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Abstract

Different carbon sources were investigated for overproduction penicillin G acylase from Alcaligenes faecalis in recombinant Escherichia coli
strains. The results indicated that the enzyme was optimally produced with 45 g/l of dextrin, and about 43,385 and 79,880 U/l for the highest
enzyme activities were obtained in batch cultivations of shaken flasks and a 3.71 bioreactor, respectively. Active site titration and SDS-PAGE
electrophoretic analysis demonstrated that the maximum yield of the active enzyme was 2.54 g/I, which was about 40% of total soluble proteins.
The highest specific activity of A. faecalis penicillin G acylase obtained was above 10 U/mg protein, and there was almost no plasmid lost in the
whole batch cultivations. Furthermore, the cultivation process was relatively simple and suitable for large-scale production.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Penicillin acylase (E.C. 3.5.1.11) has been widely used for the
production of 6-aminopenicillianic acid (6-APA), 7-amino-3-
desacetoxycephalosporanic acid (7-ADCA) and important semi-
synthetic antibiotics [1,2]. It is also used in peptide synthesis [3]
and resolution of racemic compounds [4,5].

The relatively unknown penicillin G acylase (PGA) from
Alcaligenes faecalis shares only 49% of protein sequence
homology to Escherichia coli PGA [6], which has several unique
outstanding characteristics such as a broad pH optimum, higher
enantioselectivity [7-9]. Especially, the thermal stability of A.
faecalis PGA is significantly higher than that of other peni-
cillin G acylases because it contains a disulfide bridge [9].
Accordingly, more and more attentions have been paid to its
new application though E. coli PGA is the most frequent source
recently in industrial application.

E. coli is the most common prokaryotic expression system
for production of homologous and heterologous proteins. Peni-
cillin acylase in E. coli is formed by a series of post-translational
steps (i.e., periplasmic processing/folding steps, intracellular
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proteolysis [10] and cofactors for the maturation [11]), which
is unusual for prokaryotic proteins. So the complex posttrans-
lational level must be considered in order to attain a high level
of pga gene expression [12]. It was reported that, glucose is an
important parameter to affect significantly the rate of the prote-
olytically sensitive pre-pro-protein of penicillin acylase (ppPA)
[13]. Furthermore, several environmental conditions, such as
carbon source [14], can regulate the expression of the E. coli
pga gene. In this paper, a nonrepressing and noninducing carbon
source instead of glucose was studied for high-level expression
and overproduction of A. faecalis PGA in recombinant E. coli.

2. Materials and methods
2.1. Bacterial strain and plasmid

E. coli strain DH5a was used as the host for the production of A. fae-
calis PGA. The recombinant plasmid, pSMLFPGA, is a medium copy-number
plasmid, which carries the A. faecalis pga gene, rrnB transcript terminator,
medium-copy replicon (p15A) and a tetracycline resistant gene. The expres-
sion of pga gene is controlled by the trc promoter, which needs not be induced
by isopropyl-B-thio-galactopyranoside (IPTG) because of no lacl9 gene.

2.2. Conditions of seed culture

Seed culture was first prepared by inoculating the —20°C glycerol-
containing stock culture (200 pl) into 25ml of Luria-Bertani medium (yeast
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extract 0.5%, w/v, NaCl 1.0%, w/v, tryptone 1.0%, w/v, pH 7.0) and incubated
on arotary shaker for 16 hat 37 °C and 200 rpm. 80 pg/ml of tetracycline was as a
selection marker. The pre-culture at about 2 ml was inoculated into the improved
medium (50 ml) and continued to incubate at 37°C for 10h with agitation
(200 rpm), and 40 pg/ml of tetracycline was supplemented in the medium. The
following compositions were used as the improved medium (per litre): 5 g yeast
extract, 10 g tryptone, 2 g KH2POy4, 5 g K;HPO4-3H,0, 7 g NayHPO4-12H, 0,
1.2 g (NH4)2S0y4, 0.2 g NH4Cl, 0.1 g NaCl, and the initial pH was 7.0.

