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Abstract

Objectives y-amino butyric acid (GABA) is a non-
protein amino acid, considered a potent bioactive
compound. This study focused on biosynthesis of
food-grade GABA by immobilized glutamate decar-
boxylase (GAD) from Lactobacillus plantarum in the
rice vinegar and monosodium glutamate (MSG)
reaction system.

Results The gene encoding glutamate decarboxylase
(GadB) from L. plantarum has been heterologously
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expressed in Lactococcus lactis and biochemically
characterized. Recombinant GadB existed as a
homodimer, and displayed maximal activity at 40 °C
and pH 5.0. The K, value and catalytic efficiency (k¢a/
K.) of GadB for L-Glu was 22.33 mM and 62.4
mM ™" min~", respectively, with a specific activity of
24.97 U/mg protein. Then, purified GadB was encap-
sulated in gellan gum beads. Compared to the free
enzyme, immobilized GadB showed higher opera-
tional and storage stability. Finally, 9.82 to 21.48 g/L.
of GABA have been acquired by regulating the
amounts of catalyst microspheres ranging from 0.5
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to 0.8 g (wet weight) in 0.8 mL of the designed rice
vinegar and MSG reaction system.

Conclusions The method of production GABA by
immobilized GadB microspheres mixed in the rice
vinegar and MSG reaction system is introduced herein
for the first time. Especially, the results obtained here
meet the increased interest in the harnessing of
biocatalyst to synthesize food-grade GABA.

Keywords Lactobacillus plantarum - Glutamate
decarboxylase - Gellan gum - Immobilization

Introduction

v-amino butyric acid (GABA), a major inhibitory
neurotransmitter in the mammalian central nervous
system, has been reported to possess various important
biological properties, such as antidiuretic, anti-hyper-
tension, anti-oxidant, anti-fatigue, tranquilizing, and
growth-promoting effects (Ngo and Vo 2019). In
recent years, GABA has been extensively exploited
and applied in the food, nutraceuticals, and pharma-
ceutical fields (Diana et al. 2014; Ngo and Vo 2019;
Park et al. 2020; Misra et al. 2021; Pandey et al. 2021).
Thus, development of efficient approaches for the low-
cost production of food-grade GABA becomes an
important issue to meet its increasing commercial
demand (Lyu et al. 2017, 2020).

GABA can be biosynthesized through reversible o-
decarboxylation of L-glutamate (L-MSG) by gluta-
mate decarboxylase (GAD, EC 4.1.1.15). A number of
methods for the production of GABA by the microbes
with high GAD activities or purified native and
recombinant GADs have therefore been developed
(Lyu et al. 2018; Park et al. 2020; Yogeswara et al.
2020). Despite some achievements in whole cell
microbial transformation, the enzymatic conversion
could be attractive in terms of the higher GABA yield
and its purity (Cui et al. 2020). However, the
reusability and operational stability of biocatalyst is
a key factor for the efficiency of enzymatic conversion
in the practical application process. Consequently,
several immobilization strategies have been explored
to solve some of these hindrances. However, the
immobilized GADs are roughly limited in E. coli one
or heterologously expressed in E. coli (Lammens et al.
2009; Lee and Jeon 2014; Matsuura et al. 2020).
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To address the above issue, in this work, the GAD
gene of Lactobacillus plantarum Y11.03 was amplified
and overexpressed in L. lactis NZ9000 by using a
nisin-controlled gene expression vector pNZ8148.
After purification by Ni*"-NTA resin affinity chro-
matography, the His-tag fused GadB has been char-
acterized in terms of specific activity, optimum
temperature and pH for action. To increase the
reusability and operational stability, recombinant
GadB was encapsulated in gellan gel beads. In further,
immobilized GadB microspheres as the biocatalyst
were added to a mixture of rice vinegar and
monosodium glutamate, and its advantages on GABA
productivity have been determined. Particularly, the
source of gadB (L. plantarum), expression host cells
(L. lactis), immobilized material (gellan gum) and the
reaction system (rice vinegar and monosidum gluta-
mate) are all food-grade forms. Obiviously, the results
obtained here meet the increased interest in the
harnessing of biocatalyst to produce food-grade
GABA.

Materials and methods
Bacterial strains, plasmids, and growth conditions

L. plantarum YI1. 03 was cultured in MRS medium at
30 °C without agitation. L. lactis was grown in M17
broth supplemented with 0.5% glucose (GM17) at
30 °C. E. coli MC1061 was used as the intermediate
host. When needed, chloramphenicol was used for
plasmid selection and maintenance at the concentra-
tion of 30 pg/mL and 10 pg/mL for E. coli and L.
lactis, respectively.

