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Effect of DR1558, a Deinococcus radiodurans <=

response regulator, on the production of GABA
in the recombinant Escherichia coli under low
pH conditions

Sung-ho Park’, Yu Jung Sohn?, Si Jae Park?” and Jong-il Choi'"

Abstract

Background: Gamma aminobutyric acid (GABA) is an important platform chemical, which has been used as a food
additive and drug. Additionally, GABA is a precursor of 2-pyrrolidone, which is used in nylon synthesis. GABA is usually
synthesized from glutamate in a reaction catalyzed by glutamate decarboxylase (GAD). Currently, there are several
reports on GABA production from monosodium glutamate (MSG) or glucose using engineered microbes. However,
the optimal pH for GAD activity is 4, which is the limiting factor for the efficient microbial fermentative production of
GABA as fermentations are performed at pH 7. Recently, DR1558, a response regulator in the two-component signal
transduction system was identified in Deinococcus radiodurans. DR1558 is reported to confer cellular robustness to
cells by binding the promoter regions of genes via DNA-binding domains or by binding to the effector molecules,
which enable the microorganisms to survive in various environmental stress conditions, such as oxidative stress, high
osmotic shock, and low pH.

Results: In this study, the effect of DR1558 in enhancing GABA production was examined using two different strate-
gies: whole-cell bioconversion of GABA from MSG and direct fermentative production of GABA from glucose under
acidic culture conditions. In the whole-cell bioconversion, GABA produced by E. coli expressing GadBC and DR1558
(6.52 g/L GABA from 13 g/L MSG-H,0) in shake flask culture at pH 4.5 was 2.2-fold higher than that by E. coli express-
ing only GadBC (2.97 g/L of GABA from 13 g/L MSG-H,0). In direct fermentative production of GABA from glucose,

E. coli AgabT expressing isocitrate dehydrogenase (IcdA), glutamate dehydrogenase (GdhA), GadBC, and DR1558
produced 1.7-fold higher GABA (2.8 g/L of GABA from 30 g/L glucose) than E. coli AgabT expressing IcdA, GdhA, and
GadBC (1.6 g/L of GABA from 30 g/L glucose) in shake flask culture at an initial pH 7.0. The transcriptional analysis of £.
coli revealed that DR1558 conferred acid resistance to E. coli during GABA production. The fed-batch fermentation of
E. coli expressing IcdA, GdhA, GadBC, and DR1558 performed at pH 5.0 resulted in the final GABA titer of 6.16 g/L by
consuming 116.82 g/L of glucose in 38 h.

Conclusion: This is the first report to demonstrate GABA production by acidic fermentation and to provide an engi-
neering strategy for conferring acid resistance to the recombinant E. coli for GABA production.
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Background

Conventional petroleum-based methods for the produc-
tion of valuable chemicals are associated with several
challenges, such as environmental concerns and lim-
ited availability of fossil fuel. Hence, various bio-based
production methods using renewable feedstocks have
recently been developed [1, 2]. To address the growing
demand for the production of value-added products,
such as platform chemicals and biopolymers from renew-
able resources, several engineered microorganisms have
been developed [3-9].

Gamma aminobutyric acid (GABA), a non-protein
amino acid, is widely expressed in prokaryotic and eukar-
yotic organisms [10]. GABA is the primary inhibitory
neurotransmitter in the nervous system of mammals.
Generally, GABA is used in pharmaceuticals or food
additives for its physiological functions [11-14]. Addi-
tionally, GABA has applications in the bio-based chemi-
cal and polymer industries, where GABA is used as the
precursor of 2-pyrrolidone, which can be used as a sol-
vent or as a monomer for the synthesis of nylon 4 [15,
16].

Several studies have reported the microbial production
of GABA through proton-consuming decarboxylation of
L-glutamate using two biological processes: whole-cell
bioconversion or direct fermentation. GABA is mainly
produced through whole-cell bioconversion of MSG
or L-glutamate to GABA by heterologous expression of
glutamate decarboxylase (GAD) in the host strain [15,
17-24]. Additionally, several metabolically engineered
microorganisms, such as Corynebacterium glutamicum
and Escherichia coli have been developed for the direct
fermentative production of GABA from renewable
resources, such as glucose and xylose [25-31]. However,
there are still several limitations associated with the effi-
cient microbial fermentative production of GABA. For
example, the optimal pH for GAD activity is around 4.5,
though generally fermentation process of various indus-
trial microorganisms such as E. coli, C. glutamicum, and
Lactobacillus is performed around pH 7. These limita-
tions could be addressed by developing GAD able to
efficiently convert glutamate into GABA at pH 7 or by
developing host strains that supports the enhanced cell
robustness under acidic stress for facilitation of the GAD
activity. In this regards, the recombinant C. glutamicum
strain expressing GAD that is active at a wide pH range
was reported to produce 38.6 g/L GABA in 72 h fed-
batch fermentation from glucose [32]. However, other
strategy such as increasing cell tolerance to acidic stress

