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Quorum quenching acylases in Pseudomonas aeruginosa 

The -lactam acylases, mainly found by screening samples from natural sources, represent 
a unique family of heterodimeric N-terminal nucleophile hydrolases. Interestingly, most of 
the strains found to be producing -lactam acylases are Pseudomonas species. We have 
shown that these enzymes show high selectivity towards the acid side chain, but are far 
more promiscuous with regard to the amine moiety of the substrate. It is therefore highly 
unlikely that the industrially relevant deacylation of -lactam compounds has evolved 
specifically in nature. Notably, no less than four putative acylases of the N-terminal 
nucleophile family have been identified in the Pseudomonas aeruginosa PAO1 genome. We 
have investigated these four putative acylases of which one could be expressed in 
Escherichia coli. Interestingly, the enzyme was found to catalyse the hydrolysis of acyl 
homoserine lactones as reported for Ralstonia acylase suggesting a role in quorum 
quenching. In a bioassay, the purified acylase was shown to degrade AHL signal molecules 
with side chains ranging from 11 to 14 carbons at physiologically low concentrations 
confirming quorum quenching activity. The discovery of quorum quenching AHL acylases 
in the genome of P. aeruginosa POA1 may explain infection progression and offer new 
targets for anti-bacterial therapy.   

NTN-hydrolases as -lactam acylases 

In 1960, while searching for an enzyme capable of hydrolyzing penicillin G, an enzyme was 
described which afterward was used extensively for the commercial production of 6-
aminopenicillanic acid (6-APA), the most important intermediate for the industrial production 
of semisynthetic penicillins1. This first enzyme was named penicillin acylase (EC 3.5.1.11) and 
later on numerous bacterial species have been described as penicillin G acylase-producing 
strains, including E. coli, Kluyvera citrophila, and Alcaligenes faecalis2-4. Recombinant DNA 
methods have been applied to not only increase the yields of commercially used penicillin G 
acylases5, but also to decipher the complex processing of these enzymes6. The penicillin G 
acylase of E. coli ATCC11105, a paradigm for this enzyme class, was found to be produced as a 
large precursor protein, which is transported into the periplasm and further processed to the 
mature protein constituting a small ( ) and a large ( ) subunit. Not only this heterodimeric 
structure, but also the role of the N-terminal serine residue as a nucleophile for the deacylation 
reaction is evolutionarily preserved resulting in renaming these enzymes to N-terminal 
nucleophile (NTN) hydrolases7 comprising the much larger family of -lactam acylases.

Whereas the conversion of penicillin G requires an enzyme with specificity for the 
aromatic phenyl-acetate side chain, the processing of the second largest -lactam
fermentation product, cephalosporin C, would require the cleavage of amino-adipyl, an 
aliphatic side chain, from the -lactam nucleus. Since no enzyme capable of performing a one-
step  deacylation  was found8, a two enzyme-mediated reaction has been introduced to 
produce 7-aminocephalosporanic acid (ACA). In this process, D-amino acid oxidase converts 
amino-adipyl into glutaryl and glutaryl acylase performs the enzymatic deacylation to 
cephalosporin C. The glutaryl acylases (EC 3.5.1.-) can be obtained from several Pseudomonas
species8-13.
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Interestingly, the specificity of the -lactam acylases is mainly directed towards the acyl 
side chain and the enzyme is not selective to the -lactam moiety at all. Penicillin G acylase can 
also hydrolyse phenylacetyl-leucine4 and cephalosporin acylase can also hydrolyse glutaryl-
leucine14. This has further raised the question on the natural role of NTN-hydrolases in Gram-
negative bacteria as the hydrolysis of -lactam can not be considered as an evolutionary 
advantage. 6-APA and 7-ACA are for most Gram- negative bacteria more bactericidal as the 
non-hydrolysed precursors. The discovery that one of the members of this NTN-hydrolase 
family can hydrolyse acyl homoserine lactone compounds has shed some light on the possible 
physiological role of these enzymes13-15. The presence of no less than four related genes 
encoding putative NTN-hydrolases in the genome of P. aeruginosa16 has encouraged us to 
investigate the function of acylases in quorum sensing.

Bacterial acylases (and lactonases) as quorum sensing interfering enzymes 

P. aeruginosa and most Gram-negative bacteria use acyl-homoserine lactones (AHLs) as signal 
molecules. In general, AHL consists of a homoserine lactone moiety and an acyl chain. The 
length and substitutions of acyl side-chains vary amongst the species. Two signal molecules, 3-
oxo-C12HSL and C4HSL have been studied in great detail in P. aeruginosa. The common acyl 
groups of AHLs identified so far vary from 4 to 18 carbons in length; they may be saturated or 
unsaturated, and with or without a C-3 substitution (usually hydroxy- or oxo-)17.
   

