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Abstract—y-Aminobutyric acid (GABA), an important fine chemical in pharmacotherapy and food industries, is used
as a novel material in the nylon industry and has attracted attention for its potential application in large scale produc-
tion. Search for new genes and strains, development of efficient reaction systems, such as fermentation and bioconver-
sion, and use of cheap starting material like monosodium glutamate (MSG) can make GABA production using less
expensive bulk chemicals possible. Therefore, in this study, we constructed a recombinant Escherichia coli whole-cell
system for GABA production that expressed glutamate decarboxylase (GAD) from Lactobacillus brevis and used MSG
as the starting material. We also optimized the reaction conditions for MSG to GABA conversion, such as citrate buf-
fer concentration, pyridoxal 5-phosphate concentration, temperature, MSG concentration, and cell density (ODjy).
The optimized whole-cell system converted MSG to GABA via seven repetitive cycles resulting in an average conver-

sion rate of 86% (71.7 mM/h) within 42 h.

Keywords: -Aminobutyric Acid, Monosodium Glutamate, Glutamate Decarboxylase, Whole-cell Bioconversion, Lacto-
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INTRODUCTION

y~Aminobutyric Acid (GABA) is a non-protein amino acid that
acts as a major inhibitory neurotransmitter in higher animals [1].
It is used to treat sleep, panic, and anxiety disorders and is also used
as a food supplement. Recent studies have demonstrated the appli-
cation of GABA as a platform chemical in the production of 2-pyr-
rolidone and nylon 4; its use is expanding [2-5].

GABA is produced in vivo by the GABA shunt pathway [6].
The first step is the production of glutamate from alpha-ketogluta-
rate via a transamination reaction catalyzed by glutamate dehydro-
genase. The next step is the decarboxylation of glutamate to GABA,
which is catalyzed by glutamate decarboxylase (GAD, EC:4.1.1.15).
In GABA synthesis, GAD is the rate-limiting enzyme that requires
pyridoxal phosphate (PLP) as a cofactor [7]. GABA is mostly syn-
thesized from L-glutamic acid (L-Glu) or monosodium glutamate
(MSG) by GAD, which is the sole enzyme that can catalyze the reac-
tion [89]. Escherichia coli GAD is a well-known hexameric enzyme
with significant structural differences from the mammalian GAD,
and it exists in two isoforms, GADA and GADB [1,7,10].

Recently, efficient production of GABA from L-Glu using lactic
acid bacteria has been reported in several studies (Table 1) [11-13].
For instance, 1,005.8 mM of GABA was produced by L. brevis
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NCL912 in 48h [14], 5263 mM of GABA was produced by L.
brevis CGMCC 1306 in 72 h [15], and 251 mM of GABA was pro-
duced by L. buchneri [16]. Previous studies also used recombinant
E. coli strains as whole-cell biocatalysts to produce 1,338.2 mM
GABA from 1,359.3 mM L-Glu (99% conversion) within 35h (E.
coli GADK10) [17], 2,996 mM of GABA from 3,000 mM L-Glu
(99.9% conversion) within 12 h (E. coli BW25113) [18], and 738.9
mM (62.4% conversion) within 2h from MSG (recombinant E.
coli XL1-Blue) [5]. Although wild type Lactobacillus shows high
yield, it requires a long reaction time. Additionally, recombinant
microorganisms that use GAD for GABA production from MSG
have also shown a low yield. However, not many studies have used
high concentrations of MSG as the starting material despite its low
conversion yield to GABA in comparison to that of L-Glu [19-23].
This could be due to the increase in pH with high concentration
of MSG, causing the pH to become higher than what is optimal for
GAD. However, MSG is an attractive starting material for a robust
GABA production system because it is cheaper than L-Glu and is
available in large quantities (2.75 million tons per year) [24-26]. In
addition, MSG is easy to melt and is more soluble than L-Glu
(8.57 g/L) in water (739 g/L) at 25 °C [27,28].