for acidic fermentative production of GABA is but not
yet developed.

Deinococcus radiodurans is reported to be resistant to
various abiotic stress factors, such as y-radiation, oxi-
dizing agents, and desiccation [33]. Recently, DR1558, a
response regulator in the two-component signal trans-
duction system, was identified in D. radiodurans. The
expression of DR1558, which exhibits a recA-like expres-
sion pattern, was reported to be enhanced (approxi-
mately 5.64-fold) in response to 15 kGy of gamma
radiation [34]. DR1558 is reported to induce alterations
in the cell by directly binding to the promoter regions
of genes via DNA-binding domains or by binding to the
effector molecules in response to environmental stress.
One study has employed DR1558 for increasing the tol-
erance of E. coli against low pH, heat, and salt stresses
[35]. Additionally, DR1558 has been used to enhance cell
robustness and production of succinate, 2,3-butanediol
(2,3-BDO) and poly(3-hydroxybutyrate) [P(3HB)] in the
recombinant E. coli strains [36—38].

In this study, the effect of D. radiodurans DR1558 on
GABA production was examined in the recombinant E.
coli strains under low pH culture conditions using two
different strategies: whole-cell bioconversion of MSG
to GABA and direct fermentative production of GABA
from glucose. The quantitative real-time polymerase
chain reaction (qRT-PCR) analysis was performed to
evaluate the expression level of genes related to central
metabolism and acid resistance (AR) under acidic chal-
lenge in the dri1558-overexpressing E. coli strains. Fur-
thermore, fed-batch fermentation was carried out for
direct fermentative production of GABA from glucose as
a proof-of-concept and demonstrated that DR1558 can
be robustly used in the fermentation scale.

Results and discussion

Examination of DR1558 expression for the acid-resistant
conversion of MSG into GABA at low pH

The optimal pH for GAD, which catalyzes the conversion
of glutamate into GABA, is around 4.5. This pH is lower
than the neutral pH generally used for cell cultivation [39,
40]. Thus, we hypothesized that enhancing E. coli resist-
ance to low pH may have a positive effect on GABA pro-
duction as GABA can be produced at the pH optimum for
the decarboxylation activity of GAD. To investigate the
effect of DR1558 on GABA production, the recombinant
E. coli WGB100 strain expressing GadBC and DR1558
and E. coli BL21(DE3) strain expressing only GadBC were
cultured in the MR medium (pH 7.0) supplemented with
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20 g/L glucose and 5 g/L yeast extract. When the opti-
cal density at 600 nm (ODg,) of the culture reached 1.0,
isopropyl-p-thiogalactoside (IPTG; final concentration,
0.5 mM) was added to the culture medium to induce
protein expression. The cells were cultured for 8 h and
transferred to the MR medium (pH 4.5) supplemented
with 20 g/L glucose, 5 g/L yeast extract, and 13 g/L
MSG-H,0. The E. coli BL21(DE3) strain expressing only
GadBC exhibited a low conversion yield (41%; conversion
of 13 g/L MSG-H, 0O into 2.97 g/L. GABA) (Fig. 1b). How-
ever, the E. coli WGB100 strain expressing GadBC and
DR1558 exhibited a high GABA yield (87.3%; conversion
of 13 g/L MSG-H,0 into 6.31 g/L. GABA) within 24 h.
Incubating the E. coli WGB100 strain till 60 h resulted
in the production of 6.52 g/L. GABA corresponding to
a 90% vyield (Fig. 1a). In previous report, the productiv-
ity of 0.12 g GABA/L/h was obtained by recombinant E.
coli equipped with the C-terminus synthetic complex of
GadB and GadC (pH3BN) [41]. Additional expression of
DR1558 along with the C-terminus synthetic complex
of GadB and GadC in the engineered E. coli WGB100 in
this study allowed the increased productivity of 0.26 g
GABA/L/h [41].

