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BRAAGEE R H ppe, 1FEE M E21, ERBMRETM 057 g/LI-5H2]3.83 g/L. ME, aalidkikk g sami
HATH 69 R B BRARACEE A B pyc Fosk B 3530 BUK AT I 09 AR BUG B X R BRI B BR pck A E, AR 6 TREB K
E21 (pTrepyc) #= E21 (pTre-A-pck) £~ %1 /= 6.04 #=5.01 g/L F R 8, 155 5 #1342 0.79 4= 0.65 mol/mol #] ) 4% .
SR E21 ¥ 49 R B EE LA maeA F= maeB, F R EL L FRZ T 36%, L3 521 g/L, FF 4 0.62 mol/mol.
AR, gk pyc oy e LR FRBREA R A At —F RZFRKR S 2. 2LEMEBL T
1%, Ek E21 (pTrepye) 4 /= 12.45 g/L SER B2, 135 A 0.84 mol/mol, A 3|43 549 63.2%.
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Effects of overexpression of carboxylation pathway genes
and inactivation of malic enzymes on malic acid production
in Escherichia coli
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Abstract: Malic acid is a dicarboxylic acid that is widely used in food, pharmaceutical and chemical industries. We
studied the effects of overexpression of carboxylation pathway genes and inactivation of malic enzymes on the aerobic
production of malic acid. Over expression of phosphoenolpyruvate (PEP) carboxylase (ppc) generated strain E21, which
increased malic acid production from 0.57 g/L to 3.83 g/L. Then pyc gene from Coryenbacterium glutamicus and pck gene
from Actinobacillus succinogenes were overexpressed in E21 separately. The resulting strains E21 (pTrcpyc) and
E21 (pTre-A-pck) produced 6.04 and 5.01 g/L malate with a yield of 0.79 and 0.65 mol/mol glucose, respectively. Deleting
two malic enzymes (encoded by maeA and maeB) also led to an increase of 36% in malic acid production with a production
of 5.21 g/L. However, the combination of malic enzymes deletion and pyc overexpression could not further increase the
yield of malic acid. After optimization of fermentation conditions, strain E21 (pTrcpyc) produced 12.45 g/L malic acid with
a yield of 0.84 mol/mol which is 63.2% of the theoretical yield.

Keywords: Escherichia coli, metabolic engineering, malic acid, malic enzyme, carboxylation pathway
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(471 Aspergillus
[1-2] niger ATCC 9124
17 g/L 0.8 g/g™ Brown DI
( Aspergillus niger NRRL 3488
C4- 164 h
Battat 154 g/L 0.94 g/(L'h)
31 Aspergillus flavus Kyowa 1.38 mol/mol 69%
A-114 (ATCC 13697)
16 L (8121 pipes  [1%
113 g/L 0.59 g/(L'h) MDH2
1.28 mol/mol 3.7 Zelle !
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0.47 g/(L-h)
59 g/L
0.42 mol/mol 1 E2
[13-15] [14-15]
E2
131617 Moo V7] pta
pckA
PEP 12h 9.25 g/L
Zhang P L
frdBC 1 ﬁﬂ—%ﬁ&—
sfcA  maeB fumB 1.1 BE¥. FRFEFS|HY
fumAC XZ7658 1
72 h L- 2 E2
253 mmol/L 1.42 mol/mol
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Table 1 Escherichia coli strains and plasmids used in this study

Strains/plasmids Relevant characteristics References/sources
Strains
E2 BL21 (DE3), Appc, aceBAK:trc [14]
E21 E2, ppc:trc This study
E21 (pTrepyc) E21 harboring pTrcpyc This study
E21 (pTrc-A-pck) E21 harboring pTrc-A-pck This study
E22 E21, AmaeA This study
E23 E21, AmaeA, AmaeB This study
E23 (pTrcpyc) E23 harboring pTrcpyc This study
Plasmids
pTKRED pSC101 replication, ParaBAD-driven I-Scel gene, A-Red, Sp® [18]
pTKS/CS p15A replication, LP regions, I-Scel restriction sites, Cm®, Tet® [18]
pKMtre Bla, kan, kan from pKD4 cloned into pUCtrc Lab station
pKD46 rBeI;l’i c?uo-lllied recombinase under araBAD promoter, temperature-conditional [19]
pCP20 Bla, cat, yeast Flp recombinase [20]
pTrcpyc pyc gene from Corynebacterium glutamicum cloned in plasmid pTrc99a Lab station
pTrc-A-pck A-pck gene from Actinobacillus succinogenes cloned in plasmid pTrc99a This study
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Table 2 Primers used in this study

