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Introduction and scope of the thesis 

Organization of life

The tree of life is made up of three distinct domains: eukaryotes, bacteria, and archaea1,2. The 
eukaryotes represent organisms whose cells are organized into complex structures enclosed 
within membranes. The defining membrane-bound structure that distinguishes them from 
other forms of life is the nucleus containing most of the cell’s genetic material. Eukaryotes 
include animals, plants, fungi and a rich variety of microorganisms known as protists. On the 
contrary, archaea and bacteria are prokaryotes and have no cell nucleus or any other 
organelles within their cells. Archaea are an ancient form of life generally quite similar in size 
and shape to bacteria. They can be differentiated from bacteria based on the sequences of 
ribosomal RNA (rRNA) genes3. The bacteria can be classified as Gram-positive or Gram-
negative bacteria based on differences in their cell wall. Gram-positive bacteria possess a thick 
cell wall containing many layers of peptidoglycan and teichoic acid. In contrast, Gram-negative 
bacteria have a relatively thin cell wall consisting of a few layers of peptidoglycan surrounded 
by a second lipid membrane containing lipopolysaccharides and lipoproteins. 

General characteristics of Pseudomonads  

Pseudomonad means literally 'false unit', deriving from the Greek pseudo ('false') and monas ('a 
single unit'). The term "monad" was used in the early history of microbiology to denote single-
celled organisms. Because of their widespread occurrence in nature, the pseudomonads were 
observed early in the history of microbiology. The family of pseudomonads belongs to the 
order of gamma proteobacteria and includes a Pseudomonas genus. Noteworthy, the term 
'Pseudomonad' includes also members of the genera Burkholderia and Ralstonia. The bacterial 
genus Pseudomonas includes variety of Gram-negative, rod-shaped, and polar-flagella species 
some of which may be animal or plant pathogens, as well as biocontrol, bioremediation, and 
spoilage agents. A well-studied opportunistic human pathogen, Pseudomonas aeruginosa 
(Figure 1), most commonly affects immunocompromised patients, such as those with cystic 
fibrosis or AIDS4,5. Rarely even non-pathogenic species of Pseudomonas can become a problem 
in clinical settings, due to their hemolytic activity6. There are numerous Pseudomonas species 
that can act as plant pathogens, such as the members of the Pseudomonas syringae subgroup, 
with P. syringae the most widespread and best studied7. Certain members of the Pseudomonas
genus have been applied as biocontrol agents to prevent the growth or establishment of crop 
pathogens. The biocontrol properties of Pseudomonas fluorescens strains (CHA0 or Pf-5 for 
example) were applied in protecting the roots of some plant species against parasitic fungi 
such as Fusarium or Pythium, as well as some phytophagous nematodes8,9. Other Pseudomonas
species with biocontrol properties include phenazine-producing Pseudomonas chlororaphis
effective against certain fungal plant pathogens10, and the closely related Pseudomonas
aurantiaca producing di-2,4-diacetylfluoroglucylmethan, a compound active against Gram-
positive bacteria11. Interestingly, some members of the Pseudomonas genus are able to 
metabolize chemical pollutants in the environment and as a result can be used for 
bioremediation. For example, Pseudomonas alcaligenes can degrade polycyclic aromatic 
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hydrocarbons12, Pseudomonas mendocina and Pseudomonas putida utilize toluene13,14, and P.
alcaligenes is also able to use cyanide as a nitrogen source15. Furthermore, many Pseudomonas
can cause food spoilage, such as spoilage of milk and dairy products by Pseudomonas fragi or 
Pseudomonas lundensis16,17.

Figure 1. Electron microscopy micrograph (SEM) of 
Pseudomonas aeruginosa (Photo credit: #232, Janice 
Haney Carr, CDC). 

P. alcaligenes is mostly used as a soil inoculant for bioremediation purposes and it is 
rarely human pathogenic18. In addition, P. alcaligenes presented its industrial potential after it 
was found to secrete an alkaline lipase with excellent properties facilitating the removal of 
fatty stains under modern washing conditions19. It led to further investigation of this strain for 
lipase expression, resulting eventually in industrial lipase production by Genecor International 
(former Gist-brocades) in 1996. The isolation and identification of a microorganism that can 
naturally secrete a product of potential industrial production is one of the vital steps in the 
process of fermentation biotechnology. Some Gram-negative species have the potential and 
capacity to produce and secrete significant amounts of commercially relevant enzymes, such 
as lipases, esterases, cellulases, and phospholipases. Therefore, the use of microbial enzymes 
as biocatalysts is rapidly engaging the academic and industrial interest. Yet, the successful 
enzyme production on industrial scale needs a solid fundamental knowledge about the protein 
to be produced and the expression host. In desire for better understanding, the European 
Community funded projects, such as “Pseudomonads as enzyme factories 1996-2000” and 
“Nanofoldex 2003-2006”, are often carried out. The main goal of these two initiatives was to 
design a Gram-negative secretion host, Pseudomonas, with its periplasm engineered into a 
compartment optimized for the assembly and folding of biocatalysts such as lipases and 
penicillin acylases. P. aeruginosa was used as the model strain thanks to the wealth knowledge 
available on its biochemistry and molecular genetics including the genome sequence. 
Subsequently, the gained knowledge could be transferred to the related industrial strain, P.
alcaligenes.

P. aeruginosa is known for its environmental versatility and excellent adaptability to 
many ecological niches as it grows in soil, marshes and coastal marine habitats, as well as on 
plant and animal tissues. Immunocompromised individuals with cystic fibrosis, AIDS, burn 
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victims, or individuals with cancer are particularly at risk of disease resulting from P. aeruginosa
infection. P. aeruginosa can produce a number of toxic proteins which may cause extensive 
tissue damage and may interfere with the human immune system's defense mechanisms. 
These proteins can enter and kill host cells at or near the site of colonization or they can 
permanently disrupt the cell membranes and connective tissues in various organs. This 
bacterium is also famous for its resistance to many antibiotics. P. aeruginosa is widely studied 
by scientists who are interested in not only its ability to cause disease and resist antibiotics, but 
also its metabolic capability and environmental versatility. The complete sequence availability 
of the large P. aeruginosa PAO1 genome in recent years20 led to new discoveries about this 
bacterium. The 6.3-Mbp genome contains 5570 predicted genes on one chromosome. Analysis 
of the genome sequence has identified genes involved in locomotion, attachment, transport 
and utilization of nutrients, antibiotic efflux, and systems involved in sensing and responding 
to environmental changes. P. aeruginosa secretes a variety of pigments, including pyocyanin 
(blue-green), fluorescein (yellow-green), pyoverdin (yellow-green), and pyorubin (red-brown).

Figure 2. Cell-cell signaling system in Gram-negative bacteria. With increasing cell-density the intracellular 
concentration of signal molecules reaches a threshold level. At that stage signal molecules bind to the 
transcriptional activator and regulate the expression of target genes. The luxI gene encodes an autoinducer 
synthase and the luxR gene encodes a transcriptional activator protein. The autoinducer synthase is responsible 
for the synthesis of an autoinducer molecule, signal molecule.  

Quorum Sensing

Bacterial quorum sensing coordinates certain behaviors based on the local density of the 
bacterial population. This cell-cell communication system, based on producing, releasing, 
detecting, and responding to signal molecules, allows bacteria to establish social interactions 
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and inhabit various ecological niches. It can occur within a single bacterial species as well as 
between diverse species, and it can regulate a range of different processes, essentially serving 
as a simple communication network. A variety of different molecules can be used as signals. In 
Gram-negative bacteria, the diffusible signal molecules are typically acylated homoserine 
lactones (AHLs). Gram-positive bacteria utilize small posttranslationally modified peptides as 
the signaling molecules. Moreover, two essential protein types are involved in quorum sensing 
in Gram-negative bacteria: first, a LuxR-type protein that is a transcriptional regulator and 
second, a LuxI-type protein being the autoinducer synthase (Figure 2). Both type proteins are 
homologous to the Vibrio fischeri LuxR/LuxI system21-23. Generally, at low cell density, AHLs are 
synthesized at a basal level followed by constitutive synthesis and accumulation during the 
bacterial growth. When the AHL concentration reaches a threshold, commonly at high 
bacterial densities, signal molecules interact with a specific transcriptional factor, a LuxR-type  

Figure 3. Schematic presentation of quorum sensing circuit in P. aeruginosa.

protein. In turn, the activated transcriptional regulator binds to the regulatory DNA fragment 
(called a lux-box) leading to transcription activation of certain genes, including those for 
inducer synthesis, for virulence factors activation, or genes essential in adaptation to certain 
environmental niches (Figure 2). The critical threshold concentration of the signaling molecule 
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required for activation is not strictly dependent on high cell densities and depends on the 
prevailing growth environment. This coordinated behavior of bacterial cells can be useful in a 
variety of situations. For instance, the LuxR/LuxI bioluminescence system, in the marine 
bacterium V. fischeri that lives in the photophore (light-producing organ) of the Hawaiian 
bobtail squid, induces at high cell densities, luciferase transcription leading to 
bioluminescence24. In P. aeruginosa, LasI/R and RhlI/R systems control biofilm formation and 
virulence factors production25,26.

One of the most studied quorum sensing bacteria is P. aeruginosa. It utilizes two AHL 
QS systems, the las and rhl systems; in the las system, lasI directs the synthesis of 3-oxo-
C12HSL, which interacts with LasR and activates target promoters27. In the rhl system, the rhlI
gene product directs the synthesis of C4HSL, which interacts with the cognate transcriptional 
regulator RhlR activating the target gene promoters28. These two systems are intimately 
connected by forming a regulatory cascade in which LasR/3-oxo-C12HSL activates the 
expression of rhlR and rhlI29. Notably, each system regulates a regulon that includes an 
overlapping set of genes, regulating the production of multiple virulence factors including 
elastase, exotoxin A, alkaline protease, pyocyanin, rhamnolipids, lectins and biofilms 
formation30. In addition, these two quorum sensing systems are linked through the regulatory 
action of RsaL, VqsR, and QscR proteins and another signaling molecule PQS31-34. Figure 3 
schematically deciphers the quorum sensing circuit in P. aeruginosa.

Figure 4. Bacterial two-component signal transduction system. A simple two-component signal transduction 
system consists of a sensor kinase (histidine kinase) and a response regulator. Activation of the autokinase 
domain by signal sensing via the input domain results in phosphorylation of a specific histidine (H) residue in the 
phosphotransfer subdomain of sensor kinase. The phosphoryl group is then transferred to an aspartate (D) 
residue in the receiver domain of the cognate response regulator protein. The latter step leads to activation of the 
linked output domain and subsequent transcriptional regulation of target genes (TG).  

Environmental regulation via two-component systems 

Most of the bacteria live in unstable environments and their successful survival requires 
adaptive responses to constantly changing conditions. Bacteria use two-component signal 
transduction pathways to sense the external environment and to coordinate cellular events 
according to changing environment. The two-component signaling system comprises a 
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histidine kinase (HK) protein and its partner, a response regulator (RR) protein. The histidine 
protein kinase, which is regulated by environmental stimuli, autophosphorylates at a histidine 
residue, creating a high-energy phosphoryl group that is subsequently transferred to an 
aspartate residue in the response regulator protein (Figure 4). Phosphorylation activates the 
response regulator by inducing a conformational change in the regulatory domain which 
transmits the signal to its target. Most of the known phosphorylated response regulators act as 
transcriptional regulators by stimulation or repression of the transcription of specific genes. 
Histidine kinases are mostly membrane anchored proteins, whereas the response regulators 
are cytoplasmic proteins.

For example, the NtrCB system involved in the regulation of the metabolism of 
nitrogen and the PhoRB system controlling the genes for phosphorous acquisition were among 
the first two-component systems recognized in bacteria35-37. Based on the sequence similarities 
and experimental data, more than 30 two-component systems were identified in E. coli. 
However, the role of many of them remains undefined. Furthermore, screening the P.
aeruginosa genome has led to the identification of the highest number of putative genes 
encoding two-component regulatory systems (55 sensor kinases and 89 response regulators) 
of all bacterial genomes sequenced38, with only a small section well-characterized. Such a high 
number of these systems suggests that P. aeruginosa possesses complex control strategies 
allowing responding to environmental challenges. The GacS/GacA of P. aeruginosa is a global 
regulatory two-component system positively regulating lasR and rhlR gene expression and 
regulating several secondary metabolites essential in virulence39. The environmental signal 
stimulating the histidine sensor kinase GacS is still unknown; also the direct regulation of the 
lasR and rhlR promoters by GacA has not been demonstrated. Recently, another response 
regulator, PprB, has been shown to positively regulate the production of extracellular 
protease, pyocyanin, elastase, and hameolytic activity in P. aeruginosa40. Notably, PprB 
positively regulates the transcription of lasI, rhlI, rhlR, and rsaL to the extent that, in the pprB
knock-out strain, C4HSL and 3-oxo-C12HSL were almost non-detectable41.

The bacterial responses to the environmental changes by signal transduction and gene 
regulation, apart from the action of the two-component systems, include also the activity of 
the RNA polymerase holoenzyme (sigma factors), accessory transcriptional regulators, 
posttranslational regulators, small regulatory RNAs, and small signal molecules42-44. In P.
aeruginosa, as in most bacterial species, the expression of genes is tightly controlled by the so-
called sigma ( ) factors, such as rpoD ( 70), RpoH ( 32), RpoF (FliA or 28), RpoS ( S or 38), 
RpoN (NtrA, 54 or N), AlgU (RpoE or 22), PvdS, and SigX45. Specifically, RpoS was shown to 
be involved in the regulation of the extracellular alignate, pyocyanin, exotoxin A, and in stress 
resistance during exposure to heat, low pH, high osmolarity, ethanol, and hydrogen 
peroxidase46. Also, the alternative sigma factor, RpoN, regulates several metabolic functions 
and is involved in the regulation of virulence in P. aeruginosa47,48. Other regulatory factors 
include posttranscriptional regulatory proteins, such as RsmA in P. aeruginosa. RsmA acts in 
tandem with two small non-coding regulatory RNA molecules, RsmZ and RsmY, to regulate 
the synthesis of several virulence factors49,50.

The versatility in sensing and responding to diverse intracellular and extracellular 
signals by integrating signal transduction pathways, such as two-component systems, presents 
simply the complexity of the bacterial regulatory network.  
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Protein export in Pseudomonas aeruginosa - the type II secretion system 

Gram-negative bacteria own sophisticated systems to export proteins across their cytoplasmic 
and outer membranes.  Few export systems has been distinguished among which, the type I, 
III, and IV systems secrete proteins into the extracellular medium across both membranes51-53.
The type I, also called ATP-binding cassette (ABC) protein exporters, in Gram-negative 
bacteria, secrets toxins, proteases, and lipases54,55. The apparatus consists of three proteins: an 
ATP-binding protein, a membrane fusion protein (MFP), and an integral protein (OMP). The 
type III secretion pathway is unique in the way that the exoproteins can be directly 
translocated into the cytosol of target eukaryotic cells56,57. Secretion of Yersinia extracellular 
proteins (Yops) by Yersinia spp. represents the prototypical type III export pathway consisting 
of 22 proteins. The type IV secretion pathway is homologous to the IncP and IncN bacterial 
conjugation systems and the VirB system of Agrobacterium tumefaciens that facilitates 
translocation of oncogenic T-DNA into plant cells58,59.

In P. aeruginosa, toxins and hydrolytic enzymes, such as elastase, lipase, 
phospholipases or exotoxin A are secreted by the type II secretory pathway via a two-step 
process (Figure 5). These type II-dependent proteins carry an N-terminal signal peptide that is 
cleaved off during translocation across the cytoplasmic membrane. The translocation takes 
place via the Sec pathway60 or alternatively via the Tat pathway (Figure 5)61. Subsequently, in 
the periplasm the mature proteins are recognized by the Xcp machinery of the main terminal 
branch (MTB)62-64. This widely conserved system in Gram-negative bacteria, in P. aeruginosa
consists of 12 components named XcpA and XcpR-Z65. Most of the Xcp proteins are localized in 
the cell envelope66. The XcpA peptidase was shown to be identical to PilD and to be located in 
a cluster of pil genes involved in the biogenesis of type IV pili67. The XcpA peptidase is an 
integral IM protein and is involved in the maturation of pseudopilins XcpT-X68-70. The 
cytoplasmic ATPase, XcpR, has been shown to associate with the inner membrane via the N-
terminal domain of the bitopic inner-membrane component XcpY71. The XcpR and the 
multispanning inner-membrane component XcpS show considerable sequence similarity to 
PilB and PilC, respectively, which are required for the formation of type IV pili72. This suggests
that XcpR and XcpS may play key roles in the assembly of the pilus-like structure formed by the 
pseudopilins. The XcpQ is the integral outer membrane protein that forms a multimeric ring-
shaped structure, composed of 12-15 monomers, to mediate the export of macromolecules, 
such as pili or bacteriophages, to the outer surface73,74. Also, in P. alcaligenes the xcp genes of 
the type II pathway have been identified and shown to be clustered in two divergently 
transcribed operons similar to that in P. aeruginosa75. Interestingly, P. aeruginosa was found to 
possess the hxc gene cluster, homologous to the xcp genes, which serves as a second 
functional type II secretory pathway present only under phosphate-limiting conditions76,77.
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Figure 5. Schematic model of protein secretion via the type II pathway in P. aeruginosa. Exotoxin A (ETA), with a 
Sec-dependent signal peptide (SP), or the phospholipases C (Plc’s), having a twin-arginine (RR) signal peptide, are 
exported across the inner membrane via the Sec and the Tat pathway, respectively. In the periplasm, after 
cleavage of the signal peptides, they are recognized and transported by the Xcp system into the external medium. 
C - cytoplasm; IM - inner membrane; P - periplasm; OM - outer membrane. Different colors in the Sec and Tat 
translocons correspond to different subunits (adapted from Voulhoux et al. 2001). 

As already mentioned, the Sec and Tat systems transport proteins across the inner 
membrane. The Sec pathway is considered to be a universal transport system as it translocates 
the vast majority of the proteins in all living organisms78,79. In bacteria, the system comprises of 
several ubiquitous proteins (SecY, SecE, SecG, YidC, FtsY, Ffh) and several additional proteins 
present only in selected organisms (SecA, SecB, SecD, SecF, YajC)80. SecB is an ATP-
independent chaperone that presents the unfolded preprotein to SecA. SecA directs the export 
of the precursor protein through the SecYEG channel called translocase. Insertion of Sec-
dependent proteins into the membrane is promoted by FtsY, Ffh, and YidC that act in unison 
with the SecYEG complex81-83. Proteins targeted to the Sec system carry signal sequences that 
are characterized by a short, positively charged N-terminal region followed by a hydrophobic 
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core (10 to 15 residues) and a more polar C-terminus containing the signal-peptidase cleavage 
site84. Passage of the precursor over the inner membrane is followed by cleavage of the signal 
sequence by the signal peptidases SPase I (LepB) or SPase II (LspA) at the periplasmic side of 
the inner membrane85. P. aeruginosa possesses the ubiquitous Sec machinery components and 
also SecA, SecB, SecD, SecF, and YajC86. The Tat pathway exports across the inner membrane 
folded proteins with a double-arginine (RR) motif in their signal peptide87,88 and operates in 
parallel to the Sec system. Most of the Tat exported proteins contain redox factors and are 
involved in the adaptation of bacteria to anaerobic or high osmolarity growth conditions89. In 
E. coli, the Tat system comprises the TatA, B, C, and E proteins90 and only TatB and TatC are 
essential for system function91,92. In P. aeruginosa, only TatA, B, and C are present93,94. Two 
extracellular phospholipases from P. aeruginosa, the substrates of the type II system, were
shown to be translocated across the inner membrane in the Tat-dependent manner95. Thus, 
both the Sec and Tat systems can feed the Xcp machinery (Figure 5).

For the protein export exclusively through the outer membrane, Gram-negative 
bacteria employ apart from the main terminal branch (MTB) family (the Xcp and Hcp pathways 
in P. aeruginosa), also the fimbrial usher protein (FUP) family, the autotransporter (AT) family, 
and the two-partner secretion (TPS) family96-98. Noteworthy, in P. aeruginosa all of these 
export pathways can be found. 

Bacterial lipases  

Lipases (EC 3.1.1.3) represent a versatile group of biocatalysts capable of hydrolysis and 
synthesis of esters formed from glycerol and long-chain fatty acids. Lipases carry out reactions 
in aqueous and non-aqueous environment and display high stability in organic solvents. A 
unique property of lipases called interfacial activation, leads to increase in lipase activity when 
the substrate starts to form an emulsion99. These industrially attractive properties of lipases 
led to commercial production of many fungal and bacterial lipases in a variety of 
biotechnological applications100. There are eight different families of lipases. Family I 
comprises the “true” lipases, such as Pseudomonas, Bacillus, and Staphylococcus lipases. The 
lipases of family II, from P. aeruginosa, Streptomyces scabies, Salmonella typhimurium, and 
Aeromonas hydrophila, possess a Gly-Asp-Ser-Leu motif instead of a classical pentapeptide 
Gly-Xaa-Ser-Xaa-Gly motif. Streptomyces and Moraxella species produce the lipases that 
belong to the family III. Family IV includes lipases with a high sequence similarity to the 
mammalian hormone-sensitive lipase. Furthermore, family V groups the enzymes from 
mesophilic bacteria and from cold- and heat-adapted organisms. The smallest esterases (23-26 
kDa) known are grouped in family VI, while the large bacterial esterases in family VII.  

Industrially potent lipases were found in Pseudomonas, Thermomyces, and 
Staphylococcus species101-104. The important applications for lipases include detergents, food 
industry, paper industry, and synthesis of fine chemicals. For example, two detergent 
additives, LumafastTM and LipomaxTM, with lipases from P. mendocina and P. alcaligenes,
respectively, were manufactured by Genecor International in 1995 and 1996. Microbial lipases 
are also used to enrich polyunsaturated fatty acids (PUFAs) from animal and plant lipids, such 
as tuna or borage oil. Subsequently, free PUFAs and their mono- and diglycerides are used in 
production of diverse therapeutics such as anti-inflammatories and thrombolytics105. The pulp 
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and paper industry also utilizes lipases in removing the pitch (combination of triglycerides and 
waxes) from pulp106. Moreover, growing attention is drawn towards lipases as they can 
catalyze a wide variety of chemo-, region-, and stereo-selective transformations. Lipases from 
P. aeruginosa, Pseudomonas cepacia, P. fluorescens, Bacillus subtilis, Alcaligenes sp., Serratia
marcescens, and other microbes have been successfully engaged in synthesis of many chemical 
compounds107-110. In particular, lipases produced by Pseudomonas species are well-suited in 
household detergents, synthesis of fine chemicals, and processing of food and fats. 

