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I Introduction 

1 Quorum sensing 

Multicellular organisms were not the first to develop a way of coordinating special 

behaviour patterns depending on environmental stimuli, cell density and time. Long 

before them, bacteria were the first life forms to evolve a kind of behaviour regulation 

that has often been called “the communication of bacteria”. Whilst in complex 

multicellular organisms communication is a very sophisticated process leading to a 

highly specific reaction, involving many stimuli, neurotransmitters and hormones, 

triggering a very specific reaction, in bacteria, communication is basically restricted to 

the regulation of genes according to the concentration of constitutively produced 

regulatory compounds called autoinducers (a molecule that can induce its own 

synthesis), whereby the concentration of autoinducers is assumed to be proportional to 

the number of producing cells. 

In this way the bacteria can “sense the quorum” (quorum: the minimum number of a 

convocation necessary for conducting its business) of those present producing the 

same signalling molecules via specific autoinducer-receptor/gene-regulator proteins, 

that induce gene transcription as soon as the concentration of autoinducers reaches a 

receptor-specific threshold. This mechanism was designated quorum sensing (QS) (Fig. 

1, Table 1). Autoinducer receptors are mostly highly specific and sensitive for their 

corresponding signal molecule allowing a response at very low concentrations. 

In this way bacteria control vital phenotypes such as antibiotic production, conjugation, 

virulence, motility and biofilm formation. 

In literature, most of the time QS has been described as a cell-density dependent 

mechanism, but this can only be applied to an artificial laboratory environment providing 

steady extracellular diffusion and flow conditions as well as avoiding cell clustering. In 

natural habitat, bacteria have to face very variable conditions, for example physical 

barriers of their habitat like the next boundary of the water phase they live in, as well as 

other pro- or eukaryotic organisms degrading or producing autoinducers themselves. In 

this hypothesis, QS is employed for sensing of the three-dimensional movement of 

excreted products in the cell’s environment; the term diffusion sensing has been 

proposed for this (Redfield, 2002). Using small “low-price” autoinducer molecules, cells 

can sense the effectiveness of excreted “high-cost” products, such as extracellular 
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enzymes, DNA or biofilm whose production is very energy- and construction material- 

consuming. A nice verification for this theory is the formation of biofilms. They grow best 

in environments with a low extracellular movement, e.g. in flow-through chambers 

applying a very slow flow rate.  

 

bacterium

autoinducer

genomic DNA

receptor

promoter/
ORF/operon transcription +/-

operator

diffusion/
transport

A B

 

 

 

 

 

 

 

 

 

Dulla and Lindow proved, that under limited diffusion conditions, also very low 

populations of down to 10 bacterial cells can accumulate autoinducers up to the 

receptor activating threshold after 4 days (Dulla and Lindow, 2008). 

These seemingly differing opinions can be united by the theory of efficiency sensing 

(Hense et al., 2007). In this hypothesis, the benefits of quorum sensing for the group 

Fig. 1: Simple quorum sensing model. Upper panels depict the environmental 

situation, lower panels intracellular regulations. A: Low cell density; bacteria secrete 

auto-inducers into their environment; autoinducer concentration is below the receptor 

binding threshold; no regulation. B: high cell density; autoinducer concentration rose 

above receptor binding threshold; autoinducers form active complexes with 

receptorproteins; these form dimers and bind to transcription modulating genetic 

elements; transcription is induced/increased or attenuated/disabled. 
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fitness and diffusion sensing for the individual fitness are combined to give a more 

reasonable view on the phenomenon of autoinducer sensing. By mathematic simulation, 

microcolonies have been shown to be of crucial importance for attaining the autoinducer 

threshold concentration necessary for self-induction. This finding is also supported by 

the observation of microcolonies in early steps of biofilm development. 

However, the name quorum sensing will probably remain for this phenomenon 

responsible for the regulation of many different phenotypes and work on this field of 

research will retain great importance for the understanding of bacterial behaviour at 

least for the next decades. 

 

Table 1: A short history of quorum sensing; selected results representing the 

development of quorum sensing research. 

Year milestone in QS 

1968 - dialyzable substance in medium, thought to be an inhibitor of luminescence 

(Kempner and Hanson, 1968) 

1970 - introduction of the term “autoinduction” (Nealson et al., 1970) 

1981 - structural identification of autoinducer of luciferase (Eberhard et al., 1981) 

1991 - discovery of a diffusible compound, that can enhance conjugal transfer of 

the Ti plasmid in Agrobacterium tumefaciens (Zhang and Kerr, 1991) 

1993 - proof, that expression of Pseudomonas aeruginosa virulence genes requires 

cell-to-cell communication (Passador et al., 1993) 

- responsibility for control of virulence and exoenzyme production in Erwinia 

carotovora (Pirhonen et al., 1993) 

1994 - revelation of the autoinducer structure required for expression of 

Pseudomonas aeruginosa virulence genes (Pearson et al., 1994) 

- introduction of the term “quorum sensing” (Fuqua et al., 1994) 

1995 - discovery of peptide autoinducer of Staphylococcus (Ji et al., 1995) 

1997 - detection of N-acyl-homoserine lactones using Chromobacterium violaceum 

biosensor (McClean et al., 1997) 

1999 - proof of signalling activity of 2-heptyl-3-hydroxy-4-quinolone (PQS) (Pesci et 

al., 1999) 

2001 - autoregulatory substance in fungi (Oh et al., 2001) 

2002 - identification of autoinducer II (Chen et al., 2002) 

- down-regulation of quorum sensing via the expression of an AHL-lactonase 

(Zhang et al., 2002) 

2003 - evidence for autoinducer-3 (Sperandio et al., 2003)   

- detection of AHL activity in archaeon (Paggi et al., 2003) 
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1.1 Autoinducer 1 (Acyl-homoserine lactone/AHL) 

There are several types of autoinducing molecules (Table 2), the first discovered and 

most intensively examined is the group of acyl-homoserine lactones (AHLs), also called 

autoinducer 1. They have only been found in proteobacteria and a haloalkaliphilic 

archaeon (Paggi et al., 2003). AHLs can regulate very different phenotypes. These 

molecules consist of a homoserine lactone (HSL) ring interconnected to an acyl chain 

via an amide bond. As the homoserine lactone displays an equal atomic composition, 

the acyl chain can vary in length (thus far discovered from 4 to 16), saturation, as well 

as the substituent at the C3-position. The acyl chain can also be substituted by a 

coumaroyl residue (Schaefer et al., 2008). While it is generally accepted, that short-

chain AHLs diffuse freely along the cell membrane, for example N-3-oxo-hexanoyl-

homoserine lactone (3-oxo-C6-HSL) (Kaplan and Greenberg, 1985) and N-butanoyl-

homoserine lactone (C4-HSL) (Pearson et al., 1997), the mechanism of transition of 

longer-chain AHLs across the cell membrane(s) is still disputed. The efflux pump 

MexAB-OprM is suggested to support the passive diffusion out of the cell (Pearson et 

al., 1999). The efflux pump BpeAB-OprB has been shown to influence the export of 

AHLs (C8 and C10 chain length) produced by Burkholderia pseudomallei KHW (Chan et 

al., 2007). Contrary to this finding, work on B. pseudomallei 1026b resulted in no 

importance of the same pump for QS (Mima and Schweizer). Long-chain AHLs do 

interact with biological membranes (Davis et al., 2010). 

 

1.2 4-quinolones 

A second group of autoinducers are the 4-quinolones (Table 2), thus far only been 

found in P. aeruginosa and Burkholderia pseudomallei. Precursors for their synthesis 

are shikimic acid, tryptophan and fatty acid. The P. aeruginosa quinolone signal (PQS) 

is interchanged between cells via membrane vesicles and plays a role in membrane 

vesicle formation (Mashburn and Whiteley, 2005). While PQS in P. aeruginosa is 3-

hydroxylated, 4-quinolone signals in Burkholderia species are methylated at the 3-

position, both modifications are required for signalling function (Vial et al., 2008). 
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Table 2: examples from the major groups of autoinducers, their structures and 

some phenotypes regulated by them 

Autoinducer example structure organism utilising this AI 

N-acyl-L-homoserine lactone (AHL) 

O

O

N
H

O

R

 

R =     N-butyryl-HSL 

 

R = 

OH

    Harveyi autoinducer-1  (HAI-1) 

 

R = 

O

 

      N-3-oxo-dodecanoyl-HSL 

 

R = OH    p-Coumaroyl-HSL 

 
 
 
 
 
 
 
 
P. aeruginosa; virulence factor and 
exoenzyme production, motility, 
regulation of PQS production 
Serratia liquefaciens MG1; swarming 

 
 
 
Vibrio harveyi; luminescence 

 

 

P. aeruginosa; virulence factor and 

exoenzyme production, motility, 

biofilm formation, regulation of N-

butyryl-HSL production 

 

Rhodopseudomonas palustris;  

 

2-Alkyl-4-Quinolones 

N
H

O

R1

R2

 

R1 =        R2 = OH 

2-heptyl-3-hydroxy-4-quinolone (Pseudomonas 

quinolone signal; PQS) 

 

 

 

 

 

P. aeruginosa; virulence factor and 

exoenzyme production, biofilm 

formation, regulation of N-butyryl-

HSL production  
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Autoinducer 2 (AI-2) 

O O

B

O

HO

HO

OHHO

             
OHO

OH

OH

HO

 
Furanosyl borate              R-THMF 

diester 

 

O

HO

O
     MHF 

 

 

Furanosyl borate diester: Vibrio 

harveyi, V. cholerae 

 

 

R-THMF: Salmonella enterica 

Serovar Typhimurium 

 

 

MHF: Vibrio harveyi  

 

Autoinducer-3 

So far no structure, mass was determined as 

213.1 Da; probably resembling the structure of 

epinephrine/norepinephrine, as receptors are also 

responding to them: 

 

HO

HO
HN

OH

    epinephrine (adrenalin) 

HO

HO

OH

NH2

   norepinephrine 

 

E. coli O157:H7 (EHEC); expression 

of virulence genes 

 

Autoinducing peptides 

 

Asp

Cys

Phe
Ile

Met

C
SThr

Ser
Tyr

O
 

YSTCDFIM 
 

ADPITRQW*GD (hydrophobic modification on the 

tryptophan residual)  (called ComX) 

 

 

 

 

Staphylococcus aureus (AIP-1); 

expression of virulence genes 

 

 

 
Bacillus subtilis  
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Other bacterial autoinducers 

O

OH

O O
 

Streptomyces γ-butyrolactone, also called A-factor 

HOOC  

diffusible signal factor (DSF) 

 

Streptomyces griseus; 

morphological transition, 

antibiotic production 

 

 

 

Xanthomonas campestris 

Autoinducers of fungi 

Farnesoic acids 

 

OH

O

 
Farnesoic acid 

 

HO
OH

 
Tyrosol 

 

COOH
OH

O

 
Trisporic acid 

 

YIIKGVFWDPAC

O
 

Hormone a-factor 

 

Candida albicans; regulating 

morphological transition 

 

 

C. albicans 

 

 

 

 

Zygomycetes 

 

 

 

Saccharomyces cerevisiae 
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1.3 Autoinducer-2 (AI-2) 

Autoinducer-2 is a signalling molecule that is produced as the precursor 4,5-dihydroxy-

2,3-pentane dione (DPD) by the enzyme LuxS, and spontaneously rearranges to 

different structures, three of these have been identified as signals so far (Table 2). AI-2 

plays its autoinductive role in the regulation of bioluminescence in V. harveyi (Neiditch 

et al., 2006), virulence in V. cholera (Miller et al., 2002) and self-uptake in Salmonella 

(Taga et al., 2001), but no role in signalling for most bacteria could be assigned to it in a 

genomic database analysis (Rezzonico and Duffy, 2008), making it unlikely to function 

as a universal signalling molecule. In Staphylococcus, an importance of LuxS for QS 

was ruled out (Doherty et al., 2006). The Salmonella lsr operon is very similar to its rbs 

operon responsible for ribose uptake (Taga et al., 2001), suggesting, that they both 

have a function in internalising a carbon source. It seems very questionable, that the AI-

2 systems functions solely for signalling, but maybe we have here an example for the 

evolution of a new signalling system in the making. The fact, that AI-2 in V. harveyi 

contains boron can also be interpreted in a way that AI-2 can be used for boron sensing 

(Federle, 2009). 

 

1.4 Autoinducing peptides 

This group of autoinducers was discovered in 1995 (Ji et al., 1995). It only occurs in 

Gram positive bacteria and consists of 5-10 amino acids. These are post-translationally 

modified from pre-peptides and exported via ATP-binding cassette (ABC)-type 

transporters. In Staphylococcos aureus, the c-terminus of the peptide forms a thioester 

with the sulphur of cystein, which is always the fifth amino acid in the peptides, counting 

from the c-terminus (Table 2). S. aureus produces four different AIPs differing in amino 

acid composition all binding to the receptor AgrC. AIPs are very stable against 

proteases (Chan et al., 2004), so they seem not to have evolved for probing the 

presence of proteases in an efficiency sensing model. 
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1.5 Other QS systems 

Apart from the four groups of autoinducers introduced above, there are more, the most 

important on a virulence level seems to me the autoinducer-3/ 

epinephrine/norepinephrine system involved in regulating pathogenicity of 

enterohaemorrhagic E. coli (Sperandio et al., 2003). But also eucaryotes regulate some 

of their phenotypes via QS, for example the fungi Candida albicans regulates its 

morphological transition via farnesoic acid autoinducers (Table 2). The bacterium 

Xanthomonas campestris also uses a diffusible signal factor (DSF) completely lacking 

any ring structures (Table 2). 

 

1.6 LuxR ‘solos’ and multiple sensing systems 

Escherichia coli is not producing AHLs itself but can respond to AHLs employing the 

AHL receptor SdiA (Yao et al., 2006), which in its activated form represses motility and 

biofilm formation. The expression of SdiA can be induced by indole that E. coli produces 

in stationary phase (Lee et al., 2009). LuxR ‘solos’ has been proposed as a term for 

AHL signal receptors in bacteria lacking the corresponding LuxI homologues 

(Subramoni and Venturi, 2009). Other LuxR solos have been found in various 

proteobacteria, being involved in bahaviours that most probably only pay off in the 

presence of bacteria of other species (in the case of genetic transfer or antibiotics 

production) or eukaryotic organisms (in the case of virulence). Despite having two 

complete sets of LuxI/LuxR-homologues, P. aeruginosa harbours a third LuxR 

homologue in its genome, QscR. This receptor probably delays the response of LasR 

and RhlR, but also regulates an independent set of target genes, thereby responding to 

3-oxo-C12-HSL (Lequette et al., 2006). In 2010, yet another receptor/gene regulator 

was identified in P. aeruginosa, named AntR, this protein does not belong to the LuxR 

family of AHL receptors but responds best to C10-HSL, an AHL not mainly produced by 

P. aeruginosa (Chugani and Greenberg). 

Besides the activation for autoinduction via AHLs, LasR and RhlR have been shown to 

be influenced by an additional regulator named QteE (Siehnel et al.), indicating that 

autoinducers are not the only effectors interacting with these QS receptors in P. 

aeruginosa. 
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In V. harveyi, three different autoinducing systems seem to be controlling a single 

luminescence operon (Waters and Bassler, 2005). This intense way of regulation may 

reflect the high competitive pressure on the regulation of phenotypes. 

 

1.7 Additional activities of autoinducers 

A lot of these molecules have shown to also exhibit antibiotic activities. AHLs and a 

tetramic acid degradation product from a Claisen-like condensation reaction also act as 

antibacterial agents on many Gram positive bacteria (Kaufmann et al., 2005). Also class 

I bacteriocins produced by lactic acid bacteria exhibit QS activity as well as antibiotic 

activity (Kleerebezem, 2004). 4-hydroxy-2-heptylquinoline-N-oxide shows 

antistaphylococcal activity (Machan et al., 1992).  

In Rhizobium etli, long-chain AHLs seem to play a role in surface colonisation as 

biosurfactants (Daniels et al., 2006). 

In this context, controversy about the main function may arise. In the case of a QS 

molecule exhibiting multiple functions, the receptor gene responsible for its recognition 

must have evolved after the emersion of the molecule, or at the earliest, in co-evolution. 

This leads to the conclusion of the non-QS function emerging at first in most cases. It 

would probably be very hard to quantify and compare the importance of the functions for 

the host’s survival. 

Of course autoinducers without extra functionality probably evolved primarily for the 

regulation of exported cell products, as probing their efficiency outside the cell is a very 

important task providing evolutionary fitness. On the other hand I am asking myself, why 

would bacteria not evolve signalling molecules that have multiple functions? In this way 

they can kill two birds with one stone. 

Additionally, a growing number of interspecies effects of small molecules has been 

detected (Shank and Kolter, 2009), implying a vast number of interspecies, interphyla 

and also interkingdom interactions. Can these molecules be called signals? If the 

definition of a signal is, that it has evolved for the purpose of triggering a specific 

response, my guess is that in most cases, these small molecules cannot be tagged as 

signalling molecules. 
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2 Quorum sensing inhibition 

As there is harsh competition in mostly any biological habitat, the evolution of 

mechanisms to interfere with other bacteria’s QS systems was only a matter of time. 

In this context, several mechanisms for the attenuation of bacterial signalling have 

evolved. The conceivable mechanisms would be: 

- Interference of inhibitory compounds with the synthesis of autoinducers; no 

autoinducer is produced 

- Enzymatic or chemical degradation of autoinducers; the autoinducer 

concentration is detained from reaching the threshold for the formation of an 

active receptor-autoinducer complex (so-called quorum quenching enzymes) 

- inhibitors or antagonists of autoinducer reception; compounds structurally similar 

to autoinducers but not able to trigger the QS response interacting with receptors 

(membrane-bound or cytoplasmic) or of membrane transporters and pumps, as 

not all autoinducers are freely diffusible; the autoinducer is kept from fulfilling its 

task 

- interference on a genetic level, for example by phages inserting in genes coding 

for autoinducer synthases; no autoinducer synthases are produced 

 

2.1 AHL lactonases 

Of these mechanisms, the best examined one is enzymatic degradation of 

autoinducers. For AHL mediated QS, up to know, three mechanisms have been 

confirmed in nature. The first is hydrolysis of the lactone ring, generating acyl 

homoserine. Enzymes catalysing this reaction are termed acyl homoserine lactone 

lactonases. Incidentally, this reaction can also be achieved by raising the pH value to 

above 8, as the stability of the lactone ring is very sensitive to an alkaline milieu (Yates 

et al., 2002). The first discovered quorum quenching enzyme was an AHL lactonase 

(Dong et al., 2000). It is worth mentioning that AHL lactonases belong to the superfamily 

of metallo-β-lactamases, also enclosing the enzymes that confer resistance to β-lactam 

antibiotics, such as penicillins and cephalosporins. This is not surprising, as many 

autoinducers also exhibit antibiotic activity and co-evolution might have occurred. 

A heat-stable phosphotriesterase-like lactonase (PTE) has been identified in 

Geobacillus stearothermophilus, but its activity against the tested N-3-oxo-hexanoyl-
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HSL was rather weak, as its main substrate is δ-undecanoic lactone (Hawwa et al., 

2009). 

 

2.2 AHL acylases 

The second mechanism for AHL degradation is the hydrolysis of the amide bond 

between acyl chain and the homoserine nitrogen resulting in free fatty acid and free 

homoserine lactone. Enzymes catalysing this reaction are named acyl-homoserine 

lactone acylases. 

Also AHL acylases provide an antibiotics degradation ability, for example, AhlM from 

Streptomyces sp. strain M664 provides an accessory penicillin G deacylation. This 

enzyme was also the only one reported to be secreted out of the cell. Lin proposed a 

periplasmatic localisation for the acylase AiiD, thereby avoiding potential toxicity of its 

product HSL. Most AHL acylases N-terminally share a signal peptide for membrane-

bound or extracellular localisation, this might be seen as an evidence for an involvement 

in a degradation process of extracellular substrates. Very recently, a new kind of AHL 

acylase has been identified in Ochrobactrum sp. A44 (Czajkowski et al., 2011) 

belonging to the α/β hydrolase superfamily, but no purification was reported. 

There are also bacteria able to live entirely on AHLs as carbon source, for example 

Variovorax paradoxus. This bacterium was shown to exhibit AHL acylase activity and 

grow best on long-chain AHLs of ten or more carbon atoms (Leadbetter and Greenberg, 

2000). Also bacteria able to grow on the acylase cleavage product homoserine lactone 

as sole carbon and energy source have been described (Yang et al., 2006). 

 

2.3 Quorum quenching Oxidoreductases 

As a third way of enzymatic inactivation of AHL-autoinducers, oxidation or reduction 

have been reported. Oxidases introduce double bonds in or add hydroxyl groups to the 

acyl chain, while reductases reduce keto groups, especially in the 3-oxo position, or 

double bonds. These seemingly small modifications can have the same effects on the 

inducing activity of autoinducers as chemical cleavage, as most receptor binding 

specifications are very narrow. 

Exactly this reduction activity has been found in Rhodococcus erythropolis W2 (Uroz et 

al., 2005). The importance of the 3-oxo-group for autoinducer activity was also 
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confirmed by Borchardt et al. by their tests with oxidised halogens produced by 

Laminaria digitata haloperoxidase (Borchardt et al., 2001).  

Oxidases from phagocytes can also produce reductive oxygen species that inactivate 

Staphylococcus aureus autoinducing peptides by oxidation of the C-terminal Methionine 

(Rothfork et al., 2004). 

In 2007, Chowdhary et al. published work on oxidation of AHLs by Bacillus megaterium 

CYP102A1, which is in fact a cytochrome P450. The enzyme hydroxylated the AHLs at 

the ω-1, ω-2, and ω-3 positions (Chowdhary et al., 2007). 

Up to now, no metagenomic quorum sensing inhibiting oxidoreductase was identified 

and purified. 

 

2.4 Additional remarks on quorum quenching enzymes 

The principal of quorum quenching has also been proved for AI-2, utilizing a native E. 

coli enzyme phosphorylating AI-2, LsrK (Roy et al., 2010). But this indubitably cannot be 

called an AI-2 quorum quenching enzyme. Some microbiologists doubt, that quorum 

quenching enzymes have evolved exactly for this purpose (Roche et al., 2004), but 

maybe after the revelation of the reaction mechanisms of AiiA (Liu et al., 2008; Momb et 

al., 2008) and PvdQ (Bokhove et al., 2010) this is changing. 

QQ enzymes, provided the right stability and a broad spectrum, could be used to 

prevent the formation of biofilms in household devices like washing machines as well as 

industrial water pipes or other water perfused devices, by immobilisation on the 

surfaces getting in contact with water. 

 

2.5 QS antagonists 

The second important area of research on inhibition of quorum sensing is the search for 

QS inhibiting small molecule antagonists. This approach is especially important for the 

development of drugs that prevent pathogens from expressing their virulence genes, 

therefore they are called antipathogenic drugs. These small molecules have a higher 

potential for oral or intravenous usage than QQ enzymes that would be much more 

precarious in terms of allergic reactions. These molecules are suggested to be able to 

enhance the host defences against bacterial pathogens (Bjarnsholt and Givskov, 2007). 

Also a quorum sensing inhibitor, not killing any bacteria, does not put any pressure on 

the development of resistance against itself. 
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Probably the first molecules reported to interfere with QS were the halogenated 

furanones produced by the alga Delisea pulchra (Givskov et al., 1996). By blocking the 

QS receptors from contact with the corresponding autoinducer that would stabilise its 

fold, the receptors are left as objective for protease degradation. Thus furanones 

decrease the intracellular concentration of QS receptors by accelerating its turnover rate 

(Manefield et al., 2002). Also in garlic extract, QS blocking compounds have been found 

(Bjarnsholt et al., 2005). In total, over 300 different molecules have been described by 

today modulating AI-1 and AI-2 dependent QS (Galloway et al.). 

But so far no QS inhibitors have been accredited as chemotherapeutics despite the vast 

potential of this approach in the treatment of infections with bacteria using QS systems. 

The aim of finding an antagonist that exclusively interferes with the QS system(s) of one 

specific pathogen seems to be a challenging task (Hodgkinson et al., 2007). 

A few molecules were reported to attenuate virulence in mice of the pathogens 

P. aeruginosa (Wu et al., 2004) as well as E. coli (EHEC) and Salmonella enterica 

subsp. I serovar Typhimurium LT2 (Rasko et al., 2008), in the latter case the inhibitor 

LED209 prevented binding of epinephrine/norepinephrine/AI-3 to the receptor QseC. 

 

2.6 Pharmaceutical application of quorum sensing inhibition against P. 

aeruginosa and other pathogens 

Quorum sensing inhibition could play an important role in the treatment of diseases like 

the genetic disorder Cystic fibrosis (CF), as P. aeruginosa AHLs can be detected in 

sputum of patients at the same concentrations as in biofilms (Singh et al., 2000). In CF, 

mutations in a gene encoding the cystic fibrosis transmembrane conductance regulator 

(CFTR) lead to misfolding of this protein, resulting in reduced presence of CFTR in cell 

membranes and an increased extracellular Cl- concentration. This somehow leads to 

the formation of thick mucus that cannot be transported out of the lungs by mucociliary 

clearance. Also an elevated NaCl concentration in airway surface fluid inhibits 

bacteriocidal activity probably by suppressing the function of defensins (Smith et al., 

1996). The mucus is used as a growth medium by opportunistic pathogens such as P. 

aeruginosa, whose virulence factors as well as the immune response to the infection 

lead to a gradual destruction of lung epithelia, which is the main life threat for CF 

patients (Winstanley and Fothergill, 2009). 
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The main defence of P. aeruginosa is its biofilm that is relatively impenetrable to 

antibiotics. In this context, it would be very helpful to disable P. aeruginosa's ability for 

biofilm formation. Only very recently it was proven, that quorum sensing inhibitors can 

indeed increase the susceptibility of bacterial biofilms to antibiotics in vitro and in vivo 

(Brackman et al., 2011).  

 

 

 

 

 

 

Autoinducers were shown to be important in P. aeruginosa for the process of biofilm 

formation during the transition from microcolony state of attachment (Fig. 2 B) to the 

production of extracellular polymeric substances (EPS) and formation of 3-dimensional 

biofilms (Fig. 2 C) (Davies et al., 1998; Klausen et al., 2003). Autoinducers are also 

believed to be needed for biofilm maintenance (Shirtliff et al., 2002). 

 

3 Quorum quenching and metagenomics 

The yet cultivatable number of bacterial species is a lot smaller than the actually 

existing number, in most habitats smaller than 1 % (Amann et al., 1995). A method for 

exploring all of the extractable genetic material from any environmental sample is called 

metagenomics. The genetic material of the world can be seen as a big deposit of 

biotechnological treasures that only have to be mined for (Langer et al., 2006; Streit and 

Schmitz, 2004). By employing metagenomics, it is possible to greatly extend the pool of 

available genetic material and thereby increase the possibility of digging up a biological 

treasure. Using metagenomics can be summed up as follows: the total DNA of an 

environmental sample is extracted and used for the construction of metagenomic DNA-

Fig. 2: Biofilm growth cycle. A: Planktonic bacteria and surface attachment; 

B: Formation of microcolonies; C: Production of EPS (green) and maturation of 

biofilms; D: Dispersal of bacteria 
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insert libraries. Consequently, the resulting clones are screened for a specific enzymatic 

activity or the display of a special phenotype. Applying this technique, a number of 

biologically active molecules have already been identified (Tuffin et al., 2009). The high 

number of autoinducer I degrading bacteria in soil and the high genomic diversity make 

it an ideal habitat for the application of metagenomics to the identification of novel 

quorum quenching enzymes. 

 

4 Intention of this work 

The aim of this work was to extend the diversity of characterized quorum quenching 

proteins by characterization of new quorum quenching proteins interfering with quorum 

sensing in the important nosocomial opportunist pathogen Pseudomonas aeruginosa. 

Especially, a new metagenomic quorum quenching oxidoreductase possibly attenuating 

biofilm formation in P. aeruginosa was to be characterized. The enzyme was planned to 

be overexpressed and used for crystallization experiments. Also the mechanism of 

reaction was to be revealed. 



II. Materials and methods  17 

II Materials and methods 

1 Strains, vectors and primers 

Table 3: strains used in this work  

strain characteristics reference 

Escherichia coli   

DH5α F-, Φ80lacZ∆M15, ∆(lacZYA-
argF)U169, recA1, endA1, hsdR17(rk-
, mk+), phoA, supE44, thi-1, gyrA96, 
relA1, λ- 

Invitrogen, Karlsruhe, 
Deutschland 

XL1 blue recA1 endA1 gyrA96 thi-1 hsdR17 
supE44 relA1 lac [F´ proAB 
laclqZ∆M15 Tn10 (TetR)]  
 

Stratagene, La Jolla, 
Canada  
 

BL21 DE3 

 

BL21 DE3 C43 

F- ompT hsdSB (rB- mB-) gal dcm 
(lcIts857 ind1 Sam7 
nin5 lacUV5-T7 gene1) 

spontaneous mutation of BL21 

DE3 

Stratagene, La Jolla, 

California, USA 

(Miroux & Walker, 1996) 

A. tumefaciens NTL4 

(pCF218)(pCF372) 

sensorstrain for AHL-detection, 

TcR, SpR 

(Fuqua & Winans, 1996; 

Fuqua & Winans, 1994; 

Luo et al., 2001) 

P. aeruginosa PAO1 non mucoid wildtype (Holloway et al., 1979) 

E. coli K12 CL37 
 

fabG(Ts) fabF::Kan zce-727::Tn10 of 
MG1655 

(Lai & Cronan, 2004) 
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Table 4: vectors and recombinant plasmids used and constructed 

plasmid characteristics reference 

pBio1-pBKCMV Metagenome-derived clone encoding 

bpiB01 gene in pBK-CMV, kmR 

(Schipper, 2009), 

GenBank# 

EF530726.1  

pBio3-pBKCMV Metagenome-derived clone encoding 

bpiB11 gene in pBK-CMV, kmR 

(Schipper, 2009), 

GenBank# 

EF530728.1  

pBio5-pBKCMV Metagenome-derived clone encoding 

bpiB09 gene in pBK-CMV, kmR 

(Schipper, 2009), 

GenBank# 

EF530730.1  

pBio6-pBKCMV Metagenome-derived clone encoding 

bpiB08 and bpiB10 gene in pBK-CMV, 

kmR 

(Schipper, 2009), 

GenBank# 

EF530731.1  

pBio8-pBKCMV Metagenome-derived clone encoding 

bpiB05 gene in pBK-CMV, kmR 

(Schipper, 2009), 

GenBank# 

EF530733.1  

pBio9-pBKCMV Metagenome-derived clone encoding 

bpiB06 and bpiB07 gene in pBK-CMV, 

kmR 

(Schipper, 2009), 

GenBank# 

EF530734.1  

pET-19a N-terminal 10-his cloning vector, ampR Novagen, Karlsruhe, 

Germany 

pET-21a C-terminal 6-his cloning vector, ampR Novagen, Karlsruhe, 

Germany 

pBBR1MCS-5 Broad host-range vector , kmR (Kovach et al., 1995) 

pET19b::bpiB09_dimer Dimerization mutants G162Y and D109K This study 

pET19b::bpiB09_tetra Tetramerization mutant, G162Y and 

D109K and deletion of F227 to end 

This study 

pBBR1MCS-5::bpiB09 pBBR1MCS-5 containing bpiB09 This study 

pBBR1MCS-5::celA pBBR1MCS-5 containing 2 kb cellulase 

gene, experimental control  

(Schipper et al., 

2009) 

pBBR1MCS-

5::ACP_0942 

pBBR1MCS-5 containing A. capsulatum 

ORF ACP_0942  

This study 
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Table 5: Primers used in this study 

designation sequence (5’ - 3’) reference 

bpiB09_pBBR for: CTAAGCTTACTGGGGAATGTTCCGTTGA 

rev: GCAAGCTTGAAATAAGCACAGCTCTCGA 

This study 

bpiB09_pet for: GACATATGAGTTCCCTTTCCGGACA 

rev: GCGGATCCCTTCTTCAGCGTAGGCCGCA 

This study 

ACP_0942_pBBR for: ATGAAGCTTTGGAACCTGGCCGGAAGAGG 

rev: ATGGGATCCAGTCGCCGCTCGTCAGCATC 

This study 

B09-D109K for: ACCGGCGGAGTGGAAAGCGCTGATCGCGG 

rev: TTCATCGTGTGCAGCGGCCCGCCGAACCA 

This study 

B09- G162Y for: CGGCTTCAAAATGGTACTTGAACGGGCTGA 

rev: TATACGCCGCCCCATCCGCCACCGGATT 

This study 

B09-∆227-239 for: TAGCTCGAGGATCCGGCTGCTAACA 

rev: AGACTGGTCCGCCTGCGTCGCCA 

This study 

T7 prom TAATACGACTCACTATAGG Operon 

Biotechnologies 

GmbH, Köln, 

Germany 

T7 term GCTAGTTATTGCTCAGCGG 

M13-20 

M13 rev 

GTA AAA CGA CGG CCA GT 

CAG GAA ACA GCT ATG ACC 

Operon 

Biotechnologies 

GmbH, Köln  

B01-NdeI-for 

B01-BamHI-for 

CGCATATGAAAAATTTGACCAAATTATTTT 

ATGGATCCGAGCAGGATGCCAGCCTCCAAC 

This study 

B05-NdeI-for 

B05-XhoI-rev 

CGCATATGTTCGATTACTTGCACGCATTCC 

GACTCGAGAAGAAGGGTGCGTCGAAATATG 

This study 

B06pBBR-for 

B06pBBR-for 

ATGCTCGAGCAGCGCCCGGCTCGCGCTCG 

ATGGGATCCGCGGTCGCCGAAACGGATCA 

This study 

B08-for NdeI 

B08-rev BamHI 

CGCATATGGCACATCGAAAGCGGCGCTC 

TAGGATCCTCAGCTCGCGACGATCGCAT 

This study 

B10-for-NdeI 

B10-rev-HindIII 

ATCATATGCCTGCGCGCCGCGCGAA 

GCAAGCTTGATCCAGTGATTCTCGTCGGGAAAA 

This study 

B11-for-BamHI 

B11-rev-HindIII 

GATGGATCCATGAACCATTTATGTGTGACCTGC 

GATAAGCTTCTAGGTCAGTTCAGACGGCT 

This study 
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2 Media and buffers 

2.1 Media 

All media and ingredients were autoclaved, if not stated differently. For preparing agar 

plates, with the exception of swarming agar, 1.2 % (w/v) agar was added prior to 

autoclaving. Antibiotics were added after cooling to 60-55 ° C.  

 

2.1.1 LB-medium (Lysogeny Broth medium) (Bertani, 1951; Bertani, 2004) 

tryptone 10 g 

yeast extract 5 g 

NaCl 10 g 

ad 1 l H2O 

 

2.1.2 Agrobacterium tumefaciens (AT) medium 

20 x AT buffer 

KH2PO4 214 g 

ad 1 l H2O 

pH 7.0 

 

20 x AT salt solution 

(NH4)2SO4 40 g 

MgSO4 x 7 H2O 3.2 g 

CaCl2 x 2 H2O 0.2 g 

FeSO4 x 7 H2O 0.1 g 

MnSO4 x H2O 0.024 g 

ad 1 l H2O 

 

50 % glucose solution 

glucose 50 g 

ad 100 ml H2O, sterile filtered 
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All solutions were autoclaved separately, glucose was sterile filtered. To prepare the AT 

medium, 50 ml 20 x AT buffer, 50 ml 20 x AT salt solution and 10 ml 50 % glucose 

solution were mixed with 890 ml sterile H2O in a sterile bottle.  

 

2.1.3 mAPM (alginate promoting medium) (modified according to (Ohman & 

Chakrabarty, 1981)) 

The medium used for flow chamber experiments consists of three solutions, each of 

these was autoclaved separately. The specifications are given for 1 litre of medium. 

solution 1: sodium gluconat (10 mM)  2.18 g 

solution 2: KNO3 (10 mM)   1.01 g 

MgSO4 x 7 H2O (1 mM)  246 mg 

solution 3: NaH2PO4    14.9 mg 

K2HPO4 x 3 H2O    64.0 mg 

 

2.1.4 PBS (phosphate buffered saline) buffer 

NaCl   137 mM 

K2HPO   0.7 mM 

KH2PO4      5 mM 

pH 7.2 

 

2.1.5 Swarming and swimming agar for Pseudomonas aeruginosa 

For preparing swarming and swimming agars, all solutions were autoclaved separately 

or sterile filtered und mixed according to table 6. The plates were ready for use after 1 h 

of drying. 

 

solution 1 

glucose    4 g 

ad 100 ml H2O 

 

solution 2 

MgSO4x 7 H2O   2 g 

ad 100 ml H2O 
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solution 3 

CaCl2 x 2 H2O   0.2 g 

ad 100 ml H2O 

 

solution 4a 

Na2HPO4    7 g 

KH2PO4   3 g 

NaCl     0.5 g 

ad 100 ml H2O 

 

solution 4b 

Na2HPO4    7 g 

KH2PO4    3 g 

NaCl     0,5 g 

NH4Cl    1 g 

ad 100 ml H2O 

 

solution 6 

sodium glutamate x H2O 5.5 g 

ad 100 ml H2O 

 

Table 6: mixing scheme for swarming and swimming agars 

ingredient swarming swimming 

agar + H2O 0.5 % in 77 ml 0.3 % in 78 ml 

solution 1 10 ml 10 ml 

solution 2 1 ml 1 ml 

solution 3 1 ml 1 ml 

solution 4a 10 ml - 

solution 4b - 10 ml 

solution 6 1 ml - 
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2.1.6 Antibiotics and other media additives 

The antibiotics and further media additives used in this work are listed in the following 

table at their working concentrations. 

 

Table 7: antibiotics and other media additives 

antibiotic/ 

media additive 

final concentration [µg/ml] 
solvent 

E. coli P. aeruginosa A. tumefaciens B. subtilis 

Ampicillin 100    H2O 

Chloramphenicol   25    EtOH 

Gentamycin   10 50   H2O 

Kanamycine   25  100 2.5 H2O 

Spectinomycine     50  H2O 

Tetracycline     5        4.5  EtOH 

IPTG 100    H2O 

X-Gal   50    60  DMF 

 

All antibiotics and other listed additives were prepared as 1000 times concentrated 

stock solutions, sterile filtered and stored at -20 ° C. They were added to the media at 

temperatures not exceeding 60-55 ° C. 

 

3 Growth conditions 

3.1 General growth conditions 

The cultivation of all bacteria was done in liquid media, if not stated differently, in test 

tubes as 5 ml cultures or in Erlenmeyer flasks of volumes from 30 to 500 ml on a 

shaker, with addition of selective antibiotics, if nessecary. 

In general, the cultivation of Agrobacterium tumefaciens was carried out at 30 ° C, the 

cultivation of most E. coli and P. aeruginosa strains at 37 ° C. 

 

3.2 Cell density measurement 

Measurement of cell desity of liquids was done photometrically in disposable 1 cm thick 

cuvettes using a Jasco V-530 UV/VIS Spectrophotometer (Jasco, Groß-Umstadt, 

Germany). For this purpose, the optical density (OD) of a liquid was measured using a 

wavelength of 600 nm. Sterile medium was used as reference. In order to avoid 



II. Materials and methods  24 

inaccuracy, the samples were diluted beginning at an OD of 0.6. In the case of E. coli, 

an OD of 0.1 is equal to a concentration of 108 cells/ml. 

 

3.3 Motility tests with P. aeruginosa PAO1 

The Pseudomonas swarming or swimming agar was aliquoted as 20 ml portions in petri 

dishes and stored at room temperature (RT) for about 1 h. The composition is described 

above. 500 µl of a P. aeruginosa PAO1 culture was centrifuged at 4000 g for 1 min and 

resuspended in 10 µl. 1 µl of this solution was inoculated to a swarming or swimming 

agar plate and these plates were incubated for 24 h at 37 ° C and subsequently for 24 h 

at 22 ° C. 