Transcriptional analysis of genes involved in central
metabolism and glutamate acid-dependent acid resistance
(GDAR) system in E. coli

The qRT-PCR analysis was performed to analyze the
expression patterns of 37 genes associated with the cen-
tral carbon metabolism, AR system, and respiratory chain
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complexes in the E. coli WGB100 and control strains as
summarized in Fig. 2 and Additional file 1: Table S2.

When the pH was decreased, the expression levels of
genes involved in the central metabolic pathways, such
as glycolysis and tricarboxylic acid (TCA) cycle in the
E. coli WGB100 strain were upregulated when com-
pared to those in the control strain (Additional file 1:
Table S2). The expression levels of ptsG and pykA, which
are associated with the glycolytic pathway, in the E. coli
WGB100 strain were upregulated by 2.1-, and 1.76-
fold, respectively, when compared to the control strain.
This indicated enhanced glucose uptake by the E. coli
WGB100 strain. As shown in Fig. 1, although the produc-
tion of acetate in the recombinant E. coli WGB100 strain
expressing both GadBC and DR1558 was similar to that
of the control strain, the glucose consumption increased
by 1.51-fold. This suggested that the carbon flux towards
acetate metabolism in the E. coli WGB100 strain
decreased based on the production of acetate relative to
the consumption of carbon source. The expression of the
poxB gene, which is involved in acetate metabolism, was
downregulated by 3.67-fold in the E. coli WGB100 strain
when compared to its expression in the control strain
(Additional file 1: Table S2). The downregulation of ace-
tate metabolism was also observed in our previous study
in the dr1558-overexpressing E. coli for the production of
2,3-BDO and P(3HB) [37, 38].

Under low pH conditions, E. coli can maintain the pH
homeostasis of the intracellular environment via car-
boxylation of amino acid by the proton-consuming AR
system [42, 43]. E. coli contains four different amino
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Fig. 1 Time profile of growth and production of gamma aminobutyric acid (GABA), monosodium glutamate (MSG), and metabolites in the
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whole-cell reaction by a Escherichia coli\WGB100 strain expressing GadBC and DR1558 and b £. coli BL21(DE3) expressing only GadBC. The strains
were cultivated in 50 mL MR medium supplemented with 5 g/L yeast extract, 20 g/L glucose, and 13 g/L MSG-H,0 in a baffled flask at 30 °C. The
data are represented as mean = standard deviation from three independent experiments
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Fig. 2 Relative expression of genes related to acid resistance under mild acid stress conditions in dr1558-overexpressing Escherichia coli. a
Glutamate-dependent acid resistance (GDAR) system; b components of the respiratory chain complexes. Each expression level was converted to
the log base 2 of the value. For all genes represented in this figure, the P-value was < 0.05 except for ybaS, gadW, and gadX. Histogram shows the
mean of three biological replicates and error bars represent standard deviation
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acid-dependent AR systems: GDAR, arginine-dependent
acid resistance system (ADAR), lysine-dependent acid
resistance system (LDAR), and ornithine-dependent acid
resistance system (ODAR). Among these four systems,
the GDAR system comprising GadA, GadB, and GadC is
associated with low pH tolerance in the dri1558-overex-
pressing E. coli [35, 44—48]. Hence, the expression pattern
of genes involved in the GDAR system was examined.
The expression levels of gadA, gadB, and gadC genes in
the E. coli WGB100 strain were upregulated by 2.19-,
1.13-, and 1.58-fold when compared to those in the con-
trol strain, respectively (Fig. 2b). Moreover, the mRNA
levels of the rpoS and gadE genes, which indirectly affect
the GDAR system, were also examined (Additional file 1:
Table S2 and Fig. 2b). The proteins encoded by these
genes, especially GadE, are involved in transcriptional
regulation. GadE is the main regulator of the GDAR sys-
tem and other acid fitness islands (AFIs), while RpoS is
a sigma factor that simulates GadE expression [49, 50].
The transcriptional analysis revealed upregulated expres-
sion levels of rpoS and gadE genes, which subsequently
increased the expression level of GDAR system.

