Appl Biochem Biotechnol (2014) 172:3835-3843
DOI 10.1007/s12010-014-0820-7

Optimization of Culture Conditions for Enhanced Lysine
Production Using Engineered Escherichia coli

Hanxiao Ying « Xun He - Yan Li - Kequan Chen -
Pingkai Ouyang

Received: 18 December 2013 /Accepted: 17 February 2014 /
Published online: 28 February 2014
© Springer Science+Business Media New York 2014

Abstract In this study, culture conditions, including dissolved oxygen (DO) content, presence
of osmoprotectants, residual glucose concentration, and ammonium sulfate-feeding strategies,
were investigated for decreasing the inhibition effects of acetic acid, ammonium, and osmotic
stress on L-lysine fermentation by Escherichia coli. The results revealed that higher DO
content and lower residual glucose concentration could decrease acetic acid accumulation,
betaine supplementation could enhance osmotic stress tolerance, and variable speed ammoni-
um sulfate-feeding strategy could decrease ammonium inhibition. Thus, with 25 % DO
content, 0-5.0 g/L of residual glucose concentration, and 1.5 g/L of betaine supplementation,
134.9 g/L of L-lysine was obtained after 72 h of culture, with L-lysine yield and productivity of
45.4 % and 1.9 g/(L-h), respectively.
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Introduction

L-Lysine is currently predominantly used as an additive in animal feed, pharmaceutical
industry, and cosmetics [1]. The global market volume of L-lysine monohydrochloride was
more than one million tons per year in 2009 [2], with a predicted market growth of about 8 %
every year [3, 4]. Similar to the production of most of the other L-amino acids, fermentation is
the current dominant method for the industrial production of L-lysine. L-Lysine can be
produced by microbial fermentation using a number of microorganisms, including Bacillus
subtilis [5], Brevibacterium flavum [6], Corynebacterium glutamicum [7], and Escherichia coli
[8]. Traditionally, E. coli has been used as a workhouse to develop new processes for the
biosynthesis of many valuable chemicals owing to the extensive knowledge of its metabolism,
available genetic tools, and good growth characteristics, combined with low nutrient
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requirements [9, 10]. Several studies have mentioned the use of E. coli for the production of
amino acids such as L-phenylalanine [11], L-tyrosine [12], and L-tryptophan [13]. However,
only a few reports on L-lysine production using E. coli have been noted. Imaizumi focused on
the modification of the 7mf gene, which encodes the ribosome modulation factor protein, to
improve the production of L-lysine [14], and obtained more than 4 g/L of L-lysine. In addition,
Nadeem et al. achieved 13—15 g/L of L-lysine titer by exposing an E. coli mutant to N-methyl-
N'-nitro-N-nitrosoguanidine [8]. Furthermore, Yuri et al. improved L-lysine production by
E. coli by increasing the glyceraldehyde 3-phosphate dehydrogenase activity, and achieved
14.1-16.9 g/L of L-lysine with a yield of 35.0-41.8 % using glucose as the carbon source [15].
Nevertheless, to date, only less than 100 g/L of L-lysine had been obtained by using E. coli,
which can be easily achieved by employing C. glutamicum [8].

Many culture conditions, such as osmotic stress [16], ammonium concentration [17], and
acetic acid (as a byproduct) [18], exert negative effects on E. coli culture. In the present study,
the inhibition effects of osmotic stress, ammonium concentration, and acetic acid concentration
on L-lysine fermentation were studied, and several culture conditions were optimized for
decreasing these inhibition effects for efficient production of L-lysine by using engineered
E. coli.

Materials and Methods
Strain and Cultivation

The engineered E. coli NT1003 was kindly provided by Prof. Long Yu, and has been
preserved in China Center for Type Culture Collection (No. M 2013239). This lysine-
production strain is a threonine- and methionine-deficient E. coli and is imported pSC101
plasmid-linking ppc gene encoding phosphoenolpyruvate carboxylase, pntB gene encoding
pyridine nucleotide transhydrogenase, and aspA4 gene encoding aspartate ammonia-lyase.

The medium for inoculum culture was composed of (g/L): glucose, 5.0; tryptone, 5.0; yeast
extract, 4.0; (NH4),SOy4, 5.0; KoHPO,, 1.5; MgSO,, 0.5; FeSO,4, 0.01; MnSO,, 0.01; kana-
mycin, 0.025; and tetracycline, 0.025. The medium was heat sterilized at 121 °C for 15 min.
The cells were grown in 500-mL shake flask containing 50 mL of medium. Subsequently, the
shake flask was inoculated with 1 mL of glycerol stock culture stored at —70 °C and incubated
at 37 °C and 200 rpm for 12 h.

