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In this study, an efficient strategy of high-cell-density cultivation was exploited to obtain recombinant
L-glutamate oxidase (LGOX), which was used to produce alpha-ketoglutaric acid (a-KG) from L-glutamic
acid. First, lactose was used to replace isopropyl 3-D-1-thiogalactopyranoside as a cheaper and more
effective inducer. Second, a novel, two-stage feeding strategy was proposed, in which the exponential
feeding mode was first performed in a 5-L fermenter until the maximum dissolved oxygen (DO) con-
centration was reached, which was followed by a DO-stat feeding mode. Based on the two-stage feeding

{fec,yl‘:lvfarrf;te oxidase strategy and by optimizing the induction strategies, the maximal cell density and LGOX activity reached
@-KG 48.4 ¢g/L and 156.1 U/mL, respectively, after 20 h of cultivation. When a whole-cell biocatalyst was used,
Lactose the titer of a-KG was up to 127.2 g/L from 132 g/L L-glutamic acid in 24 h.

High-cell-density culture
Whole-cell transformation
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1. Introduction

alpha-ketoglutaric acid (a-KG) is an important dicarboxylic acid
in the tricarboxylic acid cycle (TCA), and it plays a central role in
carbon and nitrogen utilization [1]. It is widely used in the food
industry, as well as in medicine, agriculture, and other fields [2-5].
Especially, it is currently being investigated as a cancer therapy in
clinical trials [6-8], and it also be used as a co-substrate for the
synthesis of hydroxyl amino acids, such as 4-hydroxyproline [9], 4-
hydroxyisoleucine [10], etc. Currently, there are three approaches
to produce a-KG: chemical synthesis, microbiological production,
and enzymatic transformation. Chemical synthesis from diethyl
succinate and diethyl oxalate has successfully been used in the
large-scale industrial production of a-KG, but it results in a low
yield and produces toxic chemicals and solvents that generate
environmental hazards [4,5]. Microbiological production of a-KG
has been studied for several decades and it had gotten great
progress (a-KG yield was up to 186g/L) [11], although different
by-products are produced [12] and a long fermentation period is
required [2,13]. Enzymatic transformation, which is environmen-
tally friendly, requires less energy, has a high selectivity, produces
fewer by-products, and is non-toxic, has received increasing
attention [14-16].
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To produce more a-KG via a biocatalyst, a highly efficient
enzyme source must be selected. Until now, two enzymes have
been reported to produce a-KG from L-glutamic acid: including L-
amino acid oxidase (LAAO) [17] and L-glutamate oxidase (LGOX)
[14]. LAAO has a low substrate specificity, and it is highly subject to
competitive inhibition and by a high «-KG concentration [15,17],
which results in a decreased conversion ratio and low productivity.
Using a Bacillus subtilis whole-cell biocatalyst, which was generated
by inserting an L-amino acid deaminase and deleting the a-KG uti-
lization pathway, the a-KG titer increased from 4.65 g/Lto 12.21 g/L
[18]. LGOX has a high specificity and a low Ky, value with respect
to L-glutamic acid, and this enzyme resulted in a maximum «a-KG
yield of 104.7 g/L from 110 g/L L-glutamic acid in 24 h [14]. Thus,
LGOX has great potential in the industrial production of «-KG, as
it meets the following criteria: 100 g/L of substrate loading, a 98%
conversion ratio, a reaction time that is less than 24 h, and 5 g/L of
biocatalyst loading [14,19].

In our previous study, a recombinant Escherichia coli strain
expressing LGOX was constructed for the production of a-KG from
L-glutamic acid. A strategy of increasing the expression of LGOX in
shake flasks was developed, and LGOX activity reached 0.59 U/mL
after 7 h of cultivation. However, 1.5 U/mL of LGOX were needed to
produce the highest a-KG titer (104.7 g/L) from 110 g/L L-glutamic
acid in 24 h [14]. Thus, large amounts of cells and enzymes are
required for large-scale a-KG production. In general, the major
limiting factor for the industrial production of «-KG is the low
biomass of the recombinant strain and the low LGOX activity. The
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most effective and broadly applied method to increase biomass is
high-cell-density cultivation (HCDC) [20]. To increase enzymatic
activity, different culture methods and induction strategies can be
used to increase the concentration of biomass, as well as the specific
cellular productivity [21].