2.3. Batch cultivations in shaken flasks and a bioreactor

Batch cultivation in shaken flasks was carried out in Erlenmeyer flasks
(250 ml) containing 50 ml of the producing enzyme medium inoculated with
4% (v/v) seed culture. The producing enzyme medium (per litre) contained:
different carbon sources, 5 g yeast extract, 20 g tryptone, 1 g MgSO4-7H,0,
3.5 g NazHPO4~12H20, 2.5 g K2HP04~3H20, 1 g KH2PO4, 0.05 g NaCl, 0.6g
(NH4)2S04, 0.1 g NH4Cl, 0.2mg FeSO4-7H,0, 40 ug CoCly-6H,0, 20 pg
ZnCly, 20 35 Na;MoO4-2H;0, 10 ng CuS04-5H,0, 7 ne MnSO4-H,0, 5 we
H3BO;4.

The bioreactor cultivation was carried out in a 3.71 bioreactor (Bioengi-
neering, Switzerland) containing 2.5 I working volume of the producing enzyme
medium. 100 ml of seed culture was used as the inoculum. The producing enzyme
medium was supplemented with 1 ml/l of antifoam to avoid excessive foam-
ing. Temperature was controlled automatically at 30 °C. Filter-sterilized air at
2.51/min was purged into the culture for aeration, and the dissolved oxygen
concentration was kept above 30% by increasing the stirrer speed.

2.4. Treatment of samples

Cell culture samples (10 ml) were centrifuged at 4 °C and 12,000 x g for
5 min. The cell pellets were resuspended in 30 ml phosphate buffer (50 mM, pH
7.8) and disrupted using the ultrasonic cell disruptor (Ningbo Scientz, JY88-
II, China) in an ice bath at 400 W for 15 min. They were centrifuged again at
12,000 x g for 10 min, and the supernatants were assayed for PGA activity, pro-
tein content and active site titration. Protein contents of the cell lysate, the pellet
(as insoluble fraction) and the supernatant (as soluble fraction) were analyzed
by SDS-PAGE.

2.5. Determination of PGA activity and protein content

The enzyme activity was measured using potassium penicillin G (PGK)
solution. The hydrolysis of PGK by PGA yields 6-APA which is followed by
a spectrophotometric assay with para-dimethylaminobenzadehyde (PDAB) as
a colorimetric substrate [15]. One enzyme activity unit (U) is defined as the
amount of enzyme required to produce one pmol of 6-APA per min in 4% (w/v)
solution of PGK at pH 7.8 and 37 °C. Protein content was determined by Lowry
method using Folin phenol reagent [16].

2.6. Assay for cell density and dextrin concentration

Growth of the microorganism was determined by optical density measure-
ment at 600 nm (ODgqp). The optical density was also converted to dry cell
weight (DCW) using a standard curve. One ODgpp unit corresponded to 0.32 g/1
of dry cell weight. Dextrin concentration was measured with the former method
[17], and the dextrin concentration was expressed as the equivalent glucose
concentration.

2.7. Active site titration and electrophoretic analysis

Molar concentration of A. faecalis PGA was determined by active site titra-
tion [7,11]. Equal amounts of PGA were incubated with different amounts of
phenylmethanesulfonyl fluoride (PMSF) in phosphate buffer (pH 7.8, 50 mM)
for 30 min, and the residual activity was measured with PDAB. SDS-PAGE anal-
ysis (15% gel) was by the reported method [18]. Protein bands were stained with
Coomassie Blue and densitometry was carried out using the Furi Smart View
software (China).

2.8. Determination of plasmid stability

Culture samples taken at different time were diluted to 105 to 10~7 in fresh
LB medium, which were spread on a non-selective LB agar plate and grown at
37°C for 16 h. At least 100 individual colonies selected randomly were replica
plated on selective LB agar plates (containing 100 pg/ml tetracycline) and non-
selective control plates by using sterile toothpicks, and then incubated at 37 °C
for 24 h. The ratio of the number of colony forming units on the selective agar
plate to that on the non-selective agar was used to determine the percentage of
plasmid-carrying cells [19,20].

3. Results and discussion

3.1. Effect of carbon sources on overexpression A. faecalis
PGA

The effect of carbon sources on the production of A. faecalis
PGA was performed at 30 °C and 200 rpm in 250-ml Erlenmeyer
flasks, which contained 50 ml of the producing enzyme medium
supplemented with 4% (w/v) carbon sources. The results of the
present investigation demonstrated that dextrin was the best car-
bon source for the production of heterologous A. faecalis PGA,
which could make the host/vector system have a higher level of
pga gene expression, and the enzyme activities obtained were
11,939 and 24,781 U/ respectively at 48 and 96 h (Table 1). It
was notable that the biomass and enzyme activity were both
lower using starch as the carbon source, which might be that

