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Abstract

We studied the expression of Bacillus amyloliquefaciens transglutaminase cloned in Escherichia coli BL21(DE3)pLysS
harboring the plasmid pBAD/3C/bTGase, a bicistronic expression system, in bioreactor cultivation. Batch and fed-batch
controlled as DO-stat strategies were employed for the production of the recombinant enzyme. In 30 h-batch cultivations
using Terrific broth (TB), 6 g/L of biomass and 3.12 U/mg i, of transglutaminase activity were obtained. DO-stat fed-
batch cultivations under the control of oxygen concentration (DO-stat) using TB as medium but fed with glucose allowed the
increment in biomass formation (17.5 g/L) and enzyme activity (6.43 U/mg,, ;). DO-stat fed-batch using mineral medium
(M9) and fed with glucose under the same conditions produced even higher enzymatic activity (9.14 U/mgi,)- The pH
effect was investigated, and the best enzymatic activity could be observed at pH 8. In all cultivations, the bicistronic system
remained stable, with 100% of plasmid-bearing cells. These results show that E. coli bearing bicistronic plasmid constructs
to express recombinant TGase could be cultivated in bioreactors under DO-stat fed-batch using mineral medium and it is a
promising strategy in future optimizations to produce this important enzyme.

Keywords Microbial transglutaminase - Bicistronic plasmid system - Food enzymes - Fed-batch bioreactor - DO-stat -
Bacillus amyloliquefaciens

Introduction

Transglutaminase (TGase, protein-glutamine gamma-
glutamyltransferase, EC 2.3.2.13) is a multifunctional
enzyme that catalyzes the acyl transfer reaction between a
y-carboxamide group of glutamine residue and the e-amino
group of a lysine residue from a variety of primary amines,
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resulting in the formation of inter- or intramolecular bonds,
highly resistant to proteolysis [1-3]. TGases can be found
in animal tissues and body fluids and are involved in sev-
eral biological processes such as blood coagulation, epi-
dermal keratinization, and stiffening of the erythrocyte
membrane [4, 5]. It has been suggested that TGases may
also be present in eggs and skin of amphibians, in turtle
shell, in vegetable tissues of soy, broad beans, and orchard
apples. They are also present in fungi and yeasts such as
Phytophthora sp., Candida albicans, and Saccharomyces
cerevisiae. However, the largest body of studies refers to
microbial transglutaminases (mTGase) of bacteria such as
Streptomyces and Bacillus [6].

The crosslinking properties of transglutaminases are
widely used in industrial processes, especially in the
food and pharmaceutical industries. The mTGase is used
in several types of food to further improve the quality of
final products such as viscosity, firmness, water holding
capacity, and elasticity. Important applications in the tex-
tile and leather industries are also observed, as well as in
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regenerative medicine, PEGylation reaction and in the pro-
duction of antibody conjugates [7].

In general, the most common techniques applied for the
production of TGases for industrial uses are extracting and
purifying the enzyme from the tissues or body fluids of
animals (pigs, fish, cattle); screening for TGase-producing
microorganisms (enzyme production by traditional fermen-
tation technologies); and genetic manipulation using host
microorganisms (Escherichia coli, Aspergillus, Bacillus)
[8—11]. Because of the generally low titer of enzyme concen-
tration in fermentation broths, many researches have been
made in the areas of genetic engineering and bioprocess
engineering aiming at improving the production of this
enzyme on a large scale [11, 12].

E. coli has proved to be the preferred platform for the pro-
duction of various enzymes and biological products of com-
mercial interest because of its rapid cell growth, reaching
high cell densities through simple cultivation procedures and
low production costs in addition to the ability to express high
concentrations of recombinant proteins [13, 14]. However,
this laboratory workhorse bacterium presents several limi-
tations for heterologous protein expression, such as codon
bias, formation of inclusion bodies, lack of post-translation
modification, and the efficient growth of E. coli has been
a challenge for the industry since the early 1970s [15].
Therefore, the optimization of the production bioprocess,
such as the modification of media composition, and genetic
techniques, such as expression at lower temperatures, co-
expression of molecular chaperones, development of new
strains, vectors, and markers, have been reported as ways to
overcome these limitations [15—18].

High cell density cultivation strategies are necessary
to increase microbial biomass and the productivity in bio-
process, and many techniques have been developed for this
purpose [19], including optimization of glucose feed rate
profile, control of low acetate excretion, and high dry cell
weight (DCW), techniques to improve plasmid stability
[20-22].

