation (2.5 kV, 208

25 uF), 450 pl AYE were added. The bacteria wecabated for 5 h at 37 °C on a turning

wheel and plated onto selective CYE agar.

2.5 Biochemical and analytical methods

2.5.1 Preparation of inverted membrane vesicles

L. pneumophilalR32 and\lgsT or E. coli TOP10 harbouring plasmids encoding wild-type or
mutant LgsS or LgsT were grown in AYE or LB mediwth Cm at 37 °C. Overnight
bacterial cultures were diluted to an ggof 0.1 in fresh medium with Cm, incubated in
Erlenmeyer flasks until an Qg of 0.5 and induced by addition of 1 mM IPTG fon.8Cells
were harvested by centrifugation (20 min at 700§} 4 °C), resuspended and homogenized
in lysis buffer (50 mM Tris/HCI, pH 8.0, 10 % glyoé (v/v), 10 mM MgC}, 1 mM DTT,

0.5 mM PMSF, 30 ng/ml DNase, 100 uM DCCD) and gited at 10000 psi by a French
press. Afterwards, the suspension was centrifugy@dr(in at 7000 x g, 4 °C), followed by an
ultracentrifugation step (1 h at 87000 x g, 4 “€¥¢éparate soluble proteins from membranes
and insoluble proteins. LgsS- and LgsT-containirgmirane vesicles were washed in low
ionic buffer (1 mM Tris/HCI, pH 8.0, 3 mM EDTA) anmésuspended in TG buffer (50 mM
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Tris/HCI, pH 8.0, 10 % (v/v) glycerol). The proteamount was estimated quantitatively

after a modified method of Peterson (Peterson, 1977

2.5.2 Purification of LgsR

His-LgsR or GST-LgsR was purified from the cytosolifraction of E. coli
BL21(DE3)/ pTS-23 or pNT-35, respectively. Cellsrergrown aerobically in LB medium at
37 °C and induced with IPTG (1 mM) during exponangrowth for 4 h. Cells were
harvested and lysed as described above. His-LqsRpwafied by affinity chromatography
using nickel-nitrilotriacetic acid Ni-NTA-agarose (Qiagen) equilibrated with equiliboati
buffer (buffer-E) (10 mM imidazole, 10 % 1 (v/v)ygerol, 50 mM Tris/HCI, pH 8.0, 10 mM
B-mercaptoethanol). His-tagged proteins were elwméth buffer E containing 250 mM
imidazole. During the entire purification procebe temperature was maintained at 4 °C to
minimize proteolysis. Purified proteins were diagz against elution buffer lacking
imidazole. GST-LqsR was purified using glutathiaepharose beads according to the
manufacturer's recommendation (GE Healthcare).flgriéhe soluble fraction containing
recombinant fusion protein was applied to a glutat&-sepharose column for 1.5 h at 4 °C,
washed three times with TBS buffer (50 mM Tris pH180 mM NaCl) and eluted with
elution buffer (50 mM Tris, pH 8.0, 10 mM reducddtgthione). Proteins were examined by
SDS-PAGE followed by Coomassie Brilliant Blue stagrand found to be ~95 % pure.
Protein concentrations were determined using theoNBrop 1000 Spectrophotometer

(Thermo Scientific).

2.5.3 In vitro phosphorylation

2.5.3.1 Kinase activity of sensor kinases

Phosphorylation assays were performed with invemednbrane vesicles containing 25 pg
M45-LgsS or M45-LgsT (approximately 2 uM) or therresponding histidine mutant
proteins. Reactions were carried out in phosphboyldbuffer (50 mM Tris pH 8.0, 500 mM
KCI, 5 mM MgCh, and 10 % (v/v) glycerol, 2 mM DTT). Experimenten initiated by
addition of 100 pM ATP and 2 pGj-fP]-ATP from a 3000 Ci/mmol stock solution (Perkin
Elmer). The samples were incubated at 25 °C, tatathwith SDS-PAGE loading buffer,
and the reaction products were separated by SDSEPA&BIs were dried at 75 °C on filter
paper under vacuum, exposed to a phospho-screenigivie and analysed using a scanner

and ImageJ software. Further analysis was carrigdbg using normalized, background-
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subtracted intensity values, defined as RIU (redaiintensity units). The autophosphorylation
of the V. choleraesensor kinase LuxN by{£?P]-ATP and phospho-transfer to LuxU was
assayed as described (Timnedral, 2006).

2.5.3.2 Dephosphorylation

Where indicated, 2 pg (approximately 10 uM) of HgsR, His-LgsRi0sn OF heat-denatured
(15 min, 95 °C) His-LgsR were used. Reactions veamgied out in phosphorylation buffer
(50 mM Tris pH 8.0, 500 mM KCI, 5 mM Mggl 10 % (v/v) glycerol, 2 mM DTT).
Experiments were initiated by additon of 100 puM FRAT and 2 uCi
[y-3*P]-ATP from a 3000 Ci/mmol stock solution (Perkiimér). The samples were
incubated at 25 °C, terminated with SDS-PAGE logdmffer, and the reaction products
were separated by SDS-PAGE. Gels were dried atC7%rf filter paper under vacuum,
exposed to a phospho-screen overnight, and anab@ed a scanner and ImageJ software.
Further analysis was carried out by using normdlizeackground-subtracted intensity
values, defined as RIU. The autophosphorylatiothefV. choleraesensor kinase LuxN by
[y->*P]-ATP and phospho-transfer to LuxU was assayetkssribed (Timmeet al, 2006).

2.5.3.3 In vitro-phosphorylation withy->?P]-acetyl phosphate

[*?P]-acetyl phosphate (AcP) was synthesized acogrigira modified protocol of (Quoet
al., 1996), using 0.3 LE. coli acetate kinase (Sigma) and 10 pCi pf%P]-ATP (6000
Ci/mmol, Perkin Elmer) in 7.5 pul AKP buffer (50 mWis/HCI pH 7.5, 600 mM potassium
acetate, 10 mM MgG| 1 mM DTT) incubated for 20 min at room temperatyi’P]-acetyl
phosphate was separated from acetate kinase hfiltriition (10K device, Amicon).

For radio-phosphorylation of LgsR, 10 mNFR]-acetyl phosphate was added to 2 pg of
purified His-LgsR or His-LgsRsn in phosphorylation buffer (25 mM Tris pH 7.5, 50Vim
NaCl, 10 mM MgC}, 10 mM DTT). Excessive*{P]-acetyl phosphate was removed by
passage over a PD SpinTrap G-25 column (GE Hea#jhcdhe samples were incubated at
30 °C, terminated with loading buffer, and the tmac products were separated by SDS-
PAGE. Gels were dried at 75°C on filter paper ungeuum or blotted on a nitrocellulose
membrane, exposed to a phospho-screen overnigharaaigsed using a FujiFilm FLA3000

scanner.
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2.5.3.4 Phosphotransfer

Phosphotransfer assay was performed with invertechinane vesicles containing 50 pg

M45-LgsT (approximately 4 uM) or the correspondimgtidine mutant protein. In assays
containing His-LgsR or His-LgsRosn, 4 1g (approximately 20 uM) of these proteins were
used. Reactions were carried out in phosphorylatiorffer (50 mM Tris pH 8.0,
500 mM KCI, 5 mM, 10 MgGl 10 % (v/v) glycerol, 2 mM DTT). Experiments were
initiated by addition of 50 mM ATP or 100 mM acepfiosphate (Sigma). The samples were
incubated for 20 min at 25 °C and centrifuged foh lat 55000 x g. The extent of
dimerization of His-LgsR or His-LgsiRosy Was estimated by analytical gel filtration
chromatography as described in section 2.5.3.5n0.8actions from 13.3-14.8 ml (LgsR
dimer) and 14.8 ml-16.6 ml (LgsR monomer) were gs&d by Western blot using a rabbit
anti-LgsR antibody (1:100; Tiadext al.,2007).

2.5.3.5 Gelfiltration chromatography

In order to evaluate phosphorylation-dependent dgagon of His-LqsR or His-LgsiRosn,
the proteins were incubated with 100 mM acetyl phase (Sigma) in phosphorylation
buffer (25 mM Tris pH 7.5, 50 mM NaCl, 10 mM MgCILO mM DTT) at 25 °C. The extent
of dimerisation of His-LqsR or His-Lgsfsn Was estimated by analytical gel filtration
chromatography using an analytical Superdex 208Q0GL column (GE Healthcare) at a
flow rate of 0.2 ml/min. Standard proteins usedemére gel filtration calibration kit LMW
(GE Healthcare), comprising conalbumin (75 kDaglbumin (44 kDa), carbonic anhydrase
(29 kDa), ribonuclease A (13.7 kDa), and aprotiitird kDa). 2 pug of the standards, LgsR or
LgsRo10sn Were loaded onto the column.

2.5.4 Pull-down experiments

2.5.4.1 Binding of LgsR to LgsS and LgsT

To investigate binding of LgsR to LgsS or LgsT, @ purified GST-LgsR was incubated on
a rotation wheel (1.5 h, 4 °C) with 25 pg M45-LgsSM45-LgsT membrane vesicles and
10 pl washed glutathione-sepharose beads in aviatahe of 200 pl binding buffer (50 mM
Tris pH 8, 200 mM KCI, 1 mM DTT, 1 mM EDTA, 0.5 %MN40, 10 mM MgCJ). Beads
were washed 4 times with 1 ml binding buffer, regguled in 20 pl SDS loading buffer
(350 mM Tris/HCI pH 6.8, 10 % SDS, 30 % (v/v) glygk 0.6 M DTT, 0.1 mg/ml

Bromophenol Blue), boiled and centrifuged. The soa&nt was analysed by Western blot

using a mouse anti-M45 antibody (1:1000; Genovoq.AS controls, beads only and beads
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with GST-SidC (pCR-87) were used (Webar al., 2006, Ragazt al, 2008). 8 ul of

membrane vesicle suspension of LgsS or LgsT (lib@ah) were used as input controls.

