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Abstract

Background: NAD(H/*) and NADP(H/™) are the most important redox cofactors in bacteria. However, the intracellu-
lar redox balance is in advantage of the cell growth and production of NAD(P)H-dependent products.

Results: In this paper, we rationally engineered glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and isocitrate
dehydrogenase (IDH) to switch the nucleotide-cofactor specificity resulting in an increase in final titer [from 85.6 to
1214 g L~ "7 and carbon yield [from 0.33 to 0.46 g (g glucose)™'] of L-lysine in strain RGI in fed-batch fermentation.

To do this, we firstly analyzed the production performance of original strain JL-6, indicating that the imbalance of
intracellular redox was the limiting factor for L-lysine production. Subsequently, we modified the native GAPDH and
indicated that recombinant strain RG with nonnative NADP-GAPDH dramatically changed the intracellular levels of
NADH and NADPH. However, L-lysine production did not significantly increase because cell growth was harmed at
low NADH level. Lastly, the nonnative NAD-IDH was introduced in strain RG to increase the NADH availability and

to equilibrate the intracellular redox. The resulted strain RGl showed the stable ratio of NADPH/NADH at about 1.00,
which in turn improved cell growth (U, =0.31 h~") and t-lysine productivity Ay, max =0.53 9 g~'h™") as compared
with strain RG (U, =0.14 h™" and gy e =0429 g~ h 7).

Conclusions: This is the first report of balancing the intracellular redox state by switching the nucleotide-cofactor
specificity of GAPDH and IDH, thereby improving cell growth and 1-lysine production.

Keywords: Corynebacterium glutamicum, Glyceraldehyde-3-phosphate dehydrogenase, Isocitrate dehydrogenase,
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Background

Corynebacterium glutamicum has three major redox
systems, i.e., NAD(H/"), NADP(H/") and reduced/oxi-
dized glutathione (GSH/GSSG), which are used to adjust
the intracellular redox state [1]. They are also involved in
other physiological functions, including regulating the
energy transfer, controlling the cell life cycle, monitor-
ing the cellular signaling and modulating the microbial
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virulence [1-3]. NAD(H/") and NADP(H/*), as the most
important redox cofactors in metabolism, not only pro-
vide reducing power for the energy-conserving redox
reactions but also act as electron acceptors in the cata-
bolic substrates [4]. However, NAD(H/") is preferen-
tially used in catalyzing substrate oxidation, whereas
NADP(H/*) is mainly used in catalyzing substrate reduc-
tion [5, 6]. Therefore, balancing the oxidation-reduction
state of NAD(H/*) and NADP(H/") is crucial for both
catabolism and anabolism. Some examples have illus-
trated the importance of redox balance and availability
for producing the fine chemicals including amino acids
[7-9], vitamins [10, 11] and lipids [12, 13]. L-Lysine, as an
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essential amino acid for animals and humans, is mainly
produced by C. glutamicum or its derivatives, which
were created by traditional mutagenesis-screening tech-
niques or by genetic engineering [14, 15]. Notably, 4 mol
of NADPH must be supplied for 1 mol of r-lysine bio-
synthesis from oxaloacetate, and thus numerous studies
have focused on engineering the metabolism of NADPH
for improving L-lysine producing strains [9, 16—19]. For
example, genetic modification of the native glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) has been
proven to improve the L-lysine production because of the
increase of NADPH availability [17, 19, 20].

GAPDH catalyzes an essential step in the glyco-
lysis pathway (Fig. 1), which is classified into two types
according to their coenzyme specificity, namely, NAD-
and NADP-dependent GAPDHs (NAD-GAPDH
and NADP-GAPDH) [21]. C. glutamicum has two