Whole-cell biocatalysts can produce value-added chemicals from
cheap feedstock by avoiding complex cellular metabolism, and they
show better stability than enzymes or purified enzymes. Therefore,
manufacturers focus on optimizing precursor supply; cofactor bal-
ance, and reaction conditions to enhance the efficiency of biocata-
lysts [29-33].
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Table 1. GABA production reported in previous studies

J. Y. Park et al.

) . Time Titer  Productivity
Substrate  Strains Origin of GAD enzyme Strategy ®  (@mM)  (mM/h) Ref.
L-Glu E. coli BW25113 L. lactis GadB Bioconversion 12 2,99 249.7 (18]
L-Glu E. coli GADK10 E. coli gadA Bioconversion 35 11,3382 382 [17]
L-Glu L. brevis NCL912 L. brevis NCL912 Fed-batch 48  1,005.8 210 [14]
MSG E. coli XL1-Blue L. lactis subsp. lactis 111403 (GadB) Bioconversion 2 7389 369.5 [5]
MSG E. coli UT481 L. brevis OPK-3 Bioconversion 24 19.62 0.8 [20]
MSG L. brevis CGMCC 1306 L. brevis CGMCC 1306 Fed-batch 72 526.3 7.3 [15]
MSG E. coli BL.21 L. brevis (KCTC 3498) Repetitive Bioconversion 6%  430%* 71.7* This study

*These values were obtained from the average of seven repetitive reactions.

Hence, we developed a whole-cell system with a gene from an
active source like Lactobacillus and used a cheap starting material,
such as MSG, although most previous recombinant systems have
preferred L-Glu. We constructed a whole-cell GABA production
system using GAD from L. brevis in a recombinant strain and opti-
mized the reaction conditions. We achieved more than 80% con-
version of 500 mM MSG to GABA in seven repetitive reactions of
the whole-cell system, resulting in an average conversion rate of
86% with 71.7 mM/h within 42 h from seven repetitive reactions.
Our approaches appear to work, considering our goals to decrease
reaction time and use of MSG for GABA production.

MATERIALS AND METHODS
1. Chemicals

Restriction enzymes and DNA polymerase were purchased from
Enzynomics (Daejeon, Korea). MSG and GABA were purchased

Table 2. Details of the strains, plasmid, and primers used in the study

from Tokyo Chemical Industry Co. (Tokyo, Japan). PLP was pur-
chased from Sigma-Aldrich, Inc. Sodium citrate dihydrate was pur-
chased from Daejung Chemical & Metals Co., Ltd. Citric acid was
purchased from Duksan pure chemical Co., Ltd. Dimethyl ethoxy-
methylenemalonate was purchased from Fluka (Japan) for the
derivatization reaction. Sodium acetate trihydrate (98.5%) was pur-
chased from SAMCHUN. Acetic acid (glacial) was purchased from
Merck. Acetonitrile was purchased from Fisher Brand.
2. Bacterial Strains, Plasmids, and Media

L. brevis KCTC 3498 was purchased from KCTC (Daejeon, South
Korea). E. coli DH5« was used as the cloning host, and E. coli
BL21(DE3) was used as the expression host. pCDFDuet plasmid
was used for cloning purposes (Table 2). E. coli strains were grown
in the Luria Bertani (LB; MILLER) medium with or without anti-
biotics. L. brevis strain was grown in the Lactobacilli MRS medium.
3. Construction of Plasmid and Culture Conditions

The gad gene from L. brevis was inserted into the pCDFduet

Strains, plasmid, and primers Details Source
Strains

Lactobacillus brevis KCTC 3498  Wild type KCTC

E. coli K12 (MG1655) Wild type Lab stock

E. coli DH5cx F— ¢80lacZ M15 endA recA hsdR(rk-mk-) supE thi gyrA relA A(lacZYA-argF)U169  Lab stock

E. coli BL21 (DE3) F— ompThsdSB(rB-mB-) gal dcm Novagen
GADA E. coli K12 glutamate decarboxylase Alpha (gadA) In this study
GADB E. coli K12 glutamate decarboxylase Beta (gadB) In this study
LBGAD L. brevis glutamate decarboxylase (gad) In this study
Plasmids

pCDFDuet-gadA gadA of E. coli K12 inserted into pCDF duet 1 In this study
pCDFDuet-gadB gadB of E. coli K12 inserted into pCDF duet 1 In this study
pCDFDuet-LBgad gad of L. brevis inserted into pCDF duet 1 In this study
Primers

