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Abstract

Background: Oxaloacetate (OAA) and L-glutamate are essential precursors for the biosynthesis of L-lysine. Reasona-
ble control of all potentially rate-limiting steps, including the precursors supply rate, is of vital importance to maximize
the efficiency of L-lysine fermentation process.

Results: In this paper, we have rationally engineered the tricarboxylic acid (TCA) cycle that increased the car-

bon yield (from 36.18 to 59.65%), final titer (from 14.47 4041 to0 23.86+2.16 g L") and productivity (from 0.30 to
0.50 g L="h~") of L-lysine by Corynebacterium glutamicum in shake-flask fermentation because of improving the OAA
and L-glutamate availability. To do this, the phosphoenolpyruvate—pyruvate—oxaloacetate (PEP—pyruvate—OAA) node’s
genes ppc and pyc were inserted in the genes pck and odx loci, the P1 promoter of the TCA cycle’s gene gltA was
deleted, and the nature promoter of glutamate dehydrogenase-coding gene gdh was replaced by P, promoter
that resulted in the final engineered strain C. glutamicum JL-69P,, .\, gdh. Furthermore, the suitable addition of biotin
accelerates the L-lysine production in strain JL-69P,, .\, gdh because it elastically adjusts the carbon flux for cell growth
and precursor supply. The final strain JL-69P,,,, gdh could produce 181.5411.74 g L' of L-lysine with a productivity
of 3.78 g L' h~" and maximal specific production rate Ay, max) 0f 0.73£0.16 g g~' h™"in fed-batch culture during
adding 2.4 mg L™ biotin with four times.

Conclusions: Our results reveal that sufficient biomass, OAA and t-glutamate are equally important in the devel-
opment of L-lysine high-yielding strain, and it is the first time to verify that fed-batch biotin plays a positive role in
improving -lysine production.

Keywords: Corynebacterium glutamicum, L-Lysine production, Phosphoenolpyruvate—pyruvate—oxaloacetate node,
Tricarboxylate synthase, Glutamate dehydrogenase, Biotin

Background

L-Lysine, one of the eight essential amino acids for ani-
mals and humans, has been applied in more and more
fields, such as feed additives, dietary supplements as
well as ingredient of pharmaceuticals and cosmetics [1].
With the widespread use and the increasing consumption
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of L-lysine, the strains with excellent productive perfor-
mances and the perfect producing process are needed
for fermentation to reduce production cost. Currently,
the industrial L-lysine producers are almost Corynebac-
terium glutamicum or its subspecies, which have been
created by multiple random mutagenesis and selections
or by systems metabolic engineering [2, 3]. However, the
strains created by mutation breeding exhibit many disad-
vantages, such as slow-growing, low sugar consumption
rating, low stress tolerance [4, 5], systems metabolic engi-
neering seems to be a “life-saving straw” for improving
productive performances of L-lysine producers.
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As mentioned above, the biotin auxotrophic and non-
pathogenic soil bacterium C. glutamicum has been
widely applied in the fermentative production of L-lysine.
At present, a various genes involved in L-lysine produc-
tion were characterized at the molecular level, and subse-
quently, the L-lysine producers were achieved by genetic
engineering of L-lysine biosynthetic pathway, central
metabolic pathways as well as sugar uptake system in
C. glutamicum [2, 4, 6-8]. One of the most prominent
pathways in central metabolic pathways is the tricarbo-
xylic acid (TCA) cycle, which provides several metabolic
precursors and cofactors for cell growth and amino acids
production [9]. As from Fig. 1, various factors play a part
in regulating the carbon flux in TCA cycle, such as phos-
phoenolpyruvate (PEP)-pyruvate-oxaloacetate (OAA)
node, glyoxysome, the biosynthetic pathway of L-lysine
and L-glutamate, and the activities of pyruvate dehydro-
genase complex as well as citrate synthase (CS). OAA, as
a most important precursor for L-lysine, is a key compo-
nent in PEP-pyruvate—OAA node, thus modifying PEP—
pyruvate—OAA node is considered an important target
for improving L-lysine production. However, OAA is also
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a key intermediate in TCA cycle, which provides metabo-
lites and energy for cell growth, and for amino acid bio-
synthesis [10]. As the first critical enzyme, CS (encoded
by gltA gene) catalyzes the polymerization of OAA with
acetyl-CoA to form citrate, indicating that reducing the
activity of CS will enhance L-lysine production because
of the increased OAA supply [8]. However, the change
of CS activity affects the cell growth [11, 12]. Therefore,
properly adjusting CS activity to balance the cell growth
and precursor supply is the wisest choice to increase the
L-lysine yield and productivity.