Fed-batch cultures of E. coli strains that host gene-prod-
ucts are often reported in literature, including simple meth-
ods of indirect feedback such as DO-stat, pH-stat as well
substrate feeding based on glucose uptake rate or demand,
predetermined feeding strategies (exponential feeding),
among others [23-25]. The DO-stat is a simple scheme that
involves the application of glucose feeding pulses and the
control of the dissolved oxygen concentration (DO) response
to those pulses, a technique that requires only an DO sen-
sor and the control of oxygen concentration and the glucose
feeding pump [26].

However, E. coli cultures produce acetate that can inhibit
cell growth and product formation, specially under anaerobic
or oxygen-limiting conditions, or when carbon flux exceeds
biosynthetic demands and the power generation capacity

@ Springer

within the cell [27]. As the metabolic flow through glyco-
lysis is closely related to respiratory activity by reducing
NAD* to NADH + H™, the glucose feeding rate is directly
linked to oxygen consumption [28]. An increase in acetate
(above 5 g/L) leads to a reduction in the growth rate with a
reduction in biomass. There are reports in the literature, in
which the accumulation of acetate in cultures of recombinant
cells may be even greater than in cultures of the wild strain,
under the same conditions and therefore must be controlled
by special strategies during the fed-batch phase [27].

In a previous work, we constructed a bicistronic plas-
mid containing the TGase gene fused to the inhibitory
Streptomyces caniferus prodomain. We also cloned the 3C
protease gene in the same plasmid, in order to make the
enzyme active and avoid the need for removal of the prodo-
main in vitro [8]. The activity of recombinant bTGase was
investigated by cross-linking assays of bovine serum albu-
min (BSA) and by fluorescence, showing a specific activity
of 37 mU/mg in shaker cultivations [8].

Based on these considerations, in the present work,
we describe the expression of the mTGase from Bacillus
amyloliquefaciens cloned in E. coli bearing the bicistronic
plasmid pPBAD/3C/bTGase, comparing the enzyme expres-
sion in batch bioreactors and cultures operated using a DO-
stat fed-batch controlled as strategy controlled by oxygen
concentration (DO-stat). The objective was to investigate
whether we could express this recombinant construct in bio-
reactor cultures, allowing for future works aiming at opti-
mizing the enzyme production.

Materials and methods

Bacterial strains, plasmids, cell maintenance,
and materials

The strain used in this work was E. coli BL21(DE3)pLysS
(Invitrogen) harboring the plasmid pBAD/3C/bTGase,
which contains the fragment of bTGase gene from Bacillus
amyloliquefaciens DSM7 and the Streptomyces caniferus
prodomain beyond 3C protease gene. The construction of
this expression vector, cell transformation, and sequencing
were described in detail in a previous work [8].

Unless otherwise stated, the chemicals used in this study
were of analytical grade or molecular biological grade and
purchased from Sigma-Aldrich (Taufkirchen, Germany).

Cultivation media and inoculum preparation

Terrific broth (TB) (tryptone 12 g/L, yeast extract 24 g/L,
glycerol 4.5 g/L, KH,PO, 0.17 M, K,HPO, 0.72 M) [29]
and modified M9 medium (Na,HPO, 6 g/L, KH,PO,
3 g/L, NH,Cl 1 g/L, NaCl 0.5 g/L, yeast extract 20 g/L,
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MgS0O,.7H,0 0.12 g/L, glucose 5 g/L, trace elements
solution 1 mL (FeSO,.7H,0 2.8 g/L, MnCl,.4H,0 2 g/L,
CaCl,.6H,0 2 g/L, CuCl,.2H,0 0.26 g/L, ZnSO,.7H,0
0.3 g/L)) [30], both media containing 100 pg/mL carbenicil-
lin and 34 pg/mL chloramphenicol were used for cell growth
and recombinant enzyme production. The feed solution used
in the fed-batch cultivations were controlled as DO-stat and
it was composed of glucose 300 g/L, yeast extract 30 g/L,
MgS0O, 0.5 g/L, and antibiotics (carbenicillin and chloram-
phenicol). The inoculum were prepared by transferring a
single colony of E. coli BL21(DE3)pLysS transformed with
plasmid pBAD/3C/bTGase into 500-mL flasks containing
100 mL of Lysogeny broth (LB) (yeast extract 5 g/L, tryp-
tone 10 g/L, and NaCl 10 g/L) containing 100 pg/mL car-
benicillin and 34 pg/mL chloramphenicol and incubated at
37 °C in a rotatory shaker operating at 180 rpm, and allow-
ing cell growth until an ODg, of 1.0 was reached.

