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Metabolic Engineering of Escherichia coli for Synthesis of
Adipic Acid from Fatty Acids
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Abstract: Adipic acid, as the monomer for manufacturing polymers such as nylon, fiber and
plastics, has broad applications in food, pharmaceutical, plastics, and chemical industries. At present,
low-level yield of adipic acid generated from food feedstocks was mainly due to the carbon atom
loss. To tackle this issue, an artificial adipic acid biosynthesis pathway for obtaining the highest
theoretical adipic acid yield from palmitic acid was designed and constructed. Then, cell utilization
for fatty acids was improved by enhancing endogenous S-oxidation pathway and introducing
heterogenous w-oxidation pathway. Furthermore, various strategies of system metabolic engineering
were used for further optimizing adipic acid biosynthesis pathway. Finally, the optimal recombinant
strain Escherichia coli AA0304 produced 1.32 g/L adipic acid by optimizing fermentation
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conditions. Therefore, this synthetic platform could lay a good foundation for the production of

high-value chemicals from waste oleaginous feedstocks.

Keywords: metabolic engineering, S-oxidation pathway, w-oxidation pathway, palmitic acid, E. coli,

adipic acid
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Table 1 Production of adipic acid in the metabolically engineered microorganisms
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Table 2 Strains used in this study

Wild-type E. coli strain
Wild-type E. coli strain
Wild-type E. coli strain

E. coli ATCC 8739 i 47 # 2H Jii ki, ptet—egfp29, Cm"
E. coli ATCC 8739 #i#7 T 41 UK. ptet—egfp30, Cm"
E. coli ATCC 8739 i 47 H# 41 JFUkL ptet—egfp31, Cm"
E. coli ATCC 8739 i A # 2H BT AL ptet—egfp32, Cm"
E. coli ATCC 8739 i 41 i 41 BT KL ptet—egfp34, Cm"
E. coli ATCC 8739 i A # 2H it i pEtac—egfp29, Kan®
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g2
i1
AA0007 E. coli ATCC 8739 i A5 41 ki pEtac—egfp30, Kan® YE& H E
AA0008 E. coli ATCC 8739 5 45 T 41 JFi#i pEtac—egfp31, Kan® Ve ¥ 2
AA0009 E. coli ATCC 8739 #f7 47 T 41 i bi pEtac—egfp32, Kan® 3 ) 1
AA0010 E. coli ATCC 8739 ## d 41 fik: pEtac—egfp34, Kan® VB 2k
AA0101 E. coli ATCC 8739 i 47 i 415U kL ptet—YL1, Cm" A5 4 1
AA0102 E. coli ATCC 8739 ‘i A 41 Jir ki ptet-YL.2, Cm® YE& H
AA0103 E. coli ATCC 8739 5 5 & 241 ki pEM-YL1, Amp® fE #4
AA0104 E. coli ATCC 8739 4l 47 i 21 Jii ki pEM-YL2, Amp" 35 ) 1
AA0105 E. coli ATCC 8739 i A 4L ki pEM-YL3, Amp* VB 2k
AA0106 E. coli ATCC 8739 i 47 H 41 5L ptet—=YL1 Fl pEM-YLI, Cm", Amp® A5 4 1
AA0107 E. coli ATCC 8739 45 # 41 FUk: ptet=YL.2 Al pEM=YLI, Cm, Amp" Y&
AA0108 E. coli ATCC 8739 i 47 H 4 i ki ptet—YL2 Fl pEM-YL2, Cm®, Amp" fE #
AA0109 E. coli ATCC 8739 iy 47 T 41 ik ptet—=YL2 Fl pEM-YL3, Cm", Amp" 35 48 1
AA0201 E. coli ATCC 8739 547 #H 41 Jii ki pEtac—YLI, Kan® Ve 1
AA0202 E. coli ATCC 8739 iy 45 T 41 Jfi ki pEtac—YL2, Kan® A5 4 £
AA0203 E. coli ATCC 8739 i 45 41 kL pEtac-YL3, Kan® e
AA0204 E. coli ATCC 8739 #fi 4 T 41 Jii ki pEtac—YL4, Kan® A 4 £
AA0205 E. coli ATCC 8739 iy 47 H 41 i ki pEtac—YLS5, Kan® 35 ) 1
AA0301 E. coli ATCC 8739 i 1 41 i 7 ptet—YL2, pEM-YLI #l pEtac-YL4, Cm®, Amp®, Kan® YEH 1
AA0302 E. coli ATCC 8739 #fi 4 21 FUki ptet—YL2, pEM—-YL2 Fil pEtac—YL4, Cm®, AmpR¥, Kan® A5 4 2
AA0303 E. coli ATCC 8739 AfudR Y&
AA0304 AA0303 #7 A T4 F KL ptet—YL2, pEM-YLI 1 pEtac-YL4, CmR, Amp", Kan" A 4 £