L-Glutamate is another amino acid using an interme-
diate in TCA cycle as precursor, which is synthesized
by reductive amination reaction of a-ketoglutarate
(a-KG; Fig. 1), and this reaction is catalyzed by gluta-
mate dehydrogenase (GDH, encoded by gdh gene) [13].
More importantly, L-glutamate is used as amino donor
for L-lysine biosynthesis, which participates in the ami-
nation of OAA to form L-aspartate and the amination
of N-succinyl-2-amino-6-ketopimetate to form N-suc-
cinyl-2,6-L,L-diaminopimelate [5]. In theory, improving
the availability of L-glutamate should make the increase
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of L-lysine production. Strange that we rarely think of
L-glutamate as parameter we should investigate. Under
normal circumstances, L-glutamate is enough to sup-
ply the amino for L-lysine biosynthesis, but it’s inevita-
bly encountered some special circumstances, such as
the strain with attenuation of TCA cycle [14]. Moreo-
ver, L-lysine biosynthesis is closely related to the biosyn-
thesis of L-glutamate. For example, biotin has different
effects on the biosynthesis of L-lysine and L-glutamate.
Many researches indicated that L-glutamate accumula-
tion in C. glutamicum is induced by adding sub-optimal
amounts of biotin [15], whereas L-lysine production in C.
glutamicum is positively impacted by biotin because of
improving the activity of biotin-dependent pyruvate car-
boxylase [16]. Furthermore, addition of biotin enhanced
cell growth of C. glutamicum in glucose minimal medium
[17]. Therefore, how to make develop equally is a problem
that researchers pay attention to provide the L-glutamate
availability and maintain the appropriate cell growth, in
which they can keep the increase in L-lysine production.

Given the importance of TCA cycle in supplying
L-lysine precursors and in affecting the cell growth of C.
glutamicum, the present study was focus on the devel-
opment of an L-lysine high-yielding strain via rationally
modify the carbon flux of TCA cycle. Firstly, PEP—pyru-
vate—OAA node was modified to improve OAA supply.
Secondly, the activity of CS was precisely adjusted to bet-
ter distribution of OAA in TCA cycle, either into L-lysine
biosynthetic pathway or into TCA cycle. Thirdly, chang-
ing the GDH activity via replacing the different promoters
was executed to investigate the effect of L-glutamate on
L-lysine production. Finally, to make up the defects of cell
growth, the biotin was added, and the effect of its additive
amount and adding manner on cell growth and L-lysine
production were also discussed. Fed-batch fermentation
of the final strain, the L-lysine production reached to
181.5+11.74 g L™! with a productivity of 3.78 g L' h™!
and maximal specific production rate (qiy max)
of 0.734+0.16 g g~' h™% Our study provided, for the
first time, the definite effects of L-glutamate on L-lysine
production in C. glutamicum with damaged TCA cycle.
These results demonstrate once again the sufficient bio-
mass is a prerequisite for gaining the high yield of target
products.