In this study, three steps were performed to achieve high-level
expression of LGOX. First, lactose replaced isopropyl B-D-L-
thiogalactopyranoside (IPTG) as the inducer, which decreased the
production cost. Second, a novel, two-stage feeding strategy was
developed to increase cell density. Third, different feeding strate-
gies were performed to enhance the expression of recombinant
LGOX. Finally, the cost-effectiveness of the whole-cell transforma-
tion of L-glutamic acid to a-KG using HCDC cells was investigated.

2. Materials and methods
2.1. Bacterial strains and culture medium

A recombinant E. coli strain expressing LGOX was prepared by
inserting plasmid pET28a expressing LGOX into E. coli BL21 (DE3)
[14]. This strain was constructed successfully in our laboratory, and
stored frozen at —70°C in stock solutions of LB medium containing
15% (v/v) glycerol. LB medium (5 g/L yeast extract, 10 g/L peptone,
and 5g/L NaCl) was used for the preparation of the seed culture.
Terrific broth (TB) medium (4g/L glycerol, 24 g/L yeast extract,
12 g/L peptone, 2.31 g/L KH;POg4, and 12.54 g/LK,;HPO,4) was used
in the shake flask experiments and batch/fed-batch cultivations.
Kanamycin (0.1 g/L) was added to the media to maintain the plas-
mid. The feeding solution was composed of 500 g/L glycerol and
30g/L MgS04-7H;0. The induction medium contained 200 g/L lac-
tose.

2.2. Shake flask and batch experiments

A seed culture was started by inoculating 100 p.L of frozen glyc-
erol stock into 25ml of LB medium in a 250-ml shake flask and
culturing for 8-10 hat 37 °C with shaking 200 rpm. The seed culture
was thaninoculated into TB medium (4% v/v) for the shake flask fer-
mentations. The biomass increase was checked by measuring the
absorbance at 600 nm with a spectrophotometer (UV-mini 1240,
Shimadzu, Kyoto, Japan) and by determining the cell dry weight of
5-mL broth samples after centrifugation at 10,800 x g for 10 min
(5804R, Eppendorf, Enfield, CT, USA), followed by two washes with
deionized water and oven drying at 70 °C to a constant weight. Cul-
tures were induced when the optical density at 600 nm (ODggg)
was around 0.6-0.65, at which time the growth temperature was
reduced to 30°C. Preliminary experiments to compare growth and
enzyme production were performed in TB medium, with induction
by 1, 3, 5, or 7g/L lactose. Control experiments were performed
in parallel in the same media using the optimal IPTG induction
conditions [14].

In the fermentation tank, we used soya peptone and Angel yeast
(Angel Yeast Co., Ltd., Hubei, China) instead of peptone and yeast
extract in the TB medium. Batch fermentations were performed in
5-Lbioreactors (Baoxing, Shanghai, China) in a 2-L working volume.
The temperature, agitation rate, and aeration rate were initially
adjusted to 37°C, 400 rpm, and 1.0 vvm, respectively, after inocu-
lation with 80 mL of the seed culture. When the ODggg reached 2.0,
lactose was added to a final concentration of 5 g/L after reducing
the temperature to 30°C, and the induction continued for 5 h.