Construction of plasmids and strains

For expression of GadB in L. lactis NZ9000, the gadB
was amplified from the genomic DNA of strain L.
plantarum YI1l. 03 by polymerase chain reaction
(PCR) with primers F (CATGCCATGGGCCATCAT-
CATCATCATCATATGGCAATGTTATACGGT)

and R (CTAGTCTAGATTAGTGTGTGAATCCG-
TATTTCTTAG). The PCR product was ligated into
pNZ8148 and subsequently transformed into the
intermediate host E. coli MC1061. Recombinant
pNZ8148-gadB was confirmed by DNA sequencing,
and then transformed into L. lactis NZ9000 by
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electroporation as described previously (Lyu et al.
2020).

Expression and purification of the recombinant
GadB in L. lactis

Overnight culture of L. lactis NZ9000/pNZ8148-gadB
was inoculated into fresh GM17 medium with a
dilution of 1:100, grown to an optical density (ODggp)
of 0.4 and induced with 5.0 ng nisin/mL. After 7 h of
incubation, the cells were harvested by centrifugation
at 6000xg for 10 min, and then resuspended in
0.05 M PBS buffer (pH 7.8). Enzyme was released
by sonication in an ice-water bath (400 W, 200 x 3 s
pulse with 6 s rest in between). The cell debris was
removed by centrifugation at 10,000 x g for 40 min at
4 °C.

Recombinant GadB was purified by Ni**-affinity
chromatography. Samples were washed with 0.9% (w/
v) NaCl and concentrated by filtration over a 30 kDa
centrifugal filter device (Merck millipore) via cen-
trifugation at 13,500 x g for 30 min at4 °C. Moreover,
the molecular weight distribution of GadB was
determined by HPLC gel filtration with a TSK gel
G-3000 SWx;. column (5 pm, 300 mm x 7.8 L.D.;
Tosoh Corp., Japan) (Lyu et al. 2020).

Encapsulation of GadB

The gellan gum was selected an efficient support ma-
trix for GAD immobilization. Briefly, 1 g of gellan
gum was dissolved in 90 mL of deionized distilled
water with magnetic stirrer. Subsequently, 10 mL of
diluted enzyme suspension (6.12 mg/mL) was added
to the carrier solution. The immobilized GAD was
formed by extruding the mixture through a 20 mL
glass syringe with the 25 G hypodermic needle into
0.2 M CaCl, and letting it harden for 1 h.

Biochemical properties of free and immobilized
GAD

To investigate the effect of temperature on GAD
activity, free and immobilized enzymes were incu-
bated with 100 mM L-Glu and 0.01 mM PLPin 0.2 M
sodium acetate-acetic acid buffer (pH 4.8) for 15 min
at different temperatures (25-60 °C), and the GABA
concentrations were determined as described below.
The effect of pH on activities of free and immobilized

GadB preparations was assayed at 40 °C in different
buffers (0.2 M sodium acetate buffers of pH 3.6-5.6,
0.1 M sodium phosphate buffers of pH 6.0-7.0). To
document the storage stability, the free and immobi-
lized enzymes were stored in the 2-mL sterile plastic
tubes and kept in a refrigerator at 4 °C, and then their
stabilities were analyzed by measuring the remained
GAD activities of small amounts of samples taken
after scheduled times.

GAD activity assay

The GAD activity was determined by detecting the
amount of GABA produced from L-Glu. Briefly, free
enzyme (20 plL) and immobilized enzyme (wet
weight, 0.5 g) were added to the above reaction
mixtures (0.8 mL) and incubated at the designed pH
and temperature for 15 min. Then, 0.1 mL reaction
product was mixed with 0.9 mL NaHCO; (0.2 M, pH
9.8) to terminate the reaction. After derivatization with
dansyl chloride (DNS-CI), the GABA concentrations
of samples were analyzed by RP-HPLC method
(Marquez et al. 1986). One unit of free or immobilized
GAD activity (U) was defined as the amount of free
enzyme or immobilized enzyme (dry weight) that
produced 1 pM of GABA per minute under the assay
conditions.