Figure 1. Degradation of homoserine lactone molecules via two alternative enzymatic systems: lactonase (top) 
and acylase (bottom). 

As quorum sensing has a contribution to the modulation of some target genes, 
including virulent factors, it is of great interest to study the means of interference with quorum 
sensing systems. Interruption of quorum sensing is also called quorum quenching. Since AHLs 
may also act directly as virulence factors in mammalian hosts (review by ref18,19) degradation of 
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AHLs may be interesting not only to stop the quorum sensing system, but also to directly 
reduce the virulence effects.

Quorum quenching can be accomplished in several ways (i) by blockage of AHLs 
production, (ii) by degradation of AHL signal molecules, or (iii) by interference with activation 
of the signal receptor. Several enzymes have already been described to be competent to 
degrade signal molecules. Lactonases inactivate AHLs by hydrolyzing the ester bond of the 
lactone ring of the molecules to yield acyl-homoserine. Acylases cleave the amide bond that 
connects the lactone moiety and acyl side-chain (Figure 1). All of the resulting breakdown 
products are not active as signal molecules.
 Some of the enzymes degrading AHL were shown to act as quorum quenching 
enzymes under physiological conditions13,20-22. Constitutive expression of the AHL lactonase 
and acylase in quorum sensing bacteria was shown to abolish or dramatically reduce AHLs 
accumulation23-25. Additionally, degradation of AHL signal molecules by lactonases or acylases 
was shown to have impact on expression of quorum sensing regulated genes.

Several bacteria were found to produce AHLs lactonases. AiiA of Bacillus sp. strain 
240B1 is the first AHL lactonase found23. Other members of the Bacillus genus were also 
confirmed to produce AiiA homologues, i.e. Bacillus cereus26, Bacillus mycoides and Bacillus
thuringiensis27, and B. thuringiensis subsp. kyushuensis28. In addition, several AiiA homologues 
were produced by other bacteria, AhlD (acyl homoserine lactone degradation) by Arthrobacter 
sp. and AhlK by Klebsiella pneumoniae KCTC224129. Agrobacterium tumefaciens was found to 
produce two AiiA homologues, AttM and  AiiB20,22.
 Although lactone opening of AHLs was shown to interfere with quorum sensing, there 
may be a complication in practice. The breakdown product of AHL lactonase, that is a ring-
opened AHL molecule, spontaneously undergoes ring formation in acidic environment (review 
by ref30). Therefore, the deacylation process might be preferred, since fatty acid generated by 
the process is metabolized and the reaction can not revert31. In addition, the other acylase-
cleavage product, homoserine lactone (HSL), is a potential growth inhibitor for several 
bacteria. It suppresses for instance the growth of E. coli and Arthrobacter strain VAI-A32,33 giving 
an additional effect against bacterial growth. 
 AHLs cleaved by strains producing acylases give homoserine lactone and fatty acid. The 
latter one is afterward metabolized. Thus, AHLs can be used as a sole carbon and energy 
source. Variovorax paradoxus was reported to degrade 3-oxo-C6HSL, C4HSL, C6HSL, C8HSL, 
C10HSL, and C12HSL through deacylation process and to use these as sources of carbon, 
energy, and nitrogen31. An acylase originating from Ralstonia strain XJ12B shows homology to 
a number of other acylases and N-terminal hydrolases of the NTN-hydrolase super family. This 
acylase, AiiD, deactivates both long- and short-chain AHLs24. Other acylases that showed 
activity toward both short- and long-chain AHLs were produced by Rhodococcus erythropolis
W2 and Streptomyces sp. strain M664. R. erythropolis degrades AHL through both 
oxidoreductase and amidolytic activities34. Streptomyces sp. produces AhlM, an AHL acylase, 
which exhibits broad substrate specificity, including activity on penicillin G21. Furthermore, the 
two acylases from P. aeruginosa, PvdQ (PA2385) and QuiP (PA1032), were shown as well to 
have potential as quorum sensing interfering enzymes. These enzymes degrade long acyl-
chain-HSLs and not ASLs with short side chains13,15,35. PvdQ and QuiP are discussed in more 
detail later in the chapter.