F: gadA-BamHI 5-CTGCTGGGATCCGATGGACCAGAAGCTGTTAA-3' In this study
R: gadA-Sacl 5-CTGCTGGAGCTCGTCAGGTGTGTTTAAAGCTG-3' In this study
F: gadB-BamHI 5~"CTGCTGGGATCCGATGGATAAGAAGCAAGTAACG-3' In this study
R: gadB-Sacl 5-CTGCTGGAGCTCGTCAGGTATGTTTAAAGCTGTTCTG-3’ In this study
F: LBgad-BamH1 5-CTGCTGGGATCCGATGAATAAAAACGATCAGGAAACA-3’ In this study
R: LBgad-Sacl 5-CTGCTGGAGCTCTTAACTTCGAACGGTGGTCITG-3' In this study

December, 2020



Whole-cell bioconversion of GABA from MSG in recombinant E. coli using GAD from L. brevis 2227

100

T -
80

60 i

(a

—

40 1

Conversion (%)

20 A

GADA GADB LBGAD

100

T
S

80 -

60 -

40

Conversion (%)

20 A

0 [ l

LBGAD Wild type L. brevis

Fig. 1. Comparison of the MSG to GABA conversion rates using dif-
ferent recombinant systems (E. coli BL21 (pCDFDuet1::gadA),
E. coli BL21 (pCDFDuetl::gadB), and E. coli BL21 (pCDEF-
Duetl::LBgad)) (a), using E. coli BL21 (pCDFDuet1::LBgad)
and wild type L. brevis (b) at 30°C with 50 mM MSG, 50
mM citrate buffer, and 0.1 mM PLP within 15 h.

vector at MCS1 (Supplementary Table 1 and Supplementary Fig. 1).
Primer details are provided in Table 2. The PCR product and vec-
tor were cut with restriction enzymes BamH1 and Sacl and ligated
using T4-ligase. The sequences of the insert and vector were con-
firmed by sequencing from Bionics (Seoul, South Korea). The con-
structed vectors were transformed in E. coli BL21(DE3). A single
colony of each recombinant E. coli strain was picked from the agar
plate and precultured in 5mL LB broth containing 10 g/L tryp-
tone, 5 g/L yeast extract, 10 g/L sodium chloride, and antibiotics
on a shaking incubator (Han-Beak Science Co., Bucheon, Gyeo-
nggi-do, Korea) at 200 rpm, overnight. The pre-culture was then
inoculated in 50 mL LB in a 250 mL baffled Erlenmeyer flask with
antibiotics and incubated at 37°C with shaking. Induction was
carried out with 0.5 mM isopropyl -d-1-thiogalactopyranoside after
the optical density of the culture at ODyy, reached 0.6-0.7. After over-
night incubation at 25 °C, the culture was harvested by centrifuga-
tion at 4,000 rpm for 10 min at 4 °C, and the pellet was washed twice
using dejonized water.
4. Whole-cell Reaction

Cell concentration was monitored by measuring the ODg, by
ultraviolet-visible spectrophotometry (SpectraMax M2). The pre-
pared GAD cells were used for the whole-cell reaction. The reac-

tion was performed with 500 mM MSG, 50 mM citrate buffer, and
0.1 mM PLP. Each condition was varied to identify the optimal
reaction condition. The static reaction using the prepared reaction
mixture was carried out at 30 °C for 6 h. The reaction was stopped
by heating at 95 °C for 5 min. The reaction solution was then diluted
to an appropriate concentration for high-performance liquid chro-
matography (HPLC) analysis (Prominence-i LC-2030, Shimadzu,
Kyoto, Japan).
5. Derivatization and HPLC Analysis

For measuring the concentration of MSG and GABA, amines
present in MSG and GABA were measured. The amine derivatives
were prepared in a mixture of 300 pl borate buffer (50 mM, pH 9),
100 pl methanol, 47 1l distilled water, 50 p target sample, and 3 pl
DEEMM ([34]. The derivatization reaction was performed to deri-
vatize MSG and GABA at 70 °C for 2 h, followed by HPLC (Promi-
nence-i LC-2030, Shimadzu, Kyoto, Japan) analysis of the reaction
products at a UV-absorbance of 284 nm. Chromatographic sepa-
ration was conducted using a reverse-phase C18 column (ZOR-
BAX SB-C18 column, 4.6x250mm, 5pm particle size; Agilent
Technologies, Santa Clara, CA, USA), and the column temperature
was maintained at 35 °C. The mobile phase consisted of 100% ace-
tonitrile (solvent A) and 25 mM sodium acetate buffer pH 4.8 (sol-
vent B). The flow rate was maintained at 1 mL/min, and the com-
position of solvent A to B (A : B, v/v) changed as per the following
gradient program: 0 min (20 : 80), 2 min (25: 75), 32 min (60 : 40),
37 min (20 : 80), 40 min (20 : 80).
6. Repeated Batch Process

The cells were prepared in advance, and the reaction was set as
per the optimized conditions. After 6 h, the samples were centri-
fuged at 13,000 rpm (Hanil Co, Smart 13) for 1 min. The reaction
mixture was collected from the supernatant and the cells were used
for an additional round of reaction. Fresh reaction mixture was
added to the cells and this procedure was repeated seven times
with the samples in duplicate. MSG to GABA conversion was cal-
culated from each round [35].

