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Metabolic engineering of Escherichia coli for the production of
four-carbon dicarboxylic acids

TANG Yongsheng, DING Deyang, ZHANG Zhe, CHEN Xiulai"

School of Biotechnology and Key Laboratory of Industrial Biotechnology of Ministry of Education, Jiangnan

University, Wuxi, Jiangsu, China

Abstract: [Objective] Four-carbon dicarboxylic acids are a class of important platform chemicals
widely used in the food, pharmaceutical, and chemical industries. However, the efficiency of
microbial fermentation for producing four-carbon dicarboxylic acids still faces challenges, mainly
limited by insufficient central carbon metabolic flux and byproduct accumulation. [Methods] This
study used Escherichia coli as the chassis strain and adopted a strategy combining rational metabolic
engineering and non-rational modification to systematically optimize the four-carbon dicarboxylic
acid synthesis capacity of E. coli.[Results] The non-cyclic glyoxylate shunt was reconstructed and
the expression of key pathway enzymes was optimized to enhance the metabolic flux toward four-
carbon dicarboxylic acids. The synthesis capacity of four-carbon dicarboxylic acids was enhanced
by employing atmospheric and room-temperature plasma (ARTP) mutagenesis. The knockout of key
genes in the acetate, formate, and lactate synthesis pathways effectively minimized carbon flux
diversion, thereby enhancing the availability of oxaloacetate, the central precursor to four-carbon
dicarboxylic acids. On this basis, through specific modification of terminal metabolic pathways, the
engineering strain E. coli Fum02 for fumaric acid production were constructed. Finally, in a 5 L
fermenter, the fumaric acid titer, yield, and productivity of the engineering strain E. coli Fum02
reached 45.2 g/L, 0.45 g/g, and 0.23 g/(L-h), respectively. Furthermore, by blocking the succinate
dehydrogenase gene (sdhAB) and implementing fermentation optimization strategies, this platform
strain could also be redirected toward efficient succinate production. [Conclusion] This study
provides a reference for the metabolic engineering modification of bacteria to produce organic acids
and also lays a foundation for the industrial biomanufacturing of four-carbon dicarboxylic acids.
Keywords: Escherichia coli; four-carbon dicarboxylic acids; metabolic engineering; cell factory
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h T HER E. coli M= IR —FRIR MY 7= i |
1R AR TR B, OO 2 R AR TR e
FEAUT 440w, (1) BT RRBIHE.
TR R R, E. coli ERREB IR . LR
FTH PR S @ =, ™ 2 5 ) DU Bl — R R 1) ™ i
FeAg 3, BT TC AR 6 A2 v A 0 s H br ™
LR AN, fE E. coli NZN111 "Rk
pfIB F IdhA Ff 3 3 3K 3 B W2 i & i (malate
dehydrogenase, MDH), 3§ F1i2 = & 115 %53 il
KF) 31.9 g/L 1 0.78 g/gt*s TERLR pfIB. 1dhA
H pta-ackA ) E. coli-N-26 W 2855 H FiAa e Pk
W, BRHIRR A . 15RO T i ik 2]
153.36 g/L. 0.90 g/g 1 2.13 g/(L-h)P, (2) 5tk
RIS . E E. coli it R IK pye.
ppc VLA = FR BR 1 24 (tricarboxylic acid cycle,
TCA)ACHE &, BIUILE E. coli EFO1 Hid ik
ppc. aceAB, HUE FEAKRAH HMAE B B
PR AR N AR R R g il ik B 415 g/
0.45 g/g F1 0.51 g/(L-h)!; ¥E E. coli CWF41
i 558 5 B tac 78R3k ppe, ppe WG B
KRR S 4.7 5, &SRRt 2.8 57,
(3) PeAbfl LR . Ml NS 2 ) NADH/NAD®
LA %5 DU e — SRR AW G B R OCER BE, AE
E. coli Suc-PO1 H5| A A M HE K (sthA), BEFAMR
Ak 235 3] 1.61 mol/mol, i FISHAL R
94%8, (4) BRALDURR —RERANERE 1. KR
e, PR R 2 DRk R R 4 I B R A
KRG S . B TE E. coli W3110A4 Hh 33K
deuBC, & SR im ik ®] 18.9 g/L, ik
BAREE R 16.2% . R RIS R dEm T E.
coli =77 MUt IR P~ e AR 38, (HIH R TR
AN 2Z B o i A QG R R R P R
e, R, M EE— RS T RE 1T 5 IS AL
R ATS 2 S IR DY B — R TR T Mk A= 0 o i A A% 0
ek