CHAPTER 2

32

Acylases in the Pseudomonadaceae family

So far, five sequences of characterized AHL acylases have been deposited to the National 
Center for Biotechnology Information (NCBI) database. They include Ralstonia sp. strain XJ12B 
AiiD (24; AAO41113), R. erythropolis W2 QsdA (34; AAT06802), P. aeruginosa PAO1 PvdQ (13,15;
NP_251075), P. aeruginosa PAO1 QuiP (35; NP_249723), and Streptomyces sp. strain M664 AhlM 
(21; AAT68473). Two of them belong to the Pseudomonadaceae family. To investigate the 
distribution of homologous to AHL acylase sequences genes amongst Pseudomonadaceae 
genomes, the AiiD amino acid sequence of Ralstonia sp. was used as a query against the 
complete genomes of Pseudomonadaceae members available in the NCBI database. AiiD 
belongs to NTN cephalosporin acylases and shows highest similarity to PvdQ and QuiP in 
comparison to other AHL acylases (data not reported here). Subsequently, it was used as a 
blast request sequence using the Blastp program (http://www3.ncbi.nlm.nih.gov/BLAST/). The 
alignments for all of sequences were created using the ClustalV method in MegAlign 5.07 (DNA 
Star, USA). 
 The analysis identifies at least 27 amino acid sequences distributed over 
Pseudomonadaceae members deduced from open reading frames (ORFs) with significant 
identity scores to AiiD (July 22, 2006). Many of them are deduced protein sequences with
undefined functions yet and classified as members of the penicillin acylase family or proteins 
related to penicillin acylase. Most of them have been tentatively annotated as amidases or 
acylases.

The sequences of the three AHL acylases of non-Pseudomonadaceae members 
included show an identity in range of 11-39% to all of the homologues sequences. Each 
genome of Pseudomonadaceae members has at least two distinct aiiD homologues genes. 
One homologue from each strain exhibits identity with Ralstonia AiiD ranging from 20 to 39%. 
Moreover, the conserved structural elements of these homologues show that they all belong 
to the NTN-hydrolase cephalosporin acylase family 
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). In the P. aeruginosa PAO1 genome, 
there are four AiiD homologues, including PvdQ and QuiP. Two other distinct putative AiiD 
homologues in P. aeruginosa PAO1 genome, PA1893 and PA0305, will be discussed in the next 
part of the chapter. 

A phylogenetic analysis of the AiiD homologues shows that they fall into three clusters 
(Figure 2). The first cluster covers Ralstonia AiiD, Streptomyces AhlM, and PvdQ. Moreover, a 
homologue of each representative strain that shows similarity with one or more of the three 
AHL acylases emerges in the first cluster. They are envisaged to be prospective AHL acylases. 

The second and the third cluster are only distantly related to cluster 1 and they harbour 
a number of cephalosporin and penicillin acylases. Interestingly, QuiP which resides in cluster 3 
also hydrolyses AHLs.  In conclusion, it appears that in the genome of every 
Pseudomonadaceae member there might be at least one putative AHL acylase. 
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Figure 2. Phylogenetic tree of Pseudomonadaceae AHL acylases and AHL acylases homologues of known 
function based on the protein alignment of Ralstonia strain XJ12B AiiD. The phylogenetic tree was made with the 
DNASTAR sequence analysis software (DNASTAR Inc.). Distances are shown below the tree. Abbreviations: Ps = 
Pseudomonas; pv = pathovar; syr = syringae; phas = phaseolitica; tom = tomato; fluor = fluorescens; ent = 
entomophila; put = putida; ae = aeruginosa; A vin = Azotobacter vinelandii; Ra sp = Ralstonia sp.; Str sp = 
Streptomyces sp.; and Rh ery = Rhodococcus erythropolis. The numbers after the strain name refer to the locus tag.

Acylases in Pseudomonas aeruginosa

When searching for acylases homologues (NTN-hydrolases) within Pseudomonas aeruginosa
PAO1 genome, one can find four candidates: pvdQ (PA2385), quiP (PA1032), PA0305, and 
PA1893 (see Figure 5). The identification numbers of the genes come from the Pseudomonas
genome project (www.pseudomonas.com). The products of the pvdQ and quiP genes were 
shown to encode AHL acylases13,15,35. PA0305 and PA1893 encode hypothetical proteins of 
unknown function (www.pseudomonas.com). The PvdQ precursor shares 37% amino acid 
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identity with aculeacin A acylase (AAC) from the high GC Gram-positive organism, 
Actinoplanes utahensis36,37 and 39% with AHL acylase AiiD from Ralstonia XJ12B24. PvdQ and 
PA1893 precursors also share a significant match (25%) at the peptide level with Pseudomonas 
sp. SY-77 glutaryl acylase SY-7714, for PA0305 it is 22%, and for QuiP it is 20%. Moreover, QuiP 
and PA0305 share 27-26% amino acid identity with cephalosporin acylase acyII from 
Pseudomonas sp. SE83 and 22-21% with aculeacin A acylase from A. utahensis36,37. Table 1
presents an overview of amino acids identity of P. aeruginosa acylases homologues with known 
acylases.

