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Abstract

L-Methionine is an essential amino acid in humans, which plays an important role in the synthesis of some important amino
acids and proteins. In this work, metabolic flux of batch fermentation of L-methionine with recombinant Escherichia coli
W3110BL was analyzed using the flux balance analysis method, which estimated the intracellular flux distributions under
different dissolved oxygen conditions. The results revealed the producing L-methionine flux of 4.8 mmol/(g cell-h) [based
on the glycerol uptake flux of 100 mmol/(g cell-h)] was obtained at 30% dissolved oxygen level which was higher than that
of other dissolved oxygen levels. The carbon fluxes for synthesizing L-methionine were mainly obtained from the pathway
of phosphoenolpyruvate to oxaloacetic acid [15.6 mmol/(g cell-h)] but not from the TCA cycle. Hence, increasing the flow
from phosphoenolpyruvate to oxaloacetic acid by enhancing the enzyme activity of phosphoenolpyruvate carboxylase might
be conducive to the production of L-methionine. Additionally, pentose phosphate pathway could provide a large amount of
reducing power NADPH for the synthesis of amino acids and the flux could increase from 41 mmol/(g cell-h) to 51 mmol/
(g cell-h) when changing the dissolved oxygen levels, thus meeting the requirement of NADPH for L-methionine production
and biomass synthesis. Therefore, the following modification of the strains should based on the improvement of the key
pathway and the NAD(P)/NAD(P)H metabolism.
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Introduction

L-methionine (L-MET), containing proteinogenic amino
acids with cysteine, is an essential amino acid for humans
and animals [16, 31]. L-MET also plays an important role
as a methyl donor and metabolic intermediate in vivo in
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the synthesis of S-adenosyl-methionine (SAM), polyamine
and lipoic acid [27]. L-MET can be obtained by chemical
resolution from pL-methionine or enzymatic process from
the precursors p-5-(2-methylthion-ethyl)-hydantoin [15] or
O-succinyl-1-homoserine [12]. However, the chemical or
enzymatic method is harmful to the environment and the
cost is too high [21-23, 27]. By comparison, fermentative
production of L-MET by genetic engineering bacteria is an
environment friendly way and has been explored over the
past few decades. Usuda et al. reported that recombinant E.
coli W3110 could produce 0.24 g/L. L-MET from glucose in
500 mL flake for 48 h [34]. Another E. coli Me05 improved
L-MET production to 5.62 g/L in 15 L fermenter from glu-
cose [17]. Also, a strain of Streptomyces sp. SP-05 was found
to produce 3.72 g/l MET in culture broth from sucrose [37].
However, there was very little focus on the central metabo-
lism genetic interventions for improving L-MET production.
In our previous study, a series of L-MET-producing strains
had been constructed and one strain could produce 9.75 g/LL
L-MET with the productivity of 0.20 g/L/h from glucose
in a 5 L bioreactor, which is the highest reported ever [10].
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Although the effect of different culture conditions, such as
dissolved oxygen (DO), pH or different carbon sources,
on L-MET production had already been investigated, the
metabolism mechanism under different culture conditions
was still unknown. Metabolic flux is generally considered to
be a fundamental determinant of the metabolic phenotype,
which represents the result of nonlinear interactions among
proteins, metabolic concentrations and genes. Therefore, the
quantification of carbon flux distribution plays an important
role in understanding and analyzing the complex interactions
between genotypic changes and corresponding phenotypic
responses [13, 43, 46].

Metabolic flux analysis could help to calculate or evaluate
the yield of intermediates and it could also predict differ-
ences in flow distribution between different strains. Meta-
bolic flux analysis mainly includes '*C labeling, stoichiomet-
ric metabolite balancing, and constraint-based approaches
like flux balance analysis (FBA) [4]. Michael et al. showed
great uncertainties in carbon metabolism on malate degrada-
tion from glycerol in E. coli by flux variability analysis and
enabled further characterization of L-phenylalanine produc-
tion through constructing a series of malic enzyme mutants
[36]. Another report indicated that FBA was a mathematical
approach to analyze the flux of metabolites by a metabolic
network to enhance the production of succinate and lactate
in E. coli [3]. Niu et al. estimated the undeterminable inter-
mediate metabolites of uptake hydrogen inside the cell dur-
ing the hydrogen production and the results showed the dif-
ferent culture conditions had significant effects on hydrogen
production [30]. FBA was also performed for Clostridium
sporogenes NCIM 2918 grown on different carbon sources
with varied concentrations, which revealed that the mixture
carbon source was useful for cell growth as well as the alco-
hol biosynthesis [13].