Batch bioreactor cultivations

Batch experiments were performed using a bioreactor BIO-
STAT® B plus (Sartorius Stedim, Goettingen, Germany),
equipped with two 2-L stirred tanks, filled with 1 L of TB
medium. The bioreactor was equipped with two Rushton
turbines and with aeration, temperature, agitation, and pH
controllers. A polarographic electrode (Ingold, Germany)
was used to measure the dissolved oxygen concentration in
the culture. The pO,, pH, stirrer speed (STIR), base and acid
consumption, and aeration rate were measured online and
recorded by an external data acquisition and control system
(Sartorius Stedim, Germany). The initial pH of the culture
was adjusted to 7.2. In order to control the temperature at
20 °C during the expression (induction) of the recombi-
nant proteins, the bioreactor was coupled to a cooling bath
(Frigomix® B—B.Braun Biotech International, Germany).
The best growth conditions and protein expression were
applied to the batch of bioreactors according to conditions
previously described in Duarte and collaborators [8]. The
culture medium was supplemented with 100 pg/mL carbeni-
cillin and 34 pg/mL of chloramphenicol; a cell suspension
of 100 mL with concentration of ODg, of 1.0 was used as
inoculum in all cultivations. The cultivation followed with
constant air flow rate of 1 vvm (air volume per volume of
culture medium per minute), 37 °C, and 300 rpm until reach-
ing an ODg, of 0.4-0.6 (approximately 2 h). At this point in
cultivation, the temperature was reduced to 20 °C and con-
tinued for another 40 min before induction. Then, the pro-
bTGase gene was induced by the addition of 0.4 mM IPTG,
followed by 20 h; after this period of time, the 3C protease
gene was induced by the addition of L-arabinose 0.2%, and
culture followed for another 6 h. Cells were then harvested
by centrifugation at 4000 X g for 30 min at 4 °C and stored
at—20 °C. All experiments were performed in duplicate.

DO-stat fed-batch bioreactor cultivations

DO-stat fed-batch bioreactor experiments were performed in
the same bioreactor system and its assembly and culture con-
ditions were the same as described for the batch cultivations.
All media were supplemented with antibiotics, as described
in “Cultivation media and inoculum preparation” section.
The pH was controlled at 7.2 using either 5 M NaOH or 5 M
H;PO,. Feeding was implemented using an internal peristal-
tic pump after the first 5 h of operation as batch cultures.

The DO-stat fed-batch process was designed to operate
as follows:

I Start as batch cultivation until depletion of the carbon
source (glucose), with air supply at a constant rate of
1 vvm and the DO kept at 30% saturation, varying
the agitation rate from 300 to 1000 rpm (cascade of
agitation);

II  After 5 h of feeding, cultivation (DO-stat) was started.
Air supply continued at a constant rate of 1 vvm and
agitation was fixed to 800 rpm. Using this approach,
whenever DO rose above the set value (30%), the
pump controlling the feeding supply turned on auto-
matically. As a result, the metabolic activity of E. coli
increases again and there is a decline in DO. Like-
wise, when the DO was lower than the set value, the
pump that controlled the feeding supply automati-
cally shut down.

Samples were taken at regular intervals to determine bio-
mass (dry weight), residual sugar, and acetate.

At the end of the exponential growth phase, the tempera-
ture was reduced to 20 °C and the cultivation continued for
another 40 min before induction. Then, the pro-bTGase
gene was induced by the addition of 0.4 mM IPTG for 4 h;
after this time, the 3C protease gene was induced by the
addition of 0.2% L-arabinose, and the culture continued
for another 10 h. At the end of this time, the cells were
harvested by centrifugation at 4000 X g for 30 min at 4 °C
and stored at — 20 °C. All experiments were performed in
duplicate.