Along with the GDAR system, various respiratory chain
complexes, such as cytochrome b, oxidase (Cyo), succi-
nate dehydrogenase (SDH), and NADH dehydrogenase
I (Nuo) that pump protons out of the cell are activated
in E. coli as a metabolic response to acidic stress [43].
Cyo exports cytoplasmic protons by converting molecu-
lar oxygen to H,O to generate the proton motive force
(PMF) during aerobic growth under acidic conditions.
Additionally, Nuo catalyzes the oxidation of NADH to
NAD, which contributes to PMF by directly pumping out

the protons [47, 51]. Hence, we also examined the expres-
sion level of genes associated with respiratory chain com-
plexes. The expression levels of nuoMN and cyoABCD
in the dr1558-overexpressing strain were 1.5-fold higher
than those in the control strain (Fig. 2a). Thus, overex-
pression of DR1558 resulted in enhanced expression of
GDAR system as well as the respiratory chain complexes,
which improved cell viability of E. coli WGB100 by con-
ferring acid resistance during the conversion of MSG to
GABA at low pH culture conditions.

Reconstruction of GABA production pathway for the direct
production of GABA from glucose

The E. coli WGB100 strain can convert MSG into GABA
while consuming glucose at pH 4.5. Hence, we hypoth-
esized that GABA could be produced directly from glu-
cose at low pH culture conditions via production of
glutamate, a direct precursor of GABA (Fig. 1). There-
fore, we constructed the metabolic pathway for direct
synthesis of GABA from glucose. In a previous study,
enhanced expression of icdA encoding isocitrate dehy-
drogenase and gdhA encoding glutamate dehydrogenase
was reported to enhance the production of L-gluta-
mate in the engineered E. coli [52]. Thus, the two E.
coli BL21(DE3)-derived mutant strains, E. coli DGB201
(BL21(DE3) AgabT expressing GdhA and, GadBC) and
E. coli DGB202 (BL21(DE3) AgabT expressing IcdA,
GdhA and, GadBC), were investigated for the produc-
tion of GABA from glucose (Table 1). The initial pH in
the culture medium was set to 7.0 and the pH was not
adjusted during the cultivation. After the formation
of various organic acids, such as acetate and lactate,
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Table 1 Plasmid, strain used in this study
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Plasmids, strains Characteristics Origin/AbR Source

Plasmid
pACYCDuet-1 Pr7:MSC p15A/Cmft Novagen
pH3BN P.ac:gadB-SH3D, gadC-SH3L ColE1/Ampf [41]
pGB100 Py7udr1558 p15A/Cmt This study
pGB101 Pr7:gdhA-T, p15A/Cm? This study
pGB102 P uicdA, gdhA-Tr p15A/CmF This study
pGB103 P7udr1558-Pr zicdA, gdhAT, p15A/Cmf This study
pREDET Peanigam, beta, alpha, recA pSC101/Ampt Gene Bridges
pMloxC lox66-Cm-lox71 cassette ColE1/Amp", Cm? [54]
pJW168 Cre-recombinase pSC101/Ampt [55]

Strain
BL21(DE3) thuA2 [lon] ompT gal (A DE3)[dcm] AhsdS NEB
GB200 BL21(DE3) AgabT This study
GB300 BL21(DE3) AgabT, AsucA This study
WGB100 BL21(DE3)/pGB100, pH3BN This study
WGB200 GB200/pGB100, pH3BN This study
DGB101 BL21(DE3)/pGB101, pH3BN This study
DGB102 BL21(DE3)/pGB102, pH3BN This study
DGB201 GB200/pGB101, pH3BN This study
DGB202 GB200/pGB102, pH3BN This study
DGB203 GB200/pGB103, pH3BN This study
DGB301 GB300/pGB101, pH3BN This study
DGB302 GB300/pGB102, pH3BN This study
DGB303 GB300/pGB103, pH3BN This study

resulted in decreasing the pH in the culture medium,
GABA was produced from glucose by the E. coli DGB201
and DGB202 strains (Additional file 1: Figure S1). How-
ever, the E. coli DGB201 and DGB202 strains exhibited a
low production of GABA (up to 0.19 and 0.4 g/L, respec-
tively) from 30 g/L of glucose when they were cultured