Fed-batch fermentation was carried out in a 7.5-L fermentor (BioFio 115, New Brunswick
Scientific, Edison, NJ, USA) with an initial broth volume of 3 L. The medium for fermentation
culture was composed of the following (g/L): glucose, 30.0; (NH4),SO,, 10.0; K,HPOy,, 3.0;
MgS0O,, 1.5; KCl, 1.2; FeSOy4, 0.035; MnSO,, 0.035; tryptone, 10.0; yeast extract, 5.0;
threonine, 0.2; methionine, 0.2; kanamycin, 0.025; and tetracycline, 0.025. The culture pH
was monitored by using a Mettler electrode and controlled at 7.0 with the addition of
concentrated ammonium hydroxide (25 % w/w NH;). The aeration in the fermentation broth
was maintained at 1.0 vvm. The dissolved oxygen (DO) content was monitored by using a
Mettler oxygen electrode and was maintained at about 5 % by automatically adjusting the
agitation speed. Glucose was heat sterilized at 121 °C for 15 min before being supplemented to
the medium. Residual glucose concentration was monitored offline and maintained by man-
ually adjusting the feed pump. The initial culture conditions were carried out with DO of 5 %
and residual glucose concentration between 5.0 and 15.0 g/L.
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Ammonium Sulfate-Feeding Strategies

Two kinds of ammonium sulfate-feeding strategies were employed. One was constant speed
feeding of 10 mL of 400 g/L ammonium sulfate solution per hour, and the other was variable
speed feeding, with the speed calculated as follows:

Rammonium sulfate = 471 x Rnitrogen = (lesine + Ncell _Nammonia> X 12/T

where Rammonium sulfate 1A Rpjgrogen TEPresent ammonium sulfate and nitrogen-feeding rate,
respectively; Niyine Tepresents nitrogen in L-lysine, calculated from L-lysine accumulated
during the time interval; N, represents nitrogen in the cell, calculated as 40 % of the dry
cell weight (DCW) accumulated during the time interval; Nammonia represents nitrogen in
ammonia water, calculated from ammonia water consumption during the time interval; T
represents the time interval, which was 4 h for fermentation before 24 and 8 h for fermentation
after 24 h; and the coefficient 1.2 represents other nitrogen that could not be detected.

Analytical Methods

The DCW was computed from a curve of optical density measured at 562 nm (ODsg4;) with
respect to dry weight. An ODsg, of 1.0 represented 40 mg dry weight per liter. The
concentrations of glucose and L-lysine were analyzed by using a SBA-40C biosensor analyzer
[19] (Shandong Province Academy of Sciences, China). The organic acids were evaluated by
using high-performance liquid chromatography (1290, Agilent Technologies, USA) equipped
with an ion-exchange column (prevail organic acid 5 u, 250x4.6 mm, Grace, USA), and
25 mM KH,PO, (adjusted to a pH of 2.5 by H3PO,) was used as a mobile phase with a flow
rate of 1 mL/min. The yield of L-lysine was defined as the final amount of L-lysine produced
from 1 g of glucose, and expressed as a mass ratio. Utilization of nitrogen was defined as the
nitrogen in L-lysine accumulated in broth (g) divided by the nitrogen in ammonia and
ammonium sulfate consumed (g), and expressed as percent.

Results and Discussion
Inhibition Effect on L-Lysine Fermentation by E. coli

During L-lysine fermentation by E. coli NT1003, L-lysine sulfate, ammonium sulfate, and acetic
acid were the main components found in the culture medium. To investigate the inhibition
effects of these compounds on L-lysine fermentation, 70.0 g/L of L-lysine sulfate, 40.0 g/L of
ammonium sulfate, and 5.0 g/L of acetic acid were respectively added to the initial medium.

