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Metabolic engineering of Escherichia coli for a-ketoglutarate
production

ZHU Pan’, SUN Xinyi, LI Yufei, CHEN Jiaying, FANG Yuting

School of Life Sciences and Health Engineering, Jiangnan University, Wuxi, Jiangsu, China

Abstract: o-ketoglutarate is an important short-chain organic acid that is widely used in various
fields such as food, medicine, cosmetics, and animal feed. However, the efficiency of producing
a-ketoglutarate through biological fermentation remains to be improved, primarily due to the
limitations in the synthetic capacity of microbial metabolic pathways. [Objective] To address the
above issues, we developed an engineered Escherichia coli that can efficiently produce
a-ketoglutarate, thereby providing theoretical support for the large-scale production of
a-ketoglutarate in the future.[Methods] We employed an efficient approach combining rational and
irrational modifications to overcome the constraints of endogenous metabolic pathways and
enhance the biosynthesis efficiency of a-ketoglutarate. [Results] The oxidative TCA pathway was
reconstructed to improve o-ketoglutarate production through expressing pyruvate carboxylase,
citrate synthase, aconitase, and isocitrate dehydrogenase. The metabolic network for o-ketoglutarate
biosynthesis was irrationally optimized and strengthened to enhance its biosynthesis capability by
atmospheric pressure room temperature plasma mutagenesis. To improve the supply efficiency of
the precursor for a-ketoglutarate biosynthesis, we reduced the dissipation of carbon flux in the
pyruvate node by knocking out genes related to the accumulation of lactate, acetate, and formate.
Furthermore, we knocked out the genes related to the degradation pathway of o-ketoglutarate to
achieve the retention of carbon flux at o-ketoglutarate node and improve its production. Through
the optimization of fermentation conditions, the fermentation in a 5 L fermenter with the
engineered strain E. coli KA29 achieved the a-ketoglutarate titer, yield, and productivity of
28.7 g/L, 0.29 g/g, and 0.48 g/(L-h), respectively. [Conclusion] The research strategies mentioned
above lay a foundation for the development and application of strains with high production of
a-ketoglutarate and provide a reference for metabolic engineering to produce other organic acids.
Keywords: Escherichia coli; a-ketoglutarate; pyruvate; atmospheric and room temperature plasma
mutagenesis; metabolic engineering; optimization of fermentation conditions
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E. coli =77 o-lik R BEE T SLERIEA
1 HeE5rE

1.1 #H
1.1.1  Etk

LA E. coli CICC 23846 1F Jy i 5 A AR EATAC
W TR DU ol W& . E. coli IM109
FEH T EAL TR A . AT BT B B bR
HFEILE 1.
1.1.2 FERFIFLEF

BRI S . PrimeSTAR @R E [ . Tag
DNA R4 W% T E W) 5L B A O, &
A TRV EBR AR, —FRIEEARN, M
R A YR A BRA R BoR 4R U £
e R & P Al & AR
FERBREMSGRF &, A T Ay TR B
BRRA T AN S R 3 A BOA R &
WAABH (AL BRA A o-F I R,
Sigma-Aldrich 237 5 HAWIG], 5 2548 Ml by
RAHBRAF . PCR 514 IRTRAE DR (1)
A BRAFA B

PCR 4" 440 . BERC AR . LA, Hik
10, EEE O, CARMERA /A F; SBA Y

®1 KAREARAEK

Table 1  Strains used in this study

Strains Descriptions Sources
E. coli C2 E. coli CICC 23846 CICC

E. coliKAOO E. coli C2 This study
E. coli KAO1 E. coli C2AygaY::RoPYC This study
E. coli KAO2 E. coli KAO1AilvG::EcCS This study
E. coli KAO3 E. coli KAO2AlafU::EcACN This study
E. coliKAO04 E. coli KAO3Arph::EcIDH This study

E. coliKA24 E. coli KAO4, ARTP mutagenesis This study
E. coli KA25 E. coli KAO4, ARTP mutagenesis This study

E. coliKA26 E. coli KA25AldhA This study
E. coli KA27 E. coli KA26ApoxBApta-ack4 This study
E. coli KA28 E. coli KA27ApfIB This study
E. coli KA29 E. coli KA28AfrdBCAfumABC  This study