 

4 Maintenance of cultures 

4.1 Preparation of glycerol stocks 

From all strains mentioned in this work, glycerol stocks were prepared by mixing fresh 

over night cultures with sterile glycerol to result in 20 % glycerol for plasmid carrying 

strains and 50 % for wild type strains. Those stocks were stored at -70 ° C. 

 

5 Standard techniques for processing of DNA 

5.1 Treatment of instruments and solutions 

For inactivation of nucleases, all heat stable instruments and solutions were autoclaved 

for 20 min at 121 ° C. Non heat stable instruments were rinsed with 70 % ethanol, 

solutions with non heat stable ingredients were sterile filtered. 

 

5.2 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for size determination of PCR or digestion 

products and for control of plasmid and genomic DNA extraction.  

Gels were used in concentrations of 0.8 %, and were made from TAE buffer. This buffer 

was also the running buffer during the electrophoresis. The electrophoresis was 

generally run at 100 V for 1 h. DNA samples were mixed before loading in the gel 

pockets with 10 x Loading Dye DNA loading buffer for weighting and marking of the dye 

front. For size comparison, a marker was loaded next to the samples to be analysed, in 
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this work only the GeneRuler 1 kb DNA Ladder by Fermentas was used. After the run, 

the gels were stained for 10 to 20 min in a water solution containing 10 µg/ml ethidium 

bromide. After that they were destained in pure water for 5 min for contrast 

enhancement and visualized and photographed using a BioRad GelDoc (GelDoc 1000, 

BioRad, Munich, Germany). 

 

TAE-buffer (1 x) 

Tris-HCl pH 8.2  40 mM 

EDTA  2 mM 

acetic acid (100 %)  20 mM 

pH 8.2  

TAE-buffer was prepared as a 50 times concentrated stock solution and diluted prior to 

use. 

 

Loading Dye-DNA-Ladepuffer 

glycerol  30 % 

EDTA  50 mM 

Brome phenole blue  0.25 % 

Xylene cyanol  0.25 % 

 

At first glycerol and EDTA were dissolved in H2Obidest among heating, then the stains 

were added. 

 

5.3 DNA concentration measurement 

DNA concentration can be estimated by comparison with the marker’s concentration or 

by using a photometer. The photometric measurement was done using a quartz cuvette 

(thickness 1 cm) recording wavelength of 260 nm. An OD260 of 1 corresponds to 50 

µg/ml double stranded DNA. For determining purity, the relation of OD260 and OD280 

was measured. When testing very pure DNA, this relation will be between 1.8 and 2.0. 
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5.4 Isolation of DNA 

5.4.1 Plasmid-DNA-isolation using kits 

For sequencing ready-made kits for plasmid isolation were used to yield very pure and 

clean plasmid DNA. For this purpose, the kits “QiaSpin Miniprep“ by Qiagen (Hilden, 

Germany) and the “High Yield Plasmid Mini Kit” by Südlabor (Gauting, Germany) were 

used. For preparing bigger stocks of DNA, the "QIAGEN Plasmid Midi Kit” of Qiagen 

(Hilden, Germany) was employed. 

 

5.4.2 Isolation of plasmid DNA via alkaline lysis according to (Birnboim & Doly, 

1979) 

1.5 ml of an overnight culture were centrifuged for 2 min at 13,000 g, the supernatant 

discarded and the pellet was resuspended in 200 µl buffer P1 containing 100 µg/ml 

RNase A by up and down pipetting. 200 µl P2 was added, the cup was inverted 5 to 10 

times and incubated at RT for 2 min. After that, 400 µl cold P3 was added and the cup 

was inverted for 5-10 times. Subsequently, the cup was centrifuged at 13,000 g for 

10 min. 600 µl of this volume was transfered to a new Eppendorf cup and mixed well 

with 200 µl chloroform/isoamylalcohol (24:1). Following this, a centrifugation was carried 

out for 5 min at 13,000 g. For precipitating DNA, 400 µl of the supernatant was 

transferred to a new cup and 1 ml of 96-100 % was added and centrifugation at 

13,000 g and 4 ° C for 20 min followed. The supernatant was discarded, 1 ml of 70 % 

ethanol was added and the cup was shaken for detaching the pellet. Centrifugtion was 

carried out for 5 min at 13,000 g and 4 ° C. The supernatant was pipetted off carefully 

and the pellet was dried for 2 min at 60 ° C. After that the pellet was resuspended in 20-

50 µl 10 mM Tris pH 8.0 at 60 ° C for 10 min. 

 

P1 buffer (sterile filtered): 

EDTA 

Tris-HCl 

Glucose 

pH 8.0 

10 mM 

25 mM 

50 mM 

0.58 g 

0.61 g 

1.80 g 

H2O ad 200 ml 

 

 



II. Materials and methods  27 

100 µg/ml RNase A 

RNase was incubated for 20 min at 95 ° C for DNase inactivation. 

 

P2 buffer (sterile filtered): 

NaOH 

SDS 

200 mM 

1 % 

1.6 g 

2.0 g 

H2O ad 200 ml 

 

P3 buffer (sterile filtered): 

potassium-acetate 3 M 

adjust to pH 5.5 with 

acetic acid 

 

 

 

-> 5 M 

H2O 

88.3 g  

 

34.5 ml 

ad  300 ml 

 

5.4.3 DNA extraction from agarose gels 

For extracting DNA from agarose gels, the kit “Qiagen Gel Extraction Kit” or the kit “Hi 

Yield Plasmid Mini-Kit” from Süd-Laborbedarf GmbH (Gauting, Germany) were used 

according to the manufacturer’s manuals. Purified DNA was further processed 

immediately or stored at -20 ° C until use. 

 

6 Enzymatic modification of DNA 

6.1 Digestion of DNA using restriction endonucleases 

The restriction endonuclease (all from Fermentas; St. Leon-Rot, Germany), was mixed with 

the corresponding buffer and the DNA to be digested according to the manufacturers 

manual. If appropriate, double digests were performed. The reaction mixtures were 

incubated at the enzymes optimal temperature, which was 37 ° C except for the enzyme 

SmaI, whose optimal temperature is 30 ° C. 
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analytical digest (for checking insert size) 

10 x buffer 1-2 µl 

DNA ≥ 300 ng 

restriction enzyme(s) 0.5 µl 

H2Obidest ad 10 µl 

 

preparative digest (for preparing inserts or digested vectors for ligation) 

10 x buffer 5-10 µl 

DNA ≥ 2 µg 

restriction enzyme(s) 1 µl 

H2Obidest ad 50 µl 

 

For complete digestion (important for vector digestion), the reaction mix was incubated 

for 4 h or overnight.  

 

6.2 Ligation of DNA fragments 

Ligations were carried out using fermentas T4 ligase according to the manufacturers 

protocol except for the following points. For blunt end ligation, 1/10 of PEG 4000 was 

added and 5 µl of ligase were added. For ligating sticky ends, 2 µl of ligase was used. 

Blunt end ligations were carried out at 4-8 ° C over night, sticky end ligations at 22 ° C 

for 2 h. Vector and insert were adjusted to a molar ratio of 1:3. 

 

Ligation of blunt ends 

10x T4 ligase buffer    2 µl 

PEG 4000      2 µl 

DNA (Insert + Vektor) 10 µl 

T4 Ligase      5 µl 

H2Obidest   ad 20 µl 
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Ligation of “sticky” ends 

10x T4 Ligase Puffer    2 µl 

DNA (Insert + Vektor) 10 µl 

T4 Ligase      2 µl 

H2Obidest   ad 20 µl 

 

7 DNA transfer methods 

7.1 Preparation of chemically competent E. coli cells 

For preparation of competent E. coli cells, the strain was streaked out on an LB plate 

and incubated overnight at 37 ° C. The next day, a single colony was picked from the 

plate and inoculated in liquid medium for overnight growth at 37 ° C. The following day, 

1 ml of the overnight culture was inoculated in 100 ml of prewarmed LB medium in a 

250 ml flask and incubated at 37 ° C up to an OD600 of 0.5. The culture was cooled on 

ice for 5 min and then transferred to a sterile, round bottom centrifuge tube. Cells were 

collected by centrifugation at 4 ° C and 4000 g for 5 min. The supernatant was discarded 

carefully and cells were always kept on ice. Cells were gently resuspended in cold 

(4 ° C) TFB1 buffer (30 ml for a 100 ml culture) and kept on ice for an additional 90 min. 

Cells were again collected by centrifugation at 4 ° C and 4000 g for 5 min. The 

supernatant was discarded carefully and the cells were resuspended carefully in 4 ml 

ice cold TFB2 buffer. Aliquots of 100 µl were prepared in sterile microcentrifuge tubes 

and frozen in liquid nitrogen or frozen immediately at -70 ° C and stored at -70 ° C until 

use. 

 

TFB1: 100 mM RbCl, 50 mM MnCl2, 30 mM potassium acetate, 10 mM CaCl2, 15 % 

glycerol, pH 5.8; sterile-filter 

 

TFB2: 10 mM MOPS, 10 mM RbCl, 75 mM CaCl2, 15 % glycerol, adjust to pH 6.8 with 

KOH, sterile filter 

 

7.2 Heat shock transformation 

To carry out the heat shock transformation, competent cells E. coli DH5α and E. coli 

XL1 blue were thawed for 10 minutes on ice. After adding 5 µl DNA from the ligation to 
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the cells the cup was incubated for 30 minutes on ice. The heat shock was performed 

for 2 min at 42 ° C and then the cells were incubated for 3 minutes on ice. 900 µl liquid 

LB media was added and the mixture was incubated for 1 h at 37 ° C. The culture then 

was plated out (75 µl per plate) on LB plates with corresponding antibiotics. The plates 

were incubated overnight at 37 ° C. 

 

7.3 Preparation of P. aeruginosa PAO1 electrocompetent cells 

A preparatory culture of P. aeruginosa PAO1 was incubated in 20 ml LB in a 100 ml 

flask at 37 ° C overnight at 300 rpm. 200 ml LB media were then inoculated with 2 ml of 

the preparatory culture at 37 ° C and 300 rpm until the optical density at 600 nm (OD600) 

reached 0.7. The flask was then chilled on ice for 10 minutes and the media transferred 

into a chilled 250 ml centrifuge bottle. The cells were harvested by centrifuging at 4 ° C 

for 10 minutes using a Sorvall® RC-6TM centrifuge (Thermo Electron Corporation, 

Langenselbold, Germany) at 2300 g in a chilled rotor (Sorvall® SLA-1500 Super Lite® 

autoclavable rotor, Thermo Electron Corporation). The supernatant was discarded and 

the pellet was carefully resuspended in 250 ml of sterile, ice cold SMEB buffer (1 mM 

HEPES, pH 7.0, 1 mM MgCl2, 300 mM sucrose). The cells were harvested again by 

centrifuging at 4 ° C for 10 minutes at 2300 g and the supernatant discarded. The pellet 

was resuspended in 125 ml of sterile, ice cold SMEB buffer and was centrifuged at 4 ° C 

for 10 minutes at 2300 g. The supernatant was discarded and the pellet was 

resuspended in 2 ml of sterile, ice cold SMEB buffer. The cells were harvested by 

centrifuging at 4 ° C for 10 minutes at 2300 g and the supernatant was discarded. The 

pellet was resuspended in 800 µl of SMEB buffer and the cells were kept on ice until 

they were used. 

 

7.4 Electroporation 

The electroporation was carried out according to the protocol from Biorad. 

After the electro pulse, 1 ml of SOC broth (to 100 ml SOB (2.0 g tryptone peptone, 0.5 g 

yeast extract, 0.2 ml 5 M NaCl, 0.25 ml 1 M KCl dissolved in 90 ml H2Obidest, pH 

adjusted to 7.0, H2Obidest added to 100 ml, autoclaved and 1.0 ml sterile 1 M MgCl2 and 

1.0 ml sterile 1 M MgSO4 added) 2.0 ml sterile 1 M glucose was added) was 

immediately added into the cuvette and the mix transferred into a sterile 1.5 ml ECup. 
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Then the cells were incubated for 1 h at 37 ° C shaking at 300 rpm and 75 µl of the mix 

was plated onto selective agar plates. 

 

7.5 Preparation of P. aeruginosa PAO1 and E. coli BL21 electrocompetent 

cells 

Five ml of an overnight culture were centrifuged at 13,000 g for 30 s at 4 ° C and the 

supernatant was discarded. The pellet was resuspended in 1 ml of ice-cold sterile 

H2Obidest and centrifuged at 13,000 g for 30 s at 4 ° C. The supernatant was discarded 

and the pellet was resuspended a second time in 1 ml of ice-cold sterile H2Obidest. It was 

centrifuged again at 13,000 g for 30 s at 4 ° C and the supernatant was discarded. The 

pellet was then resuspended in 1 ml of ice-cold sterile 10 % glycerol and centrifuged at 

13,000 g for 30 s at 4 ° C. The supernatant was discarded and the pellet was 

resuspended in 120 µl of of ice-cold sterile 10 % glycerol. The mix was then aliquoted 

into 40 µl portions. 

 

7.6 Sequencing 

Sequencing was performed in the group of S. Schreiber in the Institut für Klinische 

Molekularbiologie at the Universitätsklinikum Schleswig-Holstein in Kiel (Germany). For 

this purpose, standard sequencing primers Abi for/rev, T7 sequencing primers as well 

as specific primers (Table 5) were used. The obtained sequences were analysed for 

correct assignment of nucleotides using the program Chromas Lite (Technelysium Pty 

Ltd, Helensvale, Australia), also Clone Manager (Scientific & Educational Software, 

Cary, USA) and NCBI Blast were used to analyse sequences. 

 

7.7 Amplification of DNA by polymerase chain reaction (PCR) 

PCR is a standard method used in molecular biology and it allows a rapid amplification 

of specific DNA sequences for further analysis. There are three major steps in a PCR 

such as denaturation, annealing and elongation, which are repeated at varying 

temperatures and numbers of cycles depending on the experiment. 

Polymerase chain reaction was used to amplify specific DNA sequences for ligation into 

vectors. Therefore, the enzymes Taq DNA polymerase and Pfu DNA polymerase were 

used, both purchased from Fermentas. Pfu polymerase was used to amplify sequences 

longer than 2 kb or for obtaining a PCR product with blunt ends. Taq polymerase was 
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used for other purposes, especially cloning in TA cloning vectors, such as pDrive by 

Qiagen. For all PCRs done with Taq or Pfu polymerase, the following concentrations 

and volumes were used: 

 

Template DNA   20 ng (plasmid) – 200 ng (genomic) 

Oligonucleotides   100 pmol each 

dNTP mix    200 µM each 

DNA Polymerase   1 U 

Reaction buffer (10x)  10 µl 

H2Obidest    ad 50 µL 

Reaction buffer consists of 500 mM KCl, 100 mM Tris, 15 mM MgCl2 and 1 % (w/v) 

Triton X 100; adjusted to pH 8.8 using HCl 

 

The temperature incubation cycles were carried out as follows, but were adjusted to the 

special annealing temperature needs of primers and elongation time needs of the 

polymerases. For annealing temperature calculation, the melting temperatures given by 

the primer supplier were subtracted by 5 ° C. 

 

initial denaturation 95 ° C 2 min 

start of 35 cycles:  

denaturation 95 ° C 30 s 

annealing  Tanneal  40 s  

elongation 72 ° C  y min 

end of cycles   

final elongation 72 ° C 5 min 

 

Elongation time was calculated according to the fragment length of the PCR product, 

assuming an elongation speed of 1 kB/min for Taq polymerase and 0.5 kb/min for Pfu 

polymerase. 

The cycles were carried out using an eppendorf thermocycler and PCR products were 

analysed by agarose gel electrophoresis. 
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7.8 Colony PCR 

For analysis of clones, Taq polymerase was used in a reaction volume of 20 µl. For this 

purpose, the following mastermix was prepared: 

 

H2Obidest       425 µl  

Taq Polymerase Puffer (10x)     50 µl  

dNTPs         10 µl 

forward Primer          5 µl 

reverse Primer          5 µl 

Taq Polymerase          5 µl 

        Σ 500 µl 

 

This mastermix was aliquoted into PCR tubes on ice. From each colony to be analysed, 

some material was separated and mixed with the PCR solution. 

 

7.9 Site-directed mutagenesis 

The bpiB09 gene was mutagenised using the Finnzymes Phusion™ Site-Directed 

Mutagenesis Kit (New England BioLabs Inc., Frankfurt a. M., Germany) following the 

manufacturers protocol and using the mutagenesis primers B09Muta1for, B09Muta1rev,  

B09Muta2for, B09Muta2rev documented in Table 5. 

 

8 Standard protein biochemical methods 

8.1 Quantitative protein concentration measurement (Bradford) 

For measurement of protein concentrations, the “Roti®-Quant” solution (Roth, 

Karlsruhe, Germany) based on the colorimetric method of Bradford (Bradford, 1976) 

was used. In this method, the anionic dye coomassie brilliant blue G250 binds to 

positively charged aminoacid residues of the proteins. The sensitivity of this method is 

1-10 µg/ml protein. 

For protein concentration measurement, 990 µl of diluted Roti®-Quant solution was 

mixed with 10 µl of an appropriate protein dilution, in the range of the calibration curve 

data points, 100 µg to 1 mg. This mixture was incubated for 10 min in the absence of 
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light and subsequently, the sample was remixed and the OD595 was measured, blanking 

the photometer with a sample containing no protein.  

 

8.2 SDS (sodium dodecyl sulphate)-PAGE (polyacrylamide gel 

electrophoresis) 

The technique is based on separation of proteins according to their denatured size 

which is proportional to their molecular weight. Denaturation is accomplished by the 

detergent SDS (sodium dodecyl sulphate) which binds in the hydrophobic areas. 

Consequently, the protein cannot form any 3 D structures. The protein charges are 

neutralized also and due to the access of negative charge, negatively charged SDS-

protein complexes are formed. When heated to 95 ° C in the presence of a reducing 

agent (mercaptoethanol, DTT), also the disulfide bonds are broken, leaving only the 

primary protein structure. Therefore, a separation of the protein-SDS complexes 

through a porous polyacrylamide gel in an electric field according to their molecular 

weight is possible (Laemmli, 1970). 

 

Solutions: 

 

Acrylamide stock solution 

40 % (w/v) (Biorad) 

 

Resolving gel buffer 

stock solution 

Stacking gel buffer 

stock solution 

Tris 18.2 g Tris 6.1 g 

H2O 100 ml H2O 100 ml 

SDS 0.4 g SDS 0.4 g 

pH 8.8 (with HCl) pH 6.8 (with HCl) 
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10x electrophoresis buffer 

Tris 30 g 

glycine 144 g 

SDS 10 g 

H2O ad 1000 ml 

pH 8.4 (with Glycine) 

 

2x SDS loading buffer 

glycerol 20 % (v/v) 2 ml 

dithiothreitol 200 mM 0,31 g 

SDS 4 % (w/v) 0,4 g 

Tris 120 mM 0,6 ml 2 M 

Brome phenole blue (0,02 %) 2 mg 

H2O ad 10 ml 

pH 6.8 with HCl 

The buffer was aliquoted and stored at -20 ° C. 

 

Ammonium persulphate (APS) 

10 % ammonium persulphate (w/v) in H2O, aliquot and store at -20 ° C 

 

N,N,N´,N´- Tetramethylene ethylene diamine 

Temed (Biorad) 

 

Preparation of an SDS-PAGE gel 

The thin and the thick glass plates were cleaned with 70 % ethanol, put together and 

inserted into the stand. The resolving gel (Table 8) was then mixed and poured with a 

pipette between the glass plates. To flatten the gel edges and to avoid air bubbles, 1 ml 

water was given over the gel. After one hour the gel was solidified and the water could 

be sucked out with a tissue. The stacking gel (Table 8) was poured over the resolving 

gel and the comb was inserted, avoiding air bubbles. After another hour, the gel was 

solidified. 
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Table 8: Composition of solutions for two SDS gels 

solution  resolving gel 12 %  stacking gel 7 %  

H2O  4.5 ml  2.34 ml  

resolving gel buffer 2.5 ml   -  

stacking gel buffer  -   960 µl  

acryl amide 40 %  3 ml  700 µl  

APS  100 µl  30 µl 

Temed  10 µl  5 µl  

 

Gel electrophoresis and sample preparation 

The gel was inserted into the electrophoresis chamber and it was filled with 

electrophoresis buffer. The comb was taken out of the gel and it was ready to be loaded 

with the samples. Samples were, if not stated differently, mixed with an equal volume of 

loading buffer, incubated at 95 ° C for 5 min and centrifuged at 13,000 g for 2 min. 

Subsequently, they were loaded onto the gel and the gel was run using a constant 

amperage of 30 mA. Electrophoresis was carried out until the brome phenol blue band 

reached the lower edge of the gel. As standard protein marker a prestained protein 

molecular weight marker from Fermentas was used. From the marker 5 µl was loaded 

into a well. The table 9 indicates the fragment sizes of the marker. 

 

Table 9: fragment sizes of fermentas marker SM0431 

Molecular weight  protein source  

116.0 kDa β-galactosidase E. coli  

66.2 kDa bovine serum albumin bovine plasma 

45.0 kDa ovalbumin chicken egg white 

35.0 kDa lactate dehydrogenase porcine muscle 

25.0 kDa REase Bsp98I  E. coli 

18.4 kDa β-lactoglobulin bovine milk  

14.4 kDa lysozyme chicken egg white 
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After the electrophoresis, the gel was put into a Coomassie stain and incubated at RT 

on a shaker. The stain solution was removed and the gel was destained in a solution of 

20 % acetic acid until all excessive stain was removed from the gel and only the protein 

bands stayed visible. 

 

Coomassie stain 

Coomassie brilliant blue powder   1.0 g 

acetic acid      100 ml 

ethanol      400 ml 

H2O      ad 1000 ml 

 

9 Protein purification 

For this purpose, 2 different his-tag purification systems were used. One of the systems 

was the “Protino” purification system (Macherey & Nagel, Düren, Germany). The other 

one is the Ni-NTA-Kit from Qiagen (Hilden, Germany). 

 

9.1 Preparation of cell free extracts 

9.1.1 Sonication 

Cells were resuspended in 5 ml buffer per mg cells and sonicated 4 times on ice using 

an amplitude of 70 and a cycle of 0.7 for 1 min each with 1 min cooling periods in 

between. Subsequent centrifugation for 30 min at 13,000 g was performed for removal 

of unsoluble matter. 

 

9.1.2 Cell disruption using the „French Pressure Cell“ 

Following resuspending of the pellet, cells were disrupted using an appropriate buffer 

volume using a French Pressure Cell Press® instrument (American Instrument 

Company, Silver Spring, USA) applying 100 psi (= 6,9 MPa). Each sample was pressed 

three times. Subsequently the cell extract was centrifuged at 10,000 g for 30 min. 

 

9.2 Purification of his-tagged proteins with Protino® columns 

The pellet from a 200 ml expression culture was resuspended in 2 ml 1xLEW buffer. 

Cells were disrupted by french pressure cell or sonication. 
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After disruption, cells were centrifuged for 30 min at 13,000 g. When using both french 

pressure cell and sonication, filtration through a 0.45 µm filter was not necessary, 

clogging never occurred. Cell free extracts were loaded onto a Protino column 

equilibrated with LEW buffer. After cell free extract had passed the column, it was 

washed with 3 column volumes LEW buffer. Subsequently, protein was eluted using 

LEW buffer containing 250 mM imidazole. Following this, the protein concentration was 

measured using Bradford ‘s method and the eluate was either dialysed or washed with 

LEW buffer and concentrated using Vivaspin centrifugal concentrators (Sartorius, 

Göttingen, Germany).  

 

1 x LEW-buffer 

NaH2PO4      50 mM 

NaCl     300 mM 

pH 8,0 

 

1 x elution buffer 

NaH2PO4       50 mM 

NaCl     300 mM 

imidazole    250 mM 

pH 8,0 

 

9.3 Purification of His-tagged proteins using Protino® columns and a 

denaturing buffer 

In order to purify proteins from inclusion bodies, a cell free extract was prepared as 

above, but after disruption and centrifugation, the supernatant was discarded and the 

pellet was washed once with LEW buffer, centrifuged again for 30 min at 13,000 g and 

4 ° C, after that they were reuspended in 2 ml 8 M urea and incubated at 4 ° C for 1 h on 

a magnetic stirrer. Subsequently another centrifugation was carried out for 30 min at 

13,000 g and 4 ° C. The resulting supernatant was loaded onto a protino column 

equilibrated with LEW buffer containing 8 M urea. Washing and elution were carried out 

as above, only with buffer containing 8 M urea. The protein concentration was 

measured, and the protein was dialysed against decreasing concentrations of urea in 

order to allow protein refolding. The dialysis buffer was exchanged every hour to a 
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buffer containing 1.5 fold less urea, thus concentrations decreased in the order 8 – 5.33 

– 3.55 – 2.37 – 1.6 – 1.05 – 0.7 – 0.47 – 0.31. 0.31 M urea was the final concentration 

the proteins were left in for further work e.g. for activity testing. Inclusion body 

purification was also carried out with less urea in the buffer, for testing the impact of the 

initial concentration of urea on refolding and therefore on activity.  

 

9.4 Purification of His-tagged proteins using the Qiagen Ni-NTA-Kit 

Using this method, the pellet from the expression culture was resuspended in 2 ml of 

Qiagen buffer containing 10 mM imidazole. Following cell disruption and centrifugation, 

the cell free extract was incubated with the amount of Qiagen-Ni-NTA-material, that is 

stated to bind the same amount of protein as the Protino 1000 columns do, which is 

2.5 mg. Binding capacity of the Qiagen matrix is not clearly specified, so it had to be 

experimentally tested. This was done by comparing expression yields of a well 

expressable gene. 1 ml Qiagen matrix seems to bind about 6 mg protein. Thus for 

comparability, 417 µl of Qiagen matrix (binding also 2.5 mg) was used. This amount of 

matrix was mixed with the cell free extract and incubated at 4 ° C on a magnetic stirrer 

for 1 h. This suspension was given into an empty column. After the cell free extract had 

flown through the column, it was washed using 20 ml of Qiagen buffer containing 

20 mM imidazole. Elution was carried out using Qiagen buffer containing 250 mM 

imidazole. 

 

Qiagen buffer 

NaH2PO4      50 mM 

NaCl     300 mM 

pH 8,0 

 

9.5 Buffer exchange via dialysis 

For dialysis, a MWCO 12000-14000 Servapor dialysis tube (SERVA, Heidelberg, 

Germany) was boiled for 20 min, cooled and washed with cold water. One end was 

sealed with a hose clamp, the protein elution fraction was pipetted into the tube 

(maximum of 10 ml) and sealed at the other end with another hose clamp. Dialysis was 

carried out at 4 ° C for 4 h, the buffer was exchanged and dialysis was continued over 

night. In this way, the imidazole used for elution was diluted to approximately 1/106. 
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9.6 Concentrating of protein solutions 

When elutions or dialysed protein solutions contained only small amounts of protein, 

they were concentrated using centrifugal filtration (Vivaspin, Sartorius, Göttingen, 

Germany). Concentration was done according to the manufacturers protocol. 

 

10 Detection of activity 

10.1 AHL degradation test using an Agrobacterium tumefaciens sensor 

strain (ONPG test) 

Because ONPG was used as substrate for β-galactosidase, the test will be called 

ONPG test in this work for simplification purposes.  

 

Z-buffer 

Na2HPO4 x 7 H2O  1.61 g 

NaH2PO4 x H2O  0.55 g 

KCl    0.075 g 

MgSO4 x 7 H2O  0.025 g 

mercaptoethanol  0.27 mL 

pH 7.0 

H2O    ad 100 ml, sterile filter, store at 4 ° C 

 

 

HSL

Cell free extract

or purified
protein

Incubation

→→→→ degradation 
of HSL

A. tumefaciens
NTL4 pCF218 
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culture

Expression of
β-galactosidase in     

A. tumefaciens
depending on the

concentration of
HSL

Lysis of

A. tumefaciens

cells and assay
of β-galactosi-

dase
 

 

 

 

The aim of this test was to determine the degradation of HSL caused by the addition of 

cell free extracts of expression strains overproducing the Bpi proteins or by addition of 

purified proteins (Fig. 3). Therefor a known amount of protein (cell free extract or 

purified protein) was incubated for 1-16 h at temperatures from 4-30 ° C together with 5 

Fig. 3: Workflow for the ONPG test 
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µl of an HSL-solution of known concentration (in DMSO) in a final volume of 500 µl. For 

each AHL tested, the best concentration for approximate linearity of AHL concentration 

and β-galactosidase activity was determined. 

As controls eluates of empty vector controls adjusted to the same protein concentration 

(with BSA) were used. Also controls incubated with and without AHL were done. When 

adding accessory components such as cofactors, an additional control with AHL and 

without potential quorum quenching protein was done for each component. 

For detection of the degree of degradation, 100 µl of these samples were then 

incubated in triplicate with 2.9 ml of AT medium inoculated with 30 µl of an A. 

tumefaciens NTL4 (pCF218)(pCF372) culture, that was grown overnight at 28 ° C in LB 

medium containing spectinomycin (50 µg/ml) and tetracyclin (4.5 µg/ml). The cultures 

now containing the samples were then incubated at 28 ° C and 200 rpm to an average 

OD600 of 0.5 (about 15 h). During this step, the AHL induces the production of β-

galactosidase in the A. tumefaciens strain. 

For detecting the amount of β-galactosidase formed, the cells were lysed and the 

activity for ONPG cleavage was measured using the following protocol. 

At first, the OD600 was measured from every sample culture. Then, 1 ml of the cultures 

was vigorously shaken with 20 µl of toluol. After separation of the phases, 800 µl of this 

solution was mixed with 200 µl of freshly prepared ONPG solution (4 mg/ml in Z-buffer) 

and incubated for 20 min at RT. Subsequently, 400 µl 1 M Na2CO3 was added to every 

sample to quench the reaction. The samples were centrifuged at 13,000 g for 2 min and 

the OD of the supernatant was measured at 420 nm. 

For the calculation of results, the values for the OD420 were divided by the values for the 

OD600, then the mean values of the triplicates were calculated. From these interim 

results, the absorptions of the control samples without AHLs were subtracted. Now the 

AHL control without protein was equated to the applied concentration and the 

degradation of the other samples was calculated. 

 

10.2 Measurement of pyocyanin concentration 

In order to measure the concentration of pyocyanin, overnight cultures were prepared of 

the P. aeruginosa strains to be tested and a positive control strain replicating an empty 

pBBR1MCS-5 vector. As blank control an E. coli strain unable to produce pyocyanin 

was utilized. From these cultures, fresh 5 ml tubes containing the appropriate antibiotics 
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were inoculated to an OD600 of 0.02 and incubated for 16 h at 37 ° C. These cultures 

were centrifuged at 13,000 g for 20 min. The supernatant was mixed with 3 ml of 

chloroform (the chloroform should adopt a blue colour, if pyocyanin is present) and 

centrifuged for 2 min at 13,000 g to accelerate phase separation. The chloroform phase 

was separated and mixed with 1 ml 0.2 M HCl (the aqueous phase should adopt a pink 

to reddish colour). The mixture was centrifuged to separate phases and the absorption 

of the aqueous phase was measured at 520 nm. 

 

11 Special microbiological methods 

11.1 Cultivation of P. aeruginosa PAO1 biofilms 

An overnight culture of the corresponding P. aeruginosa clone was streaked out on an 

LB-agar plate and incubated at 37 ° C. These cells were washed off the plate and 

resuspended in 5 ml of fresh LB medium. Following cell density measurement, 5 x 108 

cells were removed, centrifuged at 4000 g for 1 min and washed once in PBS buffer. 

The cells were resuspended in 5 ml mAPM or ABt to result in 108 cells/ml. 

Biofilms were cultivated in two-channel flow cells constructed of V10A stainless steel. 

The individual channel dimensions were 3 mm x 8 mm x 54 mm. The substratum 

consisted of standard borosilicate glass coverslips (24 mm x 60 mm, thickness 

0.17 mm) that were fixed on the upper and lower side of the stainless steel flow 

chamber (1.3 ml total volume), using additive-free silicone glue. The assembled flow 

cells with Tygon tubing (inner diameter 3.17 mm) attached to the outlets of each 

channel were sterilized by autoclaving at 121 ° C for 15 min. All experiments were 

performed at 30 ° C. Prior to inoculation, the flow chamber was rinsed with the medium 

for 5 h at a flow rate of 20 ml/h, using a multi-channel Ismatec IPC-N peristaltic pump 

(IDEX Health & Science GmbH ,Wertheim-Mondfeld, Germany) (Fig. 4). For inoculation, 

bacteria from a 24 h culture on LB agar plates were washed one time and then 

resuspended in mAPM or ABt medium; each channel of the flow cell was inoculated 

with 5 ml of the cell suspension adjusted to approximately 108 cells/ml.  

Biofilm tests were done in the same medium. After arresting the medium flow for 1 h, it 

was resumed at a rate of 20 ml/h (83.3 cm/h), corresponding to a flow with a Reynolds 

number of 0.73. The residual time of the bacteria in the flow chambers was 

approximately 4.5 mins. 
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Fig. 4: Experimental set-up for biofilm flowthrough chamber experiments 

 

 

 

After 72 h, biofilm cells were stained with SYTO 9 (Invitrogen, Darmstadt, Germany) by 

injecting 5 ml of SYTO 9 solution (1.5 ml SYTO 9/ml mAPM), and viewed by 

fluorescence microscopy. 

 

11.2 Fluorescence imaging analysis of P. aeruginosa PAO1 biofilms in 

flow chambers 

Visualisation of flow-cell biofilms was performed using a Zeiss Axio Imager 2 

fluorescence microscope (Zeiss, Jena, Germany). Images were obtained with a Zeiss 

LD Achroplan 40x/0.60NA objective. Three-dimensional image stacks of 72 h old flow-

cell biofilms stained with SYTO 9 were recorded at an excitation wavelength of 470 nm 

in combination with an emission filter BP 525 nm. Digital image acquisition, analysis of 

the optical thin sections and three-dimensional reconstructions were performed using 

the Zeiss AxioVision software (version 4.8.1). Tests were verified in at least three 

independent experiments. 
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11.3 C. elegans paralysis assay 

Paralysis assays were done by Dr. Katja Dierking in the group of Dr. Hinrich 

Schulenburg (Department of Evolutionary Ecology and Genetics, Christian-Albrechts 

Universität zu Kiel, Kiel, Germany) as described in (Darby et al., 1999) with some 

modifications: PAO1 strains were grown on brain heart infusion (BHI) agar plates (Roth 

X915.1), supplemented with 50 µg/ml gentamycin to maintain plasmids. A single colony 

was picked and inoculated in BHI broth (Roth X916.1) at 37 ° C for 24 h. The culture 

was diluted 1:100 into fresh BHI broth, 350 µl of the diluted culture were spread onto 

100-mm BHI agar plates, and incubated at 37 ° C for 48 h. The C. elegans N2 strain 

was maintained on nematode growth medium (NGM) at 20 ° C, fed with E. coli OP50, 

and synchronised as described elsewhere (Stiernagle, 2006). 30 one-day-old adult C. 

elegans were picked onto each of 8 replicate plates per PAO1 strain. The assay was 

done at RT and the plates were sealed with parafilm. The paralysis of the nematodes 

was scored every hour and worms were considered paralyzed if they did not move after 

repeatedly tapping the plate against the stage of the dissection microscope. The 

variation in percentage of paralysed worms was evaluated with a generalised linear 

model, using ordinal logistic regression analysis and including the following factors in 

the model: PA strain, time, the PA strain × time interaction and also replicate nested in 

PA strain. In all cases, the specified model provided a better fit to the data than a 

minimal model (P < 0.001) and it was not significantly worse than a saturated model (P 

> 0.99). The analysis was performed with JMP version 8.0 (SAS Institute Inc. 2008). 

The graph was produced with SigmaPlot version 11.0 (Systat Software Inc. 2008). 

 

12 Special biochemical methods 

12.1 Purification of BpiB05 and BpiB09 using Immobilized Metal Affinity 

Chromatography (IMAC) 

For purification of BpiB05, an overnight culture was prepared using LB medium 

containing 100 µg/ml ampicillin, inoculated from a glycerol stock of the bpiB05 

expression strain and incubated at 37 ° C for 16 h on a shaker. The next morning, 1 ml 

of this culture was spinned down at 4000 g for 2 min, resuspended in fresh LB and 

transfered to one liter of LB medium containing 100 µg/ml ampicillin. This culture was 

incubated at 28 ° C on a magnetic stirrer to reach an OD600 of 0.3 (about 5 h after 
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inoculation) and then transfered to 17 ° C. There it was incubated to reach an OD600 of 

0.9 (about 7 h after inoculation), at that point 100 µM IPTG was added and the 

incubation was continued for another 16 h at 17 ° C. The next day, the culture was 

centrifuged down at 7.000 g for 20 min, washed with 100 mM PBS buffer and either 

stored at − 70 ° C until use or was purified directly after harvesting. Cells were 

resuspended in LEW buffer containing 2 mM Ca2+ and subsequently disrupted using 

two times French Pressure Cell followed by a 1 min sonication for better disruption of 

genomic DNA that might clog purification columns. The next step was centrifugation at 

13.000 g for 30 min for pelleting of all unsoluble matter. The supernatant was adjusted 

to contain 40 mM imidazol and loaded onto a Protino Ni-TED 2000 column equilibrated 

with BpiB05 purification buffer. The column was washed with 10 column volumes of 

BpiB05 purification buffer containing 40 mM and then eluated with 6 ml BpiB05 

purification buffer containing 250 mM imidazol. Imidazol was washed out using 50 kDa 

Vivaspin centrifugal concentrators, washing with pure BpiB05 purification buffer. This 

step also washed out most contaminants having molecular weights lower than 50 kDa. 

Purification of BpiB09 was carried out as described for BpiB05, with the following 

differences: in the LEW buffer, no Ca2+ was included, instead 1 mM NADPH was 

supplemented and the pH was adjusted to 7.4 during purification and eluted with elution 

buffer adjusted to pH 6.8. 

 

12.2 HPLC-MS analysis 

12.2.1  Reductase activity test 

The analysis for reductase activitiy of BpiB09 was done by Matthias Szesny in the group 

of Dr. Stephanie Grond (Institut für Organische Chemie, Eberhard Karls Universität 

Tübingen, Tübingen, Germany). For chemical analysis 2 µmol 3-oxo-C12-HSL (Sigma-

Aldrich, Heidelberg, Germany) (4 mM final concentration in 0,5 ml total volume) was 

mixed with 1 mM NADPH and 100 µg purified BpiB09 protein in 100 mM potassium 

phosphate buffer pH 7.0 with 20 % DMSO as cosolvent and incubated for 16 h at 30 ° C. 

After incubation, the resulting mixtures were extracted twice with ethyl acetate (total of 2 

volumes) and the combined organic layers were concentrated in vacuo. For HPLC 

analysis each extract was dissolved in methanol (5 mg/ml). HPLC-MS-DAD (coupled 

high performance liquid chromatography mass spectrometry-diode array detector) 

analysis of the solutions was performed using a Nucleosil 100 C18, 3 µm (100 x 2 mm) 
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column, an Agilent 1200 LC-System and LC/MSD Ultra Trap System XCT 6330 (Agilent 

Technologies Germany, Böblingen, Germany) with the software 6300 Series Trap 

Control Version 6.1. A gradient program with solvent A (water with 0.1 % formic acid) 

and B (acetonitrile with 0.06 % formic acid) was used to detect the 3-oxo-C12-HSL and 

the reduced product (retention times 14.5 min and 14.0 min, respectively): gradient from 

0 % B to 100 % B in solvent A in 20 min, 3 min 100 % B, post-time 5 min 0 % B (total: 

28 min program) at a flow rate of 400 µl/min. HPLC-MS and HPLC-MS/MS mass 

analysis were recorded using negative ionization. As reference the commercially 

available 3-hydroxy-C12-HSL (Sigma-Aldrich, Heidelberg, Germany) was measured. 

