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Cloning, sequence analysis, and expression of PA1893, a putative acylase, from 
Pseudomonas aeruginosa PAO1

The gene encoding a putative acylase, PA1893, from Pseudomonas aeruginosa was cloned, 
overexpressed, and characterized. The deduced protein sequence encoded by PA1893 
shows 29% amino acid identity with a cephalosporin acylase precursor from Pseudomonas
sp. SE83, but no significant similarity to other known acylases. The PA1893 gene was 
subcloned and expressed in Escherichia coli. The recombinant protein with a C-terminal 
6xHis tag was purified and the mature protein found to be consisting of an - and a -
subunit. The -subunit was found to possess an N-terminal serine, a conserved residue 
known to act as the catalytic nucleophile, located at position 254 of the polypeptide 
protein. No hydrolysis activity of purified PA1893His could be detected on short and long 
acyl chain AHLs, nor on various -lactam compounds. The P. aeruginosa mutant strain 
lacking PA1893 was not impaired in growth on rich or minimal medium. Also, it was able to 
grow equally well as the parental strain on penicillin G, penicillin V, cephalosporin C, and 
cephalexin. Yet, the PA1893 deletion (PAO1 PA1893) caused increased elastase 
production during the mid-logarithmic phase. Interestingly, addition of PA1893His to the 
growth medium of PAO1 and PAO1 PA1893 reduced the production of elastase at the 
mid-logarithmic stage. These findings support the hypothesis that PA1893 is somehow 
involved in quorum sensing and can, perhaps, interfere with quorum sensing. 

Introduction

In bacterial genomes only a small proportion of the proteins encoded are well characterized 
with respect of their biological functions. The great part of these proteins remain either only 
moderately understood or completely unknown. Narrowing this information gap may provide 
a broad range of possibilities for advancing our understanding about the living systems, and 
consequently also advance industrial and environmental biotechnological application of these 
proteins. During the last decade, la multitude of well characterized proteins have been - 
directly or indirectly - successfully employed in therapeutics, detergents and food production. 
For instance, -lactam acylases commonly known as penicillin acylases (EC 3.5.1.11), are 
intriguing enzymes that over the last decade contributed greatly to the control of bacterial 
infections via their application in the (semi)synthetic production of antibiotics. They are 
produced by a variety of microorganisms such as bacteria, yeast, and fungi. -lactam acylases 
belong to the family of N-terminal nucleophile (NTN) hydrolases that are activated 
autocatalytically and that cleave an amide bond. Commonly, -lactam acylases can be 
classified based on their substrate specificities towards -lactam antibiotics1. Generally, they 
fall into the classes of penicillin acylases (substrates with aromatic side chains) and 
cephalosporin acylases (substrates with aliphatic side chains). Penicillin and cephalosporin 
acylases play a crucial role in the production of semisynthetic -lactam antibiotics. Penicillin 
acylases, for example, can hydrolyze either benzylpenicillin (penicillin G) or 
phenoxymethylpenicillin (penicillin V) to yield 6-aminopenicillanic acid (6-APA), the key 
backbone compound in the production of semisynthetic penicillins2. Although the 
physiological function of penicillin acylases is unclear, it has been proposed that they serve as 
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nutrient scavengers of phenylacetylated compounds to generate phenylacetic acid (PA) used 
as a carbon source3-5. These enzymes may have a broad substrate range, including diverse 
esters and amides of PA and also esters and amides of other aromatic and aliphatic acids. 
These natural esters and amides, after their hydrolysis, may be mineralized by central catabolic 
pathways6. It has been shown that degradation of many aromatic compounds leads to the 
formation of phenylacetic acid which is a widespread substrate for Pseudomonas species6-8.
Noteworthy, the large number of organic compounds metabolized by Pseudomonads and 
other bacteria are often lethal or hazardous for plants, animals, or other microbes3,9,10. The 
biodegradation takes place thanks to the presence of sophisticated catabolic routes that are 
encoded by groups of genes. These groups may form well-organized clusters as well as single 
genes may be remotely scattered within the bacterial chromosome6. Most catabolic routes are 
integrated by different peripheral pathways that unite in a central route3,6-8. The peripheral 
routes are relatively specific and induced often by only one or a few substrates. They transform 
many compounds into a small number of intermediates that are recognized and transformed 
by the members of the central route into the general non-aromatic metabolites6.

Moreover, the NTN-hydrolase family includes acyl-homoserine lactone (AHL) acylases 
capable of hydrolyzing the amide bond of AHL signal molecules11,12. These signaling molecules 
facilitate, in Gram-negative bacteria, the intercellular communication called quorum sensing 
(QS). This communication process allows coordination of gene expression and synchronization 
of group behaviors according to the local density of bacterial population. The opportunistic 
bacterium Pseudomonas aeruginosa uses two quorum sensing systems, las and rhl, to 
coordinate the formation of biofilms, swarming motility, exopolysaccharide production, and 
cell aggregation13. In the las system, the AHL signal molecule N-(3-oxododecanoyl) homoserine 
lactone (3-oxo-C12HSL) and in the rhl, the AHL signal N-butyryl homoserine lactone (C4HSL) 
are used in regulation of expression of a subset of genes14,15. A third signaling molecule, 
involved in quorum sensing in P. aeruginosa, is PQS (2-heptyl-3-hydroxy-4-quinoline)16.
Notably, degradation of signal molecules, apart from simple interference with a quorum 
sensing circuit, may offer more profound possibilities in application of these enzymes in anti-
bacterial therapies to prevent the formation of biofilms and possibly weakening of already 
established biofilms. Disrupting the signaling process in this way is called quorum quenching. 

Pseudomonas species produce a great number of acylases with varied substrate 
specificities17-19. As already mentioned in chapter 2, P. aeruginosa PAO1 genome was found to 
encode four ORFs (open reading frames) with characteristics of the NTN-hydrolases: PA2385 
(PvdQ), PA1893, PA0305, and PA1032 (QuiP). Two of them, PvdQ and QuiP, were shown to 
have activity towards AHLs11,20. They are therefore considered as potential quorum quenching 
enzymes since both the expression of the gene in the bacterium as well as administration of 
the protein or secretion of the protein by an engineered microorganism can result in quorum 
quenching. The subject of this study, PA1893, shows significant similarity to penicillin acylases 
and PA1893 has conserved residues known to be important for autocatalytic processing and 
enzymatic activity of known NTN-hydrolases. Recently, an attempt was reported to 
overexpress PA1893 in E. coli, however the protein processing appeared to be troublesome 
resulting in an unprocessed polypeptide21. The same group 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 succinate21. To 
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elucidate if PA1893 could have the ability to degrade AHLs as a potential carbon source, the 
PA1893 transposon mutant (mutant ID7831; Washington collection 
www.genome.washington.edu/UWGC/) was grown on decanoyl-HSL, and it was shown not to 
be impaired in growth in comparison to the wild type strain21. So far, the regulation of PA1893 
expression remains unexplained. Yet, several transcriptome studies indicated that PA1893 is a 
quorum activated gene22,23 and its expression may depend on binding of the QscR 
transcriptional regulator24. Moreover, it was shown that PA1893 is expressed during biofilm 
formation in P. aeruginosa25.