2.3. Feeding strategies to increase cell density
A 5-L bioreactor equipped with pH and pO, probes (Mettler

Toledo, Greifensee, Switzerland) and four peristaltic pumps for the
addition of antifoaming agent, acid, base, and feeding solutions was
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used for the fed-batch experiments. The initial bioreactor param-
eters and inoculum concentration were the same as in the batch
experiments. In the batch phase, dissolved oxygen was kept at
30-40% saturation by controlling both the inlet air and the agita-
tion rate. After depletion of the initial glycerol in the batch medium,
the DO level began to rise and the feeding solution was initiated.
Then, different feeding methods were performed. In the DO-stat
feeding strategy, the feeding solution was added via a peristaltic
pump when the DO level was above 30% saturation. The second
experiment employed an exponential feeding strategy with a spe-
cific growth rate (p) of 0.25h~!. The third experiment combined
exponential feeding (1t =0.25h~1) and the DO-stat strategy. In the
exponential feeding stage, the DO level was maintained at 30-40%
until the agitation rate and aeration exceeded the maximum set val-
ues (900 rpm and 3.0 vvm), at which time there was a shift to the
DO-stat feeding method. During all the fermentations, the pH was
maintained at 7.0 by the addition of 25% (v/v) NH4OH. Foam was
controlled by the addition of a silicone-based anti-foaming reagent.
In all fermentations, cells were induced with 5 g/L lactose when the
ODggg reached its maximum value, after which the ODggy barely
changed, or even declined slightly, over the last 2 h. Subsequently,
the growth temperature was reduced to 30°C.

Exponential feeding was performed using Eq. (1), which was
obtained from the mass balance of the cells and substrate, and by
assuming a quasi-steady state and a constant fermentation volume
[22,23]:

t
Ms (£) = F(£)So = [14(t) /Yy/s +m] XeoVeoexpl / () dt] (1
0

where M;s(t) is the mass feeding rate of glycerol (g/h), Vg is the
medium volume in the bioreactor (liters), X;g is the mass concen-
tration at the start of the feeding step (g/L), t is the time (h), u(t) is
1 as a function of the process time (h=1), Sy is the glycerol concen-
tration (g/L) in the feeding solution, F(t) is the feeding rate (L/h),
Yy/s is the yield of biomass/substrate (g/g), to is the time at the
start of feeding (h), and m is the specific maintenance coefficient
(g/h/g). The yield coefficient (Yx/s) and the maintenance coefficient
(m)weresetto0.5and 0.025 g/L/g, respectively, for all experiments.

2.4. Strategy to enhance LGOX activity in fed-batch experiments

The optimum feeding strategy was determined to be a combi-
nation of exponential feeding and DO-stat feeding. Then, different
methods were used to enhance the expression of the recombination
protein. In the first experiment, different x values, such as 0.25, 0.4,
and 0.55h~!, were adopted during the pre-induction in the expo-
nential phase. In this phase, carbon source feeding was achieved
through a feeding pump that was controlled by the Eq. (1) until
the agitation rate and aeration exceeded the maximum set values.
Then, it shifted to the DO-stat feeding method. Additionally, the
time of induction was optimized, starting from cell densiy values
of 9, 18, or 27 g/L. Furthermore, induction was performed after set-
ting the temperature to 30°C and by using 5 or 10 g/L lactose at cell
density values of 18 g/L or 5 g/L lactose + 5 g/L lactose at cell density
values of approximately 18 and 27 g/L. In all cases, the final biomass
was harvested after 18-20 h of growth by centrifuging the broth at
4°C and 8000 x g for 5 min. The centrifuged biomass was frozen at
—70°C.

2.5. Production of a-KG from L-glutamic acid via LGOX
The transformation reaction was optimized under the following

conditions: 50 mL of 0.1 M phosphate buffer (pH 6.5) were added to
a500-mL flask on a rotary shaker (200 rpm) at 30 °C, which included
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a whole-cell biocatalyst, L-glutamic acid, catalase, and 4-5% triton
X-100. Different concentration of whole-cell biocatalyst, L-glutamic
acid, and Catalase were investigated to optimize o-KG production.
Three different levels (L-glutamic acid, catalase and whole-cell bio-
catalyst) was designed as a L9-orthogonal array. All measurements
were taken in triplicate and experiments were repeated three times
to evaluate the standard deviation.