 

12.2.2  Lactonase activity test 

The analysis for lactonase activitiy of BpiB05 was done by Dr. Melanie Quitschau, a 

former member of the group of Dr. Stephanie Grond (at that time located in Göttingen, 

Germany). For chemical analytics 10 µMol 3-oxo-C8-HSL (Sigma-Aldrich, Heidelberg, 

Germany) (10 mM final concentration in 1 mL total volume) and 10 µMol 3-oxo-C12-HSL 

(Sigma-Aldrich, Heidelberg, Germany) was mixed with either purified protein or crude 

extracts of E. coli cells overexpressing bpiB05 (20 µg mL-1) in 100 mM potassium 

phosphate buffer pH 7.0 and incubated for 20 h at 30 ° C. After incubation, the resulting 

mixtures were extracted twice with ethyl acetate (total of 2 volumes) and the combined 

organic layers were concentrated in vacuo. For HPLC analysis each extract was 

dissolved in methanol (110 µL). HPLC-MS-DAD (high performance liquid 

chromatography - mass spectrometry - diode array detector) analysis of the solutions 

was performed using a Grom Supersphere-100 RP-18 endcapped, 4 µm (100 x 2 mm) 

column, a Flux instruments pump Rheos 4000, a PDA detector Finnigan Surveyor and 

mass spectrometer Finnigan LC-Q (70 eV) with software package Finnigan Xcalibur 

(Thermo Electron, Dreieich, Germany). A gradient program with solvent A (0.5 % 

aqueous HCOOH) and B (MeOH) was used to detect the 3-oxo-C8-HSL and 3-oxo-C12-

HSL and the cleaved products (retention times for 3-oxo-C8-HSL 8.3 min and 7.4 min, 

respectively): gradient from 20 % B to 100 % B in solvent A in 20 min, 10 min 100 % B, 

to 20 % B in 2 min, 8 min 20 % B (total: 40 min program) at a flow rate of 300 µL min-1. 

HPLC-MS-Tandem mass analyses were recorded on a Finnigan LC-Q spectrometer 

(impact energy 25 %); high-resolution mass spectra (electrospray ionization [ESI]) on a 

Bruker APEX IV 7T spectrometer (Bruker Daltonik, Bremen, Germany); preselected ion-
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peak matching at a resolution (R) of >>10000 was within 2 ppm of the exact masses. N-

(3-oxooctanoyl)-L-homoserine and N-(3-oxododecanoyl)-L-homoserine were 

synthesized by chemical hydrolysis of the corresponding acyl-homoserine lactone 

(5.8 mg) in dimethyl sulphoxide (60 µL) with 1 N NaOH (1.5 equivalents, 36 µL) for 16 h 

at room temperature (Dong et al., 2001). 

 

13 Crystallization methods 

13.1 Crystallization 

Crystallisation was carried out by Hubert Mayerhofer in the group of Dr. Jochen Müller-

Dieckmann (EMBL Hamburg, Hamburg, Germany). Purified BpiB09 was concentrated 

using a Vivaspin column (molecular-weight cutoff 10 kDa) to 10 mg/ml. Freshly 

prepared NADP+ (Karl Roth GmbH, Karlsruhe, Germany) was added to the sample 

immediately prior to crystallization to a final concentration of 1 mM (about 3-fold 

excess). Initial crystallization trials were carried out with five different 96 well screens 

from Qiagen (Classic I & II, PACT, AmSO4, PhClearII) at the EMBL Hamburg high-

throughput crystallization facility (Mueller-Dieckmann, 2006). All initial screens were 

performed at 292 K in Innovadyne plates using the sitting-drop vapor-diffusion method. 

200 nl protein solution mixed with 200 nl reservoir solution was equilibrated against 

50 µl reservoir solution. Initial crystallization experiments resulted in medium sized 

crystals under two conditions: 0.1 M citric acid pH 4.0, 1.6 M ammonium sulfate and 

0.1 M tri sodium citrate pH 5.6, 2.5 M hexandiol, respectively. Only crystals grown from 

citric acid and ammonium sulfate diffracted x-ray radiation. They were subsequently 

optimized with customized screens using the hanging-drop method. Best diffraction was 

obtained with crystals grown from 0.1 M citric acid pH 4.5 and 1.5 M LiSO4. Equal 

volumes (1 µl) of protein solution (10 mg/ml) and reservoir solution were mixed and 

equilibrated against 1 ml of the reservoir solution at 292 K. Crystals appeared after 2-4 

days and grew to dimensions of up to 300x300x200 µm3. 

 

13.2 Crystal Data Collection and Processing 

For cryoprotection, a crystal of BpiB09 was briefly (2-5 s) immersed in mother liquor 

supplemented with 24 % (v/v) ethyleneglycol and flash-frozen in liquid nitrogen. A 

complete X-ray diffraction data set was collected at beamline X13 at EMBL 
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Hamburg/DESY on a MARCCD detector (165 mm) (Rayonix, Evanston, USA). A total of 

170 frames were collected with a rotation range of 0.4 ° based on the prediction of BEST 

(Popov & Bourenkov, 2003). The data were indexed and integrated using XDS (Kabsch, 

1993) and scaled with SCALA (Collaborative Computational Project, Number 4, 1994). 

Intensities were converted to structure-factor amplitudes using the program TRUNCATE 

((French & Wilson, 1978); Collaborative Computational Project, Number 4, 1994). 

 

13.3 Structure Solution and Refinement 

Phasing was accomplished by molecular replacement using the online molecular-

replacement pipeline BALBES from the York Structural Biology Laboratory 

(http://www.ysbl.york.ac.uk/YSBLPrograms/index.jsp) (Long et al., 2008). The program 

selected the structure of a putative oxidoreductase from Thermus thermophilus as a 

search model (PDB entry 2ehd). 4 molecules were found in the asymmetric unit, which 

corresponds to a high solvent content of 76 %. The structure was refined using 

REFMAC5 (Murshudov et al., 1997) and Phenix 1.7 (Adams et al., 2010) alternating 

with manual rebuilding in Coot (Emsley & Cowtan, 2004). After few rounds of refinement 

unambiguous electron density remained at the expected site of NADP+ binding. Only 

after the Rfree factor had dropped to below 24 % gradual addition of the NADP+ cofactor 

into the model began. While there was continuous density for adenosine and the 

phosphoryl groups at the 2’ and 5’ hydroxyl side chains of the ribose, the density for the 

remaining phosphoryl-, ribose- and nicotinamide moiety was too weak for unambiguous 

tracing. Figures were prepared using PyMOL (DeLano, 2002). The atomic coordinates 

of BpiB09 have been deposited in the Protein Data Bank under the accession code 

3RKR. 

 

14 Software 

For analysis and evaluation of nucleotide and protein sequences the following programs 

were used: 

Chromas Lite Technelysium Pty Ltd 

Clone Manager Suite 7 Scientific & Educational Software 

PhyML 3.0 

seaview 4.2.6. 
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III. Results 

1 Metagenomic ORFs examined 

The metagenomic clones analysed in order to find quorum sensing interfering proteins 

that could be expressed in large quantity and purity are listed in Table 10. For this 

purpose, ORFs, that were most likely to combine expressability and activity, were 

cloned into expression vectors (Fig. 5). The expression of the ORFs was optimised and 

proteins were tested for quorum sensing inhibition phenotypes. 

 
Table 10: Metagenomic clones analysed. The examined ORFs are depicted in bold. 

For sequence accession numbers, see table 4. 

Metagenomic 

sequence/ 

enclosed ORFs 

Homology according to blastx 
Expect 

(E) value 
conserved domains 

Bio1 
(bpiB01) 

hypothetical protein Lferr_2087 
(Acidithiobacillus ferrooxidans) 

1. 2e-87 none 

Bio3 
(bpiB11) 

YmaE (Verrucomicrobium 

spinosum) Zn-dependent 
hydrolases, including glyoxylases 

1e-86 
 

1. Metallo-beta-
lactamase superfamily 

Bio5 
(bpiB09) 

1. clavaldehyde dehydrogenase 
(Acidobacterium capsulatum) 
2. conserved hypothetical protein 
(Hyphomonas neptunium) 

1. 4e-60 
 
2. 2e-29 

1. 3-ketoacyl-(ACP) 
reductase; 
NAD(P)H/NAD(P)(+)-
binding-domain 

Bio6 
(bpiB08, 

bpiB10) 

1. aldo/keto reductase 
(Burkholderia ubonensis) 
2. peptidase S9 prolyl oligopep-
tidase active site domain protein 
(Rubrivivax benzoatilyticus JA2) 

1. 1e-113 
 
2. 6e-150 

1. Aldo-keto reductase, 
NAD(P)(H) dependant 
2. Dipeptidyl amino-/ 
acyl-aminoacyl-
peptidases 

Bio8 
(bpiB05) 

hypothetical protein (Burkholderia 
sp. Ch1-1) 

0.0 none 

Bio9 
(bpiB06) 

+bpiB07 

1. putative dienelactone hydrolase 
(Xanthomonas campestris pv. 
vesicatoria str. 85-10) 
2. histidine triad (HIT) protein 
(Methylobacterium extorquens 
PA1) 

1. 3e-58 
 
 
2. 3e-37 

1. Dienelactone 
hydrolase family 
Esterases and lipases 
2. HIT family: HIT 
(Histidine triad) 
proteins 

 

From these clones, the ORFs bpiB01, bpiB05, bpiB06, bpiB08, bpiB09, bpiB10 and 

BpiB11 were examined. The ORF bpiB07 was not processed in the framework of this 
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thesis. All ORFs were homologous to genes from organisms that have not yet been 

reported to harbour quorum quenching genes or did not exhibit any homology in the 

NCBI data bank.  

The ORFs bpiB01 and bpiB05 were the two ORFs not showing any conserved domains 

at all, at the same time their phylogenetic relationship was fairly clear. The ORF bpiB06 

was similar to a histidin triad family of proteins probably related to the genus of 

Methylobacterium. ORF bpiB08 showed similarity to an unspecified aldo/keto reductase 

very probably descending from the genus of Burkholderia, bpiB09 was also similar to an 

oxidoreductase (3-ketoacyl-(ACP) reductase) related to the phylum Acidobacteria very 

prevalent in soil DNA. The ORF bpiB10 probably was a dipeptidyl peptidase from 

Rubrivivax and the ORF bpiB11 was very similar to a Zn-dependent hydrolase from 

Verrucomicrobia. 

 

orf01                           orf02                           bpiB09  
Bio5

Expression in E. coli

pET-21a::bpiB09

6099 bps

HindIII 173

NdeI 893
bpiB09

lacI

bla

pET-19b::bpiB09

6434 bps

XhoI 324

1047
bpiB09

lacI

bla NdeI

 

 Fig. 5: Vector construction scheme for protein expression in E. coli 
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2 Expression yields 

For determination of expression yields, 100 ml medium was used for expression and the 

protein was purified using a Protino® 2000 column or the corresponding amount of 

Qiagen Ni-NTA matrix. Protein concentrations were determined using the Bradford 

method (Bradford, 1976). Expressions were always conducted in the presence of 1 % 

glucose for suppressing premature expression of the target gene via lactose induction 

included in the growth medium. 

BpiB06 and BpiB09 were the only Proteins that could be detected mainly in a soluble 

form. BpiB01, BpiB05 and BpiB10 were mainly produced insoluble and could be 

detected in the pellet after centrifugation of the disrupted cells. In the case of BpiB01, 

that was expected, as this protein possesses a signal peptide. BpiB08 and BpiB11 were 

expressed only on a very low level not clearly detectable via SDS-PAGE. Denaturing 

purification of BpiB08 yielded in a shortened product of about 27 kDa, only in the 

construct with C-terminal His-tag. This leads to the conclusion that BpiB08 probably 

gets degraded after translation. The active site of BpiB08 is predicted (NCBI Data bank) 

to be at the N-terminus of the protein, probably the region that gets degraded after 

translation, this idea is supported by the fact that no clear activity could be detected for 

this protein. 

Interestingly, when a larger amount of cell extract was used for purification, Ni-NTA 

matrix would bind more of BpiB09 than the manufacturer’s protocol pointed out, that is 

about 3-4 fold more. A cell extract from a 17 ° C 100 ml culture yielded in 8.3 mg of 

protein using a column only certified to bind 5 mg. This indicated a multimeric 

quaternary structure of the protein. Basically, the yield of every poorly produced protein 

could be enhanced by denaturing purification, but in most of the cases, not all of the 

inclusion body protein was soluble in denaturing buffer. Other methods using other 

buffers did neither increase yield, nor activity of the proteins.  
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Table 11: Protein yield (mg/liter) results for the expression constructs; nt = not 

tested; nb = no band detectable in SDS-PAGE. 

vector \ ORF T (° C) B01 B05 B06 B08 B09 B10 B11 

pET-
19b 

native 

37 0.55 1.62 18 nb 52 0.39 nb 

22 0.61 2.09 21 nb 61 0.43 nb 

17 0.64 4.47 36 nb 83 0.65 nb 

denatu-

ring 
37 1.34 7.10 nt nb nt 0.65 0.38 

pET-
21a 

native 

37 0.56 1.28 14 nb 40 0.32 nb 

22 0.59 1.67 25 nb 53 0.53 nb 

17 0.74 2.64 33 nb 75 0.71 nb 

denatu-

ring 
37 1.43 4.17 nt 3.8 nt 0.67 0.31 

 

3 Quorum quenching activities 

3.1 Pyocyanin production 

Pyocyanin production is controlled by Pseudomonas autoinducers 1 and 2, the 4-

hydroxy-2-alkylquinolones-MvfR system, as well as transcriptional regulator VfR. 

Pyocyanin functions as a virulence factor by causing a wide spectrum of cellular 

damage (Lau et al., 2004).  

P. aeruginosa was cultivated together with cell extract from E. coli BL21 DE3 

expressing the Bpi genes for 16 h. Pyocyanin was extracted as described in material 

and methods. The inhibition of pyocyanin production was not very prominent, but the 

effects were reproducible (Fig. 6). BpiB05 was the only protein to have a significant 

effect on the pyocyanin formation and, to a lesser extent, BpiB01 and BpiB09. 
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3.2 Swarming and swimming motility 

Despite a controversial discussion if quorum sensing is involved in P. aeruginosa 

motility (Beatson et al., 2002) it is now generally accepted that quorum sensing 

influences motility and biofilm formation in P. aeruginosa (Shrout et al., 2006; Wagner et 

al., 2006). 

Swimming and swarming behavior was always influenced in the same manner. There 

was no example, where a metagenomic gene or protein inhibited swarming but not 

swimming in P. aeruginosa.  

 

3.3  Biofilm inhibition in microfuge tubes 

A simple and rather quick method for evaluating the biofilm formation inhibiting 

properties of QS inhibiting proteins was developed. Therefore culture medium was 

inoculated to an OD600 of 0.01 with P. aeruginosa PAO1, portioned in 500 µl units to 

1.5 ml microfuge tubes (Fig. 7) and supplemented with 200 µg/ml cell extract or 

20 µg/ml purified protein. Alternatively, P. aeruginosa internally expressing ORFs on the 

plasmid pBBR1MCS-5 was used. Incubation was carried out at 28 ° C and 150 rpm for 

24 h. The incubation was rather tricky, as a microfuge rack had to be fastened to a long 

glass tube shaker. This method was preferably employed over incubation in long glass 

tubes, because biofilm formation displayed a better reproducibility, possibly because 

Fig. 6: Pyocyanin formation caused by cell free extract or purified protein. grey: 
cell free extract of E. coli BL21 overexpressing the genes; light blue: purified proteins; 
darker blue: proteins purified under denaturing conditions. 



III. Results  54 

cells could attach better to the polypropylene surface. Biofilm inhibition was estimated 

visually. Results for the tested ORFs are shown in Table 12. 

In these experiments, BpiB05, BpiB09 and BpiB10 were the only proteins to show a 

clear biofilm inhibiting effect. Unluckily, BpiB10 expression yield was very low also when 

applying denaturing conditions during purification.  
 

 

 

 

 

 

 

 

 

 

Fig. 7: Example for biofilm formation in microfuge tubes. Upper panel: biofilm formation 
(yellow arrows) of P. aeruginosa in microfuge tubes expressing an empty vector 
pBBR1MCS-5; lower panel: P. aeruginosa expressing bpiB09 on pBBR1MCS-5 showing no 
biofilm formation.  
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3.4 lacZ bioassay 

In this bioassay, a 3-oxo-C8-HSL sample preincubated with the putative quorum 

quenching proteins was incubated with the reporter strain Agrobacterium tumefaciens 

NTL4 (pCF218 + pCF372). After the incubation to an OD600 of approximately 0.6, the 

reporter strain cells were harvested and disrupted and the activity of β-galactosidase on 

the substrate ONPG was determined. 

The most active cell extract was that of BpiB01, degrading almost two thirds of the 

applied AHL. This could not be reproduced for the purified protein, whose activity was 

significantly weaker (Fig. 8). BpiB05 did a more reproducible job, degrading the AHL in 

the form of cell free extract, natively purified and denaturingly purified protein, indicating 

a greater robustness.  

BpiB06 could not be stimulated to show any clear effects, neither by the addition of 

cofactors, such as Zn2+, Ca2+, Mg2+, Mo2+, NAD NADP, FAD nor by change in pH of 

purification and storage buffer. The protein showed a clear band at 16 kDa without any 

signs of degradation. As BpiB06 was related to the HIT protein family, a superfamily of 

nucleotide hydrolases and transferases, the addition of cofactors should not be 

necessary for activity. 
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Fig. 8: β-galactosidase reporter assay on the degradation of 3-oxo-C8-HSL. 
grey: cell free extract of E. coli BL21 overexpressing the genes; light blue: purified 
proteins; darker blue: proteins purified under denaturing conditions. 
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3.5 Selection of proteins for further characterization 

 
Table 12: Activities of the examined ORFs; nt = not tested. 

bpi B01 B05 B06 B08 B09 B10 B11 

swarming 
inhibition of 
E. coli cell 
free extract 

added to 
plate 

medium 
+ ++ - - +++ - + 

streaked 
out +/-  - +/- ++ +/- - 

swarming 
inhibition of 

purified 
protein 

added to 
plate 

medium 
+ ++ - - +++ +/- + 

streaked 
out + ++ - - ++ - +/- 

refolded - ++ nt - nt - + 

remaining 
pyocyanin in 
comparison 
to control 

cell extract 81 % 69 % 98 % 89 % 78 % 94 % 89 % 

purified 86 % 74 % 97 % 103 % 83 % 96 % 88 % 

refolded 89 % 72 % nt 96 % nt 95 % 98 % 

biofilm 
inhibition in 
microfuge 

tube 

cell extract - + - - + + - 

purified - + - - +/- - - 

refolded - - nt - nt - - 

remaining 3-
oxo-C12-

HSL 

cell extract 34 % 55 % 94 % 76 % 56 % 85 % 67 % 

purified 73 % 49 % 105 % 97 % 73 % 96 % 78 % 

refolded 86 % 61 % nt 101 % nt 95 % 98 % 
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Further work was focused only on those proteins that combined the following 

characteristics: 

1. Reproducible effect on all of the tested phenotypes. 

2. Rather good producibility (yield of more than 1 mg protein from 1 liter of medium). 

Looking at tables 11 and 12, following these criteria, the proteins BpiB05 and BpiB09 

were used for further studies. 

 

4 Characterization of BpiB05 

The metagenome-derived gene was amplified from the original metagenome clone DNA 

(Fig. 9) using PCR and specific primers. The resulting DNA fragment of approximately 

1.8 kb was initially cloned into pBluescriptSK+ then excised and cloned into the 

expression vectors pET-19b and pET-21a as well as the broad host-range-vector 

pBBR1MCS-5. The correctness of the construct was verified by DNA sequencing.  
 

1 kb

bpiB05 orf01

CTGAGGCGGAGCGTCTCCCAATG

 

 

 

 

 

 

 

 

For details on purification, see materials and methods. The protein was purified from the 

soluble fraction using His-tag Ni NTA purification; and an SDS PAGE analysis indicated 

that the protein was homogenous with only minor contamination by other proteins (Fig. 

10 lane 1). 
 

Fig. 9. Physical map of the original metagenomic clone pBio8 carrying the bpiB05 

gene. The black colored arrow indicates the ORF that was linked to the quorum sensing 
inhibitory phenotype in the initial screen and that was subcloned and sequenced. The 
highlighted sequence shows the -19 to +3 region of bpiB05 together with the possible 
Shine-Dalgarno sequence (underlined) and the possible translational start codon in bold 
face. The DNA sequence of the corresponding clone was deposited at Genbank with the 
accession number EF530733. 
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4.1 AHL degradation in a β-galactosidase induction assay 

Tests using the A. tumefaciens strain NTL4, carrying multiple copies of the AHL 

receptor traR and an AHL-inducible lacZ as a reporter gene indicated a significant 

reduction of the added N-AHLs in the presence of the BpiB05 protein (Fig. 11). In these 

tests 600 nM 3-oxo-C8-HSL and 3 µM 3-oxo-C6-HSL were incubated together with his-

tag purified BpiB05 protein and 2 mM Ca2+. After 2 hours of incubation the levels of 

detected N-AHLs were significantly reduced in comparison to the controls. In general 

not more than 60 % of the added N-AHLs could be detected in these tests (Fig. 11).  

These tests were not affected by the change of Ca2+ supplementation at concentrations 

of 2 mM, 0.2 mM and 0.02 mM. However, the complete lack of added Ca2+ did result in 

a decreased activity (Fig. 11). 

Furthermore, no influence on activity was measured when Mn2+, Mg2+, Co2+, Cu2+ and 

Zn2+ were applied (each at 2 mM concentrations) in these tests. 

In summary these tests indicated that the bpiB05 gene was involved in N-AHL 

degradation and that the activity of BpiB05 depended to some extent on the presence of 

low levels of Ca2+. 
 

Fig. 10: SDS-PAGE of BpiB05. 
Lane 1: 20 µg purified BpiB05, Lane 
2: purified BpiB05 inclusion bodies, 
Lane 3: molecular weight marker 
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4.2 Quorum sensing inhibition phenotypes of BpiB05 

As reported (Bijtenhoorn et al., 2011b), bpiB05/BpiB05 inhibited a number of quorum 

sensing dependent phenotypes, such as swarming, swimming, biofilm formation and 

pyocyanin production (Fig. 12-14). The purified protein BpiB05 also inhibited swarming 

of P. aeruginosa PAO1. 

Because in P. aeruginosa motility is QS dependent (Kohler et al., 2000; Wagner et al., 

2007) the bpi ORF was tested for its influence on motility in Pseudomonas aeruginosa 

PAO1. Therefore the gene bpiB05 was cloned into the broad host range vector 

pBBR1MCS-5 and P. aeruginosa PAO1 was transformed with this construct. As 

controls the following constructs were used: first of all the bpiB05 gene in the 

pBBR1MCS-5::bpiB05 construct was inactivated using transposon mutagenesis yielding 

Fig. 11. AHL degradation test using the A. tumefaciens NTL4 reporter strain and 

purified BpiB05 protein. Tests were carried out in 1 ml cuvettes using ONPG as a 
substrate for the β-galactosidase. Data are mean values of at least three independent 
measurements. Error bars indicate simple standard deviations. Measurement bars: C8-
HSL, control eluate from purified crude extract using the empty pET-19b vector; C8-HSL, 
purified protein BpiB05 without added Ca2+; C8-HSL, with 2 mM Ca2+ supplementation; C6-
HSL, control eluate from purified crude extract using the empty pET vector; C6-HSL, 
purified protein BpiB05 without added Ca2+; C6-HSL, with 2 mM Ca2+ supplementation;. 
Tests contained equal amounts of protein (20 µg/ml), incubation was carried out for 2 h at 
30 ° C. 
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the construct pBBR1MCS-5:: bpiB05TM and secondly a 2 kb cellulase gene was cloned 

into the same vector obtaining p007-pBBR1MCS-5. BpiB05 strongly inhibited motility on 

the swarming agar in comparison to both controls (Fig. 12). The knockout mutant 

displayed a nearly wild-type swarming phenotype (Fig. 12, panel a-3). Similar results 

were obtained when the swimming motility of the bpiB05 clone and control strains were 

tested (Fig. 12, panel b 1-3).  

Biofilm tests were conducted in P. aeruginosa using the bpiB05 clone and the 

corresponding control strains. After 72 hours, the control strain carrying the cellulase 

gene in the same vector had formed thick uniform biofilms with a thickness of 35-40 µm 

(Fig. 13, panel 1). At the same time, the tested bpi gene caused formation of poorly 

developed biofilms which had not progressed beyond attachment to the surface (Fig. 

13, panel 2). This indicates that the bpi gene strongly inhibited biofilm formation in P. 

aeruginosa at a very early stage, prior to microcolony formation. Again the additional 

control strain of the bpi gene, carrying a transposon in the respective gene, displayed 

an almost fully restored biofilm formation phenotype (Fig. 13, panel 3). This confirmed 

the observation that the phenotypes were linked to the expression of bpiB05.  

Furthermore it is known that pyocyanin production is QS dependent in P. aeruginosa 

(Schaber et al., 2004). Therefore the effect of the metagenome derived bpiB05 gene on 

pyocyanin production was tested. Again the motility inhibited clone showed no 

pyocyanin production in contrast to the controls where pyocyanin production was 

observed after 8-10 hours growth in LB medium at 37 ° C on the shaker. Also, the 

formation of cell aggregates did not take place for these clones. Both controls showed 

pyocyanin production (Fig. 14, 1-3). Additionally, purified BpiB05 also inhibited 

swarming and swimming of P. aeruginosa to a remarkable extent (Fig. 15). 
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Fig. 13. Biofilm phenotypes of the P. aeruginosa PAO1 carrying the constructs 

(Bijtenhoorn et al., 2011a) 

Biofilms were stained with SYTO9 after 72 h. 1: p007-pBBR1MCS-5. 2: BpiB05-pBBR1MCS-
5. 3: knockout mutant BpiB05TM-pBBR1MCS-5. 

Fig. 12. Motility tests with P. aeruginosa PAO1 expressing the bpiB05 gene 

(Bijtenhoorn et al., 2011a) 

Pictures in row “a” present the observed swarming phenotypes, and in row “b” the swimming 
phenotypes of the same clone. 1: p007-pBBR1MCS-5. 2: BpiB05-pBBR1MCS-5. 3: knockout 
mutant BpiB05TM-pBBR1MCS-5 showing the restored swarming phenotype. 
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Fig. 15: Inhibition of swarming and swimming in 

P. aeruginosa by means of purified BpiB05. 
Plates contained 20 µg/ml BpiB05 (left column) or 
the same amount of heat-denatured (70 ° C, 10 min) 
protein (right column). 

Fig. 14. Pyocyanin production of PAO1 cultures (Bijtenhoorn et al., 2011) 

Pyocyanin concentrations were measured after overnight incubation in LB at 37 ° C on the 
shaker in comparison to the cell density. White bar: cell density in percent; grey bar: 
pyocyanin concentration in percent. 1: p007-pBBR1MCS-5; 2: BpiB05-pBBR1MCS-5 
construct; 3: knockout mutant BpiB05TM-pBBR1MCS-5. 
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4.3 Cloning and testing of RBG4002, a BpiB05 homologue 

By an online protein similarity search using the data bank ERGO (Universität Göttingen, 

Göttingen, Germany), a very close homologue of BpiB05 was found, a hypothetical 

protein from the organism Burkholderia glumae PG1. Its genomic DNA was extracted 

and primers were designed to amplify the gene for cloning into expression vectors and 

pBBR1MCS-5. The enzyme could also be purified, but showed not more than half of the 

quorum sensing inhibiting activity of BpiB05. Most important, the enzyme did not 

reproducibly inhibit biofilm formation. 
 

Table 13: expression yields and quorum quenching activities of RBG4002 

vector pET-19b pET-21a 

Temp (° C) 37 22 17 37 22 17 

Yield (mg/liter) 1.5 1.8 3.1 1.7 1.9 2.9 

 

swarming cell 
extract 

swarming 
purified 

pyocyanin 
formation 

biofilm micro 
tube 

ONPG test 

medium surface medium surface cell 
extract purified cell 

extract purified cell 
extract purified 

++ + + +/- 80 % 87 % +/- +/- 76 % 85 % 

 

 

5 Characterization of BpiB09 

The metagenomic clone Bio5 (GenBank entry EF530730.1) contained the ORF bpiB09 

(Fig. 16, highlighted) which prove to be the best producible protein examined in this 

work with the most reliable external swarming and biofilm inhibition in a microfuge tube 

experiment. 

Looking at the metagenomic clone insert Bio5 (Fig. 16), ORF1 was similar to a 

chromosome segregation protein SMC in Acidobacterium sp. MP5ACTX8. The 

observed e-value for this similarity was 2e-126 (61 % identity) but the similarity only 

ranged over 420 of 1308 amino acids of the protein. ORF2 was similar to hypothetical 

proteins found in Hyphomonas neptunium (3e-29, 42 % identity). BpiB09 was most 

similar to a possible short chain oxidoreductase (SDR) from Acidobacterium capsulatum 

(57 % Identity) with an e-value of 8e-60. 
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TTGAGGAGGAGGACGGATCGATG

1 kb

bpiB09 orf01orf02

 

 

 

 

 

 

 

The metagenome-derived gene bpiB09 was amplified from the original metagenome 

clone DNA using PCR and specific primers. The resulting DNA fragment of 

approximately 720 bp was cloned into the expression vectors pET-21a and pET-19b as 

well as pBBR1MCS-5. The correctness of the construct was verified by DNA 

sequencing. For detailed information on purification procedures, see material and 

methods. 

 

5.1 General characterization 

The expression vectors were transferred to E. coli expression strain BL21 DE3. The 

protein production was induced with 0.2 mM IPTG in LB medium and the expression 

culture was incubated at 22 ° C for 16 h. The protein was purified from the soluble 

fraction using His-tag Ni TED purification. Purity was enhanced by adding 10 mM 

imidazol in the washing buffer. An SDS PAGE analysis indicated that the protein was 

homogenous with only minor contaminations through other proteins. BpiB09 displayed a 

molecular weight of approx. 30 kDa in SDS-PAGE (Fig. 17, left panel), which was very 

close to the theoretical weight of 27.4 kDa calculated from its amino acid composition. 

BpiB09 is probably a tetramer in solution. This was proved by analytical 

ultracentrifugation done by Vladimir Rybin at the EMBL Heidelberg (Fig. 17, right panel). 

A tetrameric quaternary structure is common to the family of SDRs, confirming the 

membership of BpiB09 to this family. 
 

Fig. 16: Key traits of the metagenome-derived clone Bio5. Physiological map of the 
insert of the metagenome-derived clone Bio5 (3.1 kb, GenBank # EF530730.1); open 
reading frames identified are indicated as arrows in the direction of transcription. A potential 
Shine-Dalgarno sequence at the 5‘-end of bpiB09 is underlined; the potential translational 
start site of bpiB09 is in bold 
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5.2 Quorum sensing inhibition phenotypes of bpiB09 

5.2.1 P. aeruginosa pyocyanin production  

When expressing bpiB09 in P. aeruginosa, the difference in pyocyanin production was 

very clearly visible, even without exact measurement of the pyocyanin concentration 

(Fig. 18). The best method listed for pyocyanin extraction is the method of Gallagher 

(Gallagher et al., 2002), for details, see material and methods. The absence of colour in 

the extracts (Fig. 18) indicated that they contained only very little pyocyanin and a 

photometric detection of the OD520 showed, that the extract contained about tenfold less 

substance absorbing light of the wavelength 520 nm (Fig. 19). 

Fig. 17: BpiB09 size. left panel: SDS-PAGE of recombinant BpiB09 after His-
tag purification. Left lane: 2 µg BpiB09; right lane: molecular weight marker 
(kDa); right panel: Analytical Ultracentrifugation of recombinant BpiB09. The 
elution peak between 105 and 110 kDa corresponds well to the theoretical 
tetrameric mass of 109.6 kDa. 
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Fig. 18: Pyocyanin extraction. Left panel: chloroform extract from 
spent medium, right panel: HCl extract from the chloroform phase. 
Left (coloured) samples: extraction from P. aeruginosa control strain 
Right (colourless) samples: P. aeruginosa expressing bpiB09 

Fig. 19: Decreased pyocyanin production. 
OD520 of pyocyanin extracts from culture 
supernatants of P. aeruginosa carrying 
pBBR1MCS-5::bpiB09 and pBBR1MCS-
5::celA (control strain). Data represent mean 
values of at least five independent 
experiments. Bars indicate the standard 
deviations. 



III. Results  67 

5.2.2 P. aeruginosa motility tests 

Swarming and swimming motility was also tested as a second quorum quenching 

influenced phenotype. Cells expressing bpiB09 displayed a very unequivocal phenotype 

that could be interpreted as a complete inhibition of this behaviour. Cells basically did 

not move further than the radius of liquid, they were inoculated in on the plates, while 

the control strain swarmed and swam over the whole plate. Interestingly, purified 

BpiB09, when given into the swarming and swimming agars, also inhibited this 

phenotype almost to the same extent as internally expressed bpiB09 did (Fig. 20). 

 

 

 
 

 

 

 

 

Fig. 20: Reduced motility phenotypes. Reduced swarming (upper panels) and 
reduced swimming phenotypes (lower panels) of P. aeruginosa caused by BpiB09; 1: P. 
aeruginosa carrying pBBR1MCS-5::bpiB09; 2: medium supplemented with 20 µg/ml 
BpiB09; 3: medium supplemented with 2 µg/ml BpiB09; 4: control strain carrying 
pBBR1MCS-5::celA 

4 1 2 3 
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5.2.3 P. aeruginosa AHL secretion into the medium 

P. aeruginosa carrying the vector pBBR1MCS-5::bpiB09 produced remarkably less 3-

oxo-C12-HSL compared to the control strain carrying pBBR1MCS-5::celA (Fig. 21). P. 

aeruginosa was grown for 20 h, centrifuged and the supernatant was sterile filtered. 8 µl 

of this solution was examined using 5 ml-cultures of the reporter strain A. tumefaciens 

NTL4. 
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Fig. 21: Reduced A. tumefaciens reporter 

strain response on spent medium of P. 

aeruginosa cultures.  
Cultures were grown for 20 h; data represent 
mean values of four independent experiments. 
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5.2.4 Effect on P. aeruginosa biofilm formation 

Biofilm experiments were conducted using flow cells to find out if the microcentrifuge 

tube biofilm experiments could be transferred to this more common experimental set-up. 

After 72 h the control strain, carrying the cellulase gene, had formed uniform biofilms 

with a thickness of 30-35 µm (Fig. 22, right panel). At the same time, the tested bpiB09 

gene caused formation of rather thin biofilms with an average thickness of 5-10 µm (Fig. 

22, left panel). This indicates that the bpiB09 gene inhibited biofilm maturation in P. 

aeruginosa. 
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Fig. 22: Biofilm formation using flowthrough chambers. Biofilm formation 

experiments were carried out for 72 h. The depicted figures were representative for 

three independent experiments. Left panel: P. aeruginosa carrying the vector 

pBBR1MCS-5::bpiB09; right panel: the control strain carrying pBBR1MCS-5::celA 
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5.2.5 Effect of bpiB09 on P. aeruginosa virulence against Caenorhabditis elegans 

P. aeruginosa expressing bpiB09 was also tested for its virulence on Caenorhabditis 

elegans in a Brain Heart Infusion (BHI) plate assay. After 4 h, most of the nematodes on 

the control strain plates were paralysed. In contrast, P. aeruginosa expressing bpiB09 

had not killed any worms (Fig. 23). 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 23: C. elegans paralysis induced by PAO1 on BHI medium. Data represent mean 

values of eight independent assays per treatment (+/-) standard error. Incubation was 

carried out on BHI agar plates at room temperature. Per PAO1 strain eight replicate plates 

were assayed, each with 30 one-day-old adult C. elegans. Generalised linear model (GLM) 

analysis revealed a significant PA strain effect between the PAO1 wildtype and 

pBBR1MCS-5::bpiB09 (Likelihood ratio test, χ2 = 132.04, df = 1, P < 0.001), whereas there 

was no significant difference between the PAO1 wildtype and the empty vector control 

(Likelihood ratio test, χ2 = 1.7 × 10-7, df = 1, P > 0.99). PAO1, wild-type P. aeruginosa 

strain PAO1; PAO1 pBBR1MCS-5, control strain carrying an empty vector pBBR1MCS-5; 

PAO1 pBBR1MCS-5::bpiB09, expressing the bpiB09 gene constitutively. 
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5.3 Biochemical analysis 

5.3.1 Photometric assays 

Purified BpiB09 was used in a photometrical assay following the protocol of Miller (Miller 

et al., 2006). Briefly, the disappearance of the cofactor NADPH was measured at 340 

nm. The assay concentrations ranged from 0.5 to 5 mM AHL, from 0.2 to 2 mM NADPH 

in 100 mM sodium phosphate buffer pH 7.0. Up to 100 µg of BpiB09 were used and the 

reaction was started by the addition of the substrates. No significant absorption 

difference could be detected after 6 h using substrates listed in Table 14. The assay 

started at an absorption of 1. 
 

Table 14: Screening for substrates. The substances were employed in an assay using 

NADPH and BpiB09 in a sodium phosphate buffer pH 7.0. The reaction was started by the 

addition of the tested substance. The decrease of absorption as a consequence of NADPH 

disappearance was detected at 340 nm. The effect was not significant, as some values were 

even negative in comparison to the control, where BpiB09 was exchanged by bovine serum 

albumin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Substance 
Absorption 

decrease at 340 
nm 

Clavulanic acid 0.095 

Citrate -0.088 

Glutarate -0.008 

Succinate -0.009 

Oxalate 0.022 

Phenylmalonate -0.011 

Butyrate 0.006 

Crotonate -0.006 

Malonate 0.082 

Pyruvate 0.078 

3-oxo-Adipate 0.028 

Oxaloacetate 0.093 

Acetoacetyl-CoA 0.056 

Control 0.048 
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5.3.2 HPLC-MS Analysis 

HPLC-MS analyses of purified enzyme resulted in a turnover of 3-oxo-C12-HSL to 3-

hydroxy-C12-HSL (Fig. 24 & 25). Mass spectra showed a [M-H]- ion (substance mass 

minus one proton) at an m/z of 296.1 for 3-oxo-C12-HSL (red arrow, Figs. 24 A, 24 B, 

24 C, 24 E) and a [M-H]- ion at an m/z of 298.1 for 3-hydroxy-C12-HSL (blue arrow, 

Figs. 24 A, 24 D). In the MS-MS spectrogram also the masses of 112.0 and 141.9 

corresponding to fragments of the 3-hydroxy-lactone were identified (Fig. 25). The 

overall turnover of the substrate was rather low and probably less than 6 % of the added 

substrate (5 mM 3-oxo-C12-HSL). This estimation is based on the peak intensities 

observed in MS analyses (Figs. 24 C & 24 D). 

 

 

 

 

 

 

Fig. 24: HPLC-MS profiles of 3-oxo-C12-HSL incubated with purified BpiB09 
A) Analysis of 3-oxo-C12-HSL extract after incubation with BpiB09. Mass spectra show 
a [M-H]- ion at an m/z of 296.1 for 3-oxo-C12-HSL (red arrows) and a [M-H]- ion at an 
m/z of 298.1 for 3-hydroxy-C12-HSL (blue arrows). Extracted spectra recorded at t= 
14.5 min (C) and at t= 14.0 min (D); 
B) Analysis of 3-oxo-C12-HSL extract after incubation with empty vector eluate 
(control). Extracted spectra recorded at t= 14.5 min (E) and at t= 14.0 min (F). 

12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5 Time [min]
0.0

0.5

1.0

1.5

8x10
Intens.

EIC 296.4 -Al l MS EIC 298.4 -All  MS

Control, no 

BpiB09 

added

12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5
Time [min]

12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5 Time [min]
0.0

0.5

1.0

1.5

8x10
Intens.

EIC 296.4 -Al l MS EIC 298.4 -All  MS

BpiB09 

added

1.5

1.0

0.5

12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5
0.0

Time [min]

171.0 265.0

296.1

328.1

364.1

408.1 434.3 470.3 497.3

-MS, 14.0min #(613)

0

1

2

3

6x10
Intens.