in the medium without additional inorganic nitrogen
source at an initial pH of 7.0 (Fig. 3¢). To produce GABA
from glucose efficiently, the production of glutamate
should be properly supported by the recombinant E.
coli host strain. Previous studies have reported that the
supplementation of inorganic nitrogen sources, such as
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Fig. 3 Effect of ammonium sulfate supplementation on cell growth, glucose consumption, and gamma aminobutyric acid (GABA) production. The
Escherichia coli DGB201 and DGB202 strains were cultured in MR medium supplemented with 30 g/L glucose, 5 g/L yeast extract, and (0, 5, 10, or
15 g/L) ammonium sulfate. a Cell growth; b glucose consumption; € GABA production. Histogram shows the mean of three biological replicates
and error bars represent standard deviation
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ammonium sulfate, urea, and ammonium chloride in the
culture medium improved the production of L-amino
acid by the microbial host strain [53]. Hence, ammonium
sulfate was added to the culture medium containing
30 g/L glucose to examine its effect on the production of
GABA. The cell growth and glucose consumption in both
the E. coli DGB201 and DGB202 strains were not mark-
edly affected with supplementation of ammonium sulfate
at concentrations of up to 15 g/L (Fig. 3a, b). Interestingly,
glutamate was not detected in any of the culture media
and GABA production was proportional to the concen-
tration of ammonium sulfate in the culture medium. The
supplementation of 15 g/L. ammonium sulfate resulted in
the highest GABA concentrations of 1.7 and 1 g/L in the
E. coli DGB202 and E. coli DGB201 strain, respectively
(Fig. 3c).

Effect of DR1558 on direct production of GABA

from recombinant E. coli

The effect of DR1558 on the production of GABA was
examined in the E. coli DGB203 (BL21(DE3) AgabT
expressing IcdA, GdhA, GadBC, and DR1558) strain.
The E. coli DGB202 (BL21(DE3) AgabT expressing IcdA,
GdhA, and GadBC) strain was used as a control. Both
E. coli strains were cultured in the MR medium sup-
plemented with 30 g/L glucose, 5 g/L yeast extract, and
15 g/L ammonium sulfate at an initial pH of 7.0 for 24 h.
When the cultures reached an ODg, of 0.5, 0.5 mM IPTG
was added to induce the GABA production pathway.

The E. coli DGB203 strain exhibited a higher glucose
consumption than the E. coli DGB202 strain (Fig. 4b).
The final cell density of the E. coli DGB202 strain was
higher than that of the E. coli DGB203 strain (Fig. 4a).
Although glutamate was not detected in both E. coli
DGB202 and DGB203 strains during cultivation, the titer
and yield of GABA production in the E. coli DGB203
strain increased from 1.6 to 2.8 g/L and 0.059 to 0.093
(8caBA/8GIucose) TeSpectively, when compared to those in
the E. coli DGB202 strain (Fig. 4c, d).

As the yields of GABA obtained in both E. coli DGB202
and DGB203 strains were low, sucA encoding 2-oxoglu-
tarate decarboxylase, which competes with gdhA encod-
ing glutamate dehydrogenase in the GABA pathway, was
deleted in the E. coli GB200 (BL21(DE3) AgabT) strain.
The GABA titer in the E. coli DGB303 (BL21(DE3) AgabT
AsucA expressing IcdA, GdhA, GadBC, and DR1558)
strain slightly increased from 2.82 to 3.08 g/L when com-
pared to that in the E. coli DGB203 strain. Additionally,
the yield of GABA in the E. coli DGB303 strain signifi-
cantly increased from 0.093 to 0.41 (gcapa/EGlucose)> COL-
responding to a 4.41-fold increase, when compared to
that in the E. coli DGB203 strain (Fig. 4d). However, the
productivity of GABA production in the E. coli DGB303
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strain decreased from 0.12 to 0.064 (g/L/h) when com-
pared to that in the E. coli DGB203 strain. As sucA is an
essential gene for E. coli cell growth, the final cell density
of E. coli DGB303 was lower than that of E. coli DGB203.
Therefore, E. coli DGB203 strain was selected for further
experiments.

Interestingly, the E. coli DGB302 (BL21(DE3) AgabT
AsucA expressing IcdA, GdhA, and GadBC genes) strain
failed to convert glutamate into GABA and secreted
1.13 g/L glutamate into the culture medium, whereas the
E. coli DGB303 strain did not secrete glutamate into the
culture medium (Fig. 4c, d).