2.5.4.2 Binding of phosphorylated LgsR to LgsS and LgsT

To analyse binding of LgsR and phospho-LgsR to LgysBgsT, 4 ug purified His-LgsR was
incubated with 100 mM acetyl phosphate (Sigma) hogphorylation buffer (25 mM
Tris/HCI pH 7.5, 50 mM NaCl, 10 mM Mg&l10 mM DTT) and separated by gel filtration
chromatography using an AKTA Purifier (GE Healtr@aequipped with a Superdex 200
10/300 GL column (GE Healthcare). The column wasildggated with chromatography
buffer (25 mM Tris/HCI pH 7.5, 50 mM NaCl). Fraati® corresponding to monomeric or
dimeric LgsR were collected and adjusted to theesamotein concentration. The samples
were then incubated on a wheel (1 h, 4 °C) withug5V45-LgsS or M45-LgsT membrane
vesicles and 10 ul washed Ni-NTA-beads in a toddlime of 200 pl binding buffer (50 mM
Tris pH 8, 10 mM DTT, 10 mM MgG). Beads were washed four times with 1 ml binding
buffer, resuspended in 20 pl SDS loading buffeileldoand centrifuged. The supernatant
was analysed by Western blot using either a rabiiitLgsR antibody (1:100; Tiadest al.,
2007) or a mouse anti-M45 antibody (1:1000; Genod&). Beads alone and beads with
His-LuxU were used as controls. 10 ul of membraesiole suspension of LgsS or LgsT

(1:50 dilution) were used as input controls.
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3 RESULTS

At the onset of this thesis nearly all knowledgewhbthelL. pneumophilaQS system was
based upon genetic analysis or investigation ohptypic properties, and the biochemical
characterisation of the signalling cascade wasddtessed.

Bioinformatic analysis of the. pneumophilagenome revealed a gene cluster homologous to
the cqsASQS system irV. cholerae(Tiadenet al., 2007, Miller et al., 2002). Based on
sequence homology and functional analysis of QSegem first model of the signal
transduction cascade was constructed and soms fanittions have been revealed (Section
1.3.4; Figure 9A) (Tiadert al.,2010a, Kessleet al.,2013). LgsA catalyses the production
of the autoinducer LAI-1, which is likely recogntz&y the sensor kinases LgsS and LgsT.
Both sensor kinases presumably transmit the signtile putative response regulator LgsR,
which in turn controls the transition form replivat to transmissive life cycle stages,
promotes interaction between the bacterium and quydgs and regulates expression of
transmissive/virulence traits (Tiadenhal.,2007, Kessleet al.,2013)

The Lgs system provides an excellent subject farchemical studies, as the main
components LgsS, LgsT, LgsR, LgsA and the corredipgriigand LAI-1 have already been
identified (Tiadenet al., 2010a, Kessleret al., 2013). Furthermore, the hydrophobic
presumably aliphatic tail renders LAI-1 a membraeemeable molecule, which allows the
study of receptor-ligand interactions in invertedmirane vesicles. The biochemical studies
provided in this thesis characterise the individeamponents of the Lgs system and
significantly add to the reconstructiaf the complex QS signal transduction cascade in
L. pneumophila in vitroThese results validate our model based on gedat&; thus giving
new insights on the regulation of signal detectenmd transduction. The main points
addressed here are (i) sensor kinase autophosptionyl(ii) signal transduction to the RR
LgsR, (iii) response of LgsR upon phosphorylatiow 4iv) influence of the autoinducer

LAI-1 on sensor kinase phosphorylation and signglli

3.1 Expression and purification of Lgs proteins Lin pneumophila

andE. coli

The primary aim of these experiments was the progluof inverted membrane vesicles
(MV) containing the Lgs HKs, LgsS and LgsT, or twresponding His-mutants Lgsog
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and LgsTzoso These HK-containing MVs were in turn used to amalgatophosphorylation
by [y-*P]-ATP and in a second step, the phosphotranstiet®R LgsR.

To achieve this, the HK were overproduced in ddfgrexpression systenis, pneumophila
or E. coli in the later case to exclude the necessity ofthéur cofactors for their

autophosphorylation.

3.1.1 Expression of the sensor kinases LqsS and LqgsT paepgaration of

inverted membrane vesicles
The preparation of inverted membrane vesicles Wwaady established for thé harveyiQS
sensor kinases LuxN/LuxQ (Timmaeat al., 2006, Junget al, 2007), and we successfully
adapted this method for the LgsS and LgsT sensonasks from the
L. pneumophilaLgs system. The gene sequences of LgsS and Lgsd avealysed with
various bioinformatics programs (ProtParam; Proteodel portal) of the EXPASYy server in
order to predict the size, localisation and molacélinction in the bacterial cell (SIB, 2014).
LgsS and LgsT have a molecular mass of 48.5 kDa4&@ kDa, respectively and were
predicted to show a phosphorelay sensor kinaseitgcand to localize in the bacterial
membrane. To anchor to the cytoplasmic membrandé bgsS and LgsT harbour six
hydrophobicu-helices (Tiaden & Hilbi, 2012b).
Upon overproduction both N-terminally M45-taggesis® kinases and their corresponding
His-mutants were produced in roughly equal amoumts. pneumophilaJR32 orE. coli
TOP10 upon treatment with IPTG. The HKs localisedhe LSP (low speed pellet) and in
major parts to the membrane fraction. The protemsd be detected only in traces in the
cytosolic fraction (Fig. 10). The localisation bketsensor kinases in the LSP is probably due
to their presence in intact cells and protein agapes. Furthermore, the amount of

LgsS/Lgs$z000 and LgsT/LgsTizoagincorporated into the MV was similar.
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Fig. 10: Production and membrane localisation of LgsS and LgsT in L. pneumophila and E. coli.
A. L. pneumophila JR32 or B. E. coli TOP10 producing M45-LgsS (pUS-1), M45-LgsT (pUS- 2),
M45-LgsSyz000 (PUS-5) or M45-LgsTyiz04q (PUS-6) upon induction with 1 mM IPTG (37 °C, 8 h). The
cells were lysed by French press, and fractionated into low speed pellet (LSP), cytoplasm (C) and

membrane (M). The M45 fusion proteins were visualized by Western blot using an anti-M45 antibody.

3.1.2 Heterologous expression and purification of th@oese regulator LgsR

The gene sequence of LgsR was analysed by varimgggms (ProtParam; Protein model

portal) of the ExXPASy server and predicted to eecadprotein of molecular mass of

41.4 kDa and to be a soluble cytosolic protein (22®BL4). Either of two C-terminal tags, His

or GST, were added to the response regulator gem@gdthe cloning process. Upon

overproduction inE. coli TOP10, His-tagged LgsR as well as the Aspartateéamiu
LgsRoi0sn (both 42.4 kDa) were restricted to the cytosalaction, where it could be isolated
from via NF*-NTA-agarose to a purity of 95 %. GST-LgsR (65.1akDvas purified by
glutathione-sepharose-agarose to a purityd% % (Fig 11). Smaller bands appearing in the

eluate fractions presumably represent LgsR degmadpatoducts.
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3.1.3 Heterologous expression and purification of Luxtenws inE. coli

In order to establish the correct procedure forgphorylation in the Lgs system we used a
previous published system of the harveyiLuxN/LuxU TCS as a positive control. To this
end, theV. harveyiLux proteins were overproduced and purified acogrdo Timmenet al,
2006. A minor portion of His-LuxN (97.1 kDa) locadid to the low speed and cytosolic
fraction and the majority was found, as expectedfhe membrane fraction (Fig 12A).
Further bands appearing on the Western blot weee tduunspecific binding of the His
antibody. His-tagged LuxU (13.9 kDa) was restridiethe cytosolic fraction, where it could
be isolated from by Ri NTA-agarose to a purity of 80-90 % (Fig 12B).
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Fig. 12: Production and membrane localization of LuxN and purification of LuxU in E. coli.
A. E. coli TKR2000 cells producing LuxN (pKK-LuxN-6His) were harvested at late exponential growth
phase. The cells were lysed by French press, and the lysate was fractionated into low speed pellet
(LSP), cytoplasm (C) and membrane (M). The His-fusion protein was visualized by Western blot using
an anti-His antibody. B. LuxU (pQE-LuxU-6His) was overproduced and purified from E. coli TKR2000
(IPTG induction for 3 h). The His-tagged protein was purified from the cytosolic fraction by affinity
chromatography using Ni**-NTA-agarose beads. The fractions were separated by 15 % SDS-Page and

visualized by Coomassie Brilliant Blue staining. C = cytoplasm, F = flow-through, W = wash, E = eluate

3.2 Biochemical and functional analysis of thepneumophild.gs
system

3.2.1 Establishment of LgsS and LgsT autophosphorylation

To investigate autophosphorylation of the sensnasesn vitro, we over-expressed M45-
LgsS or M45-LgsT irL. pneumophilaprepared inverted membrane vesicles and examined
[v**P]-ATP-induced phosphorylation. Inverted membramsicles provide access of the
phospho-donor compound to the cytoplasmic sectibrthe HKs, and therefore, allow
phosphorylation at the conserved histidine of fiemasmic kinase domain (Timmen al.,
2006). Data were analysed by quantifying intensité phospho-protein bands, defined as
relative intensity units (RIU). We optimized autagphorylation of MV harbouring M45-
LgsS or M45-LgsT by preparing and incubating theMWy-sZP]-ATP under different
conditions. Different types of salts, NaCl and K®kre tested at different concentrations in
mM range. Furthermore, we performed the reactianaltered pHs, 7 and 8 (Fig. 13).
Optimal for autophosphorylation of both HKs wasombination of 500 mM KCI at a pH of
8. The usage of NaCl (500 mM), minor KCI concemtrag (100 mM) and reduction of the
pH (pH 7) resulted in reduced autophosphorylatidoreover, both LgsS and LgsT were
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phosphorylated to a different extent. LqsT exhibite higher phosphorylation than LgsS

under all conditions.

Fig. 13: Optimization of auto-

1.2 LgsS phosphorylation of LgsS and LgsT in
104 ™R LgsT L. pneumophila membrane vesicles.
0.8 Inverted membrane vesicles of

L. pneumophila JR32 producing M45-LgsS
0.6 (PUS-1) or M45-LgsT (pUS-2), were
0.4- prepared and incubated with [y-**P]-ATP

RIU

under different conditions (diverse salt

0.2 |—|I
types, salt concentrations and pHSs).
ool 1M | (M ]

Samples were taken for  SDS-

Salt NaCl KCI KCI KCI PAGE/autoradiography after 10 min. Data
[mM] 500 500 100 500
pH 8 7 8 8

represent one typical experiment, and band
intensities were normalized to LgsT (RIU =

relative intensity units).

3.2.2 Autophosphorylation kinetics of LgsS and LgsT

We assessed the phosphorylation kinetics for LgsBgeT by incubating either HK with
[v**P]-ATP and taking samples after 0 min, 1 min, 2.5,n% min, 10 min and 20 min.
Incubation of the MVs in the presence of->fP]-ATP led to rapid and stable
autophosphorylation of both sensor kinases (Fig)14gsS phosphorylation occurred with
an initial rate 0.11 RIU min while LgsT was labelled at a rate of 0.29 RIU TiiThe
maximal phosphorylation level was reached aftemift Moreover, the amount of phospho-
LgsS and phospho-LgsT remained constant, indicatimgt these HK possessed no
phosphatase activity. Both LqsS and LgsT were pharggated to a different extent; LgsT
exhibited a two-fold higher phosphorylation thansBgafter 10 or 20 min. Western blotting
proved that this difference could not be attributedhigher protein production of LgsT
(Fig. 14A and B).