AKFELL E. coli IR R, REMWHET
A B B R TR T SR AR R AR, I SE
TREE BRI E A A . B, B

G SR S, I DLk A O H il 1) Kk
KA, DA Uk R R p AR . R,
K HE R = 4 B F K95 42 (atmospheric and
room-temperature plasma, ARTP)Jfi ¥EBE AR . &
E R AR R AR SR i i AR T A bR, i —
K, RGRIRTUR A LR = YT 5
FEWE. BT, FHXE SRS BEEIIR W 2 2 i
P AT A AR e . FE R SRR A,
3 Ao A I A ) EE A SR A TR TR AR E. coli
Fum02, S7EHETHE SIRMG AR TR AR
e, 3 A BH DR B EA R R A AR IR U SR R
B2, dE— Dt m B EmR & ik

1 AR5

1.1 #8
1.1.1  EPRFARAL

E. coli BL21. E. coli CICC 23846 %3 %I T
PR A TR MOE IS, E. coli
MG1655 (BRI ZH RS 48 B AR it ,
Hi E. coli CICC 23846 W4 [ H & Tl il A 9y 1R Fib
P4 HH 0 (CICC). AR BiF 93 fiff 1 B9 B Ak DL
F 1, EAFKIEE 2, 1Y% 3.
1.1.2  EERFIFLEE

FRA%IPE N PIEE . PrimeSTAR Max = {f ELRf |
T4 DNA &4 . Tag DNA RE G5B
SR OCRE, FAY TROGE) AR A ;
— AR EAR, AR A A
|G SV G5 Wl = o I @7 i = a7/ E2 (R Y A i
VA 5y A ) FE R VE AR DGR &, ot
MERE A YR O A BR 2N 7] 5 40 I 5 PR A R
&, AR AE)A R AR s PCR 5]
Y, ISR (HEEARA R BRI . &
OR . ¥RR. ok M. AWK, 2%, ¥
fi%, Sigma-Aldrich A w]; HAhEH, EZ254EH
P2 B A

PCR ¥ #84% . B r ik A . ¥ e AR AN
AL, SORTERLY 5 Criterion 7 HLFS
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#=1 AWMEFTAEK
Table 1

Strains used in this study

Strains Descriptions Sources
E. coli SGO1 E. coli CICC 23846 (fumarate-producing strain) CICC

E. coli SGO2 E. coli SGO1AygaY::Ecppc This study
E. coli SG03 E. coli SGO1AilvG::Afpyc This study
E. coli SG04 E. coli SGO2AilvG::Afpyc This study
E. coli SGO5 E. coli SGO4AIfhA::EcgltAAyjiT::EcacN This study
E. coli SG06 E. coli SGO5AicIR This study
E. coli SG06-L E. coli SGO6AyIbE::P,,~-RBS31-aceA-RBS11-aceB This study
E. coli SG06-M E. coli SGO6AyIbE::P,,.-RBS31-aceA-RBS29-aceB This study
E. coli SGO7 (SG06-H) E. coli SGO6AyIbE P, -RBS31-aceA-RBS34-aceB This study
E. coli SGO8 E. coli SGO7, ARTP mutagenesis This study
E. coli SG09 E. coli SGO8ApfIB This study
E. coli SG10 E. coli SGO8ApoxB This study
E. coli SG11 E. coli SGO8Apta-ack4 This study
E. coli SG12 E. coli SGO8ApfIBApoxBApta-ackA This study
E. coli SG13 E. coli SG12AldhA This study
E. coli SG14 E. coli SG13AadhE This study
E. coli Fum01 E. coli SG13AfumA This study
E. coli Fum02 E. coli SG13AfumAAfrdBC This study
E. coli SAO1 E. coli SG13AsdhAB This study
=2 AR BTRL