Effects of pH on the enzymatic activity of TGase

To evaluate the best buffer to be used in cell disruption, the
effects of pH on the enzymatic activity of TGase were studied.
Thus, 2 g of frozen cells were resuspended in 20 mL of the
following buffers: pH 5 (0.1 M sodium acetate), pH 6 (0.1 M
sodium phosphate), pH 7 (0.1 M sodium phosphate), pH 8
(0.1 M Tris—HCl), and pH 9 (0.1 M Tris—HCI). Cell suspen-
sions were completely disrupted by sonication (10 pulses, 10 s
each, 60% amplitude) and centrifuged at 13,000 g for 30 min
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and the supernatant was collected for analysis of protein and
enzyme activity. All experiments were performed in duplicate.

Analytical methods
Determination of protein and enzymatic activity

The determination of protein concentration was carried out fol-
lowing the Bradford method [31] using bovine serum albumin
as a standard (Quick Start™ Bradford BIO-RAD).

TGase activity was determined by the colorimetric hydrox-
amate procedure using N-carbobenzoxy-L-glutaminyl-glycine
and hydroxylamine [32]. A calibration curve was prepared
using L-glutamic acid y-monohydroxamate. One enzymatic
unit of TGase (U) generates 1 umol hydroxamic acid per min-
ute at 37 °C.

Off-line measurements of cultivation substrates
and biomass

The concentrations of glucose and acetate were determined by
high-performance liquid chromatography (HPLC) (Shimadzu,
Japan) equipped with a refractive index detector (RID-10A,
Shimadzu) and Bio-Rad HPX-87H column (300 7.8 mm) in
isocratic mode using as mobile phase a 5 mM H,SO, solution
as eluent with a flow rate of 0.6 mL/min and oven temperature
of 45 °C. Biomass was measured as DCW; 10 mL of the cul-
ture were collected and centrifuged (3000 g, 15 min) and oven
dried at 80 °C to constant weight using an analytical balance.

Determination of plasmid stability

Because the plasmid pPBAD/3C/bTGase was constructed by
us in a previous work [8] and had never been tested in bio-
reactor cultivations, we decided to determine its stability. As
the E. coli BL21(DE3)pLysS is resistant to chlorampheni-
col and, when hosting the plasmid pBAD/3C/bTGase, also
resistant to carbenicillin, samples from bioreactor cultivations
were appropriately diluted and spread in culturing plates with
LB medium containing 100 pg/mL carbenicillin and 34 pg/
mL chloramphenicol (selection of cells holding the plasmid)
and LB medium containing only 34 pg/mL chloramphenicol
(cells that have lost the plasmid), according to methodology
described in the work of Thomas and collaborators [33] and
compared as colony forming unit (CFU).

Results and discussion
Effects of pH on the enzymatic activity of TGase

Initially, to determine the ideal pH of the expressed enzyme,
the cells were disrupted at pH 5, 6, 7, 8, and 9 in the buffers
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described in “Effects of pH on the enzymatic activity of
TGase” section. TGase activity was determined in the super-
natant of samples by the colorimetric hydroxamate proce-
dure using N-carbobenzoxy-L-glutaminyl-glycine and
hydroxylamine (“Effects of pH on the enzymatic activity of
TGase” section) at 37 °C. The graph of the enzymatic activ-
ity can be seen in Fig. 1. The best enzymatic activity was
observed at pH 8, which is in accordance with the literature.
In previous works, it has been reported that the ideal pH for
Bacillus transglutaminase is around 8, whereas for Strepto-
myces mobaraensis, the ideal pH is around 6 to 7 [34-36].
With this result, all further tests were performed at the pH 8.