Page 2 of 12

GAPDHs, ie., GapA (NAD-dependent enzyme) and
GapB (NADP'-dependent enzyme), but overexpres-
sion of GapB-coding gene is bad for the cell growth and
L-lysine production [19]. It has been proven that replace-
ment of the native GapA with the phosphorylated NADP-
GAPDH from Clostridium acetobutylicum [22] or with
the non-phosphorylating NADP-GAPDH from Strepto-
coccus mutans [19] significantly increased the production
of L-lysine. In addition, site-directed modification of the
GAPDH binding sites to switch the cofactor specificity
can also realize the regeneration of NADPH rather than
NADH in the GAPDH-catalyzed step and thus increasing
the L-lysine production [20]. It should be noted that the
redox pairs are tightly coupled forming a complex redox
network in the cell [1]. The excess of NADPH or the
insufficient of NADH inhibits the cell growth and carbon
consumption. However, many studies are focused mainly
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on maximizing the level of intracellular NADPH with no
regard for NADH (reviewed in Ref. [6]). Therefore, how
to balance the intracellular NAD" and NADPH is a criti-
cal issue during producing NADPH-dependent products.
In C. glutamicum, the reaction catalyzed by the native
isocitrate dehydrogenase (CgIDH) in the tricarbox-
ylic acid (TCA) cycle is considered as one of NADPH-
generating reaction, because this enzyme displays a
50,000-fold preference for NADP* over NAD™" [23]. In
contrast, the IDH from Streptococcus mutans (SmIDH)
shows the strict NAD' dependency [24]. Zhu et al. [25]
reported that replacing the Escherichia coli IDH (NADP-
EcIDH) with the engineered EcIDHys344Asp—Tyr3dslle=
Val351Ala (NAD_IDHK344D7Y34517V351A) improved the cell
growth of the strains with deletion of udhA because of
the increase of NADH. It should be noted that very few
researches focused on CgIDH engineering for breeding
the NADPH-dependent products high-yielding strains
(e.g., L-lysine high-yielding strains) based on cofactor
engineering, to our knowledge. However, the focus of
the present study is the replacement of the native NADP-
IDH by NAD-IDH from S. mutans to switch specificity
from NADP" to NAD™ in C. glutamicum. We provide
experimental evidence that replacement of native NAD-
GAPDH with NADP-GAPDH as well as replacement of
native NADP-IDH with NAD-IDH will balance the intra-
cellular NADH and NADPH, thus improves cell growth
and L-lysine production. This is the first report of balanc-
ing the intracellular redox state by switching the nucleo-
tide-cofactor specificity of GAPDH combined with IDH,
thereby improving cell growth and L-lysine production.

Results and discussion

The performance of C. glutamicum JL-6 is investigated

in fed-batch fermentation in fermenter

To get the performance parameters of C. glutamicum
JL-6, the fermentation was carried out in a 5-L jar fer-
menter containing 1 L fermentation media. As can be
seen from Fig. 2a, the consumed sugar was major used to
cell growth and thus resulted in a little L-lysine produc-
tion during the initial batch phase. The major increase
of L-lysine production was achieved during the feed-
ing phase, and continuously increased to a final titer
of 85.6+3.7 g L™! (Fig. 2a). Except for L-lysine, the cell
excreted about 6.04+0.8 g L™! L-valine, 22404 g L™}
L-leucine, 3.440.6 g L™! L-isoleucine, 6.7+£0.3 g L™}
L-threonine and 10.1+0.5 g L™ L-glutamine into the
broth (Fig. 2b). Same with the L-lysine production, the
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Fig. 2 The L-lysine production (filled triangle), cell growth (filled
square) and glucose (filled diamond) (a), by-products accumulation
(b), and intracellular level of nucleotide-cofactor (c) in strain JL-6
during cultivating in 5-L fermentors. The total glucose consumption
of strain JL-6 was 260 g L™". The data represent mean values and
standard deviations obtained from three independent cultivations
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production of BCAAs (i.e., L-valine, L-leucine, and
L-isoleucine) and L-threonine also requires the cofactor
NADPH [6]. It should be noted that the rate of glucose
uptake and L-lysine production were decreased at the end
of fermentation (Fig. 2a). Our previous results [14] and
Martinez et al. [26] reports indicated that the GAPDH in
glycolysis is inhibited by NADH, and could be a reason of
the decrease in the glucose update and L-lysine produc-
tion. However, NADH-dependent by-products (e.g., lac-
tate and ethanol) concentrations were strongly increased
at the end of fermentation (Fig. 2b). This is because intra-
cellular NADH accumulation stimulates the production
of NADH-dependent products [27]. In order to confirm
the effect of the intracellular NADH/NADPH level on the
performance of strain, the changes of intracellular level
of NADH or NADPH were monitored over the course
of the experiment (Fig. 2c). As might be expected, the
intracellular NADH level was at an all-time high, and the
NADPH level drastically decreased at the end of fermen-
tation. In addition, the ratio of NADH/NAD™ was also at
a high level at the logarithmic growth phase (Additional
file 1: Table S1). Taken together, these results indicated
that C. glutamicum JL-6 should be modified based on
cofactor engineering to increase L-lysine yield.