Table 2  Plasmids used in this study

Plasmids Descriptions Sources
pCAS pMBI ori, Kan', P_,-cas9, P,,.z-Red, P,.-sgRNA This study
pTargetF pMBI1 ori, Spe', P»3;,0 promoter This study
pTrcO1 pMBI ori, Amp", P, .-RBS31-ace4-RBS11-aceB This study
pTrc02 pMBI ori, Amp", P,.-RBS31-aceA-RBS31-aceB This study
pTrc03 pMBI ori, Amp', P, .-RBS31-ace4-RBS34-aceB This study

i, Bio-Rad 23] ; HIRREFRFE, IBERIEESY
A PR AR EE AR IR, LA 1'>(%§
ﬁfﬁﬁ SH R ARTOK Y, BURUET S
RAW ;s 4066, BHAR; WE leJr
ﬁﬂ‘ﬁi¥, MR ¥ -FE R 2 A ] 5 WA Eas A,
FEER R BHE (TP ENARA ] AR IR 53
MrA, BRIV /R 2 RHEA AR ZI6elE
A, BRI ARA R &R

HFETHRAELEE ML, ﬂﬁ%‘(ﬁ‘/ﬁﬂi*i%ﬂﬁ
AT 5L KBERE, b /RAY) TRE(LEE)
AR
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1.2 SFHIERS
1.2.1 FERNAEE
SR 5 A1 AR (Gibson) 41245 kAl 2 ok ', A

M B NS E. coli MG1655 Ji
H Y aceB BEH, KBTS 1L
K pTre I 15 5 E 2H JF BL pTrc01, pTrc02.,
pTrc03, VISKEUEEAHE 7 B,
1.2.2 TiEEHRE

K] CRISPR-Cas9 # R, FEJiC & Fitk E.
coli CICC 23846 & K 41 iy M 37 55 ygaY.
ivG. lafU. yjiT. yIbE, 43 5l i A Ecppc.
Afpye. EcgltA. EcacN. EcaceAB F:H, HKIK3R
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R"3 KHRETASI
Table 3  Primers used in this study

Primer names  Primer sequences (5'—3")

ppe-U-F ATGAACGAACAATATTCCGCATTGC
ppe-U-R TTAGCCGGTATTACGCATACCTG
pye-D-F ATGGCGGCTCCGTTTCGTCAG
pye-D-R TTACGCTTTGACGATCTTGCAGAC
icIR-U-F TTTCGCCGCCGCAAAGTTGATTT
icIR-U-R GACAGTCTCTTTTTTCTGTATCGT
icIR-D-F CTTTTTCTGGCGGGCAGAGGCA
icIR-D-R GATATGACGACCATTTTGTCTAC
aceA-U-F ATGAAAACCCGTACACAACAAATT
aceA-U-R TTAGAACTGCGATTCTTCAGTGG
aceB-D-F ATGACTGAACAGGCAACAACAAC
aceB-D-R TTACGCTAACAGGCGGTAGCCTG
pfIB-U-F ATATGACCGCAAATGGTCAATGGG
pfIB-U-R GTAACACCTACCTTCTTAAGTGG
pfIB-D-F TTAGATTTGACTGAAATCGTACA
pfIB-D-R ACAGGTATGAATGCCTTCTTTTT
poxB-U-F TACCTGACTTAGCTTCACGTACCG
poxB-U-R AAGTTTAGTTCATCTGACGGAGG
poxB-D-F AAAGGGTGGCATTTCCCGTCAT
poxB-D-R AATTCCCATGCTTCTTTCAGGTA
pta-ackAd-U-F  CAATCTGCCAGCAGAGAGTAAATACG