Primers DNA sequence (5'—3")

Tl GCGTGAAGTGGTTCGGTTG

T2 CTGTAATGCAGGTAAAGCGATC

maeA U-F CAGTGATATCTACCAGCAAACGA

maeA U-R CGTCTTTGCTTTACCGCCAG

maeA T-F CTTGAGGCCGACGCCCTGGCGGTAAAGCAAAGACGTAGGGATAACAGGGTAATGTACCA

maeA T-R CGTCTTTGCTTTACCGCCAGGGCGTCGGCCTCAAGATTACCCTGTTATCCCTACTAAG

maeA L-F CTTGAGGCCGACGCCCTGGCGGTAAAGCAAAGACGTCTCATTTGCCTCACCTGCTA

maeA L-R ATGCACTCTTCCGCCATCCC

maeB U-F CAGCTTTGAGTAACAGCGAA

maeB U-R TTGGTTGTTCCTTTCACGTA

maeB T-F CTTTATTTGTGAACGTTACGTGAAAGGAACAACCAATAGGGATAACAGGGTAATGTACC

maeB T-R TTGGTTGTTCCTTTCACGTAACGTTCACAAATAAAGATTACCCTGTTATCCCTACTAAG

maeB L-F CTTTATTTGTGAACGTTACGTGAAAGGAACAACCAATTAACTCTCACGCTTATCCTG

maeB L-R AGTTAGCGTCATAATGCCAA
GGCGATTTTTTAACATTTCCATAAGTTACGCTTATTTAAAGCGTCGTGAGTGTAGGCTGGAGCT

ppe-F GCTTC

ppe-R TTGCCGAGCATACTGACATTACTACGCAATGCGGAATATTGTTCGTTCATGGTCTGTTTCCTGT

GTGAA

1.2 BRERBER A ppc BEITFRIER (W/V) I-Sce |
A-Red
ey 3 PCR PCR  tetA
PCR U-F/U-R  L-R/L-F
50 3 trc DNA A-Red
T2/T-F  T1/T-R pTKS/CS
tetA-U tetA-L 50 bp P
UR L-F 5 I -Scel 50 bp P
30 bp T-F TR ATG 50 bp
PCR U-F/T P-F/R
T1/U-R 5 tetA-U 3’ pKMtrc trc
tetA-L 2 2 DNA
U-F/L-R pKD46 30 C
pTKRED PCR
PCR LB
LB 0.2% 37 C pKD46 pCP20
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pKD46
30 C
LB
43 C
LB
pCP20
PCR
PCR 2
1.3 EHFREREFZFH
1.3.1
LB (g/L) 10
5 NaCl 10 20 g/L
M9 (g/L) NaH,PO,6.78 KH,PO,
3 NaCl 0.5 NH4Cl 1 1%

MgSO4 CaClz

(g/L) FeSO47H,0 2.8x107*
Thiamine-HCI 1.0x10”7  CoCl,*6H,0 7.1x10°°
(NH4)¢M070,44H,0  3.7x10°  MnCl,-4H,0
1.6x10°  CuSO; 2.41x10°  ZnSO47H,0
2.8x10° H3;B032.5x10° MOPS 20.9

100 pg/mL
100 pg/mL 20 pg/mL
5 pg/mL 10 pg/mL
13.2
M9
0.2 mmol/L IPTG
1 mg/L

® 010-64807509

-80 C
LB
5mLLB 37 'C 220 r/min
1% 25 mL M9
10 g/L 250 mL 37 C
220 r/min 50 mL
M9 10 g/L 500 mL
OD¢oo 0.05 37 °C 220 r/min
48 h
14 K=o
600 nm
( )
(HPLC)
Aminex 87-H (Agilent
G1315D) (Agilent
HP1047A) 210 nm
2.5 mmol/L H,SO4 0.4 mL/min
20 pL 65 C

