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barrier against the diffusion of substrates and products. Although common chemical or physical permeabilization
methods used in cultured cells enhance cell permeability, these methods inevitably add several extra processing
steps after cell cultivation, as well as impede large scale processing. To increasemembrane permeability and cell-
bound glutamate decarboxylase (GAD) activity of recombinant Escherichia coli (BL21(DE3)-pET28a-gadB) cells
without the need for an additional permeabilization step, we investigated the permeabilizing effects of adding
cell wall synthesis inhibitors or surfactants to the culture media. Ampicillin was the most effective at improving
cell-bound GAD activity of the BL21(DE3)-pET28a-gadB, although it decreased the cell biomass yield. The best
permeabilization effect was observed using an ampicillin concentration of 5 μg·ml−1. Using this concentration,
the cell biomass did decrease by 40.58%, but the cell-bound GAD activity of BL21(DE3)-pET28a-gadB and total
cell-bound GAD activity per milliliter of culture was enhanced by 6.24- and 3.64-fold, respectively. Treatment
of BL21 (DE3)-pET28a-gadB cells with 5 μg·ml−1 ampicillin resulted in structural changes to the cell envelope,
but did not substantially affect GAD expression. By entrapping the ampicillin-treated cells in an open pore
gelation matrix, which is a polymer derived from polyvinyl alcohol (PVA), alginate, and boric acid, the transfor-
mation rate of γ-aminobutyric acid (GABA) at the 10th cycle produced by immobilized and permeabilized cells
remained 46% of the first cycle. GAD activity of the immobilized, permeabilized cells remained over 90% after
30 days of storage at 4 °C.
© 2016 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
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1. Introduction
γ-Aminobutyric acid (GABA) is a non-protein amino acid that acts as
an inhibitory neurotransmitter in animals and directly responds to
stress [1]. It exhibits well-known physiological functions in animals
and humans including the induction of hypotensive, diuretic, and
tranquilizing effects [2–4]. GABA is also a strong secretory analog of in-
sulin and can prevent diabetes [5]. Recently, GABA has been used as a
component of pharmaceuticals and functional foods. In addition, GABA
shows promising applications as a novel building block for the environ-
mentally safe synthesis of multitudinous nitrogen-containing industrial
chemicals including N-methylpyrrolidone [6] and biodegradable
plastics such as polyamide 4 [7,8]. Because of its significance in the
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food, pharmaceutical, and chemical industries, various chemical or
biological methods for GABA preparation have been developed. In
contrast to chemical synthesis methods, GABA biosynthesis techniques
are promising due to their simple reaction procedures, environmental
compatibility, and mild reaction conditions [9,10]. Glutamate
decarboxylaxe (GAD) is a unique enzymeknown to catalyze irreversible
α-decarboxylation of L-glutamate or its salts to GABA [11]. Therefore,
numerous studies have been conducted to develop biocatalysts with
high GAD-specific activities [7,12–15].

In biotransformation procedures, whole-cell systems are usually
preferred over isolated enzymes because these eliminate the require-
ment for tedious and expensive enzyme isolation/purification processes
[16,17]. Therefore, much attention has been given to developingwhole-
cell biocatalysts with high cell-associated GAD activity for commercial
use. For this purpose, recombinantGADs have been expressed in various
species to improve GABA production [7,12–14]. Although overexpres-
sion of GAD is an effective means to generate cell preparations with
high enzyme activity, the reaction rates and yields of this particular
synthesis method using whole-cell biocatalysts are strongly limited by
the cell envelope, which acts as a barrier against the diffusion of
substrates (L-Glu) and products (GABA) [13].
ustry Press. All rights reserved.
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Therefore, some measures should be taken to improve cell
permeability and enhance the GABA synthetic capability of whole-cell
biocatalysts [13]. A common way to improve cell permeability is by
treating cultivated cells with chemical permeabilizers such as
cetyltrimethyl ammonium bromide (CTAB) [18], Triton X-100 [19], tol-
uene [20], or EDTA [21] as well as a variety of physical methods [17,22].
Although such treatments improve cell permeability, these also require
several additional and tedious processing steps that are especially unde-
sirable for large-scale production [16]. For example, permeabilizing
cultivated cells requires the following steps: (1) harvesting the cultivat-
ed cells by centrifugation; (2) treating the cells with permeabilizers;
(3) recovering the cells by centrifugation; and (4) washing the cells to
remove the residual permeabilizers [19]. Therefore, developing
permeabilization methods without the extra cell-permeabilization
steps will be beneficial for large-scale GABA production using whole-
cell biocatalysts.

