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. Introduction

1. Cell-to-cell communication

Environmental sensing systems that enable bacteria to monitor their own population density
to subsequently synchronize group behavior are termed quorum sensing (QS) systems. This
cell-to-cell signaling process conveys by small chemical molecules the status of the single
cell and its extracellular environment to the population, allowing bacteria to collectively make
decisions with respect to gene expression (Fuqua et al. 2001; Miller and Bassler 2001).
Essential components of the QS circuits are small, diffusible signaling molecules, called
autoinducers (Al), which are released by diffusion or active transport into the environment
and sensed by surrounding bacteria (Redfield 2002). The accumulation of a threshold
autoinducer concentration in the extracellular environment has two consequences: First, Als
bind to a regulator protein leading to a population-wide alternation of gene expression and
secondly, Al uptake results in a positive feedback loop, increasing the production of signal
molecules (Waters and Bassler 2005; Gonzalez and Keshavan 2006). Since such vital
biological functions as virulence, plasmid transfer and/or biofilm formation coordinated by QS
are unproductive when accomplished by an individual bacterium, they require a concentrated
action of numerous cells to become effective (Henke and Bassler 2004), which is
accomplished by cell-to-cell communication using Als. Until today many structurally diverse
QS signals have been described which can be distinguished into intra- and interspecies Als.
Various Gram-negative bacteria rely on N-acylhomoserine lactones (AHLS), representing the
most prevalent and best studied class of Al-1. AHL structures have a common homoserine
lactone (HSL) ring moiety and an acyl side chain varying in length (ranging from 4 to 14
carbons) and substituent on the third carbon (Fuqua et al. 2001). In contrast, small modified
oligopeptides facilitate QS in Gram-positive bacteria such as Bacillus subtilis and
Staphylococcus aureus by interaction with a two-component histidine protein kinase signal
transduction system (Grossman 1995; Yarwood et al. 2004). The autoinducer 2 (Al-2)
represents a species nonspecific class of signal molecules found to be produced by a wide
range of Gram-negative and Gram-positive bacteria. Based on this fact the novel furanosyl
borate diester is proposed to be a universal signal of interspecies cell-to-cell communication
(Xavier and Bassler 2003). Finally, the aromatic autoinducer 3 (Al-3) together with eukaryotic
cell signals represent the hormonal interkingdom signaling between microbes and their

hosts. A closer look on the accepted QS circuits will be given in the following.
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1.1. AHL-dependent QS mechanisms of Gram-negative bacteria

Investigations on AHL-dependent QS mechanisms were initiated over forty years ago by
studies of Nealson and coworkers on cell density dependent bioluminescence regulation in
the marine bacterium Vibrio fischeri (Nealson et al. 1970). The luciferase operon luxCDABE
encodes for enzymes responsible for the light production in light organs of squids and is
regulated by two main proteins: Luxl, an AHL-synthase and LuxR, an autoinducer receptor
protein. Deduced from the bioluminescence regulatory network, this QS process is
considered to be the paradigm for most Gram-negative bacteria. AHL-specific QS in these
bacteria involves the two mentioned components. The AHL-synthase, a Luxl homologue
which constitutively produces the autoinducer 1 at low levels, requires for its synthesis
S-adenosylmethionine (SAM) and fatty acyl carrier proteins (Acyl-ACP) (Hanzelka and
Greenberg 1996). After reaching a critical threshold concentration, Al-1 associates with its
AHL response transcription factor, a LuxR homologue. This LuxR-AHL complex binds to
DNA promoter sequences (called lux boxes), induces the AHL synthase creating a positive
induction loop as well as regulates the expression of QS target genes (Waters and Bassler
2005). Since the initial description of the luciferase operon, AHL-mediated QS including
homologs of LuxR/Luxl has been demonstrated in over 70 different Gram-negative bacteria
(Czajkowski and Jafra 2009) and is perhaps present in many more. Beside free-living
bacteria, QS mechanisms were also associated with microorganisms living in symbiosis with
higher organisms, such as humans and plants. In this context, the intricate signaling between
rhizobial symbionts and their host was intensively studied, as different symbiotic processes
were connected to the complex QS network (Wisniewski-Dye and Downie 2002; Marketon et
al. 2003).

1.2. Peptide-mediated QS in Gram-positive bacteria

Gram-positive bacteria employ a common cell-to-cell signaling structure using small,
modified oligopeptides to coordinate such processes as virulence response in
Staphylococcus aureus (Yarwood et al. 2004) and genetic competence in Bacillus subtilis
(Grossman 1995). The signal molecules also termed autoinducer polypeptides (AIPs) are
synthesized in the cytoplasm as precursor peptides are then further modified and
subsequently exported from the bacterium by ABC-transporters (Taga and Bassler 2003).
The concentration of AIPs in the extracellular surroundings increases as a response to
changing environmental conditions and as a function of cell density. Subsequently, the AlPs
are recognized by membrane-bound receptors of a two-component signal transduction
system (Kleerebezem et al. 1997; Federle and Bassler 2003). These sensor kinases detect

and transmit the extracellular information (AIPs) by a phosphorylation cascade to response
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regulator proteins. When phosphorylated, this response regulator binds to promoter DNA and
alters the transcription of QS controlled target genes. Similar to the AHL-driven QS circuit,
the fundamental two-component QS circuit among Gram-positive bacteria is conserved.
Nevertheless, adaption to certain environments entailed many differences in the regulation of

the AIP signaling mechanism (Lazazzera and Grossman 1998; Miller and Bassler 2001).