1.5 ¥EREBEEXBEESRITE

3 C¢H1,06+10 NAD+2 FAD+6 H,0—
4 C4H4Os+10 NADH+2 FADH,+2 CO,+10 H"
1.33 mol/mol

2 RS/
21 BUBFRBRLIERBRZMNM
E2 1
[14]
(057g/L  3)
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[11,22-23]
[17,24-25]
ppc
trc E21
E21 3.83 g/L
E2 E21 2.3 g/L
1.52 g/L 0.31 g/L
o- 0.51 g/LL
E21
1.52 g/L 0.31 g/L
PEP
E21
pyc
pck
pTrc pyc pck
pTrcpyc pTrc-A-pck
E21 E21 (pTrepyc)
E21 (pTrc-A-pck) 2
6.04 5.01¢g/L
E21 56% 29%
0.79 0.65 mol/mol E21
E21 (pTrcpyc)
0.16 g/L 0.21 g/L

http://journals.im.ac.cn/cjben

pyc
E21 (pTrc-A-pck) 0.52 g/L
0.12 g/L
pck
pyc E21  ppc
PEP
PTS
pck
PYC 1 ATP
pck pyc

2.2 FREZEERIMFR X ERERRZAFN

[26]

E21 2 maeA
maeB E22 (E21 AmaeA)
E23 (E21 AmaeA AmaeB)
3 E21 E22
4.09 g/L
0.53 mol/mol a-
maeA  maeB E23
521g/L  E21
36% a-
0.15 g/L
0.58 g/L
maeA  maeB
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Table 3 Fermentation results of recombinant strains in shake flask

Glucose Malate  Mal Fermentation product concentration (g/L)
Strains OD¢o .

(g/L) (g/L)  yield Pyr Suc Fum Ace AKG OAA
E2 10.1+0.1 3.8+0.2 0.57+0.02 0.08 0.42+0.02 0.11+0.01 - 2.31+0.18 0.45+0.02 -
E21 10.1£0.1 4.4+0.2 3.83+£0.04 0.51 0.31£0.03 0.11£0.02 0.11£0.01 1.52+0.15 0.51+0.05 0.12+0.01
E21 (pTrepye) 10.2+0.2 4.5+0.2 6.04+0.06 0.79 - 0.31+0.09 0.05+0.01 0.16+0.01 - 0.21+0.02
E21 10.3+0.2 4.4+0.2 5.01£0.1 0.65 0.12+0.01 0.31+0.02 - 0.52+0.01 - 0.11£0.01
(pTrc-A-pck)
E22 10.3+0.1 4.5+0.2 4.09+0.1 0.53 0.25+0.03 0.12+0.01 - 1.51£0.14 0.18+0.02 0.12+0.01
E23 11.340.3 4.3£0.2 5.214+0.13 0.62 0.15+0.01 0.21+0.02 - 1.32+0.08 0.21+0.01 0.58+0.03
E23(pTrepyc) 11.5+0.1 4.0+0.2 3.84+0.05 0.44 - 0.18+0.03 - 1.71+0.13 0.10+£0.01 0.76%0.02

* yield was calculated as mol of malate produced per mol of glucose consumed; Mal: malate; Pyr: pyruvate; Suc: succinate; Ace:
acetate; AKG: a-ketoglutarate; OAA: oxaloacetate.

TCA
23 FREEEA SIS E 88 MES
3ERERFR R A2 2.4 ¥k E21 (pTrepyc) H9%& EE4E 1L SELE
2 E21 (pTrcpyc)
E21 (pTrcpyc)
pTrepyc E23 0.79 mol/mol
E23 (pTrcpyce) 3
E23 (pTrepyc) E21 (pTrcpyc) 1.3
3.84 g/L 012 3 4
E21 (pTrepyce) E23 5g/L
E23 (pTrcpyc) 1 2
0.76 g/L 0—4 g/L
oD
TCA 5 g/L oD
1 g/L E21 (pTrepyc)
6.61 g/L
(271 0.87 mol/mol
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