In aerobic bioprocesses, the growth of the microorgan-
isms, maintenance, metabolism, and product yield were sig-
nificantly affected by DO levels [1, 40, 41]. The DO level
had an important influence on the biomass, the plasmid
content, and the recombinant protein levels of recombinant
E. coli at the stationary phase. NADH/NAD™ ratio would
also be changed under different DO levels, as well as the
glycolysis rate, substrate and energy metabolism, and cel-
lular redox balance [33]. Several researches reported that
there was a relationship between the NAD(P)H/NAD(P)*
ratios and the metabolic flux distributions under aerobic/
anaerobic conditions with Azotobacter vinelandii [5]. In
our previous research, L-MET was synthesized with vari-
ous recombinant E. coli under different culture conditions,
including the pH, DO level and initial glycerol concentra-
tion [10, 11]. However, the metabolic flux under different
conditions was still unknown, so the influence mechanism
of these culture conditions on L-MET was not clear. For
this purpose, an appropriate quantitative model to simulate

@ Springer

the metabolic flux was established. The metabolic network
of recombinant E. coli involving the L-MET pathway under
the aerobic conditions with glycerol was constructed. FBA
method was used to explore the effect of DO levels on intra-
cellular flux, particularly L-MET production and by-product
flows, which would help us to understand the impact mecha-
nism of these culture conditions on L-MET production and
provide a reference for subsequent optimization of molecular
and engineering strategies.

Materials and methods
Strains and medium

The bacterial strain used in this study was E. coli W3110
AmetJ Ametl AlysA Trc-metH Trc-metF Trc-cysE Trc-
metBL/IpTrc99A/metA*/yjeH (E. coli W3110BL), which
was constructed by our lab [10]. The recombinant strain
was derived from several genetic modifications of the
L-MET production strain E. coli W3110. Luria-Bertani (LB)
medium was used for seed cultures which contained 10 g/L
tryptone, 5 g/L yeast extract, and 10 g/L NaCl. L-MET fer-
mentation was conducted in MS medium and the medium
component optimization was done before, which contained
45 g/L glycerol, 12 g/L (NH,),SO,, 2 g/L yeast extract,
2 g/L KH,PO,, 7 g/L Na,S,0;, 1 mg/L VB,, and 1 mL/L
salt solution (MgSO,-7H,0 0.5 g/L, MnSO,-8H,0 5 mg/L,
FeSO,-7H,0 5 mg/L, and ZnSO, 5 mg/L) [31].

Cultivation conditions

Batch fermentation experiments were performed ina 5 L
bioreactor (working volume 3 L, stirred by a mechanical
agitator at 300 rpm). Seed cultures for fermentation were
grown by transferring fresh colonies to a 200 mL flask
containing 50 mL LB medium at 37 °C. After incubation
for 12 h, seed liquid was inoculated into 5 L bioreactor
containing 3 L cultivation media [35]. Cell was grown at
30 °C and 300 rpm with 1.0 vvm air delivery and 50 mg/
mL ampicillin was required to maintain plasmid retention.
Since the strains were L-lysine auxotrophic mutants, L-lysine
with final concentration of 1 g/L was added into the fermen-
tation broth. When the optical density at 600 nm reached
about 0.6, a final concentration of 0.05 mM isopropyl-f-p-
thiogalactopyranoside (IPTG) was added to the medium for
induction. The speed of agitator and ventilation rate were
used to keep dissolved oxygen (DO) at 10%, 30% and 50%
if necessary and the floating range of the DO value does
not exceed 5%. The pH was controlled at 7.0 by addition of
either H;PO, or NH;-H,O. Fermentation of different culture
conditions was conducted simultaneously for at least three
times [48].
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Theory of FBA