Results and discussion

Heterologous expression and purification
of recombinant GadB in L. lactis

The strain L. plantarum Y11.03 was isolated from
naturally pickled vegetables and identified by mor-
phology observation (Supplementary Fig. 1a), physi-
ological and biochemical tests (Supplementary
Table 1) as well as 16S rDNA sequence analysis
(Supplementary Fig. 1b). The potential gadB was
amplified from its genomic DNA and incorporated
into the pNZ8148 vector, and then overexpressed in L.
lactis NZ9000 (Supplementary Fig. 2). The results
indicate that the gadB (MN661347.1) consists of 1,410
bases, which encode a protein of 469 amino acid
residues with the predicted molecular mass of
53.56 kDa (Supplementary Fig. 3). As expected,
recombinant GadB has an apparent molecular mass
of approximately 55 kDa as revealed by SDS-PAGE

@ Springer



2030

Biotechnol Lett (2021) 43:2027-2034

[se]
wn
(=]

y=-0.210x + 4.900
3012y R=0992

2.5 C 4

Ecn
13.601min — 20
1.5

o

(=3

(=]
1

150 A

S
10 12 14 16 18
Retention time (min)

100

50 A

Absorbance at 280 nm (mAU)

(=}
|

T T T T T T T T
0 3 6 9 12 15 18 21 24
Retention time (min)

Fig. 1 a SDS-PAGE analysis of recombinant GadB. Lanes:
(M) protein marker, (1) uninduced cells, (2) nisin-induced cells,
(3) and (4) recombinant GadB purified by NiZ*-NTA agarose
column. b Determination of molecular mass of recombinant
GadB. Gel filtration chromatography of GadB was performed on
a TSK gel G-3000 SWx; column. Molecular weight markers
shown in the inset (a—g) are thyroglobulin (669 kDa), ferritin
(440 kDa), myosin (200 kDa), aldolase (158 kDa), bovine
serum albumin (67 kDa), ovalbumin (45 kDa) and bovine
carbonic anhydrase (29 kDa)

(Fig. 1a), and elutes as a 109.14 kDa species as
measured by gel filtration chromatography (Fig. 1b).
Our results indicate that the GadB exists as a
homodimer under the native conditions.

Biochemical properties of recombinant GadB

To facilitate characterization of GadB, temperature
and pH dependences on enzymatic activity were
investigated. The effect of temperature on GAD
activity was assessed in the temperatures range
25-60 °C, with maximum activity being observed at
40 °C, above which the relative activity decreased
markedly (Fig. 2a). Similar to the GADs from other
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Fig. 2 Effects of pH (a) and temperature (b) on the GadB
activity. The enzyme activity obtained at pH 5.0 and 40 °C was
taken as 100%, respectively

LAB species (Supplementary Table 2), a narrow
optimum pH range was observed from pH 4.4 to 5.2,
with the maximum activity observed at pH 5.0
(Fig. 2b). Moreover, the K, value and specific activity
of GadB estimated using 10-100 mM of L-Glu as
substrate (pH 5.0 and 40 °C) were 22.33 mM and
24.97 U/mg (Supplementary Fig. 4), respectively. The
catalytic efficiency (k../K,,) for L-Glu was 62.4

mM~! min~'.

Immobilization of GadB in Gellan gum beads

Gellan gum, a high molecular weight anionic linear
polysaccharide, extensively used in foods and cos-
metics industries owing its special gelling property
and rheological behavior of its aqueous solution
(Giavasis et al. 2000). Recently, gellan gum has been
regarded as a versatile materials for encapsulation of
various enzymes with sufficient porosity. Particularly,
the gellan gum beads was found to be stable over a
wide range of pH values (2.0 to 10.0) and temperatures
(4.0 to 90 °C), alternative to agar, alginate and x-
carrageenan (Giavasis et al. 2000). To favour the
reusability and operational stability, the gellan gel was
selected as the carrier for encapsulation of GadB in
this work.
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The immobilization process was performed as
described in materials and methods. After immobi-
lization, the average particle size of blank gellan gum
microspheres and GadB loaded gellan gum micro-
spheres was measured and found within the range of
1.64 £ 0.13 mm and 1.47 £ 0.16 mm, respectively
(Fig. 3a, b). By magnified scanning electron micro-
scope (SEM) observation, the surface of the beads was
rough and wrinkled which was possibly caused by
partial collapsing of the polymeric network upon loss
of water (Fig. 3c, d). Overall, there were no obvious
differences in size and morphology between blank
gellan gum beads and immobilized GadB beads. The
amount of GadB immobilized in the gellan gum was
estimated as 4.08 mg/g support (dry weight). Further-
more, the effects of temperature and pH on the activity
of immobilized GadB were also investigated. The
optimum temperature and pH for immobilized GadB
were found to be 42 °C and 4.7, respectively.
Remarkably, the immobilized GadB was endowed
with lower pH-sensitivity and higher resistance to heat
than that of free enzyme, as shown in Fig. 4. In

(a)

addition, the K, value and specific activity of the
immobilized GadB reached 40.19 mM and 19.05
U/mg, respectively.