®3 WHREERAMELARN
Table 3 Plasmids used in this study

pEtac tac promoter, Kan®, f1 ori SIS 2 A
pEM T5 promoter, Amp®, f1 ori S 16 % A 7
ptet ptet promoter, Cm", p15A ori S % it 7
pCas9 araBAD promoter, Kan®, repA101 ori S5 58 %5 i
pTargetF sgRNA, Spe" S 58 5 i
pTargetF¥«# seRNA(AfadR), Spe" Y&
pET28a-YL1 pET28a, Kan®, Pr—alkB with codon—optimized G MER G R
pET28a-Y1.2 pET28a, Kan", Pr—alkG with codon—optimized 4 MER A AR
pET28a-YL3 pET28a, Kan®, Pr—alkT with codon—optimized S MER AL
pET28a- Y14 pET28a, Kan®, Pr—chnD with codon—optimized 4 MER A R
pET28a-YL5 pET28a, Kan®, Pr—chnE with codon—optimized A M S AR
ptet-YL1 ptet, Cm®, P ~fadL(M)-ydil(M), p15A ori A 4 £
ptet=YL2 ptet, Cm", Ptet—fadL(M)-ydil(M)-P,,~fdh(M)-nox(M), p15A ori Y&
ptet—egfp29 ptet, Cm", P,.—RBS29-egfp Y& 2
ptet—egfp30 ptet, Cm", P,,—RBS30-egfp Ve
ptet—egfp31 ptet, Cm", P,,—RBS31-egfp 1E 4 3
ptet—egfp32 ptet, Cm", P,,—RBS32-egfp Ve & ¥y 2t
ptet—egfp34 ptet, Cm", P,,—RBS34-egfp e i
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pEM-YL1 pEM, AmpF, Pis—fadD(M)~fad E(M)-PT5—fadB(M)—fadA (M) A 5 4y 72
pEM-YL2 PEM, Amp", Pys—fadD(M)~fad E(M)~PT5—fadB(M)-GGGS—fadA (M) 5 g
pEM-YL3 pEM, Amp®, Prs—fadD(M)~fadE(M)-PT5—fadA (M)-GGGS—fadB(M) A 25 4 72
pEtac-GFP pEtac, Kan®, P,~RBS—-egfp A 25 4 2
pEtac—eg/p29 pEtac, Kan®, P,,—RBS29-egfp e H 2l
pEtac—egfp30 pEtac, Kan®, P,,—RBS30-egfp R A
pEtac—egfp31 pEtac, Kan®, P,.~RBS31-egfp 5 4
pEtac—egfp32 pEtac, Kan®, P, —RBS32-egfp Ve 7
pEtac—egfp34 pEtac, Kan®, P, ~RBS34-egfp e
pEtac-YL1 pEtac, Kan®, P,,—alkB(M)-alk G(M)-P,,—~alk T(M)-P,,.—chnD(M)-chnE(M) Ve & H
pEtac-YL2 pEtac, Kan®, P, —alkB(L)-alkG(L)~P,—alk T(L)-P,~chnD(M)-chnE(M) A 25 4 2
pEtac-YL3 pEtac, Kan®, P,—~alkB(H)-alkG(H)-P,—alk T(H)-P,.~chnD(M)—chnE(M) 1 h 2l
pEtac-YL4 pEtac, Kan®, P,—alkB(M)-alk G(M)-P,,—alk TM)—P,,.—chnD(L)—chnE(L) 15 2t
pEtac-YL5 pEtac, Kan®, P, —alkBM)-alk G(M)~P,~alk T(M)-P,~chnD(H)-chnE(H) i Hy g