FBA is a modeling tool which involved the reconstruction of
metabolic network. The metabolic grid contains the neces-
sary biochemical reactions and then a mathematical repre-
sentation of the stoichiometric coefficients of each reaction
in the form of a matrix called stoichiometric model. And the
metabolic flux was estimated by these coefficients through
the metabolic network. The metabolic network consisted of
enzymatic reactions that facilitate the conversion of intra-
cellular metabolism and exchange of metabolites with the
extracellular environment. The transient behavior of these
processes could be quantitatively described by formulating
a dynamic mass balance over each intracellular metabolite
pool. The metabolic flux analysis was based on the pseudo-
steady-state hypothesis, which assumed that the change
rate of the concentration of intermediate metabolites in the
cell was zero, and n intermediate metabolites can obtain n
constraints on the rate of change [25]. Supposing the total
number of rates to be determined was J, then the degree of
freedom for solving the problem was F'=J—n. As long as
the number of uncorrelated rates measured was not less than
the degree of freedom F, the flux distribution of the entire
metabolic network can be determined. Therefore, the follow-
ing Eq. (1) was generated, which was used to describe the
transient behavior of each metabolite [30]:

dXi
= =25 (1)
J

wherein V; corresponded to the jth flux in the system; S;
showed the number of moles of metabolite i produced or
consumed in the reaction j; X; represented the concentra-
tion of the metabolite. In steady state, the concentration of
metabolites in the network was constant, and Eq. (1) could
be simplified into a set of linear homogeneous equations,
which are written in the equation using matrix representa-
tion (2) [29]:

S-v=0. 2

Equation (2) expressed a group of steady-state metabolite
balances, which were just linear combinations of reaction
rates [30], where S was a stoichiometric matrix of dimen-
sions m X n of stoichiometric coefficients containing m
metabolites in n reactions, and v was a flow vector corre-
sponding to the flow of n reactions [8, 29].

Metabolic network of Escherichia coliW3110BL

Escherichia coli can be developed to utilize various car-
bon sources for organic acid and amino acids production
effectively for its clear inheritance background [18, 19].

Glycerol is a potential substrate for the production of
amino acids, because of the higher reduced state [6, 28,
39]. Glycerol could be utilized by E. coli in both aerobic
and anaerobic conditions, which contains glycerol dis-
similation pathways, glycolytic pathway, pentose phos-
phate pathway (PP pathway), TCA cycle, amino acids
biosynthesis pathway, anaplerosis pathway and respira-
tory chain, etc. In this study, only the metabolic pathways
under aerobic condition were listed considering the DO
conditions in the experiment. Glycerol is first transferred
into DHAP after two steps of reaction by ATP-dependent
glycerol kinase and NAD*-dependent G3P dehydrogenase,
and then DHAP was transferred into GA-3P which was a
reversible reaction by triose-phosphate isomerase. After a
series of biochemical reactions, L-MET is finally produced
[45]. The E. coli biomass composition was based on the
previous report [7]. To facilitate calculation and analysis,
the metabolic network of this study was simplified accord-
ing to the previously reported method [29]: (1) since the
carbon source in the medium is glycerol and the nitrogen
source is an inorganic nitrogen source, the reaction path-
ways such as amino acid degradation reaction, nucleotide
salvage pathway, and utilization reaction of other carbon
sources are removed; (2) extraction of glycolytic path-
way, PP pathway, TCA cycle, oxidative phosphorylation,
major amino acid synthesis reaction in metabolic network;
(3) cells are thought to consist of proteins, DNA, RNA,
fatty acid, and cell walls, and the cell composition is nor-
malized, and the synthesis of fatty acid and cell walls is
expressed as a synthesis of precursors in a simplified meta-
bolic network; and (4) since the lysine synthesis pathway
of the strain was knocked out, the lysine synthesis branch
was not considered. The metabolic network of E. coli
W3110BL under aerobic glycerol fermentation is shown
in Fig. 1, which was based on the KEGG metabolic path-
way database and other publications. Abbreviations for the
metabolites and related metabolic reactions are listed in
Table S1 and Table S2, respectively.