Production of GABA from glucose in fed-batch culture

To optimize the concentration of IPTG in the culture
medium, different concentrations of IPTG (0.05, 0.1, 0.5,
or 1 mM) were supplemented in the MR medium with a
glucose/ammonium sulfate ratio of 2. The cell growth in
the medium supplemented with 0.05 and 0.1 mM IPTG
significantly decreased (from 23 to 16 of ODg,,) when
compared to that in the medium supplemented with
0.5 mM IPTG. However, in all concentrations of IPTG
except for 1 mM, the titer of GABA was increased by the
addition of IPTG. The highest titer of GABA (2.79 g/L)
was obtained in the medium supplemented with 0.5 mM
IPTG (Fig. 5). Based on these results, the fed-batch cul-
ture of the E. coli DGB203 strain was performed in the
MR medium with a glucose/ammonium sulfate ratio of 2
and 0.5 mM IPTG.

The cells were cultured till ODg,, of 5 at pH 7.0 and
IPTG was added to the culture medium at a final con-
centration of 0.5 mM to induce protein expression. The
cells were further cultured for 5 h at pH 7.0 and then the
pH was lowered to 5.0. GABA was initially not detected
in the culture medium at pH 7.0 after induction. How-
ever, decreasing the pH to 5.0 and the addition of glu-
cose enhanced the GABA production. The cell density
reached an ODgy, of 82 in 38 h. The titer of GABA
reached 6.16 g/L after 38 h and the glucose consumption
was 116.82 g/L. During fed-batch fermentation, gluta-
mate and fermentative by-products, such as acetate and
lactate were not detected in the culture medium (Fig. 6).
These results indicated that DR1558 was beneficial for
the carbon flux toward GABA production under acidic
environmental conditions at the fermentation scale.

Currently, there are several reports on direct fermenta-
tive production of GABA from glucose using engineered
E. coli. The recombinant E. coli containing the synthetic
scaffolds between icdA, gitB, and gadB produced 1.3 g/L
of GABA from 10 g/L glucose in 48 h [25]. Additionally,
GABA production from glucose through GABA shunt
in the recombinant E. coli was 1.08 g/L from 10 g/L glu-
cose in 48 h [30]. Recently, synthetic metabolic toggle
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Fig. 4 Effect of DR1558 on cell growth, glucose consumption, glutamate production, and gamma aminobutyric acid (GABA) production in the
recombinant Escherichia coli. The E. coli DGB202 and DGB203 strains were cultured in MR medium supplemented with 5 g/L yeast extract, 30 g/L
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switch, which controls the expression of multiple meta-
bolic states, was introduced in E. coli to produce GABA
from glucose, which resulted in the production of 4.8 g/L
GABA from 20 g/L glucose [56]. However, these GABA
fermentation processes were performed in the shake flask
scale. In this study, we demonstrated that introducing
DR1558 in the GABA-producing E. coli provides robust-
ness to cells against acid stress for fermentative scale
production of GABA from glucose under acid culture

conditions. Thus, this study provides an engineering
strategy for GABA production from glucose in industrial
processes under low pH condition.

Conclusions

In this study, we reported that DR1558 can enhance the
production of GABA at low pH, optimal for GAD which
had been a limiting factor for fermentative GABA pro-
duction in the recombinant E. coli. We developed two
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different GABA production strategies: whole-cell bio-
conversion of GABA from MSG and direct fermenta-
tive production of GABA from glucose. Under low pH
culture conditions, the dri558-overexpressing E. coli
exhibited enhanced cell growth rate and GABA produc-
tion. Furthermore, the transcriptional analysis revealed
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that DR1558 enabled the growth of E. coli at pH 4.5 by
increasing the expression levels of GDAR system and
proton-pumping respiratory chain complexes. As the
bioconversion of GABA from glutamate was observed
with optimal cell viability under acidic conditions by
the introduction of DR1558, fermentative production of
GABA from glucose was also examined. The fermenta-
tive process enhanced the production of GABA with the
expression of dr1558 in E. coli (Fig. 7). To the best of our
knowledge, this is the first study to report the acidic fer-
mentation of GABA. This study provides an engineering
strategy for conferring AR to E. coli, which can be used
to produce GABA via the GAD system that functions at
low pH.

Methods

Bacterial strains and plasmids

All bacterial strains, plasmids, and primers used in this
study are listed in Table 1 and Additional file 1: Table S1.
In this study, E. coli XL1-Blue (Stratagene Cloning Sys-
tems, La Jolla, CA, USA) was used for standard gene
cloning. For the synthesis of GABA, E. coli BL21 (DE3)
(New England Biolabs, Ipswich, MA, USA) and its
mutants were used as host strains.