1.1.2 &M EAKA  PCR Y AL 4 HShEE K
BUR FR G L ZE LA R HL UK AY : 36 [ Bio—rad A
AL TR R RS SR AE . DV R R YT ER A 4R
HAAT LA G EETE . H AR R A Bl 7 SBA B
IR A% I AR B B AR W I 5 BT 77 i s K %% pHL 3
% = METTLER A &) 77 it ; XD-650D # 7 i i .
T % 2 BRASC AR i 3 A7 BR 23 ) 7 i ; Invitrogen iBright
BREBR R G . TR G RBHE A BR 2 7™
5804R A& B0 ML 7 Eppendorf 23 7] 77 i
CHB-202 fE i 4: )& . H A Bioer Technology 23
Pl AR AR . B AR B HAS E

FE 46l 4 P9 VD Prime Star & 8 B i \Taq DNA
KA T4 DNA %8 DNA marker: 4y H TaKaRa
(K#E)ABRA T — 20 [ 5 5 2 5 . W A Rt i e
A R AT BR A B 5 R B BRIt
A& el & AN TER MR RIS
FAER HMRAWER RAARE . 5 EmA
KFLBEL (IPTG) . A A4E T A T8 (L) A #]
20 T e PR 2H 4 RO . T 3 R AR A ) s AR L I O
% . C 2 Brij 58 N,0-XL( = H Bk be k) — 9 £ Bk
JHe RN = F L GURERE . 0 [ g BB T AR bR e A
PR E] S PCR 5149 H 20 M 4 R AR R A BRA )
J 5 Fo AR 1 ] 244 AT Ak 20 A BR A F
113 25A KRBT EGTTEE SR LB AT
HEAT , TB 8537 3 T 55 57 40 M 0 47 4 4t M 5 £k 2 7
IECRRMIC /R, mC RNk B ™ AE M9 G
BRI PHEAT

LB 555 3k B RE ) 5 /L & F1 % 10 /L NaCl
10 /L., LB [ {RREFREEINE N 20 o/ L B ZEAE K

TB 8537 3 . BE RN 24 o/L R R 12 /L H
i 4 g/l K,HPO, 2.31 /L. KH,PO,-3H,0 16.42 g/L.

M9 TG HLER K % . Na,HPO, - 12H,0 15.11 g/,
KH,PO, 3 ¢/ NH,Cl 1 g/L. NaCl 0.5 g/L. MgS0,-7H,0
0.25 ¢/L., IR 1 mL/L Fl 10 g/L i %6 B 2l b
TR

fill i JC R W . FeCly - 12H,0 2.4 g/1..CoCl,-6H,0
0.3 ¢/L..CuCl, 0.15 g/L..ZnCl,-4H,0 0.15 g/L. NaMnO,
0.3 g/L..H;B0; 0.075 g/L. MnCl,-4H,0 0.5 g/L., % T
0.1 mol/L HCI,