Batch bioreactor cultivations

The batch bioreactor cultivations using the TB medium were
run under the same induction conditions that were previ-
ously used in shaker flask cultivations, which are described
in Duarte and collaborators [8]. In that work, cultures in TB
medium supplemented with carbenicillin and chlorampheni-
col were incubated at 37 °C on rotatory shaker at 180 rpm
until reaching ODyg, of 0.4-0.6. At this point, the temper-
ature was reduced to 20 °C for induction of recombinant
pro-bTGase gene, induced with IPTG, and the 3C protease
gene was induced by L-arabinose. The results of batch cul-
tures are depicted in Fig. 2A and B and Table 1, comparing
with results from the DO-stat fed-batch experiments. Cell
concentration reached 5.5 g/L until IPTG was added. After
that there was a small increase in cell concentration, up to
6 g/L in 30 h of cultivation, possibly due to the limitation of
nutrients and also the necessary energy for the expression
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Fig. 1 Optimal relative pH activity of the expressed TGase. The cells
of E. coli were disrupted using the following buffers: pH 5 (0.1 M
sodium acetate), pH 6 (0.1 M sodium phosphate), pH 7 (0.1 M
sodium phosphate), pH 8 (0.1 M Tris—HCI), and pH 9 (0.1 M Tris—
HCI). The results represent the mean of duplicates, considering the
highest activity detected as 100%
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Fig.2 Batch cultures of E. coli BL21(DE3)pLysS (pBAD/3C/
bTGase) in TB media. At 2 h, the culture temperature was reduced to
20 °C, the pro-bTGase gene was induced by the addition of 0.4 mM
IPTG, and cultivations proceeded for 20 h; gene 3C protease was
induced by the addition of 0.2% L-arabinose, followed by 6 h of cul-
tivation. A (M) biomass DCW (g/L); (A) glucose (g/L); (V) acetate
(g/L). The vertical lines mark the time of induction of pro-bTGase
and 3C protease. B Cell plasmid stability test: (%) cell count in LB
medium containing 34 pg/mL chloramphenicol; (%) cell count in LB
medium containing 100 pg/mL carbenicillin and 34 pg/mL chloram-
phenicol. All experimental runs were performed in duplicates

of proteins [37]. With 30 h of culture, the specific enzyme
activity was 3.12 U/mg; cip-

An important factor in cultures of recombinant microor-
ganisms in industrial processes is plasmid stability, which

can be affected by culture conditions such as temperature,
aeration, pH, induction factors, among others. A decrease
in the concentration of DO in the culture medium as well as
elevated temperatures can reduce plasmids stability [38]. In
our study, as shown in Fig. 2B, a high stability of plasmid
was observed, with practically 100% of cells bearing the
plasmid at the end of cultivation. These results demonstrate
the viability of using this recombinant strain-plasmid system
in order to scale up this process for future industrial applica-
tions of TGase cloning and production methodology.

DO-stat fed-batch cultivations

In order to improve the production of the recombinant TGase
and achieve high cell densities, it is necessary to adequately
control the feeding of glucose and the transfer of oxygen
to the culture medium. This control of cellular metabolism
can be obtained by adding nutrients in fed-batch mode and
appears to be the technology of choice in the bioindustry
[27]. Thus, we decided to test a DO-stat fed-batch controlled
strategy using an indirect feedback method.

The TB medium was used in the culture medium reservoir
and feeding was controlled by a DO-stat feeding strategy.
Preliminary bioreactor experiments of cell growth were run
to define the best moment to start the feeding, taking into
considerations of the conditions used in this research. The
DO was kept at 30% saturation by adjusting the agitation
rate, starting from 300 rpm. The results showed that in about
5 h of cultivation, carbon source (initial concentration of
4.5 g/L) was depleted, indicating the need to start the feed-
ing. With these data, we set the DO-stat fed-batch cultiva-
tions, whose results are depicted in Fig. 3A and B and in
Table 1, in comparison with the batch experiments. Previ-
ous studies have shown that the induction of plasmids with
gene inductions control by IPTG can cause a toxic effect on
cells, decreasing their plasmid stability and cell growth [38],
leading to reduced production of interest proteins. Transglu-
taminase, due to its own ability to cross-link proteins, will
be toxic to host cells [39], unless its expression is tightly
controlled. Therefore, induction of the pro-transglutaminase
was done after 16 h of cell growth, at the end of the expo-
nential growth phase and, after 4 h after TGase induction,

Table 1 Kinetic parameters for

AU Cultivation strategy Dry cell weight Specific activity Volumetric activity Enzymatic
mT(,}aS,e prOduCt{On mn qlfferem (culture medium) productivity
media in 30 h of induction.