Replacing NAD-GAPDH with NADP-GAPDH increases
NADPH production but hampers cell growth
NAD-GAPDH in C. glutamicum was a mainly enzyme
for synthesizing NADH [19]. In order to reduce the ratio
of NADH/NAD™ and to increase the NADPH availabil-
ity, we replaced the native NAD-GAPDH with NADP-
GAPDH from C. acetobutylicum, and the performance
of recombinant strain JL-6 AgapA:gapC (ie., C. glu-
tamicum RG) were monitored over the cause of the
experiment. The genetically modified strain RG showed
no detectable specific NAD-GAPDH activity but exhib-
ited 232.1415.7 mU (mg~! protein) of NADP-GAPDH,
whereas the original strain JL-6 showed 279.54+12.5 mU
(mg™! protein) of NAD-GAPDH and no detectable spe-
cific NADP-GAPDH activity (Table 1). Accordingly, the
NADH level and the ratio of NADH/NAD™ was signifi-
cantly decreased, but the NADPH level and the ratio of
NADPH/NADP" was increased in strain RG as com-
pared with strain JL-6 (Fig. 3c and Additional file 1:
Table S1). Interestingly, the L-lysine production had
not obviously increased along with the NADPH level
enhancement (Fig. 3a). This is because strain RG showed
a bad cell growth as compared with original strain JL-6,
ie, 352445 g L™! and 47.14+3.8 g L™}, respectively
(Table 2). The similar results were also found in the pre-
vious report, and it proved that the NADPH level is too
high to imbalance the reducing power [19]. In addition,
Zhu et al. [25] pointed out that the cell growth retarded
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Table1 In vitro specific activities of enzymes
in genetically modified C. glutamicum strains and original
strain C. glutamicum JL-6 as well as wild-type C.
glutamicum ATCC13032

C Specific activity [mU (mg protein)~']
glutamicum
strains GAPDH IDH

NAD* NADP* NAD* NADP*
JL-6 2795£125 - 45+£14  2325+£198
RG - 232.1£157 8941.1 2162+£273
RGI - 25314£212 1945£216 -

The assay mixture contained 1 mmol L~' NAD* or NADP™ as cofactor, and one
unit of enzyme activity corresponds to 1 pmol NADH or NADPH formed per min,
which was monitored continuously at A5,

All data are meaning values of three determinations of three independent
experiments with +SD

-, not detected

for lack of energy caused by insufficient NADH avail-
ability. However, it is heartening that the production
strength of strain RG was higher than that of the original
strain JL-6, i.e., 2.63 g (g DCW) ' and 1.82 g (g DCW) ",
respectively. Moreover, NADH-dependent by-products
(e.g., lactate and ethanol) concentrations were strongly
decreased at the end of fermentation (Fig. 3b). These
results indicated that the production performance of
strain RG must be further optimized by balancing the
intracellular redox state to increase the cell growth.