RESULTS

1. GABA Production by Recombinant E. coli Strains and Wild
Type L. brevis

E. coli GAD, a hexameric enzyme with significant structural
differences from mammalian GAD, is of two types, GADA and
GADRB [1,7,10]. Likewise, the GAD system from a strain of L. brevis
was also reported to have two isoforms of GAD, namely GADA and
GADB, which catalyzed the conversion of L-Glu to GABA [36].
However, as per the Kyoto Encyclopedia of Genes and Genomes,
GADA and GADB have not been dassified in L. brevis KCTC
3498 and it has only one gad annotated gene. Therefore, we con-
structed GABA systems using the L. brevis gad gene (LBgad) as
well as gadA and gadB from E. coli as controls.

GABA production was compared between E. coli strains over-
expressing gadA (GADA), gadB (GADB), and LBgad (LBGAD)
cloned in pCDFDuet. Whole-cell conversion of MSG to GABA
showed that the highest GABA conversion rate was 84.7%, which
was achieved within 15 h with LBGAD. The GABA conversion rate
with GADB and GADA was 77.0% and 56.3%, respectively, under

Korean J. Chem. Eng.(Vol. 37, No. 12)
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Fig. 2. Optimization of conditions for GABA whole-cell reaction, such as concentration of citrate buffer (a), PLP (b), MSG (c), and cell den-
sity (ODgy) (d). The reactions were performed with the change in citrate, PLP, and MSG concentrations starting from 50 mM of
citrate, 500 mM MSG, 0.1 mM PLP, and ODy, of 5 within 6 h at 30 °C.

the same conditions (Fig. 1(a)). We observed that the GABA con-
version rate of wild type L. brevis was only 7.0% (Fig. 1(b)). Based
on these results, we constructed an pCDFDuet:LBgad system in
BL21(DE3) and used it for further experiments.
2. Optimization of Reaction Conditions

To identify optimum reaction conditions, we evaluated GABA
conversion from L-Glu at different concentrations (0 mM to 800
mM) of citrate buffer. We observed that the GABA conversion
with 0 mM citrate buffer was 10% from 500 mM MSG. Greater
than 90% conversion of MSG to GABA was achieved on increas-
ing the concentration of citrate buffer from 50 mM to 200 mM
(Fig. 2(a)). Further, with more than 400 mM citrate buffer, GABA
conversion dropped sharply and almost no conversion was observed
at a higher concentration of citrate buffer. Therefore, we selected
50 mM citrate buffer for further experiments. As PLP is a coen-
zyme for decarboxylase, we examined the effect of different con-
centrations of PLP on the GABA conversion. At 0mM PLP, a
GABA conversion of over 50% was observed, and at higher con-
centrations of PLP (0.05 mM to 0.5 mM), more than 90% of GABA
conversion was observed (Fig. 2(b)).

To detect the substrate inhibition effect, the effect of the MSG
concentration on GABA production was investigated. As the main

December, 2020

substrate, increasing concentrations of MSG (0.1, 0.25, 0.5, 0.75,
and 1 M) revealed that the highest GABA conversion was achieved
with 500 mM MSG, and over 90% yield of GABA was achieved
from 250 mM to 500 mM of MSG in the same conditions (Fig.
2(c)). On increasing the MSG concentration to more than 500
mM, the GABA conversion decreased. The effect of cell concen-
tration on GABA was investigated for maximum conversion using
minimal cell concentration. The cells were examined at an ODy,
of 1, 3, 5, and 10. At an ODyy, of 1, the GABA conversion was
about 53%. As the cell concentration increased, the GABA conver-
sion increased sharply. At an ODy, of over 5, the GABA conver-
sion was more than 90% and we chose an ODyy, of 5 for maximum
GABA production in this study (Fig. 2(d)).