In this study, we report the cloning, genetic characterization and purification of the 
PA1893 acylase from P. aeruginosa and the measurement of deacylase activity on a large 
number of substrates.  

Materials and Methods 

Chemicals  
-lactam compounds were purchased from Sigma or were gifts from DSM (the Netherlands). AHL compounds 

were either obtained from Fluka or were kind gifts from the laboratory of Paul Williams (Nottingham, England).   

Bacterial strains, plasmids, and media 
The plasmids and bacterial strains used in this study are listed in Table 1. Bacterial cells were routinely grown at 
37°C in LB, unless otherwise indicated. Plasmids were maintained by addition of ampicillin (100 mg/liter), zeocin 
(30 mg/liter) or tetracycline (25 mg/liter) for E. coli strains and tetracycline (60 mg/liter) for P. aeruginosa.

DNA manipulations 
Procedures for PCR, DNA purifications, ligation and restriction were carried out as described by Sambrook et al.26.
The method of Wirth et al. was applied for P. aeruginosa transformations27. The PA1893 open reading frame was 
amplified from chromosomal DNA of P. aeruginosa PAO1. (i) Construction of pCR-PA1893His. To construct the 
pCR-PA1893His plasmid, the PA1893 gene was amplified with Pfu Turbo polymerase with the primers PA1893-F 
(5’ ATG TCG AAG AAC GCA CGT TAC 3’) and PA1893-R (5’ TGG TCG TGG CTC GCC GGA GGA 3’). In order to 
preserve the reading frame through the C-terminal tag (V5 epitope and 6xHis region), the reverse primer lacked 
the native stop codon. Addition of 3’ A-overhangs to the PCR product after amplification and cloning into 
pCRT7/CT-TOPO were performed according to the Invitrogen instructions. The pCR-PA1893His plasmid was 
stably maintained in E. coli TOP10F’ cells. (ii) Construction of pME6032-PA1893. The PA1893 gene was amplified 
with Phusion polymerase (Finnzymes) by use of the following primers PA1893MunI-F (5’ GGA ATT CAA TTG ATG 
TCG AAG AAC GCA C 3’) and PA1893BglII-R (5’ ACG GAT AGA TCT TCA TGG TCG TGG CTC G 3’), carrying MunI
and BglII restriction sites (underlined), respectively. After digestion, this fragment was ligated into the pME6032 
vector cleaved with EcoRI and BglII, resulting in pME6032-PA1893. The plasmid was constructed using E. coli 
DH10B. Notably, the PA1893 gene has an internal EcoRI site, therefore for cloning the gene was amplified with a 
forward primer carrying MunI (instead of EcoRI) restriction site, which after digestion generates a compatible 5’ 
overhang for ligation into the EcoRI-cut vector. (iii) Construction of a PAO1 PA1893 mutant strain. P.
aeruginosa strains were grown at 37°C on LB or Vogel-Bonner minimal medium (VBMM)32 agar plates. The 
flanking regions of the target gene (PA1893) were amplified, on PAO1 genomic DNA, using two pairs (A, B) of 
primers. The pair A comprised a ForA primer (5’ GAG AAG CTT GCC TGC CGC GCT TCC TGC ACT A 3’, where the 
HindIII restriction site is underlined) and a RevA primer (5’ CAC CTC TGA GCT TCG CTA CGT ACA TTG CGC AGC 
TGG 3’). The second primer pair (B) included a ForB primer (5’ CGA TGC ATG TAA CGC GTC GAC CAT GAC CAG 
CGA T 3’) and a RevB primer (5’ CAG GAA TTC GCG AGT CCG CTC ACC GGA TGA T 3’, where the EcoRI restriction 
site is underlined). The two flanking regions, generated in the first PCR round, were aligned in the second PCR by 
use of the ForA and RevB primers. The generated PCR fragment was digested with HindIII and EcoRI and cloned 
into the pEX18-Gm vector digested with the same restriction enzymes. The resulting plasmid, pEX18- PA1893,
was transformed into E. coli S17-1 pir and introduced into PAO1 by conjugation to generate a mutant strain 
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containing an in-frame deletion of the PA1893 gene.  The selection of double recombinants on VBMM plates, 
containing 5% sucrose, was preceded by the selection of gentamicin-resistant and sucrose-sensitive P. aeruginosa
cells. The PA1893 deletion was confirmed by Southern blot analysis and PCR of the PA1893 gene (data not 
shown).   

Growth conditions and protein manipulations  
(i) PA1893His overexpression and purification. PA1893His (C-terminal 6xHis-tag) was purified from E. coli
BL21(DE3) strain carrying the pCR-PA1893His vector as follows. An overnight culture was diluted 100x into the 
fresh low salt medium (10 g/liter tryptone, 5 g/liter NaCl, 5 g/liter yeast extract) with zeocin antibiotic. The growth 
was continued at 30°C (250 rpm) till optical density at A600 (OD600) 0.5, at that moment the temperature was 
lowered to 18°C and cells were grown for an additional 40 h, for optimal expression. Subsequently, cells were 
harvested by centrifugation (10 min, 4°C, and 8,000 rpm). The pellet was resuspended in a lysis buffer (50 mM 
Tris-HCl, pH 8.0, 10% glycerol) supplemented with Complete Mini protease Inhibitor (Roche), and cells were 
disrupted by sonication. Next, cellular debris was removed by centrifugation (30 min, 4°C, and 13,000 rpm) and 
the supernatant fraction was subjected to a HiTrap Chelating HP column charged with nickel (Ni2+) ions. The 
column was equilibrated with binding buffer (20 mM Tris-HCl, pH 7.4, 10% glycerol, 500 mM NaCl) and the bound 
protein eluted with a gradient of binding and elution buffer (20 mM Tris-HCl, pH 7.4, 10% glycerol, 500 mM NaCl, 
500 mM imidazole). Collected fractions were analyzed by SDS-PAGE gel stained with Coomassie brilliant blue 
(CBB) and Western blotting with immunodetection of a His-tag by use of the Ni-NTA HRP conjugate (Qiagen). 
Selected fractions containing PA1893His were pooled, concentrated with 5 kDa MWCO spin columns (Vivaspin) 
and subjected to gel filtration (Superdex 200 HR 10/30 column; buffer 50 mM Tris-HCl, pH 8.0, 150 mM NaCl). 
Again, fractions with PA1893His were pooled, concentrated (5 kDa MWCO; Vivaspin) and further dialyzed against 
buffer consisting of 50 mM Tris-HCl, pH 8.0, and 10% glycerol. The concentration of the protein was determined 
as described by Bradford33 with bovine serum albumin (BSA) solution as a standard (Pierce). To identify the 
purified PA1893His protein, the -subunit and the -subunitHis were extracted from the gel, trypsin digested and 
analyzed with matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry. Protein 
identification based on mass spectra was done by peptide mass fingerprinting using Mascot software (Matrix 
Science). (ii) N-terminal protein sequencing. Purified PA1893His was loaded on SDS-PAGE gel and run in the 
presence of 0.1 mM thioglycolate in the upper running buffer. After separation, proteins were transferred into the 
PVDF (polyvinylidene difluoride) membrane (Roche Molecular Biochemicals) by semi-dry electroblotting. Prior 
transfer the membrane was immersed in 100% methanol for few seconds followed by 3 minutes incubation in the 
transfer buffer (25 mM Tris, 192 M glycine, and 20% methanol). After assembling a blotting “sandwich” transfer 
was carried out for 90 min at 200 mA. Next, a membrane was stained with CBB, the band corresponding to the -
subunitHis of PA1893His was excised and the first 6 residues were determined by automated Edman degradation 
(Alphalyse). (iii) PAO1 and PAO1 PA1893 growth in different media and antibiotic tolerance. To examine the 
growth profiles of P. aeruginosa PAO1 and PAO1 PA1893 in different media, overnight cultures of these strains 
were used to prepare starting cultures of OD600 0.05 in fresh LB, NY nutrient broth-yeast extract (8 g/liter nutrient 
broth, 2 g/liter yeast extract, 11.5 mM K2HPO4, 3.7 mM KH2PO4, 1 mM MgSO4, 0.5% glucose; pH 7.0), and FAB (0.1 
mM CaCl2, 0.003 mM FeCl3, 0.15 mM (NH4)2SO4, 0.33 mM Na2HPO4, 0.2 mM KH2PO4, 0.5 mM NaCl, 1 mM MgCl2,