Solution of the MFA models

In this study, a metabolic matrix which contained 43 meta-
bolic reactions and 38 intracellular metabolites were con-
structed according to Fig. 1, and the model had a degree
of freedom of 5. The specific rate for uptake glycerol (r,)
and the specific formation rate of formic acid, lactic acid,
acetic acid, L-MET and succinate (r3g, 139, 49, I35, and r;g)
could be measured. Hence, the positive definite system
could be solved by the software Matlab 2016a. All the flux
distributions were normalized based on the specific uptake
rate of glycerol of 100 mmol/(g celll-h) and expressed as
percentage.

@ Springer
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Fig. 1 Central carbon metabolic network of glycerol in Escherichia coli W3110BL under aerobic condition

Analytical methods

The optical density (OD) was measured at 600 nm and used
as an estimate of cell mass. The extracellular concentrations
of acetic acid, formic acid, succinate acid and lactic acid
were determined by high-performance liquid chromatog-
raphy (HPLC) equipped with a RI detector (Waters, Mil-
ford, MA, USA). Separation of metabolites was done by the
Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA)
working at 35 °C with a constant flow rate of 0.6 mL/min
(5§ mM H,SO,).

The concentration of L-MET in the culture super-
natant was determined by Agilent 1260 system HPLC
(Agilent Technologies, Santa Clara, CA, USA) equipped
with a UV detector working at 365 nm. A gradient of two
mobile phases was applied for L-MET separating: eluent A
26.6 mM ammonium acetate and eluent B chromatographic
grade methanol. After mixing A and B with 1:1 (v: v), ace-
tic acid was added to keep the pH at 7.0. And, 10 pL of the
sample was injected into the HPLC column (Unitary C g
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5 pm 100 A 250 mm X 4.6 mm) (Accheom, Wenling, China)
at a column temperature of 40 °C and a constant flow rate
of 1 mL/min [17].

Results and discussion

Growth characteristics of the L-methionine
producing E. coliW3110BL

Escherichia coli showed various DO demands at different
physiological stages, so higher or lower DO is unfavorable to
the normal fermentation process. Under high dissolved oxy-
gen conditions, the cells enter the decline phase in advance
and the cells grow slowly under low dissolved oxygen con-
ditions. In this study, the growth behaviors of the L-MET
producing E. coli W3100BL under three different DO levels
were investigated.

As shown in Fig. S1A and S1B, with the increase of DO
concentration, the specific growth rate and biomass were
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gradually increased at the early stage of the fermentation.
The cell growth decreased under 50% DO condition at the
stationary phase, which indicated that the metabolism of the
microorganism was accelerated and the growth time was
shortened at 50% DO condition, further reducing the pro-
duction of the metabolites. Meanwhile, the results in Fig.
S1B showed that the 10% DO level resulted in the lowest
biomass production.

The production of L-MET in Fig.S1C showed the same
trend as the cell growth. When DO was controlled at about
30%, the yield of L-MET was higher than that of the other
two groups. The L-MET production under 50% DO was
shown to be better than that of 30% at the lag phase, how-
ever, it continued to increase at the stationary phase at 30%
DO condition and reached maximum. This maybe because
the strains need more oxygen to grow at the early stage and
then enter into a stable period with the growth, resulting in
a decrease of respiratory rate and oxygen demand. There-
fore, the cell growth and L-MET production were generally
inhibited at lower DO concentrations, but a relatively higher
DO concentration could result in the rapid growth of the
strains and change of the metabolic flux, further reducing
L-MET production. Under lower DO condition (10%), the
concentration of lactic acid and acetic acid was higher than
that of the other two groups (Fig. S1D). The concentration
of lactic acid and acetic acid could reach about 2.45 g/L. and
2.14 g/L, respectively, which were almost twice as that of
the other two conditions. This may be due to the fact that
lactate dehydrogenase (LDH) for the synthesis of lactic acid
is more active under low DO condition [26]. The final pro-
duction of acetic acid under different conditions was similar
to that of lactic acid at the end of the fermentation, but the
fermentation curve showed that the acetic acid was gradually
increased in the early and middle stages of growth and then
decreased. Therefore, during the fermentation process, part
of acetic acid was used as the carbon source as the glycerol
exhausted.