For the whole-cell reaction with MSG, conversion was exam-
ined at different temperatures: 25 °C, 30 °C, and 37 °C (Fig. 3(a)),
Whole-cell conversion of MSG to GABA experiments showed that
the highest GABA conversion occurred at 30 °C for 6h at an ODg
of 5 (cell density) in 500 mM MSG, 50 mM citrate buffer, and 0.1
mM PLP. Besides, a GABA conversion yield of over 80% was
achieved at 25 °C and 37 °C. When the effect of pH between 3 and
5 was examined, a conversion more than 90% was obtained up to
pH 4.75 (Fig. 3(b)). The increase in pH after the reaction was
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Fig. 3. Effect of temperature and pH on the whole-cell reaction of
MSG conversion to GABA. Comparison of conversion at dif-
ferent temperatures (a), different pH (b), and pH change
before (0h) and after the reaction at 24 h (c). The reactions
were performed with 500 mM MSG, 0.1 mM PLP, ODy, of 5
(cell density), and 50 mM citrate buffer within 6 h except for
(b) and (c).

monitored and GABA production increased the pH of the buffer
by a value of 2 (Fig. 3(c)). Overall, the optimization of the reac-
tion showed that an ODy, of 5 with 500 mM MSG, 50 mM citrate
buffer, and 0.1 mM PLP at 30 °C resulted in the highest MSG to
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Fig. 4. Time-dependent monitoring of GABA production from MSG
for 24 h (a) and pH profile of the medium pH (b). Samples
were collected at 0, 2, 4, 6, 8, 10, 24 h and reactions were per-
formed at 30 °C with 500 mM MSG, 0.1 mM PLP, cells (ODy,
of 5), and 50 mM citrate buffer.

GABA conversion. When 500 mM MSG was used, the final pH
of the medium increased over 7.5 after 6 h (data not shown).
3. Time Profile and a Repeated Batch Process

To monitor GABA production in a time-dependent manner,
GABA conversion was examined for 24h. GABA conversion from
500 mM MSG was investigated using an ODy, of 5 at 30 °C with
50 mM citrate buffer, 0.1 mM PLB, and a medium pH 4.87. The
reaction showed the maximum yield at 6 h and then decreased to
82.3% at 24 h (Fig. 4(a)). Although the maximum yield was little
less due to scale up, the GABA reaction could be completed within
6 h, which was less than the time required by wild type L. brevis to
complete the reaction. The pH of the buffer showed a drastic in-
crease to 9.1 (Fig. 4(b)).

The reusability of the whole-cell system for GABA production
was examined by repeated use of whole cells for conversion of MSG
to GABA. The results were investigated seven times every 6 h (Fig.
5). During the first four cycles under optimized reactions, the GABA
conversion rate was over 89%. On assessing the seven repeated
runs, the average GABA yield partly declined and was over 86%.
These results show that the recombinant strain was capable of effi-
ciently producing GABA at a productivity of 71.7 mM/h (Fig. 5).

Korean J. Chem. Eng.(Vol. 37, No. 12)
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Fig. 5. GABA conversion from MSG in seven sequential repetitive
batch reactions using the whole-cell system. Each reaction
was repeated with 500 mM MSG, 0.05 mM PLP, OD of 5
(cell density), and 50 mM citrate buffer at 30 °C for 6 h.

CONCLUSIONS

Naturally produced GABA is one of the well-known products
in the pharmacotherapy and food industries [37-39]. Its applica-
tion in the nylon industry is feasible; therefore, the mass produc-
tion of GABA is important [5,40]. To utilize these advantages and
achieve efficient production of GABA, we used the novel GAD
gene from L. brevis and constructed a whole-cell system with E.
coli BL21(DE3) for production of GABA from MSG. By optimiz-
ing important factors, such as the buffer concentration, PLP con-
centration, temperature, MSG concentration, and cell concentration,
we could achieve more than 90% conversion. We ran repeated
reactions resulting in an average of 86% conversion and a produc-
tivity of 71.7 mM/h. Although the process still needs to be scaled-
up and the recovery process needs to be optimized [41], our ap-
proach demonstrated easy and successful GABA production by
overcoming the low conversion of MSG by utilizing its high solu-
bility. More process improvements, such as immobilization and a
continuous process, will further increase the GABA yield.

ACKNOWLEDGEMENTS

This study was supported by the National Research Foundation
of Korea (NRF) (NRF-2019R1F1A1058805 and NRF-2019M3E6
A1103979) and by the Polar Academic Program (PAP, PE18900).