To test the hypothesis that the conserved histsdi200 or H204 are the phosphorylation
sites in the DHp domain of LgsS or LgsT, we excle@hthe amino acid for a glutamine
residue by site-directed mutagenesis to yield theant proteins Lgs$oog Or LgSThz040
Autoradiographs indicated that, compared to wildetyLqsS and LqgsT, Lgs&wog and
LgsTh204aq Were not autophosphorylated, even though the ganoein amount was used
(Fig. 14B).
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Fig. 14 : Autophosphorylation kinetics of LgsS and LgsT in L. pneumophila membrane vesicles.

Inverted membrane vesicles of L. pneumophila JR32 producing A. M45-LgsS (pUS-1) or M45-LgsT
(pUS-2), or B. M45-LgsSyp00q (PUS-5) or M45-LgsTyzaq (PUS-6) were prepared and incubated with
[y-*P]-ATP. Samples were taken for SDS-PAGE/autoradiography A. at given time points or B. after

10 min. Data represent means and standard deviation of three independent experiments, and band

intensities were normalized to LgsT (RIU, relative intensity units). Data points (>2.5 min) are

significantly different (**p<0.05, ***p<0.001; unpaired Student’s t-test). Representative autoradiographs

and Western blots are shown.

3.2.3 LgsT does not contribute to LgsS autophosphoryfatio

In order to test whether LgsT contributes to Lgsfophosphorylation we overproduced
M45-LgsS in tha.. pneumophilaAlgsT strain. Inthe AlgsT strain M45-LgsS localised to the

membrane fraction and in similar amounts compaoeithé wild-type strain JR32 (Fig. 10A
and 15A). LgsS-harbouring MVs from wild-type JR32dathe AlgsT strain both showed
autophosphorylation to the same extent after 10ingnbation with §-*P]-ATP. Therefore,
we can exclude the possibility that LgsS is crdsssphorylated by LgsT (Fig. 15B).
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Fig. 15: Production and autophosphorylation of LgsS in L. pneumophila AlgsT.
A. L. pneumophila AlgsT producing M45-LgsS (pUS-1) upon induction with 1 mM IPTG (37°C, 8 h).
The cells were lysed by French press, and the lysate was fractionated into low speed pellet (LSP),
cytoplasm (C) and membrane (M). The M45 fusion proteins were visualized by Western blot using an
anti-M45 antibody (+, with IPTG; -, without IPTG). B. Inverted membrane vesicles of L. pneumophila
wild-type (JR32) or AlgsT (AKO1) producing M45-LgsS (pUS-1) were prepared and incubated with
[y-**P]-ATP. Samples were taken for SDS-PAGE/autoradiography after 10 min. Data represent means
and standard deviation of three independent experiments, and band intensities were normalized to

LgsS overproduced in the wild-type JR32 strain (RIU = relative intensity units).

3.2.4 Interaction of LgsS and LgsT with the response lagu LgsR

In TCSs an interaction between the His-domain & HK and the Asp-domain in the
receiver domain of the RR takes place upon sigaaktuction or phosphotrans{&tock et

al., 2000). To determine binding between LgsS and Lgsd the putative RR LgsR we
performed pull-down assays between membrane vesiolerexpressing either sensor kinase
and purified GST-tagged LgsR (Fig. 16). GST-LqsRs weubated with membrane vesicles
harbouring a M45-tagged sensor kinase together ghttathione-sepharose beads, washed
several times, and an anti-M45 Western blot watopeed to detect the amount of LgsS or
LgsT bound by LgsR. Under these conditions bothSLgaed LgsT interacted with LgsR.
However, an approximately two-fold higher amount.q§S bound LgsR compared to LgsT.
SidC (Substrate of Icm/Dot transporter) or glutati@-sepharose beads alone were used as
controls for unspecific binding. SidC is translathbyL. pneumophilanto the host cell via
Icm/Dot T4SS and does not interact with the baatemembrane-bound sensor kinases.
Upon incubation of membrane vesicles harbouringeeitM45-tagged LgsS or LgsT with

purified GST-tagged SidC or glutathione-sepharosadb alone, significantly less LgsR
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bound to the sensor kinases. Furthermore, LgsT athiamore unspecific binding to SidC or
the glutathione-sepharose beads compared to Lo@&nTtogether, both LgsS and LqsT
interacted with LgqsR and approximately two-fold eduqsS bound to LgsR, suggesting that
LgsS binds LgsR with higher affinity than LgsT (Fig).

LgsS + - + - + - Fig. 16: Interaction of the sensor
(Igcés.l.TquR N : == kinases LgsS and LqgsT with the
GST-SidC - - LA - & 5 response regulator LgsR. Membrane
Beads + + + + + + B @ ) ] _
vesicles of L. pneumophila producing
— -— i - M45-LgsS (pUS-1) or M45-LgsT (pUS-2)
Western blot anti-M45 . were prepared and incubated with purified
GST-LgsR or, as a control, GST-SidC,
followed by the addition of glutathione-
e ol o — LasS sepharose beads. Eluates from washed
129 ——M— Hl LqgsT
e beads were analysed by Western blot
1.04 — [T using an anti-M45 antibody. White or black
084 T bars show the quantification for LgsS or
=2 * i
= 0.6 LgsT respectively. Data represent means
0.4 and standard deviation of three
’ _ - independent experiments, and band
0.2 _ . T l intensities were normalized to input
0.0 T - [, T controls of LgsS and LgsT (*p<0.05;
Q- (¢) & N ) : :
v°? 6\5 e?é \Qq"‘ **n<0.001; unpaired Student's t-test).

Q

3.2.5 Inhibition of autophosphorylation of LgsS or Lgsy IbgsR

To further characterise the signal transductiob.ipneumophilan vitro, we investigated the
influence of the response regulator LqsR on thehdsphorylation of the sensor kinases.
To this end we examined thg’{P]-ATP-dependent autophosphorylation of LgsS ansTLq
in the presence of LgsR or the LgsRn mutant protein, where the conserved aspartate
residue in the receiver domain is exchanged agasysragine. MVs containing M45-tagged
sensor kinase were mixed with purified His-LgsRs-HgsRy10sn Or heat-denatured LgsR
(LgsR h.d.) and compared to autophosphorylatiorthef HKs only. These experiments
revealed that autophosphorylation of both senspadas LgsS and LgsT was completely
inhibited by native LgsR (Fig. 17A and B). The ipbition was dependent on the conserved
aspartate residue (D108) in the Rec-domain of thR, Rs LgsRBiosn inhibited
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autophosphorylation with significantly lower efieicy. In contrast, addition of heat-
denatured LgsR to the membrane vesicles had not effethe autophosphorylation kinetics
or -levels of either LgsS or LgsT, compared to eatted samples (Fig. 17).

Subsequently we studied the dose-dependency oforsekinase autophosphorylation
inhibition by LgsR or LgsRiosn TO this end, MVs harbouring either M45-LgsS (FigC)

or M45-LgsT (Fig. 17D) were treated with increasamgounts of purified His-LgsR or His-
LgsRo10sn @and autophosphorylation was quantified by RIUeraft0 min. Whereas the
autophosphorylation of LqsS was very efficientlpdied by wild-type LgsR (half maximal
inhibition < 0.1pg), LgsR was approximately eight—fold less effitiam inhibiting LgsT
autophosphorylation (half maximum inhibition0.8 pg). Moreover, compared to native
LgsR, the autophosphorylation of LgsS (half maximuntibition ~0.8 ug) or LgsT (half
maximum inhibition ~2 ug) was inhibited by LgsRosny With a significantly lower
efficiency. The effect on autophosphorylation intidn of the conserved aspartate residue
D108 of LgsR was more pronounced for LgsS8-fold) than for LqsT £2.5-fold). In
summary, the autophosphorylation of LgsS or, aless efficiently, LgsT, was inhibited
completely and in a dose-dependent manner by natig® and with significantly lower

efficiency by LgsR1osn
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Fig. 17: Inhibition of autophosphorylation of LgsS or LgsT by LgsR. Membrane vesicles of
L. pneumophila producing A. M45-LgsS (pUS-1)or B. M45-LgsT (pUS-2) were prepared and incubated
with [y-**P]-ATP in absence or presence of A., B. 2 ug or C., D. the amount indicated of purified His-
LgsR, His-LgsRpigen Or heat-denatured His-LgsR (h.d.). Samples were taken for SDS-
PAGE/autoradiography A., B. at given time points or C., D. after 10 min. Data represent means and
standard deviation of three independent experiments, and band intensities were normalized to sensor
kinase autophosphorylation in absence of LgsR. Data points (> 2.5 min, except LgsR h.d.) are
significantly different (*p<0.05; unpaired Student’s t-test) (RIU = relative intensity units). Representative

autoradiographs and Western blots are shown.
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3.2.6 Dephosphorylation of phosphorylated sensor kinagdsysR

LgsR might impede autophosphorylation of LgsS ors©Lqgby catalysing the
dephosphorylation of phospho-sensor kinases oréyepting the phosphorylation reaction.
To discriminate among these two mechanisms, theosdanases LgsS or LgsT were first
phosphorylated, followed by addition of native LgdRISRy10sn OF heat-denatured LgsR.
Both HKs, phospho-LgsS (Fig. 18A) or phospho-LgHig( 18B) were found to be
dephosphorylated instantly upon addition of natigeR, and only 20 % of LgsS or 40 % of
LgsT remained phosphorylated.

Fig. 18: Dephosphorylation of

1.2+ -~ LgsS +LgsR h.d. phospho-LgsS or phospho-LgsT by
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22
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Time [min
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Upon addition of LgsBiosn @ Significant proportion of the phospho-sensoa&es was also
immediately dephosphorylated. However, in contrastative LgsR, approximately 60-70 %
of LgsS and 80 % of LgsT remained phosphorylateshtidienatured LgsR did not affect the
extent of phosphorylation of the phospho-sensoades. In summary, these results suggest
that LqsR catalyses the dephosphorylation of phodmsS or phospho-LgsT rather than
interfering with the phosphorylation of the senkrases, and this process is dependent on

the conserved aspartate in the receiver domain.

3.2.7 Phosphorylation and dimerisation of LgsR

Conformational changes and dimerisation or oligasa¢ion of response regulators can be
induced upon phosphorylation by high energy mokilike acetyl phosphate (AcP) (Lukat
et al., 1992). Phosphorylation of LgsR was detected vi&$HAGE while dimerization was
demonstrated by an increase in the molecular massreed via analytic gel-filtration.