As an important intermediate metabolite, aspartic acid
was a common precursor of L-MET, L-threonine and L-iso-
leucine. In this present study, L-aspartic acid, L-threonine
and L-isoleucine reached 1.58, 1.89 and 1.51 g/L at 30% DO

Table 1 Exponential growth of the E. coli at different DO levels

condition, respectively. In addition, lower productivity of
amino acid was obtained under a long-term low DO condi-
tion (10%), and the production of L-aspartic acid, L-threonine
and L-isoleucine decreased by 26.6%, 34.9% and 23.2%,
respectively, compared to the 30% DO condition. Table 1
showed some parameters at the exponential growth phase
with different DO levels. With the increase of DO level from
10 to 50%, the specific growth rate of cells (0.16-0.22 h™")
and the biomass yield Yy, (0.10-0.18 g g glycerol™") were
all increased. On the contrary, the specific uptake rate of
glycerol was decreased, which may because of the reason
that we mentioned above that more intermediate metabolite
could be produced at higher DO level, then some of them,
such as acetic acid, were consumed as the carbon source,
thereby reducing the specific uptake rate of glycerol. At the
same time, the specific rate of acetic acid formation had a
significant decrease from 3.04 to 0.47 mmol/(g cell-h) with
the increasing DO level, and acetic acid yield was fivefold
lower under 30% DO (0.02 g g glycerol ') compared to that
of 10% DO (0.11 g g glycerol™"). When the DO exceeded
30%, the specific formation rate of acetic acid increased
slightly, which indicated that both lower and higher DO
would produce more acetic acid as reported in the previ-
ous research [1, 33]. The specific formation rate of L-MET
was maximal at 10% DO [0.52 mmol/(g cell-h)], but the
maximum yield Y,,,; 0f 0.05 g g glycerol™! was obtained at
30% DO level, which showed significant differences with the
other two conditions (p value < 0.01). Therefore, the method
of controlling DO levels in stages should be adopted to
improve the fermentation efficiency of L-MET in the future
experiments.

Effect of DO on central carbon metabolic fluxes

Estimation of carbon flux by FBA was achieved by maxi-
mizing or minimizing a biologically relevant objective with
pseudo-steady-state approximation for the metabolites. Fig-
ure 2 indicated the central metabolic fluxes at different DO
levels of 10-50%, including the glycolytic pathway, PP path-
way, TCA cycle, the synthesis of amino acid, and the cofac-
tor and ATP metabolism. At G-6-P node, the carbon flux of

DO level (%)  Specific Specific rate [mmol/(g cell-h)] Yield (g g‘l)a

growth rate — - -

(=" Glycerol uptake  L-Methionine formation ~ Acetate formation ~ Y3, Ywe Y
10 0.16+0.015  18.13+0.12 0.52+0.028 3.04+0.14 0.10+0.01 0.05+0.001  0.11+0.01
30 0.20+0.012  13.95+0.11 0.44+0.029 0.47+0.03 0.13£0.005  0.05+0.001 0.02+0.001
50 0.22+0.016  10.23+0.06 0.24+0.013 0.53+0.03 0.18+£0.005  0.04+0.001  0.03+0.001

Yy, biomass yield on glycerol, Y,,,; L-methionine yield on glycerol, Y, ; acetate yield on glycerol

®p value < 0.01, data not shown
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Fig.2 Metabolic flux of glycerol in E. coli W3110BL under different DO levels. All the flux values are normalized to the specific uptake rate of

glycerol of 100 mmol/(g cell-h)
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Fig.2 (continued)