Replacing NADP-IDH with NAD-IDH balances

the intracellular redox state

The native CgIDH in C. glutamicum is one of NADPH-
generating enzyme, whereas the IDH from S. mutans
(SmIDH) showed strict NADT dependency [24]. In order
to increase the NADH availability and to balance the
intracellular redox state, we replaced the native NADP-
dependent IDH (NADP-IDH) with NADP-dependent
IDH (NAD-IDH) from S. mutans, and the performance
of recombinant strain RG Aicdicdy,, (ie., C. glutami-
cum RGI) were monitored over the cause of the experi-
ment. The genetically modified strain RGI showed no
detectable specific NADP-IDH activity but exhibited
194.5421.6 mU (mg ' protein) of NAD-IDH, whereas
the strain RG showed 21624273 mU (mg ' pro-
tein) of NADP-IDH and 8.9+ 1.1 mU (mg! protein) of
NAD-IDH (Table 1). Cvitkovitch et al. [24] pointed out
that SmIDH is a strict NAD"-dependent enzyme, thus
no NADP-IDH activity was detected in strain RGI. As
was expected, the cell growth was well improved and
the glucose consumption rate of strain RGI was higher
than that of strain RG (Figs. 3a, 4a; Table 2). The similar
results were also found in the previous reports, in which
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Fig. 3 The t-lysine production (filled triangle), cell growth (filled
square) and glucose (filled diamond) (a), by-products accumulation
(b), and intracellular level of nucleotide-cofactor (c) in strain RG
during cultivating in 5-L fermentors. The total glucose consumption
of strain RG was 212 g L™ The data represent mean values and
standard deviations obtained from three independent cultivations
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Fig. 4 The L-lysine production (filled triangle), cell growth (filled
square) and glucose (filled diamond) (a), by-products accumulation
(b), and intracellular level of nucleotide-cofactor (c) in strain RGI
during cultivating in 5-L fermentors. The total glucose consumption
of strain RGl was 264 g L™'. The data represent mean values and
standard deviations obtained from three independent cultivations

the non-proton-pumping NADH:ubiquinone oxidore-
ductase (NDH-II) was mutated to switch its nucleotide-
cofactor specificity by introducing the D213G mutation
in the wild-type enzyme [22] or a spontaneous mutants

with improved growth on glucose was isolated [19]. The
L-lysine production of strain RGI, of cause, increased sig-
nificantly with the replacement of IDH. The strain RGI
excreted 121.4+4.8 g L™! vL-lysine with a space—time
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Table 2 The DCW (24 h or 48 h), L-lysine production (24 h or 48 h), maximal specific growth rate (u,,,, ), maximal specific
production rate of L-lysine (qy; max), maximal specific substrate uptake rate of glucose (q;, ,.,) and glucose conversion

efficiency (a) of C. glutamicum strains

C. glutamicum DCW (gL™") L-Lys yield (gL™") Hmax > ™) Gemax " (@97'h") Gy ma (@977 a®(%)
strains

24h 48h 24h 48h
L6 543465 471438 214441 856+37 023 0.26+0.05 0.8040.15 329
RG 263436 352445 272463 9025426 014 0424008 0.65+0.32 436
RGI 603458 525428 531479  1214+48 031 0534006 0934024 50.0

All data are meaning values of three determinations of three independent experiments with & SD

2 The maximal specific growth rate of cell in the whole fermentation cycle

b The maximal specific production rate of L-lysine in the whole fermentation cycle

¢ The maximal specific substrate uptake rate of glucose in the whole fermentation cycle

9 The conversion rate of glucose into L-lysine after cultivating 48 h

yield of 2.53 g L™' h™! and a maximal specific produc-
tion rate (s mayx) of 0.53+0.06 g g ' h™!, whereas the
strain RG only accumulated 92.54+2.6 g L™! L-lysine with
a space—time yield of 1.93 g L' h™! and a maximal spe-
cific production rate (qpys may) of 0.42+0.08 g g ' h!
(Table 2). These results are in contrast with the reports
of Becker et al. [28]; they found that decrease the ICD
(also known as IDH) activity is beneficial for improv-
ing L-lysine production because of increasing the flux of
anaplerotic carboxylation. And for this we modified the
SmIDH activity by replacing the promoter of SmIDH-
coding gene icdg,, in strain RGI. Five classes of promot-
ers (i, Pypa 11 Pra Prac-mr Prur and Pyoq) were used in
this study. Among them, the Py, 1; is @ weak promoter,
whereas the P, P and P, 4 are the strong promoters
in C. glutamicum as compared with the P, [29]. Interest-
ingly, the strains with the higher or the lower NAD-IDH
activity were bad for cell growth and r-lysine production
as compared with strain RGI (Table 3). We speculated
that there would be two reasons: it may be controlled by
L-glutamate production or by energy charge. The energy
charge is too low to meet the requirement of cell growth,
thus bad for r-lysine production during the strains with
the lower NAD-IDH activity (Table 3). In contrast, the
bad cell growth and the low L-lysine production of strains
with the higher NAD-IDH activity may be due to the
insufficient supply of L-glutamate. Miiller [30] indicated
that IDH- and glutamate dehydrogenase-catalytic reac-
tions shape a conjugate pattern in redox reaction. NAD-
IDH catalyzes the NADH synthesis rather than NADPH
[24], whereas the reaction catalyzed by glutamate dehy-
drogenase needs NADPH as cofactor [30]. Therefore, the
strains with the higher NAD-IDH activity accumulate the
little L-glutamate because of the insufficient supply of
NADPH. The speculation of these reasons has been vali-
dated on examining the concentration of by-products as
well as pyridine nucleotides NAD(H/") and NADP(H/™)