To test whether the conserved aspartate D108 ihdbR receiver domain is phosphorylated,
we incubated purified His-LqsR or His-LgsRsn with 10 mM [F?P]-AcP for up to 6 h
(Fig. 19A). The maximal phospho-LgsR amount washied after 1 h of AcP treatment
(1 RIU) and subsequently decreased with a halfdffapproximately 6 h. At the same time,
LgsRb10sny Was barely phosphorylated (0.2 RIU). In contrastybation of purified His-LgsR
with radiolabelled §-**P]-ATP did not result in detectable phosphorylatizfnthe protein
(Fig. 22A). Thus, LgsR can be phosphorylategitro at D108 by AcP but not by ATP.

To assess whether LgsR oligomerises upon phospatiorylof D108, purified His-LgsR or,
as a negative control, His-LgsRsn was incubated with 100 mM AcP for up to 6 h, and
oligomerisation was determined by analytical gdtrdiion chromatography. Indeed,
treatment of LgsR with AcP led to a shift of theimprotein peak eluting from the column
from an apparent molecular mass of 40 kDa (15.2lotion volume) to 80 kDa (13.8 ml
elution volume). The sizes correspond to monomand dimeric His-LgsR respectively
(Fig. 19B). The LgsR dimerisation was already detele as a peak ‘shoulder of dimeric
protein after 10 min, the monomeric and dimeriarferwere present in approximately equal
amounts at 2 h, and dimeric LgsR predominated lt o confirm the identity of LgsR,
protein fractions eluting at the volume of dimgslmospho-LgsR were collected and analysed
by SDS-PAGE, which revealed a band with an appamolecular weight of 40 kDa
(Fig. 19C). In contrast, the aspartate mutant lggiR exhibited no dimerisation over the

entire 6 h period of AcP treatment. These resulpgpert the link between dimerisation and
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phosphorylation of LgsR and, furthermore, identtie conserved aspartate residue (D108)
as the functionally phosphorylation site.
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Fig. 19: Phosphorylation and dimerization of LgsR. A. Purified His-LgsR or His-LqsRpiosn Was
treated with 10 mM [*?P]-acetyl phosphate (AcP), and phosphorylation was analysed by SDS-PAGE/
autoradiography at the time points indicated. Data represent means and standard deviation of three
independent experiments. Data points are significantly different (p < 0.05; unpaired Student’s t-test).
Representative autoradiographs and Western blots are shown. B. Purified His-LgsR or His-LqsRp;osn
was treated with 100 mM AcP, and dimerisation was analysed by analytical gel filtration
chromatography. LgsR or phospho-LgsR eluted at approximately 40 kDa (15.2 ml) or 80 kDa
(13.8 ml), corresponding to the monomeric or dimeric form, respectively. C. Protein fractions (1-5)
eluting at the volume of dimeric phospho-LgsR were collected and analysed by SDS-PAGE. A single
band appearing at 40 kDa corresponds to LgsR.
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To test the stability of phospho-LgsR over a longeniod of time we incubated purified His-
LgsR with either HO or 100 mM AcP for up to 6 h and analysed theaofigrisation by gel
filtration chromatography. Subsequently the reactmix was stored at 4°C, and samples
were taken every 12h. Results proved that LgsR iresdan a stable phosphorylated state at
lower temperatures (4°C), even 24h after phosphtioyl (Fig. 20).

— LgsR H,0 6h at 25°C
404 — LqsR AcP 6h at 25°C
354 LgsR AcP 12h at 4°C
304 — LgsR AcP 24h at 4°C

Absorbance 280nm [mAU]

Elution volume [ml]

Fig. 20: Phosphorylation and dimerization of LgsR. Purified His-LgsR was treated either with H,O
or with 100 mM AcP, and dimerization was analysed by analytical gel filtration chromatography.
Samples were taken after 6h of incubation, the reaction was then transferred to 4°C and samples
were taken 12h and 24h after temperature shift. LgsR or phospho-LgsR eluted at about 40 kDa
(15.2 ml) or 80 kDa (13.8 ml), corresponding to the monomeric or dimeric form, respectively.

3.2.8 Interaction of phospho-LgsR with sensor kinases

Furthermore, we also compared the binding of mommn&sR and dimeric phospho-LgsR
to the sensor kinases LgsS and LgsT. First we m@ted if phosphorylation influenced the
binding of His-LgsR to the Ni-NTA-beads. To this end, AcP-treated purified HigsR was
separated by gel filtration chromatography, and lgobofractions corresponding to
monomeric or dimeric (phosphorylated) LgsR weraibated with Ni*-NTA-beads, washed
several times and eluted by heat-denaturation ¢dig). The Western blot indicates that the
same amount of LgsR and phospho-LgsR was bountetdNf*-NTA-beads. In addition,
monomeric or dimeric His-LqsR or His-LuxU were almalysed by SDS-PAGE to confirm
identical amounts in each sample (Fig. 21B).

Subsequently, membrane vesicles containing Lgs&geil were incubated with pooled
fractions corresponding to monomeric or dimericogghorylated) LgsR and with i
NTA-beads. The same amounts of monomeric or dimeggR bound to LgsS or LgsT,
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indicating that phosphorylation of the responseilaor did not modulate its binding to the
sensor kinases. Purified choleraeHis-LuxU was used as a control, which did not biod

either sensor kinase (Fig. 21C).
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Fig. 21: Interaction of the LgsR monomer and dimer with the sensor kinases LgsS and LqgsT.
A. 4 ug purified His-LgsR were incubated with 100 mM AcP in phosphorylation buffer and separated
by gel filtration chromatography. Fractions corresponding to monomeric or dimeric LgsR were
collected, adjusted to the same protein concentration and incubated with 25 ug M45-LgsS or M45-
LgsT in L. pneumophila MVs and 10 yl washed Ni-NTA beads in a total volume of 200 ul binding
buffer. The flow-through (F), washing steps (W1-3) and the eluate (E) of the Ni**-NTA-beads, as well
as LgsR monomer and dimer samples, were analysed by Western blot using a polyclonal anti-LqsR
antibody. B. The amounts of monomeric or dimeric His-LgsR or His-LuxU were also analysed by SDS-
PAGE stained with Coomassie Brillant Blue (M = monomer, D = dimer). C. Washed Ni**-NTA-beads
were resuspended in 20 yl SDS loading buffer, boiled and centrifuged, and the supernatant was
analysed by Western blot using a mouse anti-M45 antibody. Beads only, beads with His-LuxU or 10 pl
of membrane vesicle suspension of M45-LgsS or M45-LgsT (1:50 dilution) were used as controls.

Representative Western blots of three independent experiments are shown A., C.
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Repeated attempts to demonstrate phospho-trargfeityafrom phospho-LgsS or phospho-
LgsT to LgsR, possibly yielding phospho-LgsR wersuccessful (Fig 22A). By contrast,
control assays using thé choleraesensor kinase LuxN and the phospho-relay protaxtL
confirmed that the sensor kinase is autophosphed/lay j-*P]-ATP, and the phosphate
residue of phospho-LuxN was readily transferred LiaxU, vyielding phospho-LuxU
(Fig. 22B)

Time[min] 1 10 1 10

LuxN 7

D% bt .,: ‘1" I |
e | i |
LosT [

Phosphorylation Phosphorylation

Fig. 22 Autophosphorylation and phosphotransfer. A. Membrane vesicles of L. pneumophila JR32
producing the sensor kinase M45-LgsT and the purified response regulator His-LgsR were either alone
or as a mixture incubated with [y-**P]-ATP for 10min. B. The V. harveyi sensor kinase LuxN and the
phospho-relay protein LuxU were used as positive controls for autophosphorylation and
phosphotransfer, respectively. 25 ug inverted membrane vesicles of E. coli TKR2000 producing His-
LuxN (pKK-LuxN-6His) were prepared and incubated with [y-*’P]-ATP in absence or presence of
0.5 pg of His-LuxU (pQE-LuxU-6His). Samples were taken for SDS-PAGE/autoradiography after 1 or

10 min. Representative autoradiographs are shown.

3.2.9 Dimerisation of LgsR promoted by phospho-LgsT

For further analysis of the interaction of the sgrignases and LgsR, we determined whether
a phosphorylated kinase would promote the phosjdtarg-dependent dimerisation of the
response regulator. To this end, membrane vesictegaining M45-tagged LgsT or
LgsTh20aq Were mixed with purified His-LgsR or His-LgsRsn, and 50 mM ATP was
subsequently added to start the reaction. Aftern0 of incubation the samples were
centrifuged for 1 h at 55000 x g, and dimerisatodrihe response regulator present in the
supernatant was detected by analytical gel fittra{Fig. 23) and Western blot (Fig. 24). As a
positive control, purified His-LgsR was treated lwit00 mM AcP. The gel filtration
chromatogram indicated a small peak correspondingimeric LgsR along with mainly
monomeric LgsR. Fractions of the dimeric and momieriegsR were collected and samples

were analysed by Western blot.



50

3. RESULTS

757 — LqgsR + LgsT+ ATP
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Fig. 23: Phosphorylation and dimerization of LgsR. Purified His-LgsR or LgsRp;osny Was mixed

with LgsT containing MVs and treated with 50 mM ATP for 20 min. Dimeric LgsR present in the

supernatant was then determined by analytical gel filtration chromatography. LgsR or phospho-LgsR

eluted at about 40 kDa (15.2 ml) or 80 kDa (13.8 ml), corresponding to the monomeric or dimeric

form respectively.
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Fig. 24 Phospho-LgsT promotes
dimerization of LgsR. A., C. Membrane
vesicles of L. pneumophila JR32
producing M45-LgsT (pUS-2) or C. M45-
LaSThz04aq (PUS-6) were prepared and
incubated for 20 min with purified His-
LgsR and 50 mM ATP, B. M45-LgsT
(pUS-2) with His-LgsRpigeny and 50 mM
ATP, or D. purified His-LqsR with
100 mM AcP, E. purified His-LgsR with
50 mM ATP. After centrifugation,
dimerization of LgsR in the supernatant
was analysed by analytical gel filtration
chromatography, and fractions
corresponding to monomeric (40 kDa) or
dimeric (80 kDa) LgsR were analysed by
Western blot. Representative Western
blots of duplicate experiments are

shown.
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Interestingly, compared to negative controls, aenmominent 40 kDa anti-LgsR-reactive
band, as well as an 80 kDa band was visible uriteset conditions (Fig. 24A). If the assay
was performed with membrane vesicles containingpeeitM45-tagged LgsT and His-
LgsRo10sn (Fig. 24B), or M45-tagged Lgsifoag and LgsR (Fig. 24C), the column fractions
corresponding to dimeric LgsR contained approxilgat®-fold less 40 kDa LgsR, and no
80 kDa LgsR band was detected. Finally, upon treatrof purified His-LqsR with AcP and
separation by gel filtration under the same coadsj the 40 kDa anti-LqsR-reactive band, as
well as the 80 kDa band, were visible in Westenid(Fig. 24D) whereas upon treatment of
purified His-LgsR with ATP and separation by gétdtion under the same conditions only a
40 kDa anti-LqsR-reactive band was detectable (B&E). Taken together, these results
indicate that autophosphorylation of LgsT in preseaf LgsR leads to the phosphorylation-
dependent formation of LgsR dimers.