Production of lipases by microorganisms has been mostly studied from the industrial 
point of view. Therefore, reasonable effort has been made to find the stimulating lipase 
production growth conditions and media111,112. It was shown that certain lipids113,
polysaccharides, or detergents114 can stimulate lipase production. However, the molecular 
mechanisms governing the regulation of lipase expression are barely known. Lipases are 
extracellular enzymes and must therefore be exported across the bacterial membrane to arrive 
at their final destination. Generally, Pseudomonas lipases (subfamily I.1 and I.2) are secreted via 
the type II pathway and are encoded in the bicistronic operon with their cognate 
intramolecular chaperone, named Lif (lipase specific foldase)115-117. The chaperon foldase is 
essential for achieving a secretion-competent conformation of lipase118. The best 
characterized foldases (Lif), from B. cepacia, Burkholderia glumae and P. aeruginosa, are 
periplasmic proteins anchored to the cytoplasmic membrane by the hydrophobic N-terminal 
domain119. It has been demonstrated that the expression of P. aeruginosa lipase in E. coli was
dependent on the co-expression of the lipase cognate lif foldase gene120. Also, periplasmic 
lipase folding is governed by non-specific chaperons, such as disulfide oxidoreductases 
required for disulfide bonds formation121. In P. aeruginosa, the cytoplasmic lipase is transported 
across the inner membrane via the Sec machinery. In the periplasm, the specific intermolecular 
chaperone Lif and unspecific accessory folding catalysts, such as Dsb-proteins, assist folding of 
lipase into an enzymatically active conformation. Enzymatically active and secretion-
competent lipase is finally transported into the extracellular medium via the Xcp machinery. 
Moreover, the lipase operon lipAB from P. alcaligenes was shown to possess the -24/-12-type 
promoter, dependent on the alternative sigma factor RpoN122. RpoN helps initiating the 
transcription of genes encoding proteins for very diverse functions in a broad range of 
bacteria123,124. Yet, the processes controlled by RpoN are not essential for cell survival. 
Typically, the genes regulated in the RpoN-dependent manner possess an upstream activating 
sequence (UAS), situated 100 base-pairs or more upstream of the transcription initiation site, 
which is recognized by an enhancer-binding protein (EBP)125-127. These unique prokaryotic 
proteins (EBP) mediate open promoter complex formation in a reaction dependent on ATP 
hydrolysis128 and are controlled by their own signal transduction pathway, thereby responding 
to different conditions. The best characterized proteins of this family of regulators are NtrC 
and NifA, which activate genes required for ammonia assimilation and nitrogen fixation, 
respectively129,130. The presence of the unique -24/-12 promoter upstream the P. alcaligenes
lipase gene stimulated further research and led to identification of a two-component system 
involved in lipase expression regulation (described in this thesis).  
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-lactam acylases and AHL acylases

The -lactam acylases and AHL acylases belong to the N-terminal nucleophile (NTN) hydrolase 
family. They are activated autocatalytically and contain an N-terminally located catalytic 
nucleophile at the -subunit, they act on carbon-nitrogen (amide) bonds but they differ in their 
substrate specificities. Their biotechnological potential has been widely used in chemical and 
pharmaceutical industries as well as in bioremediation. 

The -lactam acylases, commonly known as penicillin acylases (EC 3.5.1.11), are 
produced by a variety of microorganisms, such as bacteria, yeast, and fungi. They are widely 
used in industry as they can participate in a variety of reactions such as the hydrolysis of -
lactams into the intermediates (6-APA, 7-ACA, and 7-ADCA) for production of semi-synthetic 
penicillins and cephalosporins. Commonly, -lactam acylases can be classified based on their 
substrate specificities towards -lactam antibiotics131. They fall into the classes of penicillin 
acylases (substrates with aromatic side chains) and cephalosporin acylases (substrates with 
aliphatic side chains). Although the physiological function of penicillin acylases is unclear, it has 
been proposed that they serve as nutrient scavengers of phenylacetylated compounds to 
generate phenylacetic acid (PA) used as a carbon source131-134. Their substrates may include 
diverse esters and amides of PA but also esters and amides of other aromatic and aliphatic 
acids. These natural esters and amides, after their hydrolysis, may be mineralized by central 
catabolic pathways135.

Relatively recently, the interest and attention was drawn towards acylases that are 
capable of hydrolyzing the amide bond of the bacterial AHL signal molecules136-139. These 
enzymes, called AHL acylases, by breaking down the signal molecules may interfere with 
quorum sensing, therefore may also serve as targets for anti-bacterial therapies140. The 
quorum quenching acylases are discussed in more detail in chapter 2 of the thesis. 

Scope of the thesis 

The research described in this thesis was primarily focused on (i) the investigation of the 
molecular mechanism governing the lipase expression in P. alcaligenes, (ii) the search for the 
Pseudomonas secretion system for -lactam acylases, and (iii) the characterization of a 
putative acylase from P. aeruginosa. Chapter 2 provides an overview about the quorum 
quenching acylases from P. aeruginosa. Specifically, this chapter provides comprehensive 
introduction about acylases, such as the quorum sensing interfering acylases (PvdQ, QuiP), 
with their puzzling biological functions and a potential role in developing novel therapies to 
fight bacterial infections. Chapter 3 reveals the existence of a two-component system, LipQ-
LipR, involved in the regulation of the lipase gene expression in P. alcaligenes. Also, it 
demonstrates that lipase expression in P. alcaligenes can be stimulated by the addition of 
certain medium components, such as soybean oil. In chapter 4, additional results show the 
involvement of LipR and RpoN in lipase expression in P. alcaligenes. The direct binding of LipR 
to the lipase promoter is established by gel shift and surface plasmon resonance experiments. 
In chapter 5, an approach for secretion of E. coli penicillin G acylase (PGA) by P. aeruginosa has 
been investigated. The fusion proteins, comprising a Sec- or Tat-specific signal peptide, an 
elastase propeptide, and a mature penicillin G acylase, produced active, however not secreted 
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into the extracellular medium PGA. Our results suggested that PGA processing can, apart from 
the periplasm, also occur in the cytoplasm of P. aeruginosa. Chapter 6 describes cloning, 
expression, and characterization of a putative penicillin acylase, PA1893, from P. aeruginosa.
Our findings support the hypothesis that PA1893 belongs to the quorum sensing-related 
regulon. Finally, chapter 7 integrates the results of the studies described in the thesis and 
presents future perspectives.  
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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.
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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 
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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



CHAPTER 2

36

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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Lipase expression in Pseudomonas alcaligenes is under the control of a two-component 
regulatory system 

Preliminary observations in a large-scale fermentation process suggested that the lipase 
expression of Pseudomonas alcaligenes can be switched on by the addition of certain 
medium components such as soybean oil. In an attempt to elucidate the mechanism of 
induction of lipase expression, we have set up a search method for genes controlling lipase 
expression by use of a cosmid library containing fragments of P. alcaligenes genomic DNA. 
A screen for lipase hyperproduction resulted in the selection of multiple transformants, of 
which the best-producing strains comprised cosmids that shared an overlapping genomic 
fragment. Within this fragment, two previously unidentified genes were found and named 
lipQ and lipR. Their encoded proteins belong to the NtrBC family of regulators that 
regulate gene expression via binding to a specific upstream activator sequence (UAS). 
Such an NtrC-like UAS was identified in a previous study in the P. alcaligenes lipase 
promoter, strongly suggesting that LipR acts as a positive regulator of lipase expression. 
The regulating role could be confirmed by a down-regulated lipase expression in a strain 
with an inactivated lipR gene and a threefold increase in lipase yield in a large-scale 
fermentation when expressing the lipQR operon from the multicopy plasmid pLAFR3. 
Finally, cell-free protein extracts of a LipR-overexpressing strain caused a retardation of 
the lipase promoter fragment in a band shift assay. Our results indicate that lipase 
expression in P. alcaligenes is under the control of the LipQR two-component system.

Introduction

Lipases (triacylglycerol acylhydrolase EC 3.1.1.3) are produced by a wide variety of living 
organisms. Most microbial lipases are secreted into the extracellular medium, which make 
them easily recoverable for use in industrial applications. Of particular interest are lipases 
made by Pseudomonas species that have properties compatible with use in household 
detergents1, synthesis of pharmaceuticals or agrochemicals2,3, and processing of fats4,5.

The production of lipases by fermentation, however, is complicated and poorly 
understood. Some processes have been developed empirically, but the control of lipase 
synthesis and the reproducibility of the processes are unsatisfactory. Furthermore, the 
induction of lipase expression by various inducer molecules is not understood. Lipase 
expression in fungi, like Penicillium simplicissimu6, Geotrichum candidum7, Aspergillus
japonicus8, Beauveria bassiana GK 21169, and Oospora fragrans10, can be induced with oils and 
fatty acids. In other species, such as Sulfolobus shibatae11 and Malassezia furfur12, lipase 
expression can be stimulated by various types of detergents, such as Tween (poly-
oxyethylene-sorbitan). For some Pseudomonas species13, fatty acid alcohols are mentioned as 
the inductive component. For Acinetobacter calcoaceticus, BD413 aliphatic alkane n-
hexadecane14 has been identified as an inducer. In recent years, lipase expression of 
Pseudomonas alcaligenes M-1 has been studied extensively15, and a fed-batch fermentation 
process was developed. It was found that lipase synthesis can be switched on by a limited 
number of natural oils, such as soybean oil, and some unsaturated fatty acids, such as oleic 
acid. A significant synthesis of lipase was observed only for the combination of a batch phase 
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based on a minimal citrate medium and a feed phase based on soybean oil. Expression of 
lipase was observed only after the start of the feed with soybean oil15.

Numerous bacterial lipase genes have been identified and sequenced in the past16,17.
Nevertheless, the lipase expression transcriptional regulation mechanism in particular is poorly 
understood. Almost no reports about the transcriptional regulation of lipase genes from 
Pseudomonads are available. It is known that lipases from a number of Pseudomonas and
Burkholderia species are expressed from a unique type of operon, where the structural gene for 
lipase (lipA) is followed by a gene coding for a helper protein (lipB, lif). In the past, this lipase 
helper protein - LipB - has been investigated for its suspected role in the regulation of lipase 
expression18. It is now generally accepted that the lipase helper protein plays a role in 
periplasmic lipase folding and not in transcriptional regulation19. For A. calcoaceticus BD41314

and Rhizobium etli20, the presence of a 70 (RpoA-dependent) promoter as the lipase 
transcriptional regulon has been reported. For P. alcaligenes M-1, the transcription start of the
lipase operon was mapped21 downstream of a typical 54-type promoter with the 
characteristic GG-N10-GC sequence at transcription start positions  -12 to -2422,23. Also, for 
Pseudomonas aeruginosa19 and Pseudomonas species M-12-3324, a 54 (RpoN-dependent) 
promoter in front of the lipase operon has been postulated based on sequence data. These 
promoters operate in conjunction with an upstream activator sequence (UAS) essential for the 
binding of a regulatory protein. Upon the binding of the regulatory protein to this UAS and to 
the 54 RNA polymerase, the expression of the gene is induced. Within the upstream region of 
the lipase promoter region of P. alcaligenes a sequence that is homologous to the Nif type of 
UASs (consensus, TGT-N10-ACA25,26) was identified21. Mutational analysis of this UAS 
confirmed an involvement in lipase regulation21.

One rational approach for finding regulatory proteins is to search for negative 
phenotypes followed by complementation using libraries of P. alcaligenes genomic DNA. 
However, mutagenesis of P. alcaligenes M-1 with physical and chemical agents yielded lipase-
negative phenotypes at high frequency resulting in too many mutants to work with (data not 
shown). Consequently, in order to identify factors essential in the regulation of the expression 
of lipase from P. alcaligenes, we have developed a selection for positive phenotypes-the 
phenotype enhancement method. A cosmid library of random chromosomal fragments from 
P. alcaligenes was introduced in a high-producing lipase strain and subsequently a sensitive 
screening for hyperproducing strains was done under various growth conditions. One of the 
elements found, a two-component regulatory system, is a subject of this study. 

Materials and Methods

Bacterial strains, plasmids, culture conditions, and chemicals 
For this study, bacterial strains from the species Pseudomonas alcaligenes and Escherichia coli were used. The 
introduced genetic modifications and used plasmids are shown in Table 1.

All bacterial strains listed in Table 1 were propagated in 2x TY (16 g/liter Bacto tryptone, 10 g/liter Bacto 
yeast extract, 5 g/liter NaCl, pH 7.0) as a liquid or solid medium, unless otherwise stated. Two screening tests 
containing minimal salt medium (for composition, see reference27) were either supplemented with  either 0.2% 
soybean oil (test I) or 0.5% sodium-lactate (test II). Screening test III consisted of brain heart infusion (BHI) 
medium (37 g/liter BHI; Difco) supplemented with 17 mM n-hexadecane.
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Bacterial strains containing plasmids or cosmids were grown either in medium or on agar plates with 
tetracycline at 5 mg/liter for P. alcaligenes, tetracycline at 25 mg/liter for E. coli, ampicillin at 100 mg/liter for E.
coli, and neomycin at 10 mg/liter for P. alcaligenes.

Restriction enzymes, T4 DNA ligase, Pwo polymerase, and Taq polymerase were obtained from Gibco-
BRL or Fermentas and used as recommended by the manufacturer. Soybean oil was purchased from Cargill 
(Belgium), sodium-lactate was from Merck (50% pure), and n-hexadecane was kindly provided by K. Hellingwerf 
(University of Amsterdam).

Construction of plasmids, strains, and DNA probes
(i) Construction of cosmid library. A cosmid library was constructed by the insertion of partially digested Sau3A
chromosomal fragments (ranging from 20 to 30 kb in length) of the P. alcaligenes wild-type strain, M-1, into the 
BamHI-opened cosmid pLAFR328. (ii) Construction of a lipR mutant strain. In order to create a lipR mutant by 
insertional inactivation, an 807-bp fragment of an internal lipR part (bp 296 to 1116 relative to the translation start 
site) was amplified using two primers: forward (5’ CCA AGC CCT TCG ATC GCG ACG AGA ATG CT 3’, where the 
PvuI site is underlined and the base shown in boldface was introduced to generate frameshift mutation) and 
backward (5’ GCG CTC GAT GGA ATT CTC CAG CTC GCG CA 3’, where the EcoRI site is underlined). A purified and 
PvuI-EcoRI-digested internal lipR fragment of 807 bp was introduced into a pBR322 vector of 3,737 bp (PvuI-EcoRI
generated) followed by E. coli Top10 transformation. Tetracycline-resistant (Tetr) transformants were selected on 
LB agar plates containing 25 mg/liter tetracycline, and plasmid DNA was isolated, sequenced, and electroporated 
to P. alcaligenes strain Ps93. Integrants were selected on 2x TY plates containing 5 mg/liter tetracycline. (iii)
Construction of lipR-expressing plasmid. To construct the pME6032LipR plasmid, a lipR gene (1,416 bps) was 
amplified from cosmid 505 with the forward (5’ CGA GAG GAA TTC ATG CCG CAT ATC CTC ATC GT 3’) and 
backward (5’ TGT CAC AGA TCT TCA GGA GCC GGT CGC CG 3’) primers carrying, respectively, EcoRI and BglII
restriction sites (underlined). After digestion, this product was ligated into EcoRI-BglII-cut pME6032 shuttle 
vector29, resulting in pME6032LipR. (iv) Promoter DNA fragments. Probes PlipA (lipase promoter sequence) were 
obtained by PCR with Taq polymerase (Fermentas) from plasmid pJRDlipAB15 by use of the primers ForLipA (5’ 
CCC CTG GCT GGC AGG CGG CAG 3’) and BackLipA1 (5’ TTG GTC TTG GTG TAG CCG GT 3’) to generate the 367-
bp probe PlipA367 and BackLipA2  (5’ GCC GGT ACT TCA GCA GGC T 3’) to generate the 199-bp probe PlipA199.  

Isolation of cosmid DNA from E. coli was performed with the cetyltrimethylammonium bromide 
method30. Small-scale purification of cosmid DNA from P. alcaligenes was done with the QIAprep spin plasmid kit 
and large-scale isolation with the QIAfilter plasmid midi kit, both according to Qiagen's instructions. Plasmids and 
cosmids were transformed to E. coli as described by Calvin and Hanawalt31. For P. alcaligenes transformation, the 
method of Wirth et al.32 was applied, with the modification that all treatments were performed at room 
temperature. Purification of PCR products was done using the PCR purification kit from Qiagen according to the 
supplier’s instructions. For Southern hybridizations33, detection of DNA-containing filters was executed with DNA 
probes labeled with the ECL labeling kit from Gibco-BRL (following the instructions of the supplier).

RNA isolation, cDNA preparation, and qRT-PCR
Total RNA was isolated with a High Pure RNA Isolation Kit (Roche) from the P. alcaligenes cells collected from 
minimal tributyrin plates. Total RNA was quantified with an ND-1000 Spectrophotometer (NanoDrop). Reverse 
transcription was conducted in a total volume of 20 µl. Random nanomers (2.5 µl of 1.65 µg/µl; Isogen) were 
mixed with 2.5 µg isolated RNA and 2 µl 10 mM deoxynucleoside triphosphate mix, incubated for 5 min at 65ºC, 
and cooled on ice. Subsequently, 4 µl 5x-concentrated first-strand buffer (Invitrogen), 1 µl 100mM dithiothreitol, 1 
µl RNaseOUT (40 U/µl; Invitrogen), and 1 µl SuperScriptIII reverse transcriptase (200 U/µl; Invitrogen) were added, 
and the total volume was adjusted with diethyl pyrocarbonate-treated water to 20 µl and kept at 25ºC for 5 min. A 
reverse transcription reaction was performed at 55ºC for 60 min and was stopped by heating at 70ºC for 15 min. 
Synthesized cDNA was further used in quantitative real-time PCR (qRT-PCR) that was carried out in 96-well 
microtiter plates in a final reaction volume of 20 µl by use of an iCycler iQ real-time PCR Instrument (BioRad). 
Each reaction consisted of 1 µl cDNA, 10 µl iQ SYBR green supermix (BioRad), 1 µl forward primer (10 µM), 1 µl 
backward primer (10 µM), and 7 µl water. Reactions were initiated with a 4-min incubation at 95ºC followed by up 
to 40 cycles at 95ºC for 10 s (denaturation) and 60ºC for 45 s (primer annealing/extension). The increase in 
fluorescence was measured automatically during PCR. Oligonucleotide pair primers for the lipA gene and the 16S 
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rRNA housekeeping gene were designed with PerlPrimer software. Cycle thresholds values (CT) were determined 
using the software provided with the thermal cycler. All cDNA samples were amplified in triplicate and 
normalized against a triplicate of the housekeeping gene 16S rRNA in the same plate.

Proteins expression, preparation, and purification 
Erlenmeyer flasks containing 2x TY medium (supplemented with tetracycline at 5 mg/liter or 25 mg/liter, if 
necessary) were inoculated (100x dilution) with overnight cultures of Ps537, Ps1039, Ps1100, E. coli DH10B, and E.
coli DH10B pME6032LipR, respectively. Cultures were grown at 30ºC for 20 h for Pseudomonas strains and 8 hours
for E. coli strains. Cell cultures were harvested by centrifugation. The pellets were resuspended in 50 mM Tris, pH 
8.0, 2 mM EDTA and sonicated (output 4, 40% duty cycle on a Sonifier 250; Branson), and the membrane fractions 
were removed by centrifugation (30 min, 4ºC, and 17,000 x g). E. coli cell-free protein extracts were subjected to 
affinity chromatography on a heparin-Sepharose column and eluted with a NaCl gradient, using the ÄKTA 
Explorer system (GE Healthcare). The concentration of proteins was determined by the Bradford method34 using 
bovine serum albumin as a protein standard (Pierce). The protein samples were analyzed on a 12% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel stained with Coomassie Brilliant Blue35.
Pseudomonas cell-free protein extracts and E. coli partially purified protein fractions were used further in 
electrophoretic mobility shift assays (EMSA). To identify overexpressed in E. coli LipR protein, the protein band of 
interest was 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).

Screening tests for lipase hyper-production strains
The P. alcaligenes strain Ps770 is an overproducer of lipase containing multiple copies of plasmid pJRDlipAB 
carrying lipA and lipB15. This strain was used for transformation by electroporation of the cosmid library. The 
selection of the lipase-hyperproducing P. alcaligenes transformants from the collection of cosmid-containing 
strains was performed using a high-throughput screening based on microtiter plate assays. Since P. alcaligenes M-
1 is not able to grow on glucose as a single carbon source15, other carbon sources were used as described in 
materials and methods. The media for screening tests I, II, and III were used to grow cosmid strains in a 96-wells 
microtiter plate in a volume of 100 µl. Cells were grown at 35 C for 24 h (test III) or 48 h (test I and II) in a CO2

incubator filled with 5% CO2. From each suspension sample, an aliquot of 10 µl was transferred automatically 
(Tecan Robotics) into a well on an agar plate supplemented with 2% (vol/vol) tributyrin oil. The incubation of 
these tributyrin oil plates was done at 37 C for 48 h. The area of clarification (halo) was automatically recorded 
using image analysis equipment. Also, the A600 values from the cultures grown in microtiter plates were directly 
measured with a reader (Anthos HT-III). The lipase activity was calculated by dividing the value of the area of 
clarification by the A600 value. 

Fermentation 
The fed-batch fermentation process with a feed of soybean oil was performed in 10-liter fermentors according to 
the standard procedure as mentioned in reference 15. Lipase activity was measured as described in the same 
publication. Data points were fitted to a trend line according to the least-mean-squares method. 

Electrophoretic Mobility Shift Assay (EMSA)
Gel retardation assay, with cell-free protein extracts (from Ps537, Ps1039, and Ps1100 strains) or purified on 
heparin-Sepharose column proteins (from E. coli DH10B and E. coli DH10B pME6032LipR strains), was carried out 
as described by Ebbole and Zalkin36. The DNA probes PlipA367 and PlipA199 were radioactively end labeled with the 
T4 polynucleotide kinase by use of [ -32P]ATP. The protein fractions and a probe were premixed on ice in a 
binding buffer [20 mM Tris-HCl at pH 8, 20 mM NaCl, 5 mM MgCl2, 0.5 mM DTT, 1 mM EDTA, 10% glycerol, 10 
mg/liter poly(dI-dC), and 0.1 g/liter BSA]. After 20 min at 37ºC, samples were loaded on a nondenaturating gel (5% 
Tris-borate-EDTA [TBE] gel; BioRad). Gels were run at 100 V in 1x TBE buffer (89 mM Tris, 89 mM boric acid, and 
2.8 mM EDTA; solution at pH 8.3), dried, and autoradiographed.  

Sequence analysis
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Sequencing was carried out on an Applied Biosystems 373A DNA sequencer by use of an ABI Prism dye 
termination cycle sequencing ready reaction kit with AmpliTaq DNA polymerase. 

Nucleotide sequence accession numbers  
The sequences from this study have been deposited in the NCBI database under GenBank accession numbers 
EU432185 (LipR) and EU432186 (LipQ). 

Table 1. Bacterial strains. 
Strains Description References  
P. alcaligenes
  Ps93 Restriction negative, modification positive 27

  Ps537 High-lipase-producing isolate of strain M-1 21

  Ps770 Neor [pJRDlipAB] This study 
  Ps824 lipA mutant This study 
  Ps1018 Ps770 with cosmid 201, Neor, Tetr This study 
  Ps1029 Ps770 with pLAFR3, Neor, Tetr This study 
  Ps1030 Ps770 with cosmid 726, Neor, Tetr This study 
  Ps1034 Ps770 with cosmid 71, Neor, Tetr This study 
  Ps1036 Ps770 with cosmid 505, Neor, Tetr This study 
  Ps1039 Ps537 with cosmid 505, Tetr This study 
  Ps1040 Ps537 with cosmid 71, Tetr This study 
  Ps1041 Ps537 with cosmid 726, Tetr This study 
  Ps1042 Ps537 with cosmid 201, Tetr This study 
  Ps1049 Ps537 with cosmid 201E-H, Tetr This study 
  Ps1100 Restriction negative, modification positive; lipR mutant; Tetr This study 
E. coli
  Top 10 F- mcrA (mrr-hsdRMS) 80lacZ M15 lacX74 deoR recA1 araD139

(ara-leu)77679 galU galK rpsL(StrR) endA1 nupG

37

  K802 hsdR2 galK2 galT22 mcrA mcrB1 metB1 supE44 38

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

Invitrogen

Strr, streptomycin resistance; Neor , neomycin resistance; Tetr, tetracycline resistance. 