40 mM KNO3, 10 mM glucose; pH 7.0) medium and grown with agitation at 37°C till late stationary phase, 
absorbance at 600 nm was measured every 60 minutes. Each strain was grown in triplicate. To evaluate the 
tolerance of PAO1 and its PA1893 mutant (PAO1 PA1893) to different antibiotics, the LB cultures of P. aeruginosa
strains were amended with penicillin G, penicillin V, cephalexin, and cephalosporin C. The following 
concentrations of each antibiotic were tested: 0, 15.6, 31.25, 62.5, 125, 250, and 500 g/ml. The OD600 was 
measured after 15 h incubation with agitation at 37°C.   

Bioassay with bacterial biosensor strains 
A bioassay to examine the production of AHLs released to the extracellular medium of different P. aeruginosa
strains was used. This assay employs engineered biosensor strains34 that are able to detect the presence of AHLs 
or PQS. For this analysis, Pseudomonas cultures grown at 30°C for 4 h, 8 h, and 20 h were centrifuged at 13,000 
rpm for 10 min. The OD600 was measured at defined time points. The 100 µl samples of extracellular medium 
fractions were taken in duplicate and added to the wells of a white 96-well plate, and 100 µl of appropriate 
biosensor strain (E. coli JM109 pSB536, E. coli JM109 pSB1142, E. coli CTX-pqs) was added. The response of the 
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biosensors after incubation for 4 h was analyzed with a ChemiGenusXE Imaging System (Syngene) and quantified 
using a LumiCount microplate luminometer (Packard Bioscience). The type of biosensor used depended on the 
AHL being tested.

Enzymatic assays 
(i) Fluorescamine assay. Activity of PA1893His on the -lactam compounds and AHLs was determined using the 
fluorescamine assay35, in a 96-well plate. A single reaction consisted of 1 – 5 l of purified enzyme (PA1893His, 
PvdQ, penicillin G acylase, or SY-77 glutaryl acylase) or cell-free protein extract, 1 – 3 mM of substrate (penicillin 
G, cephalexin, cephalosporin C, NIPAB, adipyl-7-ADCA, glutaryl-7-ACA, C4HSL, C6HSL, 3-oxo-C6HSL, C7HSL, 
C8HSL, C10HSL, 3-oxo-C10HSL, C12HSL, 3-oxo-C12HSL, C14HSL) in 200 l of 20 mM phosphate buffer (pH 7.5). 
After 2 h, 4 h, and 20 h incubation time at 37°C, an aliquot of 40 l of reaction mixture was transferred to 140 l of 
0.2 M acetate buffer (pH 4.5), and 20 l of 1 mg/ml fluorescamine in acetone was added. After 1 h incubation at 
room temperature, absorbance at 380 nm was measured. Reaction mixtures without a substrate or enzyme were 
used to correct for absorption components at 380 nm. The assay was performed in triplicates and results come 
from at least three independent experiments. (ii) Elastase Assay. Elastolytic activity assay of extracellular 
supernatants was performed in the following manner. Supernatant samples of 0.1 ml were added to the glass 
tubes containing 20 mg of Elastin Congo Red (from Sigma or Elastin Products Company) resuspended in 0.90 ml 
ECR buffer (100 mM Tris-HCl, pH 7.5, 1 mM CaCl2). After 3 h incubation at 37°C with agitation, an insoluble ECR 
was removed by centrifugation (4,500 rpm for 15 min). The absorbance of the supernatants measured at 495 nm 
was divided by the OD600 of the culture. LB medium was used as a negative control.  

Table 1. Strains and plasmids used in this study. 
Strains Relevant properties Reference 
E. coli

DH10B F-, mcrA (mrr-hsdRMS-mcrBC), 80lacZ M15 lacX74,  recA1,
endA1, araD139, (ara, leu)7697, galU galK - rpsL, nupG

Invitrogen  

TOP10F’ F´ [lacIq, Tn10(TetR)] mcrA (mrr-hsdRMS-mcrBC), 80lacZ M15
lac 74, recA1, deoR, araD139, (ara, leu)7697, galU, galK, rpsL,

endA1, nupG

Invitrogen  

BL21(DE3) F– ompT hsdSB (rB
– mB

–) gal dcm (DE3) Invitrogen 
   JM109 pSB536 For detection of short acyl chain AHLs 28

   JM109 pSB1142 For detection of long acyl chain AHLs  
   CTX-pqs For detection of PQS  
   S17-1 pir Donor strain in conjugation experiments 29

recA thipro r " m + RP4:2-Tc:MuKm Tn7 pir
P. aeruginosa 

 PAO1 Prototroph, wild type B. Holloway 
collection

   PAO1 PA1893 Chromosomal PA1893 deletion in PAO1 This study 
Plasmids Relevant properties  Reference 
  pCRT7/CT-TOPO 
  pCR-PA1893His 

T7 promoter, C-terminal 6xHis tag 
PA1893 gene cloned into pCRT7/CT-TOPO 

Invitrogen  
This study 

  pME6032 AmpR, RSF replicon (IncQ), tac promoter 30

  pME6032-PA1893 Fusion protein consisting of P. aeruginosa lasB promoter, lasB signal 
peptide, lasB propeptide and E. coli pac -, -subunits in pMMB67EH 