The E. coli GB200 (BL21(DE3) AgabT) and GB300
(BL21(DE3) AgabT AsucA) strains were constructed by
deleting the corresponding genes in the chromosome of
E. coli BL21(DE3) using the single-step gene knockout
method as previously described [57].

The construction of pH3BN plasmid expressing N.
crassa gadB and E. coli gadC, which convert glutamate
into GABA, was previously described [41]. The pGB100
plasmid was constructed by inserting the dri558 gene,
which was amplified by PCR using the dr1558-F and
dr1558-R primers, from the genomic DNA of D. radio-
durans into the pACYCDuet-1 (Novagen, Madison, WI,
USA) plasmid at the Ncol and BamHI restriction sites.

The pGB101, pGB102, and pGB103 plasmids were con-
structed based on the pACYCDuet-1 plasmid to synthe-
size endogenous glutamate, a precursor of GABA, from
glucose. The pGB101 plasmid was constructed by insert-
ing the E. coli gdhA gene into the pACYCDuet-1 plasmid
at the EcoRV and Xhol restriction sites. The pGB102 plas-
mid was constructed by inserting the E. coli icdA gene
into the pGB101 plasmid at the Ndel and BglII restric-
tion sites. Finally, the dr1558 gene was inserted into the
pGB102 plasmid at the Ncol and BamHI restriction sites
to generate the pGB103 plasmid.

Culture condition for whole-cell bioconversion

of glutamate to GABA

The E. coli WGBI100 strain was used as a host strain for
whole-cell bioconversion of glutamate to GABA. The
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seed cultures were cultivated at 30 °C in a 10-mL tube
containing 3 mL Luria-Bertani (LB) medium (10 g/L
tryptone, 5 g/L yeast extract, and 5 g/L NaCl) for 12 h
at 250 rpm. For shake flask cultures, 3% (v/v) seed cul-
tures were added to 50 mL MR medium supplemented
with 20 g/L glucose and 5 g/L yeast extract. The composi-
tion of the MR medium (pH 7.0) was as follows: 6.67 g/L
KH,PO,, 4 g/L (NH,),HPO, 0.8 g/L MgSO,-7H,0,
0.8 g/L citric acid, and 5 mL/L of trace metal solution.
The composition of trace metal solution was as follows:
10 g/L FeSO,-7H,0, 2 g/L CaCl,, 2.2 g/L. ZnSO,-7H,0,
0.5 g/L MnSO,4H,0, 1 g/L CuSO,5H,0, 0.1 g/L
(NH,)¢Mo,0,,-4H,0, and 0.02 g/L Na,B,0,-10H,0 pre-
pared in 0.5 M HCl. MgSO,-7H,0 was sterilized sepa-
rately. Ampicillin (Ap, 100 pg/mL) and chloramphenicol
(Cm, 35 pg/mL) were added to the medium depending
on the antibiotic resistance marker of plasmids. When
the ODy, of the culture reached 1.0, IPTG was added to
the culture medium at a final concentration of 0.5 mM to
induce protein expression. The cells were cultured for 8 h
after IPTG induction. The recombinant E. coli strain was
harvested by centrifugation at 8000g and 4 °C for 10 min.
The cell pellet was washed with distilled water to remove
the salts. The cells were then transferred to fresh MR (pH

4.5) medium supplemented with 20 g/L glucose, 5 g/L
yeast extract, and 13 g/L MSG-H,O (Dae Jung Chemicals
and Metals Co. Ltd., Siheung, Korea) for the production
of GABA.

Culture condition for direct synthesis of GABA

from glucose

For the direct synthesis of GABA from glucose, the
recombinant E. coli DGB201, DGB202, and DGB203
strains were cultured in MR medium (pH 7.0) supple-
mented with 30 g/L glucose, 5 g/L yeast extract, and
15 g/L ammonium sulfate at 30 °C for 24 h. The recom-
binant E. coli DGB302 and DGB303 strains were cultured
in the MR medium (pH 7.0) supplemented with 20 g/L
glucose, 5 g/L yeast extract, and 10 g/L ammonium sul-
fate at 30 °C for 48 h. Next, 35 pg/mL chloramphenicol
and 100 pg/mL ampicillin were added to the culture
medium. When the ODg, of the culture reached 0.5,
IPTG was added to the culture medium at a final concen-
tration of 0.5 mM.

