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Metabolic engineering of Escherichia coli for adipic acid
production
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Abstract: Adipic acid is a high-value-added dicarboxylic acid which is primarily used in the
production of nylon-66 for manufacturing polyurethane foam and polyester resins. At present,
the biosynthesis of adipic acid is hampered by its low production efficiency. By introducing the
key enzymes of adipic acid reverse degradation pathway into a succinic acid overproducing
strain Escherichia coli FMME N-2, an engineered E. coli JLOO capable of producing 0.34 g/L
adipic acid was constructed. Subsequently, the expression level of the rate-limiting enzyme was
optimized and the adipic acid titer in shake-flask fermentation increased to 0.87 g/L. Moreover,
the supply of precursors was balanced by a combinatorial strategy consisting of deletion of
sucD, over-expression of acs, and mutation of Ipd, and the adipic acid titer of the resulting
E. coli JL12 increased to 1.51 g/L. Finally, the fermentation process was optimized in a 5 L
fermenter. After 72 h fed-batch fermentation, adipic acid titer reached 22.3 g/L with a yield of
0.25 g/g and a productivity of 0.31 g/(L-h). This work may serve as a technical reference for the
biosynthesis of various dicarboxylic acids.

Keywords: Escherichia coli; metabolic engineering; adipic acid; fermentation optimization
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Table 1  Strains used in this study

Strains Features Sources

E. coli IM109(DE3) Wild-type E. coli strain Storage in laboratory

E. coli MG1655 Wild-type E. coli strain Storage in laboratory

E. coli DH5a Wild-type E. coli strain Storage in laboratory

E. coli BL21(DE3) Wild-type E. coli strain Storage in laboratory

E. coli W3110 Wild-type E. coli strain Storage in laboratory

E. coli FMME N-2 After ARTP mutagenesis breeding from E. coli FMME-N screened from Storage in laboratory
rumen of camel (CCTCC M2018568!'?])