1.3. Interspecies cell-to-cell communication

Beyond intraspecies communication, the discovery of the Al-2 signaling molecule postulated
the presence of a communication between bacterial species. Evidence came from initial
genetic analyses of the marine bacterium Vibrio harveyi which revealed a hybrid QS system
controlling the bioluminescence by two different Als (Bassler et al. 1994). Interestingly its QS
circuit comprises components found in Gram-negative and Gram-positive QS systems. The
genome of V. harveyi harbors genes attributed to production (LuxLM) and recognition of
AHL-like Als (LuxN). The AHL synthase LuxM does not share homologies to Luxl-type
proteins however, its biosynthetic pathway is identical to Luxl synthases. The Al-1 molecule
is recognized by a two-component sensor kinase termed LuxN (Ng and Bassler 2009). In
contrast, the recognition of Al-2 demands for two proteins: LuxP a periplasmatic binding
protein which associates with Al-2 and further connects to LuxQ (hybrid sensor kinase) to
transmit the Al-2 signal. The sensor information from LuxN as well as LuxPQ is channeled to
a complex phosphorelay system, transferring the signal from the shared receptor LuxU to the
response regulator LuxO. At a low cell density (Als are absent) LuxO is present in the
phosphorylated form, repressing the expression of luxCDABE genes, at high cell densities
unphosphorylated LuxO activates expression of those genes, which results in production of
light (Bassler et al. 1993; Federle and Bassler 2003; Reading and Sperandio 2006). The
assumed “species-nonspecific” Al-2 signal molecule is produced by the LuxS synthase,
which constitutes a complex biosynthesis pathway where the precursor DPD (4,5-dihydroxy-
2,3-pentanedione) is spontaneously cyclized to form a furanone ring formation including the
active Al-2 (Czajkowski and Jafra 2009; Schauder et al. 2001). Detailed sequence analyses
of different bacterial genomes uncovered the presence of highly conserved luxS homologues
in numerous microorganisms and many species have been shown to constitute Al-2 activity
(Miller and Bassler 2001). The production and response to Al-1 was observed in only closely
related species of V. harveyi, whereas Al-2 and its luxS synthase were found in a wide
variety of Gram-negative and Gram-positive bacteria, suggesting that Al-1 mediates
intraspecies communication and Al-2 could be a common mechanism employed for

interspecies cell-to-cell communication (Schauder et al. 2001).
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1.4. Interkingdom signaling systems

Coordination of gene expression within a population by bacterial QS signaling is not
restricted to a conversation between bacterial cells but also enables communication between
bacteria and their hosts. This interkingdom signaling is accomplished by means of a
hormone-like autoinducer (Hughes and Sperandio 2008). Studies on expression of virulence
genes in food-borne pathogen enterohemorrhagic E. coli (hereafter EHEC) serotype
0157:H7 could reveal a molecule controlled by LuxS, being not similar to Al-2 (Walters et al.
2006). EHEC produces a previously not described aromatic autoinducer (Al-3) which is
chemically distinct from Al-2. Surprisingly, continuative studies uncovered that EHEC luxS
mutants were able to respond to eukaryotic cell signals present in the gastrointestinal tract
and could further activate the expression of virulence genes (Kendall et al. 2007; Sperandio
et al. 2003). These signals identified as mammalian hormones epinephrine and
norepinephrine have shown to cross communicate with Al-3. Both QS signals are sensed by
a two-component signal transduction system, the sensor kinase QseC which phosphorylates
QseB and activates expression of the flagella regulon. Another two-component transduction
system (proposed to be QseEF) senses these signals, transmitting the information to
transcriptional factors (QseA and QseD) which induce regulation of pathogenicity islands
required for the production of toxins and attaching/effacing lesions (Reading and Sperandio
2006; Walters and Sperandio 2006). These findings suggest a link between the bacterial cell-
to-cell communication mediated by Al-3 and the eukaryotic cell-to-cell signaling mediated by

hormones by which microbes and host cells can establish a beneficial communication.

1.5. Quorum sensing in rhizobia

AHL-based signaling mechanisms enable bacteria to sense their local environment to
coordinate certain genes. Such a synchronized gene expression is of great importance in
particular for bacterial symbionts and pathogens. The successful infection of eukaryotic hosts
as well as the ability to establish an effective symbiosis with plant hosts requires
QS-dependent signaling (Bauer and Mathesius 2004; Loh et al. 2002b; Wisniewski-Dye and
Downie 2002). One emerging research field concentrates on plant-associated bacteria living
in a pathogenic, nonpathogenic or symbiotic interaction with eukaryotic hosts. Beside the
opportunistic human pathogen Pseudomonas aeruginosa (Passador et al. 1993), plant
pathogens like Ralstonia solanacearum (Flavier et al. 1997), Erwinia carotovora (Pirhonen et
al. 1993) and Agrobacterium tumefaciens (Zhang et al. 1993), different members of the
family Rhizobiaceae forming symbiotic nodules on leguminous plants are of special interest
(Brelles-Marino and Bedmar 2001). Most QS circuits found in these symbiotic rhizobia are

similar in structure however, the subordinated genes mediating physiological processes are
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diverse. In addition, these underlying signaling systems are often complex due to
incorporation of multiple AHL synthase and response proteins and their organization in a
regulatory hierarchy (Soto et al. 2006). Several representatives among the Rhizobiaceae
prevalently using QS systems for signal communication were studied in more detail, like
Rhizobium leguminosarum bv. viciae, Rhizobium etli CNPAF512 and CFN42, Sinorhizobium
meliloti, Bradyrhizobium japonicum (for a detail review see Gonzalez and Marketon 2003 and
Wisniewski-Dye and Downie 2002). An outstanding and unique candidate is portrayed by
Rhizobium sp. NGR234 (hereafter NGR234) forming nitrogen-fixing nodules with over 120
genera of legumes (Pueppke and Broughton 1999). Detailed analyses of NGR234’s genomic
information revealed among striking secretory and transport associated features a cluster of
gene homologs to QS components (tral-trb operon) of A. tumefaciens (Freiberg et al. 1997).
Investigations accomplished with NGR234 tral mutants still producing a compound related to
N-3-oxooctanoyl-homoserine lactone (hereafter 3-oxo-C8-HSL) along with another more
hydrophobic compound, indicated that additional AHL synthases and response regulators
may be present elsewhere (He et al. 2003). The complex regulatory QS present in NGR234
which is connected to symbiosome development, nitrogen fixation as well as nodule

formation is shown in FFigure 1 and serves as a paradigm QS circuit in this chapter.