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.

REFERENCES

1. H. Ueno, J. Mol. Catal. B-Enzym., 10, 67 (2000).
2.K--A. Baritugo, H. T. Kim, Y. David, T. U. Khang, S. M. Hyun, K. H.

December, 2020

Kang, J. H. Yu, J. H. Choi, J. J. Song, J. C. Joo and S.]. Park, Microb.
Cell Fact., 17, 129 (2018).

3.S.K. Bhatia, R. K. Bhatia and Y.-H. Yang, Rev. Environ. Sci. Bio., 15,
639 (2016).

4.]. W. Choi, S.S. Yim, S. H. Lee, T.J. Kang, S.J. Park and K. J. Jeong,
Microb. Cell Fact., 14, 21 (2015).

5.S.]. Park, E. Y. Kim, W. Noh, Y. H. Oh, H. Y. Kim, B. K. Song, K. M.
Cho, S.H. Hong, S.H. Lee and J. Jegal, Bioproc. Biosyst. Eng., 36,
885 (2013).

6.B.]J. Hammond, R. Baldzs, Y. Machiyama, T. Julian and D. Richter,
Biochem. ], 116, 445 (1970).

7.S.B. Sarasa, R. Mahendran, G. Muthusamy, B. Thankappan, D.R. E
Selta and J. Angayarkanni, Curr. Microbiol., 77, 534 (2020).

8.X. Shi, C. Chang, S. Ma, Y. Cheng, J. Zhang and Q. Gao, J. Ind.
Microbiol. Biot., 44, 697 (2017).

9.G. A. Somkuti, J. A. Renye and D. H. Steinberg, J. Ind. Microbiol.
Biot., 39, 957 (2012).

10. G. Capitani, D.D. Biase, C. Aurizi, H. Gut, E Bossa and M. G.
Griitter, EMBO ], 22, 4027 (2003).

11.Y. Cui, K. Miao, S. Niyaphorn and X. Qu, Int. J. Mol. Sci., 21, 995
(2020).

12.H. Li and Y. Cao, Amino Acids, 39, 1107 (2010).

13.S. Wang, P. Chen and H. Dang, Lactic acid bacteria, Springer, Sin-
gapore (2019).

14.H. Li, T. Qiu, G. Huang and Y. Cao, Microb. Cell Fact., 9, 85 (2010).

15.C. Peng, ]. Huang, S. Hu, W. Zhao, S. Yao and L. Mei, Chin. J.
Chem. Eng, 21, 1190 (2013).

16.Y.R. Cho, J. Y. Chang and H. C. Chang, J. Microbiol. Biotechn., 17,
104 (2007).

17.A.Y. Plokhov, M. M. Gusyatiner, T. A. Yampolskaya, V.E. Kalu-
zhsky, B.S. Sukhareva and A. A. Schulga, Appl. Biochem. Biotech.,
88, 257 (2000).

18.C. Ke, X. Yang, H. Rao, W. Zeng, M. Hu, Y. Tao and J. Huang,
Springerplus, 5, 591 (2016).

19. A. Jeong, C.C. Yong and S. Oh, J. Microbiol. Biotechnol., 29, 1745
(2019).

20. K.-B. Park and S.-H. Oh, Bioresour. Technol., 98, 312 (2007).

21.Y. Shan, C.X. Man, X. Han, L. Li, Y. Guo, Y. Deng, T. Li, L. W.
Zhang and Y.J. Jiang, Int. ]. Dairy Sci., 98, 2138 (2015).

22.T. Tamura, M. Noda, M. Ozaki, M. Maruyama, Y. Matoba, T.
Kumagai and M. Sugiyama, Biol. Pharm. Bull., 33, 1673 (2010).
23.]. M. Villegas, L. Brown, G.S. d. Giori and E. M. Hebert, LWT-Food

Sci. Technol., 67, 22 (2016).

24.]. Becker and C. Wittmann, Int. Ed., 54, 3328 (2015).

25.L. Dong, Y. Li, P. Wang, Z. Feng and N. Ding, J. Clean. Prod., 190,
452 (2018).

26. A.J.]. Straathof, Chem Rev., 114, 1871 (2014).

27. Merory, J. Food flavorings: Composition, manufacture, and use, 2"
Ed., Avi Publishing Co., Westport, Conn (1968).

28.S. H. Yalkowsky; Y. He and P. Jain, Handbook of aqueous solubility
data, 2™ Ed., CRC Press., Boca Raton (2010).