AL, IWZRBFEBEEYIR G T 3 £
$%4% , ThermoFisher Scientific 2> 7] ; 431 K- .
% pH i, MERE#h-FCRIZAF]; 5L RRERE,
A RAEY) TAR(EE A PR
1.2 SFRERE

K FH CRISPR-Cas9 i R, e € S bk E.
coli CICC 23846 JEH R PENL S, ygaY . ibG.
lafU F rph A3 5H& A RoPYC., EcCS. EcACN Fi
EcIDH JE[H, RIRARIGHRE E. coli KAOL, E. coli
KAOQ02. E. coli KAO3 I E. coli KAO4, UL E. coli
KAO1 [k st B2 o0 i, SR @A PCR J7ik4%
ygaY I F U RVEE Fa A Tre Ja 80 F )3k A
RoPYC A 7i%H:, 345 RoPYC #GHE, FKHYS
Jii ki pTargetF Fl pCas It [F] 5% A B ¥k E. coli
CICC 23846 it JRAS FHM: se b, THBR RS
KAF RoPYC SEH G WK E. coli KAOL, R
AR A () )7 My #E EcCS. EcACN Fll EcIDH %
IR 3o FE 3k I B E. coli KAO2. E. coli KAO3 Fi
E. coli KAO4, MAL, KM ik T7 %50 53R 1%
ldhA . poxB. pfIB. pta-ackA. frdBC ¥ fumABC
FEH R &, B H 5 ok pCas il pTargetF 3 [A]
H NHRE E. coli KA25 W, ARIRFASHIRE E. coli
KA26., E. coli KA27, E. coli KA28 Fl E. coli
KA29.

1.3 BHREREFRFN

1.3.1 MFERE

LB ¥ dk(g/L): AR 10.0, FEEHZE)
5.0, NaCl 10.0,
1.3.2 KREFEFRE

M9 TG HL £k % % FE (g/L): A OB 50.0,
NH4CI1 1.0, Na,HPO,-12H,0 15.1, KH,PO, 3.0,
NaCl 0.5, MgS0,-7H,0 0.3, f{HICZEK 1 mL.
R ICR M (g/L): FeCly+6H,0 2.4, CoCly+6H,0
0.3, CuCl,0.2, ZnCl+4H,0 0.3, NaMnOj 0.3,
H;BO; 0.1, MnCl,-4H,0 0.5, % 7T 0.1 mol/L HCI
HCH

NBS JC #L £k 85 7% %L (g/L): i & H 50.0,
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(NH,),HPO, 3.5, KH,PO, 3.5, K,HPO, 5.0,
MgSO,-7H,0 0.3, CaCl,-2H,0 15.0 mg/L, 4Ef%
B10.5mg/L, 1 mLEICER. e tRB(g/L):
FeCl;6H,0 2.4, CoClL+6H,0 0.3, CuCl0.2,
ZnClL,-4H,0 0.3, NaMn0,0.3, H;BO; 0.1,
MnCl,+4H,0 0.5, % T 0.1 mol/L HCI H{ELHi

AM1 TG HLEE K% 7% 3 (/L) i & i 50.0,
(NH,),HPO,412H,0 2.6, NH,H,P0,0.9, KC10.2,
MgSO4-7H,0 0.4, LR | mL, flEITHE
W (g/L): FeCly*6H,02.4, CoCl+6H,0 0.3, CuCl,
0.2, ZnCl,*4H,O 0.3, NaMnO, 0.3, H;BO; 0.1,
MnCl,+4H,0 0.5, % T 0.1 mol/L HCI F ] .