pta-ackA-U-R AAAAAAACGTCAGGGAGCCATAGA
pta-ackA-D-F TCTCGTCATCATCCGCAGCTT
pta-ackA-D-R ~ GATCCTGAGGTTAATCCTTCAAAC

ldhA-U-F CAAGCAGAATCAAGTTCTACCG
ldhA-U-R AAGACTTTCTCCAGTGATGTTGA
ldhA4-D-F TGCATTCCAGGGGAGCTGATTC
ldh4-D-R AAGTTAATGTCTGTTTTGCGGT
adhE-U-F AAAATCAAAAAAGGTCTGAATCACG
adhE-U-R AATGCTCTCCTGATAATGTTAAACTT
adhE-D-F TCAGTAGCGCTGTCTGGCAACAT
adhE-D-R AATGGCAAAAAGTTGCAGGCCG
fumA-U-F TTTGGATGAACCTGAATGGAGAGT
SfumA-U-R TGTTCTCTCACTTACTGCCTGGT
JfumA-D-F GGGGCGGTTTTTTTACATGGCA
fumA-D-R GGTGAACTTTACGTTCCATCCCG
frdBC-U-F ACAACGTCTGAAAGATCTGGTTAACC
frdBC-U-R TCGCCTTCTCCTTCTTATTGGCTG
frdBC-D-F GGAGCCTGAGATGATTAATCCAAATCC
frdBC-D-R TGTTGAGGGGCAGCAAATGTGG
sdhAB-U-F CCTTACCGCTCTGGCGTATCACG
sdhAB-U-R CACACACCCCACACCACAACGAATC
sdhAB-D-F ACCGTAGGCCTGATAAGACGCG
sdhAB-D-R CGGAAATATTCACGCGTTTGAGAG

% W #& E. coli SG02, E. coli SGO3, E. coli
SG04. E. coli SGO5 H E. coli SGO7. VL E. coli
SGO2 4 & it 72 R i, R H G PCR J5 8
yeaY . T FEIE FAE A Pzl ol 1 ) 3&
Ecppe 475, 3RS Ecppe BAHE, B H:
5 Jii kL pTargetF Ml pCas 3[R 4% A kK E. coli
CICC 23846 i e JRAS FHM: s e, THER BTRL S
A% Ecppe HH B G K E. coli SG02, R
AR TR B 7 M i Afpye. EcgltA. EcacN
EcaceAB FEH 15 F kW E B E. coli SGO3 . E. coli
SG04. E. coli SGO5 Fl E. coli SGO7., H4h, R
LR B34S pfIB. poxB. pta-ackA. ldhA .
adhE. fumA. frdBC F sdhAB R Rkl &, W
5 J5kL pCas FI pTargetF SL[alse AR, 745
F ¥k E. coli SG09. E. coli SG10. E. coli SG11,
E. coli SG12., E. coli SG13. E. coli SG14. E. coli
FumO1. E. coli Fum02 Fll E. coli SA01,

1.3 EFREREFENE

1.3.1 EHE

Fh 7R85 (g/L): NaCl 10.0, Rk HUY)
5.0, &Ik 10.0,

[ A4 0 BE 1S IR JE (g/L) . F A HE 15.0, BERE
¥ 5.0, &M 5.0, NaCl 1.5, KH,PO, 1.16,
K,HPO,4 0.5, MgSO4+7H,0 0.3, V7 FIE%E 0.05,
BEHAMR 5.0, HIEM 20.0.

KR SR 5L (g/L): 4 BE 40.0, EoKRHK
10.0, ¥# % 5.0, KH,PO, 0.6, K,HPO, 14,
NaCl 1.5, MgSO,+7H,0 0.3,

132 BHREFMH

SR FE . BURAE T80 °CREAT B Y H i
B, AT 30 mL AR LB £33 100 mL
HETEHT, 37 °C. 200 r/min 535 9 h; SRR
TR LB ¥ dkrh, 37 °CHEIRAHT1EFE 16 h,
FREN RN B A A0 3550 B SR V%

— R TR BRECR TR IE R T
30 mL & LB #5319 100 mL HETE M,
37°C. 200 r/min ¥53% 9 h,
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TR RS FBE 100 uL — R TR E
264 50 mL AR LB 537 519 500 mL #EJE )
d1, 37°C. 200 r/min 5535 7.5 h,

PRI A IE : AP IART 4 10% 142 Fh &
B R T E) 80 mL KBRS IR, I
AWrBE 37 °C. 200 t/min ¥53% 12 h, WEEEGHEE
100 r/min PEAGAF 4R B, 8 20 WA R 4 ol A
5-10 g/L, @i MA CaCO; K4+ pH 1E 6.0-7.0,
60 h 25 HUR %