Results 

A selection system for lipase regulatory genes 

A selection of regulatory genes is usually performed via transposon mutagenesis or similar 
knockout techniques. In case of P. alcaligenes, this led to hundreds of mutants impaired in 
lipase production. In order to obtain a direct selection for factors limiting lipase expression, we 
set up a positive selection system based on phenotype enhancement. This positive selection 
system is based on the introduction of a cosmid library into a lipase-overproducing strain, 
Ps770, which harbors a multicopy plasmid (pJRDlipAB15) carrying the lipA and lipB genes, 
followed by quantitative lipase assays.

In E. coli K802, 754 transformants (Tetr) were collected with cosmids containing random 
fragments of P. alcaligenes chromosomal DNA. Subsequently, 531 independent cosmids could 
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be transferred to P. alcaligenes strain Ps93 (restriction negative, modification positive), giving a 
cosmid library in P. alcaligenes. Cosmid DNA was isolated from these 531 Ps93 strains, and all 
cosmids were transformed individually to strain Ps770 by electroporation. In total, 485 cosmids 
could be successfully introduced into the lipase-overproducing strain Ps770, resulting in 
colonies that are both Neor and Tetr. A screen involving three different microtiter tests was 
developed, and all 485 cosmid-containing strains were tested in duplicate and judged on their 
lipase activity.

The initial screening led to the selection of 42 strains with a significantly high lipase 
expression in one of the three tests compared to the Ps1029 strain containing the empty 
pLAFR3 vector28. The examination of these 42 strains was repeated in quadruplicate. Out of 
them, 20 strains were found to score considerably higher than strain Ps1029 in the soybean oil 
test. The 20 cosmid strains were ranked by their lipase levels (clarification zone on tributyrin oil 
agar plate/optical density at 600 nm) obtained in 10x-diluted minimal salt medium 
supplemented with soybean oil. Table 2 presents the results for four cosmids (505, 71, 201, and 
726). DNA from all 20 lipase-stimulating cosmids was isolated and transformed via 
electroporation to P. alcaligenes strain Ps537, which carries only a single copy of the lipase 
operon in the chromosome. Four of the resulting strains, Ps1039, Ps1040, Ps1041, and Ps1042 
(containing cosmids 505, 71, 726, and 201, respectively), gave a clarification zone (halo) much 
larger than that of the wild-type strain on a tributyrin oil plate (Figure 1). This indicates that the 
four cosmids either harbor a factor that stimulates the lipase expression or an esterase or 
lipase gene that hydrolyses tributyrin oil. This latter possibility was ruled out by testing the four 
cosmids in a lipase negative strain, Ps824, which carries a deletion of the lipase gene. None of 
the four cosmids showed hydrolysis of tributyrin oil after transfer to strain Ps824 (data not 
shown).

Table 2. Microtiter test results. 

Lipase productivity of strain with indicated cosmid ina:

Cosmid
Medium 380 + 

Soybean oil 
Medium 380 + Lactate BHI + hexadecane 

505 63.5 ± 10.4 28.8 ± 3.1 15.0 ± 3.6 

71 40.3 ± 11.4 27.3 ± 5.3 16.7 ± 2.5 

201 39.0 ± 5.6 18.0 ± 4.2 10.0 ± 1.4 

726 36.8 ± 4.5 25.3 ± 4.9 21.0 ± 8.7 

pLAFR3 20.8 ± 2.1 11.5 ± 1.8 11.5 ± 2.9 
a Lipase productivity is the size of the clarification zone (mm2) on tributyrin oil agar plate/optical density at 600 nm 
for the 4 selected cosmid strains from the 20 lipase-stimulating strains chosen after microtiter assay done in 
quadruplicate.
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Table 3. Comparison of a selected group of proteins with LipR and LipQ from several protein databases.

Protein namea % Match (no. of matching 
amino acids)b

Protein length 
(amino acids) 

Accession no.c

Proteins with LipR    
  NtrCAzobr 38(197) 481 P45671 
  NtrCKlepn 40(199) 469 P03029 
  NtrCBrasr 35(176) 480 P10576 
  NtrCRhime 36(185) 484 P10577 
  NtrCEcoli 39(195) 469 P06713 
  NtrCSalty 39(193) 469 P41789 
  NtrCProvu 37(188) 473 P28787 
  NifAAzobr 28(178) 625 P30667 
  NifAKlepn 33(185) 524 P03027 
  NifABraja 31(186) 582 P05407 
  CbrBPAO 87(417) 478 BAB20867 
  MhaRPspu 84(407) 480 AAY16576 
Proteins with LipQ    
  NtrBRhoca 12(130) 356 P09431 
  NtrBBrasr 13(134) 377 P10578 
  NtrBKlepn 12(123) 349 P06218 
  NtrBSalty 12(122) 349 P41788 
  NtrBEcoli  11(118) 349 P06712 
  NtrBAzobr 12(125) 400 P45670 
  NtrBProvu 11(117) 348 P28788 
  KinABacsu 18(184) 606 P22863 
  KinBBacsu 14(142) 429 Q08430 
  KinCBacsu 11(121) 428 P39764 
  CbrAPAO 79(786) 983 BAB20866 
  MhaSPspu 81(804) 991 AAY16575 

a Name of protein as abbreviated in database. b % Identity with LipR or LipQ on the amino acid level. The number 
of amino acids that matches LipR or LipQ are shown in parentheses. c Accession number of abbreviated protein in 
protein database. 

Characterization and analysis of four lipase-stimulating cosmids 

The four lipase-stimulating cosmids were found to share an overlapping fragment of 5.6 kb, as 
could be deduced from their restriction enzyme patterns. Maps of the cosmids are depicted in 
Figure 2. From cosmids 201 and 505, parts of this 5.6-kb fragment were cloned separately into 
pLAFR328 and transformed into the Ps537 strain by electroporation. A fragment of 4.5 kb from 
cosmid 201 in pLAFR328 still stimulated lipase expression in P. alcaligenes (Figure 2). This strain, 
Ps1049, shows the same size of lipase-clearing zone as for the four stimulating cosmids in 
Ps537 (Figure 1). The 4.5-kb EcoRI-HindIII fragment of cosmid 201 (Figure 2) was cloned into 
pUC18, transformed to E. coli Top10 cells, and sequenced. Sequence analysis of the lipase-
stimulating fragment revealed an insert of 4,377 bp including an N-terminally truncated open 
reading frame (ORF) with homology to NtrB-like proteins (sensor kinases), a second complete 
ORF for an NtrC-like homologue (response regulators), and a third ORF missing the C-terminal 
sequence. The lacking sequence of the first ORF was obtained after sequencing a part of insert 
from cosmid 505. Finally, after assembly of the sequences, the first ORF gave a gene encoding 
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a protein (984 amino acids) which shows significant identity (79%) with CbrA protein from P.
aeruginosa39 and a somewhat lower degree of identity with other phosphorylating NtrB 
proteins40 (members of the NtrBC family of two-component regulatory proteins). This protein 
was named LipQ. In Table 3, the identity scores of LipQ and LipR with the most related 
proteins are shown. The second ORF (encoding a protein of 471 amino acids) shows homology 
(about 35% identity) with DNA binding NtrC-like proteins40, and remarkable identity of 87%  
with the P. aeruginosa CbrB protein39. This ORF was named lipR. There is an intergenic region 
of 65 bps between the lipQ and lipR genes. 

Figure 1. Lipase-enhancing cosmids were selected on 
the basis of the halo size around a colony on a plate 
with tributyrin oil (1% [vol/vol]). The halo size is a 
measure of the amount of lipase activity made by this 
colony. Strains: Ps1042 with cosmid 201 in Ps537; 
Ps1049, carrying the subcloned 4.5-kb EcoRI-HindIII
fragment of cosmid 201 in pLAFR3; and Ps1029, with 
pLAFR3 in Ps537.

The incomplete ORF protein, called OrfZ, has a high level of homology with polyadenyl 
polymerases. It shares a significant match of 81% at the peptide level with poly(A) polymerase 
of Pseudomonas syringe41 and 81% with poly(A) polymerase of P. aeruginosa42 and a 79% 
identity with P. fluorescens poly(A) polymerase43. Moreover, the incomplete OrfZ has 58% 
identity with poly(A) polymerase of Shigella boydii44 and 58% with poly(A) polymerase of E.
coli45,46. The fact that the ORF-orfZ-homologous to the pap genes of different microorganisms 
is incomplete on the smallest lipase-stimulating fragment implies that it has no effect on the 
lipase stimulation and there is no reason to believe that this downstream gene is involved in 
lipase regulation.

Comparison of LipQR with other two-component regulatory systems 

Sequence alignment of the lipQR operon with two-component regulatory systems reveals a 
notable similarity of LipQR with NtrBC-like two-component regulatory proteins. The LipR 
protein shows most resemblance with the NtrC type of DNA binding proteins of other Gram-
negative bacteria (Figure 3A), whereas LipQ has a significant homology to the NtrB type of 
histidine kinases (Figure 3B). The protein sequences were aligned using the Megalign algorithm 
of Lasergene software, and the conserved residues are shaded. The relevant elements of 
regulatory proteins, like the AAA domain (ATPase-associated activity domain) and the 54-
interacting domain, are marked in Figure 3B (R1-R7), while the N-terminal REC domain (with a 
phosphoacceptor site that is phosphorylated by kinase homologue) and the C-terminal DNA 
binding helix-turn-helix domain were not included in the figure. In LipR, the aspartic acid at 
position 52 represents a strictly conserved residue that lines up with the functionally important 
phosphorylation site in the NtrC proteins47. Furthermore, the seven well-conserved regions of 

Ps1042             Ps1049             Ps1029Ps1042             Ps1049             Ps1029
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NtrC proteins can also be recognized in LipR. These seven regions correspond precisely with 
the seven regions in the central part of NtrC proteins that have been identified as the 54
factor interaction domains47.  Especially, the sections that fit the consensus for ATP-binding 
regions (R1, GE-G-GKE; R4, GGT-FLDEIG; R6, VR-I-AT---L [boldface indicates residues strictly 
conserved among all ATP binding sequences and hyphens indicate positions that show more 
variability]48) are strongly conserved between LipR and the NtrC proteins (Figure 3A). In 
contrast, in the hydrophobic R2 region, LipR and CbrB have like other regulatory proteins a 
conserved cysteine, whereas NtrC proteins have a methionine (Figure 3A). The well-conserved 
R3 region consisting of two -helices separated by a turn47 is clearly identifiable in LipR, and 
this is one of the most important characteristic regions for 54 regulatory proteins. The other 
regions (R5 and R7 [Figure 3B]) in LipR are fairly homologous to NtrC-like proteins. LipR has a 
helix-turn-helix (H-T-H) motif in the C-terminal part of the protein, like all other NtrC-related 
proteins.

Figure 2. The restriction enzyme patterns of the four lipase-stimulating cosmids (71, 201, 505, and 726) are 
illustrated as four lines showing their overlapping region of 5.6 kb. Beneath these lines, the fragments from 
cosmid 201 and cosmid 505 subcloned in pLAFR3 are exhibited, and their ability (+) or inability (-) to stimulate 
lipase activity on a tributyrin oil plate is cited. At the bottom, the 4.5-kb EcoRI-HindIII segment of cosmid 201 
showing the location of the three ORFs on this lipase-stimulating fragment is presented. 
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Figure 3. Sequence alignment of the deduced amino acid sequences of LipQ and LipR with different homologues 
of two-component systems. The Clustal method with percent accepted mutation residue weight table (Lasergene 
technology) has been used for the alignment. Dark shaded residues represent the amino acids that are identical in 
all aligned proteins. (A) The partial alignment of LipQ from P. alcaligenes M-1 (LIPQPSAL; this study) with NtrB 
proteins of Azospirillum brasilense (NTRBAZO;49), Salmonella enterica serovar typhimurium (NTRBST;26), E. coli
(NTRBECO;50), and P. aeruginosa (CbrAPAO;39) is displayed. The presented part of the sequences refers to the 
highly conserved His Kinase A domain, including the position of the autophosphorylation site, which is indicated 
with an asterisk. (B) The alignment of LipR from P. alcaligenes M-1 (LIPRPSAL; this study) with NtrC proteins of 
Azospirillum brasilense (NTRCAZO;49), E. coli (NTRCECO;50), Salmonella enterica serovar typhimurium 
(NTRBST;26), and P. aeruginosa (CbrBPAO;39) is demonstrated. The conserved regions (R1 to R7) that contain the 
most common features of two-component regulators as discussed in the text are displayed below the alignments. 
The leftmost numbers correspond to amino acid numbers. 

Chou-Fasman51 secondary structure prediction gives the turn at exactly the same position as 
for the NtrC proteins, but the length of the two -helices differs from those for NtrC proteins. 
The predicted first -helix of the H-T-H from LipR is longer than for NtrC proteins. 
Interestingly, the CbrB protein from P. aeruginosa (478 residues; accession no. BAB20867) 
shows 87% identity to LipR (471 residues). The seven well-conserved internal regions and the 
C-terminal helix-turn-helix are present in CbrB as well. The proteins LipR and CbrB have a high 
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variability only in two regions, where CbrB also has the following additional amino acids 
compared to LipR: residues 114 to 144 and residues 397 to 414. 

Furthermore, Figure 3A presents a partial alignment of the LipQ protein with other NtrC 
homologues, including their highly conserved histidine kinase A domain (dimerisation and 
phosphoacceptor domain) region; the phosphorylated histidine characteristic for this type of 
kinase is marked. The N-terminus of LipQ up to approximately 450 amino acids corresponds to 
transmembrane stretches that are followed by a PAS domain52 (signaling sensor domain)  that 
goes from 632 to 700 in the amino acid sequence. When comparing CbrA (accession no. 
BAB20866) with LipQ, the similarity is evident from the lengths (CbrA, 983 residues; LipQ, 984 
residues) and the high amino acid identity (79%). In contrast to other NtrB homologues in our 
alignment, CbrA and LipQ display strikingly long N-terminal sequences (about 600 amino acids 
longer) corresponding to transmembrane domains. At the beginning of the transmitter domain 
at position 766 in LipQ (position 766 in CbrA), a conserved histidine can be found within a 
conserved region (Figure 3A). This histidine is extremely conserved in prokaryotic sensor 
transduction histidine kinases, and it represents the auto-phosphorylation site. The overall 
identity of the transmitter domain of LipQ in comparison with that of NtrB proteins is 
moderate; however, the similarity of functionally important residues and regions is apparent 
(Figure 3A).

Overexpression of lipQR enhances lipase expression in P. alcaligenes during fermentation 

An additional observation supporting the conclusion that LipQR acts as the regulator for lipase 
expression in P. alcaligenes comes from fermentation studies. The overexpression of lipQR (in 
strains Ps1039, Ps1040, Ps1041, and Ps1042) results in a large halo on a tributyrin oil plate 
compared to what is seen for strain Ps537 with the empty vector pLAFR328. As an example, the 
halo formation of the Ps1042 strain is shown in Figure 1. 

Figure 4. Fermentation results of P. alcaligenes strains Ps537 and Ps1039 (Ps537 containing cosmid 505) are 
demonstrated. The x axis represents the fermentation time as a percentage of the maximal (max.) fermentation 
time and the y axis the lipase activity as a percentage of the maximal lipase activity.

0
20
40
60
80

100

0 20 40 60 80 100

fermentation time (% of control max.)

(%
 o

f c
on

tr
ol

 m
ax

.)

Ps1039
Ps537

lip
as

e 
co

nc
en

tr
at

io
n 

0
20
40
60
80

100

0 20 40 60 80 100

fermentation time (% of control max.)

(%
 o

f c
on

tr
ol

 m
ax

.)

Ps1039
Ps537

lip
as

e 
co

nc
en

tr
at

io
n 



CHAPTER 3

60

In a mimicked large-scale fermentation (at a 10-liter scale), the Ps1039 strain containing 
cosmid 505 with LipQR was compared with the host strain, Ps537, containing the empty vector. 
A fed-batch fermentation was performed according to the protocol described previously with a 
batch medium based on citric acid and a feed phase based on soybean oil15. The lipase yield 
data plotted against the fermentation time are shown in Figure 4. The best fit of the data was 
found with a polynomial (third-order) trend line. The trend line was calculated within an R2 of 
0.9858 for the Ps537 curve and an R2 of 0.9934 for the Ps1039 curve. As can be seen from the 
Figure 4 the lipase production by Ps1039 not only starts at a higher rate, but also extends to a 
level that is threefold higher than that seen for the control. It was verified that during 
fermentation no loss of the cosmid vector occurred. The other LipQR-overproducing strains 
(Ps1040, Ps1041, Ps1042, and Ps1049) also showed a threefold lipase increment compared to 
the control (data not shown).

Figure 5. Effects of lipR inactivation on 
lipase expression. (A) Lipase activity on a 
tributyrin oil plate for the Ps93 strain 
(restriction-negative wild type) and the 
Ps1100 strain (Ps93 with inactivated lipR).
(B) Relative quantity chart for lipase gene 
expression. The Ps93 strain sample 
(calibrator) is given an arbitrary quantity of 
1; the Ps1100 strain sample presents the 
quantity relative to the calibrator. Cells 
were harvested from tributyrin oil plates 
after incubation at 37°C for 48 h, as shown 
in panel A. 

As described before, in the Ps1036 strain both cosmid 505 and expression plasmid 
pJRDlipAB15 are present. However, during the fermentation of this strain in a 10-liter 
fermentor, retarded growth and severe loss of the cosmid 505 and/or the plasmid pJRDlipAB15

was observed, rendering conclusions on yield impossible.

Inactivation of the lipR gene down-regulates lipase expression

In order to investigate the effects of chromosomal lipR inactivation we constructed a lipR-
negative strain by insertional inactivation, and amplification with Pwo polymerase was 
conducted on an internal part of lipR by use of forward and backward primers as described in 
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materials and methods. Tetracycline (5 mg/liter)-resistant colonies were checked for the 
presence of the integration unit by use of Southern hybridization with the PCR fragment as a 
probe (data not shown). One selected strain was used in further experiments; it was named 
Ps1100. The lipR-inactivated strain, Ps1100, was tested for lipase expression on a tributyrin oil 
plate and found to give a halo size reduced from that seen for the Ps93 strain (Figure 5A). The 
reduced clearing zone present for the Ps1100 strain could be the result of low basal levels of 
lipase transcription in the absence of LipR and/or the result of resident esterase activity. 
Further, to verify the expression levels of the lipA gene for two P. alcaligenes strains, we 
collected bacterial cells from the agar plates supplemented with tributyrin oil. Figure 5A 
represents the plate with colonies collected for RNA isolation. Gene expression, quantified by 
the qRT-PCR method and the comparative critical threshold ( CT) method, revealed that 
inactivation of the lipR gene (Ps1100 strain) significantly decreased lipase mRNA levels (Figure 
5B). The relative expression level of the lipA gene was normalized to 16S rRNA, and the level of 
transcripts was determined relative to that of the Ps93 strain. The Ps1100 mutant gave a 
relative lipase expression level of 0.03 relative to an assigned arbitrary quantity of 1 for the 
Ps93 strain (Figure 5B). These data support our findings that lipase transcript is down-
regulated in the absence of the LipR protein.

DNA binding activity in crude protein extracts from P. alcaligenes

To test the binding properties of cell extracts from different P. alcaligenes strains (Ps537, 
Ps1039, and Ps1100) to the lipase promoter region PlipA367, a 367-nucleotide fragment 
corresponding to the lipase promoter regulatory region from -183 to +184 was amplified by 
PCR. The DNA probe was used in gel retardation assays with decreasing amounts of protein 
cell-free extracts. DNA band shifts indicating a protein-DNA complex formation were 
detected, as shown in Figure 6. Figure 6A, lanes 1 to 4, presents the mobility of the lipase 
promoter region PlipA367 upon incubation with 0 µg, 10 µg, 5 µg, and 2.5 µg of Ps537 crude 
protein extract, respectively. The amount of shifted fragment decreased proportionally with a 
decreasing amount of the crude protein extract that was added to the assay mixture. A similar 
observation was made when crude protein extract from the Ps1039 lipR over-expression strain 
(with cosmid 505) was used in gel retardation (Figure 6A, lanes 5, 6, and 7). In all cases, the 
retarded complex migrated to the same position. However, the amount of the DNA probe 
shifted upon incubation with cell-free protein extract of LipR overproducing strain Ps1039 was 
higher than for the Ps537 cell-free extract. 

Surprisingly, the gel shift assay with a cell-free protein extract from the Ps1100 strain 
still shows some binding to lipase promoter sequence PlipA367. Lanes 8 to 10 of Figure 6A 
present the mobility of the lipase promoter after incubation with 10 µg, 5 µg, and 2.5 µg of 
Ps1100 crude protein extract, respectively. As can be observed by the presence of retarded 
bands, the binding increased proportionally with increasing concentrations of proteins from 
cell extract. Overall, however, the intensity of the retarded band is low compared with what is 
seen for the strains carrying the LipR protein (Ps537 and Ps1039).
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Figure 6. Gel retardations. Nucleotide DNA 
fragments (PlipA367 and PlipA199) amplified by PCR, 
corresponding to the lipase promoter and its UAS, 
were radioactively end labeled. They were then 
incubated with decreasing amounts of protein 
samples. Finally, the mixtures were analyzed by 
elecrophoresis on 5% nondenaturating 
polyacrylamide gel (5% TBE gel; Bio-Rad). Top and 
bottom arrows indicate retarded and nonretarded 
bands, respectively. (A) PlipA367 probe with/without 
cell-free protein extracts from Pseudomonas strains 
at concentrations ranging from 10 µg to 2.5 µg. 
Lanes: 1, no protein extract added; 2 to 4, probe 
samples incubated with proteins from the Ps537 
strain; 5 to 7, with proteins from the Ps1039 strain; 
8 to 10, with proteins from the Ps1100 strain. (B)
PlipA199 probe with/without purified protein 
samples from E. coli strains at concentrations of 10 
µg and 5 µg. Lanes: 1, no protein added; 2 and 3, 

purified proteins from the DH10B pME6032LipR strain; 4 and 5, with purified proteins from the DH10B strain. 

Gel retardation with partially purified LipR from E. coli demonstrates binding to the lipase 
promoter

To support the argument that LipR protein interacts with the lipase promoter, we partially 
purified the protein from an E. coli DH10B overexpressing strain and tested it in a gel 
retardation assay. Conditions of expression are described in materials and methods. SDS-
PAGE analysis and peptide mass mapping allowed the identification of a 51.9-kDa protein as a 
product of the lipR gene. Cell-free protein extracts from E. coli DH10B strains (lipR- and lipR+

strains) were used for one-step purification on a heparin-Sepharose column. LipR (E. coli
DH10B pME6032LipR) present in a cell-free protein extract was found to bind effectively to the 
heparin matrix at pH 6. Peak fractions, analyzed by SDS-PAGE (with approximately 50% LipR 
purity), were taken to investigate their abilities to bind to the radioactively labeled DNA probe 
PlipA199 by a gel retardation assay. PlipA199 corresponds to the lipase promoter regulatory 
region from -183 to +1621. This shorter probe was created, as the PlipA367 probe used initially 
had the tendency to form dimers (data not shown). In EMSA, we compared the binding 
abilities of fractions originating from LipR+ and LipR- E. coli extracts eluted from the heparin 
column. Figure 6B demonstrates a band shift indicating a formation of a DNA-protein complex 
for a fraction containing LipR (lanes 2 and 3), whereas no such complex can be seen for a 
fraction lacking LipR (lanes 4 and 5).