3.2.1Autophosphorylation kinetics of LgsS and LgsTEncoli

In order to reconstruct the. pneumophilaQS signalling cascade iB. coli we cloned and
overexpressed LqsS or LgsT and subsequently prkpiareerted membrane vesicles.
Treatment of these vesicles withfP]-ATP revealed stable autophosphorylation onlghia
case of LgsT, while LgsS as well as Lgssoo or LgsThzo4q remained undetectable by
radiography (Fig 25A and B). The phosphorylationekics and final level irfE. coli was
similar to that obtained ih. pneumophilareaching a maximum after 10 min and with no
change following this point (Fig 25). This suggdstst autophosphorylation of LgsS requires
a further factor or factors. Further verificatiohtbe protein input by Western blot proved
that the same protein amount was used (Fig. 25BpnUproduction inE. coli, similar
amounts of M45-LgsS or M45-LqsT accumulated in thembrane fraction (Fig. 10,
Fig. 25A).

Next, we analysed the inhibition of autophosphdrgtaof M45-LgsT by purified His-LgsR.
Similar to L. pneumophilederived membrane vesicles, the autophosphorylatiohqsT
produced IinE. coli was inhibited completely by native LgsR. FurtherejoLqsPiosn
inhibited the process with significantly lower eféncy, and heat denatured LgsR had no
effect on the kinetics or extent of phosphorylatioh LgsT (Fig. 25C). Finally, the
dephosphorylation of phospho-LgsT was most effityenatalysed by LgsR, followed by
LgsRo10sn, @and heat-denatured LgsR had almost no effect @@®). In summary, LqsT
heterologously produced . coli localizes to membrane vesicles, is autophosphedlay
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ATP with similar kinetics and to a similar exters i@ L. pneumophilaand LgsR inhibits

autophosphorylation by catalysing dephosphorylatiophospho-LgsT.
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Fig. 25: Autophosphorylation kinetics of LgsS and LqgsT in E. coli membrane vesicles.
Membrane vesicles of E. coli TOP10 producing M45-LgsS (pUS-1), M45-LgsT (pUS-2) A., or M45-
LgsSSua000 (PUS-5) or M45-LgsTuaao (PUS-6) B., were prepared and incubated with [y-*2P]-ATP.

Samples were taken for SDS-PAGE/autoradiography A. at given time points or B. after 10 min. Data

represent means and standard deviation of three independent experiments, and band intensities were

normalized to autophosphorylation of LgsT (***p<0.001, unpaired Student’s t-test). Representative

autoradiographs and Western blots are shown (RIU = relative intensity units).
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Fig. 25: Autophosphorylation kinetics of LgsS and LqsT in E. coli membrane vesicles.
C. and D. Membrane vesicles of E. coli producing M45-LgsT (pUS-2) were prepared and either
incubated with [y->*P]-ATP in absence or presence of C. 2 ug purified His-LgsR, His-LgsRpiosy OF heat-
denatured His-LgsR, or D. incubated with [y-*P]-ATP for 10 min, followed by incubation with 2 ug
purified His-LgsR, His-LgsRD108N or heat-denatured His-LqsR. Samples were taken for SDS-PAGE/
autoradiography at given time points. Data represent means and standard deviation of 3 independent
experiments, and band intensities were normalized to LgsS or LgsT phosphorylation prior to addition
of LgsR. Data points (A, C; D: > 2.5 min) are significantly different (*p<0.05; unpaired Student’s

t-test). Representative autoradiographs are shown.
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3.3 Influence of LAI-1 on the Lgs system

In previous experiments we assessed the kinasetadi the sensor kinases LgsS and LqgsT,
demonstrated the interaction of LgsS, LgsT andésponse regulator LgsR and verified the
dimerisation of LgsR upon phosphorylation. Thesgeexnents document the reconstruction
of the Lgs signal transduction pathwiayvitro. To expand on these results we examined the
impact of the autoinducer LAI-1 and cognate Al cowmpds (CAI-1, §- or
(R)-amino-LAI-1/ R-amino-CAlI-1), on the QS system éxploring the reaction of the sensor
kinases to the stimuli. Furthermore, we determitedligand specificity of LgsS and LgsT
and quantified the influence of LAI-1 on the deptilosrylation of and phosphotransfer from
the sensor kinases.

3.3.1 Inhibition of sensor kinase autophosphorylatior_iBy-1

In order to explore the effect of the autoinducéd-IL on autophosphorylation of LgsS or
LgsT in vitro, we overproduced the M45-tagged sensor kinases pmeumophilaprepared
inverted membrane vesicles using a French pressietedmined autophosphorylation upon
addition of 5/-32P]-ATP. The samples were treated with either LAJ¥IDMSO as a control,
and autophosphorylation was quantified by densitomeithin 20 min reaction time. Under
these conditions, 500 uM LAI-1 reduced the phosghation rate and the phosphorylation
level of M45-LgsS (Fig. 26A) or M45-LgsT (Fig. 26B) a similar extent (approximately
30 %). In the range between 100 uM and 1 mM thesphaorylation inhibition by LAI-1 was
dose-dependent, reaching 60 % inhibition at maxinfieign. 26C). These results indicate that
LAI-1 has either an inhibiting effect on the kinasdivities of LgsS and LgsT or promotes
intrinsic autophosphatase activities.
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Fig. 26: LAI-1 inhibits autophosphorylation of the sensor kinases LgsS and LqsT. Membrane
vesicles of L. pneumophila JR32 producing A. M45-LgsS (pUS-01) or B. M45-LgsT (pUS-02) were
prepared and incubated with [y-**P]-ATP in absence or presence of A., B. 500 pM LAI-1 or C. the
concentration of LAI-1 indicated. Samples were taken for SDS-PAGE/ autoradiography A., B. at given
time points or C. after 10 min. Data represent means and standard deviation of three independent
experiments (***p<0.001; unpaired Student’s t-test). Representative autoradiographs and Western

blots are shown (RIU = relative intensity units).
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3.3.2 Ligand specificity of LgsS and LgsT

We tested the ligand specificity of LqsS and LqsT using inverted membrane vesicles
containing M45-LgsS or M45-LgsT. The samples wasmated with 500 uM of§)- or
(R)-LAI-1, (9- or (R)-amino-LAI-1, or DMSO as a control, and autophasmptation with
[y-**P]-ATP was quantified by densitometry (RIU) afted fhin. Under these conditions,
(9- or (R)-LAI-1 decreased the phosphorylation level of Lgs®l LgsT by about 20-30 %
(Fig. 27A and B). In contrastS¢- or (R)-amino-LAI-1 (Am-LAI-1) did not affect the
phosphorylation of LgsS, but decreased the phogtdimn level of LgsT by 40 %
((9-Am-LAI-1) and even by 50 % R)-Am-LAI-1) (Fig. 27A and B).
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Fig. 27: Ligand specificity of LgqsS and LgsT. Membrane vesicles of L. pneumophila producing
A. M45-LgsS (pUS-01) or B. M45-LgsT (pUS-02) were prepared and incubated with [y-*P]-ATP in
absence or presence of 500 uM of the autoinducers indicated. Samples were taken for SDS-PAGE/
autoradiography after 10 min. Data represent means and standard deviations of three A. (***p<0.001;
unpaired Student’s t-test) or two B. independent experiments. Representative autoradiographs and

Western blots are shown (RIU = relative intensity units).
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Furthermore, we tested the effects on LqsS or Lpkdsphorylation of thé/. cholerae
autoinducer molecules CAI-1 an@®{ or (R)-amino-CAI-1 by auto-phosphorylation with
[y-**P]-ATP after 10 min. The racemic mixture o8){ and R)-CAI-1 and §- or
(R-Am-CAI-1 showed opposite effects on LgsS and Lqsihile it promoted the
autophosphorylation of LgsS, it decreased the pharsgation level of LgsT.

Taken together, these results suggest that thedtégtl-1-related autoinducers decrease the
phosphorylation of LgsT and, to a lesser extens3,qvhereas CAl-1-derived autoinducers
have an antagonistic effect on LgsS.

3.3.3 Effect of LAI-1 on the stability of phosphorylatédsS and LgsT
Next, we tested the effect of LAI-1 on the stapilif phospho-LgsS or phospho-LgsT. To

this end, membrane vesicles lof pneumophilaproducing M45-LqsS or M45-LgsT were
prepared and incubated with-P]-ATP for 10 min, followed by incubation with 5Q0V

LAI-1 or DMSO as a control. Samples were takenS®&S-PAGE/autoradiography at given
time points within a 20 min reaction. Under thesmditions LAI-1 neither affected the
phosphorylation level of LgsS (Fig. 28A) nor of Og¢Fig. 28B). Thus, LAI-1 does not

appear to stimulate the intrinsic autophosphatesetees of the kinases.
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Fig. 28: Effect of LAI-1 on the stability of phospho-LgsS and phospho-LgsT. Membrane vesicles
of L. pneumophila producing A. M45-LgsS (pUS-01) or B. M45-LgsT (pUS-02) were prepared and
incubated with [y-**P]-ATP for 10 min, followed by incubation with DMSO or 500puM LAI-1. Samples
were taken for SDS-PAGE/autoradiography at given time points. Data represent means and standard
deviation of three independent experiments. Representative autoradiographs are shown (RIU =

relative intensity units).