Cell wall-synthesis inhibitors suppress cell wall formation, and
surfactants modify cell envelope structures during cell cultivation [23,
24]. Thus, it is possible to use these to improve cell permeabilitywithout
the extra cell-permeabilization steps. The recombinant Escherichia coli
strain BL21(DE3)-pET28a-gadB over-expressing GAD from Lactobacillus
brevis CGMCC 1306 was prepared in our laboratory and used as a
candidate for GABA production [25]. We investigated the utility of
cell-wall synthesis inhibitors and surfactants as tools to improve its
cell permeability and enhance cell-bound GAD activity. This enhanced
the GABA synthetic ability of BL21(DE3)-pET28a-gadB cells without
extra cell-permeabilization steps after cell cultivation.
2. Materials and Methods

2.1. Chemicals

A GABA standard was purchased from Acros Organics (Geel,
Belgium). Dansyl chloride (Dns-cl) was obtained from Tokyo Chemical
Industry Co., Ltd. (Japan). PVA, CTAB, sodium dodecyl sulfate (SDS),
Tween 80, and Span 80 were purchased from China Medicine Co. Ltd.
(China). Isopropyl-β-D-thiogalactoside (IPTG), 5′-pyridoxal phosphate
(PLP), kanamycin, and ampicillin were provided by Shanghai Sangon
Co., Ltd. (China). Unless specified, all other chemicals were of analytical
grade or higher. The BL21 (DE3)-pET28a-gadB used herewas construct-
ed and stored in our laboratory [25].
2.2. Strain and culture conditions

E. coli BL21(DE3)-pET28a-gadB cells were cultivated in 100ml of LB-
media containing 50 μg·ml−1 kanamycin at 37 °C and constant shaking
at 200 r·min−1. The IPTGwas added to the cultures at a final concentra-
tion of 0.5 μmol·L−1 to induce GAD expression after the bacteria
reached an optical density of 0.65–0.75 (600 nm). In parallel, ampicillin,
CTAB, SDS, Tween 80, or Span 80 were added to different cultures to
study its effects on GAD activity. The cells were then cultured at 30 °C
with shaking at 150 r·min−1 for an additional 6 h.
2.3. Preparation of cell free extracts

Total cell lysates from ampicillin-permeabilized cells and control
cells were prepared according to the method described by Fan et al.
[25]. Briefly, cells were collected by centrifugation (12000 g, 4 °C,
10min), suspended in disruption buffer (0.1mol·L−1 phosphate buffer,
1 mmol·L−1 phenylmethanesulfonyl fluoride, pH 7.5), and then
sonicated at 4 °C (Sonifier JY92; Xinzhi Biotechnology Institute, China;
output of 300 W, duty time of 3 s, interval time of 6 s, for 90 cycles).
Cell debriswas removed by centrifugation at 12000 g at 4 °C, and the su-
pernatants were used as cell free extracts.
2.4. Immobilization of permeabilized cells

Immobilization of the permeabilized cells was performed according
to the method described by Liu et al. [26]. Briefly, 8.0 g PVA and 1.0 g
sodium alginate (SA) were dissolved in 100 ml boiled distilled water.
Once the solution cooled down to 40 °C, 400 mg of cells (dry cell
mass, DCM)were added to the solution and incubated for 5 h. The solu-
tion was then mixed thoroughly to yield a homogeneous cell/PVA-SA
suspension. The cell/PVA-SA solution was then added to a curing
agent (6% boric acid and 1% CaCl2 solution) using a syringe pump at a
rate of 0.32 ml·min−1, and the beads were incubated in this curing
agent at 30 °C for 8 h until solidification was complete. The sample
was then washed with distilled water to remove the excess boric acid.