The QS regulators Tral, TraR and TraM found in NGR234 (Figure 1A) are functional similar
to A. tumefaciens Ti plasmid QS regulators. At a low cell density Tral produces AHL signals,
verified to be 3-oxo-C8-HSL, which are transferred into the environment at a basal
concentration. With an increasing density of a population of NGR234 AHLs accumulate in the
environment until reaching a threshold value. Subsequently, 3-oxo-C8-HSL interacts with
TraR acting as a positive transcription regulator. The TraR-AHL complex binds to DNA
promoter regions and initiatives a positive feedback loop as well as the expression of
conjugal plasmid transfer (trb) genes (Gonzalez and Marketon 2003; He et al. 2003). Based
on the experimental findings of He and colleagues, a recent detailed sequence analysis of
NGR234 genes revealed an additional QS system on the chromosome of NGR234,
composed of Ngrl/NgrR (Luxl/LuxR homologous) and a hypothetical protein. This novel QS
system might be the missing regulatory network responsible for the synthesis/response to a
compound related to 3-0x0-C8-HSL or the long-chain AHL (He et al. 2003).
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Figure 1: Model of QS gene regulation in Rhizobium sp. NGR234. (A) The AHL synthase Tral
(NGR_a04220, red) directs the synthesis of 3-oxo-C8-HSL which associates with the response
regulator TraR (NGR_a04090, blue). TraM (NGR_a04080, green) functions as a suppressor,
preventing TraR from activating target genes under non-inducing conditions. The trb genes
(NGR_a04210-NGR_a04100) are shaded dark grey. The second QS system identified on the
cNGR234 composed of Ngrl (NGR_c16900, red)/NgrR (NGR_c16890, blue) and the hypothetical
protein (NGR_c16910, orange). (B) QS circuit suppressed by activity of TraM. (C) QS circuit under
non-suppressing conditions expressing tral and trb genes.

2. Quorum quenching — The evolutive advantage

The limited availability of nutrients and energy resources in changing and challenging
environments forces the competition in mixed populations of both prokaryotes and
eukaryotes. Gaining the upper hand under such competing conditions could give one
bacterial species an advance over another. Since bacteria evolved the ability to
communicate via diverse QS systems, it is reasonable that these microbes also evolved the
ability to rival with each other by means of QS and the corresponding signal molecules.
Consequently, bacteria emerged various defense strategies to protect themselves as well as
to disarm competitors to colonize nutrient and energy rich niches by efficiently interfering with
the key components of QS mechanisms. This process is termed quorum quenching (QQ).
These anti-QS strategies are also tracked by eukaryotic hosts to fend pathogenic microbes

whose invasion and colonization is QS-regulated. Targets for such QQ process can be either
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AHL synthases which are disarmed and blocked by certain substances, the signal molecule
itself which can be removed/inactivated or the cognate LuxR-type regulator which can be
blocked by mimicries thus inhibit expression of target genes. A range of living organisms,
including bacteria, algae and plants evolved multiple QS interference strategies aimed not to
destroy the competitors or invaders but to impair the expression of certain genes for example
to down regulate expression of virulence genes involved in plant-microbe interactions. The

recently discovered and well studied QQ processes will be described in the following.

2.1. Blockade of autoinducer synthases

Until today only few research groups addressed their investigations to the inhibition of AHL
signal generation. The AHL synthesis involves in the reaction mechanism SAM as a donor
for the HSL ring and acyl-ACP as a precursor of the acyl chain. Extensive studies of the AHL
synthase RhIL (comprised by P. aeruginosa) uncovered analogs of SAM such as S-
adenosylhomocysteine, sinefungin and butyryl-SAM which effectively repress the synthase
action (Parsek et al. 1999). In addition, triclosan inhibits the enoyl-ACP reductase in
P. aeruginosa whose product is one essential intermediate in the synthesis of AHL (Hoang
and Schweizer 1999). Concerning two-component signal transduction systems of Gram-
positive bacteria, phenolic substances such as closantel and RWJ-49815 were found to act
on histidine kinases by structural alternation and further protein aggregation (Stephenson et
al. 2000). Finally, certain macrolide antibiotics such as erythromycin or azithromycin are also
capable to inhibit AHL synthesis, e.g. in P. aeruginosa (Pechere 2001; Tateda et al. 2001),
but it is still unclear how in detail they effect QS -regulated processes.

2.2. Inhibition of autoinducer receptors

Attenuation of competitors by disturbing the crucial signal transmission became a promising
QQ strategy for prokaryotes as well as eukaryotic hosts and was also implemented as a
pharmacological approach to overcome bacterial infections (Givskov et al. 1996). The
suppression of the signal transduction can be achieved by either competitive molecules
which imitate AHL structures and occupy the AHL-binding site consequently not activating
the receptor or noncompetitive molecules which are not similar to AHL structures and bind to
different sites of the receptor. The most intensively studied example are halogenated
furanones which are structural AHL analogs produced by the seaweed Delisea pulchra and
were found to interact directly with LuxR-type receptors. The natural AHL mimics compete
with AHLs for the LuxR Al binding site and after binding accelerate the proteolytic
degradation of the LuxR transcriptional factor (Manefield et al. 2002). This marine alga