3.3.4 Role of LAI-1 for phosphotransfer processes

In addition to the inhibition of the autophosphatydn of the sensor kinases, LAI-1 binding
could also affect downstream phosphotransfer peaseby preventing LgqsS/LgsT and LgsR
interaction. Purified His-LgsR, but not heat-dematHis-LgsR or the His-Lgsi2osny mutant
protein, efficiently dephosphorylates phospho-LggSphospho-LgsT inL. pneumophila
membrane vesicles (Section 3.2.6). To test whdtlérl effects the dephosphorylation of
phospho-LgsS or phospho-LgsT, inverted membraneclesscontaining a M45-tagged
sensor kinase were prepared and incubated witiP]-ATP for 10 min, followed by
incubation with purified His-LgsR or heat-denatuddi-LgsR in presence or absence of
500 uM LAI-1. Under these conditions LgsR, but tie heat-inactivated response regulator,
rapidly catalysed the dephosphorylation of appr@atety 80 % phospho-LgsS (Fig. 29A) or
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50 % phospho-LgsT (Fig. 29B), respectively. Yet, H1Ahad no effect on either the
dephosphorylation of the phospho-kinases by LgsR,tine lack of dephosphorylation by
heat-inactivated LgsR. Therefore, LAI-1 does notecf the dephosphorylation by or

phosphotransfer onto LgsR.
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Fig. 29: Effect of LAI-1 on dephosphorylation of phospho-LgsS and phospho-LgsT by LgsR.
Membrane vesicles of L. pneumophila producing A. M45-LgsS (pUS-01) or B. M45-LgsT (pUS-02)
were prepared and incubated with [y-**P]-ATP for 10 min, followed by incubation with purified
His-LgsR, heat-denatured His-LgsR or His-LgsRpiosy in presence or absence of 500 pM LAI-1.
Samples were taken for SDS-PAGE/ autoradiography at given time points. Data represent means and
standard deviation of three independent experiments. Representative autoradiographs are shown

(RIU = relative intensity units).
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4 DISCUSSION

The Lgs system plays a crucial role for adaptationenvironmental changes. Previous
studies identified and characterised the@neumophilasensor kinases LgsS and LgsT, which
as components of the QS circuit, regulate a widwgeaaof features (Tiadeet al., 2010Db,
Kessleret al., 2013). However, detailed information about theestiattions of individual
components and the control of signal transductionhe Lgs system remained unknown.
Therefore, biochemical and structural studies weggiired for reconstruction of the Lgs QS

systemin vitro.

4.1 Biochemical characterisation of the Lgs system

In this thesis we biochemically analysed the seksmses LgsS and LqsT and proved that
they undergo autophosphorylation at the consen&dlime residues and interact both with
the putative response regulator LgsR. In a prodegendent on the conserved aspartate in
the receiver domain, LgsR inhibited autophosphdigmeof the sensor kinases and catalysed
the dephosphorylation of phospho-LqsS and phosmsd-L Furthermore, LqsR was
phosphorylated byy[*P]-acetyl phosphate and dimerised upon phosphaglat

Both sensor kinases where rapidly autophosphod/tai@ different extent; LgsT exhibited a
two-fold higher phosphorylation level than LgsS. téphosphorylation of both sensor
kinases were dependent on the conserved histidgidue H200 and H204 (Fig. 14). LgsS-
harbouring MVs from wild-typeL. pneumophilaand the AlgsT strain showed both
autophosphorylation to the same extent (Fig. 1Bgréfore, we could exclude possible cross
autophosphorylation of the two sensor kinases dsdcontributions to the individual
autophosphorylation level of the single sensor $@sa A second band of an unidentified
phospho-protein was observed upon autophosphamgladi LgsT-containing membrane
vesicles fromL. pneumophilgFig. 14) orE. coli (Fig. 25). This additional phospho-protein
band might represent a C-terminal phospho-LqgsTnfieag, lacking the N-terminal M45-tag,
or LgsT might phosphorylate another unidentifiedtpin which is conserved in both
L. pneumophilandE. coli.

Differential phosphorylation levels of the sensordses may represent an intrinsic aspect of
the regulatory mechanism of the Lgs system. &S and IgsT genes are reciprocally
expressed in the post-exponential growth phasd..opneumophila,and transcriptome

analysis ofAlgsSor AlgsT mutant strains revealed a reciprocal regulationpto 90 % of
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the genes. Reciprocally regulated genes includepoaents of the Icm/Dot T4SS and a
number of Icm/Dot substrates. This supports thendhat the sensor kinases have partially
antagonistic regulatory functions in the post exgrdral growth phase (Kesslet al., 2013).
Further characterisation of mutant strains lackiogh sensor kinase\lfsS and AlgsT)
revealed the lack of phenotype reversion by oveesgion oflgsA confirming that

L. pneumophiladoes not produce other/additional LAI-1 sensithistidine kinases than
LgsS and LgsT (Kesslest al., 2013). The presence of two homologous sensordhisti
kinases with antagonistic roles represents a neavacteristic of quorum sensing circuits
(Fig. 30).

LgsS and LgsT lack the C-terminal aspartate-coimgiphospho-receiver domain, which is
present in thé&/ibrio spp. hybrid histidine sensor kinase CqgsS @igl.,2010, Tiaderet al.,
2010a, Tiaden & Hilbi, 2012b). Therefore, phosphoups are likely transferred from the
histidine residue of LgsS and LgsT onto the regetiemain of a phospho-acceptor protein.
A possible interaction partner is the putative oese regulator LgsR which is encoded in the
lgs cluster. This matches our observations that, LgsRIs to LgsS as well as to LgsT
(Fig. 16) and, dependent on the conserved aspariatee receiver domain, catalyses
dephosphorylation of the sensor kinases (Fig. 17).

The interaction of HKs with the cognate RR is ttasib principle for phosphotransfer in
TCSs (Stoclet al.,2000). The RR LgsR binds both sensor kinasestoyatdifferent extent
(Fig. 16). QS genes encoding a sensor kinase andoiinate response regulator are usually
located in close vicinity of each other in the leaicti genome. The apparently higher binding
strength suggests an evolutionally conserved fanaticorrelation between LgsS and LgsR
as they exist together within thgs gene cluster, while LgsT is located as an “orpharthe
genome (Tiaden & Hilbi, 2012a, Lerat & Moran, 200¥)oreover, the participation of an
additional accessory. pneumophilgorotein that is required for the binding of LqsSLgsT

to LgsR seems rather unlikely. Due to the fact ttie# sensor kinases need to be
overproduced to be detected in the pull-down astay,putative factor would have to be
active at sub-stoichiometric amounts. Besides,esitgsR precipitated both sensor kinases,
the factor would either have to interact with be#éimsor kinases or two distinct factors would
have to be bound by LgsR. Finally, LgsR inhibité@ tautophosphorylation of LgsT by
catalysing the dephosphorylation of phospho-Lqsb @ membrane vesicles derived from
E. coli (Fig. 25). Thus, if binding/dephosphorylation ait{i would require additional

factors, they would have to be conserved.irolias well.
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By using the high-energy molecule acetyl phosphate proved the phosphorylation
capability of purified LgsR (Fig. 19A), its depeme on the conserved aspartate residue
D108 (Fig. 17, Fig. 18 and Fig. 19B), estimated kiadf-life of phospho-LgsR and also
demonstrated the influence of phosphorylation oigooherisation of the RR (Fig. 19).
Though, we failed in repeated attempts to demaestadirect phospho-transfer from the
phosphorylated sensor kinases to the RR. It isilplesthat the phospho-transfer activity of
LgsS and LgsT is very slow and/or the kinases eilabhigh intrinsic phospho-LgsR
phosphatase activity, as demonstrated for othesosdristidine kinases (Stoek al., 2000).
Furthermore, also other proteins present in the M¥mbrane might act as auxiliary
phosphatases and thereby shorten the half-life ldspho-LgsR to an extent that
phosphotransfer from the histidine sensor kinasetgsR cannot be observed anymore.
Interestingly, the dose-dependent inhibition ofseerkinase autophosphorylation (Fig. 17)
and catalysis of dephosphorylation (Fig. 18) rezpiiio a large extent the conserved aspartate
residue (D108) in the receiver domain of the RRs Itherefore likely that the underlying
mechanism of LgsR activity might be phospho-transf® D108 rather than
phosphatase/hydrolase activity of the phosphomlatéKs. Binding of LgsR to the
phosphorylated sensor kinases might also promatéoguational changes of the HK and
thereby promote phosphate hydrolysis, as the bgsRmutant protein that cannot accept
the phosphate group still showed residual dephagfatmn activity (Fig. 18 and Fig. 25).
Upon phosphorylation by acetyl phosphate homogdpausnomeric LgsR quantitatively
dimerised (Fig. 19). In addition, phosphorylaticgpdndent dimerization of LgsR was also
promoted by phospho-LqgsT, providing a direct fumél link between the sensor kinase and
the response regulator (Fig. 23 and Fig. 24). Dicn@nd monomeric LqsR were separated
by analytical gel filtration (Fig. 23). Interestiyg compared to negative controls, Western
blot analysis of column fractions correspondinghie LgqsR dimer not only revealed more
LgsR of an apparent molecular weight of 40 kDa, &lsb an additional band at 80 kDa
(Fig. 24). This band was observed upon incubatiohgsR with LgsT/ATP or with acetyl
phosphate, but neither upon incubation of Lgsk with LgsT/ATP nor of LgsR with
LgSTh20ad ATP. The 80 kDa band may represent dimeric LgsR gereetateohosphotransfer
form phosphorylated LgsT to the aspartate residuehe RR. Remarkably, the dimer
formation seems to be so stable that it is preseexeen under the reducing SDS-PAGE
conditions.

Phosphorylation-induced conformational changes,dirgerisation or oligomerisation, are a

characteristic feature of response regulators i6.TY®t, the output domains of RRs exhibit a
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high structural and functional diversity optimizéar various effector functions such as
DNA-binding, expression of enzymatic functions (@ain, 2010, Gao & Stock, 2010, Gao
et al., 2007) (Section 1.1.2.2). Whereas the output donodihgsR does not show any
similarity to known domains, the observed dimer@atof the protein is in agreement with
the notion that it is a response regulator, and,thgsR represents a prototypic member of a

novel family of response regulators.

Fig. 30: The L. pneumophila Lgs system and the LAI-1 signalling circuit. The L. pneumophila Lgs
(Legionella quorum sensing) system consists of the autoinducer synthase LgsA producing the
a-hydroxyketone signalling molecule LAI-1 (Legionella autoinducer-1), the homologous sensor kinases
LgsS and LgsT, and the prototypic response regulator LgsR. Phosphorylation converges on LgsR,

resulting in dimerization of phospho-LgsR.

Environmental bacteria, includirigegionellg PolaromonasBurkholderia, Nitrococcusnd
Vibrio spp., contain quorum sensing systems homologougstCqgs (Tiaderet al., 2010a,
Hornunget al, 2013) (Section 4.2). THgs cluster system is the only one which additionally
encodes an HdeD homologue of unknown function @naet al., 2008). The sensor kinase
adjacent tohdeD, IgsS is not autophosphorylated upon ectopic expressioB. coli, in

contrast to the orphan gene product LqsT (Fig. Perhaps, LgsS requires an additional
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L. pneumophilafactor such as HdeD to become autophosphorylakéalvever, our
preliminary attempts to show an effect of HdeD omophosphorylation of LgsS were not
successful.

In summary, we identified LqsS and LgsT as sensstidine kinases, which both interact
with and are dephosphorylated by LgsR, a putattgpanse regulator that dimerises upon
phosphorylation. Our investigations form the bésidurther biochemical characterisation of

the unique Lgs system.