RIEGERE: 76 5 L REERE AT 40 e AR
K, DA 10% B8R R — R TR
FEN 2.7 L R R, T 37 °)CHHEFR 60 h
KW oA 2 BB B B (0-12 h)y 4 il
i $F 7 7 h 600-800 r/min, N 3 vvm;
Bl I e A TRCAE S B B (12-60 hy, B 55 B 2
200 r/min, WS H I N 1 vvm, E TN
CaCO; 4EF5 pH 1 6.0-7.0, Ff3@ 7 m 800 g/L
H AR I SRR AR 5 g/

1.4 ARTP &
1.4.1 EE&H&

MAH A TP EE B A LB SRR, T
37 CCHEFRFE ISR 24 h, PRBUR VLR T
50 mL/250 mL {9 LB #5575, 37°C. 200 r/min
ZM TSR 10 he BRI 4 °C. 6 000 r/min 2.0
5min, FFRAKEFEHE, WA PBS ¥ Ut %
3, FRHARERKE R, SRAHMETHE R
B, FEEE R EZ N 1084 /mL, &
1.4.2 ARTP iFT

B 10 pL F 3R BRI AR KR 5 a8 48
UL (ARTP {U& HBLEP), JF& T ARTP iS4 H
PP TR AR . AR TAESEORE R 100 W,
i Z A= 10 NL/min, PEGHIE S 2 mm. KRG
PL 15, 30, 45, 60, 75. 90 s A [F] 4 BRI ] 37
T ARTP 5748 . ARS8 5, e RV R BT
Y& BB M 245 850 L LB 1Y 1.5 mL &
OB, 7% 2-3 min PEBLEIR, SRIEHFE 3 h,
REFR 40 37 °C . 200 r/min. B 3RA5 (K BE M 7
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FiZ 107", 1072, 107 HEATHERRE, 0 T
AR e 5 7 3 1112
1.5 A%
1.5.1 %BESIESH SN

A E . BGE R BRI T8 R
i AN OB TR I 600 nm 2544 T 5
WGEE, HH ODgoo o7 o

R I 5 . BGE Ok A T 2
ke, (i FHAE LRSS T I E o

WG . BGE A=Y, (96 £L
M AE Z T BE bR A R 0 20 L 55 7% 0 i W
pH F5 /R FITE BRSO RR I i 615 nml ™)
1.5.2 BHEKRENE

REART 12000 r/min B5.0> 10 min, B 35T
P TIE R RE, (A AR i S 2 T
A HLIR & i, BT &k . (i H S Aminex
HPX-87H (300 mmx7.8 mm); iz 5 mmol/L
H,S0,, K #s R sME &, AP 210 nm,
HERERE 10 WL, #FIR 52 °C, i 0.6 mL/min,
1.5.3 &EEMEREIBFREVITE

TE E. coli VA% WE M ) K e A6 7 DO il —
RIRE RS, &5, BEHRNSRITE
AR T R T R A R A A A T A A
H bR 5 04 o 5 L

TE E. coli KBk —RIRSFET, &
R . BEHRRA A PR B R =k B
BN, BRATARTUR BER T A ™= 0 s SR . BRI
i, PN g/(L-h).

2 ERG5997

2.1 MEMNR_RERERIRE

Shy W T B R DU R R TR T AR A 0 A e
T, R E SEREHE E. coli SGO1 1EH
R, SR A AR TR 5 s 354 5 DU A —
BRI R . e, 1k TCA TR BRI i
AU F) B CRISPR/Cas9 % K, 7E E. coli
SGO1 Hr 431l 5e 3 1k P 5l e 4 et e PR TR PR FR £
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Jitg 3 A (Ecppe) Je ¥ th B (Aspergillus flavus) U5 ik Afpye) 5 E. coli SG04 (F:33E Ecppe 5 Afpyc)
(TN T R AR AL Tl R (Afpye), R T TREE R (B 1A), FERKEER R, IS8 B R ps A
E. coli SG02 (i ik Ecppe). E. coli SGO3 (i 52 A SR T T Uk — R 5, (BRI