PP pathway and glycolytic pathway was affected markedly
by DO levels. When the DO level was 10%, the flux of PP
pathway was about 41%, but it would enhance to 51% as DO
level increased to 30%. The PP pathway can provide a large
amount of reducing power NADPH for amino acids syn-
thesis and changing DO level leads to a redirection of car-
bon from glycolysis towards the PP pathway for increasing
NADPH supply, and then meet the requirement of NADPH
for the synthesis of biomass. Therefore, the increasing meta-
bolic flux of the PP pathway benefited the improvement of
the biosynthesis of L-MET, which was consistent with our
experimental results [38]. However, under the 10% DO level
condition, there was more carbon flux flow into 3-GP from
GA-3P (Fig. 2), so the flux to glycolysis pathway decreased
from 77.6 to 73.1% with the increase in DO levels from 10
to 30%. Ac-CoA is an important precursor for the synthesis
of TCA cycle products, and the flux to Ac-CoA had a sharp
decline from 37.2 to 18% with the increasing DO levels from
10 to 30%, and then back to 23.1% at 50% DO level. OAA
was another key intermediate in the TCA cycle obtained
from PEP. When the DO was controlled at 30%, the car-
bon flux of synthesizing L-MET was mainly obtained from
the reaction of PEP to OAA but not from the TCA cycle
(Fig. 2). Hence, increase of the PEP flow to the OAA was

more conducive to the target product L-MET. The reaction
was catalyzed by phosphoenolpyruvate carboxylase (PEPC)
which has been reported that overexpression of PEPC could
enhance the production of malic acid in E. coli [24]. As
an important intermediate of TCA cycle, malic acid is the
precursor of OAA and the flux of OAA determines the flux
to L-MET. Therefore, we suspected that DO levels might
affect the activity of PEPC and then changed the metabolic
flux of intermediates in the TCA cycle [20]. Thus, a proper
increase of the DO level would allow more carbon flux from
the replenishing pathway to the OAA and then improve the
carbon flux to L-MET and reduce the flux to TCA cycle and
by-product synthesis. Moreover, lower or higher DO had a
negative effect on the flux of this reaction, which reduced
64.7% and 24.3% compared with that at 30% DO, respec-
tively [2].

As for the synthesis of amino acids, the highest flux dis-
tribution to the goal product L-MET of 4.8% was obtained
at 30% DO level, however, the flux to the other amino acids,
mainly including glutamic, glutamine, serine and aspartate
was highest at 48.7% when DO reached 50%. It has been
reported in the literature that maintaining a high DO level
during fermentation was beneficial to the production of
glutamic acid [44]. From the results of metabolic flow, it
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could be concluded that the synthesis of organic acids was
affected obviously by the DO levels. When low DO of 10%
was controlled, 16.8% carbon flux was used to synthesize
acetic acid and it reduced to only 3.4% when DO increased
to 30%. Similarly, the fluxes of influent formic acid and lac-
tic acid were also lower at 30% DO. In addition, it showed
during the late exponential growth phase, the carbon flux
used for cell growth was almost the same at 30% (4.8%) and
50% DO (4.7%).

Cofactor NADH/NADPH and ATP metabolic flux
under different DO conditions

The metabolism of the cofactor NADH/NADPH and the
energy ATP was important for the fermentation process [47].
Energy ATP and NADH cooperated to visualize the process
of intracellular biological reaction [47]. The NADH cofac-
tor plays an important role in biological oxidation reduction
reactions during catabolism, while NADPH plays a key role
in biosynthetic anabolism reactions. Under aerobic condi-
tion, NADH is used as an electron donor for ATP production
in the electron transport chain, which is used for reduced
metabolites production under fermentation conditions [14].
The metabolic pathway of L-MET is similar to the forma-
tion of L-isoleucine, which needs 2 mol of NADPH from
homoserine to synthesize 1 mol of L-MET. Many studies
have shown that the L-isoleucine yield could be significantly
enhanced by increasing the intracellular NADPH content.
Therefore, the transformation of the coenzyme flow based on
the analysis of the L-MET anabolic pathway may result in a
significant increase in the yield of L-MET [32, 42].