2.6. Measurement of LGOX activity

LGOX activity was measured by using a 4-aminoantipyrine sys-
tem [24] (per assay:1.0 ml of 121.5 p.g/mL 4-aminoantipyrin, 1.4 ml
of 0.26 pL/mL N,N-dimethyl aniline, 0.1 ml of 60 U/mL horseradish
peroxidase, and 0.5 ml of 11 mg/mL L-glutamate in a total volume of
3.0mL). The reaction was started by the addition of LGOX and then
the absorbance at 550 nm was measured after 10 min. The value
of Assg should range from 0.2 to 0.5; otherwise, the results were
not usable. One unit of LGOX activity was defined as the amount of
enzyme that liberated 1 wmol H,0, per min:

LGOXactivity(U/mL) = 1:;% x % x 11—0

where Ass is the absorbance at 550 nm, 14.3 is the extinction value
of every millimole of the quinine imine compounds, 3.1 is the total
reaction liquid volume (mL), 0.1 is the enzyme volume (mL), 10 is
the reaction time (min), and C is the dilution multiples.

x C (2)

2.7. HPLC analysis

The glycerol and acetate concentrations in the medium during
the fermentation were measured by HPLC (Agilent 1260, Agilent,
USA) [25], by using an ion-exchange column (Supelcogel C-610-H,
30cm x 7.8 mm, Supelco, USA) at 30°C and with a 0.1% (v/v) H3POy4
buffer at the flow rate of 0.5 mL/min. Glycerol was detected by RI
detector, while acetate was detected by UV detector at 210 nm. The
a-KG concentration was measured by HPLC [26], by using ZORBAX
SB-Aq reversed-phase column at 35 °C with mobile phase (19.7 g/L
NayHPO4 +1.2% H3PO4 + 1% acetonitrile, pH 2.0) at the flow rate of
1.0 mL/min and UV detector at 210 nm.

3. Results
3.1. Lactose as induction agent for LGOX production

The effect of lactose concentrations on LGOX activities was
investigated at an ODggg of 0.6, and the results are illustrated
in Fig. 1A. LGOX activity increased with lactose concentration,
from O to 5 g/L, and the maximum LGOX activity (4.53 U/mL) was
observed at 5 g/L. Moreover, the optimal induction time was 5h,
at which time the maximum recombinant LGOX activity achieved
was 4.78 U/mL (Fig. 1B), an increase of 53.2% compared with an
IPTG-induced control experiment (3.12U/mL). Furthermore, lac-
tose was used in the 5-L batch-fermentation to improve the LGOX
yield. Fig. 1C shows that LGOX activity reached its maximum
value (9.43U/mL) after 5.5h of growth, at which time cell den-
sity reached 4.40 g/L (ODggg = 10.2), representing 97.3% and 54.5%
improvements compared with the lactose-induced shake flask.

3.2. Feeding strategies to increase cell growth

Two different feeding methods, including DO-stat and expo-
nential feeding, were applied to increase cell density and LGOX
activity. When glycerol was completely exhausted or the DO level
increased sharply (after about 4 h of growth), the DO-stat feeding
strategy was initiated by feeding glycerol via a peristaltic pump
to maintain the DO value below 30%. Fig. 2A shows that the final
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Fig. 1. Expression condition optimized on recombinant LGOX using lactose inducer,
and batch fermentation. (Arrows show the points of induction).
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cell density and LGOX activity of the DO-stat method were 21.4g/L
(ODgpo =47.7) and 35.6 U/mL, respectively, after 16 h of growth and
5h of induction. Throughout the fermentation period, the acetate
concentration was below 0.68 g/L, which benefitted the expression
of the recombinant protein, and the glycerol concentration was
below 4 g/L. However, the cell density was not sufficient to meet
industrial requirements, as it was only 7.9-fold greater than that of
the shake flask experiment. Thus, an exponential feeding strategy
(;=0.25h"1)was performed, and the final cell density was 33.7 g/L
(ODggg =74.6), which was 57.5% higher than that of the DO-stat
feeding strategy, and the LGOX activity was 33.9 U/mL after 16 h of
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Fig. 2. Time courses of HCDC under DO-stat feeding, exponential feeding and the
two-stage feeding strategy (Arrows show the points of induction).

growth (Fig. 2B). After 12 h, acetic acid, a major by-product, began
to accumulate, reaching 2 g/L at 14 h, which further inhibited cell
growth and LGOX expression [27].