Table 1. Amino acid sequence identity of P. aeruginosa PAO1 acylases homologues with known acylases. Protein 
sequences were aligned using the SECentral (Clone Manager, version 6.00 and Align Plus 4, version 4.10, Scientific 
and Educational Software, Cary, NC).  

Amino acid identity in % 
PvdQ

(PA2385)
QuiP

(PA1032)
PA0305 PA1893 

SY-77 glutaryl acylase 
Pseudomonas sp. SY-77

25 20 22 25 

AiiD acyl-homoserine lactone 
acylase Ralstonia XJ12B

39 20 21 23 

AAC aculeacin A acylase 
Actinoplanes utahensis 

37 22 21 23 

PGA penicillin G acylase 
Escherichia coli 

18 22 24 22 

Cephalosporin acylase (acyII) 
Pseudomonas sp. SE83

23 27 26 29 

Figure 3. Schematic representation of a pvdQ gene localization within the P. aeruginosa chromosome. 

PvdQ (PA2385) 
PvdQ is the first described N-terminal nucleophile hydrolase, with biochemical properties 
similar to -lactam acylases, found in P. aeruginosa PAO1. Figure 3 shows the pvdQ gene 
localization on a P. aeruginosa chromosome. The PvdQ enzyme was found to have AHL acylase 
activity towards long AHLs13,15. The earliest report about microbial AHL acylase with quorum 
quenching potential can be found in a publication of Lin et al.24. An identified enzyme, aiiD,
found in Ralstonia strain XJ12B was cloned and expressed in E. coli and P. aeruginosa. The 

pvdQ pvdA pvdP PA2393 pvdNPA2389 PA2390 opmQPA2383 PA2384 PA2388
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expression of aiiD in P. aeruginosa resulted in reduced elastase and pyocyanin production, and 
decreased ability to swarm suggesting quorum quenching activity of AiiD24. This finding 
encouraged a search for other acylases with quorum quenching properties. The second 
bacterial AHL acylase described is pvdQ (PA2385), which was found in P. aeruginosa13,15,35,38.
AiiD and PvdQ share a significant amino acid identity of 39%.  

Figure 4. Sequence alignment of the conserved regions of several acylases and their homologues. Acylases 
homologous used in the alignment include: AiiD acyl homoserine lactone acylase (794 aas) from Ralstonia strain 
XJ12B24; AAC aculeacin A acylase (786 aas) from A. utahensis36,37; SY-77 glutaryl acylase (720 aas) from 
Pseudomonas sp. SY-7714; CA cephalosporin acylase (774 aas) from Pseudomonas sp. SE-8311 ; PGA penicillin G 
acylase (846aas) from E. coli6; PvdQ (762 aas)38,39, QuiP (847 aas)35, PA0305 (795 aas), and PA1893 (809 aas) from
P. aeruginosa PAO1. The boxed residues represent the important residues for the autocatalytic processing and 
activity of known acylases.  

The pvdQ gene is translated as a precursor consisting of four parts: a putative signal 
sequence, the -subunit, a spacer peptide, and the -subunit, whereas the active enzyme 
consists of only the - and -subunits of 18 and 60kDa, respectively. PvdQ is a periplasmic 
protein. The -subunit of PvdQ starts with a serine (Ser) residue, at position 217(aas), which is 
characteristic for -lactam acylases13. Figure 4 presents an alignment of PvdQ with other 
acylases within the conserved residues region. It is known that the N-terminal residue (Ser) of 
the -subunit in NTN-hydrolases plays an important role in enzyme autocatalytic processing as 
well as in enzymatic activity. Rational randomization at this position resulted in leucine, valine, 
lysine, arginine or aspartic acid mutant. All the PvdQ mutants could be expressed in E. coli from 
the plasmid, as the wild type PvdQ. However, for the mutant proteins the processing was 
impaired (only precursor polypeptide was present). This result confirms the importance of 
217Ser residue for PvdQ autocatalytic processing and supports the fact that PvdQ is the NTN-
hydrolase (unpublished data, Krzeslak et al.).