E. coli JLOO E. coli FMME N-2 containing plasmids pTR-0 and pTE-0, Amp", Cm" This study

E. coli JLO1 E. coli FMME N-2 containing plasmids pTR-0 and pTE-1, Amp®, Cm® This study

E. coli JLO2 E. coli FMME N-2 containing plasmids pTR-0 and pTE-2, Amp", Cm" This study

E. coli JLO3 E. coli FMME N-2 containing plasmids pTR-0 and pTE-3, Amp®, Cm® This study

E. coli JLO4 E. coli JLO1 with genome acs original promoter replaced by pJ23119 This study

E. coli JLOS E. coli JLO1 with genome pank original promoter replaced by pJ23119 This study

E. coli JLO6 E. coli JLO1 with genome /pd mutation This study

E. coli JLO7 E. coli JLO1 AsdhA This study

E. coli JLO8 E. coli JLO1 AsucD This study

E. coli JLO9 E. coli JLO8 with genome acs original promoter replaced by pJ23119 This study

E. coli JL10 E. coli JLO8 with genome pank original promoter replaced by pJ23119 This study

E. coli JL11 E. coli JLO8 with genome /pd mutation This study

E. coli JL12 E. coli JLO8 with genome acs promoter replacement and /pd mutation This study

E. coli JL13 E. coli JLO8 with genome pank promoter replacement and /pd mutation This study

E. coli JL14 E. coli JLO8 with genome acs and pank promoter replacement This study

E. coli JL15 E. coli JLO8 with genome acs, pank promoter replacement and /pd mutation  This study

R2 KR FAER BB

Table 2 Plasmids used in this study

Plasmids Features Sources

pTrcHisA pTrc promoter, Amp®, pBR322 ori Storage in laboratory

pTet pTet promoter, Cm®, p15A ori Storage in laboratory

pTR-0 pTrcHisA, Amp®, pTrcHisA-Tfu_0875-Tfu_2399-Tfu_0067, pBR322 ori This study

pTE-0 pTet, pTet-Tfu_1647, Tfu_2576-7, Cm®, p15A ori This study

pTE-1 pTet, pTet-Tfu_1647 (H), Tfu_2576-7, Cm®, pI15A ori This study

pTE-2 pTet, pTet-Tfu_1647 (M), Tfu_2576-7, Cm®, p15A ori This study

pTE-3 pTet, pTet-Tfu_1647 (L), Tfu_2576-7, Cm®, p15A ori This study

pET28a-1 pET28a, pET28a-Tfu_0875, Kan®, 1 ori This study

pET28a-2 pET28a, pET28a-Tfu_2399, Kan®, f1 ori This study

pET28a-3 pET28a, pET28a-Tfu_0067, Kan®, 1 ori This study

pET28a-4 pET28a, pET28a-Tfu_1647, Kan®, f1 ori This study

pET28a-5 pET28a, pET28a-Tfu_2576-7, Kan®, f1 ori This study

pETMO6R1-RBS;-GFP  pETMG6RI1 link to GFP gene with low expression level This study

pETM6R1-RBS,-GFP  pETMG6RI1 link to GFP gene with medium expression level This study

pETMO6R1-RBSy-GFP  pETMG6RI1 link to GFP gene with high expression level This study

pCas9
pTargetF

araBAD promoter, Kan®, repA101 ori
sgRNA, Spe®?

Storage in laboratory
Storage in laboratory

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



Wit SRBTRBEAGHAERE R

®3 KARERARSY
Table 3 Primers used in this study

Primer names Primer sequence (5'—3") Size (bp)
Tfu 0875-F CAGTGATAGAGAAAAGAATTCAAAGAGGAGAAAATG 36
Tfu 0875-R AGCTTGCACGGTCCACTGACTCAGACTCGATAGC 34
Tfu 2399-F TACTTACGATCGTTCCTAACTCGTCATTATGCAT 34
Tfu 2399-R ATCGCCGAGTTACGATAGTGTTACTCTCACAG 32
Tfu_0067-F GAGCTTCTAGATTACTGCATTCCTGTGTACTGTGA 35
Tfu_0067-R TCACGCCGGCCATCGATGACGAGAATCCATGCTCGTAC 38
Tfu 1647-F GATGATTAATTGTCAAAAGCTTTCAGGCAATTCCGTT 37
Tfu 1647-R CACACAGGAAACAGACCATGAATCAGCCCCTGAAT 35
Tfu 2576-7-F ATATTCGATCACTCATATGCATTCGCTAACCTGAC 35
Tfu_2576-7-R ACGGTTGTTAAGGTGTGTATCTTGCTGCAGCTTG 34
RBS-F, ATAGCTCTGGTGTATTGCAATCAATTCATTGACCATCTAAGTA 43
RBS-Fy CGAGATCTATAAATTTGCGAGTGCTGTATTCCTCCTCTCCCTA 43
RBS-Fy ATGGCGATTTCTCCCACGCCGTCTCTTGCTCCTCCATTCG 40
RBS-R TGCCTTAACGGTTCGAAAGAAGTTCGAGACCATCGAGCT 39
acs-F ATCTGCAGAAAGAACAAGGGCGTTCAACG 29
acs-R TACATATGAAAATCATTAGCATTAAGGAGAAA 32
Ipd-F CCGCCATTTTGTGAAAGCTTAGATCTATAC 30
Ipd-R AACCTCTAGGAATGAGCTCGCGTAAGTGCGAGTC 34
pank-F CTAGGCCTACGCTCGAGTACTTCTTCCATTGCGA 34
pank-R CGTTGATCGCCAGGTCATCGCGTAGAAGTTGAA 33
sucD-F TGCAGTAAAAGCCGTTGGTGGTGGTTCTA 29
sucD-R CGATGTGTGGAATTGTTGGCGGTTCAGAG 29
sdhA-F GCTCGAGTACTACTAATTCTGATCCGATC 29
sdhA-R GACCTCAATGCTTAGAAGTTCTAAGTAG 28