100 150 200 250 300 350 400 450 500 550 m/z

296.1

328.1

364.1

3

2

1

100 150 200 250 300 350 400 450 500 550 m/z

171.0

296.1

332.1

-MS, 14.5min #(637)

0.0

0.5

1.0

1.5

8x10
Intens.

100 150 200 250 300 350 400 450 500 550 m/z

171.0

296.1
1.5

1.0

0.5

0.0
100 150 200 250 300 350 400 450 500 550 m/z

A B

In
te

n
s
it

y
 X

1
0
^

8 -MS, 14.5 min

-MS, 14.0 min

In
te

n
s
it

y
 X

1
0
^

6

0.0

In
te

n
s
it

y
 x

 1
0
^

8

In
te

n
s
it

y
 x

 1
0
^

8

E

F

171.0

296.1

332.0

-MS, 14.5min #(613)

0.0

0.5

1.0

1.5

8x10
Intens.

100 150 200 250 300 350 400 450 500 550 m/z

In
te

n
s

it
y
 X

1
0
^

8

100 150 200 250 300 350 400 450 500 550 m/z

171.0

296.1

1.5

1.0

0.5

0.0

141.9

298.1

334.1

-MS, 14.0min #(589)

0.0

0.2

0.4

0.6

0.8

1.0

7x10
Intens.

100 150 200 250 300 350 400 450 500 550 m/z

141.9

298.1

334.1

100 150 200 250 300 350 400 450 500 550 m/z

1.0
0.8

0.2
0.0

0.6
0.4

-MS, 14.0 min

In
te

n
s
it

y
 X

1
0
^

7

-MS, 14.5 min

C

D

1.5

1.0

0.5

0.0

O

O
N
H

R

O O O

O
N
H

R

O O

O

O
N
H

R

OH O



III. Results  73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25: HPLC-MS-MS. 

A) MS-MS analysis of 3-oxo-C12-HSL incubated with BpiB09 detecting mass of 298.1 (blue 
line), the mass of 3-hydroxy-HSL, showing a clear peak at t = 14.0 min (upper panel). 
Lower panel: Mass spectrum recorded at t = 14.0 min, masses 112.0 and 141.9 correlate to 
fragments of 3-hydroxy-C12-HSL. 
B) MS-MS analysis of 3-oxo-C12-HSL incubated with BpiB09 detecting mass of 296.1 (red 
line), the mass of 3-oxo-C12-HSL, showing a peak at t = 14.5 min (upper panel). Lower 
panel: Mass spectrum recorded at t = 14.5 min, mass 171.0 correlates to a fragment of 3-
oxo-C12-HSL. 
C) MS-MS analysis of 3-oxo-C12-HSL incubated with control eluate showing extracted 
mass of 298.1, the mass of 3-hydroxy-HSL (upper panel). Lower panel: Mass spectrum 
recorded at t = 14.0 min, masses 112.0 and 141.9 correlate to fragments of 3-hydroxy-C12-
HSL at an intensity >102 times lower than shown in A). 
D) MS-MS analysis of 3-oxo-C12-HSL incubated with control eluate showing extracted 
mass of 296.1, the mass of 3-oxo-C12-HSL (upper panel). Lower panel: Mass spectrum 
recorded at t = 14.5 min, mass 171.0 correlates to a fragment of 3-oxo-C12-HSL; the 
intensity is in the same range as B). 
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5.3.3 Complementation experiments with a temperature sensitive FabG mutant 

E. coli K12 CL37 is a temperature sensitive strain constructed by Lai and Cronan (Lai & 

Cronan, 2004). Its FabG protein becomes instable when the temperature rises above 

35 ° C. The idea behind this experiment was that if BpiB09 would catalyse the same 

step in the cells metabolism as FabG did, the strain carrying the bpiB09 gene would 

exhibit a significant growth enhancement in comparison to the strain only carrying an 

empty vector.  

A growth curve was compiled at 35 ° C in order to detect any growth advancement 

compared to an empty vector control (Fig. 26). The bpiB09 gene did not shorten the lag 

phase of the tested strain and the control strain grew to the same OD600, indicating a 

different activity for BpiB09 than that of FabG in the fatty acid cycle.  
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Fig. 26: Growth curves of E. coli K12 CL37. Blue squares: strain 
carrying pBBR1MCS-5::bpiB09, red diamonds: strain carrying 
pBBR1MCS-5 
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5.4 Structural characterization of BpiB09 

BpiB09 was crystallized and established as a member of the short-chain 

dehydrogenases/reductases (SDR) superfamily. A complete data set was collected to 

2.4 Å resolution at beamline X13 at EMBL Hamburg/DESY by Hubert Mayerhofer. Data 

collection and refinement statistics are summarized in Table 15. The structure was 

solved by molecular replacement using PDB structure 2EHD as a template. Crystals 

belong to space group I422 with unit cell dimensions of a = b = 243.2 Å, and c = 

151.5 Å. 
 

 
 

 

 

 

 

BpiB09 assumes a typical Rossmann fold with a central beta sheet flanked by helices 

αA αB and αF on one side and αC, αD and αE on the other side (Fig. 28). The strand 

topology is 3-2-1-4-5-6-7 with a crossover connection linking strands 3 and 4. This 

creates a characteristic nucleotide binding site across the topological switch point 

between strands 1 and 4. A Gly-motif (TGxxxGxG, Fig. 29) at the N-terminal region 

delineates the binding site of the adenosine half of the dinucleotide co-factor (Fig. 32). 

The reactive nicotinamide half is expected to bind in the variable C-terminal region close 

to the conserved active site tetrade Asn115-Ser143-Tyr156-Lys160 (Filling et al., 2002). 
 

1 2 3 

Fig. 27 Crystal growth of BpiB09. Numbers denote the days 
elapsed after start of the experiment. Upper row: the biggest 
crystal that grew in the experiments; lower row: smaller 
crystals were the ones to give a better X-ray diffraction. 

1 2 3 
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Table 15: Data collection and refinement statistics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data collection BpiB09 

Beamline X13 EMBL/DESY 
Space group I422 

Wavelength (Å) 0.8123 

Detector distance (mm) 229.63 

Cell dimensions  

 a, b, c (Å) 243.16  243.16  151.54 

Resolution (Å) 47.7-2.42 (2.55-2.4) 

Number of reflections 481,415(61,551) 

Rmerge 5.3(70.0) 

Rpim 2.4(33.2) 

I/σI 24.4(2.3) 

Completeness (%) 98.6(95.9) 

Multiplicity 5.6(5.1) 

Refinement  

No. reflections 85,193 

Rwork/ Rfree 19.3 / 22.2 

No. atoms  

 Protein 6,418 

 Ligand/ion 163 

 Water 252 

B-factors  

 Protein 59 

 Ligand/ion 101.2 

 Water 55 

R.m.s deviations  

 Bond lengths (Å) 0.015 

 Bond angles (º) 1.457 
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The active substrate binding site of BpiB09 can unambiguously be located in the 

variable C-terminal region by the presence of a catalytic tetrad. Immediately adjacent to 

the active site is a 21 residue long loop connecting strand β6 and helix αF. Within this 

loop 16 residues are disordered (res. 191 through 206) (Fig. 29). This leaves the active 

site wide open and suggests that the loop closes like a lid once substrate binding has 

occurred as observed in other structures of SDRs. Closure would shield the active site 

from bulk solvent during catalysis and prevent unproductive hydride transfer.  

Fig. 28: BpiB09 monomer. α1-6 indicate the alpha helices 
and β1-7 indicate the beta sheets. Catalytic residues are 
indicated together with the NADP-binding site residues. 
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Fig. 29: Structure-related functional sequence conservation between BpiB09 and 

homologous proteins. Elements of the secondary structure of BpiB09 are shown above 

the alignments. The numbering shown is from BpiB09. Red triangles indicate the 

dinucleotide-binding motif. Blue triangles indicate critical cofactor binding residues. Purple 

stars represent putative catalytic residues located at the corresponding positions of the 

conserved catalytic residues N115, S143, Y156, and K160, respectively, in the SDR family 

proteins. Strictly conserved residues are highlighted with red boxes. Biological sources and 

GenBank accession codes for the sequences are as follows: CAD_AC, Acidobacterium 

capsulatum (YP_002754051.1); SDR_BS, Bacillus subtilis ssp. spizizenii (ZP_06875312.1); 

SDR_MS, Meiothermus silvanus (YP_003684578.1); SDR_SL, Spirosoma linguale  

(YP_003387009.1); SDR_ZM, Zymomonas mobilis ssp. mobilis ZM4 (YP_163311.1); 

hyp_EV, Eubacterium ventriosum (ZP_02027436.1). Sequence alignments were assembled 

using T-COFFEE software (http://www.ebi.ac.uk/Tools/t-coffee) and visualized using 

ESPript software (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). 
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The active site architecture suggests a reaction mechanism for BpiB09 analogous, but 

reverse to 3β/17β-hydroxysteroid dehydrogenase (Filling et al., 2002). In BpiB09 the 

transfer of the 4-pro-S hydride from nicotinamide onto the substrate would be 

accompanied by a proton relay through the side chains of Tyr156, the nicotinamide 

ribose hydroxyl, Lys160 and a water molecule, which is stabilized by the main-chain 

carbonyl of Asn115 (Kavanagh et al., 2008). 
 

 

 

 

 

 

 

Most SDRs are either homodimeric or homotetrameric. Crystals of BpiB09 contain four 

copies per asymmetric unit, which correspond to two halves of a homotetramer based 

on the arrangement in other homotetrameric SDRs (Fig. 30). Tetramerization of BpiB09 

had already been observed during purification by gel permeation chromatography (data 

not shown) and was further confirmed by analytical ultracentrifugation (Fig. 17, right 

panel). The dimerization interface within the asymmetric unit involves an extended beta-

sheet, which aligns strand β7 of two protomers in an anti-parallel fashion (A and D 

monomer). This interface covers an area of 1260 Å². The second interface, which 

Fig. 30: Tetrameric arrangement of BpiB09. This is 
probably the present multimeric arrangement of BpiB09 
in solution together with the bound cofactor NADP 
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relates the dimer of dimers across a crystallographic dyad comprises a four-helix bundle 

formed by helices α4 and α5 and their corresponding symmetry related helices (dimer 

AD and A’D'). This interface consists of 1550 Å². This oligomeric arrangement 

corresponds to a D2 symmetry. Interestingly, removal of the C-terminal strand β7, which 

is not part of the classical Rossmann fold, abrogates not only tetramerisation but results 

in the formation of monomers in solution (Fig. 31, right panel). Likewise, when mutating 

residues G162Y and D109K in the helical interface again the monomeric form was 

observed (Fig. 31, left panel). This indicates that tetramer formation is cooperative. 

None of the individual interfaces are of sufficient strengths to support even the dimeric 

form. 
 

  

 

 

 

 

 

SDRs can utilize NAD or NADP as co-enzymes. Both, the presence of characteristic 

sequence motives and of a partial nicotinamide adenine dinucleotide phosphate 

unambiguously denote BpiB09 as an NADP-dependent oxidoreductase. During 

refinement of the structure residual electron density appeared at the topological switch 

point of BpiB09 which was modelled as a partial NADP+. The absence of continuous 

electron density after the beta-phosphate of the nucleotide indicates that the 

nicotinamide was not tightly bound by the substrate free form of BpiB09. These Crystals 

obtained from the original sample had not been exposed to NADP+ after purification 

from E. coli. This indicates that the heterologously expressed enzyme caught the 

coenzyme from its expression host. Subsequent attempts to improve the electron 

density of the co-enzyme by adding NADP+ prior to crystallization resulted in a higher 

Fig. 31: Analytical ultracentrifugation of multimerisation mutants. Left panel, mutant 
D109K + G162Y; right panel, mutant ∆227-239 
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occupancy of the bound NADP+ but did not change the loose binding mode (Fig. 32). As 

indicated earlier, the active site of BpiB09 is exposed to the solvent and the 21 residue 

long loop likely covers the site only after the substrate has bound, as observed in 

pertinent SDRs. The loops positional flexibility likely prevents NADP+ from binding in a 

reaction compatible manner. There is residual electron density close to Lys160 and 

Lys147, whose quality was not sufficient for unambiguous interpretation. Conceivably, 

the nicotinamide and ribose bind in several conformations and contributes patchy 

electron density. 

In each of the dimers, related by the extended beta-sheet, one monomer shows better 

density for NADP+ indicating tighter binding and higher occupancy. 
 

 

 

 

 

 

Fig. 32: Cofactor binding in BpiB09. Supposed hydrogen bonds with the identified amino 
acid residues are shown as black broken lines. The electron density at the NADP molecule 
is contoured at 1 σ. 
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5.5 Phylogenetic analysis 

A phylogenetic analysis of BpiB09 using T-Coffee and PhyML revelead a relationship to 

the phylum of Acidobacteria.  
 

 

 

 

 

 

 

Fig. 33. Phylogenetic analysis of BpiB09 and 39 closely related SDRs identified in the 

NCBI GenBank. The phylogenetic tree was constructed using the T-Coffee and PhyML 
software in neighbour-joining mode and visualized using seaview program version 4.2.6. 
Amino acid sequences used to construct the phylogenetic tree were taken from GenBank, 
accession numbers follow the bacteria names. The asterisk indicates the protein BpiB09. 
Bootstrap values, each expressed as a percentage of 100 replications, are given at 
branching points 
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Although the relationship was rather distant, BpiB09 clearly clustered into one group 

with the closest relatives, Acidobacterium capsulatum YP_002754051.1 and Koribacter 

versatilis YP_591337.1. 

 

5.6 Cloning and testing of cad, the closest BpiB09 homologue 

Online protein similarity search using NCBI BLAST revealed a relatively close 

homologue of BpiB09, a protein from the organism Acidobacterium capsulatum 

annotated as clavaldehyde dehydrogenase (CAD) catalyzing the last step in the 

synthesis pathway of clavulanic acid, a β-lactamase inhibitor. Interestingly, BpiB09 

remained inactive in assays employing clavulanic acid as substrate. Acidobacterium 

capsulatum genomic DNA was extracted and primers were designed to amplify the 

gene for cloning into expression vectors. In this work, no activity could be detected on 

clavulanic acid employing NADP(H) as cosubstrate, neither for BpiB09 nor for CAD. 

The enzyme could also be purified at high quantity, but showed not more than half of 

the quorum sensing inhibiting activities of BpiB05. Most important, the enzyme did not 

reproducibly inhibit biofilm formation. 
 

Table 16: expression yields and quorum quenching activities of CAD 

vector pET-19b pET-21a 

Temp (° C) 37 22 17 37 22 17 

Yield (mg/l) 36 41 50 29 38 47 

 

swarming cell 
extract 

swarming 
purified 

rel. pyocyanin 
formation 

biofilm micro-
fuge tube 

ONPG test 

medium surface medium surface cell 
extract purified cell 

extract purified cell 
extract purified 

+ +/- + +/- 78 % 83 % + +/- 91 % 94 % 

 



IV. Discussion  84 

IV Discussion 

Degradation of AHLs of P. aeruginosa most likely leads to prevention of accumulation of 

the active signalling molecules 3-oxo-C12-HSL and C4-HSL. Consequently, P. 

aeruginosa will not be able to accumulate 3-oxo-C12-HSL to the concentration 

threshold necessary for self-induction of the lasI and lasR transcription. Thus, only basal 

production of the 3-oxo-C12-HSL should be observed. 

As AHLs are important QS virulence regulators in P. aeruginosa, and virulence and 

biofilm formation are at least partly regulated by this molecule class (Williams & 

Camara, 2009), its degradation should lead to attenuation of virulence in this bacterium, 

which has already been reported several times (Czajkowski & Jafra, 2009). 

In this work, two novel metagenomic quorum quenching enzymes were purified and 

characterized. Both clearly inhibited P. aeruginosa biofilm formation, pyocyanin 

production and motility, when internally expressed in this organism. Purified BpiB05 

worked as a lactonase on the cleavage of the AHL lactone ring, whereas purified 

BpiB09 reduced the 3-oxo group of the 3-oxo-C12-HSL. The structure of BpiB09 was 

solved at a resolution of 2.4 Å manifesting its affiliation to the classical SDR protein 

family subgroup cP3. 

 

1 Discussion of methods 

All tests were carried out using controls containing 1 mM of the eluent imidazole to rule 

out an influence of remaining imidazole on the activities. The imidazole controls never 

showed a divergent phenotype to the control not containing imidazole. Imidazole was 

only tested to be growth inhibiting at concentrations of 50 mM and higher.  

As a general problem of activities of metagenomic enzymes it is often mentioned that 

screening for a specific activity will select all genes coding for enzymes that catalyse the 

reaction and that there is no possibility for being absolutely sure about the natural 

substrate. Of course the only possibility for being sure about the natural activity of the 

enzyme would be the investigation of the natural metabolome, but in times of high-

throughput screening for chemical compounds finding a substrate with a high activity 

will become significantly easier in the near future. 

Using indirect measuring of enzymatic activity, especially bioassays such as reporter 

strains, it is always hard to distinguish between real enzymatic activity and metabolic or 
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regulational effects on the production of the molecules of interest. One can only be sure 

about an enzyme’s activity, when every ingredient of the assay is known (substrate, 

possible cofactors, buffer, if necessary helping enzymes in a coupled assay). Therefore 

it cannot be ruled out, that the Bpi proteins also interfered with the formation of β-

galactosidase by unknown regulatory mechanisms. An extraction of protein using 

chloroform was not possible because the AHLs are also soluble in chloroform. Also an 

extraction of AHLs could not be established as a reproducible method, probably 

because of the low concentrations. 

Nevertheless, bioassays are useful tools that can and should be employed for detection 

of reactions not easily measurable, which is the case in AHL lactonolysis and also AHL 

reduction. 

Studies on soil culturable bacteria showed that 2-10 % of these bacteria were able to 

degrade AHLs (d'Angelo-Picard et al., 2005; Dong et al., 2000). The cultivated bacteria 

were phylogenetically diverse and most of them were members of α-, β- and γ-

Proteobacteria, Actinobacteria or Firmicutes. Also the first metagenomic AHL lactonase 

reported was found using metagenomic pasture soil DNA (Riaz et al., 2008) and was 

related to the phylum of Acidobacteria. 

Thus, soil metagenomic DNA, the origin of the examined clones, seems to be a rich 

source for quorum quenching genes. 

As criteria for an AHL degradation activity, the phenotypes swarming, swimming, 

pyocyanin production, biofilm formation and a reporter strain assay were chosen. 

Despite a controversial discussion if quorum sensing is involved in P. aeruginosa 

motility (Beatson et al., 2002) it is now generally accepted that quorum sensing 

influences motility and biofilm formation in P. aeruginosa (Shrout et al., 2006; Wagner et 

al., 2007). Pyocyanin production is controlled by 3-oxo-C12-HSL and by Pseudomonas 

quinolone signal. Biofilm formation in P. aeruginosa is at least somehow connected to 

quorum sensing in its complex regulation system (Verstraeten et al., 2008). 

The ONPG test was employed in order to use a very sensitive tool able to sense even 

pM concentrations of AHLs, conditions also present in the natural environment. 

 

2 Characterization of BpiB05 

A number of quorum quenching lactonases have been found and purified in the last 

decade (Table 17), mostly belonging to the Zn2+ dependent Metallo-beta-lactamase 
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superfamily. But recently also new proteins were found related to Phosphotriesterase-

like lactonases of the Amidohydrolases superfamily or the Esterase-lipase superfamily. 

Also two enzymes belonging to a group of dienelactone hydrolases were identified as 

AHL lactonases (Krysciak et al., 2011; Schipper et al., 2009). Additionally, two enzymes 

lacking any homology were described (Schipper et al., 2009). 

BpiB05 was the only protein that retained swarming inhibiting activity and AHL 

degrading activity following denatured purification and refolding (Fig. 6 and 8, Table 12), 

indicating a robust nature. BpiB05 was identified as an AHL lactonase and therefore 

included in Table 17. HPLC-MS analyses clearly showed a cleavage of the lactone ring 

(Fig. 34) (Bijtenhoorn et al., 2011a). In this context, BpiB05 proves to be another QQ 

protein lacking any conserved domains.  
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The bpiB05 gene, when expressed in P. aeruginosa, resulted in the observation of 

strongly reduced motility and biofilm phenotypes. With respect to the reduced biofilm 

formation and motility induced through the expression of the bpi gene, these 

phenotypes are probably a result of the N-AHL degradation caused by the Bpi protein. 

In fact the results presented in Figs. 12-14 strongly support that hypothesis and further 

data using more sophisticated analytical technologies confirmed these findings 

(Bijtenhoorn et al., 2011a). 
 

Fig. 34: reaction catalysed by BpiB05 
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Table 17: Purified QQ enzymes with direct activity on autoinducers 

Enzyme/-
class 

signal 
peptide 

cofactor    origin       references 

Hydrolases class 
 

lactonases:  1. Metallo-beta-lactamase superfamily 
 
AiiA NO Zn2+ Bacillus sp. (Dong et al., 2000; Dong et 

al., 2001; Dong et al., 2002) 

AttM NO Zn2+ Agrobacterium 
tumefaciens At plasmid (Zhang et al., 2002) 

AiiB NO Zn2+ Agrobacterium 
tumefaciens Ti plasmid 

(Carlier et al., 2003; Liu et 
al., 2007) 

QlcA NO Zn2+ metagenome (Riaz et al., 2008) 
AhlD NO Zn2+ Arthrobacter sp. (Park et al., 2003) 

QsdR1 NO Zn2+ Rhizobium sp. strain 
NGR234 (Krysciak et al., 2011) 

2. Phosphotriesterase-like lactonases 

QsdA NO Zn2+ metagenome (Uroz et al., 2008) 

MAP3668c NO Mn2+/Zn2+ Mycobacterium avium 
subsp. paratub. K-10 (Chow et al., 2009) 

GsP NO Co2+ Geobacillus 
stearothermophilus 

(Hawwa et al., 2009) 

3. Esterases/Lipases 

AiiM NO ---- Microbacterium 
testaceum 

(Wang et al., 2010) 

AidH NO Mn2+ Ochrobactrum sp. T63 (Mei et al., 2010) 
4. Dienelactone hydrolases 

 BpiB07 NO Zn2+ metagenome (Schipper et al., 2009) 
DlhR YES       ---- Rhizobium sp. strain 

NGR234 
(Krysciak et al., 2011) 

5. other hydrolases 

BpiB01 YES Zn2+ metagenome (Schipper et al., 2009) 
BpiB04 NO Zn2+ metagenome (Schipper et al., 2009) 
BpiB05 NO Ca2+ metagenome (Bijtenhoorn et al., 2011b) 
acylases:     1. N-terminal hydrolase superfamily 
 
PvdQ YES ---- P. aeruginosa 

(Bokhove et al., 2010; Sio et 
al., 2006) 

QuiP YES ---- P. aeruginosa (Huang et al., 2006) 

AhlM YES ---- Streptomyces sp. strain 
M664 (Park et al., 2005) 

AiiD YES ---- Ralstonia strain XJ12B (Lin et al., 2003) 
all3924 (AiiC) YES ---- Anabaena sp. PCC7120 (Romero et al., 2008) 
Psyr_1971 
(HacA) YES ----  

Pseudomonas syringae 
 
(Shepherd & Lindow, 2009) 

Psyr_4858 
(HacB) YES ---- 

Oxidoreductases class 

CYP102A1 NO NADPH Bacillus megaterium (Chowdhary et al., 2007) 
BpiB09 NO NADPH metagenome (Bijtenhoorn et al., 2011) 
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Within this framework, it is likely, that BpiB05 represents another type of lactone 

hydrolyzing enzyme and even further extends the diversity of the known hydrolases 

acting on lactones. This claim is mainly supported by the lack of any homology of 

BpiB05 to the known lactonase proteins. Moreover our data suggest a possible Ca2+ 

dependency of BpiB05 (Fig. 11). Yet no Ca2+-binding site was identified in the protein. 

Within this framework we can also only speculate on the enzymes natural substrate in 

its host. Tests expressing the Burkholderia glumae PG1 homologous ORF in P. 

aeruginosa indicate an impact on the production of pyocyanin but the effects were less 

prominent (Table 13). Judging from the two database hits to Burkholderia genomes, 

homologous genes seem to be present in this genus but with a low frequency because 

none of the completed and published Burkholderia genomes carries a similar gene. 

 

3 Characterization of BpiB09 

Most kinds of autoinducers or direct precursors (in the case of autoinducer-2) contain 

keto groups. Those who do not contain keto groups, at least contain double bonds 

(Table 2), offering a target for reduction. Some of the keto groups have been shown to 

be essential for the autoinducer’s activity. In 2010 Savka et al. showed that the 

threshold for the formation of active LasR using 3-hydroxy-C12-HSL is more than 103 

fold higher (about 1 µM) than that of 3-oxo-C12-HSL (about 1 nM) (Savka et al., 2011). 

This activity reduction would also manifest if a reductase converted 3-oxo-C12-HSL to 

3-hydroxy-C12-HSL, making it very hard for P. aeruginosa to accumulate enough 

signalling molecules for response triggering. 

Therefore it was very probable that quorum quenching reductases have evolved able to 

reduce autoinducers at their important oxo groups and thereby inactivating their 

signalling activity. 

To test the effects of the metagenome-derived AHL-oxidoreductase expression on 

quorum-controlled virulence, the bpiB09 gene was transferred into P. aeruginosa PAO1. 

The expression of the bpiB09 gene in P. aeruginosa significantly reduced the 

accumulation of 3-oxo-C12-HSL in its growth medium (Fig. 21). This, in turn, resulted in 

the decreased production of quorum-controlled virulence factors, reduced swarming and 

swimming motility and attenuated virulence on C. elegans (Figs. 18-20; 22-23). 

A genome wide transcriptome study (Bijtenhoorn et al., 2011b) suggested that the lasI 

and rhlI-genes were not or only weakly transcribed in P. aeruginosa cells carrying 
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pBBR1MCS-5::bpiB09 in comparison to a control strain. The study revealed that the 

expression of the bpiB09 gene caused significantly reduced (≥10-fold) gene expression 

of at least 38 QS-dependent genes in P. aeruginosa. The identified genes matched 

mostly the genes and ORFs identified by previous studies (Hentzer et al., 2003; 

Schuster et al., 2003; Wagner et al., 2003). This further supports the finding, that 

BpiB09 does suppress the accumulation of AHLs, especially 3-oxo-C12-HSL. 

The reaction mechanism of BpiB09 has been revealed. Therefore it was incorporated 

into table 17. The enzyme does indeed modify 3-oxo-C12-HSL (Fig. 36 A), albeit its rate 

of turnover is rather weak. If the enzymatic activity of this enzyme is the only 

explanation for the observed strong quorum quenching phenotypes, remains to be 

proven. It might also be possible that BpiB09 interferes with the cells’ metabolism, 

especially the fatty acid metabolism, where it reduces 3-oxo-acyl-ACP to its 

corresponding 3-hydroxy derivative (Fig. 36 B). However, the effect on metabolism is 

not likely to be prominent because P. aeruginosa expressing bpiB09 does not show any 

growth deficiency. Additionally, a complementation experiment using a temperature 

sensitive E. coli K12 fabG mutant did not show a growth accelerating effect on this 

mutant, that would be assumed if BpiB09 catalysed the same reaction as FabG (Fig. 

26).  

The phylogenetic similarity of BpiB09 to a clavaldehyde dehydrogenase from 

Acidobacterium capsulatum accredits the idea of a lactone ring being part of the 

substrate, as clavaldehyde is a lactone (Fig. 35). A possible explanation for the rather 

low turnover might be, that BpiB09 has a different natural substrate than 3-oxo-C12-

HSL. If a substrate yielding a higher turnover rate will not be found, it must be accepted, 

that 3-oxo-C12-HSL is indeed the natural substrate of BpiB09. In a natural habitat with 

low total amounts of 3-oxo-C12-HSL, BpiB09 activity might be sufficient for stopping the 

accumulation of 3-oxo-C12-HSL to prevent the concentration from reaching the 

threshold necessary for induction of target genes. 
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Fig. 35: reaction catalyzed by CAD in Streptomyces clavuligerus 
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BpiB09 seems to have the same activity as the reductase activity found in Rhodococcus 

erythropolis W2 discovered by Uroz et al. (Uroz et al., 2005). Maybe the enzyme(s) 

responsible for that activity are also β-keto specific SDRs. But Uroz et al. encountered 

the problem of complete lack of activity in cell free extract of R. erythropolis W2. 

Addition of NADH or NADPH did not lead to the formation of oxidised dinucleotide. 

The phenotype of biofilm P. aeruginosa forms under the influence of bpiB09 displays in 

a way one would expect from a strain unable to mediate QS via 3-oxo-C12-HSL. The 

formation of biofilm stops exactly after the phase of monolayer and microcolony 

formation (Fig. 22). These microcolonies would be the places, where the 3-oxo-C12-

HSL threshold reaches the concentration for autoinduction (Hense et al., 2007). A 

biofilm inhibited in maturation like this will probably be less virulent than a fully mature 

one (Karatan & Watnick, 2009; Smith & Iglewski, 2003; Tamayo et al., 2007; Wagner & 

Iglewski, 2008). 
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Fig. 36: Verified and conceivable additional BpiB09 activity in P. aeruginosa cells. 
A) Activity verified by HPLC-MS. The 3-oxo-group of the autoinducer is reduced to a 3-
hydroxy-group. B) Conceivable additional activity in the synthesis pathway of 
homoserine lactones due to the similarity of the verified substrate 3-oxo-C12-HSL to 
intermediates of the fatty acid cycle.  
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In the framework of this thesis, the first crystal structure of a quorum sensing inhibiting 

oxidoreductase was solved to a resolution of 2.4 Å. 

Sequence based classifications assign BpiB09 to the large superfamily of short-chain 

reductases (SDR). The SDR superfamily consists of over 47,000 variants, with residue 

identities of 20-30 % (Kallberg et al., 2010). This superfamily of enzymes can be 

subclassified at a first level into 5 families based on chain lengths and conserved 

sequence motives. Based on those classifications, BpiB09 belongs to the so-called 

classical SDR family. The presence of an arginine in the Gly-motif (R16) and at the first 

position after the second beta strand (R38) assigns BpiB09 into subfamily cP3 (Kallberg 

et al., 2002). 

In general the enzyme class of oxidoreductases (EC 1) includes a large family called 

short-chain dehydrogenases/reductases (SDRs). For recent reviews see references 

(Jornvall et al., 1995; Jornvall et al., 1999; Kallberg & Persson, 2006; Kavanagh et al., 

2008; Oppermann et al., 2003). Up to date, almost 47,000 examples are known 

(Jornvall et al., 2010). The SDRs cluster into at least 300 distinct families (Kallberg & 

Persson, 2006). SDRs have in general low sequence similarities but they all show a 

special folding pattern, the Rossmann fold motif for binding to their nucleotide cofactor, 

NAD(H) or NADP(H) (Oppermann et al., 2003). The 3D-structures display highly similar 

α/β folding patterns with a central β-sheet. Based on distinct sequence motifs, functional 

assignments and classifications are possible. The active site is often composed of an 

Asn-Ser-Tyr-Lys tetrad and the catalytic mechanism usually is a hydrid and proton 

transfer from or to the nicotinamid and the active site tyrosine residue. The variable C-

terminus provides substrate specificity. SDR enzymes play essential roles in a wide 

range of cellular activities including lipid, amino acid, carbohydrate, cofactor, hormone 

and xenobiotic metabolisms; but also in redox sensor mechanisms. Today 261 SDR 

structure entries are available at PDB and of these 159 have been classified as 

oxidoreductases (online search April 2011). Of these 55 are linked to bacteria but only 

26 are unique and represent wildtype enzymes; and of these less than 10 appear to 

utilize NADP as a ligand. Furthermore no metagenome derived SDR structures have 

been deposited at PDB. 

BpiB09 revealed a good homology to a gene from Acidobacterium capsulatum, one of 

the only isolates from the bacterial phylum of Acidobacteria (Fig. 33). A search for 

Acidobacteria using the “All Collection Search” of American Type Culture Collection 

(ATCC) yielded only two results, Edaphobacter aggregans and Koribacter versatilis, 
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whereas environmental DNA sequences suggest, that this phylum contains a large 

number of diverse species, which has been underlined by the discovery of a 

phototrophic Acidobacteria member (Bryant et al., 2007). 

Acidobacteria are already grouped into 26 subgroups (Barns et al., 2007) and might be 

even as diverse as preoteobacteria (Hugenholtz et al., 1998). The percentage of 

Acidobacteria in soil is assumed to be very large, about 50 % was detected in Arizona 

soil (Dunbar et al., 2002) and about 40 % in alpine soil (Lipson & Schmidt, 2004). 

Acidobacteria seems to be one of the phyla exhibiting broad diversity but bad 

culturability (Hugenholtz et al., 1998). The QQ lactonase QlcA found in soil 

metagenomic DNA probably also originates from the phylum of Acidobacteria (Riaz et 

al., 2008). Interestingly, the gene bpiB11 shows a high homology to a gene in 

Verrucomicrobium spinosum, coding for a Zn2+ dependent hydrolase. Verrucomicrobia 

is also a phylum with bad cultivatabilty of member species. 

All these findings confirm the occurrence of many different quorum quenching activities 

in soil bacteria. 

These phyla and their metabolic divergence are one of the reasons for the importance 

and the success of metagenomics research, especially in times when culture-

independent sequence retrieval has already overtaken the culture-dependent. 

 

4 Concluding remarks 

The AHL-hydrolases belong to several protein families. Most of these are similar to the 

first discovered quorum quenching lactonases AiiA and to the first discovered quorum 

quenching acylase AiiD. However, recently six other types of lactonases have been 

identified and extend the diversity of AHL degrading hydrolases (i.e. QsdA, (Uroz et al., 

2008); BpiB01, BpiB04 & BpiB07 (Schipper et al., 2009), AiiM (Wang et al., 2010), AidH 

(Mei et al., 2010)). The novel lactonase derived from Rhodococcus designated QsdA 

forms a new division within the metal dependent lactonases (Uroz et al., 2008). 

However, the QsdA protein is not similar to BpiB05. BpiB05 can also be distinguished 

from the quorum quenching clone reported by Riaz et al. which has been metagenome-

derived as well (Riaz et al., 2008). 

Only very few oxidoreductases (EC 1) have been found to influence quorum sensing 

controlled phenotypes. Up to date only one, a P-450/NADPH-P450 monooxygenase 

(UniProt P14779) has been isolated from Bacillus megaterium and characterized in 
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detail (Chowdhary et al., 2007; Chowdhary et al., 2008). This enzyme was shown to 

hydroxylate the acyl chain of AHLs. In the framework of this thesis, the purified quorum 

quenching oxidoreductases were carried from the singular (one) to the plural status 

(two) by adding the first metagenome-derived oxidoreductase reducing the 3-oxo group 

of 3-oxo-C12-HSL. 

This work is supporting the value of research on finding new quorum quenchers and 

extending our knowledge on the degradation of autoinducers. 

After all, BpiB05 will probably open up a new family of lactone hydrolases, and BpiB09 

is the first SDR to act on AHLs and the first purified metagenomic oxidoreductase so far. 

As the effects on biofilm maturation and pathogenicity are potent, further work on these 

enzymes may lead to new approaches for the development of antipathogenic drugs, 

possibly in the form of enzymes applied to a surface for biofilm prevention. In this 

context, metagenomics has proven to be an important tool for mining novel enzymatic 

activities. 

 

5 Outlook 

Further work on these enzymes, for example trials for improvement of stability possibly 

through introduction of disulfide bonds or enhancement of activity by directed 

mutagenesis (Chow et al., 2009) would be promising tasks in the development of novel 

anti biofilm drugs. Maybe an in silico analysis of the enzyme’s active site can identify the 

residues to be modified in order to increase the turnover rate. It would also be 

interesting to find the gene(s) responsible for the AHL-reducing activity in R. erythropolis 

W2 (Uroz et al., 2005) possibly by the construction of a genomic library and screening 

for QSI clones. BpiB09 homologues of the Acidobacteria strain Chloracidobacterium 

thermophilum that is growing from 50 ° C to 66 ° C (Bryant et al., 2007) could be 

displaying an increased thermostability. It could also be possible to further genetically 

modify P. aeruginosa harbouring the bpiB05 and bpiB09 genes in order to construct an 

apathogenic strain able to outgrow the pathogenic one. 
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V Summary 

Pathogenic and non-pathogenic biofilms on hospital surfaces are highly resistant to 

antibiotic and biocidal treatment and especially Pseudomonas aeruginosa survives 

treatment with many different antibiotics and thereby causes chronic infections. One 

possible strategy to cope with P. aeruginosa surface colonization is the additional 

treatment of surfaces by immobilization of proteins that interfere with biofilm formation. 

Within this work we have therefore identified and characterized two proteins that have 

the potential for an anti-biofim application. To obtain such proteins, we have 

characterized metagenome-derived clones that interacted with either the 3-oxo-C12-

HSL or variants of this molecule. The first of these proteins was designated BpiB05 and 

was weakly similar to hypothetical proteins from Bacteroides fragilis, the draft genomes 

of two Burkholderia species as well as a marine metagenomic ORF but is otherwise not 

similar to any known protein. BpiB05 was overexpressed in Escherichia coli as a His-

tagged fusion protein. The recombinant protein revealed a molecular weight of about 

70 kDa and was tested for its quorum quenching (QQ) activities using a lacZ-bioassay. 

Additional HPLC-MS analyses confirmed the lactonolytic activity of the purified protein 

in the presence of Ca2+. Thus BpiB05 catalyses the reaction classified as EC 3.1.1.81 

for acyl-homoserine lactonases. But because BpiB05 is not distantly related to any of 

the currently known hydrolases it forms probably a novel group within the growing 

number of proteins acting on AHLs. Further tests suggested that BpiB05 strongly 

reduces motility in P. aeruginosa, pyocyanin synthesis and biofilm formation in this 

microbe. 

The second characterized protein was designated BpiB09. Heterologous expression 

and crystallographic studies established BpiB09 as a 27 kDa NADPH-dependent SDR 

reductase that will probably be classified as EC 1.1.-.- or EC 1.3.-.-. The structure was 

solved at a resolution of 2.4 Å (PDB code 3RKR), thereby confirming the membership of 

the protein to the family of short-chain dehydrogenases/ reductases (SDR; subfamily 

cP3) and its NADP dependency. The proteins quaternary structure was determined to 

be tetramerical. A mutagenesis of the two multimerisation interfaces (G162Y/D109K 

and ∆227-239) proved, that the tetramerisation is cooperative, meaning the natural 

status is tetrameric and does not decompose into dimers. 

Using HPLC-MS it was possible to reveal an activity on N-3-oxo-dodecanoyl-L-

homoserine lactone. It converts the 3-oxo-group into the corresponding 3-hydroxy-group 
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and thereby disables the molecule’s signalling activity. Phylogenetic analysis indicated 

that the protein probably originates from the phylum of Acidobacteria. BpiB09 

represents the first purified metagenomic and NADP-dependent oxidoreductase acting 

on acyl-homoserine lactones. Interestingly, expression of bpiB09 in P. aeruginosa 

PAO1 resulted in significantly reduced pyocyanin production, decreased motility, poor 

biofilm formation and decreased paralysis of nematodes.  

 

Summing up, two novel metagenomic enzymes degrading AHL and exhibiting 

remarkable effects on the opportunistic pathogen P. aeruginosa were characterized and 

therefore two novel enzymes were added to the still exclusive, but growing community 

of quorum quenching enzymes. 
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Here we report the isolation and characterization of three metagenome-derived clones that interfere with
bacterial quorum sensing and degrade N-(3-oxooctanoyl)-L-homoserine lactone (3-oxo-C8-HSL). By using a
traI-lacZ gene fusion, the metagenome-derived clones were identified from a soil DNA library and analyzed. The
open reading frames linked to the 3-oxo-C8-HSL-degrading activities were designated bpiB01, bpiB04, and
bpiB07. While the BpiB07 protein was similar to a known lactonase, no significant similarities were observed
for the BpiB01 and BpiB04 proteins or the deduced amino acid sequences. High-performance liquid chroma-
tography–mass spectrometry analyses confirmed that the identified genes encode novel lactone-hydrolyzing
enzymes. The original metagenome-derived clones were expressed in Pseudomonas aeruginosa and employed in
motility and biofilm assays. All clones were able to reproducibly inhibit motility in P. aeruginosa. Furthermore,
these genes clearly inhibited biofilm formation in P. aeruginosa when expressed in P. aeruginosa PAO1. Thus,
this is the first study in which metagenome-derived proteins have been expressed in P. aeruginosa to success-
fully inhibit biofilm formation.