A o o B [ a-ketoglutarate [] Succinate
777777 Q Glucose 10 ] Fumarate [ Malate
/ — -~ \ 9 B _I_
| } | 81 =
‘ 3P-glyceraldehyde ‘ 371 +
' 26t
| Phosphoenolpyruvate | = h u
Q
| ADP 23
\ pyk \ E 4r
| ATP ATP | 31
\ Pyruvate ppc \ 2t
‘ ATP ‘ 1t
\ | 0
| NADH ADP ‘ SG01 SG02 SG03 SG04 SGO5
‘ J Oxaloacetate ‘ Ecppc T T T
NAD* + ¥ ¥
| / o +
} Malate Cltrate } Ecain 4 T
| fumAB aceB ‘
‘ Acetyl-CoA ‘
10 ¢ [ISuccinate [ Fumarate - 6.50
\ Fumarate Glyoxylate Isocitrate \ ] Malate . OD,, .
'FADH, |/ NAPH NAD*! o
\ frdABCD icd \ 8| -
. sdhAB } | ]L b i p {625
| FAD NAD NADH | o b *
Succmate a-ketoglutarate 267 s
sucCD sucAB =}
‘ ‘ S 4t
=
\\ Succinate-CoA NADH / a 1575
C/f:::::::[:::::::f\\ 2t
‘/ P, prr(’)moter E. coli genome | . <50
1 \ S Ny 5% < <> ’
\ ® aceA aceB | %6 %C} ng & QQ(Q
| icIlR RBS31  RBS(L/M/H) | < S
| | AicIR + + + +
| RBS-L: AGGGACAGGAT | RBSL x —
\ RBS-M: TCACACAGGAAACC | RBS-M
\ RBS-H: AAAGAGGAGAAA Y, RBS-H +

~—~

Bl MEMNKRRREKRERE

Figure 1 Construction of the four-carbon dicarboxylic acid biosynthetic pathway. A: Rewiring the TCA cycle
for four-carbon dicarboxylic acid production; B: Enhancing carbon flux into the TCA cycle for improved
production of four-carbon dicarboxylic acid; C: Metabolic engineering design of the non-cyclic glyoxylate shunt;
D: Engineering a non-cyclic glyoxylate shunt to produce four-carbon dicarboxylic acids. Ecppc:
Phosphoenolpyruvate carboxylase gene; Afpyc: Pyruvate carboxylase gene; EcgltA: Citrate synthase gene; EcacN:

cis-aconitase gene; EcaceA: Isocitrate lyase gene; EcaceB: Malate synthase gene.
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PR E. coli SGO4 1, HIRFAMR . & SRR AR
M 77 5 58 E. coli SGO3 X 43 5 4% & 14.0%.
37.5% F1 33.5%, FHIZFRmEXT 2 i $E Ve
SR ARR . X R, (U5RA TCA U5 PR A i i
AN JE DA sl i = 20 1) AR =9, 75 TR
AR TCA JE 3R Pam 5P, ik, 78 E. coli
SG04 HhAEERIK THPIGIR G L N (Ecglid) S5 2
SLIRBESEH (EcacN), RAFEME E. coli SGO5. 4
60 h K%, E.coli SGO5 M a-Fii )% — /2 . 3
MR . = SRS R ik 2 T 8.8, 7.4,
3.6, 1.6 g/L, BHEFEK E. coli SGO1, 414
BT 120%. 270%. 350% Fi1 220% (/& 1B), P4
Tk —FR TR A N o i E N . RS RAESE, 1Y
ik IR IR AR Y B[R] 5 Ak AT A 08 ol
WAm . AR, AR EE T o
iR, it — 5] AR M DUk R ERFE AL .
BJa, D o-BR Ik R B FR B 4E 1 4%5d TCA
TEA PR AR, I T — 2R JE15 38
CPEMR S o IR SZ BB 8 iclR 1) ™ 4%
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Figure 2 ARTP mutagenesis for enhancing the production of four-carbon dicarboxylic acid. A: Standard curve

of succinate concentration versus bromocresol green absorbance; B: Effect of ARTP mutagenesis on four-carbon

dicarboxylic acid production through primary screen; C: Effect of ARTP mutagenesis on four-carbon dicarboxylic

acid production through secondary screen; D: Production of four-carbon dicarboxylic acid by mutant strains

validated by shake-flask cultivation.
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A: Rewiring the metabolic pathways of succinate

degradation; B: Effect of oxygen supply on succinate production; C: Effect of residual glucose concentration on

succinate production under micro-aerobic conditions; D: Production of succinate with £. coli SAO1 in a 5 L fed-

batch bioreactor. sdh4B: Succinate dehydrogenase gene.
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