Results and discussion

Metabolic engineering PEP-pyruvate-OAA node

to increase processor OAA supply

Previous reports indicated that PEP-pyruvate—OAA
node play an important role in cell growth and metabo-
lites production, because it interconnects four central
metabolic pathways of carbon metabolism, such as gly-
colytic pathway, anaplerotic pathway, gluconeogenesis
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and TCA cycle [18, 19]. It has been verified that OAA is a
most important precursor for L-lysine biosynthesis [5, 8].
Increasing the replenishment or/and decreasing the con-
sumption of OAA is beneficial to improving the L-lysine
production. In order to increase the availability of OAA,
we genetically modified the key enzymes in PEP—pyru-
vate—OAA node from C. glutamicum JL-6.

As can be seen from Fig. 1, ten enzymes involved in
OAA metabolism were detected in crude extracts of C.
glutamicum JL-6 (Table 1 and Additional file 1: Table S3),
such as PEP carboxylase (PEPCx), PEP carboxykinase
(PEPCK), pyruvate carboxylase (PCx), OAA decarboxy-
lase (ODx), CS, malate:quinone oxidoreductase (MQO),
malate dehydrogenase (MDH), malic enzyme (MalE),
aspartate aminotransferase (AAT) and pyruvate kinase
(PK). The first four enzymes among them are the key
enzymes in PEP—pyruvate—OAA node. PEPCk (encoded
by pck gene) and ODx (encoded by odx gene) involve in
the consumption of OAA, whereas PEPCx (encoded by
ppc gene) and PCx (encoded by pyc gene) participate in
the replenishment of OAA pool [20, 21]. Consistent with
the previous results [19], inactivation of PEPCk or ODx
did not significantly increase the vr-lysine production
under aerobic conditions (Additional file 1: Table S4).
Furthermore, the cell growth and by-products accumu-
lation had not significantly changed during inactivation
of PEPCk or ODx (Additional file 1: Table S4). How-
ever, the strain with deficient activity of PEPCk and ODx
increased the L-lysine production to some extent and,
conversely, the accumulation of pyruvate-family amino
acids (PFAAs; e.g., L-alanine and L-valine) was slightly
decreased (Additional file 1: Table S4). These results indi-
cated that the availability of OAA did not significantly
increase by only blocking the OAA consumption.

Furthermore, the next modification aimed at increas-
ing the replenishment of OAA pool was executed by
increase the flux in anaplerotic pathway. In contrast to
E. coli [22], C. glutamicum possesses two anaplerotic
enzymes, i.e.,, PEPCx and PCx [21]. Although PCx is a
major enzyme for OAA supply in C. glutamicum [23],
both of them played a part in cell growth and amino acid
production during growth on glucose [24]. For all this,
we constructed ppc-overexpressing strain, pyc-overex-
pressing strain, and ppc and pyc-dual-overexpressing
strain (Additional file 1: Fig. S1), and L-lysine, residual
glucose concentration as well as cell growth were moni-
tored over the cause of the experiment. The strains C.
glutamicum JL-6 Apck:ppc (ie., C. glutamicum JL-66),
C. glutamicum JL-6 Aodx::pyc (i.e., C. glutamicum JL-67),
and C. glutamicum JL-6 Apck:ppc Aodx:pyc (ie., C.
glutamicum JL-68) exhibited an increase in the cor-
responding enzyme activity, especially for PCx (Addi-
tional file 1: Table S3). This is because the activity of
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Table 1 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. glutamicum strains

Specific activity of (U mg‘1 protein)