(Fig. 4b, c). The accumulation of L-glutamate decreased
to 7.240.17 g L™! in strain RGI from 8.340.36 g L™*
in strain RG (Fig. 4b). Interestingly, the other NADPH-
dependent by-products (e.g., L-valine, L-leucine and
L- isoleucine) were also decreased to a certain extent,
whereas the production of L-threonine was slightly
increased (Fig. 4b). This could be that more pyruvate
was used to biosynthesize aspartate-family amino acids
(e.g., L-threonine and L-lysine) rather than to biosynthe-
size pyruvate-family amino acids (e.g., L-valine, L-leucine
and L-isoleucine). In addition, the strain RGI has certain
improvement in the NADH level and the ratio of NADH/
NAD (Fig. 4c and Additional file 1: Table S1). More
importantly, the NADPH level was just on proper level
and the ratio of NADPH/NADH remained fairly constant
in the late fermentation stage at about 1.00 in strain RGI
(Fig. 4c).

Changes of carbon flux in strains JL-6, RG and RGI

As mentioned above, replacing the GAPDH or/and IDH
increased the performance of L-lysine fermentation
as compared with the original strain JL-6. To study the
effects of GAPDH and IDH on L-lysine production, the
changes of carbon flux in JL-6, RG and RGI were stud-
ied using GC-MS. More than 70 intracellular metabo-
lites showed different levels in JL-6, RG and RGI. Among
these 80 metabolites, 22 of them were closely related to
L-lysine production in the biosynthetic pathway. To get
more detailed view of the changes of carbon flux caused
by the replacement of GAPDH and IDH, the relative con-
tent of these 22 metabolites were determined in the post-
logarithmic phase (Additional file 1: Table S2). Compared
with strain JL-6, the contents of intermediates in gly-
colysis were significantly increased in strain RGI, and
conversely these intermediates were slightly decreased
in strain RG (Fig. 5). The reasons may be that the imbal-
ance of intracellular redox state disturbed the glucose
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uptake of strains because of the replacing the GAPDH
[19, 25], whereas further replacing the IDH in strain RG
leads to balance the intracellular redox state (Additional
file 1: Table S1). Interestingly, the carbon flux in pentose
phosphate (PP) pathway was lower in strains RG and

RGI than in strain JL-6 (Fig. 5). Takeno et al. pointed out
that replacement of NAD-GAPDH with NADP-GAPDH
shared the function of PP pathway for supplying NADPH
[19]. Previous results also indicated that replacement
of NAD-GAPDH with NADP-GAPDH reduced the
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meso-diaminopimelate, L-Lys L-lysine

Fig. 5 Levels of intermediates involved in L-lysine biosynthesis detected in strains JL-6, RG and RGI. The x-axes represent JL-6, RG and RGI. The y-axes
represent the relative abundance of intermediate, which was calculated by normalizing the peak area of metabolite against the total peak area
within the sample. Glc glucose, G6P glucose-6-phosphate, F6P fructose-6-phosphate, F1,68P Fructose-1,6-bisphosphate, DHAP Dihydroxyacetone
phosphate, GA3P glyceraldehydes-3-phosphate, 1,38PG 1,3-diphosphoglycerate, 3PG 3-phosphoglycerate, 2PG 2-phosphoglycerate, PEP
phosphoenolpyruvate, Pyr pyruvate, AcCoA acety-CoA, Cit citrate, CisAco cis-aconitate, IsoCit, isocitrate; a-KG, a-ketoglutarate, SucCoA, succinyl-CoA,
Suc succinate, Fum fumarate; Mal malate, OAA Oxaloacetate, [-Glu L-glutamate, 6PGlac 6-phosphoglucono-1,5-lactone, 6PGluc 6-phosphogluconate,
Ru5P ribulose-5-phosphate, X5P xylulose-5-phosphate, R5P ribose-5-phosphate, S7P sedoheptulose-7-phosphate, £4P erythrose-4-phosphate,