The pvdQ gene lies in a pyoverdin operon38,39. Pyoverdin is one of P. aeruginosa
siderophores and it is important in iron uptake. For growth, P. aeruginosa needs iron as an 
essential cofactor. The bioavailability of iron is limited by its low solubility in nature40,41. P.
aeruginosa overcomes this problem by synthesizing high affinity iron-chelating molecules, 

-subunit

Conserved residues G  S H                         Y

spacer -subunit

Conserved residues G  S H                         Y

spacer
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siderophores that provide the organism with iron under the most nutritionally dilute 
conditions42. P. aeruginosa produces two chemically unrelated siderophores, pyoverdins 
(PVD)43,44 and to a limited extent pyochelin45,46. These siderophores function as powerful iron 
chelators, solubilizing and transporting iron through the bacterial membranes via specific 
receptor proteins at the outer membrane level47-49,49. It makes pyoverdin essential for P.
aeruginosa growth and virulence. In general, pyoverdins consist of three distinct structural 
parts, a dihydroxyquinoline chromophore responsible for their fluorescence and colour, a 
peptide chain comprising 7-8 amino acids bound to the carboxyl group of the chromophore, 
and a small dicarboxylic acid connected via an amide bond to the amino group of the 
chromophore50. Pyoverdines of a single strain have the same peptide but may differ in the 
nature of the acyl group. The acyl chain of pyoverdin is made of a dicarboxylic acid residue, 
which can be either succinate, or its amide form, or -ketoglutarate or glutamate, depending 
on the producing strain or growth conditions51. The mechanism for formation of the pyoverdin 
chromophore was illustrated by Dorrestein et al.52. For the biosynthesis of pyoverdin two 
regions of the P. aeruginosa chromosome are important: the pvd locus and pvc locus. The pvc
locus (pvcA, pvcB, pvcC and pvcD genes) is involved in the synthesis of the chromophore part of 
pyoverdin and the pvd locus (pvdQ, pvdA, fpvI, fpvR, pvdP, pvdO, pvdN, pvdM, pvdF, pvdE, 
fpvA, pvdIJ, pvdD, pvdH, pvdL, pvdG, pvdS, pvdY, and pvdX genes) in the synthesis of the 
peptide chain. The genes involved in the acyl chain formation are not characterized yet53-55.
The function of pvdQ, pvdP, pvdY, pvdO, and pvdX genes in the pyoverdin biosynthesis 
pathway still remains unknown. Nevertheless, it was shown that their expression occurs under 
iron limiting conditions56 in concert with the onset of pyoverdin synthesis under these 
conditions.

The pvdQ presence in the pvd locus suggests an involvement in the pyoverdin 
biosynthesis. Lamont et al. indicated that pvdQ plays a role in pyoverdin synthesis as pyoverdin 
is not produced in the pvdQ negative strain38. The pvdQ gene has no PvdS-dependent 
promoter but it has an iron starvation box implying that transcription of this gene takes place 
under iron restriction51. Both, pvdQ and pvdA, were found in P. aeruginosa strains producing 
type I, type II, and type III pyoverdin38, suggesting that they are required in biosynthesis of all 
three types of pyoverdin.  

Initially, it was speculated that PvdQ could be involved in degradation of AHLs as a 
carbon source15 as Huang et al. indicated that PAO1 can utilize its quorum sensing molecules 
(AHLs) as a sole energy source essential for growth. Additional experiments demonstrated that 
the pvdQ knockout mutant strains were still able to grow in a medium supplemented with the 
long AHL (3-oxo-C12HSL) as a sole energy source15. In addition, the examination of pvdQ
mRNA expression levels showed no increase in mRNA levels when cultures utilized different 
carbon sources35 suggesting that AHL utilization is not solely dependent on PvdQ and 
therefore, it was proposed that another enzyme is involved in AHLs utilization. Extensive 
investigation of PvdQ done by Sio et al.13, proved that PvdQ degrades efficiently AHLs with 
side chains ranging from 11 to 14 carbons but not short-chain AHLs. The substituent at the 3` 
position of the side chain did not affect its activity. In addition, Sio et al. found that 
overexpression of PvdQ in P. aeruginosa or exogenous addition of PvdQ to P. aeruginosa-
growing cultures inhibits or delays the accumulation of signal molecules (3-oxo-C12HSL and 2-
heptyl-3-hydroxy-4(1H)-quinolone) and thereby decreases expression of several virulence 
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factors such as elastase and pyocyanin, important in P. aeruginosa pathogenicity. Hence, it can 
act as a quorum quencher in vitro13.. It was also demonstrated that PvdQ has no activity 
towards -lactams13.