cs MCS1 and/or MCS2 AAT GDH
Acetyl-CoA Propionyl-CoA

ATCC13032 2174011 nd 0.04+0.00 0434002 1.9640.32
L6 1614006 nd 0.0740.03 0.66+0.07 1104017
JL-68 1.92+0.02 nd 0.06+£0.02 0.70£0.04 1.16+£0.14
JL-68AgIA 0.0540.00 0064001 0.0540.00 0274003 065+0.11
JL-68AramA 0.22+0.03 0.04+£0.00 0.05+0.01 0.78+0.07 124+£0.17
JL-68AP1gltA (or JL-69) 0314002 0.0540.00 0.0440.02 0.83+£0.05 1314021
JL-68AP12gltA 0.0540.00 0.07£001 0.0540.00 0254008 0.57£0.06
JL-68P 001 gltA 0.13+£0.01 0.09+0.04 0.06£0.02 0.73+£0.04 1.14+£0.07
JL-68AppCI 1.8940.06 <00 <00 0.69+0.05 1.1640.13
JL-68 AprpC2 1.91+£0.09 <0.01 <0.01 0.69+£0.09 1.19+£0.16
JL-680prpClAPIPC2 1.884£0.03 - - 0.68+£0.06 1.1540.11
JL-68AgltALprpCT <0.01 - - nd nd

JL-68AgltAAprpC2 <001 - - nd nd

JL-68AgltAAprpC1AprpC2 ng nd nd nd nd

JL-68AgItANDrpC1prpREY77A 0214002 0324013 03340.15 0794001 1274017
J69P gapp1 gdh 0214003 0.04+001 0314008 023£0.07 0214004
JL-69P, gdh 0.24+£0.02 0.05+0.00 031+£0.11 092+£0.10 1.74£0.17
JL-69P 1 gdh 0274005 0.05+£0.01 03240.09 1.0040.07 2564024
JL-69P, ¢ gdh 0314002 0.0740.03 034+0.14 1114021 398+032
JL-69P, gdh 0304001 0.06+0.00 033£0.06 1.0440.18 3.074£0.15

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

CS citrate synthase, MCS methylcitrate synthases, AAT aspartate aminotransferase, GDH glutamate dehydrogenase, ng not growth on medium used, nd not done, - not

detected

nature PCx is too low in Corynebacterium species [25].
Accordingly, overexpression of the anaplerotic enzymes
resulted in a marked rise in L-lysine production as com-
pared with C. glutamicum JL-6 or C. glutamicum JL-65
(Fig. 2a). As reported by Peters-Wendisch et al. [23],
overexpression of PCx is better than overexpression of
PEPCx for increasing L-lysine production (Fig. 2a). The
pyc-overexpressing strain C. glutamicum JL-67 excreted
16.07 £0.41 g L' of L-lysine with a maximal specific pro-
duction rate (qys max) of 0.31£0.05 g g~ ' h™!, whereas
the ppc-overexpressing strain C. glutamicum JL-66 only
accumulated 15.654+1.05 g L™! of r-lysine with a iys,
max Of 0.2940.04 g g h™'. Interestingly, overexpres-
sion of the anaplerotic enzymes increased cell growth
to some extent (Fig. 2b). The reason may be laid out in
the report by Peters-Wendisch et al. [26], who found
that PEPCx and PCx dual-deficient mutant was unable
to grow on glucose as sole carbon sources. In order to
meet the need of carbon sources, the consumption rate
of glucose was improved during overexpression of ana-
plerotic enzymes (Fig. 2c). In addition, overexpression
of PCx decreased the accumulation of PFAAs because of

the decreased pyruvate concentration, whereas overex-
pression of PEPCx did the opposite (Fig. 2d, e). C. glu-
tamicum possess the complicated PEP-pyruvate-OAA
node [18], the intracellular OAA can be decarboxylated
to form pyruvate by ODXx, thus serving as a precursor for
PFAAs biosynthesis [27]. It is natural that simultaneous
overexpression of PEPCx and PCx remarkably increased
L-lysine production (increased to 17.63+0.61 g L7}),
and decreased the accumulation of pyruvate and PFAAs
(Fig. 2). The effects of malic enzyme, another enzyme in
PEP-pyruvate-OAA node, on L-lysine production were
also investigated in this study, but there is no obvious
function during modification of malic enzyme (Addi-
tional file 1: Tables S3 and S4). Because of the positive
effects of PEPCx and PCx on L-lysine production, we
chose PEPCx and PCx dual-overexpression strain C. glu-
tamicum JL-68 as target strain for follow-up study.