D. pulchra produces over 30 different types of natural furanones halogenated by bromide,
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chloride or iodide at various positions which are for example able to disturb the colonization
by marine bacteria (de Nys et al. 1993) or inhibit swarming motility in Serratia liquefaciens
MG1 (Rasmussen et al. 2000). Additionally one representative of these D. pulchra - borne
natural furanones was able to inhibit QS systems based on Al-1 as well as Al-2 in V. harveyi
and E. coli (Ren et al. 2001). Furthermore, in various studies synthetic derivates of natural
furanones revealed an even more pronounced inhibitory effect on QS based communication
in different microorganisms. The imitating AHL structure was evaluated in P. aeruginosa -
E 30/E 56 where the application of the synthetic furanone resulted in a biofilm more
susceptible to antibiotics and SDS (Hentzer et al. 2003; Wu et al. 2004). The filamentous
bacterium Streptomyces antibioticus produces furanone as a intermediate in butenolide
production. These furanone compounds as well as the synthetic derivates were assayed in
Chromobacterium violaceum CV026 and also found to possess an inhibitory effect on the QS
-regulated violacein production (Martinelli et al. 2004). Such synthetic furanones were also
effective in Salmonella enterica serovar Typimurium (Janssens et al. 2008) and

Streptococcus spp. (Lonn-Stensrud et al. 2007).

Beyond structural analogs of halogenated furanones, synthetic compounds modeled on AHL
structures were assayed in various studies where single components, side chains or rings of
common AHLs were substituted by other compounds. Substitution within as well as at the
end of the acyl chain yielded in effective inhibitors of QS (Castang et al. 2004; Persson et al.
2005; Schaefer et al. 1996). Substitution of the HSL ring by alternative ring structures like
phenyl or benzyl compounds turned out to be also very potent inhibiting structures
(Reverchon et al. 2002; Smith et al. 2003). Supplementary, a lot of other chemical
modifications of AHLs were undertaken and employed often yielding in a loss of inhibition but
in most cases delivering an accelerated inhibition of QS (Frezza et al. 2006; Morohoshi et al.
2007; Persson et al. 2005).

Finally, some evidence was obtained on receptor associated interference mechanisms
involved in two-component systems. Analogs of AIPs as well as truncated AIP structures

were found to function like AHL mimics, directly acting on the AIP receptor (Lyon et al. 2000).

2.3. Mechanisms of enzymatic degradation of signal molecules

Since the AHL-driven cell-to-cell communication is widespread and conserved in many
microorganisms, this signaling mechanism is attractive for many QQ targeted processes.
Beside the repression of signal generation and inhibition of signal reception, the inactivation
of the signal molecule itself is a very potent strategy to silence QS. The chemical structure of

AHL signal molecules offers a number of sites that can be enzymatically cleaved or modified:
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Degradation of the HSL ring - lactone hydrolysis mediated by AHL lactonases, cleaving the
acyl chain off the HSL moiety - amide bond hydrolysis mediated by AHL amidases and
finally, modification of the acyl chain - oxidoreduction mediated by oxidases and/or
reductases. These main enzymatic mechanisms are depicted in Figure 2 and are described

in detail in the following sections.

@)

H, or O

S 0
I

> T
.

-

[ee)

Figure 2: Three main mechanisms of AHL degrading enzymes. (A) Mode of AHL lactonase action,
resulting in a hydrolysis of the lactone ring in the homoserine moiety. (B) Mode of AHL amidase
action, resulting in a hydrolysis of the amide bond between homoserine moiety and acyl side chain.
(C) Mode of oxidoreductase action, modifying the acyl side chain by reducing a single/several oxo-
groups, * display radicals.

2.3.1 Signal degradation by AHL lactonases - AHLases

The AHL lactonases hydrolyze the lactone ring in the homoserine moiety of the AHL not
affecting the rest of the molecule (Figure 2A). This ring opening causes an inactivation of the
AHL signal (Dong et al. 2001), thus the signal molecules are incapable of binding to their
target regulator and consequently QS-mediated conversation is blocked. As the
AHLase-driven reaction is identical to the pH-dependent lactonolysis this reaction can be
reversed by acidification (Yates et al. 2002). The first lactonase activity was demonstrated by
AiiA from Bacillus sp. 240B1 and was found to hydrolyze a range of AHLs varying in chain
length (C4 - C14-HSL) and substitution at C; position (Dong et al. 2000). The research group
proposed AiiA as a member of the metallohydrolases [EC 3.5.-.-]. At this time, sequence
alignments did not reveal significant similarities to known enzymes but indicated the

presence of two main amino acid motifs among the AiiA sequence.
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The first motif “***HXHXDHAG'"” which was found to be conserved within metal-dependent
B-lactamases [EC 3.5.2.6] and the second region ““®HTPGHTPGH'"®" was similar to the
zinc-binding motif of metal-dependent hydrolases (Dong et al. 2000). During recent years
more bacteria were uncovered featuring an AHLase activity and surprisingly the conserved
“‘HXHX~DH” region (comprised by AiiA) was found in many poorly related species. Different
alignment studies revealed this short region to be a characteristic of metallo-B-lactamases
[EC 3.5.2.6], glyoxalases Il [EC 3.1.2.6] and arylsulfatases [EC 3.1.6.1]. Metallo-B-
lactamases are hydrolases featuring a binuclear zinc center and additional residues that
coordinate the two zinc atoms which all are invariant in metallo-p-lactamases (Wang et al.
2004). The second pattern “HTPGHTPGH” is moderate conserved among AiiA-related
proteins and is proposed to coordinate the second zinc atom in metallo-B-lactamases,
glyoxalases Il and arylsulfatases. Although the zinc-binding motif is found in a number of
metal-dependent B-lactamases, studies of Wang and colleagues in 2004 indicated that
AHLases are not metalloproteins relying on zinc or other metal ions for activity (Wang et al.
2004). These findings were rather unlikely and in contrast to studies of Kim et al. 2005 and
Thomas et al. 2005 which presented the evidence that AHLases from Bacillus thuringiensis

are in fact metalloproteins requiring Zn?".