2.5. GAD activity assays

GAD activity was measured by determining the amount of GABA
formed at 37 °C in a reaction mixture containing 0.2 mmol·L−1 sodium
acetate buffer (pH 4.8), 75mmol·L−1 sodium L-glutamate (L-MSG), and
0.1mmol·L−1 PLP. The GABA concentrationwas assayed by using HPLC
as described by Huang et al. [10]. One unit (U) of GAD activity was
defined as the amount of catalyst that produces 1 μmol GABA per
minute under the given assay conditions [13]. Specific activity was
defined as U·mg−1 (DCM) cells.

The total cell-bound GAD activity (TGA) per ml of culture medium
was the main criteria for agent selection and process optimization.
This was selected because the additive agents might affect the total
cell-bound GAD activity per volume of culture medium in terms of
cell-bound GAD activity of BL21(DE3)-pET28a-gadB and its cell
biomass. The total cell-bound GAD activity of 1 ml of culture (U) was
equal to the cell-bound GAD activity of the whole cells (U·mg−1) × the
the DCM in a 1-ml culture (mg).

2.6. Morphology studies

The E. coli cells were harvested by centrifugation at 2000 g for
10 min, and the pellets were fixed in 2.5% glutaraldehyde at 4 °C
overnight. Subsequently, the cell pellets were washed 3 times with
phosphate buffer (0.1 mol·L−1, pH 7.0) and transferred to 1% osmic
acid for 1 h. The pellets were washed again in phosphate buffer and
dehydrated in graded ethanol series (50%–100%). Next, the samples
were treated with isoamyl acetate and washed twice (15 min). Finally,
the samples were dried in a critical point drier, sputter-coated with
gold–palladium, and viewed under an environmental scanning electron
microscope (SEM, Philips XL -30 ESEM).

For transmission electron microscopy (TEM) studies, the E. coli cells
was collected, fixed, and dehydrated as described above for the SEM
analysis. Samples were then embedded in Spurr's resin, and ultrathin
sections (70 nm) were cut and stained with uranyl acetate and lead
citrate. These sections were observed under a JEM-1230 electron
microscope (JEOL) operating at 80 kV.

3. Results and Discussion

3.1. Permeabilization of BL21(DE3)-pET28a-gadB with different additives

The cell-bound GAD activity of BL21(DE3)-pET28a-gadB cells
cultured with different additives are shown in Table 1. The cell wall-
synthesis inhibitor ampicillin and the cationic surfactant CTAB had
inhibitory effects on E. coli cell proliferation, whereas these improved
cell-bound GAD activities. Although we observed a decrease in cell
biomass, the TGA/ml of the culture medium showed an overall
enhancement after the addition of both ampicillin and CTAB. Thesefind-
ings suggest that the use of these two agents to enhance the cell-bound
GAD activity in bacterial cells has practical implications. Furthermore,
these two agents are cheap and widely available. Ampicillin was more



Table 1
Cell-bound GAD activity of BL21(DE3)-pET28a-gadB cells with different additives

Additives Cell density
(OD600)

Cell-bound GAD activity
enhanced times

TGA enhanced
times①

5 μg·ml−1 Ampicillin 2.52 ± 0.16 6.04 ± 0.08 3.64 ± 0.60
10 μg·ml−1 Ampicillin ND② ND ND
5 μg·ml−1 CTAB 3.85 ± 0.39 1.30 ± 0.20 1.29 ± 0.21
10 μg·ml−1 CTAB 3.28 ± 0.18 2.46 ± 0.54 1.84 ± 0.40
15 μg·ml−1 CTAB ND ND ND
5 μg·ml−1 SDS 5.10 ± 0.31 0.74 ± 0.12 1.10 ± 0.18
10 μg·ml−1 SDS 4.49 ± 0.15 0.85 ± 0.16 1.02 ± 0.19
15 μg·ml−1 SDS 4.46 ± 0.17 1.44 ± 0.07 1.26 ± 0.06
0.1% Tween-80 4.69 ± 0.33 1.05 ± 0.06 1.32 ± 0.31
1% Tween-80 5.12 ± 0.14 0.81 ± 0.15 1.35 ± 0.25
0.1% Span-80 4.62 ± 0.16 1.06 ± 0.24 1.17 ± 0.26
1% Span-80 5.36 ± 0.34 0.84 ± 0.07 1.51 ± 0.17
Blank 4.22 ± 0.09 1③ 1

① Total cell-bound GAD activity (TGA, U) of a 1 ml of culture = The cell-bound GAD
activity of whole cell (U·mg−1) × the dry mass of cells in one milliliter culture (mg).