4.2 LgsR structure analysis

Homologues of thé&gsR gene, present in tHe pneumophildgs cluster, can be found in the
genomes of four further genera of environmentaltdyé; Nitrococcus, Burkholderia,
PolaromonasandRalstonia(Tiadenet al.,2007) (Fig. 31). The clustering of the autoinducer
synthase, sensor kinase and response regudatonserved in bacterial species that harbour
an LgsR homologue, suggesting an evolutionarilyseoved functional correlation between
thelgsR lgsAandigsSgenes (Tiadept al.,2010a, Tiadeet al.,2010b).

LgsR harbours a signal receiver domain in the iteal part (amino acid 77-157) which is
homologous to the RR CheY from. coli (Fig. 31). Receiver domains of RRs are
conformationally dynamic, and phosphorylation shtfie equilibrium from an inactive to a
primary active conformation. In case of LqsR, phwsplation during signal transduction at
the conserved aspartate residue, D108, promotefothmtion of a homodimer, which is
probably the active form of the RR. Phosphorylatdthe RR does usually not substantially
change the secondary structure, rather the secprstancture elements are slightly
repositioned, causing backbone deviations of a &gstroms. However, these changes
dramatically affect the molecular surface, alteribagh topological and electrostatic features
(Stock et al., 2000). The phosphorylation-induced conformatiochlanges provide a
molecular surface in the regulatory domain of RRtgns for multiple protein-protein
interactions with HKSs, auxiliary phosphatases ommponents of the transcriptional
machinery (Stock & Guhaniyogi, 2006). The LgsR reee domain contains a putative
intermolecular recognition site (5 amino acids; MRJIDG) for the recognition of
corresponding unknown interaction partners (Fig.. 33sR contains a further conserved
residue, K157, which is homologous to one of thresidues (KPV) in then4-f5-05
interdomain surface of CheY. These conserved amtns commonly represent the locus of

the largest differences between inactive and acirdormations, providing the surface that
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mediates dimerisation of receiver domains in thevastate of CheY, and other RRs such as
DrrB, DrrD, and MtrA (Barbieriet al, 2010). Thus, this region could indicate a possibl
dimerisation site in LgsR.

The C-terminal part of LgsR does not show any siriti to known domains, like the DNA-
binding helix-turn-helix motif, and thus, LgsR repents a prototypic member of a novel

family of response regulators.
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Fig. 31: Structural analysis of the L. pneumophila response regulator LgsR. A. Alignment of
LgsR homologues. LgsR from Legionella pneumophila (LgsR-Lpn), Nitrococcus mobilis (NgsR-Nmo),
Burkholderia xenovorans (BqsR-Bxe) and Polaromonas naphtalenivorans (PgsR-Pna) were aligned
using the CLUSTALW algorithm. Identical amino acids are shaded in black. The conserved aspartic
acid residue, D108, in LgsR (orange star), the intermolecular recognition site (green stars) and the
dimerization interface (blue star) are marked within the response regulator receiver domain identified
by the NCBI conserved domain database. B. Structural organisation of LqsR. C. Putative 3D structure

design of LgsR using UCSF Chimera program.

4.3 Influence of LAI-1 on QS signalling

In L. pneumophilaQsS signalling relies on two sensor kinases, Lqe$lagsT, which sense
the autoinducer LAI-1 and whose signal transducpathway converges on the RR LgsR
(Section 4.1). We were able to reconstruct the plogsphorylation pathwai vitro using
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inverted membrane vesicles containing LgsS and Ldsfived fromL. pneumophila,
together with the purified downstream RR LgsR (bect.1).

As the structure of LAI-1 is known, LAI-1 and a s#tligands including Amino-LAI-1 as
well as CAI-1 and Amino-CAl-1 were produced as eitracemic mixtures or as enantiopure
compounds (Dr. D. Trauner, Dr. C. Hedberg, Dr.chulz).

Thus, we discovered that LAI-1 binding regulates wmilar extent the autophosphorylation
of the sensor kinases LgsS and LgsT at H200 andl H2€pectively (Fig. 26A and B), and
that this inhibition was dose dependent (Fig. 26&)thermore, LAI-1 has an inhibiting
effect on the kinase activities of LgsS and Lgsm¢ce autophosphatase activity and LgsR-
dependent dephosphorylation were not affecteddantl binding (Fig. 28 and Fig. 29).
Autophosphorylation of HKs in our experiments wasver completely impaired by LAI-1
at any time or concentration (Fig. 26), in agreehwdth the assumption that the Al does not
act as a switch for the on/off state of LgsS andTLdout rather as a fine-tuning compound
for the initial autophosphorylation and subsequerdspho-LgsR concentration in the signal
transduction cascade. During the transition forrw Ito high cell density the altered
autophosphorylation activity affects phospho-LgsBneayation, in turn regulating the
transcription of target genes and QS-related pease¢Tiaderet al., 2007, Kessleet al.,
2013) (Fig. 32). Thus, rapid phosphorylation of Rgs expected to occur when LAI-1
disappears (Fig. 32). This Al inhibitory mechanisinthe senor kinases is consistent with
previous results of the QS systemMibrio spp.,where CAI-1 regulates the CgsS receptor
(Wei et al.,2012, Henke & Bassler, 2004). It further suggésas the ligand binding induces
a conformational change in the sensor kinases wdiighs the interaction between the CA
and DHP domains (Stockt al., 2000, Neiditchet al, 2006, Borkovich & Simon, 1990)
(Section 1.1.2.1). Thus, the presence of LAI-1 irgpaew rounds of autophosphorylation of
LgsS and LgsT.

Our experiments revealed a constant, but slow hotghatase activity of phospho-LgsR
which showed a half-life of 6 hours (Fig. 19). Thisphosphorylation ensures the reduction
and thereby inactivation of phospho-LgsR. In gehdraf-lives of RRs correlate with their
function in cellular processes, e.g. the chemoteeggilator CheY irkE. coli has half-life of
only 10 seconds, as bacteria have to change themtation quite rapidly (Lukatt al.,1992,
Stock et al., 1991), whereas RRs that control long-term processech as antibiotic
resistance show a much higher phospho-stability\éagR inE. coli has an estimated half-
life up to 13 hours (Haldimanet al.,1997). LgsR triggers the transition from the regtive

to the transmissive growth phaselofpneumophilgSection 1.2.1), thus for this scheduled
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process a very short-lived phospho-RR would berobste, whereas a persistent phospho-
RR is permissive.

The model we postulate for the Lgs system is basedour biochemical studies and
quantitative real-time (QRT)-PCR data (Kessttral., 2013). It compromises three states
corresponding to three different growth phases.(BR). In the early exponential growth
phase (Okho 0.5-2) IgsR expression starts time-delayed befdgsS, whereas thdgsT
expression stays constant. Under these conditioaslynLgsT is present and may
phosphorylate LgsR to a low level. Thus, LgsR isniyainactive and replicative traits of
L. pneumophilaare promoted (Fig. 32).

At the beginning of the post exponential growth ggh&ORQoo 2-3) Al-synthase production
and consequently also the LAI-1 concentration vg. l&s the inhibition of the sensor kinases
is dose-dependent (Fig. 26C), both sensor kinasgshm autophosphorylated to a relatively
high level and transfer phospho-groups onto LgsRaddition, the expression &fsSand
lgsT are negatively correlated. As LgsS concentrat®high and the sensor kinase binds
LgsR with a higher affinity than LqsT (Fig. 16)ig likely that more phospho-groups are
transmitted to LgsR by the sensor kinase LgsS @Y. AlthoughlgsT expression is six-fold
lower thanlgsS LgsT is stronger autophosphorylated than Lgs§. (B4) and therefore may
also contribute to LgsR phosphorylation. In theelgiost exponential growth phase
(ODe0o 3-4) LgsS and LgsR levels decrease, but withdhg half-life of phospho-LgsR, the
amount of active LgsR is maximised and stays comstaducing the expression of
L. pneumophilavirulence traits (Fig. 32). In the stationary gtbwphase the LAI-1 level
maximises, which triggers the inhibition of new inds of sensor kinase autophosphorylation
(Fig. 26), leading to progressive inactivation loé tRR due to its own phosphatase activity
(Fig. 32).

To see an effect on the QS systenvitro, relatively high amounts of LAI-1 (500 uM) were
needed (Fig. 26-29), while inn vivo experiments low, physiologically relevant,
concentrations between 10-50 puM LAI-1 showed areatffon L. pneumophila(Aline
Kessler, unpublished data). This might be due ¢oattcessibility of the sensor kinases, as in
ourin vitro system the sensory domain lies inside the invartethbrane vesicles. Although
LAI-1 is a small molecule it is quite hydrophobmvhich may lead to only a fraction
transiting the membrane to reach the sensory d@nAsother mechanical treatments of the
MVs together with LAI-1 (freezing and thawing, scation) did not increase the inhibitory
effect on the autophosphorylation of the sensoades, it may also be the lack of sensitivity

due to an artificial system. Since other publiaagiosuch as Weet al., 2012 utilized the
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same ligand concentration (500 uM CAI-1) for techoleraeCgs QS systenn vitro, it
seems to be less an Al-specific feature than a comemperimental problem.

We further analysed the ligand receptor speciésitof the LgsS and LgsT sensor kinases in
detail (Fig. 27). The results suggested that tseeteLAl-1-related autoinducers decreased
the phosphorylation of LgsT and, to a lesser exteémsS, whereas CAl-1-derived
autoinducers have an antagonistic effect on Lgs&dd, the differences between LgsS and
LgsT seem to reflect their function as, at leastlpaantagonistic sensors (Kessktr al.,
2013). ThelgsT andlgsS genes are reciprocally expressed in the post-e@h growth
phase olL. pneumophilaand 90 % of the genes that are up-regulated serade ofqsSare
down-regulated irL. pneumophiladackingIgsT. The existence of two homologous sensor
histidine kinases with antagonistic roles represemtnovel feature of quorum sensing
circuits. As phosphorylation signalling through sbeantagonistic sensor kinases converges
on LgsR, the kinases probably bind and interadedihtly with the response regulator,
signal to common as well as diverse response regsajaand respond contrarily to agonists
and antagonists.

