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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.
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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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