Discussion

The present studies show for the first time that a two-component system, named LipQ-LipR, is 
involved in the regulation of lipase expression. The transcription start of the lipase operon in P.
alcaligenes is similar to the consensus of 54-type promoters with a UAS21. This points to a 
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mechanism of positive control of lipase gene transcription by a regulatory protein similar to the 
one found for other 54 promoters23. In searching for such a regulatory protein, we first 
embarked on an attempt to complement lipase-negative mutants in P. alcaligenes. However, 
the number of lipase negative mutants found was far higher than expected. Most likely, many 
of these mutants were in fact deficient in export or protein-folding functions, as found for P.
aeruginosa53. In order to overcome this problem, we used a selection for positive phenotypes - 
the phenotype enhancement method - to search for elements that are in a direct way 
controlling lipase production27. Thus, a cosmid library was introduced into the P. alcaligenes
strain Ps770, which carries a pJRDlipAB plasmid for increased lipase production. It was 
anticipated that the selection of lipase-hyperproducing strains would result in the identification 
of factors limiting the lipase expression. From three independent tests with 485 strains 
containing the introduced cosmid library, which covers about four times the size of the 
chromosome, 20 were selected with hyperproduction of lipase, as judged by halo formation on 
a tributyrin oil plate. One of these selected 20 hyperproducing strains was identified as carrying 
the complete P. alcaligenes type II secretion pathway described earlier27.

During fermentation experiments, due to the plasmid loss, tetracycline and/or 
neomycin resistance for some of the 20 tested strains was gone. Therefore, the cosmids were 
introduced independently in strain Ps537 containing a single chromosomal lipase operon, 
lipAB. Four cosmid-containing strains with bigger halos on tributyrin oil plates were found to 
share an identical DNA fragment that has similarity with the family of two-component 
regulator systems represented by NtrBC47. Comparison and alignment of data reveal that the 
first gene encoding the LipQ protein is similar to that for the NtrB type of kinase and the 
second gene encoding the LipR protein resembles that for the NtrC type of DNA binding 
regulator protein. In addition, relaxation of control by overexpression of the two-component 
system resulted in a threefold increase of lipase production in a mimicked large-scale 
fermentation. The enhanced lipase production fits perfectly with the copy number of pLARF328

derivates in P. alcaligenes (two to four copies)15.
As mentioned earlier, the LipRQ system bears resemblance with the CbrAB two-

component system from P. aeruginosa. Importantly, CbrB and LipR show significant amino 
acid sequence similarities, and the same is true for CbrA and LipQ. Yet, it is interesting that in 
contrast to LipR, the homologous CbrB protein so far has not been shown or indicated to share 
the same mode of action on the lipase promoter. The CbrAB two-component system of P.
aeruginosa was proposed to be involved in the utilization of carbon and nitrogen sources39,42,
thus playing an important role in environmental adaptation. Still, there are no reports yet 
implying the direct interaction of any promoter sequences with CbrB transcriptional activator, 
and the histidine operon and/or arginine operon are potential candidates only. By inspecting 
the promoter sequences of these two operons, the probable 54 box (-12 to -24) can be found 
just for the arginine operon, with no obvious 54-type promoter for the histidine operon42.
Interestingly, existing reports indicate that CbrB appears to be important in the expression of 
the histidine operon in particular39,42,54. In contrast to the CbrAB system, the LipQR system has 
not been shown to be essential in carbon-nitrogen utilization in P. alcaligenes, indicating that 
the LipQR and the CbrAB regulatory systems may play different regulatory roles under 
physiological conditions. Moreover, the signals that determine the CbrAB activity remain 
unknown, and regulation by the CbrAB system seems to be a complex mechanism that 
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includes the regulation of several catabolic pathways. Moreover, it is not known yet whether 
lipQR genes are cotranscribed.

Our results demonstrate that the overexpression of lipQR up-regulates (Figure 2) and 
the inactivation of lipR down-regulates lipase expression (Figure 5). Moreover, the upstream 
region of the lipase gene from P. alcaligenes possesses, at the expected distance from a 
promoter -24 to -12, a UAS (TGT-N11-ACA)25 which shows all the attributes to serve as a 
template for the binding of the activated LipR regulator. Thus, the involvement of LipR in the 
regulation of lipase expression seen from fermentation studies, coupled with the 
demonstrated down-regulation of lipase at the transcriptional level by inactivation of lipR
(qRT-PCR assay) (Figure 5B), substantiates our hypothesis and establishes LipR as a lipase 
regulator.

Finally, results from the band shift experiment (PlipA199 probe) with partly purified 
proteins from E. coli lipR+ versus E. coli lipR-negative strains demonstrate the LipR protein DNA 
binding properties. The retardation of the DNA probe by formation of the DNA-LipR complex 
was present only for a protein sample containing LipR (Figure 6B). Supporting results come 
also from EMSA with Ps537 and Ps1039 cell crude protein extracts (Figure 6A, lanes 2 to 7), 
where more DNA formed a complex with proteins from Ps1039 than with proteins from the 
Ps537 strain, which is in agreement with the fact that Ps1039 overexpresses LipR. The presence 
of retarded bands with the cell-free protein extract from the Ps1100 strain (lipR mutant) (Figure 
6A, lanes 8 to 10) most likely is the result of binding other protein(s). The lipase promoter 
sequence includes a long DNA stretch with a UAS up to the region from -12 to -24 and further 
downstream. Thus, proteins like the 54 protein55,56, another enhancer binding protein 
(EBP)57,58 or an integrating host factor (IHF)59-61 could also interact with a DNA probe, resulting 
in a DNA-protein complex formation. Bacterial cells possess numerous two-component signal 
transduction systems which facilitate adaptation to environmental changes by regulation of 
the expression of particular genes, and it is therefore not surprising that the elucidation of 
regulatory mechanisms of gene expression is not always straightforward.

In conclusion, we have found and cloned a new two-component system, lipQR, which is 
involved in the regulation of lipase expression in P. alcaligenes, with LipQ being the putative 
phosphorylating component and LipR the DNA binding protein. The commercial relevance of 
this finding is exemplified in the hyperproduction of lipase upon overproduction of LipR. 
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LipR, a response regulator, directly controls the lipase gene expression in Pseudomonas
alcaligenes 

Previous work has demonstrated that the expression of the Pseudomonas alcaligenes lipA
gene, which encodes an extracellular lipase, is governed by the LipQR two-component 
system, with LipR being the DNA binding protein. This report demonstrates that LipR 
binds directly to the lipase promoter sequence as monitored by Surface Plasmon 
Resonance studies. Moreover, it is revealed that LipR phosphorylation is essential for 
specific binding of LipR to a DNA fragment comprising the lipase promoter. In addition, we 
show that LipR exhibits an intrinsic ATPase activity that can be stimulated by the presence 
of DNA and by LipR phosphorylation. Finally, the abolished production of -galactosidase 
from the lipA-lacZ transcriptional fusion in lipR and rpoN mutant strains, confirms the 
involvement of LipR and RpoN in the lipase expression regulation cascade.

Introduction

Bacteria often experience "life on the edge" as they confront severely changing environmental 
cues to which they must respond in a quick and accurate manner. For this purpose, they 
evolved the environmental adaptation strategies, such as modulation of the expression of 
specific genes facilitated by sophisticated transduction systems, called two-component 
systems1-4. Two-component systems are often involved in signal transduction processes during 
sporulation, chemotaxis, and virulence. Typically, these systems comprise of two proteins, an 
integral membrane sensor kinase and a cytoplasmic response regulator. These partners 
communicate by reversible phosphorylation in response to environmental stimuli. The 
response regulator, depending on its phosphorylation state, activates or represses gene 
transcription by binding to distinct DNA sequences on the genome. This phenomenon 
ultimately leads to an optimal adaptation of bacteria to their ecological niches. 

Pseudomonas alcaligenes is a non-pathogenic Gram-negative bacterium that can 
secrete commercially relevant enzymes, such as lipases and proteases. These enzymes can be 
easily recovered from the extracellular medium at high quantities5. Lipases (triacylglycerol 
acylhydrolase EC 3.1.1.3) play an important role among biocatalysts, as they catalyze the 
hydrolysis and the synthesis of esters formed from glycerol and long-chain fatty acids6. Their 
potential and industrial value is reflected in a broad spectrum of biotechnological applications, 
such as household detergents, processing of fats, and synthesis of pharmaceuticals6. The need 
for effective and efficient lipases with desired properties and industrial potential has drawn a 
lot attention towards, in particular, lipases from Pseudomonads. In general, expression of 
microbial lipases can be influenced by a number of environmental factors such as temperature, 
pH, nitrogen, carbon, lipid sources, and dissolved oxygen concentration7-9. The presence of 
lipids and detergents has been shown to positively stimulate lipase production10. For P. 
alcaligenes, increased production of lipase was observed when cultures were grown in soybean 
oil-enriched medium5,11. However, the definite molecular mechanism underlying the regulation 
of the lipase gene expression is yet to be elucidated. 

For lipase expression, Pseudomonads like P. aeruginosa appoint two genes lying in one 
operon, where a lipA gene is followed by a lipB gene (known also as lif or lipH). The first one 
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encodes the extracellular lipase protein and the second one encodes the helper gene involved 
in lipase periplasmic folding12-14. The promoter sequence of the lipA gene and its UAS 
(upstream activating sequence) in P. alcaligenes were characterized by Cox et al.15. Recently, 
we have identified a two-component regulatory system, LipQR, in P. alcaligenes to be involved 
in the lipase expression regulation16.

Figure 1. Hypothetical model depicting the mechanism of the transcriptional activation of the lipase lipAB operon 
by the LipQR two-component regulatory system. The sensor component is a histidine protein kinase, LipQ, 
embedded in the cellular membrane. The N-terminal domain of this protein kinase functions as the input region, 
detecting environmental stimuli and undergoing autophosphorylation. Activate LipQ phosphorylates the LipR 
response regulator that in turn interacts with the upstream activating sequence (UAS) of the promoter (-12/-24). 
Firstly, 54 binds to the promoter in the absence of core enzyme and recruits the core to form a stable closed 
complex. Open complex formation occurs when the RNA polymerase is activated by the LipR response regulator 
(enhancer protein) which binds to the UAS. In most cases this activation is mediated by bending of the DNA 
generated by the integration host factor (IHF) binding to the sequence between promoter and UAS. The shape 
and volume of the different proteins are symbolic.

Proteins transcribed from the lipQR operon show similarity with the members of the 
NtrBC-family of two-component regulatory proteins. LipQ, as a putative sensor histidine 
kinase, is thought to sense changes in environmental factors that regulate 
autophosphorylation. Autophosphorylation subsequently leads to activation of its cognate 
response regulator, LipR, by transfer of the phosphate group to the conserved aspartate 
residue at position 52. By direct binding to the lipase promoter, phosphorylated LipR, LipR-P, 
in concert with the transcription factor RpoN and RNA polymerase is thought to initiate 
transcription of the lipase gene (Figure 1). The rpoN gene encodes an alternative sigma factor, 
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RpoN ( 54), which is widely distributed among Gram-negative bacteria. Generally, RpoN is not 
required for survival and the RpoN-dependent transcription may be important in utilization of 
various nitrogen and carbon sources, energy metabolism17, RNA modification18, chemotaxis, 
development, flagellation, electron transport, response to heat and phage shock19, and
expression of alternative sigma ( ) factors20. The response regulators that act in concert with 
the RpoN-RNA polymerase to form an open complex at the promoter sites are equipped with 
ATPase domains of the AAA+ class21,22. The conformational change of response regulators, 
triggered by phosphorylation of an aspartate residue in the regulatory domain, induces the 
oligomerization of the central ATPase domain. Oligomerization appears to be important for 
ATP hydrolysis and productive interaction with a 54-holoenzyme23-25.

We have previously shown that LipR is involved in regulation of the lipase gene 
expression and that a specific DNA binding activity is present in cell-free protein extracts from 
P. alcaligenes16. As a continuation of that study, we report here a direct specific binding of the 
transiently phosphorylated LipR protein to the lipase promoter. Furthermore, we demonstrate 
the ATPase activity of LipR and the involvement of the RpoN factor in lipase expression 
regulation.

Materials and Methods 

Bacterial strains, plasmids, and culture conditions  
The plasmids and bacterial strains used in this study are listed in Table 1. Pseudomonas alcaligenes and Escherichia 
coli were propagated in LB (10 g/liter Bacto tryptone, 5 g/liter Bacto yeast extract, 10 g/liter NaCl) medium or 2x 
TY medium (16 g/liter Bacto tryptone, 10 g/liter Bacto yeast extract, 5 g/liter NaCl, pH 7.0) as a liquid or solid 
medium. For tributyrin plate assay a minimal medium [0.4 g K2HPO4, 1.0 g (NH4)2SO4, 0.32 g MgSO4.7H2O, 0.25 g 
CaCl2.2H2O, 4.0 mg CoCl2.6H2O, 3.2 mg MnSO4.1H2O, 6.2 mg FeSO4.7H2O, 1.2 mg ZnSO4.7H2O, 0.3 mg 
CuSO4.5H2O, 0.3 mg H3BO3, 0.3 mg Na2MoO4.2H2O, 0.1 mg KI, 0.6 g citric acid, 47 g HEPES, and 15 g agar per 1 
liter, pH 7.5] was used. Antibiotics were used at the following concentrations: tetracycline 5 mg/liter and 
carbenicillin 100 mg/liter for P. alcaligenes, and ampicillin 100 mg/liter and tetracycline 25 mg/liter for E. coli.

Construction of plasmids, strains, and DNA probes 
Procedures for DNA purification, restriction, ligation, agarose gel electrophoresis, and transformation of 
competent E. coli cells were carried out as described by Sambrook et al.26. P. alcaligenes was transformed as 
described by Wirth et al.27 and modified by Gerritse et al.11. The enzymes used for DNA manipulations were 
purchased from New England BioLabs and applied according to the instructions of the manufacturer. Plasmid and 
cosmid DNA were isolated using the Qiaprep spin miniprep kit (Qiagen). PCR was carried out with Phusion
polymerase (Finnzymes) using chromosomal DNA of P. alcaligenes as a template or with Taq polymerase 
(Fermentas) to generate DNA probes for binding assays. (i) Construction of an rpoN mutant strain. In order to 
create the rpoN mutant by insertional inactivation, an internal rpoN fragment (bp 298 to 1011 relative to the 
translation start site) was amplified using two primers: RpoN298MutPvuI-F (5’ CGA GCG CCG ATC GAA CGA GCT 
GCA CGG TCG ATA C 3’, where the PvuI is underlined and the base shown in boldface was introduced to generate 
a frameshift mutation) and RpoN1011EcoRI-R (5’ TGG TTG CGG AAT TCG GTG TTA TCG GCG CTG GAG T 3’, 
where the EcoRI site is underlined). A purified and PvuI-EcoRI-digested internal rpoN fragment was introduced into 
a pBR322 vector of 3,737 bp (PvuI-EcoRI generated) followed by E. coli DH5  transformation. Tetracycline-
resistant (Tetr) transformants were selected on LB agar plates containing 25 mg/liter tetracycline, and plasmid 
DNA was isolated, sequenced, and electroporated to P. alcaligenes strain Ps93. Integrants were selected on 2x TY 
plates containing 5 mg/liter tetracycline and were checked by Southern analysis. (ii) Construction of a lipA-lacZ
transcriptional fusion. To construct the lipA-lacZ transcriptional fusion, an upstream lipA gene fragment of 273-
bp comprising of the UAS, the promoter -12 to -24, and the RBS was amplified from the plasmid pJRDlipAB with
the LipALacZ-F (5’ GAG CTC GAA TTC CCT GGC TGG CAG G 3’) and LipALacZ-R (5’ GGT TTT CTT AAG CTT CAT 
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GTT TTG CTC T 3’) primers carrying the EcoRI and HindIII restriction sites (underlined). Next, the EcoRI-HindIII
fragment was inserted upstream the promoterless-lacZ gene in the pTZ110 vector, generating the pTZlipA fusion 
plasmid (verified by sequencing). (iii) DNA probes. The PlipA199 probe (lipase promoter sequence) was generated 
by PCR as described previously16, the PlipA199-Biotin probe was amplified using the biotinylated forward primer 
ForLipA-biotin and the backward primer BackLipA2 (sequences are described in ref. 16). The DNA fragment of 
197-bps, named here rpoD-Biotin, corresponding to the internal part of the rpoD gene from P. aeruginosa PAO1 
was used as non-specific biotinylated DNA in SRS experiments. This fragment was amplified from chromosomal 
DNA of P. aeruginosa PAO1 by use of the forward ForRpoD-biotin primer (5’ GGG CGA AGA AGG AAA TGG TC 3’) 
and the backward BackRpoD primer (5’ CAG GTG GCG TAG GTG GAG AA 3’). Purification of PCR products was 
done by use of the PCR purification kit from Qiagen according to the supplier’s instructions.  

Table 1. Bacterial strains and plasmids used in the study.  
Strains Description Reference  
P. alcaligenes   
   Ps93 Restriction negative, modification positive 5

   Ps1100 Restriction negative, modification positive; lipR mutant; Tetr 16

   Ps1101 Restriction negative, modification positive; rpoN mutant; Tetr This study 
E. coli   
   DH5  F- 80lacZ M15 (lacZYA-argF)U169 recA1 endA1 hsdR17(rk-, mk+) 

phoA supE44 thi-1 gyrA96 relA1 -
Invitrogen 

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

Invitrogen 

Plasmids Description Reference  
pBR322 Ampr, Tetr 28

pBR322RpoNtr pBR322 with an internal rpoN gene fragment; Ampr This study 
pTZ110 Cbr; broad-host-range lacZ transcriptional fusion vector  29

pTZlipA Cbr; pTZ110 with a 273-bp PCR fragment of upstream lipA gene region; 
including UAS, promoter -12/-24, and RBS 

This study 

pME6032 Broad-host-range clonning vector, Tetr 30

pME6032LipR lipR-expressing plasmid, Tetr 16

Abbreviations: Ampr, ampicillin resistance; Cbr, carbenicillin resistance; Tetr, tetracycline resistance.  

Proteins expression, preparation and purification 
The Erlenmeyer flask containing 2x TY medium (supplemented with tetracycline at 5 mg/liter, if necessary) was 
inoculated (100x dilution) with overnight culture of Ps93/pME6032LipR and grown at 20°C for 15 h after induction 
with 0.5 mM IPTG at the OD600 0.5. Next, the cell culture was harvested by centrifugation. The pellet was 
resuspended in a lysis buffer consisting of 50 mM Tris-HCl, pH 6.0, 2 mM EDTA, 0.5 mg/ml lysozyme, and 10% 
glycerol supplemented with Complete Mini protease Inhibitor (Roche), sonicated (output 4, 40% duty cycle on a 
Sonifier 250; Branson), and the membrane fractions were removed by centrifugation (30 min, 4ºC, and 17,000 x g), 
yielding a cell-free protein extract. (i) LipR purification. Overexpressed LipR from P. alcaligenes 
Ps93/pME6032LipR was purified by a three-step purification protocol using the ÄKTA Explorer system (GE 
Healthcare). Firstly, the cell-free protein extract was subjected to affinity chromatography on a heparin-
Sepharose column (GE Healthcare) and eluted with a NaCl gradient (binding buffer: 50 mM sodium phosphate, pH 
6.0, 10% glycerol, and 10 mM beta-mercaptoethanol; elution buffer: 50 mM sodium phosphate, pH 6.0, 10% 
glycerol, 10 mM beta-mercaptoethanol, and 1 M NaCl). Collected fractions were analyzed on a SDS-PAGE gel 
stained with Coomassie brilliant blue (CBB) and analyzed by Western blotting and immunodetection with LipR 
antibody. Secondly, selected fractions containing LipR were pooled and loaded on a phenyl-Sepharose column 
(GE Healthcare). The starter buffer was composed of 50 mM sodium phosphate, pH 8.0, 10% glycerol, 10 mM 
beta-mercaptoethanol, and 1 M ammonium sulfate, the elution buffer was composed of 50 mM sodium 
phosphate, pH 8.0, 10% glycerol, 10 mM beta-mercaptoethanol. Proteins were eluted using linear gradient of 1-0 
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M ammonium sulfate and analyzed by SDS-PAGE, next fractions containing LipR were concentrated (30 kDa 
MWCO; Vivaspin) and subjected to gel filtration (Superdex 75 HR 10/30 column, buffer containing 50 mM Tris-HCl 
at pH 8.0, 20 mM NaCl, 10% glycerol, and 10 mM beta-mercaptoethanol). The concentration of proteins was 
determined by the Bradford method31 using bovine serum albumin (BSA) as a protein standard (Pierce). (ii) 
Antibody production. Purified LipR was loaded on a 10% SDS-PAGE gel. The excised piece of SDS-PAG 
containing a LipR protein was used for antibody generation (Eurogentec S.A.). (iii) In vitro phosphorylation of 
LipR. The wild type LipR protein (LipR) was phosphorylated (LipR-P) by use of a low weight phosphate donor, 
carbamoyl phosphate (purchased from Sigma). The reaction was performed at 37ºC for 1 h in a buffer consisting 
of 50 mM Tris-HCl at pH 7.0, 7.5 mM MgCl2, 1 mM DTT, and 50 mM disodium carbamoyl phosphate. Directly after 
phosphorylation reaction the LipR-P protein was used in a gel retardation assay, SPR experiment, or ATP 
hydrolysis assay. 

Electrophoretic mobility shift assay (EMSA) 
A gel retardation assay, with purified LipR (from the Ps93/pME6032LipR strain), was carried out as described by 
Ebbole and Zalkin32. The DNA probe, PlipA199, was radioactively end labeled with the T4 polynucleotide kinase by 
use of [ -32P]ATP. The protein fractions and a probe were premixed on ice in a binding buffer [20 mM Tris-HCl at 
pH 8.0, 20 mM NaCl, 5 mM CaCl2, 0.5 mM DTT, 1 mM EDTA, 10% glycerol, 10 mg/liter poly(dI-dC), and 0.1 g/liter 
BSA]. After 20 min at 37ºC, samples were loaded on a nondenaturating gel (5% Tris-borate-EDTA [TBE] gel; 
BioRad). Gels were run at 100 V in 1x TBE buffer (89 mM Tris, 89 mM boric acid, and 2.8 mM EDTA; solution at pH 
8.3), dried, and autoradiographed.