Quorum sensing (QS) is a cell density-dependent system of
gene regulation in prokaryotes. Through the accumulation of
bacterially produced signal molecules, autoinducers (AIs), the
bacterial population is able to sense increases in cell density
and then alters gene expression accordingly (50). This enables
the coordinated expression of genes at the population level
which are most effective at higher cell densities, such as those
coding for pathogenicity and production of extracellular pro-
teins (18, 45). Many QS mechanisms involve N-acyl-homo-
serine lactones (AHLs) in gram-negative bacteria and modi-
fied oligopeptides in gram-positive bacteria (50). Bacteria are
also able to detect and respond to the number of unrelated
species through an interspecies QS system involving furanosyl
diesters that at least in some cases contain boron (autoinducer
2 [AI-2]). AI-2 activity has been detected in many different
bacteria, and luxS, the gene involved in AI-2 synthesis, has
been identified in more than 50 different bacteria (13).

As QS regulates expression of pathogenicity-related pheno-
types, such as biofilm formation and virulence in many bacte-
ria, including Pseudomonas aeruginosa, Staphylococcus aureus,
and Escherichia coli, this is a potential target for antipathogen
treatment (6, 32). There are many signal interference mecha-
nisms called anti-QS mechanisms. They are distinguished as
“quorum sensing inhibition” (QSI) for those that interfere with
the QS gene regulation system and “quorum quenching” for
those that degrade the AI molecules (33, 53). As the many

levels of complexity of QS regulation are elucidated, possible
new targets for anti-QS are revealed.

Many of the original investigations of QS relied on pure
culture analysis for determination of the QS signals (11, 30,
31). In contrast, the search for novel quorum-quenching strat-
egies can be achieved using cultivation-independent methods.
Metagenomics enables investigations of the genetic potential
present within the collective microbial complement of a habitat
(17). This technique has been used to find many novel, biolog-
ically active molecules by our and many other labs (38). The
relatively high number of bacteria in soil that are able to
degrade AHLs (5) and the high genomic diversity of soil mi-
croorganisms (4) make it an ideal habitat for the application of
metagenomics in the search for novel compounds involved in
inhibition of QS. To date, only a very limited number of studies
have employed metagenomics to identify novel anti-QS mech-
anisms (35, 51), and there is little information available on
whether any of the identified genes and deduced proteins in-
terferes with bacterial biofilm formation.

Therefore, we describe in this report the isolation and ge-
netic characterization of three novel metagenome-derived lac-
tonases displaying altered QS and motility phenotypes in
Agrobacterium tumefaciens and P. aeruginosa. Furthermore, we
describe biofilm phenotypes in P. aeruginosa, and we show that
the phenotypes observed are probably the result of the AHL
degradation through the metagenome-derived proteins.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. coli DH5a (Invitrogen, Karlsruhe,

Germany), E. coli XL1-Blue (Stratagene, La Jolla, CA), and P. aeruginosa PAO1

were maintained in LB medium (36) at 37°C. For clones containing the phage-

mid vector pBK-CMV, kanamycin (final concentration of 25 mg ml21) was

added, for clones containing the vector pBluescript SK1 (Stratagene, La

Jolla, CA), ampicillin (100 mg ml21) was added, and for clones containing the

broad-host-range vector pBBR1MCS-5 (21), gentamicin (10 or 50 mg ml21)
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was added. The E. coli carrying the celA gene was derived by the method

described in reference 48.

A. tumefaciens NTL4 (15), which carries a traI-lacZ promoter fusion, and A.

tumefaciens KYC6 (16), which is a natural overproducer of homoserine lactones,

were grown in LB or AT medium (43) containing 0.5% glucose per liter at 30°C.

For A. tumefaciens NTL4, spectinomycin (final concentration, 50 mg ml21) and

tetracycline (final concentration, 4.5 mg ml21) were added.

Biofilm experiments in flow chambers were done using a modified alginate-

promoting medium (mAPM) (25) at pH 7.5. The composition of mAPM was as

follows: 10 mM sodium gluconate, 10 mM KNO3, 1 mM MgSO4, 1.25 mM

NaH2PO4, and 2.8 mM K2HPO4. ABt medium using glucose (final concentra-

tion, 1 mM) and glutamate (final concentration, 7.5 mM) as the carbon source

(3) was also used in biofilm experiments.

Metagenomic library construction. Two metagenomic libraries were con-

structed from environmental soil samples collected from a field site next to the

Department of Microbiology of the University of Göttingen. The DNA was

extracted by following the protocols described previously (12, 39). The met-

agenomic DNA was cloned into the phagemid vector pBK-CMV using the ZAP

Express cDNA synthesis kit (Stratagene, La Jolla, CA) and maintained in E. coli

XL1-Blue. A total of 7,392 clones were generated with rather small insert sizes

ranging between 2.5 and 6 kb.

Extraction of homoserine lactones from A. tumefaciens KYC6. A. tumefaciens

KYC6, which overproduces N-(3-oxooctanoyl)-L-homoserine lactones (3-oxo-C8-

HSLs), was grown as 500-ml cultures in AT medium containing a double con-

centration of glucose for 3 days at 30°C (52). The produced 3-oxo-C8-HSLs

together with smaller fractions of other AHLs (i.e., 3-oxo-C6-HSL) were ex-

tracted from the culture supernatant using 3 volumes of ethyl acetate, which were

then evaporated using a rotary evaporator. The mixtures of AHLs obtained were

dissolved in 1 ml ethyl acetate and stored at 220°C.

Screening for quorum sensing-inhibiting clones using the reporter strain A.

tumefaciens NTL4, carrying a traI-lacZ promoter fusion. The metagenomic li-

brary was initially screened for clones capable of inactivating homoserine lactone

signaling molecules or capable of blocking the corresponding AHL receptor/

promoter in A. tumefaciens. The screen comprised the reporter strain A. tume-

TABLE 1. Primers used for amplification and cloning of confirmed
quorum-quenching ORFs

ORF Primer Primer sequence (59 to 39)
Product

size
(bp)

bpiB01 Forward GGGGACTCGAGAAATGAAA
AATTTGACC

1,231

Reverse TCGAGTCGAAGCTTTCAGA
GCAGGAT

bpiB04 Forward GCAGGTACCATATCTCTCGT
CATGGCGTTG

547

Reverse TTCACACAGGAAACAGCTA
TGACC

bpiB07 Forward GTGCCGCTTTCACTCGAGCT
CTTGATGGAT

698

Reverse ACGACGTTGTAAAACGACG
GCCAG

TABLE 2. Constructs and control strains used in this study

Vector or construct Characteristic(s)a GenBank
accession no.

Source

Metagenome-derived clones identified
in this work

pBio1-pBKCMV pBK-CMV containing 3.5-kb insert EF530726
pBio7-pBKCMV pBK-CMV containing 4.0-kb insert EF530732
pBio9-pBKCMV pBK-CMV containing 1.7-kb insert EF530734

Plasmid vectors and constructs used for
expression of the Bpi proteins in
E. coli BL21 cells

pET21a E. coli six-His-tagged expression vector; Ampr Novagen, Germany
pQE30 E. coli six-His-tagged expression vector; Ampr; pQE30 Qiagen, Hilden, Germany
pET19b E. coli ten-His-tagged expression vector; Ampr Novagen, Germany
pET21a-bpi01 pET21a containing the bpiB01 ORF cloned into the

NdeI1NotI restriction site
pET19b-bpi04 pET19b containing the bpiB04 ORF cloned into the

NdeI1NotI restriction site
pQE30_bpi07_BH pQE30 containing the bpiB07 ORF cloned into the

BamHI and HindIII site

Plasmid vectors and constructs used for
expression of the Bpi proteins in
P. aeruginosa motility and biofilm
experiments

pBBR1MCS-5 Broad-host-range vector (21)
pB1H1-pBBR pBBR1MCS-5 containing the bpiB01 ORF
pB1H1TM-pBBR Knockout control of pB1H1-pBBR containing the

EZ::TN,TET-1. transposon in the bpiB01 ORF
pB7mS-pBBR pBBR1MCS-5 containing the bpiB04 ORF
pB7mSTM-pBBR Knockout control of pB7mS-pBBR containing the

EZ::TN,TET-1. transposon in the bpiB04 ORF
pB9N5-pBBR pBBR1MCS-5 containing the bpiB07 ORF
pB9N5TM-pBBR Knockout control of pB9N5-pBBR containing the

EZ::TN,TET-1. transposon in the bpiB07 ORF
p007-pBBR pBBR1-MCS5 containing 2-kb cellulase gene;

experimental control

a Ampr, ampicillin resistant.
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faciens NTL4, which carries a plasmid-based traR and traI gene with a lacZ fusion

so that activation of the traI gene is associated with the production of b-galac-

tosidase (lacZ gene), and the activity of b-galactosidase can be reported using

5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (X-Gal) as the substrate for

the assay. Alternatively, 2-nitrophenyl-b-D-galactopyranoside (ONPG) (Karl

Roth GmbH, Karlsruhe, Germany) was used for liquid assays.

For the traI induction, 3-oxo-C8-HSL extracted from A. tumefaciens KYC6,

which is a natural 3-oxo-C8-HSL overproducer, was used. For screening metage-

nome libraries, the A. tumefaciens NTL4 reporter strain was added to soft AT

agar (AT medium solidified with 1% agar [BD Difco, Heidelberg, Germany]) to

a final cell density of 107 cells ml21. Spectinomycin (final concentration, 60 mg

ml21) and tetracycline (10 mg ml21) were also added. Four hundred microliters

of agar was pipetted into each well of the 48-well plates and used the same day.

The minimum amount of homoserine lactone required by the reporter strain for

quorum sensing to occur (54) and the maximum amount of homoserine lactone

inactivated during a 20-h incubation with the E. coli XL1-Blue host was deter-

mined in control experiments. In the control experiments, dilutions ranging from

1021 to 1024 of the extracted AHLs were incubated with the host strain for 20 h

at 37°C. Five microliters of these diluted AHL mixes was pipetted onto the AT

screening agar and then incubated overnight at 30°C. In this way, the 1,000-fold

dilution of the produced extract was determined to be the threshold for unspe-

cific degradation of the AHLs by the E. coli host. The chosen AHL concentration

was fivefold higher than the concentration of signal molecule nonspecifically

inactivated by E. coli XL1-Blue under the experimental conditions. Overnight

cultures of the E. coli clones were incubated with AHL for 20 h at 37°C. Then,

5 ml of the supernatant was pipetted on the AT screening agar, and this was

incubated at 30°C overnight. Development of a blue color indicated quorum

sensing, and tests that remained colorless indicated possible quorum quenching.

ONPG tests using the A. tumefaciens NTL4 reporter strain. For the ONPG

tests in liquid media, 5 ml of a 10211 M solution of 3-oxo-C8-HSL (Sigma-

Aldrich, Heidelberg, Germany) was added to 100 ml crude cell extract or purified

protein (see below for preparation) (10 mg ml21) and incubated at 30°C in 100

mM potassium phosphate buffer at pH 7.0. Following incubation for 2 h, this

solution was added to 5 ml of a freshly grown A. tumefaciens NTL4 traI-lacZ

fusion strain in AT medium; the cells were adjusted to 1 3 107 cells ml21 prior

to the test. After 17 h of incubation at 30°C, 1 ml cell suspension was mixed with

20 ml toluene and vortexed for 3 min. To 800 ml of this solution, 200 ml of the

ONPG solution (4 mg ml21 in Z buffer [composition per liter, 16.1 g

Na2HPO4 z 7H2O, 5.5 g NaH2PO4 z H2O, 0.75 g KCl, 0.246 g MgSO4 z 7H2O,

2.7 ml b-mercaptoethanol; pH 7.0]) was added. After incubation for 20 min at

room temperature, the absorbance was measured at 420 nm.

Genetic analysis of positive clones. The inserts of the positive clones were

sequenced using automated sequencing technologies (MegaBACE 1000 system;

Amersham Bioscience). Gaps were closed by primer walking. All potential open

reading frames (ORFs) were analyzed using BlastX (NCBI). Sequences were

deposited in GenBank. Accession numbers are provided at the end of Materials

and Methods.

For the detection of the respective ORFs involved in QSI, the EZ::TN,TET-

1. insertion kit (Epicentre Technologies Corp., Madison, WI) was used for in

vitro transposon mutagenesis or subcloning was employed. The potential QS-

inhibiting ORFs were amplified using the primers (forward and reverse primers)

summarized in Table 1. Clones were assayed using the A. tumefaciens reporter

strain described above and using the P. aeruginosa motility assays.

P. aeruginosa motility assays. For the motility tests in P. aeruginosa, the

potential ORFs were cloned into the broad-host-range vector pBBR1MCS-5.

The potential QS-inhibiting ORFs were amplified using the primers (forward

and reverse primers) given in Table 1 and transformed into P. aeruginosa PAO1.

The resulting constructs are described in Table 2. Pseudomonas swarming agar

contained M9 medium (36) without NH4Cl and included 0.05% glutamic acid.

This was solidified with 0.5% Bacto agar (BD Difco, Heidelberg, Germany).

Swimming plates contained M9 medium with NH4Cl but no glutamic acid and

were solidified with 0.3% agar. For motility tests, 1 3 108 cells of an overnight P.

aeruginosa PAO1 culture were applied on the middle of the agar plate. The

plates were incubated at 37°C for 48 h. Complementation experiments to restore

the wild-type motility phenotype were done using 0.3 mmol N-(3-oxodode-

canoyl)-L-homoserine lactone (3-oxo-C12-HSL) (Cayman Chemicals Ltd.) for

each sample.

Cultivation of P. aeruginosa PAO1 biofilms in flow chambers. Biofilms were

cultivated in two-channel flow cells constructed of V10A stainless steel. The

individual channel dimensions were 3 mm by 8 mm by 54 mm. The substratum

consisted of standard borosilicate glass coverslips (24 mm by 60 mm; thickness,

0.17 mm) that were fixed on the upper and lower side of the stainless steel flow

chamber (total volume of 1.3 ml), using additive-free silicone glue. The assem-

bled flow cells with Tygon tubing (inner diameter, 3.17 mm) attached to the

outlets of each channel were sterilized by autoclaving at 121°C for 15 min. All

experiments were performed at 30°C. Prior to inoculation, the flow chamber was

rinsed with the medium for 5 h at a flow rate of 20 ml h21, using a multichannel

Ismatec IPC-N peristaltic pump. For inoculation, bacteria from a 24-h culture on

LB agar plates were washed once and then resuspended in mAPM or ABt

medium; each channel of the flow cell was inoculated with 5 ml of the cell

suspension adjusted to approximately 108 cells ml21. The biofilm test was done

in the same medium. After the medium flow was arrested for 1 h, it was resumed

FIG. 1. (A) Arrangement of predicted ORFs on original met-
agenomic clones Bio1, Bio7, and Bio9, carrying the bpiB01, bpiB04,
and bpiB07 genes. Black arrows indicate ORFs that were linked to the
QSI phenotypes in A. tumefaciens and identified through subcloning or
transposon mutagenesis. The locations of transposon insertions in the
original metagenome clones are indicated by asterisks. DNA se-
quences of the corresponding clones have been deposited in GenBank.
(B) Verification of AHL degradation using the A. tumefaciens reporter
strain and protein extracts of E. coli cells overproducing the bpiB01,
bpiB04, and bpiB07 genes. Tests were carried out in 1-ml cuvettes
using ONPG as a substrate for the b-galactosidase. Data are mean
values of at least three independent measurements. From left to right,
control crude extract and crude extract from pET21a-bpiB01, pET19b-
bpiB04, and pQE30-bpi07 are shown by the bars in the graph. The tests
contained equal amounts of protein (10 mg ml21) and 5 nM of AHLs
(3-oxo-C8-HSL). (C) Cell extracts of E. coli cells expressing Bpi pro-
teins. The black arrows indicate the purified His-tagged protein. Lanes:
M, marker proteins; 1, extract from cells expressing the bpiB01 gene; 2,
purified BpiB01; 3, extract from cells expressing the bpiB04 gene; 4,
purified BpiB04; 5, extract from cells expressing the bpiB07 gene; 6,
purified BpiB07.
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at a rate of 20 ml h21 (83.3 cm h21), corresponding to a flow with a Reynolds

number of 0.73. The residual time of the bacteria in the flow chambers was

approximately 4.5 min. Continuous monitoring of biofilm growth was performed

using confocal laser scanning microscopy (CLSM) in the transmission mode and

using the transmitted-light detector. After 72 h, biofilm cells were stained with

SYTO 9 (Molecular Probes Inc., Eugene, OR) by injecting 5 ml of SYTO 9

solution (1.5 ml SYTO 9 ml21 mAPM) and viewed by CLSM.

CLSM and image analysis of P. aeruginosa PAO1 biofilms in flow chambers.

Visualization of flow cell biofilms was performed using an LSM 510 confocal

laser scanning microscope (Zeiss, Jena, Germany). Images were obtained with a

Zeiss LD Achroplan 403 objective with a numerical aperture of 0.60. The

development of unstained biofilms in the flow cells was visualized by using the

transmitted-light detector of the CLSM system, recording nonconfocal single-

image slices. Three-dimensional image stacks of 72-h-old flow cell biofilms

stained with SYTO 9 were recorded at an excitation wavelength of 488 nm by use

of an argon laser in combination with an emission long-pass filter LP 505 nm.

Digital image acquisition and analysis of the CLSM optical thin sections were

performed with the Zeiss LSM software (version 3.2). Three-dimensional recon-

structions were done with the Zeiss AxioVision software (version 3.1). Quanti-

fication of biofilm parameters (i.e., size, structure, and thickness) from the

obtained image stacks (50 pictures with intervals of 2 mm) was performed using

the COMSTAT program. Tests were verified in at least three independent

experiments for each clone or their knockout mutant.

Transformation and conjugation procedures. Plasmid transformation in E.

coli was done by following standard electroporation protocols and heat shock or

conjugation protocols (36). For conjugation, the E. coli helper strain HBH101

bearing pRK2013 was employed (14). P. aeruginosa was transformed using elec-

troporation (42).

Cell lysis and protein purification. For the preparation of the crude cell

extracts, 200-ml LB cultures containing ampicillin (100 mg ml21) were grown at

30°C to an optical density at 600 nm (OD600) of 1.0 to 1.5. Cells were harvested

and resuspended in 13 LEW buffer (Macherey-Nagel, Düren, Germany) prior to

cell disruption through sonication (UP 200S sonicator; Hielscher, Germany) at

50% amplitude and cycle 0.5 for 5 min or using a French pressure cell. After the

cells were centrifuged at 13,000 rpm and 4°C for 30 min, the crude cell extract

could be stored at 220°C until further use. The different Bpi proteins were then

purified using Protino columns from Macherey-Nagel (Düren, Germany) by

following the manufacturer’s protocol. The levels of protein purity, as well as the

molecular mass, were determined by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis.

HPLC-MS analysis. For chemical analytics, 3-oxo-C8-HSL (Sigma-Aldrich,

Heidelberg, Germany) (21 mmol) (final concentration of 10.5 mM in a total

volume of 1 ml) was mixed with either purified protein or crude extracts of E. coli

cells overexpressing the bpi genes (20 mg ml21) in 100 mM potassium phosphate

buffer (pH 7.0) and incubated for 20 h at 30°C. After incubation, the resulting

mixtures were extracted twice with 1 volume of ethyl acetate, and the combined

organic layers were concentrated in vacuo. For high-performance liquid chro-

matography (HPLC) analysis, each extract was dissolved in methanol (110 ml).

HPLC-mass spectrometry-diode array detector (HPLC-MS-DAD) analyses of

the solutions thus obtained were performed using a Grom Supersphere-100

RP-18 end-capped, 4-mm column (100 by 2 mm), a Flux instruments pump

Rheos 4000, a PDA detector Finnigan Surveyor and mass spectrometer Finnigan

LC-Q (70 eV) with software package Finnigan Xcalibur. A gradient program

with solvent A (0.5% aqueous HCOOH) and solvent B (methanol) was used to

detect the 3-oxo-C8-HSL and the cleaved product (retention times of 8.3 min and

7.4 min, respectively): gradient from 20% solvent B to 100% solvent B in solvent

A in 20 min, 10 min 100% solvent B to 20% solvent B in 2 min, 8 min 20% solvent

B (total, 40 min program) at a flow rate of 300 ml min21. HPLC-MS-tandem

mass analyses were recorded on a Finnigan LC-Q spectrometer (impact energy

25%), high-resolution mass spectra (electrospray ionization [ESI]) on a Bruker

APEX IV 7T spectrometer; preselected ion peak matching at a resolution (R) of

..10,000 was within 2 ppm of the exact masses. N-(3-oxooctanoyl)-L-homoserine

was synthesized by chemical hydrolysis of the corresponding AHL (5.8 mg) in

dimethyl sulfoxide (60 ml) with 1 N NaOH (1.5 equivalents, 36 ml) for 16 h at

room temperature (8).

Measurement of the pyocyanin production in P. aeruginosa PAO1 cultures.

Analysis of the pyocyanin production was done by measuring the absorbance of

cell-free culture supernatants of P. aeruginosa PAO1 at 690 nm, the known

maximum absorption of pyocyanin. The amount of produced pyocyanin could be

calculated using the reported (26) extinction coefficient ε for pyocyanin at this

wavelength (ε 5 4,310 M21 cm21 at pH 7). For the complementation tests using

3-oxo-C12-HSL (Cayman Chemicals Ltd.), 34 nM (bpiB01) or 68 nM (bpiB04 or

bpiB07) was added to 5 ml of fresh culture. In addition, N-butyryl-DL-homoserine

lactone (C4-HSL) (Sigma-Aldrich, Heidelberg, Germany) was added at a 1.7 mM

(bpiB01) or 2.3 mM (bpiB04 or bpiB07) concentration. These cultures were

grown for 16 h at 37°C prior to the pyocyanin measurements.

Nucleotide sequence accession numbers. The sequences of the originally iso-

lated clones have been deposited in GenBank under the following accession

numbers: clone Bio1, EF530726; clone Bio7, EF530732; and clone Bio9,

EF530734.

RESULTS

Detection of QS-interfering clones and genetic analysis. In
the initial screen, a total of 7,392 metagenomic clones were
tested three times using a screening system which included an
A. tumefaciens reporter strain carrying a traI-lacZ reporter
gene, X-Gal, and 3-oxo-C8-HSL. A total of 438 clones consis-
tently gave a positive result for QSI. At this stage, 50 of the
clones were partially sequenced and compared with the NCBI
database. The clones were all unique, and none of them
showed identity to known quorum-quenching genes. All posi-
tive clones from the first screening were then subjected to a
second screen including growth tests. Because clones Bio1,
Bio7, and Bio9 reproducibly stayed colorless in the microtiter
plates compared to the controls and most other clones, these
clones were analyzed further.

The insert size of these clones ranged from 1.7 to 4.0 kb
(Table 2 and Fig. 1). The inserts were completely sequenced,
and potential ORFs were detected (Fig. 1A). Those ORFs
initially shown to inactivate the AHLs during the first screen
and also later proven to inhibit biofilm formation are labeled
bpi for biofilm phenotype-inhibiting genes and are highlighted
in Fig. 1. The observed similarities for the proteins were in
general rather weak, with E values larger than e280. Thus, no
definite conclusions on their functions could be drawn based
on the BlastX analyses. The deduced amino acid sequence of
Bpi07 revealed a low similarity to a putative dienelactone hy-
drolase from Xanthomonas campestris. BpiB07 is similar to the

TABLE 3. Predicted BlastP analysis of biofilm phenotype-inhibiting ORFs

ORF
Size of protein
(no. of amino

acids)
Organism

Similarity
(%)

Similarity
(aarange/aatotal)

a Possible function E value
GenBank

accession no.

bpiB01 400 Nitrobacter sp. strain
Nb-311A

57 25–383/384 Hypothetical protein 4e271 ZP_01047427.1

bpiB04 135 Pseudomonas fluorescens 53 148–196/374 Acetylation of cellulose 4.9 AAL71849.1
bpiB07 265 Xanthomonas campestris 68 1–212/220 Putative diene-lactone

hydrolase
8e258 YP364619.1

a The range of similar amino acids (aarange) to the total number of amino acids (aatotal) is shown.
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esterase-lipase superfamily of proteins (E value of 2e232) with
significant similarities to the pfam 01738 domain of dienelac-
tone hydrolase family proteins. BpiB04 was not similar to any
known protein but reveals two GXXG motifs which are com-
monly found in glycosyl hydrolase family proteins. bpiB04 en-
coded the smallest protein consisting of only 135 amino acids.
BpiB01 revealed no conserved domains in its amino acid se-
quence but was similar to a number of hypothetical proteins
linked to recently finished genome projects. None of our pro-
teins revealed a conserved domain known to be involved in
lactonases in Zn21 binding [GXXLXHE(H/A)XAXXXGX
PXXH]. Similarities observed for the deduced proteins en-
coded by the ORFs bpi01, bpi04, and bpi07 are summarized
in Table 3.

The metagenome-derived genes of bpiB01, bpiB04, and
bpiB07 were amplified and cloned into an expression vector as
described in Materials and Methods. The estimated molecular
masses of the histidine-tagged and purified proteins of BpiB01,
BpiB04, and BpiB07 (Fig. 1C) were in accordance with the
theoretical molecular masses of 45 kDa (BpiB01), 18 kDa
(BpiB04), and 29 kDa (BpiB07).

b-Galactosidase assays to verify the QS-inhibitory effects of

the bpi genes. To further confirm that the identified clones
indeed carried a gene that affected the quorum sensing re-
sponse in the A. tumefaciens reporter strain NTL4 carrying a
traI-lacZ promoter fusion, we cloned bpiB01, bpiB04, and
bpiB07 into an expression vector (Table 2). The constructs
were then tested for their influence on QS in A. tumefaciens

(Fig. 1B). Tests using the A. tumefaciens strain NTL4 indicated

a significant reduction of the AHLs in the presence of E. coli

cell extracts carrying the bpi genes bpiB01, bpiB04, and
bpiB07. In these tests, 5 nM of the 3-oxo-C8-HSL was incu-
bated together with crude cell extract of E. coli cells overex-
pressing the bpi genes. After 2 hours of incubation, the levels
of detected AHLs were significantly lower than those of the
controls. In general, less than 50% of the added AHLs could
be detected (Fig. 1B). 3-Oxo-C8-HSL degradation, however,
was observed only in the presence of low concentrations of
Zn21 and Ca21, suggesting that all enzymes are probably
metal-dependent metallohydrolases. In summary, these tests
clearly indicate that bpiB01, bpiB04, and bpiB07 are involved
in AHL degradation, and they confirmed the data obtained in
the initial screen.

HPLC-MS analysis to verify the AHL degradation. To fur-
ther test how the BpiB01, BpiB04, and BpiB07 clones inacti-
vate the AHL signal, 3-oxo-C8-HSL was incubated with either
purified protein or crude extracts of E. coli cells overexpressing
the bpi genes, and the reaction products were analyzed by
HPLC-MS-DAD. Enzymatic degradation of 3-oxo-C8-HSL re-
sulted in a mixture consisting of 3-oxo-C8-HSL and a more
polar compound (retention times of 8.3 min and 7.4 min,
respectively), as determined by HPLC analysis followed by ESI
mass spectrometry (ESI-MS) (Fig. 2). ESI-MS analysis of the
polar compound showed a [M1H]1 ion at an m/z (mass-to-
charge ratio) of 260.1, a [M1Na]1 ion at an m/z of 282.1, and
a [2M1Na]1 ion at an m/z of 540.1 (Fig. 2). This mass increase
of 18 is in agreement with a cleavage of a lactone ring of
3-oxo-C8-HSL (molecular weight, 241) to yield the g-hydroxy

FIG. 2. HPLC-MS analysis of 3-oxo-C8-HSL after incubation with Bpi proteins. (A) Chemical controls show hydrolyzed lactone N-(3-
oxooctanoyl)-L-homoserine (7.36 min) and the closed form (8.25 min) in the HPLC-UV chromatogram. The hydrolyzed 3-oxo-C8-HSL was a
synthetically produced AHL and purchased from Sigma Aldrich (Heidelberg, Germany). Spectra were recorded at 252 nm. For HPLC-MS-DAD
analyses of chemical controls, see the supplemental material. uAU, microabsorption units; MW, molecular weight. (B) Further protein control
experiment. 3-Oxo-C8-HSL and 20 mg protein of extracts of E. coli BL21 cells that do not express any of the bpi genes were incubated with 21 mmol
3-oxo-C8-HSL (final concentration of 10.5 mM in a total volume of 1 ml) for 20 h at 30°C. No peak was observed at 7.36 min in the HPLC-UV
spectrum at 252 nm, and no significant [M1H]1 ion at an m/z of 260 rather than a [M1H]1 ion at an m/z of 282 was detected (data not shown).
(C) Bpi proteins were incubated with 21 mmol 3-oxo-C8-HSL (final concentration of 10.5 mM) for 20 h at 30°C. HPLC-MS-DAD analyses showed
identical retention times for the hydrolyzed lactone ring of 3-oxo-C8-HSL for both the synthetic and naturally derived compounds (left channel).
All mass spectra show a [M1H]1 ion at an m/z of 260.1, a [M1Na]1 ion at an m/z of 282.1, and a [2M1Na]1 ion at an m/z of 540.1 (right panel).
These masses are indicated by black arrows. The tests were done with recombinant and purified proteins.

FIG. 3. Motility tests with P. aeruginosa PAO1 expressing the bpi genes. The top row shows the swarming phenotype, and the bottom row shows
the swimming phenotype of the same clone. The pB1H1 subclone containing the bpiB01 gene in pBBR1MCS-5 (BpiB01), pB7mS subclone with
the bpiB04 gene in pBBR1MCS-5 (BpiB04), B9N5 subclone containing the bpiB07 gene in pBluescript SK1 (BpiB07), control strain B9N5TM
containing a transposon in the bpiB07 gene with the restored swarming phenotype in pBBR1MCS-5 (BpiB07-knockout), and experimental control
pBBR1MCS-5 with a 2-kb cellulase gene (control strain) are shown.
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carboxylic acid. The substrate 3-oxo-C8-HSL was detected in
ESI-MS analysis by a [M1H]1 ion at an m/z of 242.1 and a
[M1Na]1 ion at an m/z of 264.2 (Fig. 2). Tandem MS of the
parent ion at an m/z of 260 showed the characteristic daughter
ions of 242 and 120 resulting from the lactone-opened N-(3-
oxooctanoyl)-L-homoserine (molecular weight, 259.1). Addi-
tionally, high-resolution MS of the [M1H]1 ion at an m/z of
260.1 was consistent with the formula C12H21NO5 of the g-hy-
droxy carboxylic acid. For further confirmation, the 3-oxo-C8-
HSL was partially and fully hydrolyzed via alkaline hydrolysis
to achieve the L-homoserine g-hydroxy carboxylic acid from its
corresponding lactone. HPLC-MS-DAD analysis showed that
both the retention time and mass spectrum of the synthetic
product were identical to those of the enzymatic degradation
product (Fig. 2A). 3-Oxo-C8-HSL incubated under the same
conditions with E. coli cell extracts (Fig. 2B) but not expressing
any of the bpi genes did not produce these peaks. Altogether,
these data confirmed the lactonase activity of the clone bpiB04.
The clones bpiB01 and bpiB07 showed the same enzymatic
activity as clone bpiB04 did, and the chemical analysis of their
degradation products of 3-oxo-C8-HSL resemble the enzy-
matic products of bpiB04 (Fig. 2C) (see Fig. S1 and S2 in the
supplemental material).

Again, the AHL degradation using purified proteins was
observed only in the presence of low concentrations of Zn21 (2
mM). Altogether, these data suggest that the three proteins
analyzed in this work are probably novel lactonases and that
their activities are metal dependent.

P. aeruginosa motility tests. In P. aeruginosa, motility is QS
dependent (20, 49). Therefore, the bpi ORFs were tested for their
influence on motility in this microbe and the genes bpiB01,
bpiB04, and bpiB07 were cloned into the broad-host-range vector
pBBR1MCS-5. The resulting constructs were transformed into P.
aeruginosa PAO1 (Table 2). The correctness of the inserts was
verified by DNA sequencing (data not shown).

All clones strongly inhibited swarming on the swarming agar in
comparison to the control, which consisted of a 2-kb control gene
cloned into the same vector (Fig. 3). The level of inhibition was
the same for all the clones. To further verify these results, knock-
out mutants were generated for the bpi genes (Table 2). These
mutants displayed a restored wild-type swarming phenotype (Fig.
3). The use of a control strain carrying a previously characterized
cellulose gene did not reveal a reduced motility (Fig. 3). Alto-
gether, these controls confirmed that the motility phenotypes
were indeed associated with the metagenome-derived DNA frag-
ments. Adding small amounts of 3-oxo-C12 HSL could partially
complement the inhibited swarming phenotypes (see Fig. S3 in
the supplemental material).

Furthermore, it is known that pyocyanin production is QS
dependent in P. aeruginosa (37). Therefore, we set out to test
the effect of the metagenome-derived bpi genes on pyocyanin
production. Again, all motility-inhibited clones showed signif-
icantly reduced levels of pyocyanin production in contrast to
the controls where pyocyanin production was observed after 12
to 16 h growth in LB medium at 37°C on the shaker (Fig. 4).
Also, the formation of cell aggregates was not observed for the
motility-inhibited clones. However, the control, carrying the
cellulose gene, as well as bpi-knockout control strains showed
high levels of pyocyanin production (Fig. 4). Furthermore,
complementation tests performed by adding C4-HSL at 1.7

mM (bpiB01) or 2.3 mM (bpiB04 or bpiB07) together with
3-oxo-C12-HSL at 34 nM (bpiB01) or 68 nM (bpiB04 or
bpiB07) mostly restored the pyocyanin phenotypes (Fig. 4). In
these tests, the clones carrying the bpi genes produced almost
the same amounts of pyocyanin as measured in the control
strains or the parent strain P. aeruginosa PAO1 (Fig. 4). This
phenotype, however, was observed only when both 3-oxo-C12-
HSL and C4-HSL were added to the cultures.

Additional growth experiments in liquid media, the mAPM
medium, LB medium, and the ABt medium, showed that none of
the bpi genes or any of the metagenome-derived fragments in-
hibited growth of P. aeruginosa during exponential growth. The
generation times were similar for the wild type and clones con-
taining bpi genes. The main difference was that all the clones
entered stationary phase earlier and did not reach as high a cell
density, with OD600s of 2.9 to 3.7 compared to an OD600 of 4.1 for
the control containing the vector plus a 2-kb cellulase insert.

P. aeruginosa PAO1 biofilm tests. To further analyze the role
of the metagenome-derived clones, biofilm tests were con-
ducted with P. aeruginosa using the Bpi clones and the corre-
sponding control strains (Table 2). After 72 h, the control
strain, carrying the cellulase gene in the same vector, had

FIG. 4. Pyocyanin observed in P. aeruginosa carrying bpi genes in the
presence and absence of added C4-HSL and 3-oxo-C12-HSL. From left to
right, pyocanin levels (in nanomoles/OD600) in experimental control
pBBR1MCS-5 with a 2-kb cellulase gene (control), pB1H1 with the
bpiB01 gene in pBBR1MCS-5 (bpiB01), pB1H1 with the bpiB01 gene in
pBBR1MCS-5 with C4-HSL and 3-oxo-C12-HSL (bpiB01 1 HSL),
pB1H1TM control strain containing a transposon in the bpiB01 gene
(bpiB01-knockout), pB7mS with the bpiB04 gene in pBBR1MCS-5
(bpi04), pB7mS with bpiB04 in pBBR1MCS-5 with C4-HSL and 3-oxo-
C12-HSL (bpi04 1 HSL), pB7mSTM control strain containing a transpo-
son in the bpiB04 gene (bpiB04-knockout), pB9N5 with the bpiB07 gene
in pBBR1MCS-5 (bpiB07), pB9N5 with the bpiB07 gene in
pBBR1MCS-5 with C4-HSL and 3-oxo-C12-HSL (bpiB07 1 HSL), and
pB9N5TM control strain containing a transposon in the bpiB07 gene
(bpiB07-knockout) are shown. Tests were done at 37°C for 16 h, and
C4-HSL and 3-oxo-C12-HSL were added at the same time and at 1.7 mM
(bpiB01) or 2.3 mM (bpiB04 or bpiB07) C4-HSL and 34 nM (bpiB01) or
68 nM (bpiB04 or bpiB07) 3-oxo-C12-HSL concentrations. The cell den-
sities of all cultures analyzed in these tests ranged from 2.2 to 2.4 at an
OD600. Data represent mean values of at least three independent cultures,
and error bars indicate the standard deviations.
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formed thick uniform biofilms with a thickness of 35 to 40 mm
(Fig. 5A). At the same time, all the bpi genes tested caused
formation of poorly developed biofilms which had not pro-
gressed beyond attachment to the surface (Fig. 5B, D, and F).
This indicates that all the bpi genes inhibit biofilm formation in
P. aeruginosa at a very early stage, prior to microcolony for-
mation. The strongest level of inhibition was displayed by
bpiB07 (Fig. 5F), and bpiB01 displayed the lowest level of
inhibition (Fig. 5B). Again, the additional control strains of the
bpi genes, carrying a transposon in the respective gene, all
displayed an almost fully restored biofilm formation phenotype
(Fig. 5C, E, and G). This confirmed our observation that the
phenotypes were linked to the respective bpi genes. These
results were obtained for two different media, the mAPM me-
dium and the ABt medium. Therefore, the phenotypes ob-
served were not influenced or dependent on the growth me-
dium used in these experiments.

DISCUSSION

In this study we have isolated and genetically characterized
three metagenome-derived clones for their effects on bacterial
motility and biofilm formation in P. aeruginosa. The metage-
nome-derived clones were initially identified because they re-

peatedly interfered with quorum sensing in an A. tumefaciens-
based bioassay using a traI-lacZ reporter fusion. The genes
identified and linked to the QSI phenotypes were designated
bpiB01, bpiB04, and bpiB07. The bpi genes, when expressed in
P. aeruginosa, resulted in the observation of motility and bio-
film phenotypes. Despite controversy on whether quorum sens-
ing is involved in P. aeruginosa motility (1), it is now generally
accepted that quorum sensing influences motility and biofilm
formation in P. aeruginosa at different levels of gene expression
(40, 47, 49). With respect to the reduced biofilm formation and
motility induced through the expression of the bpi genes, we
hypothesize that these phenotypes are mainly a result of AHL
degradation caused by the expression of the Bpi proteins in the
P. aeruginosa cells. In fact, the results presented in Fig. 1B
strongly supported that hypothesis, and data using more so-
phisticated analytical technologies (i.e., HPLC-MS) confirmed
this hypothesis (Fig. 2).