This study 

 pEX18-Gm Gmr, sacB, suicide vector for generating chromosomal knockout 
mutations

31
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Results 

In silico sequence analysis of PA1893 and neighboring genes 

Firstly, in order to characterize the PA1893 protein we compared and aligned its amino acid 
sequence (809 amino acids) with other known acylases. These results are presented in the 
chapter 2 of this thesis. Briefly, the alignment of the PA1893 peptide with E. coli penicillin G 
acylase36, Actinoplanes utahensis aculeacin A acylase37, Ralstonia strain XJ12B acyl-HSL 
acylase12, SY-77 glutaryl acylase from Pseudomonas sp. SY-7738, and with cephalosporin acylase 
(acyII) from Pseudomonas sp. SE-8319 revealed an identity ranging from 22% to 29% (Chapter 
2, Table 1). Also, the alignment showed the presence of conserved residues within the PA1893 
polypeptide, such as a serine residue at the position 254 that acts as nucleophile for 
deacylation reaction (Chapter 2, Figure 4). Furthermore, the database search using BLAST39

showed that the deduced amino acid sequence of PA1893 has homology with a number of 
non-annotated proteins from genome-sequencing projects (Table 2). A phylogenetic tree 
showing the relationship among PA1893 homologs, more clearly, is presented in Figure 1.  

To advance our knowledge about a possible function of PA1893 in P. aeruginosa we also 
scrutinized PA1893 adjacent open reading frames. Based on the latest P. aeruginosa genome 
database (www.pseudomonas.com) the PA1893 gene belongs to a cluster of genes that may 
perhaps form a transcription unit as drawn in Figure 2A. The cluster consists of seven open 
reading frames: PA1897, PA1896, PA1895, PA1894, PA1893, PA1892, and PA1891 (Figure 2A). 
None of these ORFs has been experimentally characterized yet. Nevertheless, the potential 
function of some could be predicted based on the presence of conserved motifs. For this 
purpose we used the bioinformatic tools SMART (www.smart.embl-heidelberg.de) and Pfam 
(www.sanger.ac.uk/Software/Pfam/). The predictions are incorporated in Table 3. The first 
gene of the cluster, PA1897, is predicted to possess four transmembrane domains and a fatty 
acid hydroxylase motif with no significant homology to other characterized enzymes. PA1896 
and PA1892 open reading frames do not display, with confidence, any conserved motifs. The 
fourth gene, PA1895, is predicted to be a cytoplasmic membrane fatty acid desaturase with 
three membrane spanning-sequences. Next, the PA1894 protein was predicted to have a 2-
oxoglutarate (2OG) and Fe(II) oxygenase superfamily motif. The next gene in the cluster, 
PA1893 discussed in this chapter, encodes a polypeptide of 809 amino acids (89 kDa) that after 
posttranslational maturation is predicted to consist of the -subunit (less than 224 aa) and the 

-subunit (556 aas, 61 kDa) (Figure 3B). It has a predicted signal peptide (1-29) and a penicillin 
amidase motif. Some boundaries of the amidase subunits can be well predicted, e.g. the N-
termini of the subunits, but not the C-terminus of the -subunit, leaving the length of this 
subunit uncertain. Finally, the last in the cluster, PA1891, is predicted to be a protein 
containing at the N-terminus four transmembrane sequences with no other characteristic 
motifs. The alignments of the PA1897-PA1891 gene products with a number of known proteins 
from metabolic pathways, such as the phenylacetic acid, hydroxyphenylacetic acid, and fatty 
acid degradation pathways, did not reveal any significant similarity (data not shown). 



                                                                                                                 Characterization of PA1893 from Pseudomonas aeruginosa

113

Figure 1. Phylogenetic tree of determined and putative PA1893 homologs. Distances can be read from the values 
below the tree. The tree was constructed using Clustal W and TreeView (DNASTAR Inc.). The proteins with 
described activity are underlined. The amino acid sequences from P. aeruginosa PAO1 (NP_250584), P. aeruginosa
PA7 (YP_001348752), R. eutropha (YP_296050), M. petroleiphilum (YP_001021016), L. cholodnii (YP_001790940), P.
necessarius (YP_001797584), R. xylanophilus (YP_644760), D. acidovorans (YP_001565819), Polaromonas sp. 
(YP_549269), C. testosteroni (ZP_01519150), H. aurantiacus (YP_001547753), O. iheyensis (NP_694227), B. cereus
(NP_832994), S. coelicolor (NP_733595), E. coli PGA (CAA27728), A. utahensis aculeacin A acylase (AAC P29958), 
Ralstonia strain XJ12B AiiD (AA041113), Pseudomonas sp. SY-77 glutaryl acylase SY-77 (P07662), and Pseudomonas
sp. SE-83 cephalosporin acylase CA (CAA27728) were taken for the analysis.   

Table 2. Putative proteins with homology to PA1893 as found by BLAST search. 

Accession no.a Organism Predicted function
Identityb

(%)
Length

(aas)
NP_250584 P. aeruginosa PAO1 Penicillin amidase 100 809 
YP_001348752 P. aeruginosa PA7 Penicillin amidase 94 809 
YP_296050 Ralstonia eutropha Penicillin amidase 42 829 
YP_001021016 Methylibium petroleiphilum Penicillin amidase 39 813 
YP_001790940 Leptothrix cholodnii Penicillin amidase 39 818 
YP_644760 Rubrobacter xylanophilus Penicillin amidase 37 770 
YP_001565819 Delftia acidovorans Penicillin amidase 37 844 
YP_549269 Polaromonas sp. Penicillin amidase 36 889 
ZP_01519150 Comamonas testosteroni Penicillin amidase 34 853 
NP_694227 Oceanobacillus iheyensis Penicillin amidase 32 800 
NP_832994 Bacillus cereus Penicillin amidase 30 763 
NP_733595 Streptomyces coelicolor Penicillin amidase 29 936 

a Accession number of protein in protein database of the National Center for Biotechnology Information.b

Determined by alignment using the SECentral (Clone Manager, version 6.00 and Align Plus4, version 4.10, 
Scientific and Educational Software, Cary, NC). 
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Since functionally associated proteins often have similar phylogenetic profiles we tried 
to determine whether in other organisms PA1893 and its cluster proteins are conserved. For 
this purpose, we employed an online analysis resource STRING (http://string.embl.de/) that 
with the PA1893 protein as a query generated a phylogenetic display with the presence or 
absence of linked orthologous groups across species, also indicating the co-occurring proteins 
(Figure 2B). The results demonstrated that the complete PA1897-PA1891 cluster is only 
conserved among P. aeruginosa strains, whereas in other organisms only PA1893 and PA1897 
homologs co-occur (Figure 2B). Interestingly, most species having the PA1893 homolog also 
possess the homolog of PA1890 and/or PA2579 (kynA). The PA1890 gene, neighboring with 
PA1891, is predicted to encode a glutathione S-transferase enzyme (Table 3). The second co-
occurring open reading frame, located outside the PA1897-PA1891 cluster, is PA2579 (kynA)
(Figure 2B). It is predicted to encode a cytoplasmic oxidoreductase of 288 aas with a 
tryptophan 2,3-dioxygenase motif (17-288 aas), which could suggest participation in amino 
acid (tryptophan) transport and metabolism. Furthermore, adjacent to the PA1897 gene, there 
is a qscR gene (PA1898), encoding a transcriptional regulator protein QscR (Table 3), that was 
shown to bind to the PA1897 promoter in concert with 3-oxo-C12HSL and activate its 
expression24,40. The analysis of the upstream regions of the genes from the PA1897-PA1891 
cluster revealed, for few, the presence of putative LasR/RhlR binding sites (Table 4).  