It was reported that the metabolic balance of cofactors
and energy can be assessed by metabolic flux [43]. In this
metabolic pathway, NADPH was mainly produced by the
reaction of glucose 6-phosphate dehydrogenase through
the PP pathway. In addition, the NADPH-dependent isoci-
trate dehydrogenase in the TCA cycle can also catalyze the
reversible conversion between NADH and NADPH [9, 43].
The formation of ATP was mainly formed by substrate-level
phosphorylation (glycolysis, TCA cycle and acetate secre-
tion pathway) and oxidative phosphorylation. The relative
contribution of these pathways to NADPH/NADH produc-
tion and ATP utilization of E. coli W3110BL under different
DO conditions is shown in Fig. 3 . The results in Fig. 3a
indicated that NADH was mainly generated from the glyco-
lysis pathway. With higher DO levels, the NADH produced
by the glycolysis pathway was relatively reduced, suggest-
ing that under hypoxic conditions, the intracellular NADH
cannot be consumed in time by the respiratory chain and
then accumulated in large quantities. Hence, the level of
oxidative phosphorylation was theoretically relative lower.
To provide enough ATP to satisfy the growth of the cells, the
cells must undergo a large amount of substrate to synthesize
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ATP by phosphorylation. Through the glycolysis pathway,
a large amount of pyruvate was produced and then lactic
acid would be produced with the consumption of NADH,
which was consistent with the result that NADH consump-
tion for lactic acid was 26 mmol/(g cell-h) under the 10% DO
level condition, lower than that of 30% and 50% DO level,
respectively. It has also been reported that NADH acted as
a cofactor for the formation of lactic acid from pyruvate by
lactate dehydrogenase, and the lower DO was advantageous
to promote the activity of lactate dehydrogenase, thereby
accumulating lactic acid [26].

The PP pathway was the main source of NADPH and
NADPH was primarily used for the synthesis of amino acids
and biomass (Fig. 3b). The results obtained in this study
showed that the appropriate increase in DO levels (10-30%)
will enhance the amount of NADPH required for biomass
synthesis. This was consistent with the results of carbon
metabolism that the PP pathway was more active and pro-
duced more reducing power NADPH under the 30% DO
condition. The regulation of DO level during the E. coli
W3110BL fermentation process actually influenced the
intracellular energy level and then affected the intracellular
re-oxidation pathway of NADH/NADPH. The decrease in
NADH and the increase in NADPH ultimately resulted in
a slightly higher oxidation state in both the cytoplasm and
mitochondria of the recombinant E. coli. From the increase
in L-MET concentration and the change in the levels of by-
product lactic acid and oxidative phosphorylation, it can be
suspected that the NADPH regeneration system plays the
key role in material redistribution, consumption of NADH,
and increase of the intracellular level of NADPH, thereby
promoting synthesis of L-MET in E. coli. In addition, the
sulfate assimilation also required NADPH for sulfur reduc-
tion and approximately 8.5 mol of NADPH is required for
the biosynthesis of 1 mol of L-MET in E. coli [15]. There-
fore, the synthesis of L-MET is not only limited by NADH,
but the deficiency of NADPH also affects the synthesis of
L-MET. In the subsequent studies, tuning intracellular ATP
and NADPH levels and ratios should be considered to fur-
ther increase L-MET production.

Conclusions

In this study, the FBA method was used for L-MET fermen-
tative production to comprehend the metabolic mechanism
of recombinant E. coli W3110BL under different DO condi-
tions. The results revealed the producing L-MET flux was
higher at 30% DO level and the carbon fluxes for synthesis
of L-MET were mainly obtained from the reaction of PEP
to OAA but not from the TCA cycle. Additionally, NADPH
plays an important role in the synthesis of amino acids
and biomass and pentose phosphate pathway was the main
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the intracellular energy levels. This study laid a foundation
for the production of L-MET with high yield by the geneti-
cally engineered E. coli strains.
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