Enzymes featuring an AHLase activity are not only limited to Bacillus species. Homologous
of AiiA as well as new lactonase members were identified in microorganisms living in various
habitats like soil, biofilms and plants. A novel class of AHLases was uncovered by studies on
Rhodococcus erythropolis W2, clearly belonging to the phosphotriesterases (PTE) of zinc-
dependent metalloproteins and totally unrelated to published AHLases or AHL amidases.
QsdA was found to exhibit a lactonolytic pathway, consequently extending the number of

AHL degrading enzymes to the PTE family (Uroz et al. 2008).

Beyond lactonases in bacteria, AHL degradation was also observed in eukaryotes. Studies
on mammalian cells revealed a strong AHL inactivation by paraoxonases (PONSs) (Yang et
al. 2005). These PONs are a family of mammalian lactone hydrolases with a distinct
substrate specificity. PON1, PON2 and PON3 are highly conserved (Draganov et al. 2005)
and can use AHL molecules as substrates by hydrolyzing their lactone ring. These findings
suggest that higher organisms like humans and other mammalian species evolved certain
mechanisms to disarm QS-mediated communication, most likely to counteract pathogenic

colonization or invasion.

The subsequent Table 1 summarizes already identified and published AHL degrading

enzymes counted among the AHLases, spanning prokaryotic and eukaryotic organisms.
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2.3.2 Signal degradation by AHL amidases

The enzymatic mechanism of AHL amidases is based on hydrolysis of the amino bond
between the acyl side chain and the HSL moiety in the AHL molecule (Figure 2B). The side
chain is irreversible released from the intact HSL which leads to an inactivation of the signal
molecule and, like in AHLases, to a suppression of QS-mediated communication. There are
many different types of amidases known differing in their substrate specificity for the side
chain. Biochemically these AHL cleaving enzymes are amidases and should consequently
be called AHL amidases [EC 3.5.1.4]. Nevertheless, researches use the term AHL acylases
in this context (Czajkowski and Jafra 2009; Uroz et al. 2009). Shortly after the discovery of
the first AHLase in Bacillus sp., the strain Variovorax paradoxus was found to degrade AHL
molecules, while releasing HSLs it utilized the fatty acids as a sole source of carbon and
nitrogen (Leadbetter and Greenberg 2000). However, the gene responsible for AHL
degradation was not identified until today. After this first AHL amidase determined in
Variovorax, a range of other bacterial amidases were uncovered. Until today, altogether
fourteen AHL amidases have been reported whereas nine have been described in detail
(Table 2).

Table 2: Uncovered AHL amidases found in diverse Gram-negative and Gram-positive strains

Name Species / Source Protein family Reference
AiiD Ralstonia sp. XJ12B Ntn-hydrolase Lin et al. 2003
superfamily
QuiP Pseudomonas aeruginosa PAO1 Ntn-hydrolgse Huang et al. 2006
superfamily
PvdQ Pseudomonas aeruginosa PAO1 Ntn-hydrol:_ase Huang et al. 2003
superfamily
PA0305 Pseudomonas aeruginosa PAO1 Ntn-hydrolgse Wahjudi et al. 2011
superfamily
HacA Pseudomonas syringae pathovar Ntn-hydrol:_ase Shepherd and Lindow 2009
syringae B728a superfamily
HacB Pseudomonas syringae pathovar Ntn-hydrolr_jlse Shepherd and Lindow 2009
syringae B728a superfamily
AhIM Streptomyces sp. M664 Nin-hydrolase Park et al. 2005
superfamily
AiiO Ochrobactrum sp. A44 Carboxylic ester Czajkowski et al. 2011
hydrolases
AiiC Anabaena sp. PCC 7120 NF Romero et al. 2008
Aac Ralstonia solanacearum GMI1000 NF Chen et al. 2009
Unknown | Shewanella sp. MIB015 NF Morohoshi et al. 2007
Unknown | Rhodococcus erythropolis W2 NF Uroz et al. 2005
. Leadbetter and
Unknown | Variovorax paradoxus VAI-C NF Greenberg 2000
Unknown | Comamonas sp. D1 NF Uroz et al. 2007

NF: not found
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Table 2 summarizes the current published and identified AHL amidases. Sequence analyses
of the in detail studied amidase representatives revealed a common characteristic of the N-
terminal nucleophilic (Ntn) hydrolases (Dong et al. 2007; Lin et al. 2003) except of AiiO which
represents a novel class of AHL amidases. The Ntn-hydrolases are known to undergo post-
translational processing into two enzymatically active subunits after cleavage of the signal
(Duggleby et al. 1995; Oinonen and Rouvinen 2000). Only seven AHL amidases share this
post-translational modification pattern as well as other conserved regions comprised by most
Ntn-hydrolases like penicillin or cephalosporin amidases. To date no sequence alignment of
the remaining five amidases was accomplished in order to uncover similarities to Ntn-

hydrolases.