② ND: no determination because cell growth was completely inhibited.
③ The cell-bound GAD activity of BL21(DE3)-pET28a-gadB without treatment was

(0.57 ± 0.09) U·mg−1, and the total cell-bound GAD activity per volume of culture
medium (TGA) of the BL21(DE3)-pET28a-gadB cell without treatment was (0.62 ±
0.10) U·ml−1. Data represents the mean ± SD for three independent determinations.
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effective than CTAB with a 3.64-fold increase in TGA at 5 μg·mL−1

ampicillin. In a previous study, treating harvested E. coil GADK10 cells
at 53 °C for 1 h was considered the best option for permeabilization. It
enhanced the cell-bound GAD activity ~3-fold [13]. Compared to previ-
ous results, treating E. coli cells with ampicillin resulted in comparable
effects. There was no need for the extra permeabilization steps after
cell cultivation. Although the anionic surfactant SDS, the non-ionic
surfactant Tween-80, and Span-80 could increase cell biomass
production, they did not affect cell-bound GAD activity or improve
TGA at the specific concentrations utilized in the present study.
Therefore, ampicillin was further evaluated as a chemical tool for the
preparation of permeabilized E. coli cells.

3.2. Effect of ampicillin concentration

The effect of ampicillin concentration on cell biomass and cell-bound
GAD activities in BL21(DE3)-pET28a-gadB cells is shown in Fig. 1. Cell
biomass decreased with increasing ampicillin concentrations. When
the ampicillin concentration reached 7 μg·ml−1, cell growth was
completely inhibited. A 6.04-fold relative increase in cell-bound GAD
activity was achieved with 5 μg·ml−1 ampicillin. However, further in-
creases in the ampicillin concentration led to decreases in cell-bound
GAD activity. The reduction in cell-bound GAD activity using low ampi-
cillin concentrations suggests that the amount of agent was insufficient
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Fig. 1. Effect of ampicillin concentration on cell biomass and cell-bound GAD activity of
cells. (○) OD600; (□) cell-bound GAD activity enhancement; (△) TGA enhancement.
to effectively disrupt the barrier effect of the cell envelope. The decrease
in cell-bound GAD activities at higher ampicillin concentrations may be
attributed to the severe decline in enzyme synthesis that resulted from
disturbances in cell metabolism, which were caused by the excessive
destruction of the cell envelope.

TGA also reached amaximumwhen the E. coli cells were cultured in
5 μg·ml−1 ampicillin. TGA was enhanced by 3.64-fold and reached
2.26 U·ml−1, which was the best trade-off between the increase in
cell-bound GAD activity and the decline in cell biomass. Therefore, the
optimal ampicillin concentration for preparing permeabilized cells
was 5 μg·ml−1.

3.3. Cell morphology of permeabilized cells

We used SEM and TEM to examine the morphological changes of
E. coli cells in the presence of 5 μg·ml−1 ampicillin. The SEM images
showed that short and rigid rods characterized the exterior features of
the control cells, whereas cells cultured in the presence of 5 μg·ml−1

ampicillin were elongated and less rigid (Fig. 2). Assessment of the
morphology of the treated cells indicated weakening of the cell wall
structure. The external morphological changes in the cells incubated
with 5 μg·ml−1 ampicillin were confirmed by TEM (Fig. 3). However,
no distinct differences in the internal structures of the E. coli cells
exposed to 5 μg·ml−1 ampicillin and the control cells were observed
(Fig. 3). Both cell populations showed uniformly distributed
cytochylema and electron density, which indicated that exposure to
5 μg·ml−1 ampicillin had no obvious influence on the internal structure
of the BL21(DE3)-pET28a-gadB cells.

3.4. Effect of ampicillin treatment on GAD expression

To test whether 5 μg·ml−1 ampicillin treatment influenced GAD ex-
pression, the expression level and soluble fraction of GAD in the
BL21(DE3)-pET28a-gadB cells were determined. We could not identify
any differences between 5 μg·ml−1 permeabilized cells and untreated
cells in terms of expression level and soluble fraction portion based on
SDS-PAGE analysis (data not shown).