Up to now, our knowledge is still incomplete to define the physiological role of PvdQ. 
Several experiments showed that pvdQ is needed for biosynthesis of pyoverdin and pvdQ
expression is up-regulated under iron limiting conditions39. There is a possibility that one of the 
precursors in the pyoverdin biosynthetic pathway may serve as a substrate for PvdQ. However, 
this has not been shown yet. The difficulty in determining the physiological role of PvdQ also 
comes from the diversity in P. aeruginosa bacterial forms (biofilm, planktonic), the variations in 
growth conditions, nutrients availability and other environmental factors.  

Figure 5. Chromosomal localisation of four genes encoding (putative) NTN-hydrolases on the P. aeruginosa
genome.

QuiP (PA1032) 
PA1032, recently named as quiP (for quorum signal utilization and inactivation protein), is a 
second P. aeruginosa acylase homologue identified up to now35. In Figure 6 the localization of 
quiP on genomic DNA of P. aeruginosa is shown. Protein sequence analysis predicts QuiP to 
have a significant similarity to acylases; QuiP shows 20-27% identity on a peptide level with 
other acylases (Table 1). As is characteristic for NTN-hydrolases, the gene encodes a 
polypeptide that undergoes post-translational maturation to result in a heterodimeric mature 
protein57. However, the post-translational processing of the QuiP precursor has not been 
demonstrated yet. An alignment of the conserved region of known acylases with QuiP shows 
at position 297 asparagine (N), whereas for most acylases there is tyrosine, a strongly 
conserved residue (Figure 4). The quiP gene was cloned into an inducible plasmid and 
expressed in E. coli, and only unprocessed form of the protein could be detected, the separate 

 and -subunits were not visible. Visible, unprocessed QuiP was a 90-kDa protein. When 
analyzed by LC-MS/MS, the generated peptides matched with in silico prediction35. Signal 
peptide prediction indicates that protein will be transported to the periplasm, as observed for 
other acylases.

Phenotypic analysis of a quiP transposon mutant (mutant ID33050; Washington 
collection www.genome.washington.edu/UWGC/) showed that a strain carrying the 
transposon insertion was impaired in growth on decanoyl-HSL when compared to the parental 
strain. QuiP complementation studies showed that cells could restore AHL degrading potential 
when QuiP was constitutively expressed from a plasmid. It was also observed that constitutive 
quiP expression in P. aeruginosa resulted in a remarkable decrease of 3-oxo-C12HSL 
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accumulation. An analogous observation was made when quiP was expressed in E. coli from 
the inducible plasmid; cell extracts were able to degrade AHLs. In addition, the study of quiP
mRNA expression levels for cultures grown on C10HSL, decanoate or succinate as a carbon 
source demonstrated an increase in mRNA level for cultures grown on C10HSL. These findings 
indicate that QuiP is involved in AHL utilization35. In particular, QuiP displays specificity 
towards long (C7HSL, C8HSL, C10HSL, 3-oxo-C12HSL, and C14HSL) but not short AHLs. 
Furthermore, quiP has not been picked up in microarray analysis as a gene regulated by 
quorum sensing58,59.

Concluding, recent results show that QuiP has AHL activity, thus implying its 
involvement in signal decay in P. aeruginosa. However, it is not known yet under which 
physiological conditions quiP is expressed and what the biological function of QuiP is.

Figure 6. Detailed schematic representation of quiP (A), PA1893 (B), and PA0305 (C) gene localization within the 
P. aeruginosa chromosome. 

PA1893
PA1893 is the third acylase homologue within the P. aeruginosa PAO1 genome. Its localization 
on the chromosome is shown in Figure 5 and in detail in Figure 6. The PA1893 ORF shares 29% 
amino acid identity with cephalosporin acylase (acyII) from Pseudomonas sp. SE8311,59 and 25% 
with Pseudomonas sp. SY-77 glutaryl acylase14,59. The PA1893 peptide sequence was partially 
aligned with other acylases (Figure 4). As can be seen from this alignment, PA1893 has 
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conserved residues known to be important for autocatalytic processing and enzymatic activity 
of known NTN-hydrolases. According to the in silico prediction, PA1893 is a polypeptide of 
809aa (89.7kDa) that has, at the N-terminus, a hydrophobic stretch of 29 amino acids encoding 
a signal peptide. The predicted -subunit of 556aa (61.8kDa) starts with a serine (Ser) residue 
at position 254. PA1893 is predicted to undergo post-translational modification and to consist 
of the  and -subunit as a mature protein57,60. However, protein maturation and subunit 
identification have not been shown yet, due to problems with protein solubility35.