Surface plasmon resonance (SPR) 
SPR measurements were performed on a BIAcore 3000 using a streptavidin-coated SA sensor chip (GE 
Healthcare). Each surface of the chip was conditioned as recommended by the manufacturer, and equilibrated 
with HBSN buffer (GE Healthcare; 10 mM HEPES, pH 7.4, 150 mM NaCl). A volume of 260 l of 0.6 ug/ml 
biotinylated DNA fragments, specific PlipA199-Biotin or nonspecific rpoD-Biotin, were injected at a flow rate of 5 l
min-1 across a streptavidin sensor chip and immobilized resulting in 700 resonance units (RUs). One flow cell was 
left unmodified as the control. Protein binding experiments were performed at 25ºC at a flow rate of 70 l min-1.
Phosphorylated (LipR-P) and wild type LipR (LipR) were diluted in HBSN buffer to 370 nM prior injections. The 
sensor surface was regenerated after each cycle with 3 M MgCl2 and 30 s contact time.

ATPase assay   
A standard ATPase assay was performed in a Tris buffer (50 mM Tris-HCl, pH 7.0 and 5 mM MgCl2) at 37°C in a 
final reaction volume of 50 µl. Phosphorylation was achieved by preincubation of LipR at 37ºC for 1 h with 
carbamoyl phosphate. Reactions were initiated by addition of unlabelled ATP mixed with 1.6 mM [ -32P]ATP
(6000 Ci/mmol). Incubations were at 37ºC for 40 min. The LipR protein was added to a final concentration of either 
125 nM, 250 nM, or 500 nM, as indicated in the figure legends. The DNA fragment, PlipA199, corresponding to the 
lipase promoter was present at concentrations of 15 nM, 30 nM, or 60 nM. The reactions were terminated by 
addition of a suspension of 5 % (w/v) activated charcoal in 1 M HCl that absorbs proteins and nucleotides, but not 
inorganic phosphate33. The samples were centrifuged (2 min, 13,000 rpm, 4ºC), thereafter the supernatant was 
quickly but carefully transferred to another tube. This step was repeated to ascertain complete removal of the 
charcoal. The amount of 32Pi released was quantified by liquid scintillation counting.  

Tributyrin plate assay 
P. alcaligenes strains were grown overnight in 2x TY liquid medium, next the OD600 was determined and the same 
amount of cells of each culture, bring to 5 l, was spotted on tributyrin oil (1%, v/v) agar plates amended with 
tetracycline, if necessary. Plates were incubated at 37°C for 48 h.  

-galactosidase assay 
Lipase promoter activity in P. alcaligenes was analyzed according to the previously described method34. Briefly, 
overnight cultures of P. alcaligenes (Ps93, Ps1100, and Ps1101) harboring the lipA-lacZ fusion plasmid, pTZlipA, or 
the pTZ110 plasmid (negative control) were diluted in fresh 2x TY medium and grown at 37°C. Samples were 
harvested at different intervals, as indicated at the figure legend, for absorbance readings at 600 nm and -
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galactosidase activity determinations. The growth medium, for strains carrying pTZlipA or pTZ110, was amended 
with carbenicillin (100 mg/liter) and for the lipR and rpoN mutant strains also with tetracycline (5 mg/liter). Cells 
were permeabilized with CHCl3 and sodium dodecyl sulfate. The results shown are representative of at least two 
independent experiments. The variance is indicated by error bars. Samples from the Ps93, Ps1100, and Ps1101 
strains did not show any -galactosidase activity, whereas strains harboring the promoterless pTZ110 vector 
revealed background activity that was deducted from the -galactosidase activities gained from the strains 
carrying the lipA-lacZ fusion. 

Results  

Purification of LipR 

In order to perform DNA binding studies, the response regulator, LipR, was purified from P.
alcaligenes by a three-step chromatography. Briefly, the Ps93 strain, carrying the 
pME6032LipR plasmid encoding the lipR gene, was grown in 2x TY medium for 15 h at 20°C 
after addition of IPTG (0.5 mM). Bacterial cells were harvested, lysed by sonication, and 
subjected to the first purification step on a heparin-Sepharose column. Optimal binding of 
LipR to the heparin matrix was observed when the lysis buffer and the binding buffer were 
adjusted to pH 6.0. Peak fractions, containing LipR (with approximately 50% purity), were 
pooled, amended with ammonium sulfate, and loaded on a phenyl-Sepharose column. This 
purification step was followed by the last step on a gel filtration column. Finally, as judged 
from SDS-PAGE analysis, the LipR protein was recovered up to <95% purity. Figure 2A 
presents a detection of purified LipR by Coomassie brilliant blue SDS-PAGE (lane 1) and 
immunodetection with the LipR antibody (lane 2).  

Figure 2. (A) Detection of purified LipR protein. The 
purified LipR protein was visualized by CBB stained 
SDS-PAGE gel (lane 1), and Western blotting with 
immunodetection using a LipR antibody (lane 2). The 
LipR protein was purified from a cell-free protein 
extract of Ps93/pME6032LipR in a three-step 
chromatography strategy using a heparin-Sepharose, a 
phenyl-Sepharose, and gel filtration column. (B) Gel 
retardation with purified LipR. A PlipA199 DNA 
fragment, amplified by PCR, corresponding to the 
lipase promoter and its UAS, was radioactively end 
labeled. It was then incubated with decreasing 
amounts of protein samples. Finally, the mixtures were 
analyzed by electrophoresis on a 5% nondenaturating 
polyacrylamide gel. Top and bottom arrows indicate 
retarded and nonretarded bands, respectively. The big 
triangle indicates a decrease in LipR concentration of 
2-fold per lane, ranging from 1 M to 62.5 nM. 
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Binding of LipR to the lipase promoter 

To examine the binding properties of LipR to the lipase promoter region, a 199 nucleotide 
fragment (PlipA199) including the lipase promoter and UAS spanning from -183 to +1615 was 
amplified by PCR. This fragment was used in gel retardation assays with different amounts of 
LipR. Figure 2B shows the mobility of PlipA199 probe upon incubation with decreasing amounts 
of purified LipR. The amount of shifted fragment decreased proportionally with a decreasing 
amount of the LipR protein that was added to the assay mixture. To investigate the effect of 
LipR phosphorylation on its DNA binding properties, we used in vitro phosphorylated LipR-P in 
the binding assay. However, in this assay phosphorylation did not result in enhanced LipR 
binding activity to the lipase promoter (data not shown).  

Figure 3. Time versus response SPR sensogram. The biotinylated DNA fragments corresponding to the lipase 
promoter (PlipA199-Biotin) or the nonspecific DNA sequence (rpoD-Biotin) were immobilized on a streptavidin 
sensor chip. The wild type LipR or LipR-P (phosphorylated) diluted to 370 nM in HBSN buffer were injected for 30 s 
(association phase). This was followed by injection of the HBSN buffer alone (dissociation phase). The graph 
shows the binding of: (i) LipR-P to PlipA199-Biotin, (ii) LipR to PlipA199-Biotin, (iii) LipR to rpoD-Biotin, and (iv) LipR-
P to rpoD-Biotin.

Phosphorylation is essential for specific binding of LipR to the lipase promoter 

The binding of the wild type LipR and phosphorylated LipR-P to the lipase promoter was 
assessed in real-time by use of surface plasmon resonance (SPR). Biotinylated DNA fragments 
containing the lipase promoter (PlipA199-Biotin) or the nonspecific sequence (rpoD-Biotin) were 
immobilized on a streptavidin sensor chip, and 40 l of 370 nM LipR or carbamoyl 

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

-50 0 50 100 150 200 250

Time (s)

R
es

po
ns

e 
(R

U
)

(i)

(ii)

(iii)

(iv)

-100

0

100

200

300

400

500

600

700

800

900

1000

1100

-50 0 50 100 150 200 250

Time (s)

R
es

po
ns

e 
(R

U
)

(i)

(ii)

(iii)

(iv)



CHAPTER 4

78

phosphorylated LipR-P was injected over the DNA surface at a flow rate of 70 l min-1. LipR 
binds slightly better to the immobilized PlipA199 than to rpoD, but in both cases the binding is 
not very strong as demonstrated by the high dissociation rate. Phosphorylation does not 
greatly affect the binding to rpoD, but results in an enormous increase in binding to PlipA199 as 
demonstrated by the higher response and the slower dissociation (Figure 3). Thus, 
phosphorylation of LipR with carbamoyl phosphate stimulates an efficient and specific LipR-
DNA interaction.  

Figure 4. ATPase activity. Reactions (final vol 50 l) with wild type LipR or LipR-P (phosphorylated) were 
incubated as described in the methods section for 40 min at 37ºC. Hydrolysis was initiated by addition of 1.6 mM 
[ -32P]ATP to a specific activity of 56 cpm/pmol. (A) Comparison of the ATPase activities of LipR and LipR-P. The 
reactions contained the indicated amounts (125 nM, 250 nM, and 500 nM) of LipR (square symbols) or LipR-P 
(triangles). (B) ATPase activity of LipR and LipR-P in the presence of DNA. LipR (500 nM) or LipR-P (500 nM) were 
incubated with a 199-bp DNA fragment (PlipA199), at the following concentrations 15 nM, 30 nM, or 60 nM.  
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LipR has an ATPase activity stimulated by phosphorylation and by DNA presence 

To test the activity of LipR we performed an ATPase assay. For this assay, we examined the 
ATP hydrolysis by wild type LipR (LipR) and LipR phosphorylated with carbamoyl phosphate 
(LipR-P) at different protein concentrations. Figure 4A shows that LipR-P displays 2.5-fold 
increased ATPase activity, in comparison to that of the wild type LipR protein. The increasing 
protein concentration of either LipR or LipR-P resulted in higher total ATP hydrolysis (Figure 
4A). Yet, the rate of ATP hydrolysis expressed as pmol ATP hydrolyzed/min/pmol of protein 
(LipR or LipR-P) was alike at different protein concentrations. The rate of ATP hydrolysis by 
wild type LipR at 125 nM, 250 nM, and 500 nM concentrations was between 0.17 - 0.22 
pmol/min/pmol LipR. The LipR-P protein at 125 nM, 250 nM, and 500 nM concentrations 
hydrolyzed ATP with rates between 0.46 - 0.55 pmol/min/pmol LipR-P. This demonstrates that 
LipR ATPase activity is stimulated by phosphorylation but not protein concentration. Further, 
we have observed that the ATPase activity of LipR and LipR-P was stimulated in the presence 
of DNA. For this experiment, we incubated 500 nM LipR or LipR-P proteins with increasing 
amounts (15 nM, 30 nM, 60 nM) of a PlipA199 DNA fragment. As can be seen on a Figure 4B, 
addition of DNA stimulated the ATPase activity of both LipR and LipR-P. Yet, the greater 
degree of stimulation was observed for the LipR protein (4-fold at 60 nM DNA concentration 
versus a sample without DNA) in comparison to LipR-P (2.4-fold at 60 nM DNA concentration 
versus a sample without DNA). Overall, the highest stimulation was observed at the 60 nM 
DNA concentration. Finally, the highest ATP hydrolysis rate (1.07 pmol/min/pmol protein) was 
recorded for the reaction with 500 nM LipR-P and 60 nM DNA (Figure 4B), which is 5-fold 
higher than that for the reaction with 500 nM wild type LipR. 

Figure 5. Effect of rpoN inactivation on lipase 
production. Lipase activity on a tributyrin oil plate for 
the Ps93 strain (wild type), the Ps1101 strain (Ps93 with 
inactivated rpoN), and the Ps1100 strain (Ps93 with 
inactivated lipR).

RpoN is involved in lipase production  

To investigate the involvement of the RpoN protein in the regulation of lipase expression we 
created a P. alcaligenes mutant strain, Ps1101, with a disrupted rpoN gene. The rpoN gene was 
inactivated on the genomic DNA by insertional inactivation as described in experimental 
procedures. Southern hybridization analysis confirmed the presence of the integration insert 
into the chromosome (data not shown). One selected strain, named Ps1101, was used in 
further experiments. The effect of rpoN inactivation on lipolytic activity was studied with the 
indicator assay plates containing minimal medium agar with tributyrin (1% v/v). As shown in 

Ps93              Ps1101           Ps1100Ps93              Ps1101           Ps1100
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Figure 5, the rpoN-inactivated strain, Ps1101, and the lipR-inactivated strain, Ps1100 displayed 
a remarkably reduced zone of clearance around the colonies in comparison to that seen for the 
Ps93 strain. The reduced clearance zone for the Ps1100 strain was already presented in our 
previous study16. The presence of the residual clearing zone for Ps1101 could be the result of 
low basal levels of lipase transcription or the result of resident esterase activity. This finding 
supports the hypothesis that lipase expression is governed by a 54-dependent transcription. 
Therefore, for optimal lipase expression both the RpoN factor and the LipR protein are 
required.

Figure 6. Analysis of the transcriptional activity of the lipA promoter (lipA-lacZ) in the P. alcaligenes wild type, lipR
negative, and rpoN negative strains. The lipA-lacZ transcriptional fusion was used to determine the activation of 
the lipase promoter in cells of the parental (Ps93) and mutant strains (Ps1100, Ps1101) grown at 37°C in 2x TY 
medium. Samples were withdrawn at the times indicated (2.5 h, 3.5 h, 5 h, and 6 h). The strains used for the 
analysis were: Ps93 lipA-lacZ (closed diamonds), Ps1100 lipA-lacZ (open rectangles), and Ps1101 lipA-lacZ (closed 
triangles).  

The transcription of lipA is dependent on LipR and RpoN

To asses whether the chromosomal inactivation of lipR and rpoN genes affected the lipase 
promoter activity, the pTZlipA vector bearing the lipA-lacZ transcriptional fusion was 
introduced to the P. alcaligenes strains (Ps93, Ps1100, and Ps1101) and -galactosidase activity 
was measured after 2.5 h, 3.5 h, 5 h, and 6 h of growth. The levels of lipA-lacZ expression in the 
parental strain (Ps93) resulted in -galactosidase activities higher than that observed for the 
Ps1100 and Ps1101 mutant strains (Figure 6). The lipA-lacZ expression levels in Ps1100 and 
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Ps1101 were comparable. Importantly, the inactivation of lipR and rpoN genes decreased the 
activation of lipase promoter and therefore showed that lipase expression is regulated by LipR 
and RpoN. This is in agreement with the observation of impaired lipase production on 
tributyrin plates for the Ps1100 mutant16 and the Ps1101 mutant (Figure 5) strains. The results 
presented here confirm that both LipR and RpoN are essential for transcription of lipase.   

Discussion  

Through this study, we investigated the activation of the P. alcaligenes lipase gene, lipA, by the 
LipR response regulator, a member of the NtrC-family of regulators. It was previously 
indicated that the UAS present upstream the -12/-24 promoter region functions as the LipR 
binding site and is therefore required for promoter activation16. Here, we demonstrate that 
LipR binds directly to the promoter region of lipase and that this binding is stimulated by LipR 
phosphorylation. Also, our data show that LipR displays the ATPase activity stimulated by 
phosphorylation and by the presence of DNA. Furthermore, the rpoN mutant strain displayed 
impaired lipase production as assayed by a tributyrin plate assay. Consistent with our previous 
studies16 and the latter observation, the analysis of the lipase promoter activation from the 
lipA-lacZ transcriptional fusion in the P. alcaligenes lipR negative and rpoN negative strains 
confirmed involvement of the two proteins, LipR and RpoN, in the lipase transcriptional 
activation.  

Typically, bacterial response regulators, such as NtrC-like proteins, are activated by 
phosphorylation of an aspartate residue near their N-terminus by the histidine protein kinase.
Phosphorylation stimulates an essential for transcriptional regulation oligomerization of the 
central domain. While structures of response regulators are known, little is understood about 
their activated phosphorylated forms, due to the intrinsic instability of the acid phosphate 
linkage2-4,35. The lifetime (of seconds to hours) of phosphorylated response regulators is limited 
by a native autophosphatase activity of the response regulator and a phosphatase activity of 
the cognate kinase sensor. We haven’t assessed the phosphorylation lifetime of LipR-P, yet we 
assume that the ratio of LipR-P to LipR will decrease over time due to the labile nature of 
aspartate phosphorylation.

The ATP requirement prior to initiation of transcription is not common for bacteria, 
except to activation of the 54-holoenzyme. The prokaryotic enhancer binding proteins, such 
as NtrC, are equipped with ATPase domains that catalyze open complex formation by 54-
holoenzyme in an ATP-dependent manner20,36,37. We anticipated that LipR exhibits an ATPase 
activity. To substantiate this hypothesis we performed an ATP hydrolysis assay with varying 
LipR and LipR-P concentrations and with addition of a DNA fragment (PlipA199) containing the 
LipR binding site. Our data point out that LipR possesses an intrinsic ATPase activity, which is 
stimulated by phosphorylation and by the presence of DNA. In agreement with our results, it 
has been shown that phosphorylation of NtrC and the presence of DNA, containing specific 
NtrC binding sites, stimulated its ATPase activity37,38. As well, the non-phosphorylated NtrC to 
some degree displayed ATPase activity39. For many response regulators it has been shown that 
phosphorylation induces dimerization and/or cooperative binding to the respective target DNA 
sites37,40,41. Accordingly, we examined the effect of in vitro LipR phosphorylation on its binding 
ability to the lipase promoter sequence. Our data from the gel retardation assay showed no 
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differences between LipR and LipR-P binding activities to the lipase promoter. Yet, our SPR 
experiment demonstrated that LipR poorly interacts with DNA when unphosphorylated and 
the LipR binding ability/affinity is stimulated by LipR phosphorylation. This is in accordance 
with results of others which show that phosphorylation of response regulators increases their 
binding ability to DNA40-42. Perhaps, due to the relatively fast off-rate of LipR/LipR-P at the 
lipase promoter we were not able to detect any increase in binding between LipR and LipR-P to 
the lipase promoter in the gel retardation assay. It is plausible that the unstable LipR-DNA 
complexes dissociate prior to, or during, the running of the gel. This comparison shows that 
analyzing the binding of labile response regulators using SPR is superior.

Response regulators are normally phosphorylated by their cognate sensor kinases, yet 
many can also be phosphorylated in vitro at their conserved aspartate residue by low molecular 
weight phosphor donors, such as acetyl phosphate or carbamoyl phosphate43-45. This discovery 
facilitated the studies of response regulators without the requirement of their cognate kinases. 
It’s noteworthy that in our studies next to phosphorylation of LipR by carbamoyl phosphate we 
also tested acetyl phosphate as a phosphor donor. Our results from the SPR experiment with 
LipR incubated with acetyl phosphate (data not shown), in contrast to carbamoyl phosphate, 
did not show any effect on LipR-DNA binding properties in comparison to untreated LipR. It 
might suggest that LipR displays specificity only for particular phosphor donors, such as 
carbamoyl phosphate. It has been previously demonstrated that response regulators may 
respond to various small molecule phosphor donors with different specificity43,46,47.

Finally, the observation that LipR and RpoN are factors essential in the regulation of the 
expression of lipase from P. alcaligenes confirms our hypothesis and offers new possibilities to 
steer the lipase production levels at a higher scale. Yet, the present data do not exploit entirely 
the LipQR mode of action. Therefore, further studies should be aimed at clarifying the issues 
related to the LipR phosphorylation effect on its oligomerization state and DNA binding 
properties. Also, it would be important to define the exact stimuli of LipQ and its potential in 
LipR phosphorylation.  
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Heterologous production of Escherichia coli Penicillin G Acylase in Pseudomonas
aeruginosa

Penicillin G acylase (PGA) is a widely studied bacterial enzyme of great industrial 
importance. Since its overproduction in the original organisms is mostly limited to the 
intracellular bacterial spaces which may lead to aggregation and cell toxicity, we have set 
out to explore the host organism Pseudomonas aeruginosa for secretion of folded proteins 
to the extracellular medium. We have made fusion proteins, consisting of Pseudomonas
Sec- or Tat-specific signal peptides, the elastase propeptide and the mature penicillin G 
acylase. With all constructs we obtained production of PGA in P. aeruginosa, but we 
observed that processing of PGA was temperature dependent and that the active enzyme 
could only be found after growth at 25°C or lower temperatures. Remarkably, the mature 
protein, expressed from a TatProPGA hybrid, was not only found in the extracellular 
medium and the periplasm, but also in the cytoplasm as assessed by comparison to the 
reporter beta-lactamase protein. The unusual cytoplasmic localization of the mature 
protein strongly suggests that processing of PGA can also occur in the cytoplasm of P. 
aeruginosa. The extracellular localization of the TatProPGA hybrid was found not to be 
dependent on the tatABC-genes. The elastase signal sequence/propeptide combination 
appeared to be an inadequate carrier for transporting penicillin G acylase across the outer 
membrane of P. aeruginosa.

Introduction

Transport of proteins out of the cytoplasm is a powerful and fundamental attribute of living 
organisms. This phenomenon has been exploited by industry to manufacture biologically 
active proteins for easy product purification. In bacteria, the transport across the cytoplasmic 
membrane is mainly via the Sec machinery1-3, but folded proteins are assumed to be handled 
via the Tat pathway (twin-arginine translocation)4-6. In Gram-negative bacteria, extracellular 
translocation requires an additional machinery as the Sec- and Tat-dependent pathways 
translocate proteins only across the inner membrane (IM). For the transport via the outer 
membrane (OM) cells utilize additional translocation components, such as the type II secretion 
system of a general secretory pathway (GSP) which is conserved among Gram-negative 
bacteria. In Pseudomonas aeruginosa, the type II secretion system, the Xcp machinery 
composed of at least 12 Xcp proteins, is responsible for secretion of a subset of extracellular 
proteins including elastase, lipases, alkaline phosphatase, exotoxin A, and phospholipases7.
Yet, no common secretion signal for exported proteins could be identified. Therefore, it 
remains unclear what this secretion motif is. There are reports underlining the significance of 
linear amino acid stretches that would be properly exhibited on the folded protein surface8,9.
For instance, a pectate lyase fusion protein composed of two homologous forms from Erwinia 
chrysanthemi and Erwinia carotovora revealed the importance of certain loop regions for 
species-specific secretion10.  In addition, a putative secretion domain of exotoxin A was 
successfully used to secrete a beta-lactamase hybrid to the extracellular medium in P.
aeruginosa9. Also, a pullulanase-beta-lactamase hybrid protein with an N-terminal pullulanase 
segment was efficiently and completely transported to the cell surface in E. coli8.  Yet, many 
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attempts to identify a secretion signal, like the one of cholera toxin by creating hybrid proteins 
(B-subunit pentamer with either beta-lactamase or alkaline phosphatase)11, were ineffective. 
Overall, it is likely that the final protein conformation defines whether it is a suitable target for 
a general secretory pathway or not. Specifically, the secretory signal would be a composition 
of residues from distal parts of the protein polypeptide chain which if brought together during 
folding may be recognized by the secretion apparatus. Even small changes in the protein may 
influence the fate of the protein. For example, mutations within the cellulose Cel5 from E. 
chrysanthemi secreted via the type II secretion pathway led to a stable, however non secretable 
mutant12. Also, mutated aerolysin from Aeromonas salmonicida was affected in transport 
across the outer membrane13.

Interestingly, many secreted proteases are synthesized as an inactive precursor 
polypeptide that possesses a unique propeptide sequence. These bacterial propeptides, 
transcribed as a one product with their substrate protein, form in the periplasm after self-
processing a non-covalent complex with their protein. The propeptides are required for proper 
folding and are not essential for the final activity of protein. They are cleaved off 
autoproteolitically at the specific site of the precursor protein14. Elastase, a secreted 
thermolysin-like metalloprotease from P. aeruginosa, has a 18 kDa propeptide that is required 
for proper folding and secretion of elastase15. The propeptide has been found to be associated 
with the mature elastase during transport via the secretin16.