Table 3. Characterization of putative proteins from the PA1893 gene cluster.

Function Localization Length Motifs/Domains
PA1890 probable glutation 

S-transferase
unknown 207 aas GST_N (3-75), GST_C (97-196) 

PA1891 hypothetical 
protein

cytoplasmic
membrane

129 aas 4 TRAN_MEMB (12-29, 39-61, 74-93, 
98-117)

PA1892 hypothetical 
protein

unknown 245 aas None predicted with confidence 

PA1893 probable penicillin 
amidase

periplasmic 809 aas SP (1-29), Penicillin amidase (47-
796)

PA1894 hypothetical 
protein

unknown 230 aas 2OG-FeII_Oxy (129-221) 

PA1895 hypothetical 
protein

cytoplasmic
membrane

424 aas 3 TRAN_MEMB (58-80, 85-102, 224-
246), FA_desaturase (95-302) 

PA1896 hypothetical 
protein

cytoplasmic 389 aas None predicted with confidence 

PA1897 hypothetical 
protein

cytoplasmic
membrane

255 aas 4 TRAN_MEMB (4-23, 30-52, 67-89, 
130-152), FA_hydroxylase (74-186) 

qscR
(PA1898)

transcriptional
regulator

cytoplasmic 237 aas Autoinducer binding domain (17-
162), HTH_LuxR (173-230) 

Abbreviations: GST_N – glutathione transferase, N-terminal domain; GST_C – glutathione transferase, C-terminal 
domain; TRAN_MEMB – transmembrane domain; SP – signal peptide; 2OG-FeII_Oxy  – 2-oxoglutarate and Fe(II) 
dependent oxygenase superfamily; FA_desaturase – fatty acid desaturase; FA_hydroxylase – fatty acid 
hydroxylase superfamily; HTH_LuxR domain – DNA binding helix-turn-helix LuxR-like domain. The corresponding 
regions are given in brackets.  
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Figure 2. PA1897-PA1891 gene cluster. The identification numbers of the genes come from the Pseudomonas
genome project (www.pseudomonas.com). (A) Gene cluster organization around PA1897 on the chromosome of 
P. aeruginosa PAO1. (B) Phylogenetic display illustrating in which organisms proteins of the PA1897-PA1981 
cluster and its co-occurring partners (PA1890, PA2579) are conserved. The presence or absence of an item in an 
organism is marked with a quantitative color scale (showing the amount of sequence conservation between the 
protein of interest and its best hit in the other species, dark stands for 100% identity). 
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Table 4. Analysis of upstream gene sequences from the PA1897-PA1891 cluster. 

           Presence of a putative las/rhl box 

PA1897†‡* ACCTGCCCGGAAGGGCAGGT (-288 to -269) 
PA1896†‡* None with confidence 
PA1895†‡* CTGCTCGTTCTTCGAG (-372 to -357) 
PA1894†‡* CTGGGGCATGTGGGAG (-118 to -103) 
PA1893†‡* CTCCATCGTCCTGCAG (-244 to -229) 
PA1892‡* None with confidence 
PA1891†* None with confidence

† Genes previously identified by Shuster et al., 2003 as QS regulated22

‡ Genes previously identified by Wagner et al., 2003 as QS regulated23

* Genes dependent or potentially dependent on binging of QscR24

Cloning and overexpression of PA1893His  

The gene PA1893 (2,430 bps) from P. aeruginosa41 was cloned into the pCRT7/CT-TOPO vector 
by TOPO cloning technology, resulting in pCR-PA1893His. DNA sequencing confirmed that the 
cloned sequence was correct. The pCRT7/CT-TOPO vector carries a strong T7 promoter and a 
C-terminal hexa-histidine tag to facilitate detection and purification by metal affinity 
chromatography. If the protein undergoes proper processing, this His stretch will thus only be 
attached to the -subunit. For expression, the pCR-PA1893His vector was introduced into the 
E. coli BL21(DE3) strain and cells were grown in low salt medium amended with zeocin. The 
PA1893His precursor, possessing the C-terminal 6xHis tag, is predicted to have 839 amino 
acids (93 kDa). The theoretical mass of the -subunitHis, after precursor processing, is 65 kDa. 
Initially, when expression experiments were carried out between 25-37°C we observed mostly 
an unprocessed protein precursor accumulated in the insoluble fraction (data not shown). 
Thus, to increase protein solubility and processing the growth temperature was lowered to 
18°C. Clearly, this approach resulted in soluble and processed PA1893His (Figure 3A), yet the 
expression levels appeared to be moderate. Addition of different IPTG concentrations (0.1 – 1 
mM) did not influence PA1893His expression levels (data not shown), therefore final expression 
experiments were carried out without IPTG. Figure 3A (lanes 1 and 2) shows detection of the -
subunitHis from cell-free protein extracts of E. coli BL21(DE3) carrying the empty pCRT7/CT-
TOPO vector (lane 1) or the pCR-PA1893His vector (lane 2). As expected, the -subunitHis (65 
kDa) was detected only for the strain carrying the pCR-PA1893His vector.  

PA1893His purification and identification

Moderately overproduced, in E. coli BL21(DE3), PA1893His was purified in two-steps. Firstly, 
the cell-free protein extract with PA1893His was loaded on a Ni2+ charged HiTrap Chelating HP 
column, and PA1893His was eluted between 200-500 mM imidazole with some contaminating 
proteins. SDS-PAGE and CBB staining confirmed about 75-80% purity (data not shown). For 
that reason, afterward we executed gel filtration chromatography on a Superdex 200 HR 10/30 
column. Finally, the purified protein shows two distinct bands on SDS-PAGE gel, one of 
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approximately 65 kDa ( -subunitHis) and the second of approximately 22 kDa ( -subunit)
(Figure 3A, lane 4). The purity of purified PA1893His was estimated to be approximately 95% 
based on SDS-PAGE (Figure 3A, lane 4). No bands at the mobility of unprocessed polypeptide 
were seen on SDS-PAGE. Also, the -subunitHis of purified PA1893His was visualized by 
Western blotting and immunodetection of a His-tag (Figure 3A, lane 3). 