Properly adjusting tricarboxylate synthase activities

to increase processor OAA supply

The above results showed that although the accumulation
of pyruvate and PFAAs was decreased, the availability
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of OAA for L-lysine production was not sufficient. In
addition, the accumulation of by-products derived from
TCA cycle (e.g., a-KG and L-glutamate) was increased
during overexpression of anaplerotic enzymes (Fig. 2d,
e). These results indicated that more OAA was pulled
into TCA cycle rather than into AAT-catalyzed reaction
[28]. Therefore, a precisely adjusted the carbon flux into
TCA cycle can potentially increase L-lysine productiv-
ity. Our results and other researchers’ results showed
that knockout of pyruvate dehydrogenase gene (i.e.,
AaceE) or mutation of isocitrate dehydrogenase gene (i.e.,
icd™9) decreased the flux into TCA cycle, resulting in
an increase of L-lysine production (Additional file 1: Fig.
S2a) [1, 4, 5]. However, the pyruvate dehydrogenase-defi-
cient strain was unable to grow on glucose as sole carbon
sources unless supplemented with acetate (Additional
file 1: Fig. S2b) [1].

CS (encoded by gltA gene) catalyzes the first step of
TCA cycle (Fig. 1), and it is a rate-limiting enzyme for
TCA cycle [29]. Shiio et al. [14] has proved that reduc-
ing CS activity leads to increase the availability of OAA.
However, the activity of CS is too low to maintain the
cell growth because TCA cycle supplies metabolites and

energy for cell growth [8, 12]. Hence, subtle control of the
CS activity is an effective strategy for increasing L-lysine
productivity. In order to redirect carbon into TCA cycle
in strain JL-68, a series of strain with different CS activ-
ity were constructed. In addition, we also compared the
effects of different CS activity on cell growth, L-lysine
productivity and by-products accumulation. Consistent
with the previous results [8], deletion of the open read-
ing frame of gltA gene (i.e., strain JL-68AgltA) or its long
promoter (i.e., strain JL-68AP12gltA) greatly decreased
the CS activity and hampered the cell growth (Tables 1,
2). Accordingly, these CS-deficient strains did not accu-
mulate any L-lysine and by-products (Table 2; Additional
file 1: Fig. S3). Whereas, deletion of the short promoter
of gltA gene (ie., strain JL-68AP1gltA) still exhibited
0.3140.02 U (mg of protein)~* of CS activity, which is
16.15% of activity of strain JL-68 (Table 1). Eikmanns
et al. [30] have verified that the expression level of C. glu-
tamicum gltA is weak during the lack of a typical ‘— 35
consensus sequence, and this might be one reason for the
low CS activity in strain JL-68AP1g/tA. However, deletion
of the long promoter P12 of gene gltA will stop the gltA
gene expression [8]. Although the final DCW of strain



Xu et al. Microb Cell Fact (2018) 17:105

Page 6 of 13

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 (q,y max) and glucose conversion efficiency (a) of C. glutamicum strains under the different