2.4. Modification of AHL signal molecules by oxidoreductases

The chemical structure of AHL signal molecules provides a third way of AHL modification
which is mediated by oxidoreductases [EC 1.-.-.-.]. These enzymes target the acyl side chain
itself by oxidative or reducing activities (Figure 2C). In contrast to AHLases and AHL
amidases this enzymatic reaction catalyzes the chemical modification of AHL molecules but
not the degradation of those. Additionally, AHL signals undergone AHLase and amidase
activities can also be modified by such oxidoreductases. Nevertheless, the chemical
modification interferes indirectly with QS-mediated communication as the signal recognition
might be affected. To date, only two such enzymes with oxidoreductase activity were
uncovered and biochemically characterized. In 2005, Uroz and colleagues described beside
the amidolytic activity a novel oxidoreductase action in Rhodococcus erythropolis W2. This
strain was able to reduce N-acyl side chains ranging from C8 to C14 and convert them into
their 3-hydroxy derivates (Uroz et al. 2005). The second enzyme is a monooxygenase
originating from Bacillus megaterium which was able to oxidize fatty acids but acyl
homoserine lactones emerged to be better substrates. CYP102A1 (cytochrome P450) is
capable of oxidizing long-chain saturated and unsaturated fatty acids at the w-1, w-2 and w-
3 position (Chowdhary et al. 2007). The impact of oxidoreductases by chemical alternation of
AHL signal molecules results in an indirect blockade of AHL-mediated cell-to-cell
communication. Nevertheless, this modification might be as profitable as lactonolytic or

amidolytic pathways aiming to combat pathogenic competitors in the environment.
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2.5. QQin plant-associated bacteria and their eukaryotic hosts

In natural environments like the soil, where plants especially in the rhizosphere are
constantly exposed to bacteria, the establishment of an effective symbiosis is beneficial for
both. While nitrogen-fixing bacteria initiate the development of root nodules to assure the
access to nutrients and to profit from a plant-associated community, plants benefit from these
root nodules which enable them to fix nitrogen from the surrounding soil (Bever and Simms
2000). The conversation of plant-associated bacteria by means of AHLs is crucial for the
interaction of pathogens and symbionts with their eukaryotic host and requires the action of
both partners: On the one hand plant-associated bacterial communities produce AHL signal
molecules to synchronize group behavior and to communicate with their eukaryotic host. In
addition they are able to degrade AHL signals to rival with other microbes for a successful
symbiosis. On the other hand eukaryotic hosts e.g. plants detect and respond to AHLs to
enable a successful symbiosis with its desirable partner or to counteract the establishment of

a harmful pathogenic correlation (Teplitski et al. 2011).

2.5.1 Interaction of plant-associated bacteria

Particularly in the rhizosphere the interaction among different bacterial species results in a
competition for the plant host and the ecological niche. The strategy of AHL degradation by
lactonases, amidases or oxidoreductases was found to play a significant role in obtaining a
competitive advantage for its producer over other present microbes (Dong and Zhang 2005;
Krysciak et al. 2011). Supplementary, rhizosphere bacteria use this strategy to protect their
plant host from pathogens that utilize AHLs for control of virulence genes. It has recently
been shown that plant-associated strains comprising AHLases or amidases were able to
suppress other plant pathogens in their virulence activity. Such examples are Bacillus
thuringiensis (Dong et al. 2004), Pseudomonas fluorescens (Molina et al. 2003) and
Arthrobacter sp. (Park et al. 2003) which were either modified or naturally featuring an
AHLase activity. These strains when co-inoculated with Erwinia carotovora affected its
virulence and thus reduced the pathogenicity of E. carotovora in several plant models.
Inverted studies accomplished with pathogens like P. aeruginosa PAO1 or E. carotovora
expressing an AHLase and amidase revealed that both strains were significantly impaired in
their virulence to infect eukaryotes (Reimmann et al. 2002). Most surprisingly studies carried
out with transgenic plants expressing the AiiA lactonase demonstrated to be also resistant to
QS-regulated infection by E. carotovora (Dong et al. 2001). These results demonstrate that
AHL signal degradation is of great importance for microbe-microbe as well as pathogen-host
interactions. Prokaryotes use this QQ strategy to overcome competing conditions in the

rhizosphere. While pathogens have a selective advantage and the possibility to infect the
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plant, symbionts mostly defend themselves and protect the plant by means of lactonases and

amidases from pathogenic competitors.

2.5.2 QQ-mediated defense mechanisms of eukaryotic hosts

Eukaryotic hosts like plants have the ability to detect AHL signal molecules transmitted by
their bacterial partners and are capable to respond to those. However, plants are also able to
produce and exudate AHL mimics that disrupt or manipulate different bacterial behaviors
(Teplitski et al. 2000). Since such important biological functions like production of virulence
factors, control of nitrogen fixation, or plasmid transfer regulated by QS might impair the
plant, it is not surprising that even eukaryotic hosts have evolved different defense strategies
to overcome the negative effects of symbiosis (Bauer and Mathesius 2004). The model
legume Medicago truncatula can detect AHL synthesized by its symbiont Sinorhizobium
meliloti and responds by an accelerated expression of root and defense related proteins
which potentially interfere with bacterial QS (Mathesius et al. 2003). Such a production of
defense related proteins was also observed in pea seedlings (Pisum sativum) which released
several AHL mimics that were capable of inhibiting QS-regulated behaviors in strains like
C. violaceum and simultaneously stimulating QS-regulated swarming behavior in Serratia
liquefaciens (Teplitski et al. 2000). A research from 2010 aiming to find alternative strategies
to antibiotic usage against bacterial infections uncovered several extracts of edible plants
and fruits displaying a significant reduction of pigment production in C. violaceum as well as
different QS-regulated functions in P. aeruginosa PAO1 (Musthafa et al. 2010). In summary,
various studies employing AHL signal mimics produced by eukaryotic hosts could prove that
these compounds are important and beneficial for the success of interaction between plants

and pathogenic/symbiotic bacteria.

3. The a-proteobacterium Rhizobium sp. NGR234

Rhizobium sp. NGR234 is outstanding and unique among the rhizobia with its ability to
nodulate a very broad range of legumes and even one nonlegume. NGR234 (Figure 3) was
first uncovered in 1965 in Papua New Guinea and isolated from Lablab purpureus nodules
as the only fast-growing strain among 30 isolates (Trinick 1980). Shortly after this discovery

its broad host range attracted great interest.