The PA1893 transposon mutant (mutant ID7831; Washington collection 
www.genome.washington.edu/UWGC/) was grown on decanoyl-HSL to study its ability to 
degrade AHLs. Results of this experiment showed no significant growth differences in 
comparison to the parental strain35. In addition, it was observed that mRNA expression level of 
PA1893 was up-regulated when Pseudomonas cultures were grown in medium supplemented 
with C10HSL as a carbon source in comparison to decanoate and succinate35. Microarray 
experiments provide information that PA1893 is a quorum activated gene58,59. PA1893 is 
discussed in more detail in chapter 6 of the thesis.  

PA0305
The fourth acylase homologue in P. aeruginosa genome is PA0305. Figure 6 presents the 
PA0305 localization on the genome. Similarly to the three other acylase homologues, PA0305 
also is predicted to encode a NTN-hydrolase that undergoes post-translational 
modification57,60. PA0305 shows 26% amino acid similarity to cephalosporin acylase (acyII) 
from Pseudomonas sp. SE8311,59 and 24% to penicillin G acylase from E. coli6. The degree of 
PA0305 identity on a peptide level to other known acylases is deciphered in Table 1. Sequence 
alignment of the -subunit shows that PA0305 has at the position 248-serine (S), at the 
position 270-histidine (H), and at the position 280-tyrosine (Y), residues highly conserved 
among NTN-hydrolases (Figure 4). In silico analysis predicts that the gene is transcribed as a 
precursor peptide consisting of a signal sequence, a -subunit, a spacer peptide, and a -
subunit, while the active enzyme consists of just the - and -subunit. PA0305 is a polypeptide 
of 795aas (87.3kDa) that has a signal peptide of 25aas at the N-terminus. The predicted -
subunit starts with a serine residue (S) at the position 248 and consists of 548aas (59.9kDa).

There is little known about the physiological role or enzymatic activity of this enzyme. 
So far, the PA0305 ORF was picked up by PCR from PAO1 chromosomal DNA and expressed in 
E. coli35. However, only an unprocessed PA0305 polypeptide could be seen on SDS-PAGE gel. 
To investigate a possible involvement of PA0305 in AHLs utilization, a PA0305 transposon 
mutant (mutant ID32876; Washington collection www.genome.washington.edu/UWGC/) was 
examined for its ability to grow on decanoyl-HSL as a growth substrate. The growth 
phenotype of the PA0305 transposon mutant did not show any significant difference when 
compared to the wild type strain35. Therefore, PA0305 is not implicated in direct AHLs 
utilization in P. aeruginosa. Moreover, no increase in the PA0305 mRNA expression level was 
observed when cultures were grown utilizing C10HSL as a carbon source, relatively to growth 
on decanoate and succinate35.

The physiological role of PA0305 is unidentified. Therefore, additional studies have to 
be performed to unravel the function of PA0305 in P. aeruginosa.
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What for Pseudomonas may need acylases? 