The transport across the cytoplasmic membranes takes place mainly by signal peptides, 
sophisticated N-terminal domains consisting of the N-, H-, and C-regions that carry essential 
information about protein destination17. The Sec-type signal peptides are composed of a 
hydrophobic H-region of at least nine amino acids that can be preceded by positively charged 
residues within the first few amino acids (N-region), and a more polar C-region containing 
peptidase cleavage site18. In comparison, the typical Tat-type signal peptides are characterized 
by elongation of an N-region with a twin-arginine motif (RR), a modestly hydrophobic H-region 
and positively charged residues at the C-region19,20. Even tiny differences within the signal 
peptide among various proteins may target proteins to different secretion pathways6,21,22.

Beta-lactam acylases from E. coli and Pseudomonas play an important role in the semi-
synthesis of existing and novel antibiotics. In particular, penicillin acylase (penicillin 
amidohydrolase, EC 3.5.1.11) has significant industrial potential since it hydrolysis Penicillin G 
to 6-aminopenicillanic acid (6-APA), the beta-lactam nucleus of semi-synthetic antibiotics23.
The most common with respect to industrial use is penicillin G acylase from E. coli24. The 
physiological function of this enzyme remains unclear but it is likely involved in the metabolism 
of aromatic compounds as a carbon source25. Its native expression profile was shown to be 
dependent on temperature, oxygen levels, and the presence of phenylacetic acid26-28. It is 
synthesized as a precursor polypeptide pre-pro-PGA (ppPGA) of 94 kDa that after 
translocation across the IM as a pro-PGA (pPGA), undergoes an unusual posttranslational 
processing to eventually yield, in the periplasmic space, a mature enzyme consisting of two 
subunits,  (23 kDa) and  (62 kDa)29,30. Figure 1 presents schematically PGA synthesis and 
processing in E. coli cells. The catalytic residue, serine Ser-290, is located at the amino-
terminus of the -subunit31,32. Replacing this residue with cysteine results in a processed but 
inactive enzyme, associating the serine residue as a catalytic nucleophile33,34. Moreover, 
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substitution with arginine, threonine, or glycin impairs enzyme processing, indicating the 
significance of the serine residue for autocatalytic cleavage33.

Figure 1. General scheme of PGA synthesis and processing in E. coli.
The pac gene encodes a 94 kDa polypeptide precursor (ppPGA) consisting of a signal peptide (S), an alfa-subunit 
( ), a linker (L), and a beta-subunit ( ). The signal peptide is removed from the ppPGA during translocation into 
the periplasm. In the periplasm pPGA undergoes posttranslational modification that results in active PGA. 

It has been reported that the E. coli penicillin acylase is functionally transported in E. coli
across the inner membrane via the Tat pathway35, which has only a limited capacity. In 
addition, E. coli is unable to secrete the enzyme into the extracellular medium as it lacks the 
GSP pathway. Hence, the attempts for overproduction have led to undesired protein 
accumulation and aggregation impairing protein maturation and activity36-38, thus posing 
limitations to industrial development. The possible approach to solve this issue would be to 
find an alternative translocation mechanism for the delivery of this enzyme class to the 
periplasm and subsequently to the extracellular medium. Therefore, it is of key importance to 
develop a secretion system in an appropriate host, capable of producing and secreting 
correctly folded acylases. As Pseudomonas species are effective secretion hosts, with relatively 
rapid growth and ability to accumulate proteins in the extracellular medium, they are 
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attractive candidates for studying secretion, and production of commercially relevant, 
heterologous proteins. Since penicillin acylases can be folded in the periplasm, the type II 
secretion system may be recruited for their secretion. The pore (secretin) of the Pseudomonas 
type II secretion pathway has been shown by electron microscope analysis to be sufficiently 
large to allow for the transport of bulky proteins39. Moreover, several successful and 
encouraging approaches of directing heterologous proteins to the Tat pathway by combining 
them with a Tat signal peptide have been reported20,40-43.

In this study, we investigated if E. coli PGA can, in P. aeruginosa, be functionally 
expressed, produced and transported from the cytoplasm to the periplasm with known 
Pseudomonas Sec-type or Tat-type signal peptides. Ultimately we have tested whether the 
elastase propeptide can be used as a secretion signal to target PGA to the extracellular 
medium via the Xcp machinery.  

Materials and methods

Bacterial strains, plasmids and media  
The plasmids and bacterial strains used in this study are listed in Table 1. Bacterial cells were propagated at 37°C in 
L-broth (LB)44, unless otherwise indicated. Plasmids were maintained by addition of ampicillin (100 mg/l) for E. coli
strains and carbenicillin (200 mg/l) for P. aeruginosa.

DNA manipulations 
Amplification reactions with high-fidelity Phusion polymerase, digestions with restriction enzymes, ligations with 
T4 DNA ligase were performed according to standard conditions44 or as recommended by the manufacturer. 
Isolation of genomic DNA from P. aeruginosa was done using a GeneElute Bacterial Genomic DNA kit from 
Sigma-Aldrich, according to manufacturer instructions. The PGA-based fusion proteins are schematically 
depicted in Figure 2. The principle of an overlap extension PCR method45, based on assembling of few DNA 
fragments simultaneously, was used to make fusion proteins. During the first conventional PCR rounds fragments 
of a target sequence were amplified separately. Subsequently, purified intermediate products with 
complementary extremities from the first PCR were fused and amplified with the help of two universal primers, in 
a second PCR reaction. Thus, the final products were built up of the different amplified PCR fragments. For 
amplification of lasB and plcN genes chromosomal DNA of P. aeruginosa PAO1 strain was used as a template. 
Amplification of the pac gene was done on genomic DNA of the E. coli ATCC9637 strain46. (i) Construction of 
pMMB-PGA. The complete pac gene of 2.54 kbps was amplified with a forward primer pac-F (5’ CCG GCG GAA
TTC ATG AAA AAT AGA AAT CGT 3’) and a backward primer pac-R (5’ GCT GAC AAG CTT TTA TCT CTG AAC 
GTG CAA 3’) carrying EcoRI and HindIII restriction sites (underlined), respectively. After digestion, this PCR 
product was ligated into the broad-host range vector pMMB67EH (8.77 kbps) which was also cleaved with these 
two enzymes, resulting in pMMB-PGA. (ii) Construction of pMMB-SecProPGA. In the first PCR round two 
fragments for a protein hybrid were amplified separately. The fragment of 0.93 kbps, including the promoter, the 
signal peptide, and the propeptide sequence of the lasB gene, was amplified with a lasBProm-F primer (5’ CAG 
GAA ACA GAA TTC CCA GAA AGC GTG CAA 3’, EcoRI restriction site is underlined) and a lasBProp-R primer (5’ 
CAC TTG ACG ACT GCT CT G CAG GGG CCA GGC CTT CCC A 3’). The second fragment of 2.46 kbps, 
corresponding to the pac gene sequence (without its native signal peptide), was amplified with the pacAlfa-F (5’ 
TGG GAA GGC CTG GCC CCT GCA GAG CAG TCG TCA AGT G 3’) and pac-R primers. Resulting DNA fragments 
were annealed and amplified using the lasBProm-F and pac-R primers in the second PCR. The final product was 
digested with EcoRI and HindIII restriction enzymes and cloned into the pMMB67EH vector, yielding pMMB-
SecProPGA. (ii) Construction of pMMB-TatProPGA. In order to construct the pMMB-TatProPGA, four fragments 
were amplified independently in the first PCR round. The first part of the hybrid corresponding to the promoter of 
the lasB gene was amplified with the lasBProm-F forward primer and the lasBProm-R reverse primer (5’ CTG CTT 
TTC GAA ATC ATC TTG TTC AGT TCT CCT 3’). The second fragment, the plcN gene signal peptide, was generated 
with the following primers: plcNSP-F (5’ GGA GAA CTG AAC AAG ATG ATT TCG AAA AGC A 3’) and plcNSP-R (5’ 
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CGT CGA TCA GGT CGG CCG CCA GGG CCG CCT GGA T 3’). The third part of 0.53 kbps corresponding to the 
elastase propeptide lasB was amplified with the lasBProp-F (5’ CCA GGC GGC CCT GGC GGC CGA CCT GAT CGA 
CGT 3’) and lasBProp-R primers. The fourth fragment harboring the pac gene devoid the signal peptide sequence 
was amplified with the pacAlfa-F and pac-R primers. During the second PCR, four independent fragments from 
the first PCRs were annealed and the final product was amplified with the lasBProm-F and pac-R primers. Finally, 
a purified and EcoRI-HindIII digested PCR product of 3.1 kbps was ligated into the corresponding sites of the 
pMMB67EH vector.  

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

DH5 F- 80lacZ M15 (lacZYA-argF)U169 recA1 endA1 hsdR17(rk-, mk+) 
phoA supE44 thi-1 gyrA96 relA1 -

Invitrogen  

ATCC9637 W strain 46

P. aeruginosa 
 PAO1 Prototroph, wild type B. Holloway 

collection
   PAO1 tatABC Chromosomal tatABC deletion in PAO1 47

   PAO25 PAO1 leu arg 48

   PAN8 PAO25 lasB::Kmr aprE 16

   PAN9 PAO25 xcpQ::Gmr lasB::Kmr aprE::Hgr 16

   PAN11 PAO25 lasB::Kmr xcpR 16

   PAO7510 EMS-induced xcpR mutant of PAO25 49

Plasmids Properties Reference 
  pMMB67EH AmpR, RSF replicon (IncQ), tac promoter 50

  pMMB-PGA Native complete E. coli pac gene in pMMB67EH vector This study 
  pMMB-SecProPGA Fusion protein consisting of P. aeruginosa lasB promoter, lasB signal 

peptide, lasB propeptide and E. coli pac -, -subunits in pMMB67EH 
This study 

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

This study 

Growth conditions, cell fractionation, SDS-PAGE, and immunoblotting 
Overnight cultures of various P. aeruginosa strains were 100x diluted in fresh LB and grown with agitation at 37°C 
to an OD600 of 0.5-0.7. Next, the temperature was lowered to 22°C and cells were grown for about 16 h (stationary 
phase). Cells carrying the pMMB-PGA construct were induced with 0.5 mM IPTG at OD600 0.5-0.7. Cells (equivalent 
to 1 OD600 unit) were removed by centrifugation (10 min, 5,000 rpm), supernatants of growth medium were 
collected, transferred to new tubes and centrifuged again (10 min, 13,000 rpm) to remove all remaining cells. 
Next, proteins from growth medium fractions were precipitated with 10% TCA or used in the activity assay. 
Pelleted total cells were analyzed by SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis) or 
were resuspended in 10 mM Tris-HCl, pH 7.4. After centrifugation (10 min, 4,500 rpm), cells were resuspended in 
200 µl buffer A containing 10 mM Tris-HCl, pH 8.0, 25% sucrose, 2 mM EDTA, and 0.5 mg/ml lysozyme. After 
incubation on ice for 25 min, 50 µl of buffer B containing 10 mM Tris-HCl, pH 8.0, 20% sucrose and 125 mM MgCl2

was added. The suspension was centrifuged (15 min, at 4°C, 13,000 rpm) and the supernatant, representing the 
periplasmic fraction, was used directly in the activity assay or after TCA precipitation analyzed on SDS-PAGE. 
Furthermore, the pellet resuspended in 250 µl of 50 mM Tris-HCl, pH 8.0, 2 mM EDTA buffer was sonicated and 
cell debris was removed by centrifugation (30 min, 4°C, 13,000 rpm). The supernatant, representing the 
cytoplasmic fraction, was used directly in the enzymatic assay or was analyzed by SDS-PAGE. SDS-PAGE was 
performed on NuPAGE 4-12% Bis-Tris gels (Invitrogen). The same OD600 equivalents were loaded on SDS-PAGE.  
After electrophoresis proteins were transferred to nitrocellulose membranes which were subsequently incubated 
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with the appropriate primary antisera (rabbit antiserum raised against PGA or beta-lactamase). Detection was 
performed by enhanced chemiluminescense (ECL) with HRP-conjugated goat antibody against rabbit.  

Enzymatic activity assay 
The enzymatic activity assay was based on the conversion of 6-nitro-3-phenylacetamide benzoic acid (NIPAB) to 
3-amino-6-nitrobenzoic acid (NABA). The single reaction was performed at 37°C in 200 µl containing 50 mM 
phosphate buffer pH 7.0, 3 mM NIPAB with 10-30 µl enzyme/proteins solution. The growth medium (30 µl), 
periplasmic (15 µl), cytoplasmic (10 µl), and soluble cell-free extract (10 µl) fractions gained after fractionation of 
proteins from different strains were used as enzyme/protein solutions in the assay. The release of NABA in the 
assay mixtures was followed by measuring the changes in absorbance at 405 nm. Purified PGA was used as a 
positive enzyme control. The protein concentrations of fractions used in the activity assay were determined by a 
Bradford assay using BSA (bovine serum albumin) as a standard (Pierce, Rockford, Illinois, USA). All reactions 
were performed in triplicates in 96-well plates.  

Results 

P. aeruginosa produces processed and active native E. coli PGA 

To determine whether the putative signal peptide of a pac gene promotes expression of 
penicillin G acylase (PGA) in P. aeruginosa, the complete pac gene was cloned into the 
pMMB67EH shuttle vector. Subsequently, the pac-containing plasmid pMMB-PGA and the 
empty vector pMMB67EH were introduced into PAO1 and PAO1 tatABC strains. Expression of 
PGA was initially studied at 37°C and 30°C, however no protein production was observed. 
Expression experiments carried out at lower temperatures (25°C and lower) revealed 
functional PGA production and processing. In our final experiments bacterial cells were grown 
at 22°C, using 0.5 mM IPTG for induction. The cytoplasmic, periplasmic and extracellular 
protein profiles were analyzed by Western blotting and immunodetection with specific 
polyclonal antibody against PGA. As shown in Figure 2A, -PGA (62 kDa) was detectable in the 
cytoplasmic, periplasmic and growth medium fractions of pMMB-PGA containing strains, and 
not in the strains with the empty vector. Detection of the -subunit of PGA appeared to be 
difficult especially if quantities of protein are low, forcing us to judge the effectiveness of PGA 
processing solely by detection of -PGA.  Both strains, PAO1 and PAO1 tatABC, were able to 
produce processed PGA at comparable levels. The majority of the protein was found in the 
growth medium fractions (Figure 2A). However, detection of the periplasmic marker protein, 
beta-lactamase (Bla), in these medium fractions, strongly suggested that the presence of PGA 
in the medium fractions was not due to secretion but to cell lysis. Specifically, the ratio of beta-
lactamase found in the extracellular medium versus periplasmic beta-lactamase was 
approximately 1:0.9 for strains carrying the pMMB-PGA vector and approximately 1:6 for 
strains carrying the empty vector (data not shown). In agreement, growth medium fractions of 
strains carrying pMMB-PGA in contrast to the ones with the empty vector contained more 
cellular proteins (data not shown) indicating that PGA overexpression facilitates cell lysis. Also, 
strains with pMMB-PGA had a slower growth rate. Interestingly, only -PGA (Figure 2A), and 
no precursor protein was found in the cytoplasmic fraction of both PAO1 and PAO1 tatABC 
strains. This suggests that either (i) PGA may undergo processing already in the cytoplasm or 
(ii) the transport to the periplasm and processing is efficient and the cytoplasmic fraction is 
simply contaminated with periplasmic proteins. We found some beta-lactamase in the 
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cytoplasmic fractions (data not shown) thus supporting the second alternative. The fact that 
PGA processing was not impaired in the PAO1 tatABC strain suggests that PGA does not take 
the Tat route in P. aeruginosa if guided by the native E. coli signal sequence.

Figure 2. Localization and activity of PGA overexpressed from the pMMB-PGA construct.  
Cells of: 1- PAO1 pMMB67EH, 2- PAO1 tatABC pMMB67EH, 3- PAO1 pMMB-PGA, and 4- PAO1 tatABC pMMB-
PGA strains were separated from the growth medium fraction and fractionated further to the periplasm and 
cytoplasm. (A) Detection of -PGA (62 kDa) by SDS-PAGE, Western blotting and immunodetection with a rabbit 
antiserum against PGA. Equimolar amounts (based on original OD600) were loaded. (B) Hydrolysis of 6-nitro-3-
phenylacetamide benzoic acid (NIPAB) by PGA present in protein fractions. The assay conditions and 
fractionation procedure are described in materials and methods.

To examine the enzymatic PGA activity in the cytoplasmic, periplasmic and growth 
medium protein fractions of P. aeruginosa PAO1 and PAO1 tatABC strains carrying 
pMMB67EH or pMMB-PGA, we employed the activity assay that measures the release of 
NABA. All fractions, with and without PGA, were incubated at 37°C in 50 mM phosphate buffer 
pH 7.0, containing 3 mM NIPAB as a substrate. Enzymatic PGA activity expressed in U/mg was 
found for all the fractions containing PGA (Figure 2B). Whereas, the fractions from strains 
harboring the empty vector did not show substrate hydrolysis (the values between 0-2 U/mg 
activity are considered to be an insignificant background values of the protein fractions) 
(Figure 2B), the highest PGA activity was found in the growth medium fractions of strains 
overexpressing PGA (Figure 2B). Since the enzymatic activity of PGA is highly dependent on 
the correct spatial arrangement of the  and  subunits we conclude that the enzyme must be 
correctly folded.

Taken together, these results demonstrate that production of E. coli PGA carrying its 
native signal peptide in P. aeruginosa results in a mature and active protein. Our results 
demonstrate that cell lysis takes place, yet they do not exclude PGA secretion.

Construction of fusion proteins  
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To investigate the effect of the elastase (lasB) propeptide, which has been implicated in Xcp 
secretion, on expression, export and secretion of E. coli PGA by P. aeruginosa, plasmids 
carrying PGA fused to the propeptide sequence of the elastase gene (lasB) were constructed. 
Both Sec- and Tat-specific signal peptides are known to couple transport over the inner 
membrane to the Xcp machinery. Therefore, the pac signal peptide was replaced with the 
sequences encoding signal peptides of P. aeruginosa elastase (lasB) or P. aeruginosa 
phospholipase (plcN) (Table 2). The fusion proteins were designed to keep the propeptide 
covalently attached to the PGA moiety during secretion. The constructs were expressed from 
the lasB quorum sensing regulated promoter (Figure 2) and the resulting plasmids were 
introduced into P. aeruginosa strains. By addition of the propeptide sequence we could 
examine whether it can serve as a secretion signal for PGA and/or may be essential to prevent 
cellular PGA proteolysis.

Table 2. Signal peptides used to study E. coli PGA expression and export in P. aeruginosa.

Signal peptide Sequence (aas) Export pathway 
spPGA E. coli MKNRNRMIVNCVTASLMYYWSLPALA  Tat 
spLasB P. aeruginosa MKKVSTLDLLFVAIMGVSPAAFA Sec 
spPlcN P. aeruginosa MISKSRRSFIRLAAGTVGATVATSMLPSSIGAALA             Tat 

Figure 3. Schematic representation of the PGA fusion proteins.  
PGA fusion proteins were build up with DNA sequences encoding the P. aeruginosa elastase lasB promoter (P), a 
signal peptide (S), the P. aeruginosa elastase lasB propeptide (Pro), the alpha-subunit of PGA ( ), a linker (L), and 
the beta-subunit of PGA ( ). The SecProPGA hybrid has the signal sequence from lasB, the Tat-PGA hybrid has 
the signal peptide from the P. aeruginosa plcN gene. Restriction sites (EcoRI, HindIII) used for cloning are 
indicated.
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Expression of the SecProPGA hybrid  

A construct (SecProPGA) consisting of the elastase signal peptide and propeptide followed by 
the pac gene sequence devoid from its native signal peptide sequence was made (Figure 3) and 
cloned into the broad-host range vector pMMB67EH, yielding pMMB-SecProPGA. In order to 
examine the potential of SecProPGA in export and secretion, the vector was transformed to 
different P. aeruginosa background strains including the Xcp machinery impaired strain 
(PAO7510), the proteases deficient strain (PAN8) or a combination of both (PAN9, PAN11). The 
growth temperature was set up at 22°C. The expression profile of SecProPGA in the cell-free 
protein extracts (soluble), comprising cytoplasmic and periplasmic proteins, and the growth 
medium fractions, was inspected by immunodetection with anti-PGA. Figure 4A shows, in the 
cellular soluble protein fractions (soluble) from the PAO25, PAO7510 ( xcpR), and PAN9 
( lasB, aprE, xcpQ) strains carrying pMMB-SecProPGA, two bands corresponding to 
unprocessed pro-PGA (higher band) and to -PGA, indicating inefficient protein maturation. 
There is only a single band corresponding to unprocessed pro-PGA visible and the size markers 
do suggest that is runs around 90 kDa. This may correspond to unprocessed mature PGA 
(theoretical 91 kDa) and not to the complete fusion protein with an elastase propeptide 
(theoretical 112 kDa). Furthermore, SecProPGA in strains PAN8 ( lasB, aprE) and PAN11 
( lasB, xcpR) was efficiently produced and processed to the -subunit (Figure 4A, soluble). 
The mutant strain, deficient in lasB and aprE proteases and with the intact Xcp apparatus 
(PAN8), gave the highest expression levels of processed PGA when compared with other 
strains (Figure 4A, soluble). Also, the PAN11 strain ( lasB, xcpR) was able to produce 
completely processed PGA at high levels (Figure 4A, soluble). Importantly, PGA could be found 
in the extracellular medium of both the Xcp intact and Xcp impaired strains (Figure 4A, 
medium), excluding the Xcp machinery as the responsible PGA secretion motor. In addition, 
beta-lactamase could be found in the soluble and growth medium fractions, indicating cell lysis 
(data not shown). There was greater degree of lysis for strains carrying pMMB-SecProPGA in 
comparison to the strains carrying the empty pMMB67EH vector (data not shown). Overall, 
these results implicate that neither the presence of the intact Xcp machinery nor lack of it has 
any obvious influence on SecProPGA expression profile.

The soluble and growth medium fractions, carrying pMMB-SecProPGA, were screened 
in the enzymatic activity assay to examine if produced PGA was able to hydrolyze the NIPAB 
substrate. Figure 4B reveals that samples from cellular soluble fractions from strains with 
processed PGA (Figure 4A; soluble) were able to hydrolyze NIPAB with activities between 34-
75 U/mg (Figure 4B). The low activity of 16 U/mg found in the growth medium fraction of the 
PAO7510 strain could suggest that the band seen on a picture (Figure 4A, lane 2 of 
supernatant) reflects inactive, improperly folded or degraded PGA. The medium samples from 
PAN8 and PAN11 strains exhibited the highest PGA enzymatic activity of 280 and 407 U/mg, 
respectively (Figure 4B).  

Above results revealed that for the efficient SecProPGA fusion protein processing, 
stability, and activity there is no lucid correlation with the presence or absence of the 
components of the Xcp machinery and presence or absence of extracellular proteases. Yet, the 
lack of extracellular proteases (lasB, aprE), or at least one of them, may have a protective 
effect on PGA activity and stability once it is efficiently produced and processed, as the growth 
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medium fractions of PAN8 and PAN11 strains displayed the highest enzymatic activity (Figure 
4A, 4B).