VL EREFEFRIYTE 121 C4M T K E 15 min,
1.2 ZWHE
121 FamuaetE A RE R &
AR UE S v AR AR RN A AR gL ek i — 4
[F] 5 2 vk R AR 5 0 Br S RS R Z ] B A
AR IR J3 90 3% 42 0 7 . R T 1Y fadl \fadD \fadE |
fadB fadA FEFKIET E. coli MG1655, 1 % H 3% 5
B (Pseudomonas putida) V) alkB .alkG .alkT
FEPI R BT 7@ (A cinetobacter sp. SE19) ] chnD
Hl chnE B PRITE TR N 4 0B A= Wy B A R Wl 17
BTG B, HeAh R A R g ok R
FAHHE 22 1 8F (Candida boidinill ) (¥ fdh %K A1k
AT B AR U5 1 noa 5 PR A 3647 25 05 DAL N6 B
JITA 5 AR I3 0N 4 M A BB A IR R A B (DL
#24) , [A] B 5 41 Ok 9 Sanger I 7 78 K 3¢ A= W1 BB
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PL E. coli MG1655 3 R 41 Ry Bt , FH 51 4 %t
fadL®-S/A F ydil™ -S/A 43 514 34 fadl, R ydil F&
, 2] E 2 3% 4% 2 UK ptet 1Y EcoR UHind 111
{37 7% R R pret-YL1, Bl JG , 51914 fdh*~S/A
F1 nox™-S/A 4y 51434 H 09 Bt fdh 1 nox If 3% 42
FJFORL ptet=YL1 () Bgl 1I/Hind 111 55, #3381k
ESRLN ptet-YL2,

PL E. coli MG1655 3 R 41 Ry it , FH 51 4 %t
fadD™ -SIA Y"1 fadD v BT % 4 2 kL pEM 1
BamH 1/Sac 17 55, 5 MRIES, 251 W%} fadA™-S/A
N fadB*-S/IA ¥ 3545 2109 H 09 i Bt fadA 0 fadB i
% pEM 158 pEM—fadB—fadA , b 5 BV % 5277 14
pEM—fadD—fadB—fadA . f)e, 51T fadE*-S/IA
V1) fadk Fr B 35 2 pEM —~fadD —fadB—fadA )
Spe UPst 1 i g, 77AHRIKHAK pEM-YL1, BRitb=z
Gh, &A R Bt FadA #l FadB (184 & (i3 “GGT

GGT GGT TCT"JE .1 Linker i%
YL2 1 pEM-YL3,

DL KL pET28a~YL1 Fl pET28a-YL2 A4 |
Sy S % alkBY=SIA 1 alk G =S/IA ¥ 3 Fr Bt
alkB 1 alkG 3% ¥ 2 i ki pEtac 9 EcoR 1/Sal 1 i
Wi, B ,chnD F chnk 31K % H: & pEtac—alkB-
alkG W Sal /Hind 111 1 538 W pEtac—alkB-alkG -
chnD—chnE , 55 JE5190%F alk T -S/A Y38 (1) alk T
FEN i E pEtac—alkB-alkG—-chnD-chnE 1) Spe 1/
Sal 17 j5 35 F k8K pEtac-YL1, 74h, £k
14 pEtac-YL2/3/4/5 % FAH R (9 7 vEFa 4

E. coli ATCC 8739 11 %% Ak % Hl v i 3% A 19 O
2, Bl 5 VR AT T 3 A AR I B Y 0 T b, Bk
{7 - $R BT R E 4T PCR B6IE , 72 A4 — 250 TR
PR IECRMC MR, BRZ A WIEPI2H |
B fadR 3K % CRISPR-Cas9 £ 4, EAKTES
M4 Zhao 25 AU B 520,

He 1B R pEM-

F4 MREERBSY
Table 4 Primers used in this study

3111

SfadL*-S CAGTGATAGAGAAAAGAATTCAAAGAGGAGAAAATGAGCCAGAAAACCCTGTTTACA

SadL"-A TTTGGATCCTCAGAACGCGTAGTTAAAGTTAGTACC
TTTAACTACGCGTTCTGAGGATCCAAAGAGGAGAAAATACATATGATATGGAAACGGAAAAT

ydil"-S

ydil*~A CTCGAGTGCGGCCGCAAGCTTTCACAAAATGGCGGTCGTCA

fdh*-S AGATCTTAATTCCTAATTTTTGTTGA
fdhP—A
nox™-S

nox®—A

CGAGTGCGGCCGCAAGCTTCTGCAGTTATTATTTTTTATCGTGTT
CCGCCATTTTGTGAAAGCTTAGATCTATACATCTGCAGAAAGAGGAGAAAATACATATGAAAATCATTAGCATTAA
CTGGAGATCCTTACTCGAGCGCATTCACGCTCTGCGCA