MR JC HL £k 55 3% 5 (g/L):  # 4 B 50.0,
(NH,),HPO, 4.0, KH,PO, 6.7, MgSO4*7H,0
0.8 g/L, ¥R 0.8 g/L, i GEM 1 mL, filie
JCEM(g/L): FeSO4-7H,0 10.0, CaCly+2H,0 2.0,
ZnS0,4+7H,0 2.2, MnS04-4H,0 0.5, CuSO4+5H,0
1.0, (NH)¢Mo070,4°4H,0 0.1, Na,B,0,-10H,0
0.1, ¥%T 5 mol/L HCI it

mAMI #5353 . 78 AM1 eHLER L iR
4.0 g/L FERHEE) .
1.3.3 fhFiEF

MCH I P RERCRE R 26T LB e, &F
37 CCHEFRAA TS 3R 24 b, PRIBCHT ff 1) BT 75 4
P& 50 mL/250 mL 9 LB ¥5 3% h, 37 °C |
200 r/min &4 F 4555 10 he
1.3.4 EAE

DI LR ODg0o=0.5 WM&, iz =
50 mL/250 mL ) M9 TeHLER KRR IR, FFImA
30 g/L K CaCOs, T 37°C. 200 r/min 5 F
Rig% 60 ho 76K 24 h BFAMINE 28 50 g/L.
1.3.5 5L LR

T LTI E, PO VE A%
WM 50 mL/250 mL ) mAMI1 R, fE
37 °C. 200 r/min 214 F 3% 10-12 h J5 16 A Fp
T, PUEIR ODe=0.5 By, EFF SL
WA (& 2.5 L mAMI B30 d, @A E
1 vwm. %3 300 r/min, 37 °CH53% 60 h, K [
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1R 4 mol/L NaOH #54i] pH Ky 7.0, 2447
3 7] W T FE 98 BB T 06 TR SR T I A e 2
TS, HI A AR BEAE 1-5 /L.
1.4 ARTP iET
141 BEE&HIE

MH A TP EEBCA R R LR T LB A, BT
37 CCHFRAATPGR 24 h, PRECHTEE R BRI FEp
50 mL/250 mL /) LB 35556, 37 °C. 200 r/min
ZMF TSR 10 he KWL 4°C. 6 000 r/min E5.0>
Smin, FFEIGFREL, WA PBS IR UER 3 Ik,
AR K B, RN R4,
BH BRI EL 105 /mL, M.
1.42 ARTPiFT

B 10 pL B iR B 7R KR 5 4 R 2k R
L (ARTP X & HBELF), I8 T ARTP IEAEH
PP TR . ARV TARRUR, TR
120w, AbELREECAER, WA EN 10 SLPM
(standard liters per minute), 25 & FA L SRS
B AR S R S mm, AbFERT A B E N 30 s, HF
AR PR B2 R BAEER 990 pL Fp TR 5 4L
1 1.5 mL &0 HIRY 100s, ZJaHEARA
50 mL 15 3R A9 500 mL #EHR P, 37 °C.
200 r/min K557 12 h, & 458 HC 100 pL A0
FREMARE SR, BT 37 °ClHERFE 24 h,
1.5 E£YI=ENE

PR AR B I 0T L 43 Y 0 BE T E AT I A
W E WA 600 nm, FFARHE 1 ODge=0.3 g/L 4l
Jifd 5 (dry cell weight, DCW)f H 9] 56 2 3344
HRA Y
1.6 BEHESEMNE

R TR TR H R 785 W VR B R B 100 3% ) 1 1 A=
WL A AT A TR
1.7 BHIERSENE

R TR A MR & et fT FH e RO i Stk
FFNRE, AR 3%k A Atlantis® dC18
(5 pm, 4.6 mmx250 mm); i 3484 0.1 mol/L
KH,PO4 CRH HsPOL 152 pH 2.8), #EHHE 10 pL,
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KK 215 nm, A3 20 °C, i 0.6 mL/min,
1.8 ZitZE oM