Results are the mean of (e/L) (U/mgprorein) (UL) P, (U/L-h)
duplicates Batch 6.13+0.10 3.12+0.08 19.17+0.81 0.64+0.03
(TB)
Fed-batch 17.56+0.96 6.43+0.66 19.17+£3.21 0.64+0.11
(TB then glucose)
Fed-batch 17.07+3.44 9.14+0.42 29.38+1.54 0.98+0.05
M9)

Py, enzymatic productivity
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Fig.3 Fed-batch culture by E. coli BL21(DE3)pLysS (pBAD/3C/
bTGase) with DO-stat feeding using Terrific broth (TB). In approxi-
mately 16 h, the culture temperature was reduced to 20 °C, the pro-
bTGase gene was induced by the addition of 0.4 mM IPTG, and
cultivations proceeded for 4 h; gene 3C protease was induced by the
addition of 0.2% L-arabinose, followed by 10 h of cultivation. A (H)
biomass DCW (g/L); (A) glucose (g/L); (V) acetate (g/L). B (O)
STIR (rpm); (@) pO, (%). All experimental runs were performed in
duplicates. The vertical gray lines mark the batch and fed-batch strat-
egy, and the vertical black lines mark the time of induction of pro-
bTGase and 3C protease

the 3C protease gene was induced with L-arabinose injection
and culture proceeded for another 10 h. In Fig. 3A, it can be
seen that the growth of recombinant E. coli was prolonged
without accumulation of the carbon source, with control of
acetate formation. An increase in the concentration of glu-
cose can also be seen in the same figure in approximately
16 h of culture. This increase may be related to the induction
of IPTG, because at that moment there is a change in the
metabolism of cell growth by protein induction. At the end
of the cultivation, the volume of added medium was 153 mL
with 45 g of glucose consumption.

As expected, the DO-stat fed-batch cultures produced
17.56 g/L of DCW in 30 h, higher than in the batch experi-
ments using the same initial culture medium containing only
4.5 g/L of glycerol as carbon source. The specific enzymatic
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activity reached 6.43 U/mg protein, approximately 2 times
higher than for cells produced in the batch culture.

To further improve the production of enzymes, the modi-
fied M9 medium was used, because in addition to be a richer
medium in nutrients, a higher level of recombinant proteins
was produced in the presence of MgSO, [40]. Conditions of
feeding and controls were the same as for the experiments
using TB. At the end of the cultivation, the volume of added
medium was 188 mL, with 52 g of glucose consumption.
Figure 4A and B and Table 1 show the kinetics of the DO-
stat fed-batch using this medium.

Results for the DO-stat using M9 medium showed a
biomass formation of 17.07 g/L in 30 h, similar to that for
TB cultivations fed with glucose during the feeding time.
However, the specific TGase activity increased to 9.14 U/

A IPTG L-arabinose ;
20094 Batch = Fed-batch i i
s v :
PSS o VaVa S
o
]
7.39 4 153
)
—~ 2
< 14 8
=) ©
9 2721 ®
@ 13T
£ &
o
@ 8
v‘z— 1, 8
1.00 4 E
1 o
N 1
V/V/V
0.37 ¥ T T T T T — 0
] 10 15 20 25 30
Time (h)
100 4 Batch Fed-batch 1 1000
90 % - 900
80 %-ii/ O-D-0-0-D-0-0-0-O-O-O-O-0-D-O-0-9-0-9-9-0-9-0-® - 800
70 o - 700
60+ 4600 &
8 S
~, 50 / - 500 ~
(@) =
& i i [
40 400 b
30 -8 ...»i\ - 300
odeeaftietiiterts
20 - §'i\§/§ ® i ’ %9 | 200
10 - 100
0 . . . . . . . . . . . —o
0 5 10 15 20 25 30
Time (h)

Fig.4 Fed-batch culture by E. coli BL21(DE3)pLysS (pBAD/3C/
bTGase) with DO-stat feeding using M9 medium. In approximately
16 h, the culture temperature was reduced to 20 °C, the pro-bTGase
gene was induced by the addition of 0.4 mM IPTG, and cultivations
proceeded for 4 h; gene 3C protease was induced by the addition of
0.2% L-arabinose, followed by 10 h of cultivation. A (M) biomass
DCW (g/L); (A) glucose (g/L); (V) acetate (g/L). B (O) STIR
(rpm); (@) pO, (%). All experimental runs were performed in dupli-
cates. The vertical gray lines mark the batch and fed-batch strategy,
and the vertical black lines mark the time of induction of pro-bTGase
and 3C protease
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mg protein, 1.43 times higher than for the medium TB, this
being the highest enzyme title achieved in our experiments.
The SDS-PAGE showing the expression of recombinant
bTGase and 3C protease in E. coli BL21(DE3)pLysS with
plasmid pBAD/3C/bTGase with fed-batch culture using
feedback-controlled DO-stat in modified M9 medium can
be seen in Fig. 5.