The above results (Fig. 2 and Table 1) demonstrated that dur-
ing the pre-induction of the single exponential feeding strategy,
the biomass productivity was 36% higher than that of the single
DO-stat feeding strategy. However, the LGOX specific activity in
the single DO-stat strategy increased by 66% compared with that
of the single exponential feeding. Thus, an exponential feeding
at the mid-fermentation stage was advantageous to cell growth,
while a DO-stat feeding strategy at a later stage enhanced LGOX
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production and further increased the cell density by decreasing
acetate accumulation. To increase the cell density and LGOX pro-
duction, a two-stage feeding strategy, as opposed to a single feeding
strategy, should be used: after the initial amount of glycerol was
exhausted after 4h of growth, the fermentation shifted to expo-
nential feeding. In the exponential feeding stage, the DO level
was maintained at 30-40% of saturation until the agitation rate
reached its maximum set value of 900 rpm. Then, the feeding strat-
egy shifted to DO-stat strategy to avoid the acetate accumulation
that began after approximately 11 h of growth.

The time course of the feeding shift strategy is shown in Fig. 2C,
and the data are summarized in Table 1. With the two-stage feed-
ing strategy, the maximum cell density (41.6 g/L), LGOX activity
(59U/mL), and biomass production (2.31g/L/h) were achieved at
18 h, representing 93.9, 66, and 72.3% increases compared with
those of the single DO-stat feeding strategy, and 23.4, 74, and 10%
increases compared with those of the single exponential feeding
strategy, respectively. Furthermore, after induction, the cell den-
sity of the two-stage strategy increased from 27.0 to 41.6 g/L, higher
than that of the single exponential feeding strategy, in which the
cell density increased from 26.5 to 33.7 g/L. These results demon-
strated that the proposed two-stage feeding strategy improved the
cell density and LGOX activity.

3.3. Induction strategies to enhance LGOX production

On the basis of the two-stage feeding strategy, some methods
to increase LGOX activity were performed. First, a different x value
during exponential feeding can significantly influence recombi-
nant protein synthesis [28,29]. The effect of u (0.25h~1, 0.4h~!
and 0.5h~1) on the ODggg, LGOX activity, and acetate produc-
tion were investigated, and the results are illustrated in Fig. 3.
After the exponential feeding stage, 1« values of 0.25h~1, 0.4h-1,
and 0.55h~! were shifted to DO-stat feeding at 11, 8, and 7h,
respectively. The cell density during pre-induction increased more
quickly from 0.25h~! to 0.55h~!, whereas the final cell densi-
ties were similar, about 41.6, 42.7, and 43.2 g/L, respectively, at
20h (Fig. 3A). However, the LGOX activity achieved its maximum
value, 75.6 U/mL when p was 0.4h~1, 28.1 and 8% higher than at
1 values of 0.25h~! and 0.55h~1, respectively (Fig. 3B). In all the
fermentations using the two-stage feeding strategy, the acetate
concentration was always under the inhibiting level of 2 g/L and
the residual glycerol concentration was always below 1g/L after
4h of growth. Among them, a i value of 0.4h~! was confirmed as
the basic condition of the exponential feeding stage because of its
higher LGOX production.