of CS activity
C. glutamicum strains CS(%)® DCW(gL™) L-Lysyield (gL™") HE.x (h™T) Aiys,max. (997 h7) @ (%)?
24h 48 h 24h 48 h
JL-68 100 1148+£176  1135£152 1060£1.06 1763061  0.21 0.34£0.05 44.08
JL-68AgltA 2.60 0.63£0.00 096£0.15 - - nd nd nd
JL-68AramA 11.46 6.03£1.18 6.82£205 801£153 1917+£345 0.5 0.53£0.12 4793
JL-68AP1gltA (or JL-69) 16.15 9.67+2.13 9.75+135 954+£2.14 21444+£193 020 0.49+£0.08 53.60
JL-68AP12gltA 2.60 0.67+£0.05 1.01£013 - - nd nd nd
JL-68Py,p. 11 gITA 6.77 2.23+036 492+£081 501£1.15 1475216 0.1 0414017 36.88
JL-68AprpC1 98.44 11.24£1.02 1153£117 1058137 17.79£123 022 038+0.11 4448
JL-68 AprpC2 99.48 11.29+£131 1M51+£113 1056+£1.04 1773£1.05 022 0.37£0.07 4433
JL-680prpC1AprpC2 97.92 11.254+1.25 11.50+£087 1057£1.12  1771£1.12 022 0.37£0.06 44.28
JL-68AgltAAprpCl nd 0.14+£0.01 012+£002 - - nd nd nd
JL-68AgltALprpC2 nd 0.15£0.01 0.16+001 - - nd nd nd
JL-68AgltALprpC1APIPC2 nd 0.13+£0.00 0.13+£001 - - nd nd nd
JL-68AGIANPrPCTprpREY7A 1094 5174101 603£1.12 7314115  20.18+361 014 058033 5045

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

nd not done, - not detected

? The percent of CS activity in different genetically modified C. glutamicum strains and taken the CS activity in parental strain JL-68 as reference standard

® The maximal specific growth rate of cell in the whole fermentation cycle
¢ The maximal specific production rate of L-lysine in the whole fermentation cycle
4 The conversion rate of glucose into L-lysine after cultivating 48 h

JL-68AP1gltA was decreased, the growth rate was the
similar to the strain JL-68 (Table 2). More importantly,
the L-lysine yield and gy ., were significantly increased
as compared with the strain JL-68 (Table 2). Furthermore,
the accumulation of by-products (including organic acids
except o-KG, OAA and malate, PFAAs and aromatic
amino acids) were increased during deletion of the short
promoter of gltA gene (Additional file 1: Fig. S3). This is
because more carbon from OAA was pull into L-lysine
biosynthetic pathway rather than into TCA cycle [8]. Fol-
lowing this thought, decrease of CS activity seems to be
beneficial to improve L-lysine production. However, our
results indicated that further reducing the CS activity did
not further increase the L-lysine production (Table 2). For
example, strain JL-68AramA with deletion of ramA gene
(encoding RamA) only exhibited 11.46% of CS activity of
the control train JL-68 (0.2240.03 vs. 1.9240.02 U mg
protein) (Table 1), whereas the L-lysine yield was only
slightly higher than that of control strain JL-68, but lower
than that of strain JL-68AP1gltA (Table 2). More notice-
ably, although strain JL-68P,,, 1, gl£A with replacement
of nature promoter by dapA-LI promoter showed spe-
cific activities of CS of 0.13+£0.01 U (mg of protein)?,
which is only 6.77% of the control train JL-68, the L-lysine
yield was even lower than that of strain JL-68 (Table 2).
Since RamA, one of transcriptional regulators of acetate