Gt M 4h SR L) meantSD Fon, FR4H AL
B2/ EAT 3 WAEY =B . (] GraphPad
Prism 8.0 #17 ¢ Ke 46437, XA Z A 50
THERHATNT, H: *FoR P<0.05; **FIR
P<0.01; ***375% P<0.001.
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(EcACN)FISHF B IR i S BiF (ECIDH) (K 2A). 4%
R, TR E. coli KA 1 o~ % — 27
HIkF 5.5 g/L, BOAIRER E. coli KAOO (1.2 g/L)
PEE T 358.3% (K1 2B). SULIE;, TRERE E.
coli KAO4 4= ¥yt (dry cell weight, DCW)4%} R
PR E. coli KAOO 415 1 35.4% (14l 2B). 14t
TFER KR E. coli KAO4 LAEFN B — & I i &Il 7=
Vi, A 6.2 g/L INBRRZ . 5.4 g/L FLIR. 4.3 g/L
LR 2.4 gL Wig., LiRs5 SRR, Wtk E
coli KAO4 n] FIF A7 o-F — R, H o-FHK
BRI A P KT, it — 2 m ™ it
2.2 ARTP ifTE58 ok ZBR4E =
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Construction of the biosynthetic pathway of a-ketoglutarate. A: Rewiring the TCA cycle for

a-ketoglutarate production; B: Effect of gene overexpression on the production of o-ketoglutarate. RoPYC:

Pyruvate carboxylase; EcCS: Citrate synthase; EcACN: Cis-aconitase; EcIDH: Isocitrate dehydrogenase. *:

P<0.05; **: P<0.01; ***: P<(0.001; ns: Not significant. —: No gene overexpression; +: Gene overexpression.
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A, RRE o-M S R R, X AR LA
[ 200 Pk ARTP R4 AR THI i BE, 1515
32tk oM R P T E. coli KAO4 [ 545
Fitk, IERZERIA 16.0% (K 3A), FEMIER] |-,
X R ARAT ) S A AR A TR 0, v 25 Bk
GEARRRIY o N R R T R BB E. coli
KA04 (& 3B). ZRAZ#E E. coli KA24 Fl E. coli
KA25 (1 o~ 5 iy i o3 A 2] 1 9.8 g/L Al
102 g/L, %XFHEHRR E. coli KAO4 3 W42 T
78.2% 1 85.5% (& 3B). ¥ Lk & iR 2 Bk
FRAFBRIATALAR A BEAE, JEo b st e R
Veo DATE R BRI o-B N — R P~ NP6 HR
RALKR E. coli KA25 1 a-Bi R R =& AMUE T
WK HRR E. coli KA04 H = B7AREIERE /MK 3C).,
IRGEREN], RARK E. coli KA25 HA B AFHY
wHERUE N, &AL TR TR E A
7 o R

2.3 o-ffik ZER & AT AL
Wit ARTP AR SRIF 2B E E. coli KA25
FERRE o G TR R R 1% [R] s n T R
PFLE, & 8.8 o/L INEAIR . 7.4 /L 3L .
5.5 g/L LIgM 2.7 g/L WER(E 4B). A /b aiAt
AR, @R TR YIFLR . SRR AR
PRI S ARG EE K (] 4A) . A RERELIR
R, MR T FLRR I ARG A (ldhA); HFEIRS
TR R, mlBR TN R IR A AL SE R (poxB) . TR
e R FE A (pta) 11 C FR AR SE N (ackA) ;. MR
EH RS, wBR T VR R H R i il 5 1A
(of1B). 45HRFEM, TR E. coli KA28 [1) a- i
R R A S 15.4 g/, B EH R E. coli
KA25 #2355 T 51.0% (I 4B). Sitblalm;, TRERE
Pk E. coli KA28 FINERPR(3.3 g/L). FLIR(2.1 g/L).
TR (1.5 g/LYFH R (0.6 g/L) &4 & Hitk E.
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Figure 3 ARTP mutagenesis for enhancing the production of a-ketoglutarate. A: Effect of ARTP mutagenesis on
a-ketoglutarate production through primary screen; B: Effect of ARTP mutagenesis on a-ketoglutarate production
through secondary screen; C: The genetic stability of E. coli mutants, E. coli KA24 and E. coli KA25.
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overexpression; +: Gene overexpression.
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77.8% (& 4B). ILAh, TFEEFE E. coli KA2S )
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