Figure 3. (A) Detection of the overproduced and purified PA1893His protein. The -subunit was visualized by 
SDS-PAGE, Western blotting and immunodetection using Ni-NTA HRP conjugate (Qiagen) (lanes 1, 2, and 3), 
whereas SDS-PAGE gel stained with CBB shows both, the - and -subunit of PA1893His (lane 4). Lanes 1 and 2 
contained cell-free protein extracts from E. coli BL21(DE3) carrying the empty pCRT7/CT-TOPO vector (lane 1) or 
the pCR-PA1893His vector (lane 2) grown at 18°C, for 40 h without IPTG. Lanes 3 and 4 show PA1893His purified 
by metal affinity chromatography and gel filtration from cells of E. coli BL21(DE3) pCR-PA1893His as described in 
materials and methods. (B) Schematic diagram of the PA1893 gene structure. The gene consists of four parts: a 
signal peptide, the -subunit, a spacer peptide, and the -subunit. The exact cleavage site between the spacer 
peptide and the -subunit was not determined. 

MALDI-TOF analysis of in-gel trypsin digested the - and -subunitHis protein bands 
confirmed the presence of expected peptides. Additionally, the MALDI-TOF analysis of the -
subunit gave an insight in its length. The most C-terminal identified trypsin generated peptide 
ended at the position Arg222, implying that the -subunit would have at least 193 aas (21.6 
kDa). Together with the mobility of the -subunit on SDS-PAGE gel, indicating a length of 
about 22 kDa, this suggests that the -subunit comprises at most a few amino acids more 
beyond Arg222. A spacer peptide of approximately 30 amino acids is not uncommon for 
amidases. However, the exact C-terminus could not be determined. The band corresponding 
to the -subunitHis was transferred to the PVDF membrane for analysis of the N-terminal 
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amino acid sequence. The resulting sequence was determined to be Ser-Asn-Asn-Trp-Val-Val 
(Figure 3B). The first residue of the -subunit, Ser254, is a conserved residue among -lactam
acylases and is important for enzyme autocatalytic processing and enzymatic activity.  

Enzymatic activity on -lactam compounds and AHLs 

To examine the enzymatic activity of purified PA1893His and cell-free protein extracts of E. coli
BL21(DE3) pCR-PA1893His and E. coli BL21(DE3) pCRT7/CT-TOPO (negative control) we 
carried out the fluorescamine assay on various -lactam compounds and AHLs. In a single 
experiment, each reaction was performed in triplicates. No enzymatic activity of PA1893His 
could be found on any of the tested substrates (Table 5). Along the reactions with PA1893His 
we also included in the assay the enzymes with already defined activity and substrates, as 
positive controls. As expected, the reactions with purified PGA towards Penicillin G and NIPAB, 
purified SY-77 glutaryl acylase towards glutaryl-7-ACA, and purified PvdQ towards C7HSL, 
C8HSL, C10HSL, 3-oxo-C10HSL, C12HSL, and 3-oxo-C12HSL resulted in hydrolysis (data not 
shown). It should be noted that C14HSL and cephalosporin C displayed poor solubility.

Table 5. Activity on AHLs and -lactam compounds by fluorescamine assay.  

Enzyme Substrate Activityb

PA1893Hisa C4HSL, C6HSL, 3-oxo-C6HSL, C7HSL, C8HSL, C10HSL, 3-oxo-
C10HSL, C12HSL, 3-oxo-C12HSL, C14HSL*, Penicillin G, NIPAB, 
Cephalexin, Cephalosporin C*, AD-7-ADCA, GL-7-ACA 

-

PGA NIPAB, Penicillin G +

PvdQ C7HSL, C8HSL, C10HSL, 3-oxo-C10HSL, C12HSL, 3-oxo-C12HSL +

SY-77 GL-7-ACA +
a Purified PA1893His or cell-free protein extracts of E. coli BL(DE3) pCR-PA1893His. 
b +, activity; -, no activity.  
* showed poor solubility.  

Growth and antibiotic tolerance of PAO1 PA1893 versus PAO1

To gain further insight into the possible function and activity of PA1893, the PA1893 mutant 
(PAO1 PA1893) was constructed. At first, we examined the effect of PA1893 knock-out on 
growth in LB, NY, and minimal FAB medium. The A600 was measured every 60 min. The wild 
type and the mutant strains grown in LB and NY medium grew at comparable rates and 
reached the final OD600 of 1.5, while the cultures grown in FAB minimal medium reached the 
final OD600 of 0.6 (data not shown). Apparently, the inactivation of PA1893 does not have 
profound effect on growth in rich (LB, NY) or minimal (FAB) media.  

The possible contribution of PA1893 gene to the tolerance of penicillin V, penicillin G, 
cephalosporin C, and cephalexin was investigated using the PAO1 PA1893 strain. The growth 
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of 15 h-grown cultures in the presence of different antibiotics at varied concentrations (0 - 500 
g/ml) was measured spectrophotometrically (A600). We observed that PAO1 and 

PAO1 PA1893 were able to grow in the presence of penicillin V, penicillin G, cephalexin, and 
cephalosporin C, at all tested concentrations (from 0 to 500 g/ml). The overall growth was 
somewhat impaired at the highest antibiotic concentrations (250 g/ml and 500 g/ml) and 
cells reached the final OD600 of 1.0 – 1.2, whereas the strains grown in the absence of any 
antibiotic reached the OD600 of 1.5 (data not shown). However, no difference was found 
between the parent PAO1 strain and the PAO1 PA1893 mutant strain, indicating that PA1893 
is not involved in utilization of penicillin G, penicillin V, cephalexin, and cephalosporin C. 
Noteworthy, the degradation products after deacylation of some -lactam antibiotics can be 
toxic to bacteria. Therefore, we anticipated that if PA1893 was involved in deacylation of -
lactam substrates, the parental PAO1 strain would be impaired in growth by the presence of 
toxic degradation products.  

Effect of PA1893 deletion and overexpression on AHLs and PQS production in P. 
aeruginosa strains

In order to determine whether the PA1893 inactivation or overexpression has effect on 
production of AHLs and PQS, we screened P. aeruginosa extracellular supernatants for AHLs 
and PQS production. Cell-free supernatant fractions, gained after centrifugation of PAO1, 
PAO1 PA1893, PAO1 pME6032-PA1893, and PAO1 PA1893 pME6032-1893 cultures at their 
mid-exponential phase (4 h), late exponential phase (8 h), and late stationary phase (20 h), 
were used in the assays. Importantly, the OD600 at harvest was alike for each strain at the 
particular time point. The production of AHLs and PQS was assessed by a bioassay with 
bacterial biosensors that phenotypically respond when exposed to exogenous AHLs or PQS. 
For detection of 3-oxo-C12HSL, C4HSL, and PQS, E. coli JM109 pSB1142, E. coli JM109 pSB536, 
and E. coli CTX-pqs strains were used, respectively. The microtiter plates were incubated at 
30°C for 4 h before bioluminescence was measured with the ChemiGeniusXE and the 
Packward LumiCount luminometer systems. 