Second, the effects of induction at different cell densities (9, 18,
or27 g/L) on the cell density and LGOX activity, based on a u value of
0.4h~! during the exponential feeding stage, were examined. The
final cell densities of the low and intermediate cell density induc-
tions were similar, about 48 g/L, which were 12.4% higher than that
of the highest cell density induction (Fig. 4A). The maximum LGOX
activity (101.3U/mL) was achieved during the intermediate cell
density induction after 20 h of growth, while the LGOX activities
following the low and high cell density inductions were 83 U/mL
and 80 U/mL, representing increases of 22 and 26.6%, respectively
(Fig. 4B). Therefore, the optimal induction density was 18 g/L.

On the basis of the above results, the effects of lactose concen-
tration on cell density and LGOX activity were investigated. The
final cell densities in all the fermentations reached equivalent val-
ues of about 48 g/L (Fig. 5A), whereas the LGOX activities differed
greatly. The LGOX activity reached 156.1 U/mL during the 10g/L
lactose induction, 54.1% higher than that of the 5 g/L lactose induc-
tion. Furthermore, it was 45.7% higher than the two-step induction
method (107.1 U/mL).
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Table 1
Comparison of parameters of HCDC with different feeding strategies.
Parameters DO-stat Exponential feeding Two-stage feeding strategy
Fermentation time (h) 16 16 18
The final cell density (g/L) 21.4+0.91 33.74+0.51 41.6+1.36
Productivity of biomass (g/L/h) 1.34 2.1 2.31
LGOX activity (U/mL) 35.6 £2.0 33.9+2.1 59+29
Specific activity (U/mg) 1.66 1.0 1.42
The time of induction (h) 11 11 11
Cell density at induction (g/L) 15.94+0.45 26.5+0.60 27.0+£0.72
Biomass productivity at pre-induction (g/L/h) 1.45 2.41 2.46
The maximum acetate concentration (g/L) 0.68+0.12 9.5+0.2 0.75+0.15
60 100:
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Fig. 3. The effect of ¢ value on cell density, LGOX activity in HCDC (Arrows show the points of induction).
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Fig. 4. The effect of induction phase on the activity of recombinant LGOX in fed-batch experiments (Arrows show the point of induction).
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Fig. 5. Comparison of three induction condition by lactose (Arrows show the point of induction; 5 g/L, 10 g/L on behalf of the final inducer concentration at 8 h, 5+5g/L on
behalf of two-step inducted at 8 h and 14 h).

3.4. Enzymatic transformation of L-glutamic acid into «-KG in instead of IPTG for induction, and the LGOX activity increased
HCDC cells by 53.2%. In the second step, the two-stage feeding strategy was
used to increase the cell density from 2.76 to 41.6 g/L. In the last

From the above experiments, we can intuitively understand step, different induction strategies were performed on the basis of

the effect of every stage of HCDC to produce LGOX for industrial- the two-stage feeding strategy, and the LGOX activity increased
scale applications (Table 2). In the first step, lactose was used from 59 to 156.1U/mL. Through all three steps, the final cell
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Table 2
Comparison of different stages in HCDC to product recombinant LGOX.
Parameter IPTG-induced in Lactose-induced The two-stage The optimal
shake flask/A in shake flask/B feeding induction
strategy/C strategy/D
Fermentation time (h) 7 7 18 20
The final cell density (g/L) 2.49+0.23 2.76+£0.23 41.6+1.36 48.4+0.91
Productivity of biomass (g/L/h) 0.36 0.39 2.31 242
LGOX activity (U/mL) 3.12+0.2 4.78+0.3 59+2.9 156.1+5.4
Specific activity (U/mg) 1.25 1.64 1.42 3.23
Productivity of LGOX (U/L/h) 445.7 647.1 3277.8 7804
The maximum acetate concentration (g/L) - - 0.75+0.15 1.32+0.19
Glycerol consumption (g/L) - - 150£5.0 1554+4.5
Table 3
Orthogonal array design to improve a-KG production.
Run Factors A B C a-KG titer (g/L)
A B C Glumatic acid (g/L) Catalase (U/mL) Whole-cell biocatalyst (U/mL)
1 1 2 3 110 900 6 109.8+1.2
2 1 3 2 110 1200 4.5 1104+1.2
3 1 1 1 110 600 3 94.7 £3.1
4 2 3 3 132 1200 6 116.2+0.8
5 2 2 1 132 900 3 102.2+4.9
6 2 1 2 132 600 4.5 103.8+1.0
7 3 3 1 154 1200 3 104.5+2.9
8 3 1 3 154 600 6 104.3+33
9 3 2 2 154 900 4.5 108.5+6.0
Ky 104.967 100.933 100.467
K> 107.400 106.833 107.567
K3 105.767 110.367 110.100
R 2.433 9.434 9.633
Q Ay B3 G