29.S.K. Bhatia, Y.H. Kim, H.]. Kim, H-M. Seo, J-H. Kim, H.-S.
Song, G. Sathiyanarayanan, S.-H. Park, K. Park and Y.-H. Yang,
Bioproc. Biosyst. Eng, 38, 2315 (2015).

30. Y-G. Hong, Y.-M. Moon, J.-W. Hong, S.-Y. No, T-R. Choi, H.-R.
Jung, S.-Y. Yang, S.K. Bhatia, J-O. Ahn, K.-M. Park and Y-H.



Whole-cell bioconversion of GABA from MSG in recombinant E. coli using GAD from L. brevis 2231

Yang, Enzyme Microb. Technol., 118, 57 (2018).

31.J. Kim, H-M. Seo, S.K. Bhatia, H.-S. Song, J.-H. Kim, J.-M. Jeon,
K.-Y. Choi, W. Kim, J.-J. Yoon, Y-G. Kim and Y-H. Yang, Sci.
Rep., 7, 39768 (2017).

32.B. Lin and Y. Tao, Microb. Cell Fact., 16, 106 (2017).

33.Y.-M. Moon, R. Guray, J. Kim, Y.-G. Hong, S.K. Bhatia, H.-R.
Jung, J.-W. Hong, T.R. Choi, S. Y. Yang, H. Y. Park, H.-S. Joo and
Y.-H. Yang, Biotechnol. Bioproc. E., 23, 442 (2018).

34.Y.H. Kim, H.]. Kim, J-H. Shin, S.K. Bhatia, H.-M. Seo, Y.-G.
Kim, Y.K. Lee, Y.-H. Yang and K. Park, J. Mol. Catal. B-Enzym.,
115, 151 (2015).

35.Y. Zhang, L. Song, Q. Gao, S.M. Yu, L. Li and N.E Gao, Appl.

Microbiol. Biotechnol., 94, 1619 (2012).

36. C. Lyu, W. Zhao, C. Peng, S. Hu, H. Fang, Y. Hua, S. Yao, ]. Huang
and L. Mei, Microb. Cell Fact., 17, 180 (2018).

37. B. Eichelman, Psychiat. Serv., 39, 31 (1988).

38. M. Diana, J. Quilez and M. Rafecas, J. Funct. Foods, 10, 407 (2014).

39. A. Frieder, M. Fersh, R. Hainline and K. M. Deligiannidis, Cns
Drugs, 33, 265 (2019).

40.L.-Q. Fan, M.-W. Li, Y-j. Qiu, Q-m. Chen, S.-]. Jiang, Y.-]. Shang
and L.-M. Zhao, J. Biotechnol., 278, 1 (2018).

41.J-H. Kim, H.-M. Seo, G. Sathiyanarayanan, S.K. Bhatia, H.-S.
Song, J. Kim, J.-M. Jeon, J.-J. Yoon, Y-G. Kim, K. Park and Y.-H.
Yang, J. Ind. Eng. Chem., 46, 44 (2017).

Korean J. Chem. Eng.(Vol. 37, No. 12)



Supporting Information

Production of j-aminobutyric acid from monosodium glutamate using
Escherichia coli whole-cell biocatalysis with glutamate decarboxylase
from Lactobacillus brevis KCTC 3498

Jun Young Park®, Ye-Lim Park™, Tae-Rim Choi*, Hyun Joong Kim*, Hun-Suk Song*,
Yeong-Hoon Han*, Sun Mi Lee*, Sol Lee Park™, Hye Soo Lee*, Shashi Kant Bhatia™**,
Ranjit Gurav®, and Yung-Hun Yang™**"

*Department of Biological Engineering, College of Engineering, Konkuk University, Seoul 05029, Korea

**Institute for Ubiquitous Information Technology and Applications, Konkuk University, Seoul 05029, Korea
(Received 26 March 2020 « Revised 7 July 2020 « Accepted 11 July 2020)

Table S1. Nucleotide sequences and amino acids of gad from Lactobacillus brevis ATCC 14869