DL kL pET28a-1-5 SMALAR , 519Xt
Tfu 0875-F/R. Tfu 2399-F/R #l Tfu 0067-F/R
OB Tfu_0875 . Tfu_2399 F Tfu_0067 JEIA
KR E S v BB E M R F 4 ok pTR-0,
[ 3, 5%t Tfu_1647-F/R Fl Tfu_2576-7-F/R
3N AR L R, AU ) 24 pTet 1 R il 14
AU 55, Bgl 11/Hind 111 3 Ff] T4 DNA % 32 i %
77 A A Bk pTE-0,

L pET28a-eGFP M#iAR , Fi51#% RBS-F;
(i: L, M, H)/RBS-R ¥ 3 eGFP 3L [H . 2 [F] 5
2 7% B 24K pETM6R1 1Y Xba 1/ Xho 17 5,
7 4 Ji B pETM6R1-RBS,-GFP . pETM6RI1-
RBS\-GFP. pETM6R1-RBSy-GFP,

&: 010-64807509

X F CRISPR-Cas9 i AR % & 1 #k
E. coli FMME N-2 SR h 3L acs . Ipd Fl
pank 53 PEATEGE . R ARG PCR 7
acs L RUERIEE R A pl23119 JHEh 1k
BEEAT R, R1S acs BAHE, KIS Bk
pTargetF il pCas [F#% ARk E. coli FMME
N-2 i e JRA PR e B, T BR PR S 3615 acs
FE RS IR RE E. coli TLO4, R AR [E A7 1:
Y Ipd FN pank RS I BRBE E. coli JLOS
FE. coli JLO6 K H 3R J71: 3815 sucD F sdhA
R R £, F 5 Bk pCas Hl pTargetF 2L [A]
5 NHFK E. coli FMME N-2 W, i e 445 BH
el E. coli JLO7 F1 E. coli JLOS,
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142 EFFHE
Fh 3555 AR IS A TR LB &5
FiH, 37°C. 200 t/min 3535 10-12 h )5 IE K —2%
Pl Bl 2% Rl i 4 2 50 mL WA LB
FrRFRHh, MRS 8 h R A+
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Figure 1 Design of adipic acid biosynthesis pathway.
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Figure 2 Determination of intracellular precursor concentrations in different Escherichia coli strains. A:

Succinyl-coenzyme A. B: Acetyl-coenzyme A.
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Figure 3 Identification and removal of rate-limiting bottlenecks in the biosynthesis pathway of adipic acid.
A: Modular design of in vitro reaction system. B: Determination of initial reaction rate of reaction system I. C:
Determination of initial reaction rate of reaction system II. D: Assessment of the strength of different RBS. E:
Evaluation of shaking flask fermentation of different strains.
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Figure 4 Adipic acid synthesis promoted by balancing precursor supply. A: Effect of acetyl-CoA
enhancement strategy on titer and growth. B: Effect of acetyl-CoA enhancement strategy on intracellular
acetyl-CoA. C: Effect of succinyl-CoA enhancement strategy on titer and growth. D: Effect of succinyl-CoA
enhancement strategy on intracellular succinyl-CoA. E: Effects of combinatorial strategies on titer and
growth. F: Effects of combination strategies on the synthesis of two intracellular precursors.
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Figure 5 Fermentation optimization for adipic acid production. A: Effect of glucose concentration on cell
growth. B: Effect of glucose concentration on adipic acid production. C: Effect of aeration on cell growth. D:
Effect of aeration on adipic acid production. E: Effect of inducer concentrations on cell growth. F: Effect of
inducer concentrations on adipic acid production.
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Table 4 Comparison of titer and yield of different adipic acid synthesis pathways

Pathways Strains Substrates  Cultivation Titer (g/L) Yield (g/g) References
Reverse beta oxidation pathway  E. coli Glucose Shake flask batch 0.04 0.002 [22]
E. coli Glycerol Shake flask batch 2.50 0.350 [20]
Carbon chain derivation pathway Candida Glucose 5 L bioreactor 12.10 0.160 [21]
tropicalis Fed-batch
Reverse adipic acid degradation T. fusca Glucose Shake flask batch 2.23 0.005 [23]
pathway E. coli Glycerol 5 L bioreactor 68.00 0.425 [9]
Fed-batch
E. coli Glucose 5 L bioreactor 22.30 0.250 This study
Fed-batch
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