Several studies were accomplished to describe NGR234’s hosts in comparison to other
symbiotic soil bacteria, in particular to the phylogenetic closely related strain Sinorhizobium

fredii USDA257, revealing a wealth of symbiotic partners. Over 120 different genera of
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legumes were identified to symbiotically interact with NGR234 in order to facilitate their
access to mineral nitrogen via root nodules. In addition, Parasponia andersonii is the only

non legume which undergoes symbiosis with NGR234 (Pueppke and Broughton 1999).

Figure 3. The a-proteobacterium Rhizobium sp. NGR234. (A) Phenotype of Rhizobium sp.
NGR234 on a TY agar plate supplemented with congo red. (B) Microscopic analysis of NGR234
harboring a tral::evoglow fusion (Evocatal, Duesseldorf, Germany). (C) Microscopic analysis of a liquid
culture of NGR234 grown in TY medium supplemented with rifampicin.

Early studies with derivates as well as spontaneous resistance mutants of NGR234 gave
evidence that genes required for an effective symbiosis with leguminous plants are located
exclusively on the symbiotic (sym) plasmid. A NGR234 derivate (ANU265) which was
deprived of pNGR234a by heat curing was not impaired in its growth but failed to nodulate
any of its hosts (Morrison et al. 1983). Consequently, the sym plasmid of NGR234 lacks
essential genes required for growth and survival control but comprises genes for nitrogen
fixation (nif/fix) and synthesis of nodulation (Nod) factors equipping this microbe with the
ability to symbiotically associate with legumes (Freiberg et al. 1997). In a symbiotic
relationship like NGR234 undergoes with leguminous plants, root-hair curling, induction of
nodulation as well as the entry of bacteria into the root are strictly dependent on secreted
Nod factors. These Nod factors might play a role in the host range of symbiotic soil bacteria
and especially in NGR234 (Viprey et al. 2000). Thus, the host range of different rhizobia
might directly correlate with genes that are involved in Nod factor production. NGR234 and

USDA257 have only small differences in their number of nodulation genes but this difference
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results in NGR234 secreting a larger amount of diverse Nod factors than USDA257
(Pueppke and Broughton 1999).

Researches accomplished in the recent years addressed their questions to NGR234’s broad
range of symbiotic partners and delivered a couple of interesting but still incomplete answers.
Major approaches to illuminate the broad host range of NGR234 might involve the Nod factor
production, protein secretion as a key component of efficiency of nitrogen fixation as well as
differences in the utilized secretion machinery (Deakin and Broughton 2009; Freiberg et al.
1997; Pueppke and Broughton 1999). Furthermore, one major key of the broad host
spectrum of NGR234 might be the poorly understood and studied inter-/intra-cellular
communication as well as its ability to disrupt other communication systems as a defense
strategy to obtain a competitive advantage for its producer over other present symbiotic soll
bacteria. More knowledge is needed on the appointed key approaches in this research field
which might then deliver first and possibly concrete answers of NGR234’s broad host

spectrum.

4. Aims of the research

The goal of the present research was the investigation of the QQ potential owned by
Rhizobium sp. NGR234 combining sequence-based and function-based approaches.
Primarily the completion of the genome sequence of NGR234 should provide the profound
basis for initial sequencing and experimental analyses. Detailed alignment and comparative
analyses using the newly established genomic data set of NGR234 should answer the
question of novel QS-based communication systems as well as QQ-based strategies and

enzymes comprised by NGR234.

The second goal of this research was the implementation and advancement of a published
function-based screening initially used to search for AHL degrading enzymes in
metagenomes. The objective was to confirm the sequentially detected QQ-associated genes
found in NGR234 and furthermore to verify novel functional active ORFs which were not
detected by initial comparative analyses. For this purpose a NGR234 cosmid clone library
had to be established and screened on cosmids conferring AHL degrading ability. The
identified cosmid clones had to be further investigated to localize the responsible ORF.
Finally, the most promising proteins had to be biochemically characterized including a HPLC-

MS analysis to uncover their underlying AHL cleaving mechanism.
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1.

Material and Methods

Bacterial strains, vectors and primers

The following bacterial strains, vectors, clones and primers were used in this study (Table 3
to Table 5).

Table 3: Bacterial strains used in this study

Strain

Description

Source/Reference

EPI100™-T1® Phage T1-
resistant E. coli strain

F mcrA A(mrr-hsdRMS-mcrBC)
®80dlacZAM15 AlacX74 recAl
endA1 araD139 A(ara, leu)7697 galU
galK A" rpsL nupG

Epicentre Technologies,
Madison, Wisconsin, USA

E. coli XL1 blue

recAl endAl gyrA96 thi-1 hsdR17
SupE44 relA1l lac [F proAB laclZAM15

Stratagene, La Jolla,

Tn10 (Tet)] Canada
SupE44, AlacU169 (80 lacZAM15) Gibco Bethesda Research
E. coli DH5a hsdR17 recAl endAl gyrA96 thi-1 Laboratories, Eggenstein,

relAl

Germany

E. coli BL21 (DE3)

F ompT hsdSg (r5" mg’) gal dcm,
(DE3)

Novagen, Darmstadt,
Germany

Rhizobium sp. NGR234

Wild type New Guinea isolate, Rif®

Trinick 1980

Pseudomonas aeruginosa
PAO1

Wild type P. aeruginosa, Amp"