L-Asp L-aspartate, AspP L-aspartate phosphate, ASA L-aspartate-4-semialdehyde, DHDPA L-2,3-dihydrodipicolinate, THDPA L-A'-tetrahydrodip
icolinate, SUCAKP L-N-succinyl-2-amino-6-ketopimelate, SucDAP N-succinyl-1,.-2,6-diaminopimelate, L,L-DAP L.-diaminopimelate, meso-DAP

release of CO, from PP pathway, thereby increasing the
yield of the target products [17, 31]. However, the con-
tents of intermediates in TCA cycle were dramatically
decreased during introduction of NADP-GAPDH or/
and NAD-IDH except oxaloacetate, which is the precur-
sor for L-lysine biosynthesis (Fig. 5). Oxaloacetate will
turn to the following metabolites in L-lysine biosynthetic
pathway with the help of NADPH, thus avoiding the
high NADPH in intracellular because 4 mol of NADPH
must be supplied for 1 mol of L-lysine biosynthesis [6].
It should be noted that the level of a-ketoglutarate was
much lower, whereas the levels of isocitrate, succinate
and malate were slightly higher in RGI than in RG. Isoci-
trate can be catalyzed by isocitrate lyase into glyoxylate
bypass that produces succinate and malate [32]. Being
short of IDH (Table 1), more isocitrate enter into glyoxy-
late bypass and that may be the reason for increasing the
levels of isocitrate, succinate and malate. Predictably, the
contents of intermediates in terminal pathway of L-lysine
biosynthesis were dramatically increased in recombina-
tion strains. It should be noted that L-homoserine, as by-
product of L-lysine production, was much lower in RGI
than in JL-6 and RG (Fig. 5).

Conclusions
In this work, optimal cofactor swapping by introducing
different pyridine nucleotide-dependent enzymes has
proved to be an ideal choice for maintaining the balance
of the intracellular redox state, which is in advantage of
the cell growth and production of the NAD(P)H-depend-
ent products, including L-lysine. What’s clear from this
study is that replacing the native NAD-GAPDH with
NADP-GAPDH and the native NADP-IDH with NAD-
IDH balances the intracellular NADH and NADPH lev-
els, thus improves cell growth and L-lysine production.
The replacement of native NAD-GAPDH with NADP-
GAPDH in the L-lysine-producing strain JL-6 has been
shown to have a positive role on L-lysine production
since the 4 mol of NADPH must be supplied for 1 mol
of L-lysine biosynthesis. However, it is not beneficial
for cell growth because of the shortage of NADH. To

alleviate this, we replaced the native NADP-IDH with
NAD-IDH from S. mutans for the first time to switch the
nucleotide-cofactor specificity of IDH, and found that
it was beneficial for balancing the intracellular level of
NADH and NADPH which in turn improved cell growth
and L-lysine production. Fed-batch fermentation of
strain RGI resulted in 121.4+4.8 g L™! of L-lysine with
a space—time yield of 2.53 g L' h™! and a maximal spe-
cific production rate (g may) 0f 0.53+0.06 g g h Lin
addition, the other NADPH-dependent by-products (e.g.,
L-valine, L-leucine and L-isoleucine) were also decreased
to a certain extent. However, the production of L-threo-
nine in the strain RGI was higher than that in the strain
RG. Therefore, further improvement of L-lysine produc-
tion with the strain RGI will act to decrease or block-up
the accumulation of other NADPH-dependent by-prod-
ucts though the attenuation or knock-out of key gene.
Although the efficiency of L-lysine production of strain
RGI is relatively low, the L-lysine yield is higher than
those reported in literature (Additional file 1: Table S3).
Thus, the final strain RGI deserves studying further to
increase the production efficiency. To do this, the car-
bon flux in metabolic network should be optimized in the
next work, for example, switching more carbon flux into
L-lysine pathway and reducing the carbon loss.