Although many NTN-hydrolases have been identified and characterized in different 
microorganisms over last decade, their physiological role most of the time remains unclear. 
Regarding the abundance of acylases, it is undoubtedly evident that there is a rationale for 
bacteria to have these types of enzymes. In general, acylases are responsible for deacylation of 
antibiotics (penicillins, cephalosporins), AHL compounds or cyclic lipopeptides. As acylases 
hydrolyze an amide bond that links a ring-like nucleus to a side chain (aromatic or aliphatic), 
their substrates are molecules with an amide bond. Yet, acylases can be quite specific acting 
on a very few substrates only. Interestingly, it was observed that penicillin G acylase can also 
hydrolyse cephalosporin C and even phenylacetic-leucine61. Also glutaryl cephalosporin 
acylase SY-77 was found to be very specific for the acyl side chain, only glutaryl, and very 
promiscuous for the acid moiety hydrolyzing even glutaryl-serine and glutaryl-leucine. From 
the 3D structure it becomes obvious that the acyl side chain is fully buried within the active site 
cleft, whereas the acid moiety has evolved limited interaction with the enzyme62 (see Figure 7).
This raises the possibility that the NTN-hydrolases are broad-spectrum enzymes towards the 
acid moiety and small-spectrum with respect to the acyl side chain. Within -lactam acylases 
there are some indications that penicillin acylases could act as scavengers for nutrient 
compounds63, whereas there are no hints on such a role for cephalosporin acylases. QuiP and 
PvdQ are indicated to be involved in AHL scavenging and whether the primary function of 
PvdQ is in pyoverdin biosynthesis is not completely clear yet. Results from studies with a PvdQ 
negative P. aeruginosa strain that is impaired in pyoverdin production38 may suggest a possible 
direct involvement of PvdQ in pyoverdin biosynthesis; however, until now there are no clear-
cut leads for this. The observed pyoverdin negative phenotype of the pvdQ PAO1 strain could 
simply be the indirect effect of pvdQ deletion on pyoverdin production. The fundamental 
question is whether P. aeruginosa needs acylases to be able to perform its physiological 
processes or to regulate its physiological processes. For example, the disruption of P.
aeruginosa acylases genes, separately in each gene, doesn’t have a lethal effect on bacteria. 
Nevertheless, mutants display some phenotypic changes13,35. As mentioned earlier, two P.
aeruginosa acylases (PvdQ, QuiP) were shown to have AHL activity, but is their primary 
biological role in P. aeruginosa to degrade 3-oxo-C12HSL signal molecule as a sole energy 
source or to regulate its own quorum sensing activity? Some bacteria break down AHLs and 
metabolize them, where other strains might just degrade them so that other bacterial partners 
in a community can utilize these products32. Perhaps, these enzymes also control interactions 
within microbial communities, like between quorum sensing bacteria and AHL-degrading 
bacteria. Does P. aeruginosa need acylases for bacterial networking, for virulence, to be able to 
compete with other bacteria for limited resources or for environmental adaptation? What does 
stimulate acylases’ expression? Is the level of acylases expression different for the planktonic 
form than for the biofilm form? Does P. aeruginosa need acylases to degrade its own signal 
molecules or signal molecules of other bacteria? PvdQ and QuiP are quite specific towards long 
chain AHLs13,35, so would that be the best strategy for bacteria to utilize these enzymes as 
communication interferers - quorum quenchers - between bacteria? Could acylases play a dual 
role: termination of other bacteria and utilization of disrupted signal molecules as a carbon 
source? It is known that quorum sensing plays an important role in the virulence of many 
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pathogenic bacteria, therefore it serves as a target for anti-pathogenic treatments64. In P.
aeruginosa it was shown that inactivation of quorum sensing systems dramatically reduces 
virulence65. Thus, while investigating the physiological role of acylases, from P. aeruginosa and 
other species in their natural environment there is a huge temptation to look at them as 
enzymes with a potential for antimicrobial therapies. As one of the possibilities to interfere 
with bacterial quorum sensing is to employ AHL acylases or lactonases capable to degrade 
quorum signal molecules. Few simple experiments, with a promising outcome, have been 
already done to examine the quorum quenching activity of AHL-inactivating bacteria23,25,29,66.
At present, the role that acylases play in their natural ecological environment still remains 
unclear, and the physiological function of PvdQ and QuiP in AHL degradation remains to be 
verified. Possibly, acylases have assigned more complex tasks than just simple degradation. 
Therefore, there are many questions to be answered in order to understand what 
Pseudomonas, as well other species, needs acylases for. This knowledge could give as a deeper 
insight into the role of acylases and into their potential role in antibiosis.  

Figure 7. Solvent accessibility of glutaryl 
cephalosporin in complex with Pseudomonas SY-77 
NTN-hydrolase. It can be observed that the acyl side 
chain (red) is fully covered by the -chain (green) and 

-chain (blue) residues, whereas the cephalosporin 
moiety (white) is readily accessible to the solvent 
(small dots). 

Conclusions 

Naturally occurring acylases within the P. aeruginosa genome, as well as within other microbial 
genomes, are intriguing enzymes with puzzling biological functions, yet with a clear 
biotechnological and pharmaceutical potential. Interfering with quorum sensing opens up to 
start a new era of antimicrobial therapies as an alternative to traditional antibiotics. In 
particular, their strength lies in a possibility to design targeted enzymes for degrading specific 
HSL molecules. Clearly, still more studies need to be performed in order to understand and 
realize what these enzymes mean for P. aeruginosa, and consequently what usefulness they 
can bring for us. The more we know about these enzymes, the more we understand about 
physiology of P. aeruginosa and the broader range of possible applications it provides.  
Identification and further characterization of P. aeruginosa acylases represent an interesting 
research topic for the near future and may lead us to novel therapies to fight infections.
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