Figure 4. Detection and activity of PGA overexpressed from the pMMB-SecProPGA construct. Immunoblot 
showing a detection of pPGA (91 kDa) and -PGA (62 kDa) with anti-PGA (A) and PGA activity on NIPAB (B) of 
proteins from the growth medium (medium) and cell-free protein extracts (soluble) from 1- PAO25 , 2- PAO7510, 
3- PAN8, 4- PAN9, and 5- PAN11 strains carrying the pMMB-SecProPGA construct. Growth medium fractions 
were collected after two-step centrifugation to remove all cells. Proteins from medium fractions were precipitated 
with 10% TCA for SDS-PAGE or used directly in the activity assay. Pelleted total cells were resuspended and 
sonicated in 50 mM Tris-HCl, pH 8.0, 2 mM EDTA buffer, cell debris was removed by centrifugation. The 
supernatant, representing the soluble (periplasm and cytoplasm) fraction was used directly in the enzymatic assay 
or was analyzed by SDS-PAGE. Equimolar amounts (based on original OD600) were loaded.    

The fate of PGA expressed from the TatProPGA fusion protein containing the Tat-specific 
signal sequence and the elastase propeptide  

To examine the effects of replacement of the E. coli PGA native signal peptide with a P.
aeruginosa Tat-specific signal peptide on PGA expression, processing and transport we 
constructed a fusion protein TatProPGA. The TatProPGA construct consisting of the Tat signal 
peptide from a P. aeruginosa plcN gene, the elastase (lasB) propeptide and the pac gene 
sequence lacking its signal peptide (Figure 3) was cloned into the pMMB67EH vector. The 
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pMMB-TatProPGA construct was introduced to P. aeruginosa strains (PAO1 and 
PAO1 tatABC). For expression and protein fractionation, bacterial cultures were grown and 
treated as indicated in the methods section. Immunodetection analysis of the cytoplasmic, 
periplasmic and growth medium fractions with anti-PGA showed the band corresponding to -
PGA (62 kDa) for the pMMB-TatProPGA carrying strains (Figure 5A). Moreover, no 
unprocessed protein product could be detected designating an efficient TatProPGA 
processing. Expression levels of TatProPGA in PAO1 and PAO1 tatABC strains were alike 
(Figure 5A). The Tat deficiency of PAO1 tatABC did not impair or affect PGA expression, 
designating that TatProPGA is not exported in P. aeruginosa in a Tat-dependent manner. The 
unusual presence of -PGA in the cytoplasm (Figure 5A) was further investigated by checking 
the localization of the normally periplasmic beta-lactamase. The majority of this protein was 
found in the periplasm and medium, and only in very modest amounts in the cytoplasm 
(Supplemental Figure 1). The fact that TatProPGA PAO1 and especially TatProPGA 
PAO1 tatABC strains gave in the cytoplasm very low beta-lactamase levels with considerably 
high levels of -PGA could indicate that PGA processing, may take place already in the 
cytoplasm. Furthermore, the growth medium fractions of TatProPGA carrying strains versus 
the strains with the empty vector had more cellular proteins (data not shown), again indicating 
cell lysis caused by PGA overexpression. In addition, another construct consisting of the 
mature PGA sequence and the plcN Tat-specific signal peptide without the elastase propeptide 
sequence, was unable to produce PGA under tested conditions (data not shown).

Figure 5. Localization and activity of PGA overexpressed from the pMMB-TatProPGA construct. 
Cells of PAO1 pMMB67EH (1), PAO1 tatABC pMMB67EH (2), PAO1 pMMB-TatProPGA (3), and PAO1 tatABC
pMMB-TatProPGA (4) strains were separated from the growth medium (medium) and fractionated further to the 
periplasm and cytoplasm. (A) Detection of -PGA (62 kDa) by SDS-PAGE, Western blotting and immunodetection 
with a rabbit antiserum against PGA. (B) Hydrolysis of 6-nitro-3-phenylacetamide benzoic acid (NIPAB) by PGA 
present in protein fractions. The assay conditions and fractionation procedure are described in materials and 
methods.
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The enzymatic assay was engaged to scrutinize the TatProPGA enzymatic activity in 
the cytoplasmic, periplasmic and growth medium fractions of P. aeruginosa PAO1 and 
PAO1 tatABC strains. Reactions were prepared as described in materials and methods. All 
fractions containing PGA, in contrast to the fractions without PGA, were able to hydrolyze the 
NIPAB substrate (Figure 5B). The highest enzymatic activity (237 and 253 U/mg) was recorded 
in the growth medium and the lowest (98 and 82 U/mg) in the cytoplasmic fractions of 
TatProPGA overexpressing strains (Figure 5B). Evidently, the deficiency of the Tat machinery 
did not affect the compartmental distribution of PGA activity when compared to the wild type 
strain PAO1. 

Altogether, our present findings demonstrate that in P. aeruginosa the TatProPGA 
fusion protein does not require a functional Tat machinery for translocation across the IM, for 
efficient posttranslational maturation as well as for proper folding essential for enzymatic 
activity.

Discussion 

The ability of bacteria to efficiently secrete high amounts of proteins into the extracellular 
medium is commonly used in industry for high-level protein production as it simplifies the 
purification process. The Gram-negative bacterium, P. aeruginosa, secrets a number of 
enzymes and toxins. Therefore, it is a potent candidate for the efficient transport of 
heterologous fusion proteins. The type II secretion system (T2SS or secreton) of these bacteria 
is able to differentiate the exported proteins from the entire pool of periplasmic and 
membrane proteins, and it recognizes either the Tat- or Sec-exported proteins. Up till now, no 
true secretion signals governing this process could be defined as P. aeruginosa secretes many 
dissimilar proteins51, with no common secretion motif. Yet, current knowledge highlights the 
importance of  a conformational secretion signal of folded proteins essential for translocation7.
Overall, the phenomenon of secretion is complex. Thus, for successful secretion certainly 
several factors, together and independently, play a key role. Here, we have investigated 
whether the type II secretion system of P. aeruginosa allows the transport to the medium of E.
coli penicillin G acylase equipped with Tat- and Sec-specific signal peptides and the elastase 
propeptide.

Our data illustrate that the pac gene of E. coli can be successfully expressed in an active 
form in P. aeruginosa and that the produced enzyme is partially released to the extracellular 
medium due to cell lysis (Figures 2, 4, and 5). We demonstrated no significant differences in 
the expression profiles of PGA with the native E. coli signal peptide or the Pseudomonas Tat-
specific signal peptide with propeptide, the enzyme could be effectively produced in all cases. 
Unexpectedly, switching off the Tat apparatus in the PAO1 tatABC pMMB-TatProPGA strain 
did not affect production, processing, activity and transport of PGA when compared to the 
parental strain with the intact Tat system (Figure 5). The signal peptide of the TatProPGA 
hybrid was expected to direct the propeptide protein to the Tat apparatus as its signal peptide 
comprises the conserved twin-arginine motif S-R-R and belongs to the Pseudomonas
phospholipase gene (plcN) which is exported in a Tat-dependent manner52. Perhaps, the plcN
gene signal peptide is not simply a “Tat-only” signal sequence but the destination of a fusion 
protein is also determined by the sequence of the fusion protein itself. Furthermore, E. coli
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PGA was shown to have an unusual Tat signal peptide35. Therefore, our results with processed 
and active PGA in PAO1 tatABC pMMB-PGA strain are not totally unexpected since we could 
not tell in advance if the native E. coli Tat-specific signal peptide would be also recognized by 
the Pseudomonas Tat machinery. Since the expression of PGA from pMMB-PGA and pMMB-
TatProPGA was not impaired in PAO1 tatABC strain, this protein most probably is exported 
across the inner membrane via the alternative route, the Sec pathway.

The expression and maturation of PGA from the SecProPGA hybrid was impaired in 
PAO25 and PAN9 strains (Figure 4A). Our experiments in a proteinase-deficient strain did not 
result in obviously higher protein productivity. Yet, the strains with efficiently processed PGA 
(PAN8, PAN11) were lacking one or two of the proteases genes and showed the highest 
specific PGA activity in the growth medium fractions (Figure 4A, 4B). Interestingly, we 
observed a thicker band of about 60 kDa visible on Coomassie stained SDS-PAGE of the 
soluble fraction of PAN9 pMMB-SecProPGA (data not shown). The band was extracted from 
the gel, digested with trypsin, and analyzed with matrix-assisted laser desorption ionization-
time of flight mass spectrometry. Protein identification based on mass spectra verified 
overexpression of the 60 kDa GroEL protein, a chaperon protein involved in folding and 
stabilization of proteins53. Actually, in E. coli the GroEL chaperon has been successfully 
coexpressed with a pac gene lacking the signal peptide, and it was shown to prevent 
intracellular proteolysis of PGA54. After a series of expression experiments we have also 
observed that for optimal PGA expression, cells had to be cultured at maximal 25°C. For 
example, at 37°C there was no detectable PGA production. This is in agreement with previous 
studies on PGA expression where the temperature was shown to be an important factor for 
PGA efficient expression and processing28,37. Cell lysis was mostly observed in strains 
producing PGA, which might have caused the physiological burden and probably explains the 
partial liberation of PGA into the extracellular medium. Active PGA could be found in the 
medium fraction of the Xcp-deficient strain (PAN11, Figure 4), indicating no dependence of the 
Xcp-mediated secretion. These results plus the detection of the periplasmic marker (beta-
lactamase) in the growth medium fractions indicated that cell lysis rather than active secretion 
explained the presence of PGA in the medium fraction.  

Maturation of penicillin acylase is considered to take place in the periplasmic space 
after translocation across the inner membrane and cleavage of the signal peptide29. However, 
it was shown that the active enzyme can also be produced by coexpression of the alpha- and 
beta-subunits from separate plasmids in the cytoplasm of E. coli55. In accordance with this 
observation, Xu et al. has demonstrated that the expression of the pac gene lacking its signal 
peptide in E. coli occurred in the cytoplasm54. These data support our observation with the 
pMMB-TatProPGA construct that suggest processing of PGA in P. aeruginosa - at least in part - 
to take place in the cytoplasm (Figure 5A). Noteworthy, the separation of the periplasmic 
space from the cytoplasm is a technical challenge. From what we have observed, PGA 
overexpression seems to lead to cellular lysis. The burden of PGA overexpression may be 
explained by the cytoplasmic and periplasmic accumulation of PGA. The cytoplasmic 
accumulation of PGA precursor proteins could be a result of hampered translocation through 
the inner membrane and a jamming of the translocation machinery (Tat or Sec). Subsequently, 
the accumulation of precursor proteins could make their signal peptides susceptible towards 
cytoplasmic proteases that would degrade the signal peptide leaving the mature protein intact 
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in the cytoplasm. It was shown that the signal peptide of TorA precursor protein was sensitive 
to proteolysis in the cytoplasm in the absence of its chaperon protein TorD56. Perhaps, in E. coli 
PGA has such a general cytoplasmic chaperon protein that is not present at all or in limiting 
amounts in P. aeruginosa. Moreover, impaired transport of PGA to the periplasm could possibly 
be also promoted by the lack or limitation of a cofactor needed for membrane translocation. In 
agreement, E. coli and Alcaligenes faecalis penicillin G acylase expressed in E. coli were shown 
to require Ca2+ for the efficient membrane transport and maturation57,58.

The possible role of bacterial propeptides in targeting to the secretion machinery has 
not been extensively studied. At present it is known that propeptides are important for correct 
protein folding and for prevention from protein degradation and/or intracellular activity14,59,60.
A relatively well studied peculiar enzyme from P. aeruginosa elastase lasB, possessing a 
propeptide sequence, is formed as a pre-pro-enzyme (53 kDa) consisting of a signal peptide, a 
propeptide (18 kDa) and a mature protein (33 kDa)16,61. The elastase propeptide, exhibiting an 
intramolecular chaperone role, was shown to be essential in correct folding and secretion of 
elastase15. The elastase mutant lacking the propeptide sequence was inactive and prone to 
proteolytic degradation, thus non secretable15. Whilst, the propeptide expressed itself could be 
successfully secreted in P. aeruginosa to the surrounding medium in the Xcp-dependent 
manner16. Moreover, Mclever et al. identified residues within the propeptide important for 
elastase secretion62. The latter results are very encouraging, however as yet there is not 
sufficient knowledge whether the elastase propeptide can be used as a carrier for secretion of 
heterologous proteins. Our approach was aimed to engineer SecProPGA and TatProPGA in 
such a way that they would be overexpressed as complete fusion proteins with the propeptide 
attached. For this purpose the elastase propeptide native cleavage site was modified during a 
cloning procedure. The western blot results with SecProPGA and TatProPGA (Figure 4 and 
Figure 5) indicate however, that the elastase propeptide is cleaved off. It’s plausible that the 
cleavage is associated with the proteolytic activity present in protein extracts. Noteworthy, the 
western blot analysis, with the antibody against the elastase propeptide, of some SecProPGA 
samples, revealed a band that could correspond to the complete fusion protein, SecProPGA, of 
theoretical molecular weight 112 kDa (data not shown). The propeptide susceptibility to 
proteolityc cleavage/degradation can perhaps explain the lack of secretion of the fusion 
proteins.

We have shown that mature PGA can be produced in P. aeruginosa even when it is not 
actively secreted into the medium. Our efforts to secrete the protein by the Pseudomonas
strains using Sec or Tat signal peptides and the elastase propeptide did not result in real 
secretion. Even though several aspects of the production and translocation of acylases have 
been elucidated, further experiments are needed to fully explore the potential of Pseudomonas
to secrete -lactam acylases.
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Supplementary material

Supplemental Figure 1. Localization of beta-lactamase (Bla) overexpressed from the pMMB-TatProPGA plasmid. 
Cells of PAO1 pMMB67EH (1), PAO1 tatABC pMMB67EH (2), PAO1 pMMB-TatProPGA (3), and PAO1 tatABC
pMMB-TatProPGA (4) strains were separated from the culture medium (medium) and fractionated further to the 
periplasm and cytoplasm. Detection of the beta-lactamase (31.5 kDa) by SDS-PAGE, Western blotting and 
immunodetection with a rabbit antiserum against beta-lactamase. 
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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). 
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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.  



                                                                                                                 Characterization of PA1893 from Pseudomonas aeruginosa

115

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 



                                                                                                                 Characterization of PA1893 from Pseudomonas aeruginosa

123

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 



CHAPTER 6                                                                                                            

124

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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Summary, general discussion and future perspectives 

Pseudomonads are Gram-negative bacteria occupying various ecological niches, often acting 
as animal and plant pathogens, or biocontrol, bioremedation, and spoilage agents. Typically, 
they possess a periplasmic space and are capable of secreting a large variety of endogenous 
proteins into the growth medium. Therefore, in recent years, more interest has been drawn 
towards Gram-negative hosts, such as Pseudomonas species, for the production of 
commercially and pharmaceutically interesting enzymes like lipases, penicillin acylases, and 
other biocatalysts which require periplasmic folding. These enzymes can not be efficiently 
produced by traditional hosts, such as Bacillus or Aspergillus, due to the lack of a periplasmic 
folding compartment and adequate secretion machinery. To tackle this problem it is rational to 
develop a Gram-negative secretion host possessing a nano-machine for the secretion of folded 
proteins and a periplasm suitable for the assembly and folding of complex biocatalysts. 
Pseudomonas alcaligenes serves as an ideal candidate as it is an industrially validated non-
pathogenic strain. In addition, the available knowledge about the closely related and well-
studied model organism, Pseudomonas aeruginosa, can be applied to the industrial P. 
alcaligenes strain. Yet, before the successful enzyme production on industrial scale can take 
place a solid fundamental knowledge about the protein to be produced and the expression 
host needs to be gained. In this context, the research presented in this thesis explores 
Pseudomonads as microbial enzyme factories. Pseudomonas can serve as a potential source of 
industrially potent enzymes and the host for nanotechnological production of biocatalysts. In 
particular, the fundamental issues, such as the regulation of lipase expression in P. alcaligenes,
secretion of heterologous proteins and a search for industrially potent enzymes within P.
aeruginosa, were studied here. Chapter 1 provides background information introducing to the 
subjects presented in this thesis.

Lipase gene expression regulation in P. alcaligenes

The data presented in Chapter 3 demonstrate that the lipase gene expression of P. alcaligenes
can be switched on by the addition of certain medium components such as soybean oil. The 
induction mechanism of lipase expression was elucidated by screening for a lipase hyper-
producing strain from the pool of P. alcaligenes strains with a cosmid library of P. alcaligenes
genomic DNA fragments. As a result, a fragment comprising two previously unidentified 
genes, lipQ and lipR, was found. Their encoded proteins belong to the NtrBC family of 
regulators that regulate gene expression via binding to a specific upstream activating sequence 
(UAS). For P. alcaligenes, such an UAS region upstream the lipase promoter was identified in a 
previous study1, strongly suggesting that LipR acts as a positive regulator of lipase expression. 
Our results showed that inactivation of a lipR gene down-regulates lipase expression and 
overexpression of the lipQR operon increases lipase yield threefold. Also, we observed that 
cell-free protein extracts of a LipR-overexpressing strain caused a retardation of the lipase 
promoter fragment in the electrophoretic mobility shift assay (EMSA) indicating that lipase 
expression in P. alcaligenes is under the control of a LipQR two-component system. Further 
studies, in chapter 4, demonstrated direct LipR binding to the lipase promoter in the 
electrophoretic mobility shift assay and surface plasmon resonance (SPR) experiment. The 
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experiments performed with the lipA-lacZ transcriptional fusion in the P. alcaligenes lipR and 
rpoN mutant strains demonstrated clearly that LipR and RpoN are essential for the lipase 
promoter activation. Moreover, the ATP hydrolytic activity of LipR has been shown to be 
stimulated by DNA and LipR phosphorylation. 

Bacterial cells, as means of survival and environmental adaptation, evolved 
sophisticated regulatory strategies for gene regulation in response to specific conditions. The 
transcription of numerous genes may be controlled by several regulators and may be followed 
by posttranscriptional regulatory processes. Thus, universally the regulation events may take 
place at the different molecular levels, in a direct or indirect manner. Here, we have identified a 
LipQR two-component system involved in direct regulation of lipase expression in P.
alcaligenes (chapters 3 and 4). The LipQR system bears remarkable resemblance to the CbrAB 
two-component system from P. aeruginosa2,3. Yet, the CbrB protein, in contrast to LipR, has 
not been shown or indicated to be involved in regulation of lipase expression. For P.
aeruginosa, the CbrAB two-component system was shown to play a role in the utilization of 
carbon and nitrogen sources2,4. However, no reports demonstrating the direct binding of CbrB 
to any promoter sequence have been shown. Furthermore, the LipQR system in P. alcaligenes,
on the contrary to the CbrAB system, has not been indicated to be important in carbon-
nitrogen utilization. Thus, taken together it appears that the LipQR and CbrAB two-
component systems perform different regulatory tasks under physiological conditions. Also, 
the precise localization and nature of the direct stimulus activating LipQ and CbrA, needs to be 
still recognized. It is noteworthy, however, that we established that the presence of particular 
substrates in the growth medium of P. alcaligenes, such as soybean oil, stimulated lipase 
expression, indicating the potential stimuli triggers for LipQ5. Generally, the activity of 
bacterial response regulators, such as NtrC-like proteins, is controlled by phosphorylation and 
dephosphorylation of an aspartate residue at their N-terminus by the histidine protein kinase. 
The aspartyl-phosphate linkage is known to be very labile in nature6,7. Phosphorylation of the 
N-terminal receiver domain stimulates an essential for transcriptional regulation 
oligomerization of the central domain. In our studies (chapter 4), we observed in the gel 
retardation assay that LipR in vitro phosphorylation did not displayed better LipR binding 
activity to the lipase promoter. In contrast, our SPR experiment demonstrated that LipR 
binding ability and affinity was triggered by LipR phosphorylation. Possibly, the quite fast off-
rate of LipR/LipR-P at the lipase promoter causes the detection of increased binding between 
LipR and LipR-P to the lipase promoter in the gel retardation assay difficult. Also, the unstable 
LipR-DNA complexes may dissociate prior to, or during, the running of the gel. It implicates 
that analyzing the binding of labile response regulators by use of advanced technologies such 
as SPR is preferable. It would be of great interest to study further the LipQR mode of action on 
lipase expression regulation. In particular, the basic question still to be answered involves the 
effect of phosphorylation on LipR oligomeric state. Also, the exact lipase promoter region 
interacting with LipR could be verified by use of footprint experiments. The overexpression and 
purification of LipQ could provide valuable information on the stimuli signal and the partner 
relationship between LipR and LipQ within the regulatory cascade of lipase expression. Lastly, 
this knowledge could be transferred to improve the lipase production levels at large scale.  

Probing the type II pathway of P. aeruginosa for the export of heterologous proteins 
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A number of hydrolytic enzymes such as elastase, lipase, phospholipases or exotoxin A are 
secreted by the type II secretory pathway in P. aeruginosa. These proteins carry an N-terminal 
signal peptide that is cleaved off during translocation across the cytoplasmic membrane via 
the Sec pathway8 or via the Tat pathway9. Next, in the periplasm the folded proteins are 
recognized by the Xcp machinery which transports them to the extracellular medium. Over 
past years, many researchers have thought of applying such bacterial, secretion nano-
machineries for the export of heterologous proteins. Especially, for proteins of which 
expression and secretion in a native host is somewhat limited. For example, the 
overproduction of penicillin G acylase is mostly limited to the intracellular bacterial spaces 
which may lead to protein aggregation and cell toxicity. In an attempt to overcome this 
problem, in chapter 5, we investigated the host organism P. aeruginosa for production of 
penicillin G acylase (PGA). For this purpose, we assessed the effect of the Sec- and Tat-specific 
signal peptides, and the elastase propeptide on the translocation of PGA across the inner and 
the outer membrane. We obtained production of active protein, however, our approach to 
arrive at an effective secretion with the help of the signal peptide/propeptide turned out to be 
not successful. Moreover, the mature protein, expressed from a TatPGA hybrid, was found in 
the periplasm as well as in the cytoplasm. The unusual cytoplasmic localization of the mature 
protein strongly suggests that processing can also occur in the cytoplasm of P. aeruginosa. In 
agreement with our observation, Xu et al. has demonstrated that the expression of the 
leaderless pac gene in E. coli occurred in the cytoplasm10. An alternative explanation for the 
cytoplasmic localization of PGA involves the cytoplasmic accumulation of the precursor 
protein. The signal peptide of the aggregated precursor protein might be susceptible towards 
cytoplasmic proteases that would degrade the signal peptide leaving the mature protein intact 
in the cytoplasm. For instance, the signal peptide of a TorA precursor protein was sensitive to 
proteolysis in the cytoplasm in the absence of its chaperon protein TorD11. Furthermore, the 
elastase propeptide appeared to be an insufficient passenger to actively secrete penicillin 
acylase (SecPGA and TatPGA) to the extracellular medium. Perhaps, PGA and a propeptide are 
not able to form a secretable complex that would be recognized and secreted by the Xcp 
machinery. Also, we observed that cell lysis caused by PGA overexpression led to its presence 
in the extracellular medium. Possibly, the secretion might succeed when other signal peptides 
and/or secretion motifs will be employed. Despite the fact that several issues of the production 
and translocation of acylases have been elucidated, additional experiments are required to 
fully explore the potential of Pseudomonas to secrete -lactam acylases. This research is just a 
starting and challenging point for future studies.