For the samples incubated with a biosensor strain for detection of C4HSL (E. coli JM109 
pSB536), we have observed that the generated light intensity for the PAO1 PA1893
supernatant at examined time points was comparable to that of the PAO1 supernatant (Figure 
4A). Yet, bioluminescence quantification revealed that the PAO1 PA1893 strain accumulated 
more C4HCL than the parental strain, especially for 8 h samples (Figure 4B). Production of 3-
oxo-C12HSL and PQS examined at harvested time points (4 h, 8 h, and 20 h) was not affected 
by PA1893 inactivation, as the strength and quantification of bioluminescence were largely 
alike in comparison to the parental PAO1 strain (data not shown).  

The estimation of AHLs and PQS levels for the samples of the strains carrying the 
pME6032 vector or the pME6032-PA1893 expression vector appeared inconclusive as the 
tetracycline present in their supernatant had a bacteriostatic effect on biosensor strains 
resulting in overall reduced bioluminescence (data not shown). It made thus the estimation of 
C4HSL, 3-oxo-C12HSL, and PQS levels with the bioassay method troublesome.   
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Figure 4. C4HSL production by P. aeruginosa strains. The culture supernatants of the PAO1 and PAO1 PA1893
strains were sampled after 4 h, 8 h, and 20 h of growth at 30ºC and examined for C4HSL production using 
bacterial biosensor strains as described in experimental procedures. (A) Bioluminescence detection using the 
ChemiGenusXE Imaging system. (B) Bioluminescence quantification using the Packard LumiCount microplate 
reader. The results represent a single experiment, although the experiment was repeated two times with similar 
results.  

Addition of partly purified PA1893His to PAO1 and PAO1 PA1893 cultures decreases 
elastase production 

To investigate whether the PA1893 inactivation and the presence of PA1893His affects 
elastase expression, the PAO1 and PAO1 PA1893 strains were grown in the presence or 
absence of the partly purified PA1893His. Briefly, overnight cultures of PAO1 and 
PAO1 PA1893 were diluted 100x in fresh LB medium and grown with shaking at 37ºC till the 
OD600 0.5-0.6. Next, the partly purified PA1893His (one step purification on a Ni2+ charged 
HiTrap Chelating HP column; approx. 75-80% pure as judged on SDS-PAGE) was added to the 
cultures at concentration of 0.01 mg/ml. Aliquots taken after 6 h and 24 h of growth at 37ºC 
were assayed for elastolytic activity. Three independent experiments were performed and the 
results are normalized to the elastase of the parental strain without added protein (Figure 5). 
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Interestingly, for the 6 h samples, the PA1893 mutant (PAO1 PA1893) showed remarkably 
higher levels of elastase compared with the parent strain (PAO1). Furthermore, the levels of 
elastase for 6 h samples decreased after addition of PA1893His (Figure 5). No difference was 
observed after 24 h (Figure 5). In addition, the extracellular supernatants were examined for 
C4HSL and 3-oxo-C12HSL production using the bacterial biosensor strains. However, no 
significant differences in bioluminescence production were detected (data not shown). 
Importantly, we have observed that addition of PA1893His at the OD600 higher than 0.6 did not 
cause decrease in elastase production (data not shown).  

Figure 5. Influence of PA1893His addition on elastase production. Samples for analysis were taken after 6 h and 
24 h of growth. Elastase activity is shown as a percentage of that of the parent strain (PAO1). LB culture medium 
was used as a control. 

Discussion  

As early as the early 1960s, the penicillin acylases were known. With the course of time this 
class of enzymes attracted growing attention and interest to eventually earn a significant 
position in industry in production of semisynthetic antibiotics. Finding and isolating new 
members of the NTN-hydrolase family may help to understand their fundamental role in the 
living systems and ultimately may offer a whole set of new opportunities for industrial 
applications. We cloned and expressed the PA1893 gene encoding a putative acylase. The 
PA1893 precursor protein undergoes posttranslational modification to yield a heterodimeric 
enzyme consisting of the - and -subunits. The N-terminus of the -subunit was determined 
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to start with a conserved, for the NTN-hydrolases, serine (S) residue at the position 254 (Figure 
3B). From an alignment with other amidases, the deduced catalytic amino acid residues of 
PA1893 are Ser254, His276 (Chapter 2, Figure 4) and Asn507 with two conserved residues for 
autocatalytic processing, Gly253 and Ser254 (Chapter 2, Figure 4).

To facilitate detection and purification, PA1893 was equipped with a C-terminal 6xHis 
tag. As the addition of the affinity tag did not interfere with a protein processing, a purified 
PA1893His was screened, in the fluorescamine assay, for activity towards a range of -lactam 
compounds and AHLs. Yet, no activity was found. To assure that the assay conditions were 
optimal, we run each time positive controls that included one of known acylases and their 
designated substrates (enzymes and substrates are mentioned in materials and methods 
section). The absence of any measurable activity of PA1893His on any of the tested substrates 
may suggest that (i) PA1893 displays activity on other substrates, (ii) PA1893His is inactive, 
and/or (iii) conditions of enzymatic reactions weren’t optimal for PA1893His activity. The latter 
two possibilities cannot be ruled out, but are not very likely. PA18923His does maturate into 
two subunits and this process is considered to be autocatalytic, thus indicating that the protein 
is active. Concerning the possibility that the conditions are not optimal, the buffers and 
substrate concentration used are fairly standard for detection of enzymatic activity. We 
consider it more likely that we have not tested the real substrate(s) yet. The number of 
potential substrates for penicillin acylases is vast. Therefore, to have an insight on activity of an 
uncharacterized enzyme it’s reasonable to engage a high throughput screening against a range 
of available natural and synthetic substrates. The gained knowledge could indicate the 
biological role as well as the industrial potential of a candidate enzyme.  

Database searches with the PA1983 polypeptide protein revealed no high homology 
with known penicillin, cephalosporin or acyl-homoserine lactone acylases. The highest amino 
acid identity, of 29% (Chapter 2, Table 1), was found after the alignment with cephalosporin 
acylase (acyII), from Pseudomonas sp. SE83, that has activity on cephalosporin C19. In our 
assay, however, cephalosporin C was not hydrolyzed by PA1893His. No measurable activity on 
any of the tested substrates made it unfeasible to classify PA1893 in one of the subfamilies of 
the NTN-hydrolases. Unfortunately, also the phenylogenetic analysis of PA1893 and its 
homologs (Figure 1) does not reveal close relatedness to any of the known acylases.   