Methods
Strains, growth medium and culture conditions
Strains used in this study are listed in Table 4. L-Lysine
producing strain C. glutamicum JL-6 (C. glutamicum
AEC' SD* FP* Met)) derived from C. glutamicum ATCC
13032 after multiple rounds of random mutagenesis,
which was resistant to S-2-aminoethyl-L-cysteine (AEC")
and sulfadiazine (SD'), and was sensitive to p-fluoro-
pyruvate (FP®) as well as a leaky mutant for L-methionine
(Met!). This strain has been deposited in the China Infor-
mation Center of Industrial Microbial, and the number is
CICIM B1031.

Luria—Bertani (LB) and LBG (LB+5 g L™! glucose)
were used for culturing E. coli and C. glutamicum,
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respectively [33]. Epo medium, used for preparing elec-
troporation-competent C. glutamicum cells, and LBHIS
(LB, Brain Heart Infusion, and sorbitol) medium, used
for obtaining recombinant strains, were prepared accord-
ing to the description reported by van der Rest et al. [34].
Appropriately, E. coli was incubated with 50 pg mL™
of kanamycin (Km), and 25 ug mL™" of Km was used to
obtain recombinant C. glutamicum strains.

The fed-batch fermentations were carried out in a 5-L
jar fermenter (BLBio-5GJ-2-H, Bailun Bi-Technology
Co. Ltd., Shanghai, China) containing 1 L of medium
with an inoculum size of 10% (v/v), from a seed culture
grown to AODg, =0.45-0.50 (at a dilution of 25-fold).
The seed medium consisted of (per liter): 25 g glucose,
30 g corn steep liquor, 5 g (NH,),SO,, 1 g KH,SO,, 0.5 g
MgSO,7H,0, 0.25 g L-methionine and 10 g CaCOs,.
The fermentation medium contained (per liter): 80 g
glucose, 40 g beet molasses, 30 g corn steep liquor, 50 g
(NH,),sO,, 1.5 g KH,SO,, 1.0 g MgSO,-7H,0, 0.02 g
FeSO,, 0.02 g MnSO,, 0.5 g L-methionine, 0.05 g glycine
betaine, 400 pg thiamine-HCI, 800 pg biotin and 2 mL
antifoam. The aeration rate, pH, dissolved oxygen levels,
and temperature were set as described by Becker et al.
[35]. Feed solution, containing 800 g L™! sterile glucose

Table 4 Strains and plasmids used in this study
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and 400 g L™! (NH,),SO,, was used to maintain a glu-
cose concentration at 20-30 g L™! by adjusting the feed-
ing rate according to the glucose concentration checked
every 4 h.

DNA manipulations and construction of C. glutamicum
recombinant strains

The plasmids and oligonucleotides used in this study are
listed in Table 4 and Additional file 1: Table S4, respec-
tively. C. glutamicum DNA was extracted, and was used
as template for the target gene clone using correspond-
ing primers (Additional file 1: Table S4). The cassette of
SmIDH-coding gene with P, promoter, rrnBT1T?2 termi-
nator and Sall endonuclease was synthetized by General
Biosystems (Anhui), Inc. (Chuzhou, China). The plasmid
construction and transformation were performed accord-
ing to the descriptions of previous reports [17].

The replacements of gene and promoter were executed
in C. glutamicum chromosome according to the pub-
lished method [17, 29]. The recombinant plasmids were
transferred into C. glutamicum competent cell by elec-
troporation, and the recombinant strains were screened
on the LBHIS agar plates containing 25 pug mL™! of Km

Strains and plasmids Relevant characteristic(s) References
Strains
E. coliBL21 (DE3) F~ ompT gal dcm lon hsdSg (rg mg) A(DE3) Stratagene
C. glutamicum J1-6 (i.e, CICIM B1031)  C. glutamicum AEC' SD" FP* Met!, derived from strain ATCC13032, deposited in China Information  CICIM

Center of Industrial Microbial (CICIM)