Furthermore, our results are in line with the reports on
enzymatic degradation of AHLs. Enzymatic degradation of the
quorum sensing signal molecules is an established method of
quorum quenching and has been reviewed very recently (32).
Most bacterial AHL-specific lactonases known today reveal a
conserved zinc binding domain HXHXDH motif and all the
reported lactonases are hydrolases (EC 3). Also, most enzymes

FIG. 5. Biofilm phenotypes of the P. aeruginosa PAO1 carrying metagenome-derived bpi genes after staining with SYTO 9 after 72 h. (A) Exper-
imental control pBBR1MCS-5 with a 2-kb cellulase gene; (B) pB1H1 subclone containing the bpiB01 gene in pBBR1MCS-5; (C) pB1H1TM control
strain containing a transposon in the bpiB01 gene; (D) subclone pB7mS with the bpiB04 gene in pBBR1MCS-5; (E) pB7mSTM control strain containing
a transposon in the bpiB04 gene; (F) subclone pB9N5 containing the bpiB07 gene in pBBR1MCS-5; (G) pB9N5TM control strain containing a
transposon in the bpiB07 gene.
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are usually not very specific in their action with respect to the
length of the acyl side chain attached to the lactone ring.
Altogether not more than five different clusters (families) of
AHL lactonases are known, all of them have been identified
within the last 8 years (10, 32). Among the known enzymes
involved in enzymatic degradation, lactonases and acylases are
the best known examples. Both enzymes have been identified
in a range of gram-negative and gram-positive microbes. Lac-
tonases have been reported for Bacillus (7, 23, 44) Agrobacte-

rium (2), Rhodococcus (28), Streptomyces (29), Arthrobacter

(27), Pseudomonas (41), and Klebsiella (27) species. Acylases
have been identified in P. aeruginosa (19), Ralstonia (24), and
Streptomyces (29). While lactonases hydrolyze the lactone ring
in a reversible way, the aminoacylases cleave the lactone ring
off the fatty acids. Furthermore, it is also known that P. aerugi-

nosa and Variovorax paradoxus are capable to grow on AHLs as
the sole carbon and nitrogen source (22). Although BpiB07 is
similar to a lactonase, no significant similarities were observed
for any of the two other bpi genes or deduced amino acid
sequences. Furthermore, Uroz et al. have recently reported a
novel class of lactonases derived from Rhodococcus. These
novel genes were designated qsdA and form a new protein
family within the metal-dependent lactonases (46). However,
the QsdA proteins are not similar to any of our Bpi proteins.
Our metagenome-derived proteins are also different from the
quorum-quenching clone recently reported by Riaz et al. which
was also derived from a metagenome (35). Thus, with the
exception of bpiB07, our bpiB01 and bpiB04 genes represent
novel examples of AHL-degrading genes and further extend
the diversity of the lactonase family proteins.

Concerning a potential application of our proteins for the
prevention of microbial biofilms, at this time, we can only
speculate about the success of such an attempt. However, tak-
ing into account the strong phenotypes observed in our motility
and biofilm tests (Fig. 3 and 5), it might indeed be possible to
use these proteins to quench the QS signal and thereby sup-
press bacterial biofilm formation at a very early stage. In fact,
several examples demonstrating that the expression of quo-
rum-quenching enzymes can result in the reduction of patho-
genicity and virulence have been published (9, 24, 34, 35).
However, we believe that this strategy might be more effective
if the Bpi proteins were applied exogenously to developing
biofilms or immobilized onto surfaces. In addition, the Bpi
proteins would have to be encapsulated to protect them from
proteases and other hydrolytic activities. Thus, future work will
have to assess the feasibility of this approach and focus on the
influence of the Bpi proteins on biofilm formation once they
are added exogenously to developing P. aeruginosa or mixed-
species microbial biofilms.
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a  b s t r  a  c  t

The  Nacylhomoserine  lactones  (NAHLs)  play  an  important role in  bacterial cell–cell  signaling. Up  to

date,  however,  only a few  different experimentally proven  classes  of NAHL  ringcleaving  enzymes  are

known. Here  we  report  on the  isolation and biochemical  characterization of a novel hydrolase  derived

from the  soil metagenome and  acting  on NAHLs.  The  identified  protein  designated  BpiB05  is weakly

similar to hypothetical  proteins  from Bacteroides  fragilis, the  draft genomes  of two Burkholderia  species

as  well  as  a marine  metagenomic  ORF but is otherwise not  similar  to  any  known  protein.  BpiB05 was

overexpressed  in  Escherichia  coli  as a 10× Histagged  fusion  protein.  The  recombinant protein revealed

a  molecular weight of about  70 kDa and was tested  for its quorum  quenching (QQ)  activities  using a

lacZbioassay.  Additional HPLC–MS analyses  confirmed the lactonolytic  activity of the purified protein

in the presence of Ca2+. Further tests  suggested  that  BpiB05 strongly  reduces  motility in Pseudomonas

aeruginosa,  pyocyanin  synthesis and  biofilm formation  in this  microbe.  Because BpiB05  is not distantly

related  to any  of the currently  known  hydrolases  it forms  probably a novel  group within  the growing

number of proteins  acting  on NAHLs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

NAHLs play important roles as  quorumsensing signals in bac

terial cell–cell communication. Quorum sensing is a  cell density

dependent system of gene regulation in prokaryotes. Through the

accumulation of  bacterially produced signal molecules, autoin

ducers, the bacterial population is  able to  sense increases in cell

density and alter gene expression accordingly (Waters and Bassler,

2005). This enables coordinated expression of genes at the popu

lation level which are most effective at higher cell densities, such

as pathogenicity, biofilm formation and production of  extracellu

lar proteins (de Kievit and Iglewski, 2000; Hasegawa et  al., 2005;

Rasmussen and Givskov, 2006a; Ulrich et  al., 2004). Many quorum

sensing mechanisms involve NAHLs in gramnegative bacteria.

The general mechanisms of the synthesis of these quorum sens

ing signals are  well understood and by now about 20 proteins

belonging to  10 different clusters have been found interfering

with these bacterial quorum sensing molecules via enzymatic

hydrolysis of the NAHLs. While the majority of the identified

enzymes are lactonases, other enzymes such as acylases and oxi

∗ Corresponding author. Tel.:  +49 40  428 16 463; fax: +49 40 428 16 459.

Email  address: wolfgang.streit@unihamburg.de (W.R. Streit).

dases/oxidoreductases are also known (Dong and Zhang, 2005;

Rasmussen and  Givskov, 2006a). The majority of the lactonase

enzymes that have been characterized were derived from Bacilli

(Dong et al., 2000, 2002; Kim et al., 2005; Lee et al., 2002; Ulrich,

2004). All  known lactonases cleave the lactone ring in a hydrolytic

manner (Dong and Zhang, 2005; Rasmussen and Givskov, 2006a).

Also most bacterial NAHLspecific lactonases known today reveal

a conserved zinc binding domain HXHXDH motif and require Zn2+

for their  activity (Kim et al., 2005; Liu et  al., 2007, 2008; Momb  et al.,

2008; Thomas et  al., 2005). This is also true for the metagenome

derived enzymes that have been characterized recently (Riaz et  al.,

2008; Schipper et al., 2009; Uroz et  al., 2008). The majority of these

enzymes has been identified within the last ten years. The AiiA

like lactonases initially identified in Bacillus (Dong et al.,  2002);

AttM originally identified in Agrobacteria (Carlier et al., 2003) and

the paraoxonase like  lactonases identified in  eukaryotic epithelia

(Ozer et al., 2005) where the first ones that  were reported within the

respective clusters (families). In 2008 a  lactonase from Rhodococcus

sp. was  identified designated QsdA (Uroz et  al., 2008). Further

more, two enzymes belonging to the esteraselipase family have

been found, they were named AiiM (Wang et al., 2010)  and AidH

(Mei  et al., 2010). These enzymes probably represent a  fifth type

of  NAHL lactonase. While AidH appears to be Mn2+dependent,

the eukaryotic PONlike lactonases appear to be Ca2+dependent

(Tavori et al., 2008).

01681656/$ –  see  front matter ©  2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.jbiotec.2010.12.016
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Table  1

Constructs and vectors used  in  this study.

Vector/construct Properties

Metagenomederived clones identified in this work

pBio8pBKCMV pBKCMV + 4.2 kb insert, GenBank# EF530733

Constructs generated and used  for expression of the Bpi proteins in E. coli  BL21 cells

pET19bBpiB05 pET19b (Novagen, Germany) containing

bpiB05  cloned into the  NdeI +  BamHI restriction

sites

Constructs generated and used  for P.  aeruginosa motility and biofilm experiments

pBBR1MCS5 Broad  hostrange vector (Kovach et al., 1995)

pBpiB05pBBR1MCS5 pBBR1MCS5 containing bpiB05

pBpiB05TMpBBR1MCS5 Knockout control of BpiB05pBBR1MCS5

containing EZ:TN<TET1>Transposon in  ORF

bpiB05

p007pBBR1MCS5 pBBR1MCS5 containing 2 kb cellulase gene,

experimental control

Functional metagenomics is a powerful technology to  quickly

identify novel biocatalyst and other valuable biomolecules

(Schmeisser et  al.,  2007; Streit et al., 2004). Surprisingly only very

few studies have focused on the isolation of novel AHLdegrading

enzymes from soil metagenomes. The first study with respect to

the isolation of metagenomederived AHLmodifying enzymes was

published by the Handelsman lab in 2005 (Williamson et  al., 2005).

Only recently the first metagenomederived lactonase was charac

terized on a biochemical level. This enzyme was designated QlcA

but was similar to the previously known type of AiiAlike enzymes

(Riaz et  al.,  2008). In addition to this well studied example our lab

has recently identified two completely novel lactonolytic enzymes

not similar to  any of the known lactone hydrolyzing enzymes by

using a  metagenome based approach (Schipper et  al.,  2009). Both

enzymes were characterized on  a biochemical and a  phenotypical

level.

Within this framework, we  describe in  this study the isolation,

genetic and phenotypical characterization of  yet another novel,

metagenomederived gene displaying hydrolytic activities on N

AHLs. The identified BpiB05 protein probably represents a novel

family of  enzymes linked to the hydrolysis of  NAHLs. Thus  it

increases the diversity of  this family of proteins.

2. Materials and methods

2.1. Bacterial strains and culture conditions

Bacterial strains and plasmids used in  this study are summarized

in Table 1. Escherichia coli  DH5a  (Invitrogen, Karlsruhe, Germany),

E. coli XL1 blue (Stratagene, La  Jolla, CA, USA)  and Pseudomonas

aeruginosa PAO1 were maintained in LB medium (Sambrook and

Russell, 2001) at 37 ◦C.  For clones containing the phagemid vec

tor pBKCMV kanamycin (final concentration of 25 mg  mL−1)  was

added, for clones containing the vector pBluescriptSK+ (Stratagene,

La Jolla, CA, USA) ampicillin (100 mg mL−1) and for clones contain

ing the broad host range vector pBBR1MCS5 (Kovach et al., 1995)

gentamycin (10 or 50  mg mL−1)  was added. The E. coli carrying the

celA gene was derived from reference (Voget et al., 2006). All antibi

otics were purchased from  Sigma–Aldrich, Heidelberg, Germany.

Agrobacterium tumefaciens NTL4 (Fuqua and Winans, 1996), car

rying a  traIlacZ promoter fusion and A. tumefaciens KYC6 (Fuqua

and Winans, 1994) which is a natural overproducer of  homoser

ine lactones, were grown in  LB or AT medium (Tempe et al., 1977)

containing 0.5% glucose per liter at 30 ◦C. For  A. tumefaciens NTL4

spectinomycin (final concentration 50 mg  mL−1)  and tetracycline

(final concentration 4.5 mg mL−1) were added.

Biofilm experiments in flow chambers were done using

a modified alginatepromoting medium (mAPM) (Ohman and

Chakrabarty, 1981) at pH 7.5  of the following composition: 10 mM

sodium gluconate, 10 mM KNO3, 1 mM MgSO4, 1.25 mM NaH2PO4,

2.8 mM K2HPO4 or ABt  medium using glucose (final concentration

1 mM)  and glutamate (final concentration 7.5 mM) as  carbon source

(Clark, 1968).

2.2. Metagenomic library construction

Two metagenomic libraries were constructed from environ

mental soil samples collected from a  field site next to the

department of  microbiology of  the University of Göttingen. The

DNA was  extracted following the protocols described previously

(Entcheva et al., 2001; Schmeisser et al., 2003). The metagenomic

DNA was  cloned into the phagemid vector pBKCMV using the ZAP

Express cDNA synthesis kit (Stratagene, La  Jolla, CA, USA) and main

tained in E. coli XL1 blue. A total of  7392 clones were generated with

rather small insert sizes ranging between 2.5 and 6 kb.

2.3. Extraction of homoserine lactones from A. tumefaciens KYC6

A. tumefaciens KYC6, which overproduces N3oxooctanoyl

homoserine lactone (3oxoC8HSL), was grown as 500 mL cultures

in AT medium containing double concentration of glucose for 3

days at 30 ◦C  (Zhang et al., 1993). The produced 3oxoC8HSLs

together with smaller fractions of other AHLs (i.e. 3oxoC6HSL)

were extracted from the culture supernatant using three volumes

of ethyl acetate, which were then evaporated using a  rotary evapo

rator. The obtained mixtures of AHLs were dissolved in  1 mL ethyl

acetate and stored at −20 ◦C.

2.4. Screening for quorum sensing inhibiting clones using the

reporter strain A. tumefaciens NTL4, carrying a  traIlacZ promoter

fusion

The metagenomic library was initially screened for clones capa

ble of  inactivating homoserine lactone signaling molecules or

capable of blocking the corresponding AHL receptor/promoter in

A. tumefaciens. The screen comprised the reporter strain A. tume

faciens NTL4 which carries a plasmidbased traR and a  fusion gene

composed of  traIpromoter and lacZ so that activation of the traI

gene is associated with the production of bgalactosidase (lacZ

gene); and the activity of the bgalactosidase can be reported

using 5bromo4chloro3indolylbdgalactopyranoside (XGal)

as substrate for the assay. Alternatively 2nitrophenylbd

galactopyranoside (ONPG, Karl Roth GmbH, Karlsruhe, Germany)

was  used for liquid assays.

For the traI induction 3oxoC8HSL extracted from A. tumefa

ciens KYC6, which is  a natural 3oxoC8HSL  overproducer, was

used. For screening metagenome libraries the A. tumefaciens NTL4

reporter strain was added to soft AT agar (AT medium solidified

with 1% agar  (BD Difco, Heidelberg, Germany)) to a final cell density

of 107 cells mL−1. Spectinomycin (final concentration 60 mg  mL−1)

and tetracycline (10 mg mL−1)  were also added. 400 mL agar was

pipetted into each well of the 48wellplates and used the same

day. The minimum amount of homoserine lactone required by the

reporter strain for quorum sensing to occur (Zhu et al.,  1998)  and

the maximum amount of  homoserine lactone inactivated during

20 h incubation with the E. coli XL1 blue host was determined by

incubating dilutions ranging from 10−1 to 10−4 of  the extracted

AHLs with the host strain for 20  h at 37 ◦C. 5 mL  of these diluted

AHLmixes were pipetted onto the AT screening agar and then

incubated overnight at 30 ◦C.  In this way the 1000fold dilution

of the produced extract was  determined to be the threshold for

unspecific degradation of the AHLs by the E.  coli host. The cho

sen  AHL concentration was  fivefold higher than the concentration

of  signal molecule unspecifically inactivated by  E. coli XL1 blue

under the experimental conditions. Overnight cultures of  the E.  coli
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Table  2

Primers used in this study.

ORF Primer  5′–3′

bpiB05 For: CGGAGGGTACCCAATGTTCGATTACTTG

Rev: GTTGCAAGCTTGTAGCTCTAAAGAAGGGTG

bpiB05 pet19b For: CGGAGCGTCTCATATGTTCGATTACTTGC

Rev: GGGGATCCAAGAAGGGTGCGTCGAAATA

clones were incubated with the AHL for 20 h at 37 ◦C.  Then, 5  mL of

the supernatant were pipetted on  the AT screening agar and this

was incubated at 30 ◦C overnight. Development of  a blue colour

indicated quorum sensing and tests which remained colourless

indicated possible quorum quenching.

2.5. ONPG tests using the A. tumefaciens NTL4 reporter strain

For the ONPG tests in liquid media 5 mL  of  a  20 nM solution

of 3oxoC8HSL (Sigma–Aldrich, Heidelberg, Germany) (final con

centration 200 pM)  or 5 mL  of a 100  nM solution of 3oxoC6HSL

(Sigma–Aldrich, Heidelberg, Germany) (final concentration 1 nM)

was added to 495 mL 100 mM potassium phosphate buffer at pH

7.0 containing 20 mg purified protein. Following incubation at 30 ◦C

for 2  h 100 mL of  the assay was  added to 3 mL  of  a  freshly grown

A. tumefaciens NTL4 traIlacZ fusion strain culture in AT medium;

the culture was adjusted to 1 × 107 cells mL−1 prior to  the test.

After 17 h of incubation at 30 ◦C  1 mL cell suspension was  mixed

with 20 mL toluene and vortexed for 3 min. 800 mL of  this solu

tion was added to 200 mL of  ONPG solution (4 mg  mL−1 in Zbuffer

(composition per liter: 16.1 g Na2HPO4·7H2O, 5.5 g NaH2PO4·H2O,

0.75 g KCl, 0.246 g MgSO4·7H2O, 2.7 mL bmercaptoethanol, pH  7.0)

was added. After incubation for 20  min  at room temperature, the

absorbance was measured at 420 nm.

2.6. Genetic analysis of positive clones

The  inserts of the positive clones were sequenced using

automated sequencing technologies (MegaBACE 1000 System,

Amersham Bioscience). Gaps  were closed by primer walking. All

potential ORFs were analyzed using blastX (NCBI). Sequences were

deposited at GenBank. The accession number is provided at the end

of the Material and methods chapter.

For the detection of  the respective ORFs involved in quorum

sensing inhibition subcloning of the metagenomic insert DNA was

done. The potential quorum sensing inhibiting ORF  was amplified

using the primer combination summarized in  Table 2. Clones were

assayed using the A. tumefaciens reporter strain described above

and using the P. aeruginosa motility assays. The “EZ::TNTM:<TET

1> Insertion Kit” (Epicentre Technologies Corp., Madison, WI,  USA)

was used for in  vitro transposon mutagenesis for the creation of  the

bpiB05 knockout mutant.

2.7. P. aeruginosa motility assays

For the motility tests in P.  aeruginosa,  the ORFs were cloned into

the broad host range vector pBBR1MCS5. The potential quorum

sensing inhibiting ORF was amplified using the primer combi

nations given in Table 2 and transferred to P.  aeruginosa PAO1.

The resulting constructs are described in  Table 1.  Pseudomonas

swarming agar contained M9  medium (Sambrook and Russell,

2001) without NH4Cl, and included 0.05% glutamic acid. This was

solidified with 0.5% Bacto agar (BD Difco, Heidelberg, Germany).

Swimming plates contained M9  medium with NH4Cl but no  glu

tamic acid, and were solidified with 0.3% agar. For motility tests

1 × 107 cells in  1  mL  of an overnight P. aeruginosa PAO1 culture

were applied to the middle of  the agar plate. The plates were

incubated at 37 ◦C  for 24 h. Complementation experiments to

restore the wildtype motility phenotype were done  using 0.3 mmol

N(3oxododecanoyl)lhomoserine lactone (3oxoC12HSL, Cay

man  Chemical Ltd., USA) for each sample.

2.8. Cultivation of P. aeruginosa PAO1 biofilms in flow chambers

Biofilms were cultivated in twochannel flow cells constructed

of  V10A stainless steel. The individual channel dimensions were

3 mm  ×  8 mm  × 54  mm.  The substratum consisted of standard

borosilicate glass coverslips (24 mm  × 60  mm,  thickness 0.17 mm)

that were fixed  on the upper and lower side of the stainless steel

flow chamber (1.3 mL total volume), using additivefree silicone

glue. The assembled flow cells with Tygon tubing (inner diameter

3.17 mm)  attached to the outlets of each channel were sterilized by

autoclaving at 121 ◦C for 15 min. All  experiments were performed

at 30 ◦C.  Prior to inoculation, the flow chamber was rinsed with the

medium for 5 h  at a flow rate of  20 mL h−1,  using a multichannel

Ismatec IPCN peristaltic pump. For inoculation, bacteria from  a

24 h culture on LB agar plates were washed once and then resus

pended in mAPM or ABt medium; each channel of the flow cell was

inoculated with 5 mL of  the cell suspension adjusted to approxi

mately 108 cells mL−1. Biofilm tests were done  in  the same medium.

After arresting the medium flow for 1 h, it was  resumed at a rate of

20 mL h−1 (83.3 cm h−1), corresponding to a  flow with a  Reynolds

number of  0.73. The residual time of  the bacteria in the flow cham

bers was approximately 4.5 min. Continuous monitoring of biofilm

growth was performed using confocal laser scanning microscopy

(CLSM) in  the transmission mode and using the transmittedlight

detector. After 72 h,  biofilm cells were stained with SYTO9 (Molec

ular Probes Inc., Eugene, USA) by injecting 5 mL of SYTO 9 solution

(1.5 mL  SYTO 9  mL−1 mAPM), and viewed by  CLSM.

2.9. CLSM  and image analysis of P. aeruginosa PAO1 biofilms in

flow chambers

Visualization of  flowcell biofilms was  performed using an LSM

510 confocal laser scanning microscope (Zeiss, Jena, Germany).

Images were obtained with a Zeiss LD Achroplan 40×/0.60NA

objective. The development of unstained biofilms in  the flow

cells was visualized by using the transmittedlight detector of  the

CLSM system, recording nonconfocal single image slices. Three

dimensional image stacks of 72  h old flowcell biofilms stained with

SYTO 9 were recorded at an excitation wavelength of  488 nm by  use

of  an  argon laser in combination with an emission long pass filter LP

505 nm.  Digital image acquisition and analysis of  the CLSM optical

thin sections were performed with the Zeiss LSM  software (ver

sion 3.2). Threedimensional reconstructions were done with the

Zeiss AxioVision software (version 3.1). Quantification of  biofilm

parameters (i.e. size, structure and thickness) from the obtained

image stacks (50 pictures with intervals of  2 mM)  was performed

using the COMSTAT program. Tests were verified in  at least three

independent experiments for each clone or their knockout mutant.

2.10. Transformation and conjugation procedures

Plasmid transformation in E. coli  was  done following stan

dard electroporation protocols, heat shock or conjugation protocols

(Sambrook and Russell, 2001). For conjugation the E. coli helper

strain HBH101 bearing pRK2013 was  employed (Figurski and Helin

ski, 1979). P. aeruginosa was transformed using electroporation

(Smith and Iglewski, 1989).

2.11. Cell lysis  and protein purification

For the preparation of  the crude cell extracts 200 mL LB cul

tures containing ampicillin (100 mg  mL−1) were grown at 30 ◦C to
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bpiB05 orf01

CTGAGGCGGAGCGTCTCCCAATG

1 kb

CTGAGGCGGAGCGTCT CCCAATG

Fig. 1. Physical map of the original metagenomic clone pBio8  carrying the  bpiB05 gene. The black coloured arrow indicates the  ORF that was linked to the  quorum sensing

inhibitory phenotype in  the initial screen and that  was subcloned and  sequenced. The highlighted sequence shows the −19 to  +3 region of bpiB05 together with the possible

ShineDalgarno sequence (underlined) and the  possible translational start codon in  bold face. The DNA sequence of the corresponding clone was deposited at  GenBank with

the  accession number EF530733.

an OD600 of 1.0–1.5. Cells were harvested and resuspended in 1×

LEW buffer (MachereyNagel, Düren, Germany) prior to cell disrup

tion through sonication (Sonicator UP 200S, Hielscher, Germany) at

50% amplitude and cycle 0.5 for 3 × 5 min  with 1 min  cooling peri

ods or using a French pressure cell. After centrifuging at 13,000 rpm

and 4 ◦C for 30  min  the crude cell extract could be used for testing

or was then purified using Protino columns from MachereyNagel

(Düren, Germany) following the manufacturer protocol. The levels

of protein purity, as  well as the molecular mass, were determined

by SDSPAA gel electrophoresis.

2.12. HPLC–MS analysis

For chemical analytics 10 mmol  3oxoC8HSL  [Sigma–Aldrich,

Heidelberg, Germany] (10 mM final concentration in  1 mL  total

volume) and 10  mmol  3oxoC12HSL [Sigma–Aldrich, Heidelberg,

Germany] was mixed with either purified protein or crude extracts

of E. coli cells overexpressing bpiB05 (20 mg  mL−1)  in 100  mM potas

sium phosphate buffer (pH  7.0)  and incubated for 20 h at 30 ◦C.

After incubation, the resulting mixtures were extracted twice with

ethyl acetate (total of 2  volumes) and the combined organic lay

ers were concentrated in vacuo. For HPLC analysis each extract

was  dissolved in methanol (110 mL). HPLC–MS–DAD (high per

formance liquid chromatography–mass spectrometry–diode array

detector) analysis of  the solutions was performed using  a Grom

Supersphere100 RP18 endcapped, 4 mm (100 mm × 2 mm)  col

umn, a Flux  instruments pump Rheos 4000, a  PDA detector Finnigan

Surveyor and mass spectrometer Finnigan LCQ (70 eV) with soft

ware package Finnigan Xcalibur. A gradient program with solvent

A (0.5% aqueous HCOOH) and B (MeOH) was used to  detect the

3oxoC8HSL and 3oxoC12HSL and the cleaved products (reten

tion times for 3oxoC8HSL 8.3 min  and 7.4 min, respectively):

gradient from 20% B to 100% B in solvent A in 20 min, 10  min

100% B, to 20% B in 2  min, 8 min  20% B (total: 40 min  program)

at a flow rate of 300 mL min−1. HPLC–MS–Tandem mass anal

yses were recorded on  a Finnigan LCQ spectrometer (impact

energy 25%); highresolution mass spectra (electrospray ioniza

tion [ESI]) on a Bruker APEX IV 7T spectrometer; preselected

ionpeak matching at a resolution (R) of ≫10,000 was  within

2 ppm of  the exact masses. N(3Oxooctanoyl)lhomoserine and

N(3oxododecanoyl)lhomoserine were synthesized by chemical

hydrolysis of the corresponding acylhomoserine lactone (5.8 mg)

in dimethyl sulphoxide (60 mL) with 1  N  NaOH  (1.5 equivalents,

36 mL) for 16 h at room temperature (Dong et  al., 2001).

2.13. Measurement of the  pyocyanin production in PAO1 cultures

Analysis of the  pyocyanin production was done  by measuring

the absorbance of  cell  free culture supernatants of P.  aeruginosa

PAO1 at 690 nm,  the known maximum absorption of  pyocyanin.

The amount of produced pyocyanin could be calculated using

the reported (O’Malley et  al., 2004)  extinction coefficient �  for

pyocyanin at this wavelength (�  = 4.310 M−1 cm−1 at pH 7). These

cultures were grown for 16 h at 37 ◦C prior to the pyocyanin mea

surements.

2.14. DNA accession numbers

The DNA sequence of the bpiB05 gene encoded by clone pBio8

was deposited at GenBank with the accession number EF530733.

3. Results

3.1. Detection of quorum sensing interfering clones and genetic

analysis

In the initial screen a  total of 8000 metagenomic clones were

tested three times using  a screening system which included an A.

tumefaciens reporter strain carrying a traIlacZ reporter gene, X

Gal and 3oxoC8HSL. A total of  438 clones consistently gave a

positive result for quorum sensing inhibition. At this stage, 50 of

the clones were partially sequenced and  compared with the NCBI

database (data not shown). The clones were  all unique and none of

them showed identity to known quorum quenching genes. By this

way  clone pBio8 was identified. The insert of the detected clone

pBio8 had a size of  4.2 kb. The insert was  completely sequenced

and potential ORFs detected (Fig. 1). The ORF later proven to inhibit

biofilm formation was labelled bpi for biofilm phenotype inhibiting

gene and is highlighted in Fig. 1. Two potential ORFs were  iden

tified on pBio8. ORF1 was similar to  hypothetical proteins found

in Neisseria lactamica, Citrobacter youngae,  Pseudomonas syringae,

Methylobacterium chloromethanicum and Deinococcus deserti, but

the cterminal half was  truncated; and ORF2, which was  des

ignated bpiB05,  was highly similar to ORF 7075 from the draft

genome of Burkholderia sp. Ch11 showing an evalue of 2 × 10−170.

BpiB05 was also weakly similar to  a  hypothetical protein identi

fied in  Bacteroides fragilis strain YCH46. The observed evalue for

this similarity was  1 × 10−34 and the similarity ranged over the

entire protein. A further blast  search in  the ongoing Burkholderia

glumae PG1  genome project identified yet another similar protein.

The protein was designated RBG04002 and revealed a  similarity of

2 ×  10−164 (unpublished data).

However, no conclusion could be drawn on the function of  the

BpiB05 protein based  on the observed similarities. BpiB05 revealed

no conserved domains in its amino acid sequence. In addition

BpiB05 did not reveal a conserved domain known to be involved in

most lactonases i.e. in Zn2+ binding (GXXLXHEH/AXAXXXGXPXXH)

binding. Also no other metalbinding domain was identified.

3.2. Heterologous expression of BpiB05 protein

The metagenomederived gene was amplified from the original

metagenome clone DNA using PCR and specific primers. The result

ing DNA fragment of  approximately 1.8 kb was initially cloned into

pBluescriptSK+ then excised and cloned  into the expression vector

pET19b as described in Section 2. The correctness of  the construct

was verified by DNA sequencing. For  recombinant expression the

protein was  induced with 0.4 mM  IPTG in LB medium in  the E.  coli

BL21pLysE. The protein was purified from  the soluble fraction using

Histag Ni  NTA purification; and an  SDS PAGE analysis indicated

that the protein was  homogenous with only minor contamination

by  other proteins (data not shown). Analysis of the purified protein
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Fig. 2. Verification of  AHL degradation using the  A. tumefaciens reporter strain and

purified BpiB05 protein in bgalactosidase tests. Tests were  carried out in 1 mL

cuvettes using ONPG as  a substrate for the bgalactosidase. Data  are mean values of

at least three independent measurements. Error bars indicate simple standard devi

ations. Measurement bars: C8HSL, control eluate from purified crude extract using

the  empty pET vector; C8HSL, purified protein BpiB05 without added Ca2+; C8HSL,

with 2 mM Ca2+ supplementation; C6HSL, control eluate from purified crude extract

using the empty pET vector; C6HSL, purified protein BpiB05 without added Ca2+;

C6HSL, with 2  mM Ca2+ supplementation. Tests  contained equal  amounts of protein

(20  mg/mL), incubation was carried out for 2  h  at 30 ◦C.

showed that the protein reveals a molecular weight of about 70  kDa

which corresponds well with the theoretical value of 71.8 kDa.

However, most of  the protein was  observed in  the insoluble fraction

(data not shown).

3.3. ˇGalactosidase assays to verify the  QS inhibitory effects of

the bpiB05 gene

Tests using the A. tumefaciens strain  NTL4, carrying a  traIlacZ

fusion as a reporter gene indicated a significant reduction of  the

added NAHLs in the presence of the BpiB05 protein (Fig. 2). In these

tests 200 pM 3oxoC8HSL and 1 nM 3oxoC6HSL were incubated

together with histag purified BpiB05 protein. After 2 h of incuba

tion the levels of detected NAHLs were significantly reduced in

comparison to the controls. In general not more than 60% of the

added NAHLs could be detected in these tests (Fig. 2).

These tests were not affected by the change of Ca2+

supplementation at  concentrations of 2 mM,  0.2 mM  and 0.02 mM.

However, the complete lack of  added Ca2+ did  result in  a decreased

activity (Fig. 2).

Furthermore, no influence on activity was measured when we

employed Mn2+,  Mg2+,  Co2+, Cu2+ and Zn2+ (each at 2 mM concen

trations) in these tests.

In summary these tests indicated that the bpiB05 gene was

involved in NAHL degradation and that its activity possibly

depended to some extent on the presence of  very low levels of Ca2+.

3.4. P. aeruginosa motility tests

Because in  P. aeruginosa motility is QS dependent (Kohler et  al.,

2000; Wagner et  al., 2007)  the bpi ORF was tested for  its  influence

on motility in Pseudomonas aeruginosa PAO1. Therefore the gene

bpiB05 was cloned into the broad host range vector pBBR1MCS

5 and P. aeruginosa PAO1 was transformed with this construct

(Table 1). As  controls we  used the following constructs: first  of

all the bpiB05 gene in the pBpiB05pBBR1MCS5 construct was

inactivated using transposon mutagenesis yielding the construct

pBpiB05TMpBBR1MCS5 and secondly a 2 kb cellulase gene was

cloned into the same vector obtaining p007pBBR1MCS5. The cor

rectness of  the inserts was  verified by DNA sequencing.

bpiB05 strongly inhibited motility on the swarming agar in com

parison to both controls (Fig. 3A). The knockout mutant displayed a

nearly wildtype swarming phenotype (Fig. 3A, panel a 3). Similar

results were obtained when the swimming motility of the bpiB05

clone and control strains were tested (Fig. 3A, panel b 1–3).

Furthermore it is known that pyocyanin production is QS depen

dent in P. aeruginosa (Schaber et al., 2004). Therefore we tested the

effect of  the metagenomederived bpiB05 gene on pyocyanin pro

duction. Again  the motility inhibited clone showed no  pyocyanin

production in contrast to the controls where pyocyanin production

was  observed after 8–10 h growth in  LB medium at 37 ◦C on the

shaker. Also, the formation of  cell aggregates did not take place for

these clones. Both controls showed pyocyanin production (Fig. 3,

panel c  1–3)).

3.5. P. aeruginosa PAO1 biofilm tests

To further analyze the role of  the metagenomederived pro

tein BpiB05 biofilm tests were  conducted in P. aeruginosa using

the bpiB05 clone and the corresponding control strains (Table 1).

After 72  h the control strain, carrying the cellulase gene in the

same vector, had formed thick uniform biofilms with a  thickness of

35–40 mm (Fig. 3B, panel 1).  At  the same time, the tested bpi gene

caused formation of  poorly developed biofilms which had not pro

gressed beyond attachment to the surface (Fig. 3B, panel 2). This

indicates that  the bpi gene strongly inhibited biofilm formation in

P. aeruginosa at a very early stage, prior to  microcolony formation.

Again the additional control strain of the bpi gene, carrying a  trans

poson in the respective gene,  displayed an  almost fully restored

biofilm formation phenotype (Fig. 3B, panel  3). This confirmed our

observation that the phenotypes were  linked to the expression of

bpiB05.

3.6. HPLC–MS analysis to verify the  acylhomoserine degradation

Further tests with histagged and purified BpiB05 protein using

HPLC–MS analysis confirmed these findings. Repeated measure

ments indicated that the respective protein was able to hydrolyze

the lactone ring of  the 3oxoC8HSL (Fig. 4). The degradation

was  only observed in the presence of low concentrations of  Ca2+

(2 mM) suggesting that the enzyme is a metal dependent metallo

hydrolase. However, the addition of  low levels of other bivalent

cations in  the absence of Ca2+ did not result  in  NAHL cleavage. In

each test using 3oxoC8HSL a  characteristic peak at 260 and 282

m/z was detected. These peaks were indicative for the open lactone

ring (Fig. 4) and were not  visible in the controls. Furthermore sim

ilar results were  obtained when the 3oxoC12HSL was  analyzed

(data not shown).

Altogether these data suggest that the protein analyzed in  this

work represents a  novel hydrolase protein that acts on lactones and

possibly requires low levels of  Ca2+ for its activity.

4. Discussion

In this manuscript we describe the isolation and biochemical

characterization of a novel hydrolase which was derived from  a

soil metagenome. The metagenomederived enzyme was  initially

identified because it repeatedly interfered with quorum sensing in

an A. tumefaciens based bioassay using a traIlacZ reporter fusion.

First positives of about 5.5% of analyzed clones probably were  tested
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Fig. 3. Quorum quenching phenotypes observed in  the presence of BpiB05. (A) Motility tests with P. aeruginosa PAO1 expressing the bpiB05 gene; pictures in  row “a” present

the  observed swarming phenotypes, and in  row “b”  the  swimming phenotypes of  the  same clone. 1:  p007pBBR1MCS5; 2: BpiB05pBBR1MCS5; 3: knockout mutant

BpiB05TMpBBR1MCS5 showing the restored swarming phenotype. (B) Biofilm phenotypes of  the P.  aeruginosa PAO1 carrying the constructs stained with SYTO9 after

72  h. 1:  p007pBBR1MCS5; 2: BpiB05pBBR1MCS5; 3: knockout mutant BpiB05TMpBBR1MCS5. (C) Pyocyanin production of  PAO1 cultures after overnight incubation

in  LB at 37 ◦C  on the shaker  in comparison to the cell density. White bar:  cell density in percent; grey bar:  pyocyanin concentration in  percent. 1:  p007pBBR1MCS5; 2:

BpiB05pBBR1MCS5 construct; 3:  knockout mutant BpiB05TMpBBR1MCS5.

positive due to side reactions of  hydrolytically active proteins pos

sessing broad substrate spectra. The gene identified and linked to

the QS inhibitory phenotype was designated bpiB05. The bpiB05

gene, when expressed in P. aeruginosa, resulted in  the observation

of strongly reduced motility and biofilm phenotypes. Despite a  con

troversial discussion if quorum sensing is involved in P. aeruginosa

motility (Beatson et al.,  2002)  it is now generally accepted that

quorum sensing influences motility and biofilm formation in  P.

aeruginosa (Shrout et  al., 2006; Wagner et al., 2007). With respect

to the reduced biofilm formation and motility induced through

the expression of the bpi gene,  we hypothesize that these phe

notypes are  a  result of the NAHL degradation caused by the Bpi

protein. In fact the results presented in  Fig. 2 strongly supported

that hypothesis and further data using more sophisticated analyti

cal technologies confirmed these findings (Fig. 4). These results are

in  line with the reports on enzymatic degradation of  NAHLs. Enzy

matic degradation of the quorum sensing signal molecules is an

established method of quorum quenching and has  been  reviewed

recently (Dong et  al., 2007; Rasmussen and Givskov, 2006a,b).

Mainly three types of  enzymes that act on the NAHLs are known:
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Fig. 4. HPLC–MS analysis of  3oxoC8HSL after incubation with BpiB05 protein. (A) Chemical control shows synthetically hydrolyzed lactone  N(3oxooctanoyl)lhomoserine

(7.36 min) and the closed form (8.25 min) in  the HPLC–UV chromatogram (left panel). Spectra were recorded at 252 nm. For HPLC–MS–DADanalyses of chemical controls see

also  supplementary material.  All mass spectra show a [M+H]+ ion at an m/z of  260.1, a  [M+Na]+ ion at an m/z of  282.1  and a  [2M+Na]+ ion at an m/z of  540.1 (right panel). These

masses are indicated by black arrows. uAU, microabsorption units; MW,  molecular weight. (B) Further protein control experiment using 3oxoC8HSL and 20  mg  protein

of  cell extracts of  E. coli BL21 – not expressing bpiB05 – were  incubated with 10  mmol (10 mM final concentration in 1  mL total volume) 3oxoC8HSL for 20 h  at 30 ◦C. No

peak  can be observed at  7.36 min  in the HPLC–UV spectrum at 252  nm (right panel) and only  the  educt at m/z of 242 can be detected (black arrows). (C) BpiB05 protein was

incubated with 10 mmol  (10 mM final concentration) 3oxoC8HSL for 20 h  at 30 ◦C. HPLC–MS–DADanalyses showed identical retention times of  the hydrolyzed lactone

ring  of 3oxoC8HSL (for both, synthetic and enzymatic derived) (left channel). Tests  were done with recombinant and  purified proteins. Mass peaks were identical to the

ones  observed in (A).

Firstly, these are oxidases and oxidoreductases, secondly, acylases

and thirdly, lactonases. Oxidases have been originally identified in

algae and act on the 3oxogroup (Borchardt et  al., 2001); but also

oxidoreductases have been identified (Uroz et al., 2005). Acylases

have been identified in Comamonas (Uroz et al., 2007), P. aeruginosa

(Huang et al., 2003), P.  syringae (Shepherd and Lindow, 2009), Ral

stonia (Lin et  al., 2003),  Rhodococcus erythropolis (Uroz et al., 2005),

Shewanella (Morohoshi et al., 2008) and Streptomyces (Park et  al.,

2005). While aminoacylases cleave the lactone ring off the fatty

acids, lactonases hydrolyze the lactone ring in a reversible way.
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Table  3

Cofactor requirements of known and functionally verified Nacyl homoserine lactonases.