density, LGOX activity, LGOX specific activity, biomass productiv-
ity,and LGOX productivity reached 48.4 g/L, 156.1 U/mL, 3.23 U/mg,
2.42 g/L/h, and 7,804 U/L/h, representing 19.4-, 50-, 2.6-, 6.7-, and
17.5-fold increases, respectively, compared with those in the shake
flask experiment with IPTG induction.

The highly efficient expression of recombinant LGOX in E. coli
has great potential for the large-scale production of «a-KG. A
newly generated whole-cell biocatalyst was used to increase «-
KG titer, and the optimum proportions of L-glutamic acid, catalase,
and whole-cell biocatalyst were examined by using an orthogo-
nal array design (Table 3). The order of influence was whole-cell
biocatalyst > catalase > L-glutamic acid, and whole-cell biocatalyst
and catalase contributed the almost equivalent effect larger than
L-glutamic acid. Optimal conditions for a-KG production were
132 g/L L-glutamic acid, 1200 U/mL catalase and 6 U/mL whole-cell
biocatalyst (A;B3C3), and the highest a-KG titer was observed to be
116.2 g/L.

The influence of Mn2* addition on the production of a-KG is
checked (Fig. 6A). The optimal concentration of MnZ* was 1 mmol/L.
Under the optimal conditions of 30 °C and pH 6.5, the highest a-KG
titer reached 127.2 g/L from 132 g/L L-glutamic acid, with conver-
sion ratio 97.0%, increased by 9.5% as compared with no Mn2*
addition. From the conversion time profiles (Fig. 6B), it can be seen
that the maximum titer of «-KG was reached at 24 h. The initial
rate of production was about 10.2 g/L/h, and the average rate of
production was about 5.3 g/L/h.

4. Discussion

To increase the production of a-KG, the cell density and LGOX
activity were improved in this study. High cell density is required
to ensure that there are a sufficient number of cells to produce
the large amounts of enzyme required for industrial processes.
Thus, the two-stage feeding strategy with lactose induction, which
consisted of an exponential feeding strategy combined with a

httne://freananar me/t/EoWEAL

DO-stat feeding strategy, was demonstrated to be the optimal feed-
ing method, as it increased the cell density from 2.49 to 41.6 g/L. On
the basis of the two-stage feeding strategy, different strategies were
used to increase LGOX expression, and the maximum cell density
and LGOX activity reached 48.4 g/L and 156.1 U/mL, respectively, in
20h(Table 2). As aresult, 127.2 g/L a-KG was obtained from 132 g/L
L-glutamic acid in 24 h by optimizing HCDC whole-cell transforma-
tion.

Regarding the choice of inducer, IPTG is routinely used to induce
recombinant proteinin the laboratory because of its stability, which
results from the fact that it is not metabolized. However, its toxic-
ity and high price increase production costs during industrial-scale
fermentations. Lactose is a less expensive and nontoxic alternative
[30]. Additionally, it can be used a carbon source, which benefits
cell growth [31]. Therefore, IPTG is usually replaced by lactose in
industrial-scale fermentations. For example, the use of lactose, as
opposed to IPTG, increased the production of recombinant human
interleukin-24 (rhIL-24) in E. coli [31]. Moreover, recombinant E.
coli expressing human keratinocyte growth factor-2 were induced
by lactose in a 30-L fermentation, which increased the cell mass by
84% compared with an IPTG induction, while maintaining a compa-
rable expression level [32]. Furthermore, this study demonstrates
that lactose is a perfect substitute for IPTG as an inducer, and it
increased the cell density and LGOX activity by 10.8 and 53.2%,
respectively (Table 2).