C. glutamicum RG

Replacement of the natural gapA gene with the P,,-gapC-rmBT 172 cassette in strain JL-6 chromo- This work

some
C. glutamicum RGl (i.e., C. glutami- Replacement of the natural icdcy gene with the Py, -icds-rmBT1T2 cassette in strain RG chromo-  This work
cum RG/P,, icds,) some
C glutamicum RG/Py,op 1 icdsy, Replacement of the natural icdcy gene with the Py, 1-icds,-rrBTTT2 cassette in strain RG This work
chromosome
C. glutamicum RG/P .y, icds, Replacement of the natural icdc, gene with the Py, \icds,-rmBT1T2 cassette in strain RG chro- This work
mosome
C. glutamicum RG/P icds, Replacement of the natural icdc, gene with the Py icds,-rmBT1T2 cassette in strain RG chromo-  This work
some
C. glutamicum RG/Py icds,, Replacement of the natural icdcq gene with the Py, -icds,-rmBT1T2 cassette in strain RG chromo-  This work
some
Plasmids
pUC57/icds, The plasmid with the cassette of icds,,, gene (including Ptac promoter, rrnBT172 terminator and Synthetic
icds,,, operon)
pK18mobsacB Integration vector [40]
pK18mobsacB/AgapA:gapC Integration vector for replacement of the gapA gene by the P, .-gapC-rrBT 172 cassette [17]
PK18mobsac/Aicdy:icdsy, Integration vector for replacement of the icdc, gene by the Py, -icds,,-rmBT1T2 cassette This work
pK18mobsacB-P g1 icdsy, Integration vector for replacement of the P,,. promoter of icds,,, gene by the dapA-L1 promoter ~ This work
pK18mobsacB-P., ..\ icds,, Integration vector for replacement of the P, promoter of icds,,, gene by the tac-M promoter This work
pK18mobsacB-P, icds, Integration vector for replacement of the P,,. promoter of icds,,, gene by the tuf promoter This work
pK18mobsacB-P, . icds,, Integration vector for replacement of the P, promoter of icds,, gene by the sod promoter This work
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[34]. The recombinants were validated via sequencing by
General Biosystems (Anhui), Inc. (Chuzhou, China).

Enzyme activity assay

The crude enzyme was prepared according to the
method reported by Trigoso et al. [36]. After centrifu-
gation at 4 °C for 30 min at 10,000xg, the cell-free
supernatants were immediately used to determine the
enzyme activities. Protein concentrations were deter-
mined using the Bradford Protein Quantification Kit
(Sangon, Shanghai, China) with bovine serum albu-
min as standard. The analyses of enzyme activities and
protein concentrations were done in triplicate. Specific
activity was given as the number of U mg™! of protein.
The analyses of enzymes GAPDH and IDH were based
on the protocol of Xu et al. [17] and Wang et al. [37],
respectively.

Quantification of intracellular NADH/NAD and NADPH/
NADP

The intracellular NADH/NAD and NADPH/NADP
were extracted as previously described by Faijes et al.
[38], and their concentration were measured using
NAD/NADH Quantification Colorimeteric Kit and
NADP/NADPH Quantification Colorimeteric Kit (Bio-
Vision, Inc., Milpitas, CA) according to the manufac-
turer’s instructions, respectively.

Analytical methods

A sample was taken from the shake flasks or fermenter
every 2 or 4 h. A half of sample was used to measure
the biomass concentration using a spectrophotometer
at 600 nm after an appropriate dilution. According to
the previous description [17], the correlation factor
between dry cell weight (DCW) and ODy, was deter-
mined as 0.318 (1 ODgy,,=0.318 g DCW). The other
half of sample was diluted 100-fold, and then used to
determine the glucose and L-lysine concentration using
an SBA-40E immobilized enzyme biosensor (Shandong,
China). The intracellular metabolites of different strains
were analyzed by gas chromatography—mass spectrom-
etry (GC-MS) according to the previous described
[39]. By the end of fermentation, the fermentation liq-
uors were also used to determine the concentration of
by-products (including amino acids and organic acids)
by high performance liquid chromatography (HPLC)
according to the procedure described by Xu et al. [29].
All data were collected from three independent culture
samples, and then were analyzed statistically by Stu-
dent’s ¢ test with a two-tailed distribution.
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GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IDH: isocitrate dehy-
drogenases; BCAAs: branch chain amino acids; DCW: dry cell weight; gy max:
maximal specific production rate; AEC: S-2-aminoethyl--cysteine; SD: sulfadia-
zine; FP: B-fluoro-pyruvate; GC-MS: gas chromatography—mass spectrometry;
HPLC: high performance liquid chromatography.
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