Storage stability of immobilized GadB

In order to estimate the storage stability of immobi-
lized GadB, the GAD activity was monitored during
storage at 4 °C at different time intervals. As shown in
Fig. 5a, after 4 days and 5 days storage, the free
enzyme retained only 37.2% and 13.7% of its original
activity, respectively. Meanwhile, the immobilized
enzyme still retained approximately 92.48%, 60.2%
and 49.8% of its initial activity after 5 days, 15 days
and 30 days of storage, respectively (Fig. 5b). That
means the GadB immobilized in the gellan gum beads
is a stable biocatalyst, which may have practical
applications for food-grade GABA synthesis.
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Fig. 3 The macrophotographs of blank gellan gum beads (a) and immobilized GadB beads (b) The scanning electron microscope
images of blank gellan gum beads (¢) and immobilized GadB beads (d)
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Production of food-grade GABA by immobilized
GadB in the mixture of MSG and rice vinegar

In recent years, GABA-enriched foods have been
actively promoted owing their health benefits (Pandey
and Mishra 2020). To document the potential appli-
cations of immobilized GadB microspheres, a rice
vinegar and MSG reaction system has been developed.
Roughly, 1.5 g of MSG powder (99%) was dissolved
in the 20 mL of rice vinegar with an approximate pH
value of 4.7, and then varying amounts of beads were
added to 0.8 mL of the above mixture. After incuba-
tion in a static condition for 30 min at 37 °C, the
resulting reaction mixtures were subjected to HPLC
analysis. As expected, 9.82 g/L to 21.48 g/L of food-
grade GABA have been obtained when the immobi-
lized GadB beads were added to the designed reaction
systems (0.8 mL) at the amounts ranging from 0.5 to
0.8 g (wet weight) (Fig. 6). As proven by the data
gathered above, the GABA productivity in the present
system (42.96 g/L/h) was relatively higher than that of
the immobilized GADs from L. fermentum YS2
(3.09 g/L/h), E. coli (6.03 g/L/h) and L. plantarum
WCFS1 (41.7 g/L/h) (Lin et al. 2017).

Currently, the generic doses of GABA used in the
supplements range from 50 to 500 mg per capsule. As
expected, several milliliters of reaction soution would
actually satisfy the daily needs. Herein, for the first
time, the immobilized GadB gelllan gum beads is
introduced as a biocatalyst for the synthesis of food-

Dayl Day2 pay3 1y, o

Immobilized enzyme

Fig. 5 Storage stability assay of free GadB (a) and immobilized GadB (b). The storage stability assay was performed in triplicates and
the results show that the residual activity after different storage times at 4 °C
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Fig. 6 The effects of the amount of immobilized GadB beads
on the biosynthesis of GABA in the MSG and rice vinegar
reaction system. The 1.5 g of MSG powder (99%, Zhejiang
Westlake Monosodium Glutamate Group Co. Ltd., Hangzhou,
China) was dissolved in the 20 mL of rice vinegar (Zhejiang
Wuweihe Food Co. Ltd., Huzhou, China) with an approximate
pH value of 4.7, and then varying amounts of beads were added
to 0.8 mL of the reaction mixture

grade GABA in the designed rice vinegar and MSG
reaction system.

Conclusion

In this work, the gadB from L. plantarum has been
heterologously expressed in L. lactis NZ9000 based on
pNZ8148. After purification by Ni**-affinity chro-
matography, recombinant GadB has been character-
ized in terms of kinetic parameters, temperature and
pH dependence. Subsequently, the GadB has been
encapsulated in gellan gum beads. As expected, the
immobilized GadB showed better storage stability
than the free enzyme. After 30 days of storage at 4 °C,
the immobilized GadB still retained 49.8% of its initial
activity. Finally, up to 21.48 g/L of food-grade GABA
has been obtained when 0.8 g (wet weight) of
immobilized GadB microspheres were added into
0.8 mL of the designed rice vinegar and MSG reaction
system. Overall, our results meet the increased interest
in the harnessing of biocatalyst to produce food-grade
GABA.
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