Since 1989, when Ando et al. first reported the produc-
tion of microbial transglutaminase by Streptoverticillium
mobaraense, bioengineering has been striving to improve
the production of this enzyme [41]. Efforts to improve
the yields of microbial transglutaminase have been made
through metabolic optimization, substrate optimization, and
environmental control strategies (temperature, pH, agita-
tion, and dissolved oxygen) in cultures of different micro-
organisms, including S. mobaraense, S. cinnamoneum, S.
ladakanum, Streptomyces nigrescens, S. hygroscopicus,
S. platensis, Bacillus circulans and B. subtilis [12]. How-
ever, after several studies, the activity of transglutaminase
in the fermentation broth increased from 2.0 to 6.0 U/mL,
the Streptomyces spp. showing higher yields and, therefore,
being currently used industrially as a producer of microbial
transglutaminase [11].

Presently, the focus for the optimization of transglu-
taminase production has been the genetic engineering,
using the transglutaminase gene from Streptomyces or
Bacillus for exogenous expression of the enzyme [12].
In comparison with concentrations of S. mobaraensis

kDa 1 =2 3

220

bTGase

3Cprotease

Fig.5 SDS-PAGE analysis of transglutaminase and 3C protease
expression in fed-batch controlled as DO-stat cultures. The recom-
binant E. coli BL21(DE3)pLysS (pBAD/3C/bTGase) cells were cul-
tured in modified M9 medium for 30 h. Feeding started 5 h after the
start of batch cultivation and pro-bTGase expression was induced
after 16 h of culture by adding 0.4 mM IPTG to the cultures and 3C
protease expression was induced after 20 h of culture by adding 0.2%
L-arabinose. Lane 1: molecular weight marker, lane 2: pre-inoculum
addition, lane 3: 3-h cultivation, lane 4: 5-h cultivation, lane 5: sam-
ple collected immediately after induction of IPTG (16 h of culture),
lane 6: 18-h cultivation, lane 7: sample collected immediately after
induction of L-arabinose (20 h of cultivation), lane 8: 24-h cultiva-
tion, lane 9: 27-h cultivation, and line 10: 30-h cultivation

native transglutaminase (22.6 U/mg; i), 23 U/
Mg, oein Was observed for recombinant S. mobaraen-
sis transglutaminase expressed in Corynebacterium
ammoniageneses, and 26 U/mg, ., for recombinant S.
mobaraensis transglutaminase expressed in Corynebac-
terium glutamicum [41-44]. Some studies described
improved strategies for expressing mTGase, compar-
ing constitutive versus thermo-inducible expression sys-
tems, instead of expressing the protein by fusion or wild
type protein, for production in E. coli of a recombi-
nant transglutaminase from Streptomyces mobaraensis.
The results showed enzymatic activity of the purified
mTGase of 24 U/mg in the thermo-inductive expres-
sion system, compared to 15 U/mg in the constitutive
system [45].

Several authors have reported the production of
recombinant enzymes expressed in E. coli with bio-
reactors using the fed-batch culture approach under
DO-stat. Comparison of production of recombinant
B-galactosidase in bioreactors by fed-batch culture using
feedback-controlled DO-stat and ascendant linear pump
feeding showed an increase of approximately 2.5 times
in the enzymatic activity using this strategy [46]. The
DO-stat strategy proved to be effective in achieving high
cellular density and suppressing the accumulation of eth-
anol in the culture medium, improving the production of
interferon-o (pIFN-a) by Pichia pastoris [47]. Higher
concentrations and productivities of poly-y-glutamic acid
(y-PGA) by B. subtilis were achieved after application of
the strategy of DO-stat feeding compared with a glucose-
feedback feeding strategy [48].

Conclusions

This study presents for the first time the expression of
recombinant Bacillus amyloliquefaciens transglutaminase
expressed in Escherichia coli under the control of a bicis-
tronic plasmid pBAD/3C/bTGase using batch and fed-batch
bioreactor cultivations under the control of DO-stat strate-
gies for the growth of E. coli and the recombinant enzyme.
Using a mineral medium (M9) in the DO-stat fed-batch con-
trolled cultivations, it was possible to obtain mTGase with
high enzymatic activity, showing to be a promising strategy
for the further development of production system of this
important enzyme.
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