A common feeding strategy to increase cell growth is to use
indirect feedback methods (such as pH-stat [33] or DO-stat [34]),
predetermined feeding methods (such as exponential feeding
[29,33]), feeding according to glucose uptake or demand [35], and
other methods. The DO-stat method is based on the finding that
the DO level increases sharply when the substrate is depleted;
therefore, the substrate concentration can be maintained within
a desired range, which avoids the accumulation of by-products
below the oxygen transfer threshold [34,36], although it does
not result in a higher specific growth rate or a greater final cell
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Fig. 6. The effect of Mn?* on a-KG production and time course of a-KG production.

density. Exponential feeding is a simple but efficient method
that has been successfully used for the HCDC of several non-
recombinant and recombinant E. coli strains, and it can quickly
produce a large amount of biomass under adequate DO conditions.
However, it results in the accumulation of acetate during longer
periods of exponential feeding [36]. In general, a high cell den-
sity culture needs to maintain an adequate DO level by adjusting
the agitation speed or aeration rate, sometimes using pure oxy-
gen, to avoid the accumulation of acetic acid [25,36-38]. However,
pure oxygen is expensive and increases production costs when
used in large quantities. Therefore, a new feeding strategy was
developed for industrial-scale applications: the two-stage feed-
ing strategy in which exponential feeding was combined with
DO-stat feeding was used, and it resulted in a cell density of
41.6¢g/L at 18 h, which was 93.9% higher than that of a single
DO-stat strategy and 23.4% higher than that of a single exponen-
tial feeding strategy. In earlier experiments, a two-stage feeding
strategy, which employed an exponential feeding method during
the pre-induction phase and gradient-decreasing feeding method,
increased a-cyclodextrin glycosyltransferase (a«-CG) production in
recombinant E. coli BL21(DE3) from 48 to 275.3 U/mL [39]. Alkaline
polygalacturonate lyase (PGL) reached 371.86 U/mL, which is the
highest PGL production by a recombinant E. coli expression system,
using an exponential feeding strategy combined with a constant
feeding approach [40]. An exponential feeding combined with a
pH-stat strategy yielded 101 g/L of recombinant E. coli, which was
higher than those of a single exponential and pH-stat feeding meth-
ods [33]. However, a two-stage feeding strategy that combined
exponential feeding and DO-stat strategies has not been reported
for high cell density cultures of recombinant E. coli.

Induction conditions must be optimized to maximize the
expression of heterologous proteins in recombinant E. coli [41].
Additionally, different i values during pre-induction and post-
induction can have a significantly influence on recombinant protein
synthesis [28]. By optimizing the u values during the exponential
feeding stage, as well as the induction time and inducer concen-
tration, the LGOX activity increased from 59 U/mL to 156.1 U/mL, a
165% increase. Moreover, even though the fermentation time was
only 20 h in this study, the production of LGOX increased by 50-fold
and the cell density increased by 19.4-fold. Hence, the produc-
tion cost of LGOX declined, which increased a-KG production by a
whole-cell biocatalyst. Lastly, the titer of «-KG was up to 127.2 g/L
by whole-cell transformation, with conversion ratio 97.0%. And,
1 mmol/L Mn2* was optimum for a-KG production in whole-cell
transformation system which was much lower than the previous
studies (3 mmol/L [14] and 5 mmol/L [42]), because LGOX activity
in whole-cell was declined slower than crude enzyme in the pro-
cess of transformation and need not too much activator Manganese
ion. This study is the first to report the use of recombinant LGOX in
a high-cell-density culture.
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