The fed-batch culture was performed at 30 °C in a 5-L
bioreactor (BioCNS, Daejeon, Korea) containing 1.8 L
of MR medium supplemented with 5 g/L yeast extract,
20 g/L glucose, and 10 g/L ammonium sulfate. The seed
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culture (200 mL) was prepared in LB medium. When the
ODg of the culture reached 5, IPTG was added to the
culture medium at a final concentration of 0.5 mM for
inducing protein expression. The culture pH was adjusted
using 5 M NaOH and 5 M HCL The level of dissolved
oxygen concentration (DOC) was maintained at 20% by
automatically increasing the agitation speed to 1000 rpm
and supplying pure oxygen. The feeding nutrition solu-
tions were added to the culture medium when glucose
levels depleted. The composition of the feeding nutri-
tion was as follows: 500 g/L glucose, 500 g/L ammonium
sulfate, 400 g/L yeast extract, 150 g/L MgSO,-7H,0. For
the GABA production, the culture pH was adjusted to 5.0
using 5 M HCl when the initially supplied glucose levels
depleted.

Analytical procedure

The cell growth was analyzed by measuring the optical
density (ODg) using a UV spectrophotometer (Molecu-
lar Devices, San Jose, CA). To determine the GABA and
glutamate contents, the cell supernatants were analyzed
by high-performance liquid chromatography (HPLC,
Agilent Technologies Inc., Santa Clara, CA) equipped
with ZORBAX SB-C18 column (250 x 4.6 mm) (Agilent
Technologies Inc., Santa Clara, CA) as described previ-
ously [58]. The concentrations of organic acids and glu-
cose were analyzed by HPLC equipped with Aminex
HPX-76H column (300 x 7.8 mm) (Bio-Rad, Hercules,
CA).

gRT-PCR

To investigate the changes in the gene expression pattern,
the cells were cultured for 3 h after the pH was reduced
to 4.5. The cells were then harvested by centrifugation
at 10,000g and 4 °C for 5 min (Fig. 1). Total RNA was
extracted using the RNA mini prep kit (Qiagen, Venlo,
The Netherlands), following the manufacturer’s instruc-
tions. The isolated RNA was reverse transcribed using
the first-strand ¢cDNA synthesis kit (TaKaRa Bio Inc.,
Kusatsu, Japan), following the manufacturer’s instruc-
tions. The primers used in the qRT-PCR analysis are
described in Additional file 1: Table S1. To analyze
the transcriptional level, 20 ng of template cDNA and
10 pmol of each primer were added to the TB green pre-
mix Ex Taq (TaKaRa) in a Real-Time PCR system (Illu-
mina Inc., San Diego, CA). The PCR conditions were as
follows: 40 cycles of 95 °C for 10 s and at 58 °C for 30 s.
The data were log,-transformed and normalized using
2724t method for the analysis of the relative changes
in gene expression. When using the 2724 method, the
transcriptional results are presented as the fold changes
in gene expression normalized to the internal control
and relative to the untreated control [59]. The internal
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controls, used in qRT-PCR for the purpose of normal-
izing the PCRs, were polA and dnaA, which encode
DNA polymerase I and dual-transcriptional regulator,
respectively. Transcriptional analysis of E. coli WGB100
(pGB100 and pH3BN) as dri558 overexpressing strain
and E. coli (pH3BN) as control strain was carried out to
elucidate how DR1558 affects the metabolic pathway of
host cell in GABA production. All experiments were per-
formed in triplicates. The statistical significance of the
observed differences in gene expression was evaluated by
a student’s ¢-test. Genes whose expression differed more
than twofold were considered differentially expressed.
Only changes with a threshold P-value of <0.05 were
seen as statistically significant.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512934-020-01322-3.

Additional file 1: Table S1. Primers used in this study. Table S2. Relative
gene expression of dr1558 overexpression strain. Figure S1. Time profile
of GABA and pH in flask cultivation of recombinant E. coli. A) E. coli DGB201
strain expressing GdhA and GadBC genes,; B) E. coli DGB202 strain express-
ing IcdA, GdhA, and GadBC genes. Strains were cultivated in 50 mL MR
medium supplied with 5 g/L Yeast Extract, 30 g/L glucose in a baffled flask
at 30°Cfor 24 h.
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