We next studied the total GAD activities of the cell lysates. The re-
sults showed that the total cell lysate GAD activity of 5 μg·ml−1

ampicillin-treated cells [(9.15 ± 0.30) U·mg−1] was only 11.2% lower
than that observed in the control cells [(9.69 ± 0.86) U·mg−1]. This
finding indicated that treatment with 5 μg·ml−1 ampicillin had no
substantial effects on GAD expression levels and GAD activity in vivo.
Therefore, these results, together with findings of the morphology
studies suggest that the enhancement of whole cell-bound GAD activity
in 5 μg·ml−1 ampicillin-treated cells was mainly due to improvements
in cell membrane permeability.

3.5. Immobilization of ampicillin-permeabilized cells

To simplify the product purification process and enhance long-term
operation stability, ampicillin-permeabilized BL21 (DE3)-pET28a-gadB
cells were entrapped in a PVA-SA-boric acid polymer. PVA increases
the bead strength and durability, whereas calcium alginate improves
their surface properties and reduces their tendency to agglomerate
during gel-bead formation [27]. The PVA-SA-boric acid beads can also
minimize the negative effects of diffusion restriction in contrast to Ca-
alginate beads because it forms open micropore structures inside the
gel [26,28].

Therefore, the immobilization of permeabilized BL21 (DE3)-pET28a-
gadB cells in PVA-SA-boric acid beads can potentially reduce the
diffusion restriction caused by both cell envelopes and immobilized
materials. The particles of immobilized cell were sphere, with a
diameter of 2–3 mm. The operation stability of immobilized, perme-
abilized beads generated in the present study was investigated in
terms of its reusability in the biotransformation of L-MSG to GABA at



Fig. 2. Scanning electron micrographs of the recombinant E. coli. (a) Control (untreated cells); (b) cells treated with 5 μg·ml−1 ampicillin.
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37 °C (Fig. 4). The results showed that the GABA yieldwith immobilized
and permeabilized cells retained 46% of the original yield after recycling
the immobilized cells 10 times. In contrast to prior studies, the activity
of the immobilized E. coli GAD in the sodium alginate and carrageenan
gel remained at 50% during the 10th use [9] when operated at 37 °C.
The ampicillin-permeabilized cells immobilized in PVA-SA-boric acid
beads also showed comparable stability and enabled efficient GABA
production. Storage stability is another critical factor for the application
of biocatalysts. In the present study, the immobilized cells were stored
in sterile water at 4 °C and GAD activity was intermittently tested over
the course of one month. As shown in Fig. 5, the GAD activity of the
Fig. 3. Transmission electron micrographs of the recombinant E. coli. (a, c) C
immobilized, permeabilized cells remained N90% during the 30-day
testing period, which indicated that the immobilized, permeabilized
cells had good stability.

4. Conclusions

Improving the cell-bound GAD activity of cells is an important chal-
lenge because of the expanding spectrum of GABA applications. In the
present study, a permeabilization method not requiring extra steps
after cell cultivation was developed to enhance the cell-bound GAD ac-
tivity in E. coli. By culturing BL21(DE3)-pET28a-gadB cells in the
ontrol (untreated cells); (b, d) cells treated with 5 μg·ml−1 ampicillin.
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Fig. 5. The storage stability of immobilized permeabilized BL21(DE3)-pET28a-gadB cells.
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1 2 3 4 5 6 7 8 9 10
0

20

40

60

80

100
R

el
at

iv
e 

co
nv

er
si

on
 r

at
e 

/

Recycled cycles

Fig. 4. GABA production of 10 sequential cycles with immobilized permeabilized
BL21(DE3)-pET28a-gadB cells at 37 °C. Biotransformation of each cycle was performed
in sodium acetate buffer (100 mmol·L−1, pH 4.4), 100 mmol·L−1 L-MSG, 0.1 mmol·L−1

PLP and 100 r·min−1 shaking for 8 h.
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presence of an appropriate amount of ampicillin, cell-bound GAD
activity of the recombinant E. coli was enhanced. This improvement in
cell-bound GAD activity was attributed to the increase in cell wall
permeability. When the ampicillin-permeabilized cells were
immobilized in PVA-SA-boric acid beads, the immobilized beads
showed good reusability and storage stability. Based on these results,
we conclude that the methods reported here may be utilized for
industrial applications.
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