The results showed that L-lysine sulfate, ammonium sulfate, and acetic acid had inhibition
effects on L-lysine fermentation (Fig. 1). As shown in Fig. 1, when L-lysine sulfate,
ammonium sulfate, and acetic acid were added to the medium, the cell growth sharply
decreased by 79.2, 83.4, and 92.3 %, respectively, when compared with the control, along
with 83.2, 79.2, and 89.6 % decrease in L-lysine yield, respectively. Therefore, to decrease
these inhibition effects, the influences of culture conditions, including DO content,
osmoprotectants, residual glucose concentration, and ammonium sulfate-feeding strategies,
on L-lysine fermentation were investigated.
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Fig. 1 L-lysine concentration and DCW when different inhibitions appears, including 70 g/L L-lysine sulfate
which might cause excessive osmotic stress, 40 g/l ammonium sulfate, and 5 g/L acetic acid which might
inhibited the cultivation. Cells were grown in a 1-L bioreactor for 72 h; glucose were controlled below 20 g/L
with a initial concentration of 20 g/L

Effect of DO Content on L-Lysine Production

It is known that E. coli produces acetic acid when the level of DO in the culture medium is
insufficient [20]. In the present study, the effect of 5-25 % DO content on L-lysine production
was investigated (Fig. 2). As shown in Fig. 2, the L-lysine yield and cell growth increased with
the increasing level of DO from 5 to 25 %. On the other hand, the concentration of acetic acid
increased with decreasing DO content; a maximum acetic acid concentration of 6.8 g/L. was
noted when the DO content was 5 % at 72 h of culture, which was more than sufficient to
inhibit the cell growth of E. coli [21] [22]. However, when the DO level was maintained at 15
and 25 %, the maximum concentration of acetic acid at 20 h was 3.2 and 4.0 g/L, respectively;
subsequently, acetic acid was consumed and the final acetic acid concentration was less than
1.0 g/L at 25 % DO content. These findings are also in agreement with those reported in a
previous study [23]. Furthermore, the maximum DCW at a DO content of 25 % was 13.9 g/LL
at 34 h, which was 51.4 and 38.9 % higher than that observed at 5 and 15 % DO content,
respectively. In addition, a maximum L-lysine concentration of 79.1 g/L was obtained at 25 %
DO content. However, because of the limitations of aeration and agitation, the highest level of
DO that could be achieved in the present study was 25 %.

Effect of Supplementation of Osmoprotectants on L-Lysine Production

Osmotic stress due to high substrate or product concentrations is a challenge during industrial
fermentation [24]. Osmoprotectants are substances either absorbed or synthesized by bacteria,
which allow them to grow in high-osmolality medium [25]. In the present study, the effects of
four different commonly used osmoprotectants, namely, trehalose, glycine, betaine, and
proline, on L-lysine production by E. coli in shake-flask cultivation were investigated (data
not shown). The result revealed that betaine was the best osmoprotectant for E. coli with
respect to both L-lysine production and cell growth. In a previous study, it was reported that
betaine was the most effective and important osmoprotectant for C. glutamicum, and that
addition of this compound to the fermentation medium had a positive effect on cell growth and
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Table 1 Effect of betaine supplement on L-lysine production

Betaine (g/L) DCW (g/L) L-lysine (g/L) L-lysine yield (%) L-lysine productivity (g/(L-h))

0 13.51£0.21 77.8+0.6 34.34£0.6 1.1+0.01
1.5 15.64+0.78 85.6+0.8 37.540.8 1.2+£0.01
3 15.47+0.16 84.6+0.4 37.0+0.4 1.2+0.01
6 14.66+0.21 82.7+0.7 36.5+0.7 1.1+0.01

Cells were grown in bioreactor with a DO of 25 % for 72 h

L-lysine production [15]. In the present study, the effect of 0—6.0 g/L of betaine supplemen-
tation on L-lysine production was investigated at a DO level of 25 %. As shown in Table 1, L-
lysine concentration and cell growth increased with increasing betaine concentration from 0 to
1.5 g/L. On the other hand, within the range of 1.5-6.0 g/L, increasing betaine concentration
had little influence on L-lysine production and cell growth. A maximum L-lysine concentration

1Y
(9]

120
—=—0to 5g/L —=—0to5g/L
100 F —o— 5 to 10g/L = —o—5t0 10 g/L
) —a—>10g/L 5 5| —4—>10¢/L
= 80 g
K] |
£ 60f g
g g st
=3
s o T Ll
E 2
7
ER $
- g 1
o <
L L L L L L L L or L L L L L L L
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (h) Time (h)
b d.
—a—0to5g/L ~
20 ——5to10gL S sof
—a—>10 gL z
£
16 | s
) £ 2}
g g
E 12+ S 15}
a 2
g 10}
8- =
= st
g
4+ = o}
7
g
. . . . . . . . Y . . . . . . .
0 10 20 30 40 50 60 70 80 0 10 2 3 40 50 60 70 80
Time (h) Time (h)