The physiological role of penicillin acylases remains largely unclear even though they 
have been proposed to be involved in the degradation of phenylacetylated compounds to 
generate a phenylacetic acid (PA) for a carbon and energy source3-5. It is known that expression 
of E. coli penicillin G acylase (PGA) is regulated by many factors such as temperature, oxygen, 
carbon source, and phenylacetic acid 4,42,43. Interestingly, in E. coli W expression of the pac
gene, encoding penicillin G acylase, was also shown to be regulated by the PaaX repressor of 
the phenylacetate catabolic pathway44,45. Notably, the cluster of 14 paa genes, responsible for 
PA degradation, is remotely located from the pac gene46. Remarkably, the other cluster of 
genes, for degradation of 3- and 4-hydroxiphenylacetate (3HPA/4HPA), hpa genes, is located 
adjacent the pac gene in E. coli W47. This knowledge shades some light on PGA involvement in 
the PA and HPA catabolism. However, more has to be learnt to fill this information gap and to 
understand the puzzling and complex catabolic systems. The remarkable localization of 
PA1893 within the PA1897-PA1891 cluster may suggest that proteins of this cluster are 
involved in energy source metabolism. The BLAST search with the putative proteins from the 
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cluster showed no homology to any determined proteins. Nevertheless, the presence of the 
conserved motifs for some of them (Table 2) can indicate their potential role. For example, 
PA1897, as it possesses a fatty acid hydroxylase motif, it may be responsible for performing a 
hydroxylation reaction. The fourth gene of the cluster, PA1895, thanks to its fatty acid 
desaturase motif, could be possibly involved, by creating a carbon-carbon double bond, in 
desaturation of organic compounds. Further, the 2-oxoglutarate (2OG) and Fe(II) oxygenase 
superfamily motif of PA1894 indicates an involvement in oxidation reactions. The next gene of 
the cluster with a distinct motif, a penicillin amidase motif, is PA1893. By expressing different 
catabolic pathways, microorganisms can utilize various aromatic compounds as sole carbon 
and energy sources. Generally, biodegradation (aerobic, anaerobic) of structurally diverse 
compounds is governed by many peripheral pathways to a few intermediates that are further 
directed via central pathways to the central metabolism of the cell. During classical aerobic 
catabolism, at first the enzymes of the peripheral pathways introduce, by hydroxylation, one or 
two hydroxyl groups to the aromatic ring of the aromatic compounds. Next, these 
intermediate compounds are the substrates of dioxygenases that facilitate the ring opening, 
and this promotes their transformation into Krebs cycle intermediates3,6,7. Although a vast 
number of diverse microorganisms is able of aerobic degradation of many naturally occurring 
or human-made compounds, in particular Pseudomonas species have been studied for this 
purpose extensively as they can degrade many different contaminants48. However, only few 
catabolic pathways involved in biodegradation are known6,7,49-52. Therefore, it’s plausible to 
believe that the PA1897-PA1891 cluster is involved in catabolism at some stage. Also, the 
presence of PA1890, encoding a putative glutathione S-transferase, in the neighborhood of the 
PA1897-PA1891 cluster, supports this possibility. As this enzyme group often contributes to 
the detoxification of xenobiotics by catalyzing the conjugation of reduced glutathione to 
electrophilic and somewhat lipophilic in nature centers of a wide variety of substrates53.
Certainly, further study is required to discover novel pathways and enzymes participating in 
these complex catabolic processes. Such discovery would increase the range of enzymes 
valuable in biotechnology.   

The transcriptome analysis of P. aeruginosa quorum-sensing regulons revealed that the 
PA1897-PA1891 genes are quorum-controlled (Table 4)22,23. In addition, the QscR (PA1898) 
transcriptional regulator, involved in a quorum sensing circuit, was shown to activate, in 
concert with 3-oxo-C12HSL, the expression of PA189724,40. Noteworthy, the qscR null mutant is 
hypervirulent and has lower PA1897 transcript levels in comparison to the wild type strain, the 
same is true for the PA1895, and PA1894 transcript levels24. The presence of the putative 
lasR/rhlR binding sites upstream PA1895, PA1894, and PA1893 (Table 4) suggests that these 
genes may be transcribed from separate promoters, and may be regulated by the binding of 
the transcriptional regulator(s) such as LasR, RhlR, and/or QscR. Studies on biofilms formation 
demonstrated elevated levels of PA189325 and PA1897-PA189254 during biofilms development. 
Moreover, our observation, of increased elastase production during the mid-logarithmic phase 
for the PAO1 PA1893 strain (Figure 4), seems to link PA1893 with quorum sensing. Also, 
interestingly the presence of PA1893His resulted in decreased elastase production at the mid-
logarithmic phase for both the PAO1 and PAO1 PA1893 strains, but not at the late stationary 
phase (Figure 5). In this context, it should be pointed out that the pva gene expression, 
encoding penicillin V amidase, is regulated by quorum sensing in Vibrio cholerae. At low cell 
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densities, when AphA (virulence gene transcription factor) levels are high, the expression of 
pva is repressed by AphA binding. This changes  at higher cell density, when aphA is repressed 
by HapR and pva expression increases55. HapR is a quorum sensing regulator that represses the 
virulence cascade in V. cholerae by binding to the aphA promoter, ultimately preventing 
activation of the tcpPH promoter on the Vibrio pathogenicity island56. This represents a new 
mechanism by which the expression of penicillin acylase can be regulated.    

P. aeruginosa shows low antibiotic susceptibility which can be explained mostly by the 
action of multidrug efflux pumps, acquired via plasmid transfer or chromosomally-encoded, 
with antibiotic resistance genes57-59. These genes may encode enzymes, called -lactamases 
(EC 3.5.2.6), that by breaking open the -lactam ring of the antibiotic, are responsible for 
bacterial resistance to common -lactam antibiotics such as penicillins, cephalosporins, 
cephamycins, and carbapenems. P. aeruginosa possesses the ampC gene for the chromosomal 

-lactamase60 and extended-spectrum plasmid-mediated enzymes (ESBLs) active against 
penicillins and cephalosporins61. Yet, we were eager to examine whether PA1893 could 
possibly be also involved in antibiotic resistance. Therefore, we carried out the enzymatic 
reactions with purified PA1893His on -lactam antibiotics (Table 5) and we examined the 
tolerance growth of the PA1893 mutant strain (PAO1 PA1893) and the PAO1 parental strain 
on penicillin G, penicillin V, cephalexin, and cephalosporin C. We haven’t observed any 
enzymatic activity of PA1893His or growth impairment of PAO1 and PAO1 PA1893, which 
suggests that PA1893 is not involved, or at least not essential, in the metabolism of the tested 

-lactam antibiotics. In this context, it is worth mentioning that deacylation of penicillin G in E.
coli leads to the production of 6-APA which is more toxic to E. coli than penicillin G itself.  

In conclusion, we have cloned and analyzed a putative acylase, PA1893, from P.
aeruginosa. We have successfully produced and purified the protein, and showed that it 
undergoes posttranslational maturation. The boundaries of the subunits were investigated and 
the N-terminus of the -subunit determined. Our results indicate that PA1893 expression is 
related to quorum sensing. However, further studies are needed to gain more insight and to 
unravel the mysterious role and potential of PA1893.   
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