Holloway et al. 1979

Agrobacterium tumefaciens
NTL4

Reporter strain for AHL detection,
tral::lacz, Tet®,Sp®

Fuqua and Winans 1994
Fuqua and Winans 1996
Luo et al. 2001

Chromobacterium violaceum
Chv2

Wild type C. violaceum

Reference stock of the
laboratory

Chromobacterium violaceum
CV026

Mini-Tn5 mutant of C. violaceum wild
type strain ATCC 31532

McClean et al. 1997

Table 4: Vectors and constructs used and established in this study

Vectors/Constructs Description Source/Reference
Cosmid cloning vector derived from pWEL15, Epicentre Technologies,
pPWEB-TNC™ linearized withSmal, ColE1, cos site, T7 Madison, Wisconsin,
promoter, AmpR, cm® USA
E i PpWEB-TNC™ with a 40.5 kb insert from .
PWEB-TNC-A5 Rhizobium sp. NGR234 This study
E i PpWEB-TNC™ with a 34.0 kb insert from .
PWEB-TNC-B2 Rhizobium sp. NGR234 This study
E i PpWEB-TNC™ with a 42.0 kb insert from .
PWEB-TNC-B9 Rhizobium sp. NGR234 This study
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Vectors/Constructs Description Source/Reference
PWEB-TNC-C2 EJVC\;IFEQESA:NCTM with insert from Rhizobium sp. This study
PWEB-TNC-C6 g\:]vizEfk;L 'r\'nCSTg_ mig‘Rang'7 kb insert from This study
PWEB-TNC-D9 EIVéESéENCTM with insert from Rhizobium sp. This study
OWEB-TNC-D10 EV&/EZZNCTM with insert from Rhizobium sp. This study
OWEB-TNC-F9 EV&/EZZNCTM with insert from Rhizobium sp. This study
OWEB-TNC-F10 EV&/EZZNCTM with insert from Rhizobium sp. This study
PWEB-TNC-G2 pWEB-TNC™ with a 33.3 kb insert from This study

Rhizobium sp. NGR234

pDrive Cloning Vector

F, TnlO(TetR), lacl’, lacZAM15, recAl, endAl,
hsdR17, lac, ginv44, thi-1, gyrA96, relAl,

QIAGEN, Hilden,

(pDrive) AmpR Germany
e IR | v | T S5y
v g Vector i S gereron | hasucy
porveityaR | Porte G vectoth e gene o | s oy
pDrvesqsaRz | Pote S Vector i R gene P s suay
pDrvesaitn | Porke Sl Vector il AR sens 9| i suay
E)F')I'_I_Zzll99RR;:)Cm Cloning vector, Abla-cat, cm® girgteersa,ags,s:;rmama

United Kingdom

pTZ19R::Cm containing the 4.4 kb EcoRl

pTZ19R::fr44 fragment from pWEB-TNC-B2 cloned into This study
EcoRl restriction site
pTZ19R::Cm containing the 5.5 kb Hindlll

pTZ19R::fr55 fragment from pWEB-TNC-C6 cloned into This study

Hindlll restriction site

pBluescript Il SK+
(pSK+)

lacPOZ", high copy cloning vector, AmpR

Stratagene, Heidelberg,
Germany

pSK+ containing Pfu amplified PCR product of

pSK+:dihR dIhR cloned into EcoRV site This study
. pSK+ containing Pfu amplified PCR product of .
pSK+::qsdR1 gsdR1 cloned into EcoRV site This study
. . R Novagen, Darmstadt
pET21a Hise-tagged expression vector, Amp Germany
. pET21a containing the dIhR gene cloned into .
pET21a:dIhR Ndel and Hindlll restriction sites This study
. pET21a containing the gsdR1 gene cloned into .
pET21a:qsdR1 Ndel and Xhol restriction sites This study
pET21a containing a control protein (glycosyl
pET21a::conT transferase with frame shift) cloned into Ndel This study

and Xhol restriction sites

pET24c

Hise-tagged expression vector, Kan®

Novagen, Darmstadt
Germany

pPET24c::qsdR1

pPET24c containing the gsdR1 gene cloned into
Ndel and Xhol restriction sites

This study

pBBR1MCS
(PBBR)

Broad host range vector, low copy, Cm"

Kovach et al. 1995
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Vectors/Constructs Description Source/Reference
?pBBBBRRl_'gl)CS'S Broad host range vector, low copy, Gm~ Kovach et al. 1995

pBBR1MCS containing the dlhR fragment
PEBRL:dINR ftom pET22a-dInR and cloned ino EcoRY | TS Study
restriction site
pBBR1MCS containing the qsdR1 fragment
restriction site
Table 5: Primers used in this study
Primer Sequence Length GC content Tm
(5'-3) [bp] [%] [°C]
M13_for CGCCAGGGTTTTCCCAGTCACGAC 24 62.5 67.8
T7 promoter TAATACGACTCACTATAGGG 20 40 53.2
T7 terminator GCTAGTTATTGCTCAGCGG 19 52.6 56.7
M13 20 GTAAAACGACGGCCAGT 17 52.9 52.8
M13_rev GGAAACAGCTATGACCATG 19 47.4 54.5
KAN-2 FP-1 ACCTACAACAAAGCTCTCATCAACC 25 44 61.3
KAN-2 RP-1 GCAATGTAACATCAGAGATTTTGAG 25 36 58.1
hitR-hydR_for GGTTTCTCGACGGTTGAAACTG 22 50 60.3
hitR-hydR_rev AGCACCTGGAGGAGATCGATG 21 57.1 61.8
hitR_for GGTTTCTCGACGGTTGAAACTG 22 50 60.3
hitR_rev CGTGCTGCAAATGCCTGATG 20 55 59.4
hydR_for GCTTCATGTGCACGTCATCG 20 55 59.4
hydR_rev AGCACCTGGAGGAGATCGATG 21 57.1 61.8
gsdR2_for CTTTCCGCGGCAAGCGTAAC 20 60 61.4
gsdR2_rev CGCATCTCTAACTGGCTCATATGTC 25 48 63
aldR_for CTATCCGGTTCG