Potential of bacterial acylases

The first reports about penicillin acylases, of the -lactam acylases class, have appeared almost 
50 years ago. With the course of time these intriguing enzymes have drawn significant 
academic and industrial attention. Importantly, -lactam acylases are widely used in industry 
for production of semi-synthetic penicillins and cephalosporins. This class of enzymes is 
relatively well-characterized and it displays high selectivity towards the acid side chain of the 
substrate. One of the best characterized enzymes is bacterial penicillin G acylase with already 
well established industrial importance. Acylases are produced by a variety of organisms, such 



CHAPTER 7

134

as bacteria, yeast, and fungi. Their physiological function most of the time remains unclear. 
Yet, due to their biotechnological potential they attract lots interest. For instance, many 
putative acylases of the N-terminal nucleophile (NTN) family can be identified among the 
genomes of Pseudomonas species. Significantly, at least four putative acylases have been 
identified in the P. aeruginosa PAO1 genome. Two of which (PvdQ, QuiP) were found to 
hydrolyse acyl homoserine lactones (AHLs) indicating a role in quorum quenching. These
enzymes degrade long-chain AHLs and not AHLs with short side chains. Notably, the 
overexpression of PvdQ or QuiP in P. aeruginosa remarkably inhibits or delays the 
accumulation of 3-oxo-C12HSL signal molecule and thereby decreases expression of several 
virulence factors such as elastase and pyocyanin, important in P. aeruginosa pathogenicity12-14.
For Ralstonia strain XJ12B, AiiD acylase inactivating both long- and short-chain AHLs was 
identified15. Clearly, finding and isolating new members of NTN-hydrolase family, such as 
quorum quenching AHL acylases, tempts to consider these enzymes as potential antimicrobial 
agents. Chapter 2 outlines the current knowledge about the quorum quenching acylases and 
discusses, in particular, the acylases from P. aeruginosa.

In chapter 6, we report on cloning, overexpression, and characterization of a putative 
-lactam acylase, PA1893, from P. aeruginosa. The PA1893 gene belongs to a cluster of genes 

(from PA1897 to PA1891) that may perhaps form a transcription unit. The recombinant PA1893 
protein with a C-terminal 6xHis tag was overexpressed in E. coli, purified and the mature 
protein was found to be consisting of the - and -subunit. We showed that the -subunit 
possesses a conserved N-terminal serine that is known to act as the catalytic nucleophile. 
Moreover, purified PA1893His did not display any hydrolytic activity on short and long acyl 
chain AHLs, neither on various -lactam compounds. Our experiments showed that the wild 
type PAO1 P. aeruginosa strain and the mutant strain lacking PA1893 were able to grow equally 
well on penicillin G, penicillin V, cephalosporin C, and cephalexin indicating that PA1893 is not 
involved in the metabolism of tested antibiotics. Interestingly, we observed increased elastase 
production during the mid-logarithmic phase for the PA1893 deletion mutant (PAO1 PA1893).
Also, addition of PA1893His to the growth medium of PAO1 and PAO1 PA1893 reduced the 
production of elastase at the mid-logarithmic stage. These results indicate that PA1893 is 
somewhat a part of the quorum sensing-related regulon. 

The absence of any measurable activity of PA1893His suggests that PA1893 displays 
activity on other substrates and the real substrate(s) has not been tested yet. The number of 
potential substrates for penicillin acylases is huge. Hence, in search for enzymatic activity of an 
uncharacterized enzyme it’s rational to employ a high throughput screening against a range of 
available natural and synthetic substrates. The gained data could point to the physiological 
function as well as the industrial potential of a candidate enzyme. The biological role of -
lactam acylases has been proposed to be involved in the degradation of phenylacetylated 
compounds to generate a phenylacetic acid (PA) for a carbon and energy source, yet it remains 
largely unclear16,17. Generally, microorganisms can utilize various aromatic compounds as sole 
carbon and energy sources thanks to the presence of sophisticated catabolic pathways, 
composed of a set of genes, involved in biodegradation. Although diverse microorganisms are 
able of aerobic degradation of many naturally occurring or human-made compounds, 
Pseudomonas species particularly, are able to degrade a broad number of compounds18-20. In 
this context, the remarkable localization of PA1893 within the PA1897-PA1891 cluster might 
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suggest that proteins of this cluster are involved in energy source metabolism at some stage. 
Yet, additional studies are required to verify this hypothesis. Perhaps, experiments such as 
growth experiments on minimal media supplemented with different carbon sources and 
further characterization of PA1893 adjacent proteins, would elucidate this possibility. 
Furthermore, the PA1897-PA1891 genes were shown to be quorum-controlled by the 
transcriptome analysis of P. aeruginosa21,22. Also, the elevated levels of PA189323 and PA1897-
PA189224 were detected during biofilms development. Our results of decreased elastase 
production at the mid-logarithmic phase after PA1893His addition to the PAO1 and 
PAO1 PA1893 growing cultures also suggest PA1893 involvement in the quorum sensing 
circuit. The latter results shall inspire further studies essential to unravel the role and value of 
PA1893.

In summary, the research presented in this thesis investigates, broadly speaking, Pseudomonas
for the production of pharmaceutically relevant proteins. As a result, we demonstrated at the 
molecular level that the LipRQ two-component system of P. alcaligenes governs the regulation 
of lipase expression by direct LipR binding to the lipase promoter. We also analyzed conditions 
inducing lipase expression. These findings are certainly important for the optimization of lipase 
production on industrial scale. Furthermore, the observations presented here, concerning 
PA1893, should stimulate future work extended by the list of PA1893 potential substrate 
compounds to begin with. Finally, a study with P. aeruginosa as a host for heterologous protein 
expression and secretion suggests that for each and every individual heterologous protein to 
be expressed a number of different factors determines the production levels and the fate of the 
protein. It appears that the periplasmic space of P. aeruginosa can serve as a potent folding 
compartment for various proteins, yet achieving the successful secretion will require further 
studies before the somewhat universal secretion signal can be defined. Also, the efficient 
Pseudomonas factory might have to be, ultimately, engineered in a protein-specific manner to 
fulfill the requirements of a particular heterologous protein. Thus, it would be of great value to 
pursue on this broad and challenging research in near future to further identify the key factors 
important for protein expression and secretion within the Pseudomonas enzyme factories.
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Nederlandse samenvatting

De levende natuur is onderverdeeld in drie domeinen: de eukaryoten, de bacteriën en de 
archaebacteriën. De eukaryoten onderscheiden zich van de andere vormen van leven door de 
aanwezigheid van een celkern, die het merendeel van het genetische materiaal van de cel 
bevat. De eukaryoten omvat het rijk der dieren, planten, schimmels en een grote variëteit aan 
eencellige micro-organismen. In tegenstelling tot de eukaryoten hebben de prokaryoten, 
waartoe de archaeabacteriën en bacteriën behoren, geen celkern, maar is het DNA vrij in het 
cytoplasma aanwezig. Bacteriën worden onderverdeeld in Gram-positieve en Gram-negatieve 
bacteriën, gebaseerd op verschillen in the celwand. Gram-positieve bacteriën bezitten een 
dikke celwand, die vele lagen aan peptidoglycaan en teichonzuur bevat. In tegenstelling tot de 
Gram-positieve bacteriën hebben de Gram-negatieve bacteriën een relatief dunne celwand, 
die opgebouwd is uit paar lagen van peptidoglycaan, omgeven door een tweede 
lipidemembraan dat lipopolysacchariden en lipoproteïnen bevat. De ruimte tussen de twee 
lagen heet periplasma. 

De Pseudomonaden zijn Gram-negatieve bacteriën die verschillende ecologische 
niches bezetten, waarbij ze vaak functioneren als pathogeen voor dieren en planten of een rol 
spelen in biocontrole of bioremediatie. De aanwezigheid van een periplasmaruimte en de 
capaciteit van Pseudomonaden tot het secreteren van een grote verscheidenheid aan 
endogene eiwitten in het groeimedium heeft de afgelopen jaren de interesse doen ontstaan 
om deze Gram-negatieve bacteriën te gebruiken voor de productie van eiwitten. Veel 
commercieel en farmaceutisch interessante enzymen, zoals bijvoorbeeld lipases en penicilline 
acylases, vereisen  een juiste vouwing in het periplasma. Deze enzymen kunnen dan ook 
dikwijls niet efficiënt worden geproduceerd door traditionele gastheerorganismen, zoals de 
Bacillus of Aspergillus soorten. Redenen hiervoor zijn het ontbreken van de periplasmaruimte, 
waar vouwing van eiwitten plaatsvindt, en een adequate secretiemachinerie. Om 
bovenstaande problemen aan te pakken is het logisch/zinvol om een Gram-negatief 
gastheerorganisme te ontwikkelen dat in staat is om complexe eiwitten te synthetiseren, te 
vouwen en te secreteren. Pseudomonas alcaligenes is hiervoor een ideale kandidaat, omdat het 
een door de industrie gevalideerde niet-pathogene bacteriestam is. Bovendien kan de reeds 
beschikbare kennis over het goed bestudeerde en verwante modelorganisme Pseudomonas
aeruginosa toegepast worden op de industriële P. alcaligenes stam. Voordat echter een 
succesvolle productie van een enzym op industriële schaal plaats kan vinden, moet een solide 
basis van fundamentele kennis over het betreffende enzym en de expressie/secretie gastheer 
worden ontwikkeld. Het in dit proefschrift gepresenteerde onderzoek richt zich vanuit 
verschillende invalshoeken op Pseudomonas als nanotechnologische producent van 
farmaceutica. Daarbij kunnen Pseudomonaden zowel dienen als bron van mogelijke industrieel 
interessante enzymen en als gastheer voor nanotechnologische productie van enzymen. 
Daarom kunnen Pseudomonaden worden gezien als enzymfabriekjes. In dit proefschrift 
komen voornamelijk fundamentele aspecten, zoals het reguleren van de expressie van het 
lipase gen in P. alcaligenes, de secretie van heterologe eiwitten en het zoeken naar industriële 
enzymen binnen P. aeruginosa, aan de orde. Hoofdstuk 1 bevat de achtergrondinformatie over 
de verschillende onderwerpen die in het proefschrift aan de orde komen. 
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De regulatie van de lipase genexpressie van P. alcaligenes

De resultaten in hoofdstuk 3 tonen aan dat de expressie van het lipase gen door P. alcaligenes
kan worden geïnduceerd (aan kan worden gezet) door het toevoegen van componenten aan 
het medium, zoals bijvoorbeeld sojaolie. Het inductiemechanisme waardoor de expressie van 
lipase wordt geactiveerd werd verduidelijkt door de selectie van P. alcaligenes stammen met 
hoge lipase productie met behulp van de phenotype enhancement methode. Dit had tot 
resultaat dat een fragment, bestaande uit voorheen ongeïdentificeerde genen lipQ en lipR,
werd gevonden. De eiwitten waarvoor de deze genen coderen behoren tot de NtrBC-familie 
van regulatoren die de genexpressie reguleren door te binden aan een Upstream Activating 
Sequence (UAS). Voor P. alcaligenes is een dergelijke UAS-regio stroomopwaarts ten opzichte 
van de lipase promotor geïdentificeerd. Dit wekt de suggestie dat LipR fungeert als een 
positieve regulator van de lipase-genexpressie. Onze resultaten laten zien dat het inactiveren 
van het gen lipR leidt tot het downreguleren van de lipase-expressie en dat overexpressie van 
het lipQR operon leidt een drievoudige productieverhoging van lipase. Tevens hebben we via 
een gel retardation assay waargenomen dat celvrije eiwitextracten van een LipR-overexpressie 
stam een vertraging van het lipase promotorfragment veroorzaakt. Dit duidt erop dat 
expressie van lipase in P. alcaligenes wordt gereguleerd door het twee-component systeem 
LipQR. Vervolgstudies in hoofdstuk 4 demonstreren de directe binding van LipR aan de lipase 
promotor door middel van een gel retardation assay en een surface plasmon resonanse (SPR) 
experiment. De experimenten, die zijn uitgevoerd met P. alcaligenes mutantstammen die een 
lipA-lacZ transcriptionele fusie in lipR en rpoN bezitten, tonen duidelijk aan dat LipR en RpoN 
van essentieel belang zijn voor het activeren van de lipase promotor. Sterker nog, we hebben 
aangetoond dat de ATP hydrolytische activiteit van LipR gestimuleerd wordt door DNA en 
LipR-fosforylering.

Bacteriële cellen hebben fijnzinnige overlevingsstrategieën ontwikkeld voor het 
reguleren van genen als reactie op specifieke condities in hun omgeving. De transcriptie van 
talrijke genen zou kunnen worden gecontroleerd door verschillende regulatoren en zou 
kunnen worden opgevolgd door posttranscriptionele modificaties. Op deze manier vindt in het 
algemeen het reguleren op meerdere moleculaire niveaus op directe of indirecte wijze plaats. 
In dit proefschrift hebben we het LipQR twee-component systeem geïdentificeerd dat 
betrokken is bij de directe regulatie van lipase genexpressie in P. alcaligenes (Hoofdstuk 3 en 
4).

Het zou zeer interessant zijn om verder onderzoek te doen naar het twee-component 
systeem LipQR. De basale vragen die nog beantwoord dient te worden, behelsen het effect 
van fosforylering op de oligomerische staat van LipR en de bindingseigenschappen van LipR. 
Tevens zou de exacte lipase promotorregio, die een reactie aangaat met LipR, kunnen worden 
geïdentificeerd via het gebruik van een footprint experiment. De overexpressie en zuivering 
van LipQ zou waardevolle informatie kunnen geven over het stimulus-signaal en de relatie 
tussen LipR en LipQ binnen de regulatiecascade van lipase-expressie. Tenslotte zou deze 
kennis kunnen bijdragen aan het verbeteren van de lipaseproductie  op grote schaal. 

Het testen van het type II systeem van P. aeruginosa voor het exporteren van heterologe 
eiwitten. 
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Een aantal hydorolytische enzymen van P. aeruginosa, zoals elastase, lipase, phospholipase en 
exotoxin A, worden uitgescheiden door het zogenaamde type II secretiesysteem. Deze 
eiwitten dragen een N-terminale signaalpeptide dat wordt afgesplitst gedurende de 
translocatie over het cytoplasmamembraan via het Sec-systeem of via het Tat-systeem. 
Vervolgens worden in het periplasma de gevouwen eiwitten herkend door het Xcp-systeem 
dat ze naar het extracellulaire medium transporteert. In de afgelopen jaren hebben 
verschillende onderzoekers geprobeerd om dergelijke bacteriële nanomachinerieën te 
gebruiken voor het exporteren van heterologe eiwitten, waarvan de expressie in een 
oorspronkelijk organisme gelimiteerd is. Zo is bijvoorbeeld de overproductie van penicilline G 
acylase (PGA) in E. coli gelimiteerd tot de intracellulaire ruimte van de bacterie, wat mogelijk 
leidt tot aggregatie van eiwitten en toxiciteit voor de cel. In een poging om dit probleem te 
overwinnen hebben we in hoofdstuk 5 P. aeruginosa onderzocht als gastheerorganisme voor 
de productie van PGA. Voor dit doel hebben we het effect gemeten van de Sec- en Tat-
specifieke signaalsequenties en het elastase propeptide op de translocatie van PGA over de 
binnen- en buitenmembraan. Dit heeft geresulteerd in de productie van actief eiwit. 
Desalniettemin bleek de gekozen strategie, om met behulp van het elastase 
signaalpeptide/propeptide te komen tot een effectieve secretie, niet succesvol. Bovendien 
werd het mature eiwit van een Tat-PGA-hybride aangetroffen in het periplasma en het 
cytoplasma. De ongebruikelijke lokalisatie van het mature PGA in het cytoplasma duidt erop 
dat de processing in P. aeruginosa ook kan plaatsvinden in het cytoplasma. Een andere 
verklaring voor de lokalisatie van PGA in het cytoplasma is de accumulatie van het 
precursoreiwit in het cytoplasma. De signaalpeptide van het geaggregeerde precursoreiwit zou 
ontvankelijk zijn voor proteases in het cytoplasma. De signaalpeptide wordt 
verwijderd/afgesplitst, waardoor het mature eiwit intact overblijft in het cytoplasma. 
Bovendien bleek de elastasepropeptide ongeschikt om actief penicilline acylase (SecPGA en 
TatPGA) uit te scheiden in het extracellulaire medium. De ontvankelijkheid van de 
elastasepropeptide voor proteolitische degradatie kan waarschijnlijk het gebrek aan secretie 
van de fusie-eiwitten verklaren.  Tevens hebben we waargenomen dat de cellysis, die 
veroorzaakt werd door PGA overproductie en niet door secretie, leidde tot de aanwezigheid 
van PGA in het extracellulaire medium. Wellicht dat de secretie succesvol zou kunnen zijn 
wanneer andere signaalpeptiden en/of secretiesignalen worden toegepast. Hoewel 
verschillende aspecten van de productie en translocatie van de acylases zijn opgehelderd, zijn 
additionele experimenten nodig om volledig het -lactam acylases secretiepotentieel van 
Pseudomonas te ondekken. Dit onderzoek is een uitdagend vertrekpunt voor meer onderzoek.

Het potentieel van bacteriële acylases 

De eerste publicaties over penincilline acylases uit de -lactam acylase-klasse, verschenen 
vijftig jaar geleden. Sindsdien hebben deze intrigerende enzymen altijd de aandacht getrokken 
van academici en de farmaceutische industrie. Het belang van -lactam acylases wordt 
onderstreept door het gebruik van -lactam acylases in de farmaceutische industrie voor de 
productie van semisynthetische penicillines en cephalosporines. Deze klasse van enzymen is 
relatief goed gekarakteriseerd en vertoont een hoge mate van selectiviteit voor de zure 



Nederlandse samenvatting

142

zijketen van het substraat. Een van de best gekarakteriseerde enzymen is het bacteriële 
penincilline G acylase dat al in de industrie wordt toegepast. Acylases worden door een grote 
variëteit aan organismen geproduceerd, zoals bacteriën, gisten en schimmels. Hun 
fysiologische functie blijft vaak onduidelijk. Maar door hun biotechnologische potentieel 
trekken zij enorm veel aandacht. In de genoom sequenties van Pseudomonaden kunnen 
verscheidene potentiële acylases van de N-terminal nucleophile (NTN) familie worden 
geïndentificeerd. Tenminste vier kandidaat acylases zijn geïndentificeerd in het genoom van P.
aeruginosa PAO1 . Hiervan zijn er twee, PvdQ en QuiP, die acyl homoserine lactonen (AHLs) 
hydrolyseren. Dit duidt op een rol bij quorum quenching. Het vinden en isoleren van nieuwe 
leden van de NTN-hydrolase familie, zoals quorum quenching AHL acylases, is interessant, 
omdat deze enzymen potentieel bezitten als antimicrobiële verbinding. Hoofdstuk 2 beschrijft 
de huidige kennis omtrent de quorum quenching acylases in het algemeen en de rol van de 
acylases uit P. aeruginosa in het bijzonder. 

In hoofdstuk 6 rapporteren we over de klonering, overexpressie en de karakterisatie van 
een mogelijk -lactam acylase, PA1893 uit P. aeruginosa. Het PA1893 gen behoort tot een 
kluster van genen (van PA1897 tot PA1891) dat mogelijkerwijs een transcriptie-eenheid vormt. 
Het recombinante PA1893 werd met een C-terminale 6xHis tag overgeproduceerd in E. coli en 
vervolgens gezuiverd. Aangetoond werd dat het mature eiwit uit een - en een -subunit 
bestaat. Wij hebben tevens aangetoond dat de -subunit een N-terminale serine bevat, 
waarvan bekend is dat het in de katalyse een rol speelt. Het gezuiverde PA1893His vertoonde 
geen enkele hydrolytische activiteit op zowel korte als lange acylketens, noch op de 
verschillende -lactamsubstraten. Onze experimenten toonden aan dat de P. aeruginosa PAO1 
wild-type stam en de mutant die de PA1893 mist  even snel groeiden in de aanwezigheid van 
penicililne G, penicilline V, cephalosprine C of cephalexine. Dit duidt erop dat PA1893 niet 
betrokken is bij het metabolisme van de geteste antibiotica. Voor de PA1893 mutantstam 
(PAO1 PA1893) werd een verhoogde elastaseproductie in de mid-logaritmische fase 
waargenomen. De toevoeging van PA1893His aan het groeimedium van PAO1 en 
PAO1 PA1893 reduceerde echter de productie van elastase in de mid-logaritmische fase. Deze 
resultaten tonen aan dat PA1893 onderdeel is van het quorum sensing gerelateerde regulon. 

In het algemeen kunnen microorganismen gebruik maken van verschillende 
aromatische verbindingen als koolstof- en energiebron, dankzij de aanwezigheid van complexe 
catabole pathways. Hoewel vele microorganismen in staat zijn tot aerobe degradatie van 
talrijke natuurlijke en synthetische verbindingen, blijken met name Pseudomonas soorten in 
staat een groot aantal stoffen af te breken. Binnen deze context suggereert de opzienbarende 
localisatie van PA1893 in het PA1897-PA1891 cluster dat de eiwitten van dit cluster betrokken 
zouden kunnen zijn bij het metaboliseren van een energiebron. Toch zijn additionele studies 
nodig om deze hypothese te bevestigen. Groeiexperimenten op minimale media verrijkt met 
verschillende koostofbronnen en de verdere karakterisatie van de eiwitten, waarvan de genen 
in de buurt van PA1893 liggen, zouden kunnen leiden tot een beter inzicht in de functie. De 
afgenomen elastaseproductie in de mid-logaritmische fase na toediening van PA1893His aan 
de PAO1 en PAO1 PA1893 culturen wijst op de betrokkenheid van PA1893 bij het quorum-
sensing-circuit. Deze laatste resultaten zullen inspireren tot verdere studies die essentieel zijn 
voor het ontrafelen van de intrigerende rol en het potentieel van PA1893. 



                                                                                                                                                                                               Nederlandse samenvatting

143

Het onderzoek beschreven in dit proefschrift richt zich op de toepassing van  
Pseudomonas als producent van farmaceutisch waardevolle eiwitten. Op moleculair niveau is 
aantgetoond dat het LipQR twee-component systeem in P. alcaligenes de lipase-expressie 
door directe binding van LipR aan de lipasepromotor reguleert. Tevens werden de condities 
geanalyseerd die de lipase-genexpressie induceren. Deze bevindingen zijn met name van 
belang voor het optimaliseren van de lipaseproductie op industriële schaal. Bovendien bieden 
de onderzoeksresultaten van PA1893, die hier zijn gepresenteerd, de mogelijkheid tot 
vervolgonderzoek naar potentiële substraten van PA1893. Tot slot bewijst de studie van P.
aeruginosa als gastheer voor heterologe eiwitsynthese en -secretie dat voor ieder individueel 
eiwit een aantal verschillende factoren het productieniveau en de functionaliteit van het eiwit 
beïnvloeden. Het lijkt erop dat het periplasma van P. aeruginosa geschikt is voor de vouwing 
van heterologe eiwitten. Het bereiken van een succesvolle secretie zal echter meer onderzoek 
vergen om een universeel secretiesignaal te identificeren. Tevens zal, om aan de vereisten voor 
de productie van een specifiek heterologe eiwit te voldoen, de Pseudomonas fabriek specifiek 
voor het betreffende eiwit moeten worden gemodelleerd. Dit geeft dan ook het belang aan om 
het onderzoek naar de identificatie van de sleutelfactoren, die de expressie en secretie van 
eiwitten in de Pseudomonas enzymfabriekjes bepalen, in de nabije toekomst voort te zetten. 
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