Table 1
Influence of carbon sources on the production of A. faecalis PGA
Carbon sources Enzyme activity (U/l) Biomass (ODggg) Specific activity (U/mg protein) Final pH

48h 96 h 48h 96h 48h 96 h 48h 96h
Dextrin 11,939 24,781 10.1 16.4 5.2 9.3 7.26 7.08
Sucrose 1,009 829 3.6 3.5 1.3 1.3 8.16 8.28
Mannitol 3,933 3,213 8.1 8.0 2.3 24 4.60 4.74
Lactose 1,459 1,549 5.7 5.5 1.6 1.6 7.14 7.54
Starch 1,054 1,324 6.4 6.8 0.9 1.7 8.02 8.13
Maltose 3,078 2,538 10.1 9.2 1.7 1.6 4.77 4.66
Glycerol 1,369 1,414 8.2 9.5 0.9 1.1 4.70 4.85
Glucose 1,054 784 5.5 5.5 0.7 0.8 4.18 4.20
Sorbitol 379 1,189 39 7.8 0.5 0.7 7.84 5.33

Conditions: 4% (w/v) carbon source; culture temperature, 30 °C; initial pH, 7.0. Data are means of duplicates. Standard errors were less than 5% of the means.
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Fig. 1. Effect of dextrin concentration on cell growth and A. faecalis PGA
activity. (A) ODgo; () enzyme activity.

the formed tremellose deposition and higher pH (Table 1) in the
cultivation system were not propitious to A. faecalis pga gene
expression. Though relatively higher biomasses (ODggo) were
obtained with mannitol, maltose and glycerol as carbon sources,
SDS-PAGE electrophoretic analysis demonstrated that their A.
faecalis PGA expression levels were all lower than that of with
dextrin (data not shown). At the same time, the plasmid pSMLF-
PGA was rather stable and almost not lost from the recombinant
(data not shown). So it might be that the culture pH declined
fleetly in the system and then could not be propitious to the
production of A. faecalis PGA.

3.2. Effect of dextrin content on producing A. faecalis PGA

The influence of dextrin content on the production of A. fae-
calis PGA was summarized in Fig. 1. The relatively better yields
were obtained at the dextrin concentration from 35 to 50 g/1, and
the highest enzyme activity was observed at 45 g/l of dextrin.
The maximum cell density was 22.5 (ODggg) when the dex-
trin concentration was 55 g/, while the active enzyme yield was
little. SDS-PAGE electrophoretic analysis indicated that the A.
faecalis PGA protein expression level was relatively lower at
higher dextrin concentration, furthermore, the inactive proen-
zyme increased with the augment of the PGA protein expression
level (Fig. 2). So low A. faecalis PGA yield in high dextrin con-
centration was because the protein expression level decreased
while not the accumulation of the inactive proenzyme in a short
period of time.

3.3. Batch cultivation in shaken flasks

Batch cultivation of the host/vector system of DH5a har-
boring pPSMLFPGA with dextrin as the sole carbon source
was conducted in shaken flasks. The results were summarized
in Fig. 3. The maximum enzyme activity obtained was about
43385 U/l at 192 h, where 11.4 U/mg protein and 23.6 for the
specific activity and ODggp were attained, respectively, and the
results were higher than the former reports [21]. It was infrequent
that the fermentation time was relatively longer in the cultivation
of the recombinant (Fig. 3), but which might conduce a more
efficient posttranslational processing of the PGA precursor and
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Fig. 2. SDS-PAGE analysis on the A. faecalis PGA expression with different
dextrin concentration. Lane M—protein marker, from bottom to top: 14, 20, 31,
43, 66 and 97 kDa. From lines 1 to 4: the precipitation of disrupted cells, where
the dextrin concentration was 25, 45, 55 and 65 g/1, respectively. From lines 5
to 8: the disrupted cells were analyzed, where the dextrin concentration was 25,
45, 55 and 65 g/1, respectively. IB: A. faecalis PGA precursors existing in cells
as inclusion bodies; o chain: o subunit of A. faecalis PGA; 3 chain: B subunit
of A. faecalis PGA.

result in higher plasmid copy numbers due to reduce the growth
rate [22-24], so high activity of A. faecalis PGA was obtained
in the cultivation process of the recombinant E. coli.