fadD"*-S CACGGATCCGCATGCGAGCTCATGAAGAAGGTTTGGCTTAACCG
SadD*-A ACTCGAGAAGCTTGGCTGCAGTTACGCGGCTTCAACTTTCC

SadE*=S GAGCTCATGATGATTTTGAGTATTCTCG

SfadE"-A CTGCAGTTACGCGGCTTCAACTTTCCGC
SfadB*-S GAGCTCCTGCAGCCAAGCTTATGCTTTACAAAGGCGACA
JfadB*-A TTTCTCCTCTTTTCTAGATTAAGCCGTTTTCAGGTCGC

JadA"=S CTTAATCTAGAAAAGAGGAGAAAATACATATGGAACAGGTTGTCATTGT

fadA®—A
fadA (AB)¥#-S
fadA (ABY*—A
fadB(ABY#-S
fadB(AB)#~A
fadA(BAY*~S ~ CTGGTGGTGGTTCTATGGAACAGG

GTTGGTGGTGGTTCTATGCTTTACAAA

AATTAAGCTGCGACTAGTTAAACCCGCTCAAACACCG
GGTCGACCTGCAGCCAAGCTTATGGAACAGGTTGTCATTGTCGA
AGCATAGAACCACCACCAACCCGCTCAAACACCGTC

GTTAATTAAGCTGCGACTAGTTTAAGCCGTTTTCAGGTCGC

JfadBBA)*~A  TTCCATAGAACCACCACCAGCCGTTTTCAGGTCGCC
alkB"-S CAGGAAACAGAATTCGAGCTCATGAATGGTAAAAGCAGCGTTCT

LEsdmptAsi 202241523y IEE



RESEARCH ARTICLE

LI Yang,et al: Metabolic Engineering of Escherichia coli for Synthesis of
Adipic Acid from Fatty Acids

g4

alkB™-A
alkG""-S
akG™-A
alkT?-S
alkT™-A

chnD"*-S

chnD"~A
chnE"-S
chnE"-A
RBS30-S
RBS29m*— A
RBS30"*—A
RBS31M*—A
RBS32MHx— A
RBS34tx— A
RBS297-S
RBS30"-S
RBS317-S
RBS327-S
RBS347-S
RBSM-A
JfadR™-S
JfadR™-A
JfadR*"-S
SadR*"-A
sgRNAR-R
sgRNAM-F
ptet-S
ptet—A
pEM-S
pEM-A
pEtac—S
pEtac-A
fadR-S
JfadR-A

Gk 2]l
CCATATGTATTTTCTCCTCTTTTTAGCTCGCAACGGCCGTGG
CGAGCTAAAAAGAGGAGAAAATACATATGGCGCGCTACCAGTGCC
GTGCTGGCTGCTCCAGAAGCTTATGTATGTCGACTTAACCCAGTTTTT
TTCACACAGGAAACAGAATTCATACATGGTACCAAAGAGGAGAAAATACACTATGGCCATTGTTATTGTTGG
GTGCTCGAGAAGCTTGTCGACTTAATCCGGCAGCTTAATGCTG
AGAATTCGAGCTCCGTCGACTTGACAATTAATCATCGGCTCGTATAATGAAAGAGGAGAAAATACACTATGCATTGC
TATTGCGTG
GTATTTTCTCCTCTTTAGTGTATTTAATTCTCGTGCATCAGAA
CACTAAAGAGGAGAAAATACACTATGAATTACCCGAATATTC
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