metabolism, acts as an activator of gltA expression [31],
thus knockout of RamA will lead to the decrease of CS
activity. In addition, because Pg,,5.1; is a weak promoter
[32], the expression level of gltA gene is too low to exhibit
a high CS activity during replacement of promoter.
However, the CS activity was too low to provide enough
carbon flux for TCA cycle in strains JL-68AramA and JL-
68P g,pa-11 &lA, thus the needs (e.g., 4-carbon dicarbox-
ylic acid and energy) for cell growth are not satisfied so
that the cell growth was damaged (Table 2) [8, 11, 12].
Accordingly, the L-lysine yield was sharply decreased
because of the excessively low biomass (Table 2).
Deletion of RamA or replacement of gltA promoter
has been shown to be ineffective in improving L-lysine
production, because CS activity was too low (Tables 1,
2). Thus, we can infer that properly adjusting CS activity
is a key requirement for increasing the L-lysine produc-
tion. Many researches have pointed out that C. glutami-
cum possesses three tricarboxylate synthases: CS and two
2-methylcitrate synthases [MCS; i.e.,, MCS1 (encoded by
prpCl) and MCS2 (encoded by prpC2)] [12]. Interest-
ingly, MCS1 and MCS2 exhibit CS activity, which can
catalyze the condensation reaction of OAA with both
acetyl-CoA and propionyl-CoA to form citrate (Fig. 1)
[33]. Moreover, the expression of prpCI and prpC2 was
regulated by the promoter PrpR [33], and Radmacher
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and Eggeling [12] has found that mutation of PrpR
stimulates the expression of prpC2. In order to properly
adjust and clear-cut the MCS flux, we construct a serial
of MCS-deficient or PrpR-mutated strains with different
MCS activity, and assay the effects of MCS on CS activ-
ity, cell growth and L-lysine production. Predictably, the
original strains ATCC13032, JL-6 and JL-68 exhibited
the low MCS activity with neither acetyl-CoA nor prop-
ionyl-CoA as substrate (Table 1), because the expression
of prpC1 and prpC2 was induced by propionate but was
inhibited by glucose [12]. Consistent with the previous
results [12], the single or double deletion of prpCI and
prpC2 did not markedly influence CS activity, whereas
observably decreased the MCS activity. However, in com-
bined with the deletion of gltA, the CS activity was barely
detectable. Interestingly, when prpR gene was mutated
in strain JL-68AgltAAprpCl, resulting strain JL-68Aglt
AAprpClprpRS™™ , both CS and MCS activities were
increased as compared with the strains JL-68AgltA and
JL-68AgitAAprpC1 (Table 1). Growth and L-lysine pro-
duction of these mutants were analyzed on the CgXIIM-
medium with 40 g L™! glucose (Table 2). Growth of strain
JL-68AprpCl1, JL-68AprpC2 or JL-68AprpCilAprpC2
was indistinguishable from that of strain JL-68, illustrat-
ing that two MCS are unessential for glucose metabo-
lism and confirming previous results obtained with
disruption of MCS-coding genes in L-lysine producer
DM1800 [12]. But in the case of gltA disruption mutant,
the strain grew poorly because CS is essential for glu-
cose metabolism in C. glutamicum [30]. However, the
growth of strain JL-68AgltAAprpCIlprpRS7’A reached to
5174+1.01 gL 'at24hand 6.03+1.12 g L™! at 48 h with
a Hpay Of 0.14 h™! (Table 2). Moreover, the L-lysine pro-
duction was recovered and reached to 20.184+3.61 g L™*
with a gy . of 0.584+0.33 g g7 h™" at 48 h (Table 2).
This is because mutation of PrpR makes the strain with
the ability of condensation of OAA and acetyl-CoA to
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form citrate [12]. Although the L-lysine production was
increased to some extent during mutation of PrpR, there
was lower than that of strain JL-68AP1gltA (Table 2). This
is because a proper level of CS is essential for cell growth
(Table 2). It should be noted that the accumulation of
by-products would be changed with the change of CS
activity (Additional file 1: Fig. S3). For example, the accu-
mulation of by-products derived from TCA intermedi-
ates (e.g., a-KG and r-glutamate) in strain JL-68AP1gltA
was significantly decreased as compared with the strain
JL-68. Therefore, we chose P1-deficient strain C. glutami-
cum JL-68AP1gltA as target strain for follow-up study,
and designated as C. glutamicum JL-69.