A detailed description of a complex regulatory eystike the QS system af pneumophila
requires information of every individual componemicluding its spatial and temporal
organization. Each component in the system reptesenindividual protein module, any one
of which can exist in several different statesetattions between the components occur
continuously; interference at any point can chatingeaverage state of a given component
over time. Our biochemical studies provide moleculetails for the reconstruction of the
Lgs systemin vitro. Among QS systems the organization of Lgs systeems to be unique
as it includes two homologous sensor kinases, laygb LgsT (Kessleet al., 2013). In

L. pneumophila phosphorylation signalling through these histdikinases converges on
LgsR. Analogously, irVibrio spp. two or even three different autoinducer systbased on

a acyl-homoserine lactone, the furanosyl boratsteieAl-2, and am-hydroxyketone signal,
converge on LuxO to regulate virulence and othaitsr(Miller et al., 2002, Henke &
Bassler, 2004, Ng & Bassler, 2009, Tiadsral.,2010a). Ad.. pneumophilaapparently does
not to produce the commonly known acyl-homoseraetones (AHL) or the furanosyl-
borate-diester (Al-2), and only uses the AHK si¢inglmolecule LAI-1, a unique and more
complex regulatory mechanism might be required niegrate distinctu-hydroxyketone
signals, to accommodate different signalling thobd$, and/or to promote antagonistic

responses.
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Fig. 32: L. pneumophila Lgs QS system at early, post exponential and stationary growth phase.
At low cell density, the response regulator LgsR is mainly inactive promoting L. pneumophila
replicative traits and competence. At post exponential growth phase both sensor kinases LgsS and
LgsT, phosphorylate LgsR, causing dimerisation and activation of the RR. This triggers expression of
L. pneumophila virulence traits. At stationary growth phase the phospho-LuxR concentration slowly
decreases as autophosphorylation of the sensor kinase reduces upon interaction with LAI-1 and due

to LgsR phosphatase activity, OM = outer membrane, PP = periplasm, IM = inner membrane.

4.4 Lgs cluster distribution

TheLegionellaquorum sensindds) cluster was identified via a bioinformatic anasysf the
L. pneumophilagenome, screening for homologues of Yherio choleraequorum sensing
systemcqsAS(Tiadenet al., 2007). It is present in all. pneumophilastrains sequenced to
date: Philadelphialgg2731 to 1pg2739, Paris [pp2787 to Ipp2790Q, Lens (pl2656 to
Ipl12659), and Corby Ipc0402-1pc0401-Ipc0399-Ipc03vqTiaden et al., 2008). The Lgs
cluster comprises four genelklgA-IgsR-hdeD-1g9S of which three are involved in the
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composition of the signal transduction pathway wiiile function of HdeD in the Lgs system
or elsewhere remains still unknown (Tiadennal., 2007). Each gene in the Lgs cluster is
expressed under control of its own promoter. Thsteking and orientation of thgsA-IqsR-
lgsS genes are conserved among different bacterialiegpe@nd therefore indicate a
functional relationship of the individual genesgdenet al.,2007) (Fig. 33).

The Igs cluster of L. pneumophilaPhiladelphia is flanked by several genes encoding
components of the bacterial inner membrane regpyrathain. The 5° upstream region
harboursdsbH (Ipg2729, encoding a putative disulfide oxidoreductasel cycB (Ipg2730,
encoding cytochrome c5. The 3" downstream regioaias an operon that includes the four
ORFs Ipg2735 to 1pg2738 encoding the heme biosynthesis proteins porpinoigén
deaminasehnemQ@, uroporphyrinogen Ill synthetasegmD), uroporphyrinogen Il methylase
(hemX, and protoporphyrinogen IX and coproporphyrinogi¢éroxidase bemYy (Tiadenet

al., 2008).

In contrast toL. pneumophilawith its single Lgs systenly. choleraepossesses two QS
systemsgqsASandluxPQS Accordingly,V. choleraeproduces two autoinducers CAI-1 and
Al-2. CAI-1 is made by alVibrios and thus is used for intra-genera communication. B
contrast, Al-2 is made and detected by a vast afégncterial species, and thus, Al-2 is used
for inter-genera communication (Bassler & Losick08). As LAI-1 is only produced by
L. pneumophilait seems likely that LAI-1 is used for intra-spexicommunication. The
differential production of Als might reflect the @utionary adaption to distinct lifestyles of
LegionellaandVibrio. While Legionellaspp. can colonize extracellular niches such asimult
species biofilms, their preferential environmentadhe is, as an intracellular pathogen, the
amoebal fauna of biofilms (Hilket al., 2011b). Consequently, intracellular pneumophila
might avoid the competitors which would normally le@countered in nutrition-rich
extracellular ecological niches, and accordinglgyrhave lost or never acquired QS systems
that support broad inter-species communication d@ma & Hilbi, 2012b). This is in
agreement with the hypothesis that inter-speciestonication systems are not essential for
intracellular bacteria, as no species other thapneumophilgpossess thks system (Spirig

et al.,2008a, Cazaleadt al, 2010, Tiaderet al.,2010a).
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Fig. 33 : Alignment of homologous quorum sensing gene clusters. QS gene clusters form
L. pneumophila (Igs, Legionella quorum sensing), N. mobilis, B. xenoverans, P. naphtalenivorans and
V. cholerae are shown. The percent identity with the corresponding L. pneumophila proteins is

indicated. Model adapted from previous publication (Tiaden et al., 2007).

The lgs genes are located in a genomic regior..opneumophilahat seems to represent a
hot spot for recombination, as the corresponding & L. longbeachaeharbours a
homologue of the putative effector gelegG2 (1100327, Ipg026Y. This gene is flanked by
transposase elements and localizes upstream ofmalbgue ofE. coli hdeD(Tiaden &
Hilbi, 2012b).L. pneumophildikely acquired thdqsA-lgsR-lgsSluster by horizontal gene
transfer from other environmental bacteria, such Nisrococcus Burkholderia or
Polaromonasspp., which also harbour gene cluster homologudgséfandlgsS(Tiaden &
Hilbi, 2012b, Tiadenet al., 2007) (Fig. 33). Interestingly.. pneumophilais the only
bacterium where an additional gemheleD is present in the Lgs cluster, where it intersupt
the otherwise convergently transcriblgdSandlgsR genes (Tiadewt al., 2007) (Fig. 33).
ThelgsSandIgsR genes might originate from a largegsSlike ancestor gene, which was
split by the residenihdeD locus by recombinatory events that integratemtjslike cassette
into theL. pneumophilagenome (Tiaden & Hilbi, 2012b). The prevalencepafative Al
synthases and sensors suggests that intra- and-spgeies AHK-based cell-cell

communication is wide-spread among bacteria.
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4.5 Quorum sensing inhibition

Quorum sensing is a well documented, wide-spreadharesm for gene regulation and
coordination of bacterial behaviour on populati@vel, used by bacterial pathogens for
regulation of invasion, defence and spread. Dueh&o ongoing evolution of antibiotic-
resistant pathogens, the interest in alternatieeajeutic strategies has increased immensely
over the last years. Identification of autoindudiiat regulate QS-dependent processes, and
also chemical compounds and enzymes that promateigusensing inhibition (QSI), could
be used to manipulate bacterial processes, eslyeg&hogenic traits that endanger human
health and productivity of animal breeding and agture (Fig. 34). As all QS systems have
been found to share three processes; namely spyoduction, signal accumulation and
signal detection, QSIs can target at least ondedd (LaSarre & Federle, 2013). Blocking
cellular communication by QSI serves as an effectactic to disrupt cooperative actions of
bacterial populations.

One of the most-studied QSI strategies is the diegian of autoinducer molecules through
enzymatic inactivation. Quorum quenching enzymesespecially known to target the class
of acylhomoserinelactones (AHL), inactivating thésy enzymatic cleavage. The three
known classes of AHL cleaving enzymes are lactm)aseylases and oxidoreductases (Dong
et al, 2001).

In addition to enzymatic inactivation, signal sesfugtion by antibodies has been
investigated recently. Here, monoclonal antibodageting thePseudomonas aeruginosa
AHL 3o0xo0-C2-HSL inhibited QS signallingn vitro, suggesting a therapeutic potential for
this approach (Kaufmanet al, 2006). Antibody-complex formation of QS moleculagght

be of therapeutic benefit by targeting two routes, by inhibiting activation of QS cascades
and the production of virulence factors, and/or gmgventing AHL-induced host cell
cytotoxicity (Kaufmanret al, 2008).

Furthermore, the use of Al antagonists can intslgihal detection and thus the induction of
QS-regulated processes such as biofilm formatiah\arulence traits (Lyoret al, 2002).
The underlying principle involves the production @admpounds whose structures diverge
from the natural Al, but still bind to the corresigling sensory receptors of pathogens. This
generates non productive signal-receptor complexes thus blocks the downstream QS
pathway. For Als such as AHL &f. aeruginosamolecules that show no obvious similarity
to the Al were identified byn silico analysis, which bind to the same protein pockehas
AHL (Muh et al, 2006).
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An alternative and less studied approach is thiitnitn of Al synthesis. Suppression of Al
production could theoretically be achieved eithleroigh suppression of the substrate
biosynthesis pathway, or via inactivation of a &ase enzyme (LaSarre & Federle, 2013). In
the Gram-negative pathogenic bacteriBorkholderia glumad¢he AHL signalling molecule

is produced by the Al synthase Tofl. Here a stromrgbitor, J8-C8, was identified which
competitively occupyied the binding site for theylachain of the Tofl cognate substrate,
acylated acyl-carrier protein (Chuegjal, 2011).

Signal reception

Al binding Al antagonists

Enzymatic - >
cleavage ﬁ’ .
O

" ) £ AR
Signal degradation Signal sequestration
O
0®.® ®
o+ ©
Transporter
inhibition

)l Sensor
kinase

Response
regulator

Target genes

Blocking
Al synthesis

Al synthase

Signal generation

Fig. 34: Overview of quorum sensing inhibition strategies. Signal transduction in QS systems
depends on autoinducer molecules (Al) and can be disturbed by either blocking the signal generation
or inhibiting the signal reception. The Al production can be directly blocked by inhibition of the Al
synthesis pathway. Furthermore the release of Als, which can not diffuse through the bacterial
membrane, can be inhibited by inactivation of the corresponding transporter. QS-active bacteria are
susceptible for quorum guenching mechanisms like enzymatic inactivation of autoinducers (Al), signal
sequestration through antibodies and inhibition of bacterial signal detection by Al antagonists. Model
adapted from previous publication (Whitehead et al., 2001).
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Since the initial discovery of quorum sensing ow years ago, the fundamental
understanding of QS systems has increased sigmiffcaNew QS systems and signal
molecules have been identified, additional infoioratabout the mechanistic mode of
operation of QS systems has emerged, and the @dtehtquorum sensing inhibitors has
been discovered. Prophylactic antibiotic use in &osp as well as the general misuse of
antibiotics in livestock, have certainly contribdtéo increasing bacterial resistance rates
(Bartlett et al, 2013), and the pharmaceutical and biotechnolagyppanies mostly lack
novel antibiotic compounds (Bush, 2012). Howeveraatibiotic resistance development is
unavoidable, it might be the time for consideratdmew antimicrobial strategies directed at
the neutralization of virulence mechanisms ratheat tdirectly targeting the viability of
pathogens (Zhu & Kaufmann, 2013). Quorum quenchstrgategies might become an
effective alternative either as a single therapeapiproach or in combination with antibiotics

for infection prevention and contagion treatment.
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