3.4. Batch cultivation in a bioreactor

As the pH change of the batch cultivation in shaken flasks
was little except at the phase of cell lysis (Fig. 3), the bioreactor
cultivation for producing A. faecalis PGA was also investigated
without controlling pH (Fig. 4). Compared to the cultivation in
shaken flasks, the cell density and A. faecalis PGA activity both
increased about two-fold while the specific activity increased lit-
tle, which were 44.7 (ODg0), 79,880 U/l and 12.8 U/mg protein,
respectively, at 120 h. After 144 h, ODggp decreased gradually
because of autolysis of the bacterial cells. The fermentation
time was shortened about three days as compared to that of the
shake-flask cultivation, which might be due to dissolved oxy-
gen concentration increased in the system. Similar change about
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Fig. 3. Batch cultivation profiles in shaken flasks with dextrin as the sole car-
bon source. () Enzyme activity; (O) specific activity; (A) ODgoo; (A) pH.
Conditions: starting dextrin concentration, 45 g/l; initial pH, 7.0; shaker speed,
200 rpm; culture temperature, 30 °C.
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Fig. 4. Batch cultivation profiles in a 3.7 1 bioreactor with dextrin as the sole car-
bon source. (l) Enzyme activity; (O) specific activity; (A) ODeoo; (A) pH; (*)
dextrin concentration. Conditions: starting dextrin concentration, 45 g/1; initial
PH, 7.0; culture temperature, 30 °C.

the culture pH was observed, and the lowest pH was 6.43 at
120 h.

The biochemically active A. faecalis PGA is composed of
two dissimilar subunits (o, approximately 23 kDa; 8, approxi-
mately 63 kDa) [9,25], and the molar concentration of the active
enzyme can be determined by the method of active site titra-
tion [7]. The maximum yield of the active A. faecalis PGA
obtained was 2.54 g/l or 153 mg/g dry cell weight (DCW), which
was 40.7% of total soluble proteins in the cells, and the result
was higher than the former in the literature [11]. SDS-PAGE
electrophoretic analysis indicated that the highest active A. fae-
calis PGA level was about 40% of total cellular soluble proteins
(Fig. 5, lane 2), which was agreed with the result of active site
titration.

Production of functional recombinant proteins is often lim-
ited with the formation of large protein aggregates called
inclusion bodies in bacterial cells [26]. In order to avoid the accu-
mulation of polypeptide intermediates and improve the active
enzyme production, a “balanced” protein synthesis flux through-
out the gene expression steps (i.e., transcription, translation, and
post-translational steps) should be properly maintained [23]. In
our study, SDS-PAGE electrophoretic analysis indicated that lit-
tle A. faecalis PGA existed in the precipitation of disrupted
cells (Fig. 5, lane 1) and relatively low amount of the inac-
tive PGA precursors produced in the process of the A. faecalis
PGA protein expression, so the host/vector system had a better
“balanced” A. faecalis PGA synthesis flux with dextrin as the
carbon source and then high activity of the aim enzyme was
obtained.

3.5. Plasmid stability

The batch cultivations in this work were done under no selec-
tive pressure, and the reason was that the producing enzyme
medium contained Mg+ which could make tetracycline lose its
function. So plasmid stability was measured in the whole cul-
tivations of the shaken flasks and 3.71 bioreactor. The results
indicated that the recombinant was rather stable in the absence
of tetracycline selection (data not shown), and the loss of plasmid
PSMLFPGA from the recombinant DH5a could be negligible
in course of the batch cultivations.

B chain
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Fig. 5. SDS-PAGE analysis on protein contents for the fractions of disrupted
cells with the bioreactor cultivation at 120 h. Lane M—protein marker, from
bottom to top: 14, 20, 31, 43, 66 and 97 kDa; lane 1: the precipitation of disrupted
cells; lane 2: the supernatant of disrupted cells. IB: A. faecalis PGA precursors
existing in cells as inclusion bodies; « chain: a subunit of A. faecalis PGA; B
chain: 8 subunit of A. faecalis PGA.

4. Conclusions

Dextrin was a better carbon source for cell growth and over-
expression of A. faecalis PGA in recombinant E. coli. In the
cultivated process, the change of culture pH was little except at
the phase of cell lysis. The maximum yield of the active enzyme
obtained was about 40% of total soluble proteins, and relatively
little inactive pro-protein of A. faecalis PGA produced. To our
knowledge, our results were higher than the reported yields in
the literature.
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