Modestly raising glutamate dehydrogenase activity

to increase processor L-glutamate supply

As compared with the strain JL-68, the accumula-
tion of L-glutamate was drastically decreased (from
7.45+1.01 to 1.084+0.13 g L), whereas the OAA con-
centration was markedly increased in strain JL-69 (from
<0.01 to 1.1340.14 g L™%; Fig. 2d, e and Table 3). These
results indicated that OAA is not a limiting factor for
L-lysine production in strain JL-69. However, it is gener-
ally known that L-glutamate is used as amino donor for
L-lysine biosynthesis [5, 14]. Therefore, the availability of
L-glutamate may limit the L-lysine production in strain
JL-69. In order to investigate the effect of L-glutamate
on L-lysine production, we modified the GDH activity by
replacing the promoter of GDH-coding gene gd/ in strain
JL-69. Five classes of promoters (i.e., Pyopa 115 Prac Pracms
P.rand P, 4) were used in this study.

As shown in Table 1, the GDH activity was changed
along with replacing the different promoters. Since the
Pypa-1 is @ weak promoter [32], the GDH activity in
strain JL-69Py,,5.11 gdh was only 0.21+0.04 U (mg pro-
tein) !, which was about 16.03% of the activity in strain
JL-69. Nevertheless, the GDH activity was significantly

Table 3 The DCW, L-lysine production, by-product accumulation, maximal specific growth rate (p,,,, ), maximal specific
production rate of L-lysine (q,, m.x) and glucose conversion efficiency (a) of modified glutamate dehydrogenase C.

glutamicum strains

C. glutamicum Concentration of (g L") DCW (gL™) Hpax (h™ Guys, max. (9 g 'h™) a(%)
strains

L-Lys L-Asp L-Glu a-KG OAA

JL-69 2144+£193 <001 1.08+0.13 0.77£021 1.13£014 9.75£135 0.20 0.47+£0.08 53.60
JL*69PdapA,U gdh 10.75+£1.14 <0.01 022+006 138+£0.12 122+£0.17 982+1.01 022 0.21+0.03 26.88
JL69P, gdh 2227+129 <001 2054018 065£0.13 096+£008 92441.35 0.20 048+0.08 55.68
JL-69P, . gdh 2386£2.16 021£003 338+042 041+£0.10 032+005 7.83+£1.12 0.19 0.63+0.11 59.65
JL69P, s gdh 16.03£1.32 <001 1.8240.07 0.18£0.03 <0.01 53641.04 0.14 081£0.17 40.08
JL-69P, 4 gdh 20.16£2.08 <0.01 1.27£0.10 024+009 <001 6.78£0.72 0.16 0.70£0.08 5040

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

L-Lys L-lysine, L-Asp L-aspartate, L-Glu L-glutamate; a-KG a-ketoglutarate, OAA oxaloacetate
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increased during replacing the native promoter with P,
and P, 4 (increased by 203.82 and 134.35%, respectively)
because the P, and P, 4 are the strong promoters in C.
glutamicum [4]. In addition, Xu et al. [34] pointed out
that the P, is a moderate promoter in C. glutamicum,
thus the strain JL-69P,,. gdh had a moderate increase of
GDH activity, reached to 1.7440.17 U (mg protein) ™
(Table 1). However, replacing the — 10 region of the P,
with the sequence of “TGTGGTACCATGT’, designated
as promoter P\, increased the GDH-coding gene gdh
expression level, thus further increased the GDH activ-
ity (Table 1), which is consistent with the previous results
reported by Xu et al. [34]. Consistent with the results
reported by Asakura et al. [35], the L-glutamate concen-
tration was increased during increase of GDH activity
(Table 3).

Cell growth and L-lysine production of strains with
different GDH activity were analyzed on the CgXIIM-
medium with 40 g L ™! glucose (Table 3). Strains JL-69, JL-
69P 4opa-11 gdh and JL-69P,, . gdh had nearly equal DCW
and growth rate, i.e., 9.75+1.35 g L™ (y,,,,=0.20 h™),
9.824+1.01 g L™* (p,,,, =022 h™!) and 9.244+1.35 g L™*
(Mpax =020 h™1), respectively. However, the DCW
and growth rate were decreased along with the further
increase of GDH activity, especially for strains JL-69P,
gdh and JL-69P 4 gdh (Table 3). The DCW