Cluster Source, designation Reference Cofactor requirement/binding motif

aiiA Bacillus sp. 240B1, aiiA Dong et al. (2000) Zn2+

Bacillus thuringiensis, aiiA Dong et al. (2002), Kim et al. (2005), Lee

et al. (2002), Thomas et al. (2005)

Zn2+

Bacillus cereus, aiiA Dong et al. (2002), Reimmann et al. (2002) Zn2+

Bacillus mycoides, aiiA Dong et al. (2002) Zn2+

Bacillus anthracis, aiiA Ulrich (2004) Zn2+

attM Arthrobacter sp. IBN110, ahlD Park et al. (2003) Zn2+

Klebsiella pneumoniae,  ahlK Park et al. (2003) Zn2+

Agrobacterium tumefaciens, attM, aiiB Carlier et al. (2003),  Liu et al. (2007) Zn2+

Metagenome, qlcA Riaz et al. (2008) Zn2+

qsdA Rhodococcus erythropolis, qsdA Uroz et al. (2008) Zn2+

PON13 Human Ozer et al. (2005), Tavori et al. (2008) Ca2+

bpiB01 Soil  metagenome, bpiB01 Schipper et al. (2009) Zn2+

bpiB04 Soil  metagenome, bpiB04 Schipper et al. (2009) Zn2+

bpiB07 Soil  metagenome, bpiB07 Schipper et al. (2009) Zn2+

aiiM Microbacterium testaceum StLB037 Wang et al. (2010) None

aidH  Ochrobactrum sp. T63 Mei et al. (2010) Mn2+

bpiB05 Soil  metagenome, bpiB05 This work Ca2+

Today less than 10 different and functionally verified classes of lac

tonase proteins are known that efficiently hydrolyze the lactone

ring in the NAHLs. The known and experimentally verified lac

tonases are summarized in Table 3  together with their origin and

required cofactors. The lactonases are grouped into several clus

ters depending on  their overall similarity and the original microbe

in which the first gene of the cluster was identified. The first known

clusters are designated AiiA, AttM and PON13 (Dong and Zhang,

2005). However, recently six other types of  lactonases have been

identified and extend the diversity of  lactonase family proteins (i.e.

QsdA, (Uroz et al.,  2008); BpiB01, BpiB04 and BpiB07 (Schipper

et al., 2009),  AiiM (Wang et al.,  2010), AidH (Mei  et al., 2010)).

These proteins are probably each members of novel NAHL lac

tonase families. Zn2+dependent lactonases have been described

for Bacillus (Carlier et  al., 2003; Dong et  al., 2002; Lee et al., 2002;

Ulrich, 2004) Agrobacterium (Carlier et al.,  2003), Rhodococcus (Park

et al., 2006), Streptomyces (Park et  al.,  2005), Arthrobacter (Park et  al.,

2003), Pseudomonas (Sio et  al.,  2006) and Klebsiella (Park et al.,

2003). The novel lactonase derived from  Rhodococcus designated

qsdA forms a new  family within the metal dependent lactonases

(Uroz et al., 2008). However, the QsdA protein is not similar to

BpiB05. Furthermore we have only recently identified three novel

lactone hydrolyzing enzymes isolated from  a  metagenome library

(Schipper et al., 2009) showing no similarity to BpiB05. BpiB05 can

also be distinguished from the quorum quenching clone reported

by Riaz et al. which has been metagenomederived as well (Riaz

et al., 2008). Within this framework, it is likely, that BpiB05 rep

resents just another type of lactone hydrolyzing enzyme and even

further extends the diversity of the known hydrolases acting on lac

tones. This claim is mainly supported by  the lack  of  any homology of

BpiB05 to  the known lactonase proteins. Moreover our data suggest

a  possible Ca2+ dependency of BpiB05. Yet no Ca2+binding site was

identified in  the protein. Within this framework we can also only

speculate on the enzymes natural substrate in  its  host. First tests

expressing the B. glumae PG1 homologous ORF in  P. aeruginosa indi

cate an impact on  the production of  pyocyanin but the effects were

less prominent (unpublished data).

Judging from the two database hits to Burkholderia genomes,

homologous genes seem to be present in this genus but with a low

frequency because none  of  the completed and published Burholde

ria genomes carries a  similar gene.

In summary our data indicate that  probably a larger num

ber of  enzymes are able to  quench the quorum sensing signaling

molecules than initially estimated and that  these enzymes can be

quite different. This hypothesis is mainly supported by the vari

ety of  enzymes that have been described till today by our lab and

our  colleagues (Table 3) and by  analyzing a rather small number

of  enzymes. Also the relative high frequency of  detection of  such

enzymes in metagenomes and individual strain libraries supports

this hypothesis. Thus we conclude that the bacterial NAHL hydro

lases form a  rather large  class of enzymes of  which so far  only a  very

limited number of enzymes have been characterized and that future

work will have to elucidate the diversity of this class of  enzymes

and their role for microbial cell–cell communication.

Acknowledgements

This work was  supported by  the BMBFKompetenznetzwerk

“Biotech GenoMik+”. We thank Clay Fuqua for supplying the A.

tumefaciens reporter strain.

Appendix A. Supplementary data

Supplementary data associated with this article can  be found, in

the online version, at doi:10.1016/j.jbiotec.2010.12.016.

References

Beatson, S.A., Whitchurch, C.B., Semmler, A.B., Mattick, J.S.,  2002. Quorum sensing is
not  required for  twitching motility in Pseudomonas aeruginosa. J. Bacteriol. 184,
3598–3604.

Borchardt, S.A., Allain, E.J., Michels, J.J., Stearns, G.W., Kelly, R.F., McCoy, W.F., 2001.
Reaction of  acylated homoserine lactone bacterial signaling molecules with oxi
dized halogen antimicrobials. Appl. Environ. Microbiol. 67,  3174–3179.

Carlier, A.,  Uroz, S.,  Smadja, B., Fray, R., Latour, X., Dessaux, Y.,  Faure, D., 2003. The
Ti  plasmid of Agrobacterium tumefaciens harbors an attMparalogous gene, aiiB,
also encoding Nacyl homoserine lactonase activity. Appl. Environ. Microbiol.
69, 4989–4993.

Clark, D.J., 1968. Regulation of  deoxyribonucleic acid replication and cell division in
Escherichia coli Br. J. Bacteriol. 96,  1214–1224.

de Kievit, T.R., Iglewski, B.H., 2000. Bacterial quorum sensing in pathogenic relation
ships. Infect. Immun. 68, 4839–4849.

Dong, Y.H., Gusti, A.R., Zhang, Q., Xu, J.L.,  Zhang, L.H., 2002. Identification of quorum
quenching Nacyl homoserine lactonases from  Bacillus species. Appl. Environ.
Microbiol. 68, 1754–1759.

Dong, Y.H., Wang, L.H., Xu, J.L., Zhang, H.B., Zhang, X.F., Zhang, L.H., 2001. Quench
ing  quorumsensingdependent bacterial infection by an Nacyl homoserine
lactonase. Nature 411, 813–817.

Dong, Y.H., Wang, L.Y., Zhang, L.H.,  2007. Quorumquenching microbial infections:
mechanisms and implications. Philos. Trans. R.  Soc. Lond. B: Biol. Sci. 362,
1201–1211.

Dong,  Y.H., Xu, J.L., Li, X.Z., Zhang, L.H., 2000. AiiA, an enzyme that inactivates the
acylhomoserine lactone quorumsensing signal and attenuates the  virulence of
Erwinia carotovora. Proc. Natl. Acad. Sci. U.S.A. 97, 3526–3531.

Dong, Y.H., Zhang, L.H., 2005. Quorum sensing and  quorumquenching enzymes. J.
Microbiol. 43 (Spec No.), 101–109.

Entcheva, P., Liebl, W.,  Johann, A., Hartsch, T.,  Streit, W.R., 2001. Direct cloning from
enrichment cultures, a reliable strategy for isolation of  complete operons and
genes from microbial consortia. Appl. Environ. Microbiol. 67, 89–99.



94 P.  Bijtenhoorn et al. / Journal of Biotechnology 155 (2011) 86– 94

Figurski, D.H., Helinski, D.R., 1979.  Replication of an origincontaining derivative
of  plasmid RK2 dependent on a plasmid function provided in trans. Proc.  Natl.
Acad. Sci. U.S.A. 76, 1648–1652.

Fuqua, C., Winans, S.C.,  1996. Conserved cisacting promoter elements are required
for densitydependent transcription of Agrobacterium tumefaciens conjugal
transfer genes. J.  Bacteriol. 178, 435–440.

Fuqua, W.C., Winans, S.C., 1994. A LuxRLuxI type regulatory system activates
Agrobacterium Ti plasmid conjugal transfer in  the presence of  a  plant tumor
metabolite. J. Bacteriol. 176, 2796–2806.

Hasegawa, H., Chatterjee, A., Cui, Y., Chatterjee, A.K., 2005. Elevated temperature
enhances virulence of  Erwinia carotovora subsp. carotovora strain EC153 to
plants and stimulates production of  the quorum  sensing signal, Nacyl homoser
ine lactone, and extracellular proteins. Appl. Environ. Microbiol. 71, 4655–4663.

Huang, J.J., Han, J.I., Zhang, L.H., Leadbetter, J.R., 2003. Utilization of  acylhomoserine
lactone quorum signals for growth by a  soil  pseudomonad and  Pseudomonas

aeruginosa PAO1. Appl. Environ. Microbiol. 69, 5941–5949.
Kim, M.H., Choi, W.C., Kang, H.O., Lee, J.S., Kang, B.S.,  Kim, K.J., Derewenda, Z.S., Oh,

T.K.,  Lee,  C.H., Lee, J.K., 2005. The molecular structure and  catalytic mechanism of
a  quorumquenching Nacyllhomoserine lactone hydrolase. Proc. Natl. Acad.
Sci. U.S.A. 102, 17606–17611.

Kohler, T., Curty, L.K., Barja, F., van Delden, C.,  Pechere, J.C., 2000. Swarming of Pseu
domonas aeruginosa is dependent on celltocell signaling and  requires flagella
and  pili. J. Bacteriol. 182, 5990–5996.

Kovach, M.E., Elzer, P.H., Hill, D.S., Robertson, G.T., Farris, M.A., Roop II, R.M.,
Peterson,  K.M., 1995. Four new derivatives of  the broadhostrange cloning
vector  pBBR1MCS, carrying different antibioticresistance cassettes. Gene 166,
175–176.

Lee, S.J., Park, S.Y., Lee, J.J., Yum, D.Y., Koo, B.T.,  Lee, J.K., 2002. Genes encoding the  N
acyl homoserine lactonedegrading enzyme are widespread in many subspecies
of  Bacillus thuringiensis.  Appl. Environ. Microbiol. 68, 3919–3924.

Lin,  Y.H., Xu, J.L., Hu, J.,  Wang, L.H., Ong, S.L., Leadbetter, J.R., Zhang, L.H., 2003. Acyl
homoserine lactone acylase from Ralstonia strain XJ12B represents a  novel and
potent class of quorumquenching enzymes. Mol. Microbiol. 47, 849–860.

Liu, D., Thomas, P.W., Momb,  J., Hoang, Q.Q., Petsko, G.A., Ringe, D., Fast, W.,  2007.
Structure and specificity of a  quorumquenching lactonase (AiiB) from Agrobac
terium tumefaciens. Biochemistry 46, 11789–11799.

Liu, D., Momb,  J., Thomas, P.W.,  Moulin, A., Petsko, G.A., Fast, W.,  Ringe, D., 2008.
Mechanism of the quorumquenching lactonase (AiiA) from Bacillus thuringien
sis.  1. Productbound structures. Biochemistry 47,  7706–7714.

Mei, G.Y., Yan, X.X., Turak, A., Luo, Z.Q., Zhang, L.Q., 2010. AidH, a member of
alpha/betahydrolase fold family from an Ochrobactrum sp. strain is a  novel N
acylhomoserine lactonase. Appl. Environ. Microbiol., doi:10.1128/AEM.00477
10.

Momb,  J., Wang, C., Liu,  D., Thomas, P.W., Petsko, G.A., Guo, H.,  Ringe, D., Fast,
W.,  2008. Mechanism of  the quorumquenching lactonase (AiiA) from Bacillus
thuringiensis.  2. Substrate modeling and  active site mutations. Biochemistry 47,
7715–7725.

Morohoshi, T., Nakazawa, S., Ebata, A.,  Kato, N., Ikeda, T., 2008. Identification and
characterization of Nacylhomoserine lactoneacylase from the  fish intestinal
Shewanella sp. strain MIB015. Biosci. Biotechnol. Biochem. 72, 1887–1893.

O’Malley, Y.Q., Reszka, K.J.,  Spitz,  D.R., Denning, G.M., Britigan, B.E., 2004. Pseu
domonas aeruginosa pyocyanin directly oxidizes glutathione and decreases its
levels in airway epithelial cells. Am. J.  Physiol. Lung Cell. Mol. Physiol. 287,
L94–103.

Ohman, D.E., Chakrabarty, A.M., 1981. Genetic mapping of  chromosomal determi
nants for the production of  the exopolysaccharide alginate in a  Pseudomonas
aeruginosa cystic fibrosis isolate. Infect. Immun. 33, 142–148.

Ozer, E.A., Pezzulo, A., Shih, D.M., Chun, C., Furlong, C., Lusis, A.J.,  Greenberg, E.P.,
Zabner, J., 2005. Human and  murine paraoxonase 1 are host modulators of
Pseudomonas aeruginosa quorumsensing. FEMS Microbiol. Lett. 253, 29–37.

Park,  S.Y., Lee, S.J., Oh, T.K., Oh, J.W., Koo, B.T., Yum, D.Y., Lee, J.K., 2003. AhlD,
an  Nacylhomoserine lactonase in  Arthrobacter sp., and  predicted homologues
in  other bacteria. Microbiology 149, 1541–1550.

Park, S.Y., Hwang, B.J., Shin,  M.H., Kim,  J.A., Kim, H.K., Lee, J.K., 2006.
Nacylhomoserine lactonase producing Rhodococcus spp. with different AHL
degrading activities. FEMS Microbiol. Lett. 261, 102–108.

Park,  S.Y., Kang, H.O., Jang, H.S., Lee, J.K., Koo, B.T., Yum, D.Y., 2005. Identification of
extracellular Nacylhomoserine lactone acylase from a  Streptomyces sp. and its
application to quorum quenching. Appl. Environ. Microbiol. 71,  2632–2641.

Rasmussen, T.B., Givskov, M.,  2006a. Quorumsensing inhibitors as antipathogenic
drugs.  Int. J.  Med. Microbiol. 296, 149–161.

Rasmussen, T.B., Givskov, M.,  2006b. Quorum sensing inhibitors: a bargain of  effects.
Microbiology 152, 895–904.

Reimmann, C., Ginet, N., Michel, L., Keel, C., Michaux, P., Krishnapillai, V.,  Zala,
M., Heurlier, K., Triandafillu, K., Harms, H., Defago, G., Haas, D., 2002. Geneti
cally programmed autoinducer destruction reduces virulence gene expression

and swarming motility in Pseudomonas aeruginosa PAO1. Microbiology 148,
923–932.

Riaz, K., Elmerich, C., Moreira, D.,  Raffoux, A.,  Dessaux, Y.,  Faure, D.,  2008. A  metage
nomic analysis of soil bacteria extends the  diversity of  quorumquenching
lactonases. Environ. Microbiol. 10, 560–570.

Sambrook, J., Russell, D.W., 2001. Molecular Cloning, A  Laboratory Manual, 3rd ed.
Cold  Spring Harbor Laboratory Press, Cold Spring Harbor.

Schaber, J.A., Carty, N.L.,  McDonald, N.A., Graham, E.D., Cheluvappa, R., Griswold,
J.A.,  Hamood, A.N., 2004. Analysis of quorum sensingdeficient clinical isolates
of Pseudomonas aeruginosa.  J. Med. Microbiol. 53, 841–853.

Schipper, C., Hornung, C., Bijtenhoorn, P., Quitschau, M.,  Grond, S., Streit, W.R., 2009.
Metagenomederived clones encoding for two  novel lactonase family proteins
involved in  biofilm inhibition in  Pseudomonas aeruginosa. Appl. Environ. Micro
biol.  75, 224–233.

Schmeisser, C., Steele, H., Streit, W.R., 2007. Metagenomics, biotechnology with non
culturable microbes. Appl. Microbiol. Biotechnol. 75, 955–962.

Schmeisser, C., Stockigt, C., Raasch, C., Wingender, J., Timmis, K.N., Wenderoth,
D.F., Flemming, H.C., Liesegang, H.,  Schmitz, R.A., Jaeger, K.E.,  Streit, W.R., 2003.
Metagenome survey of biofilms in  drinkingwater networks. Appl. Environ.
Microbiol. 69, 7298–7309.

Shepherd, R.W., Lindow, S.E., 2009. Two  dissimilar Nacylhomoserine lactone acy
lases  of  Pseudomonas syringae influence colony and biofilm morphology. Appl.
Environ. Microbiol. 75,  45–53.

Shrout, J.D., Chopp, D.L., Just, C.L., Hentzer, M.,  Givskov, M.,  Parsek, M.R.,  2006. The
impact of  quorum sensing and  swarming motility on Pseudomonas aeruginosa
biofilm formation is nutritionally conditional. Mol. Microbiol. 62, 1264–1277.

Sio, C.F., Otten, L.G., Cool, R.H.,  Diggle, S.P., Braun, P.G., Bos, R., Daykin, M., Camara, M.,
Williams, P., Quax, W.J., 2006. Quorum quenching by an Nacylhomoserine lac
tone acylase from Pseudomonas aeruginosa PAO1. Infect. Immun. 74,  1673–1682.

Smith, A.W., Iglewski, B.H., 1989. Transformation of  Pseudomonas aeruginosa by
electroporation. Nucleic Acids Res. 17, 10509.

Streit, W.R., Daniel, R., Jaeger, K.E.,  2004. Prospecting for biocatalysts and drugs in  the
genomes of noncultured microorganisms. Curr. Opin. Biotechnol. 15, 285–290.

Tavori, H., Khatib, S., Aviram, M.,  Vaya,  J., 2008. Characterization of the PON1 active
site using modeling simulation, in relation to PON1 lactonase activity. Bioorg.
Med. Chem. 16,  7504–7509.

Tempe, J., Petit, A., Holsters, M.,  Montagu, M.V., Schell, J., 1977. Thermosensitive step
associated with transfer of the Ti plasmid during conjugation: possible relation
to transformation in crown gall. Proc. Natl. Acad. Sci. U.S.A. 74,  2848–2849.

Thomas, P.W., Stone, E.M., Costello, A.L., Tierney,  D.L., Fast, W.,  2005. The
quorumquenching lactonase from Bacillus thuringiensis is a  metalloprotein.
Biochemistry 44,  7559–7569.

Ulrich, R.L., 2004. Quorum quenching: enzymatic disruption of  Nacylhomoserine
lactonemediated bacterial communication in Burkholderia thailandensis. Appl.
Environ. Microbiol. 70, 6173–6180.

Ulrich, R.L., Deshazer, D., Brueggemann, E.E.,  Hines, H.B., Oyston, P.C., Jeddeloh, J.A.,
2004. Role of quorum sensing in the pathogenicity of Burkholderia pseudomallei.
J.  Med. Microbiol. 53,  1053–1064.

Uroz, S., Chhabra, S.R., Camara, M.,  Williams, P., Oger, P., Dessaux, Y.,  2005. N
acylhomoserine lactone quorumsensing molecules are modified and degraded
by Rhodococcus erythropolis W2  by both amidolytic and novel oxidoreductase
activities. Microbiology 151, 3313–3322.

Uroz, S., Oger, P.,  Chhabra, S.R., Camara, M.,  Williams, P., Dessaux, Y.,  2007. Nacyl
homoserine lactones are degraded via an amidolytic activity in  Comamonas sp.
strain D1.  Arch. Microbiol. 187, 249–256.

Uroz, S., Oger, P.M., Chapelle, E., Adeline, M.T., Faure, D., Dessaux, Y.,  2008. A
Rhodococcus qsdAencoded enzyme defines a novel class of largespectrum
quorumquenching lactonases. Appl. Environ. Microbiol. 74, 1357–1366.

Voget, S., Steele, H.L., Streit, W.R., 2006. Characterization of a  metagenomederived
halotolerant cellulase. J. Biotechnol. 126, 26–36.

Wagner, V.E., Li, L.L.,  Isabella, V.M., Iglewski, B.H., 2007. Analysis of  the hierarchy
of  quorumsensing regulation in Pseudomonas aeruginosa.  Anal. Bioanal. Chem.
387, 469–479.

Wang, W.Z., Morohoshi, T., Ikenoya, M.,  Someya, N., Ikeda, T., 2010. AiiM, a  novel class
of Nacylhomoserine lactonase from the leafassociated bacterium Microbac
terium testaceum. Appl. Environ. Microbiol. 76,  2524–2530.

Waters, C.M., Bassler, B.L.,  2005. Quorum sensing: celltocell communication in
bacteria. Annu. Rev. Cell Dev. Biol.  21,  319–346.

Williamson, L.L.,  Borlee, B.R., Schloss, P.D., Guan, C., Allen, H.K., Handelsman, J., 2005.
Intracellular screen to  identify metagenomic clones that induce or inhibit a
quorumsensing biosensor. Appl. Environ. Microbiol. 71, 6335–6344.

Zhang, L., Murphy, P.J., Kerr, A., Tate, M.E., 1993. Agrobacterium conjugation and gene
regulation by  Nacyllhomoserine lactones. Nature 362, 446–448.

Zhu, J., Beaber, J.W., More, M.I., Fuqua, C., Eberhard, A., Winans, S.C., 1998. Analogs
of  the autoinducer 3oxooctanoylhomoserine lactone strongly inhibit activity
of  the TraR protein of Agrobacterium tumefaciens. J. Bacteriol. 180, 5398–5405.



A Novel Metagenomic Short-Chain Dehydrogenase/
Reductase Attenuates Pseudomonas aeruginosa Biofilm
Formation and Virulence on Caenorhabditis elegans
Patrick Bijtenhoorn1, Hubert Mayerhofer2, Jochen Müller-Dieckmann2, Christian Utpatel1, Christina

Schipper1, Claudia Hornung1, Matthias Szesny3, Stephanie Grond3, Andrea Thürmer4, Elzbieta

Brzuszkiewicz4, Rolf Daniel4, Katja Dierking5, Hinrich Schulenburg5, Wolfgang R. Streit1*

1Abteilung für Mikrobiologie und Biotechnologie, Biozentrum Klein Flottbek, Universität Hamburg, Hamburg, Germany, 2 EMBL Hamburg Outstation, Hamburg,
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Abstract

In Pseudomonas aeruginosa, the expression of a number of virulence factors, as well as biofilm formation, are controlled by
quorum sensing (QS). N-Acylhomoserine lactones (AHLs) are an important class of signaling molecules involved in bacterial
QS and in many pathogenic bacteria infection and host colonization are AHL-dependent. The AHL signaling molecules are
subject to inactivation mainly by hydrolases (Enzyme Commission class number EC 3) (i.e. N-acyl-homoserine lactonases and
N-acyl-homoserine-lactone acylases). Only little is known on quorum quenching mechanisms of oxidoreductases (EC 1).
Here we report on the identification and structural characterization of the first NADP-dependent short-chain
dehydrogenase/reductase (SDR) involved in inactivation of N-(3-oxo-dodecanoyl)-L-homoserine lactone (3-oxo-C12-HSL)
and derived from a metagenome library. The corresponding gene was isolated from a soil metagenome and designated
bpiB09. Heterologous expression and crystallographic studies established BpiB09 as an NADP-dependent reductase.
Although AHLs are probably not the native substrate of this metagenome-derived enzyme, its expression in P. aeruginosa
PAO1 resulted in significantly reduced pyocyanin production, decreased motility, poor biofilm formation and absent
paralysis of Caenorhabditis elegans. Furthermore, a genome-wide transcriptome study suggested that the level of lasI and
rhlI transcription together with 36 well known QS regulated genes was significantly ($10-fold) affected in P. aeruginosa
strains expressing the bpiB09 gene in pBBR1MCS-5. Thus AHL oxidoreductases could be considered as potent tools for the
development of quorum quenching strategies.
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Introduction

Autoinducers play important roles as quorum-sensing signals in

bacterial cell-cell communication (Quorum sensing) [1]. Through

the accumulation of bacterially produced signaling molecules the

bacterial population is able to sense increases in cell density and

alter gene expression accordingly [2]. This allows coordinated

expression of genes at the population level involved in behaviors,

which are most effective at higher cell densities, such as

pathogenicity, biofilm formation, production of extracellular

proteins and others. For an excellent review on interspecies

signaling, we refer to Shank and Kolter [3]. Many quorum sensing

mechanisms in Gram-negative bacteria involve N-AHLs, signal

molecules whose general mechanism of synthesis is well under-

stood.

By now, about 20 proteins belonging to 10 different clusters

have been found interfering with these bacterial quorum sensing

molecules. Most of these enzymes belong to the enzyme class of

hydrolases. Mainly two types of hydrolases act on autoinducer I

molecules: (i) The majority of the identified enzymes are lactonases

(EC 3.1.1.–) and this group of enzymes has been reviewed recently

[4]. More recently three additional lactonases have been published

[5–7]. Lactonases hydrolyze the lactone ring in a reversible way.

(ii) Furthermore acylases (EC 3.5.1.–) are known to interfere with

the autoinducer I-like molecules. Aminoacylases cleave the lacton

ring off the fatty acids. Acylases have been identified in a variety of

microorganisms: Comamonas sp. [8], P. aeruginosa [9,10], P. syringae

[11], Ochrobactrum sp. [12], Ralstonia sp. [13], Rhodococcus erythropolis

[14], Shewanella sp. [15] and Streptomyces sp. [16].

Surprisingly, only very few oxidoreductases (EC 1) have been

found to influence quorum sensing controlled phenotypes. Up to

date only one, a P-450/NADPH-P450 monooxygenase (UniProt

P14779) has been isolated from Bacillus megaterium and character-

ized in detail [17,18]. The respective AHL oxidizing enzyme was

designated CYP102A1 and it was able to oxidize both long

chained AHLs and fatty acids with varying chain length at various
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positions. The two different domains would catalyze reactions

classified as EC 1.14.14.1 and EC 1.6.2.4. In addition Uroz and

colleagues reported the presence of oxidoreductase activities in

crude cell extracts of Rhodococcus erythropolis W2 [14]. They

demonstrated that crude cell extracts of R. erythropolis reduced

the 3-oxo-substituent of 3-oxo-C14-HSL to yield the corresponding

3-hydroxy derivative, 3-hydroxy-C14-HSL. However, the corre-

sponding R. erythropolis enzyme was not identified.

In general the enzyme class of oxidoreductases (EC 1) includes a

large family called short-chain dehydrogenases/reductases (SDRs).

For recent reviews see references [19–23]. Up to date, almost

47,000 examples are known [24]. The SDRs cluster into at least

300 distinct families [21]. SDRs have in general low sequence

similarities but they all show a special folding pattern, the

Rossmann fold motif for binding to their nucleotide cofactor,

NAD(H) or NADP(H) [23]. The 3D-structures display highly

similar a/b folding patterns with a central b-sheet. Based on

distinct sequence motifs, functional assignments and classifications

are possible. The active site is often composed of an Asn-Ser-Tyr-

Lys tetrad and the catalytic mechanism usually is a hydrid and

proton transfer from or to the nicotinamid and the active site

tyrosine residue. The variable C-terminus provides substrate

specificity. SDR enzymes play essential roles in a wide range of

cellular activities including lipid, amino acid, carbohydrate,

cofactor, hormone and xenobiotic metabolisms; but also in redox

sensor mechanisms. Today 261 SDR structure entries are

available at PDB and of these 159 have been classified as

oxidoreductases (online search April 2011). Of these 55 are linked

to bacteria but only 26 are unique and represent self-contained

and genetically unmodified wildtype enzymes; and of these less

than 10 appear to utilize NADP as a ligand. Furthermore no

metagenome derived SDR structures have been deposited at PDB.

Within this work, we attempted to extend our knowledge on

SDRs interfering with the bacterial quorum sensing mechanisms

using a metagenome-based and structural approach. Therefore we

identified a novel oxidoreductase, designated BpiB09, which was

able to inactivate the 3-oxo-C12-HSL signaling molecule. The

novel metagenome-derived enzyme strongly affected P. aeruginosa

biofilm formation and other QS-related phenotypes. BpiB09

enzyme was crystallized and we solved the BpiB09 structure at a

resolution of 2.4 Å together with the cofactor NADP. Structural

inspection of BpiB09 reveals that it exhibits a typical SDR fold and

the functional signatures of this family of proteins. Further

transcriptome analysis of P. aeruginosa cells expressing bpiB09

suggests that it has profound effects on QS related gene expression

in this microbe.

Results

Screening a soil metagenome library for autoinducer I
quenching proteins
Using a previously constructed metagenome library [25], a total

of 8,000 metagenomic clones were tested three times for clones

that were able to reduce the expression of the reporter gene in a

screening system, which included the A. tumefaciens reporter strain

NTL4 carrying a traI-lacZ reporter gene, X-Gal and 3-oxo-C8-

HSL. The clone, designated Bio5, gave a consistent positive result

in this screening assay. The insert of the detected clone Bio5 had a

size of 3.1 kb. Sequencing identified three potential ORFs on Bio5

(Fig. 1A, GenBank entry EF530730.1). The ORF later proven to

inhibit biofilm formation was labeled bpiB09 for biofilm phenotype

inhibiting gene and is highlighted in Fig. 1A. ORF1 was similar to

chromosome segregation protein SMC in Acidobacterium sp.

MP5ACTX8. The observed e-value for this similarity was 2e-

126 (61% identity) and the similarity ranged over the entire

protein; ORF2 was similar to hypothetical proteins found in

Hyphomonas neptunium (3e-29, 42% identity); and BpiB09 was most

similar to a possible short chain oxidoreductase (SDR) from

Acidobacterium capsulatum (57% Identity) with an e-value of 8e-60.

In order to further characterize BpiB09, the metagenome-

derived gene was amplified from the original metagenome clone

DNA using PCR and specific primers. The resulting DNA

fragment of approximately 720 bp was initially cloned into

pBluescript SK+ then excised and cloned into the expression

vectors pET-21a and pET-19b as described in experimental

procedures. The correctness of the construct was verified by DNA

sequencing. For recombinant expression the protein production

was induced with 100 mM isopropyl-b-D-thiogalactopyranoside

(IPTG) in LB medium in the E. coli strain BL21 DE3. The protein

was purified from the soluble fraction using His-tag Ni TED

purification. An SDS PAGE analysis indicated that the protein

was homogenous with only minor contaminations through other

proteins revealing a molecular mass of approximately 30 kDa

(Fig. 1B), which corresponded well with the theoretical value of

27.4 kDa.

BpiB09 affects QS-dependent phenotypes in P.

aeruginosa
Because in P. aeruginosa motility is QS dependent [26,27], the

bpiB09 gene was tested for its influence on motility in Pseudomonas

aeruginosa PAO1. Therefore, the gene was cloned into the broad

host range vector pBBR1MCS-5 and transformed into P. aeruginosa

PAO1 (supplemental Table S1). As control we used a 2 kb

Figure 1. Key traits of the metagenome-derived clone Bio5. A) Physiological map of the insert of the metagenome derived clone Bio5 (3.1 kb,
GenBank # EF530730.1); open reading frames identified are indicated as arrows in the direction of transcription. A potential Shine-Dalgarno
sequence at the 59-end of bpiB09 is underlined; the potential translational start site of bpiB09 is in bold; B) SDS-PAGE of recombinant BpiB09 after his-
tag purification. Lane 1: 2 mg BpiB09; Lane 2: molecular weight marker (kDa).
doi:10.1371/journal.pone.0026278.g001

Metagenomic SDR Attenuates P. aeruginosa Virulence

PLoS ONE | www.plosone.org 2 October 2011 | Volume 6 | Issue 10 | e26278



cellulase gene, which was cloned into the same vector obtaining

pBBR1MCS-5::celA. Previous studies had shown that this gene had

no influence on PAO1 motility or biofilm formation ([25]; Fig. S1).

Similar, the Acidobacterium capsulatum homologous gene was cloned

into the same vector and used as a further control. The correctness

of the inserts was verified by DNA sequencing. The bpiB09 gene,

when expressed in P. aeruginosa, significantly inhibited motility on

swarming agar in comparison to the control (Fig. 2A, upper

panels). Similar results were obtained when swimming motility was

tested (Fig. 2A, lower panels). However, the Acidobacterium

capsulatum homologous gene expressed on pBBR1MCS-

5::ACP_0942 in PAO1 did not affect motility (data not shown).

BpiB09 affects P. aeruginosa biofilm formation
To further analyze the role of the metagenome-derived protein

BpiB09 in P. aeruginosa biofilm tests were conducted using flow cells.

For these tests we employed the PAO1 strain carrying the

pBBR1MCS-5::bpiB09 construct and the control strain carrying

the pBBR1MCS-5::celA construct (supplemental Table S1). After

72 h the control strain, carrying the cellulase gene, had formed

uniform biofilms with a thickness of 30–35 mm (Fig. 2B, right

panel). At the same time, the tested bpiB09 gene caused formation

of rather thin biofilms with an average thickness of 5–10 mm

(Fig. 2B, left panel). This indicates that the bpi gene inhibited

biofilm formation in P. aeruginosa. Again the Acidobacterium

Figure 2. BpiB09 expression causes reduced motility and poor biofilm formation in PAO1. A) Reduced swarming phenotypes (upper two
panels) and reduced swimming phenotypes (lower panel) in P. aeruginosa carrying the pBBR1MCS-5::bpiB09 or the control strain carrying the
pBBR1MCS-5::celA; B) Decreased biofilm formation using the same constructs.
doi:10.1371/journal.pone.0026278.g002
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capsulatum homologous gene did not affect PAO1 biofilm formation

(data not shown).

BpiB09 affects pyocyanin production in PAO1 and
violacein production in Chromobacterium violaceum
Furthermore, it is known that pyocyanin production is QS

dependent in P. aeruginosa [28]. Therefore, we tested the potential

influence of the metagenome-derived bpiB09 gene expression on

pyocyanin production. Again the clone carrying the bpiB09 gene in

pBBR1MCS-5 showed no pyocyanin production in contrast to the

controls where pyocyanin production was observed after 16 hours

growth in LB medium at 37uC on the shaker (Fig. 3A). Additional

tests using C. violaceum (DSM Nr. 30191) indicated that the

recombinant and purified BpiB09 was highly active with respect to

quorum quenching activities (i.e. the modification of the C.

violaceum autoinducer I molecule) (Fig. 3D).

Reduced paralysis of Caenorhabditis elegans by P.

aeruginosa expressing bpiB09
The paralysis and killing of the nematode Caenorhabditis elegans by

PAO1 is mediated by the QS dependent production of hydrogen

cyanide [29]. We thus assayed the impact of the expression of

bpiB09 on the ability of P. aeruginosa PAO1 to paralyze C. elegans.

While worms were rapidly paralyzed on PAO1 wildtype and

PAO1 expressing the control plasmid, worms on the bpiB09

expressing clone remained fully mobile and viable (Fig. 3 B).

Figure 3. BpiB09 affects the QS-dependent pyocyanin production, C. elegans paralysis in PAO1 and decreases AHL response in A.
tumefaciens AHL reporter strain. A) Decreased pyocyanin production. OD520 of pyocyanin extracts from culture supernatants of P. aeruginosa
carrying pBBR1MCS-5::bpiB09 and empty pBBR1MCS-5. Data represent mean values of at least five independent experiments. Bars indicate the
standard deviations. B) C. elegans paralysis induced by PAO1 on BHI medium. Data represent mean values of eight independent assays per treatment
(+/2) standard error. Incubation was carried out on BHI agar plates at room temperature. Per PAO1 strain eight replicate plates were assayed, each
with 30 one-day-old adult C. elegans. GLM analysis revealed a significant PA strain effect between the PAO1 wildtype and pBBR1MCS-5::bpiB09
(Likelihood ratio test, x2=132.04, df = 1, P,0.001), whereas there was no significant difference between the PAO1 wildtype and the empty vector
control (Likelihood ratio test, x2= 1.7 * 1027, df = 1, P.0.99). PAO1, wild-type P. aeruginosa strain PAO1; PAO1 pBBR1MCS-5, control strain carrying an
empty vector pBBR1MCS-5; PAO1 pBBR1MCS-5::bpiB09, expressing the bpiB09 gene constitutively. C) Reduced ß-galactosidase activity (i.e. traI-lacZ
activity) caused by spent medium of P. aeruginosa cultures after 16 hours of growth using the A. tumefaciens NTL4 reporter strain. Data represent
mean values of at least five independent experiments. Bars indicate the standard deviations. D) Inhibition of quorum sensing dependent violacein
production in Chromobacterium violaceum strain DSM # 30191. 200 ml C. violaceum culture incubated (16 h, 30uC) with 50 ml (10 mg/ml) of E. coli cell
extract expressing an empty vector (pBBR1MCS-5) - upper row; or with cell extract of E. coli expressing the bpiB09 gene in pBBR1MCS-5 - lower row.
doi:10.1371/journal.pone.0026278.g003
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Reduced 3-oxo-C12-HSL autoinducer concentrations in
supernatants of cells expressing bpiB09 and activity of
purified enzyme
Altogether, these tests suggested that the BpiB09 protein

affected quorum sensing-dependent processes in P. aeruginosa.

Thus we speculated that the protein directly interacts with the 3-

oxo-C12-HSL molecule, the main form of autoinducer I in P.

aeruginosa. To verify this hypothesis, supernatants of 18 h old

cultures were tested using the A. tumefaciens strain NTL4, carrying a

traI-lacZ fusion under the control of the AHL-inducible traI

promoter as a reporter gene. These tests supported our hypothesis

and clearly indicated a significantly reduced level of the 3-oxo-C12-

HSL detected in P. aeruginosa cells expressing the bpiB09 gene in

comparison to the control strain (Fig. 3C).

Further HPLC-MS analyses of purified enzyme resulted in a

turnover of 3-oxo-C12-HSL to 3-hydroxy-C12-HSL (Fig. 4). Mass

spectra showed a [M-H]2 ion at an m/z of 296.1 for 3-oxo-C12-

HSL (red arrow, Figs. 4A, 4B, 4C, 4E) and a [M-H]2 ion at an m/

z of 298.1 for 3-hydroxy-C12-HSL (blue arrow, Figs. 4A, 4D). In

the MS-MS spectrogram we also identified the masses of 112.0

and 141.9 corresponding to fragments of the 3-hydroxy-lacton

(supplemental Fig. S4). The overall turnover of the substrate was

rather low and probably less than 6% of the added substrate

(5 mM 3-oxo-C12-HSL). This estimation is based on the peak

intensities observed in MS analyses (Figs. 4C & 4D). These results

suggested that 3-oxo-C12-HSL is probably not the native substrate

of BpiB09.

Genome-wide transcriptome analysis of P. aeruginosa
cells expressing bpiB09
To further elucidate the impact of bpiB09 expression on PAO1,

we initiated a genome-wide transcriptome analysis using 454-

cDNA sequencing. Within this study we compared the cDNA

levels of cells that were grown for 5 hours in LB medium and that

carried the bpiB09 gene on pBBR1MCS-5::bpiB09 under the

control of its native promoter. As a control we used the same strain

but carrying an empty vector. A careful evaluation of the data

suggested that the bpiB09 gene in PAO1 was expressed at a

significant level, comparable to the expression of the ribosomal

protein genes rplR, rpsL and rplM, belonging to the 70 most

Figure 4. HPLC-MS profiles of 3-oxo-C12-HSL incubated with purified BpiB09. A) Analysis of 3-oxo-C12-HSL extract after incubation with
BpiB09. Mass spectra show a [M-H]2 ion at an m/z of 296.1 for 3-oxo-C12-HSL (red arrows) and a [M-H]2 ion at an m/z of 298.1 for 3-hydroxy-C12-HSL
(blue arrows). Extracted spectra recorded at t = 14.5 min (C) and at t = 14.0 min (D); B) Analysis of 3-oxo-C12-HSL extract after incubation with empty
vector eluate (control). Extracted spectra recorded at t = 14.5 min (E) and at t = 14.0 min (F). For HPLC-MS-DAD-analyses see also supplemental
material (Fig. S4).
doi:10.1371/journal.pone.0026278.g004
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abundant expressed genes. Almost equal hits were observed for

these genes and bpiB09 (data not shown). Thus we assume that

probably sufficient BpiB09 protein was formed within the cell.