Nucleotide sequences

ATGAATAAAAACGATCAGGAAACACAGCAGATGATTAATAATGTGGATTTAGAAAAAACGTTTTTAGGCAGTGTCGAAG
CCGGGCAATCCTTACCCACCAATACATTACCAGATGATCCCATGGCACCGGATGTTGCCGCTCAATTGGTGGAACACT
ATCGTTTAAATGAAGCCAAGGCTAATCAAAACCTAGCGACCTTCTGTACCACGCAAATGGAACCACAAGCCGATGAAT
TAATGAAGAACGCGTTGAATACCAATGCGATTGATAAATCGGAATACCCTAAGACCGCGGCAATGGAAAATTACTGTGT
CAGCATGATTGCTCACCTATGGGGAATTCCTGACAATGAAAAGATTTACGATGATTTCATTGGGACCTCAACGGTAGG
TTCTTCTGAAGGATGTATGTTAGGCGGCTTGGCGCTACTACATAGTTGGAAGCACCGGGCCAAGGCAGCTGGTTTTG
ATATTGAAGACCTGCATAGCCACAAGCCCAACTTGGTCATCATGTCAGGTTACCAAGTTGTTTGGGAAAAGTTCTGTA
CCTACTGGAATGTCGAGATGCGCCAAGTGCCAATTAATGGTGACCAAGTTTCCTTAGATATGGATCATGTGATGGATTA
CGTTGATGAAAATACGATTGGGATTATCGGAATTGAGGGCATTACGTACACGGGCTCCGTTGATGATATTCAAACGCTA
GATAACCTCGTGAGCGAATATAACAAGACCGCGACGATGCCGGTACGGATTCACGTTGATGCTGCCTTTGGTGGCCT
GTTCGCGCCGTTCGTCGATGGCTTTAACCCGTGGGACTTCCGGTTGAAGAACGTGGTTTCCATTAACGTTTCGGGCC
ATAAGTACGGGATGGTTTACCCTGGGTTGGGGTGGATTGTTTGGCGGCACAACACGGCTGATATTTTACCCGCAGAA
ATGCGTTTTCAAGTGCCATATCTAGGTAAGACCGTTGATTCAATCGCCATTAACTTCTCACACAGTGGTGCCCATATCA
GTGCGCAATACTACAATTTCATTCGATTTGGATTATCAGGTTATAAGACGATCATGCAAAATGTTCGGAAGGTGTCATTG
AAGCTGACGGCAGCTCTGAAAACGTATGGGATTTTCGATATTTTAGTTGATGGGTCACAGCTACCAATTAACTGTTGGA
AACTAGCGGACGATGCGCCGGTTGGTTGGACGTTGTATGATTTGGAGTCCGAGCTGGCTAAGTATGGTTGGCAAGTT
CCGGCATATCCACTGCCAAAGAATCGCGACGATGTGACAATTAGCCGGATCGTGGTACGCCCATCCATGACCATGAC
GATTGCCGATGATTTCTTGGATGATTTGAAATTAGCGATTGATGGATTAAATCACACATTTGGCGTGACGACCACCGTT
GATCAAGATAACAAGACCACCGTTCGAAGTTAA

Amino acid sequences

MNKNDQETQQMINNVDLEKTFLGSVEAGQSLPTNTLPDDPMAPDVAAQLVEHYRLNEAKANQNLATFCTTQMEPQADEL
MKNALNTNAIDKSEYPKTAAMENYCVSMIAHLWGIPDNEKIYDDFIGTSTVGSSEGCMLGGLALLHSWKHRAKAAGFDIED
LHSHKPNLVIMSGYQVVWEKFCTYWNVEMRQVPINGDQVSLDMDHVMDYVDENTIGIIGIEGITYTGSVDDIQTLDNLVTE
YNKTATMPVRIHVDAAFGGLFAPFVDGFNPWDFRLKNVVSINVSGHKY GMVYPGLGWIVWRHNTADILPAEMRFQVPYL
GKTVDSIAINFSHSGAHISAQYYNFIRFGLSGYKTIMQNVRKVSLKLTAALKTYGIFDILVDGSQLPINCWKLADDAPVGWTL
YDLESELAKYGWQVPAYPLPKNRDDVTISRIVVRPSMTMTIADDFLDDLKLAIDGLNHTFGVTTTVDQDNKTTVRS
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Fig. S1. Sequence alignment (a) and phylogenetic tree (b) of GAD with GADs from Lactobacillus brevis, Escherichia coli, Sacharomyces cere-
visiae, Lactobiacillus plantarum, Lactobiacillus fermentum, Lactobiacillus lactis, Lactobiacillus paracase, Neurospora crassa.
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