Fig. 3 Fed-batch fermentation under the condition of different residual glucose concentration. a L-lysine
concentration under the condition of different residual glucose concentration. b DCW under the condition of
different residual glucose concentration. ¢ Acetic acid concentration under the condition of different residual
glucose concentration (black square residual glucose concentration of 0-5.0 g/L, empty circle residual glucose
concentration of 5.0-10.0 g/L, filled triangle residual glucose concentration of over 10.0 g/L). d Different
conditions of residual glucose concentration (filled square residual glucose concentration of 0-5.0 g/L; empty
circle residual glucose concentration of 5.0-10.0 g/L; filled triangle residual glucose concentration of over
10.0 g/L)
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of 85.6 g/L was obtained at a betaine concentration of 1.5 g/L, which was 10 % higher than
that observed in the control, with an L-lysine yield and productivity of 37.5 % and 1.2 g/(L-h),
respectively.

Effect of Residual Glucose on L-Lysine Production

It has been indicated that excessive amounts of glucose in the culture medium might result in
the production of acetic acid [23], which may inhibit cell growth and product fermentation.
Therefore, in the present study, the effects of three different ranges of residual glucose
concentrations (0-5.0, 5.0-10, and 10.0-15.0 g/L) in the culture medium with 25 % DO
content and 1.5 g/L of betaine were investigated. As shown in Fig. 3, an increase in residual
glucose concentration in the culture medium led to an increase in acetic acid concentration, but
a decrease in L-lysine concentration and cell growth. A maximum L-lysine concentration of
108.0 g/L was obtained at a residual glucose concentration of 0—5.0 g/L, with an L-lysine yield
and productivity of 41.9 % and 1.5 g/(L-h), respectively, while the acetic acid concentration
was less than 0.8 g/L.

Effect of Ammonium Sulfate Supplementation on L-Lysine Production

L-Lysine, a basic amino acid, has two amino groups, indicating that two moles of ammonium
are required to produce 1 mol of L-lysine. On the other hand, other L-amino acids, such as L-
phenylalanine, have only one amino group, and can be produced using concentrated ammo-
nium hydroxide employed for controlling the pH during fermentation [26]. As ammonium in
the culture medium is not sufficient for the production of L-lysine, addition of a nitrogen
source, most preferably, ammonium sulfate, to the medium is necessary [1]. As mentioned
earlier, high concentration of ammonium sulfate could obviously inhibit both cell growth and
L-lysine production. Therefore, in the present study, constant and variable speed ammonium
sulfate-feeding strategies were employed. As shown in Fig. 4, the maximum cell growth
achieved with variable speed ammonium sulfate-feeding strategy was 23.3 g/L, which was
2.4-fold higher than that obtained using constant speed ammonium sulfate-feeding strategy.
Furthermore, the utilization of nitrogen under variable speed ammonium sulfate-feeding
strategy was 89.9 %, which was 33.7 % higher than that under constant speed ammonium
sulfate-feeding strategy (only 59 % nitrogen utilization). As shown in Table 2, after 72 h of
culture, the maximum L-lysine concentration was 134.9 g/L, with L-lysine yield and produc-
tivity of 45.4 % and 1.9 g/(L-h), respectively.

Table 2 Materials balance of L-

lysine fermentation with variable Materials Data

speed supplement of sulfate

ammonium Glucose consumption (g/L) 297.3+9.54
NH;-H,0 consumption (g/L) 17.5+1.15
(NH,),SO,4 consumption (g/L) 113.6£7.97
L-lysine (g/L) 134.9+2.28
DCW (g/L) 20.3+1.73
L-lysine yield (%) 45.4+0.61
L-lysine productivity (g/(L-h)) 1.9+0.04
Nitrogen utilization (%) 89.9+0.22

The final broth was 4.4+0.1 L
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Conclusion

Ammonium concentration, acetic acid concentration, and osmotic stress in the culture medium
could have inhibition effects on L-lysine fermentation by E. coli. In the present study, for
decreasing these inhibition effects, the influences of culture conditions, including DO content,
presence of osmoprotectant, residual glucose concentration, and ammonium sulfate-feeding
strategy, on L-lysine fermentation by E. coli were investigated. The results indicated that under
optimized culture conditions, L-lysine production could be enhanced. These findings could be
significant for the industrial production of L-lysine using engineered E. coli.
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