Overall the level of gene expression of housekeeping genes (for

example recA, rpoD, gyrA, gyrB and dnaA) was similar and differed

not more than 2.5-fold in the reference samples and the PAO1

carrying the bpiB09 gene.

Our data also showed that as a result of the bpiB09 expression a

significant fraction of PAO1 genes were differentially regulated in

both strains. Within our analysis we mainly focused on those genes

that are possibly linked to QS according to references [30–32].

Those genes that were at least 10-fold down-regulated were

included in Table 1 (gene/ORF names taken from Pseudomonas
genome project [33]). Among the genes significantly down-

regulated we identified the lasI, lasB, rhlI, hcnA and pqsA/B/C/D

genes, thus including autoinducer synthesis genes for both AHLs

as well as for the Pseudomonas quinolone signal (Table 1). In

addition a significant number of genes and ORFs were detected

that had been linked to QS-phenotypes in PAO1 and that were

less than 10-fold but at least 4-fold altered in their expression level.

Altogether these were 80 genes/ORFs and among those we found

the hcnB and hcnC genes involved in hydrogen cyanide synthesis,

the aprD and aprE genes involved in alkaline protease secretion as

well as lecB and lasA. Although the majority of the flagellar genes

was not affected by bpiB09 expression, the fliC gene, encoding the

major flagellin, was strongly (.20-fold) repressed. Also the

transcription of flgD, flgE and flgF was at least tenfold down

regulated (Table S2).

Altogether, these findings supported the observations made with

respect to the observed phenotypes of cells expressing the bpiB09

gene (i.e. reduced motility, biofilm formation, pyocyanin produc-

tion, autoinducer production and C. elegans pathogenicity; Figs. 2

and 3). Genes that were at least 10-fold induced were included in

Table S3.

Further our data also suggested that the overall expression of the

synthesis genes of the different autoinducers was abolished or

strongly down-regulated. Thus expression of bpiB09 in PAO1

clearly affects transcription of known QS-regulated genes and

ORFs and has therefore strong impact on the physiology of this

microbe.

Structural analysis
Sequence based classifications assign BpiB09 to the large

superfamily of short-chain reductases (SDR). The SDR superfam-

ily consists of over 47,000 variants, with residue identities of 20–

30% [34]. This superfamily of enzymes can be subclassified at a

first level into 5 families based on chain lengths and conserved

sequence motives. Based on those classifications, BpiB09 belongs

to the so-called classical SDR family. The presence of an arginine

in the Gly-motif (R16) and at the first position after the second

beta strand (R38) assigns BpiB09 into subfamily cP3 [35].

BpiB09 was crystallized and a complete data set was collected to

2.4 Å resolution at beamline X13 at EMBL Hamburg/DESY.

Data collection and refinement statistics are summarized in

Table 2. The structure was solved by molecular replacement

using PDB structure 2EHD as a template. Crystals belong to space

group I422 with unit cell dimensions of a= b=243.2 Å, and

c=151.5 Å.

BpiB09 assumes a typical Rossmann fold with a central beta

sheet flanked by helices aA aB and aF on one side and aC, aD

and aE on the other side (Fig. 5A). The strand topology is 3-2-1-4-

5-6-7 with a crossover connection linking strands 3 and 4. This

creates a characteristic nucleotide binding site across the

topological switch point between strands 1 and 4. A Gly-motif

(TGxxxGxG, Fig. 6) at the N-terminal region delineates the

binding site of the adenosine half of the dinucleotide co-factor

(Fig. 5C). The reactive nicotinamide half is expected to bind in the

variable C-terminal region close to the conserved active site

tetrade Asn115-Ser143-Tyr156-Lys160 [36].

The active substrate binding site of BpiB09 can unambiguously

be located in the variable C-terminal region by the presence of a

catalytic tetrad. Immediately adjacent to the active site is a 21

residue long loop connecting strand b6 and helix aF. Within this

loop 16 residues are disordered (res. 191 through 206) (Fig. 5A).

This leaves the active site wide open and suggests that the loop

closes like a lid once substrate binding has occurred as observed in

other structures of SDRs. Closure would shield the active site from

bulk solvent during catalysis and prevent unproductive hydride

transfer. The active site architecture suggests a reaction mecha-

nism for BpiB09 analogous, but reverse to 3b/17b-hydroxysteroid

dehydrogenase [36]. In BpiB09 the transfer of the 4-pro-S hydride

from nicotinamide onto the substrate would be accompanied by a

proton relay through the side chains of Tyr156, the nicotinamide

ribose hydroxyl, Lys160 and a water molecule, which is stabilized

by the main-chain carbonyl of Asn115 [22].

Most SDRs are either homodimeric or homotetrameric.

Crystals of BpiB09 contain four copies per asymmetric unit,

which correspond to two halves of a homotetramer based on the

arrangement in other homotetrameric SDRs (Fig. 5B). Tetramer-

ization of BpiB09 had already been observed during purification

by gel permeation chromatography (data not shown) and was

further confirmed by analytical ultracentrifugation (supplemental

Fig. S2A). The dimerization interface within the asymmetric unit

involves an extended beta-sheet, which aligns strand b7 of two

protomers in an anti-parallel fashion (A and D monomer). This

interface covers an area of 1260 Å2. The second interface, which

relates the dimer of dimers across a crystallographic dyad

comprises a four-helix bundle formed by helices a4 and a5 and

their corresponding symmetry related helices (dimer AD and

A9D9). This interface consists of 1550 Å2. This oligomeric

arrangement corresponds to a D2 symmetry. Interestingly,

removal of the C-terminal strand b7, which is not part of the

classical Rossmann fold, abrogates not only tetramerization but

results in the formation of monomers in solution (supplemental

Fig. S2B). Likewise, when mutating residues G162Y and D109K

in the helical interface again the monomeric form was observed

(supplemental Fig. S2C). This indicates that tetramer formation is

cooperative. None of the individual interfaces are of sufficient

strengths to support even the dimeric form.

Cofactor binding to BpiB09
SDRs can utilize NAD or NADP as co-enzymes. Both, the

presence of characteristic sequence motives and of a partial

nicotinamide adenine dinucleotide phosphate unambiguously

denote BpiB09 as an NADP-dependent oxidoreductase. During

refinement of the structure residual electron density appeared at

the topological switch point of BpiB09 which was modeled as a

partial NADP+. The absence of continuous electron density after

the beta-phosphate of the nucleotide indicates that the nicotin-

amide was not tightly bound by the substrate free form of BpiB09.

These Crystals obtained from the original sample had not been

exposed to NADP+ after purification from E. coli. This indicates

that the heterologously expressed enzyme scavenged the coenzyme

from its expression host. Subsequent attempts to improve the

electron density of the co-enzyme by adding NADP+ prior to

crystallization resulted in a higher occupancy of the bound

NADP+ but did not change the loose binding mode (Fig. 5C). As

indicated earlier, the active site of BpiB09 is exposed to the solvent
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and the 21 residue long loop likely covers the site only after the

substrate has bound, as observed in pertinent SDRs. The loops

positional flexibility likely prevents NADP+ from binding in a

reaction compatible manner. There is residual electron density

close to Lys160 and Lys147, which defies interpretation due to its

poor quality. Conceivably, the nicotinamide and ribose bind in

several conformations and contributes patchy electron density.

In each of the dimers, related by the extended beta-sheet, one

monomer shows better density for NADP+ indicating tighter

binding and higher occupancy.

Table 1. QS-controlled and $10-fold repressed genes/ORFs in PAO1 expressing bpiB09a.

ORFb Gene Description Change in expression (fold)c

PA0007 hypothetical protein 212

PA0122 hypothetical protein 212

PA0179 two-component response regulator NDd

PA0572 hypothetical protein 212

PA0996 pqsA coenzyme A ligase 255

PA0997 pqsB hypothetical protein PqsB 2130

PA0998 pqsC hypothetical protein PqsC 246

PA0999 pqsD 3-oxoacyl-(acyl carrier protein) synthase III 294

PA1003 mvfR transcriptional regulator 212

PA1130 rhlC rhamnosyltransferase 2 212

PA1248 aprF Alkaline protease secretion AprF precursor 237

PA1250 aprI alkaline proteinase inhibitor 213

PA1432 lasI autoinducer synthesis protein 2150

PA1784 hypothetical protein 230

PA2069 carbamoyl transferase 249

PA2193 hcnA hydrogen cyanide synthase 224

PA2300 chiC chitinase 215

PA2303 ambD hypothetical protein 279

PA2304 ambC hypothetical protein 230

PA2591 vqsR transcriptional regulator 216

PA2592 periplasmic spermidine -binding protein 220

PA3328 FAD-dependent monooxygenase ND

PA3329 hypothetical protein 224

PA3331 cytochrome P450 222

PA3332 hypothetical protein 229

PA3333 fabH2 3-oxoacyl-(acyl carrier protein) synthase III 235

PA3334 acyl carrier protein 234

PA3335 hypothetical protein ND

PA3476 rhlI autoinducer synthesis protein 216

PA3478 rhlB rhamnosyltransferase chain B 215

PA3479 rhlA rhamnosyltransferase chain A 225

PA3724 lasB elastase 2840

PA3906 hypothetical protein 250

PA3907 hypothetical protein 215

PA3908 hypothetical protein 220

PA4209 phzM phenazine-specific methyltransferase 215

PA4211 phzB1 phenazine biosynthesis protein 216

PA5059 transcriptional regulator 213

aGenes/ORFs listed as being QS-regulated refer to the studies by Schuster et al. [31], Wagner et al. [32] and Hentzer et al. [30]. Listed are genes common to all three
studies, which were repressed in our transcriptomic analysis with a magnitude of change of $10fold. Additionally lasI and rhlI are enlisted, which could not be
measured in the three mentioned transcriptomic analyses, because of the use of a lasI-rhlI-mutant strain.
bGene/ORF numbers, names and descriptions are derived from the Pseudomonas genome project [33].
cChanges in gene expression (rounded to two significant figures) of P. aeruginosa PAO1 expressing bpiB09 compared to a control-strain with empty vector. The
displayed values are the averages out of two completely independent transcriptomic analyses, samplepoint 5 h.
dND, no transcripts detectable.
doi:10.1371/journal.pone.0026278.t001
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Discussion

We have identified a novel NADP-dependent oxidoreductase

from a soil metagenome. To the best of our knowledge this is the

first example of such an enzyme derived from the metagenome

that has been characterized in detail. The protein was designated

BpiB09 because it caused a biofilm phenotype inhibition in the

opportunistic pathogenic microorganism P. aeruginosa. Before this

study, little was known on the details of AHL-converting

oxidoreductases at the molecular level that are involved in biofilm

inhibition and other QS-dependent phenotypes. At least two AHL

quorum-sensing signals (i.e. 3-oxo-C12-HSL & C4-HSL) are

involved in the regulation of surface translocation and biofilm

differentiation in P. aeruginosa [26,37]. Furthermore the 3-oxo-C12-

HSL and C4-HSL are of importance for the production of

virulence factors, such as proteases, phospholipases and cyanide

[38]. It is well known, that mutants defective in AHL signaling can

be attenuated in virulence when assayed on C. elegans and a mouse

model of pneumonia [39–41]. To test the effects of the

metagenome derived-AHL-oxidoreductase expression on quo-

rum-controlled phenotypes, the bpiB09 gene was brought into P.

aeruginosa PAO1. Within this work the expression of the bpiB09

gene in P. aeruginosa significantly reduced the accumulation of 3-

oxo-C12-HSL in the growth medium (Fig. 3C). This, in turn,

resulted in the decreased production of quorum-controlled

virulence factors, reduced swarming and swimming motility and

attenuated virulence on C. elegans (Figs. 2AB & 3AB). These data

are consistent with earlier reports on effects of the expression of

quorum quenching genes in PAO1 [7,13,25]. It may be interesting

to notice that both swarming and biofilm formation are strongly

reduced, whereas other work has demonstrated an inverse

regulation of these phenotypes [42].

A genome-wide transcriptome study suggested that the lasI and

rhlI-genes were not or only weakly transcribed in P. aeruginosa cells

carrying copies of bpiB09 in comparison to a control strain

(Table 1). The P. aeruginosa genome encodes for about 5,570 open

reading frames [43] and to date a few studies have been

published that analyzed different expression profiles on a whole

genome scale and with respect to QS-regulated processes in P.

aeruginosa strain PAO1 [30–32]. Altogether, these studies suggest a

set of at least 85 genes to be involved in QS-depended processes

in PAO1. Within this framework, we have analyzed the

transcriptome of PAO1 planktonic cells expressing the bpiB09

gene compared to cells harbouring an empty control vector. Our

transcriptome data revealed that the expression of the bpiB09

gene caused significantly reduced ($10-fold) gene expression of at

least 38 QS-dependent genes in PAO1. The identified genes

matched mostly the genes and ORFs identified by the above

mentioned studies. However, our data also suggested that the

expression of the bpiB09 gene had a strong impact on all QS-

related processes in PAO1 and that mainly the synthesis of the

different autoinducers was abolished.

These data were in line with our chemical analyses and the

observed physiological phenotypic data (Figs. 2–4). It is

noteworthy that no C. elegans paralysis was detected in PAO1

expressing bpiB09 (Fig. 3B), while the expression of an acylase in

PAO1 could significantly reduce but not eliminate paralysis

[13]. The expression of bpiB09 had no significant impact on

growth and biomass production of P. aeruginosa. Optical densities

did not differ more than OD 0.1 after 5 hours of growth and

OD 0.3 after 20 hours of growth when the cells were grown on

liquid LB medium, growth was only slightly enhanced by less

than 10%.

NCBI Conserved Domain Search (http://www.ncbi.nlm.nih.

gov/Structure/cdd/wrpsb.cgi) displayed sequence similarity of

BpiB09 to the NADB_Rossmann super family (Rossmann-fold

NAD(P)(+)-binding proteins) and to 3-ketoacyl-(acyl-carrier-protein)

reductases. This is also confirmed by the structure of BpiB09 and its

similarity to other SDR family structures based on a DALI search of

the PDB. All of the similar proteins in accordance with Prosite

(http://www.expasy.ch/prosite/) contain the short-chain dehydro-

genases/reductases family signature (ADH_SHORT): [LIV-

SPADNK] - x(9) - {P} - x(2) - Y - [PSTAGNCV] - [STAGNQ-

CIVM] - [STAGC] - K - {PC} - [SAGFYR] - [LIVMSTAGD] - x -

{K} - [LIVMFYW] - {D} - x - {YR} - [LIVMFYWGAPTHQ] -

[GSACQRHM]. Cofactor binding requires the formation of

specific hydrogen bonds and van der Waals contacts in a pocket

between the first strand and the subsequent helix of the Rossmann-

fold topology. Typically, this pocket contains a consensus binding

motif in classical SDRs similar to TGXXXGXG, in which the first

2 glycines participate in the NAD(P)-binding. Furthermore, proteins

in this family contain a C-terminal extension, which is responsible

for specifically binding a substrate and catalyzing a particular

enzymatic reaction. Substrate specificity of members of the family of

SDRs basically is governed by the rather non-conserved C-terminal

50–60 amino acids. Despite a detailed analysis of the C-terminal

region of BpiB09 and the observation that it reduces 3-oxo-C12-

HSL to some extent, we have no clear understanding on the natural

substrate of this enzyme.

Table 2. Data collection and refinement statistics.

Data collection BpiB09

Beamline X13 EMBL/DESY

Space group I422

Wavelength (Å) 0.8123

Detector distance (mm) 229.63

Cell dimensions

a, b, c (Å) 243.16 243.16 151.54

Resolution (Å) 47.7-2.42 (2.55-2.4)

Number of reflections 481,415(61,551)

Rmerge 5.3(70.0)

Rpim 2.4(33.2)

I/sI 24.4(2.3)

Completeness (%) 98.6(95.9)

Multiplicity 5.6(5.1)

Refinement

No. reflections 85,193

Rwork/Rfree 19.3/22.2

No. atoms

Protein 6,418

Ligand/ion 163

Water 252

B-factors

Protein 59

Ligand/ion 101.2

Water 55

R.m.s deviations

Bond lengths (Å) 0.015

Bond angles (u) 1.457

doi:10.1371/journal.pone.0026278.t002
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However, our structural and transcriptome data suggest that

BpiB09 perhaps has two functions in the cell: First it reduces the

3-oxo-C12-HSL molecules (Figs. 4 & 7A) and thereby strongly

reduces the signaling molecule; and secondly it interferes with the

synthesis of the autoinducers itself by reducing the free 3-oxo-

acyl-ACP in the cell (Fig. 7B). This would in turn result in a

decreased substrate availability for the PAO1 autoinducer

synthase (LasI) and consequently result in reduced levels of

formed autoinducers and in an absence of autoinduction of lasI

transcription. Unfortunately, we have no chemical data available

to prove this hypothesis. However, the almost complete lack of

lasI and rhlI expression support this hypothesis. Furthermore

BpiB09 acts as SDR on 3-oxo-C12-HSL (Figs. 4 & 7A) and due to

the structural similarity of the substrate it is very well possible that

the protein also acts on the 3-oxo-acyl-ACP available in the cell

(Fig. 7B).

Within this framework, it is worthwhile noting that BpiB09 is a

novel SDR and no enzyme with a similar activity has been

described yet. A phylogenetic analysis suggested that the protein is

different from known SDRs. The most similar proteins found in

GenBank were SDRs from Acidobacterium and from Koribacter

(supplemental Fig. S3). However, the overall similarity was not

higher than 58% suggesting that BpiB09 originates from a not yet

cultivated microbe. Since the protein was derived from a

metagenome it will not be possible to speculate on the original

host. It appears that BpiB09 represents probably the first NADP-

dependent SDR derived from a non-cultivated microbe whose

structure is deposited at PDB.

Figure 5. The crystal structure of BpiB09 in complex with NADP+. A) BpiB09 monomer, b1–7 indicate the b sheets and a 1–6 indicates the
alpha helices. Catalytic residues are indicated together with the NADP-binding site residues. B) Tetrameric arrangement of BpiB09 as probably
present in solution together with the bound cofactor NADP. C) Cofactor binding in BpiB09. Supposed hydrogen bonds are shown as orange broken
lines. The electron density at the NADP molecule is contoured at 1 s.
doi:10.1371/journal.pone.0026278.g005
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Concerning a potential application of the protein for the

prevention of microbial biofilms, we can currently only speculate

about the success of such an attempt. However, taking into

account the strong phenotypes observed in our biofilm tests

(Fig. 2B) it might indeed be possible to use the protein for

quenching the QS signal and thereby suppressing bacterial biofilm

formation at a very early stage. In fact, several examples have been

published demonstrating that the expression of quorum quenching

enzymes can result in the reduction of pathogenicity and virulence

[44–46]. Since BpiB09 requires NADPH as a cofactor it might

however, require the additional supply of the cofactor at

sufficiently high concentrations for the reduction of the respective

autoinducer molecules. Current work needs to assess the feasibility

of this approach by immobilization of BpiB09 on a catheter or

other surfaces. Those immobilized proteins can then be used to

analyze the role of the BpiB09 protein on developing P. aeruginosa

or mixed species microbial biofilms.

Materials and Methods

Bacterial strains, plasmids and culture conditions
Bacterial strains and constructs used in this work are listed in

supplemental Table S1. E. coli and P. aeruginosa PAO1 were

maintained in LB medium [47] at 37uC. For clones containing the

Figure 6. Structure-related functional sequence conservation between BpiB09 and homologous proteins. Shown above the alignments
are elements of the secondary structure of BpiB09. The numbering shown is from BpiB09. Red triangles indicate the dinucleotide-binding motif. Blue
triangles indicate critical cofactor binding residues. Purple stars represent putative catalytic residues located at the corresponding positions of the
conserved catalytic residues N115, S143, Y156, and K160, respectively, in the SDR family proteins. Strictly conserved residues are highlighted with red
boxes. Biological sources and GenBank accession codes for the sequences are as follows: CAD_AC, Acidobacterium capsulatum (YP_002754051.1);
SDR_BS, Bacillus subtilis subsp. Spizizenii (ZP_06875312.1); SDR_MS, Meiothermus silvanus (YP_003684578.1); SDR_SL, Spirosoma linguale
(YP_003387009.1); SDR_ZM, Zymomonas mobilis subsp. Mobilis ZM4 (YP_163311.1); hyp_EV, Eubacterium ventriosum (ZP_02027436.1). Sequence
alignments were assembled using T-COFFEE software (http://www.ebi.ac.uk/Tools/t-coffee) and visualized using ESPript software (http://espript.ibcp.
fr/ESPript/cgi-bin/ESPript.cgi).
doi:10.1371/journal.pone.0026278.g006
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phagemid vector pBK-CMV kanamycin (final concentration of

25 mg/ml) was added, for clones containing the vector pBlue-

scriptSK+ ampicillin (100 mg/ml) and for clones containing the

broad host range vector pBBR1MCS-5 gentamycin (10 mg/ml in

E. coli or 50 mg/ml in P. aeruginosa) was added. Plasmid

transformation in E. coli was done following standard electropo-

ration protocols, heat shock or conjugation protocols [47]. P.

aeruginosa was transformed using electroporation [48]. A. tumefaciens

NTL4 [49], carrying a traI-lacZ promoter fusion on vector pCF372

[50] and extra copies of traR on vector pCF218 [51] and A.

tumefaciens KYC6 [51], which is a natural overproducer of

homoserine lactones, were grown in LB or AT medium [52]

containing 0.5% glucose per liter at 30uC. For A. tumefaciens NTL4

spectinomycin (final concentration 50 mg/ml) and tetracycline

(final concentration 4.5 mg/ml) were added. Biofilm experiments

in flow chambers were performed as previously published [7,25].

Screening for quorum sensing inhibiting clones
The Screening was performed as previously published [7,25].

The positive clones were verified at least three times. In addition,

we used C. violaceum to also verify the observed results. For these

tests a cell free extract was prepared of the Bio5 clone and of E. coli

XL1 blue containing an empty vector. The protein concentration

was determined and adjusted to 10 mg/ml. An overnight culture of

C. violaceum was prepared and 50 ml were mixed with 50 ml of the

cell extracts and incubated overnight at 30uC. Absence or

impairment of purple coloration indicated quorum quenching.

The insert of the single positive clone Bio5 was sequenced using

automated sequencing technologies (MegaBACE 1000 System,

Amersham Bioscience). Gaps were closed by primer walking. All

potential ORFs were analyzed using blastX or blastP (NCBI).

Sequences were deposited at GenBank with the accession number

EF530730.1. For the detection of the respective ORFs involved in

quorum sensing inhibition subcloning was employed. The

potential quorum sensing inhibiting ORF was amplified using

the primer combination given in supplemental Table S4. Clones

were assayed using the A. tumefaciens reporter strain described

above and using the P. aeruginosa motility assays [7,25].

Motility testing
The motility of P. aeruginosa was examined using swimming and

swarming agars in petri dishes. Pseudomonas swarming agar

contained M9 medium [47] without NH4Cl, and included

0.05% glutamic acid. This was solidified with 0.5% Eiken agar

(Eiken, Tokyo, Japan). Swimming plates contained M9 medium

with NH4Cl but no glutamic acid, and were solidified with 0.3%

agar. For motility tests 16107 cells in 1 ml of an overnight P.

aeruginosa PAO1 culture were applied to the middle of the agar

plate. The plates were incubated at 37uC for 24 h. Swarming and

swimming were documented by photography.

b-galactosidase reporter tests using A. tumefaciens NTL4
(pCF218/pCF372)
To assay the AHL concentration in P. aeruginosa culture

supernatants, a 20 h old P. aeruginosa culture (5 ml) was pelleted.

The supernatant was sterile filtered and 8 ml were added to 5 ml of

a freshly inoculated (1%) A. tumefaciens NTL4 (pCF218/pCF372)

culture in AT medium. This strain harbors multiple copies of the

AHL receptor gene traR detecting AHLs as well as a lacZ gene

containing a promoter that gets activated by TraR-HSL

complexes. The culture was grown at 28uC to an OD of

approximately 0.6, the OD600 was measured, and 1 ml of the

cells was lysed with toluol. The cell extract containing active b-

galactosidase was incubated with o-nitrophenyl-b-D-galactopyr-

anoside (ONPG) as a substrate. The cleavage product o-

nitrophenol was then detected at 420 nm using a photometer.

Figure 7. Verified and proposed BpiB09 activity in P. aeruginosa cells. A) Activity verified by HPLC-MS. The 3-oxo-group of the autoinducer is
reduced to a 3-hydroxy-group. B) Proposed additional activity in the synthesis pathway of homoserine lactones. Due to the similarity of the verified
substrate 3-oxo-C12-HSL to intermediates of the fatty acid cycle we propose the depicted additional activity.
doi:10.1371/journal.pone.0026278.g007
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The measured values for OD420 were divided by the values for

OD600. Tests were usually repeated at least 3–5 times and mean

values were calculated. Control samples lacking AHLs were

assayed in parallel and those values were subtracted from the data

obtained with the supernatants containing AHLs.

Cultivation of P. aeruginosa PAO1 biofilms in flow
chambers
Biofilms were cultivated in two-channel flow cells constructed of

V10A stainless steel. The individual channel dimensions were

3 mm68 mm654 mm. The substratum consisted of standard

borosilicate glass coverslips (24 mm660 mm, thickness 0.17 mm)

that were fixed on the upper and lower side of the stainless steel flow

chamber (1.3 ml total volume), using additive-free silicone glue. The

assembled flow cells with Tygon tubing (inner diameter 2.79 mm)

attached to the outlets of each channel were sterilized by

autoclaving at 121uC for 15 min. All experiments were performed

at 30uC. Prior to inoculation, the flow chamber was rinsed with

mAPM medium for 5 h at a flow rate of 20 ml/h, using a multi-

channel Ismatec IPC-N peristaltic pump. For inoculation, bacteria

from a 16 h culture in LB medium was washed once and then

resuspended in mAPM medium; each channel of the flow cell was

inoculated with 5 ml of the cell suspension adjusted to approx-

imately 107 cells/ml. After arresting the medium flow for 1 h, it was

resumed at a rate of 20 ml/h (83.3 cm/h), corresponding to a flow

with a Reynolds number of 0.73. The residual time of the bacteria in

the flow chambers was approximately 4.5 min. After 72 h, biofilm

cells were stained with SYTO 9 (Invitrogen, Darmstadt, Germany)

by injecting 2 ml of SYTO 9 solution (0.2 ml SYTO 9/ml mAPM),

and viewed by fluorescence microscopy.

Fluorescence imaging analysis of P. aeruginosa PAO1
biofilms in flow chambers
Visualization of flow-cell biofilms was performed using a Zeiss

Axio Imager 2 fluorescence microscope (Zeiss, Jena, Germany).

Images were obtained with a Zeiss LD Achroplan 406/0.60NA

objective. Three-dimensional image stacks of 72 h old flow-cell

biofilms stained with SYTO 9 were recorded at an excitation

wavelength of 470 nm in combination with an emission filter BP

525 nm. Digital image acquisition, analysis of the optical thin

sections and three-dimensional reconstructions were performed

using the Zeiss AxioVision software (version 4.8.1). Tests were

verified in at least three independent experiments.

Protein purification
For this purpose, bpiB09 was cloned into the expression vector

pET-19b and transferred to E. coli BL21 DE3. This strain was

grown at 30uC to OD600 0.6–1.0 in LB cultures containing

ampicillin (100 mg/ml). Expression was induced by addition of

IPTG to a concentration of 100 mM and carried out for 16 h at

17uC. Cells were harvested and resuspended in 16 LEW buffer

(Macherey-Nagel, Düren, Germany) prior to cell disruption

through sonication (Sonicator UP 200S, Hielscher, Germany) at

50% amplitude and cycle 0.5 for 5 min or using a French pressure

cell. After centrifuging at 13,000 rpm and 4uC for 30 min the crude

cell extract could be used for testing or was then purified using

Protino columns from Macherey-Nagel (Düren, Germany) follow-

ing the manufacturer protocol. The levels of protein purity, as well

as the molecular mass, were determined by SDS-gel electrophoresis.

HPLC-MS analysis
For chemical analysis 2 mmol 3-oxo-C12-HSL (Sigma-Aldrich,

Heidelberg, Germany) (4 mM final concentration in 0.5 ml total

volume) was mixed with 1 mM NADPH and 100 mg purified

BpiB09 protein in 100 mM potassium phosphate buffer pH 7.0

with 20% DMSO as cosolvent and incubated for 16 h at 30uC.

After incubation, the resulting mixtures were extracted twice

with ethyl acetate (total of 2 volumes) and the combined organic

layers were concentrated in vacuo. For HPLC analysis each

extract was dissolved in methanol (5 mg/ml). HPLC-MS-DAD

(coupled high performance liquid chromatography mass spec-

trometry-diode array detector) analysis of the solutions was

performed using a Nucleosil 100 C18, 3 mm (10062 mm)

column, an Agilent 1200 LC-System and LC/MSD Ultra Trap

System XCT 6330 with the software 6300 Series Trap Control

Version 6.1. A gradient program with solvent A (water with

0.1% formic acid) and B (acetonitrile with 0.06% formic acid)

was used to detect the 3-oxo-C12-HSL and the reduced product

(retention times 14.5 min and 14.0 min, respectively): gradient

from 0% B to 100% B in solvent A in 20 min, 3 min 100% B,

post-time 5 min 0% B (total: 28 min program) at a flow rate of

400 ml/min. HPLC-MS and HPLC-MS/MS mass analysis were

recorded using negative ionization. As reference the commer-

cially available 3-hydroxy-C12-HSL [Sigma-Aldrich, Heidelberg,

Germany] was measured.

Measurement of the pyocyanin production in PAO1
cultures
Analysis of the pyocyanin production was performed as

previously published [53]. Cultures were grown for 16 h with

aeration at 37uC prior to the pyocyanin measurements.

cDNA library construction and transcriptome analysis of
P. aeruginosa PAO1
For the transcriptome analysis, PAO1 was grown on LB

medium supplemented with the appropriate antibiotics. Cells were

grown for 5 h in 100 ml flasks at 28uC with 200 rpm. For each

sample point, two independent cultures were harvested after

5 hours of growth, immediately chilled on ice and stored at

270uC prior to mRNA extraction. From these samples, two

separate cDNA libraries were generated from P. aeruginosa PAO1

harboring the pBBR1MCS-5::bpiB09 and two libraries from the

PAO1 control strain. Total RNA was isolated with the RNeasy

Mini Kit (Qiagen) following the instructors manual resulting in

3 mg/ml in average. The rRNA was removed using the

RiboMinusTM kit (Invitrogen). The obtained mRNA was ran-

domly transcribed into single stranded cDNA with QuantiTectH

Reverse Transcription Kit (Qiagen). Second strand synthesis was

performed using the enzymes of the SuperScriptTM Double-

Stranded cDNA Synthesis Kit (Invitrogen) and following the

instructions for the second strand synthesis. Double stranded

cDNA samples were purified with SureClean solution (Bioline) and

the resulting precipitate was resolved in 16 ml 50 mM Tris/HCL

buffer. Starting from rRNA removal the whole procedure was

performed in four attempts for each sample and samples were

pooled. Concentration with an average of 6 ng/ml was determined

using the NanoDrop1000 instrument (Peqlab Biotechnologie). The

resulting ds cDNA was used to create 454-shotgun libraries

following the GS Rapid library protocol (Roche) without any

nebulization step. The four 454 cDNA libraries were sequenced

with the Genome Sequencer FLX (Roche, Mannheim, Germany)

using the Titanium chemistry. Sequencing was performed by the

Göttingen Genomics Laboratory. One medium lane of a Titanium

picotiter plate was used for sequencing of each sample. In total

567’003 reads were achieved for the four cDNA libraries. Total

reads of all samples were mapped on the reference genome
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sequence of P. aeruginosa PAO1 and were evaluated with respect to

the hits per gene, proportionately to the gene length.

C. elegans paralysis assay
Paralysis assays were done as described in [40] with some

modifications: PAO1 strains were grown on brain heart infusion

(BHI) agar plates (Roth X915.1), supplemented with 50 mg/ml

gentamycin to maintain plasmids. A single colony was picked and

inoculated in BHI broth (Roth X916.1) at 37uC for 24 h. The

culture was diluted 1:100 into fresh BHI broth, 350 ml of the

diluted culture were spread onto 100-mm BHI agar plates, and

incubated at 37uC for 48 h. The C. elegans N2 strain was

maintained on nematode growth medium (NGM) at 20uC, fed

with E. coli OP50, and synchronized as described in [54]. 30 one-

day-old adult C. elegans were picked onto each of 8 replicate plates

per PAO1 strain. The assay was done at room temperature and

plates were sealed with parafilm. The paralysis of the nematodes

was scored every hour and worms were considered paralyzed if

they did not move after repeatedly tapping the plate against the

stage of the dissection microscope. The variation in percentage of

paralyzed worms was evaluated with a generalized linear model,

using ordinal logistic regression analysis and including the

following factors in the model: PA strain, time, the PA strain*time

interaction and also replicate nested in PA strain. In all cases, the

specified model provided a better fit to the data than a minimal

model (P,0.001) and it was not significantly worse than a

saturated model (P.0.99). The analysis was performed with JMP

version 8.0 (SAS Institute Inc. 2008). The graph was produced

with SigmaPlot version 11.0 (Systat Software Inc. 2008).

Crystallization
Purified BpiB09 was concentrated using a Vivaspin column

(molecular-weight cutoff 10 kDa) to 10 mg/ml. Freshly prepared

NADP+ (Karl Roth GmbH, Karlsruhe, Germany) was added to

the sample immediately prior to crystallization to a final

concentration of 1 mM (about 3-fold excess). Initial crystallization

trials were carried out with five different 96 well screens from

Qiagen (Classic I & II, PACT, AmSO4, PhClearII) at the EMBL

Hamburg high-throughput crystallization facility [55]. All initial

screens were performed at 292 K in Innovadyne plates using the

sitting-drop vapor-diffusion method. 200 nL protein solution

mixed with 200 nL reservoir solution was equilibrated against

50 ml reservoir solution. Initial crystallization experiments resulted

in medium sized crystals under two conditions: 0.1 M citric acid

pH 4.0, 1.6 M ammonium sulfate and 0.1 M tri sodium citrate

pH 5.6, 2.5 M hexandiol, respectively. Only crystals grown from

citric acid and ammonium sulfate diffracted x-ray radiation. They

were subsequently optimized with customized screens using the

hanging-drop method. Best diffraction was obtained with crystals

grown from 0.1 M citric acid pH 4.5 and 1.5 M LiSO4. Equal

volumes (1 ml) of protein solution (10 mg/ml) and reservoir

solution were mixed and equilibrated against 1 ml of the reservoir

solution at 292 K. Crystals appeared after 2–4 days and grew to

dimensions of up to 30063006200 mm3.

Crystal Data Collection and Processing
For cryoprotection, a crystal of BpiB09 was briefly (2–5 s)

immersed in mother liquor supplemented with 24% (v/v)

ethyleneglycol and flash-frozen in liquid nitrogen. A complete

X-ray diffraction data set was collected at beamline X13 at EMBL

Hamburg/DESY on a MARCCD detector (165 mm). A total of

170 frames were collected with a rotation range of 0.4u based on

the prediction of BEST [56]. The data were indexed and

integrated using XDS [57] and scaled with SCALA (Collaborative

Computational Project, Number 4, 1994). Intensities were

converted to structure-factor amplitudes using the program

TRUNCATE ([58]; Collaborative Computational Project, Number

4, 1994). Table 2 summarizes the data-collection and processing

statistics.

Structure Solution and Refinement
Phasing was accomplished by molecular replacement using the

online molecular-replacement pipeline BALBES from the York

Structural Biology Laboratory (http://www.ysbl.york.ac.uk/

YSBLPrograms/index.jsp) [59]. The program selected the struc-

ture of a putative oxidoreductase from Thermus thermophilus as a

search model (PDB entry 2ehd). 4 molecules were found in the

asymmetric unit, which corresponds to a high solvent content of

76%. The structure was refined using REFMAC5 [60] and Phenix

1.7 [61] alternating with manual rebuilding in Coot [62]. After few
rounds of refinement unambiguous electron density remained at

the expected site of NADP+ binding. Only after the Rfree factor

had dropped to below 24% gradual addition of the NADP+

cofactor into the model began. While there was continuous density

for adenosine and the phosphoryl groups at the 29 and 59 hydroxyl

side chains of the ribose, the density for the remaining phosphoryl-

, ribose- and nicotinamide moiety was too weak for unambiguous

tracing. Figures were prepared using PyMOL [63]. The atomic

coordinates of BpiB09 have been deposited in the Protein Data

Bank under the accession code 3RKR).

Supporting Information

Figure S1 Biofilm formation and swarming of P.

aeruginosa carrying an empty vector pBBR1MCS-5 or

pBBR1MCS-5::celA. A) Biofilm formation of the two control

strains. Both strains grew to a thickness of 30–40 mm after 72 h. B)

Swarming of the two control strains. Both strains swarmed over

the whole plate after 24 h.

(PDF)

Figure S2 Analytical Ultracentrifugation of recombi-

nant BpiB09 and di- and tertramerization mutants. A)

Analytical Ultracentrifugation of BpiB09. The elution peak

between 105 and 110 kDa corresponds to the tetrameric mass of

109.6 kDa. B) Analytical Ultracentrifugation of c-terminally

truncated BpiB09 (c-terminus is missing starting at F227). The

elution peak corresponds to the monomeric mass of 27.4 kDa. C)

Analytical Ultracentrifugation of BpiB09 with mutations G162Y

and D109K. The elution peak corresponds to the monomeric

mass.

(PDF)

Figure S3 Phylogenetic analysis of BpiB09 and 39

closely related SDRs identified in the NCBI GenBank.

The phylogenetic tree was constructed using the T-Coffee and

PhyML software in neighbor-joining mode and visualized using

seaview program version 4.2.6. Amino acid sequences used to

construct the phylogenetic tree were taken from GenBank,

accession numbers follow the bacteria names. The asterisk

indicates the Protein BpiB09. Bootstrap values, each expressed

as a percentage of 100 replications, are given at branching points.

(PDF)

Figure S4 HPLC-MS-MS. A) MS-MS analysis of 3-oxo-C12-

HSL incubated with BpiB09 detecting mass of 298.1 (blue line),

the mass of 3-hydroxy-HSL, showing a clear peak at t = 14.0 min

(upper panel). Lower panel: Mass spectrum recorded at

t = 14.0 min, masses 112.0 and 141.9 correlate to fragments of

3-hydroxy-C12-HSL. B) MS-MS analysis of 3-oxo-C12-HSL
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incubated with BpiB09 detecting mass of 296.1 (red line), the mass

of 3-oxo-C12-HSL, showing a peak at t = 14.5 min (upper panel).

Lower panel: Mass spectrum recorded at t = 14.5 min, mass 171.0

correlates to a fragment of 3-oxo-C12-HSL. C) MS-MS analysis of

3-oxo-C12-HSL incubated with control eluate showing extracted

mass of 298.1, the mass of 3-hydroxy-HSL (upper panel). Lower

panel: Mass spectrum recorded at t = 14.0 min, masses 112.0 and

141.9 correlate to fragments of 3-hydroxy-C12-HSL at an intensity

.102 times lower than shown in A). D) MS-MS analysis of 3-oxo-

C12-HSL incubated with control eluate showing extracted mass of

296.1, the mass of 3-oxo-C12-HSL (upper panel). Lower panel:

Mass spectrum recorded at t = 14.5 min, mass 171.0 correlates to

a fragment of 3-oxo-C12-HSL; the intensity is in the same range as

B).

(PDF)

Table S1 Bacterial strains and plasmids used in this study.

(PDF)

Table S2 $10-fold repressed genes/ORFs in PAO1 expressing

bpiB09a.

(PDF)

Table S3 $10-fold induced genes/ORFs in PAO1 expressing

bpiB09a.

(PDF)

Table S4 Primers used in this study.

(PDF)
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