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Metabolic engineering of Escherichia coli for de novo synthesis
of 1,4-butanediol
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Abstract: 1,4-butanediol is an important intermediate widely used in chemical, agricultural, and
pharmaceutical industries. This study constructed a new short path for the production of
1,4-butanediol with glucose as the substrate by combining enzyme engineering and metabolic
engineering. Firstly, a novel path catalyzed by a-ketoglutarate decarboxylase (SucA),
carboxylate reductase (Car), and alcohol dehydrogenase (YqhD) was designed by database
mining, and the de novo synthesis of 1,4-butanediol was achieved after introduction of the path
into Escherichia coli W3110 (K-12) chassis cells. To further improve the synthesis efficiency of
this path, we deleted the genes encoding lactate dehydrogenase A (LdhA) and pyruvate formate
lyase B (PfIB) to block the metabolic bypass. Furthermore, the expression of citrate synthase
(GItAR'®M) was up-regulated to increase the a-ketoglutarate metabolic flux. In addition, we
improved the synthesis of the key cofactor NADPH and up-regulated the expression of SUCA,
car, and yghD by substituting with strong promoters to increase the efficiency of supplying
precursors to 1,4-butanediol synthesis. Eventually, the recombinant strain produced up to 770 mg/L
of 1,4-butanediol within 48 h in a shake flask, and 4.22 g/L of 1,4-butanediol within 60 hina 5 L
fermenter with a yield of 12.46 mg/g glucose. Compared with the previously reported method, the
novel path designed in this study for the de novo synthesis of 1,4-butanediol does not need
acetyl coenzyme A and avoids the byproduct acetate or the addition of ammonia. Therefore, the
outcome is expected to provide a new idea for the metabolic engineering of microbial chassis
for the production of 1,4-butanediol and its high-value derivatives.

Keywords: Escherichia coli; metabolic engineering; 1,4-butanediol; path optimization
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6- T iR 75 % BH R N Bl ; Ribulose

5-phosphate: 5-B§H2 1% B ; Erythrose 4-phosphate: JR&FME-4-TE K ; PEP: B2 FEX N EHER ; Pyruvate:
NHERFR ; Acetyl-CoA: ZTEEEGF A; Cit: FF&ER ; Oaa: ELHEZ R ; Mal: SERER ; Fum: & 52 ; Succinate:
JEIAMR ; Succinyl CoA: JEIAMERHME A; o-KG: o~ PR ; SSa: JEHIMRFHE; 4HB: 4-32 5L TR ; 4HBA:

4-F2FTEE; 1,4-BDO:

1,4- T ;5 Glu: B&EFR; GABA: y-Z I THR; 4-HB-CoA: 4-¥55L T MEILH

fitf A; LdhA: FLERW %NS ; PAB: PNERIRHF IR ZLMEAG; Mdh: SERMITEN; GItA: #7865 LT ; SucA.:
o-HifR B FR I ; YqhD: ZFEMEEE; Car: RIRILIEE; GdhA: BEMRM AN ; GadB: AR ;
GabT: y-Z TR LM ; SuccD: JRIAMEAHEG A 5 B ; SucD: HMHG A HORIE BT R 1 i =

ff; Cat2: 4-F2FET WEILHIEG A #5850 ; AdhE. 4-323E T EHE-CoA i
Metabolic pathways for the production of 1,4-BDO. Pathway (D: The short pathway for the

Figure 1

b5l s Zwf: H%E-0- BRI 2

production of 1,4-BDO in this study; Pathway (),3): Pathways for the production of 1,4-BDO in literatures.
PEP: Phosphoenolpyruvic; Cit: Citric acid; Oaa: Oxaloacetic; Mal: Malic acid; Fum: Fumaric; a-KG:
a-ketoglutarate; SSa: Succinic semialdehyde; 4HB: 4-hydroxybutyric acid; 4HBA: 4-hydroxybutyraldehyde;
1,4-BDO: 1,4-butanediol; Glu: Glutamate; GABA: y-aminobutyric acid; 4-HB-CoA: 4-hydroxybutyryl CoA;
LdhA: Lactate dehydrogenase; PfIB: Pyruvate formate lyase; Mdh: Malate dehydrogenase; GItA: Citrate
synthase; SucA: a-ketoglutarate decarboxylase; YqhD: Alcohol dehydrogenase; Car: Carboxylate reductase;
GdhA: Glutamic dehydrogenase; GadB: Glutamate decarboxylase; GabT: y-aminobutyrate aminotransferase;
SuccD: Succinyl-CoA synthetase; SucD: CoA-dependent succinate semialdehyde dehydrogenase; Cat2:
4-hydroxybutyryl-CoA transferase; AdhE: 4-hydroxybutyryl-CoA reductase; Zwf: Glucose-6-phosphate

dehydrogenase.
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Table 1  Strains and plasmids used in this study

Escherichia coli strains and Characteristics Sources

plasmids

BL21(DE3) For expressing genes Lab store

W3110 (K-12) For expressing genes Lab store

BL21 (SucA) BL21(DE3) carrying pET-28a-SucA This study

BL21 (Car) BL21(DE3) carrying pET-28a-Car-Sfp This study

BL21 (YqhD) BL21(DE3) carrying pET-28a-YghD This study

BDO-1 W3110 (K-12) knocking out |dhA gene integrating yghD gene carrying This study
pTrc99A-SucA-Car-Sfp

BDO-1Y W3110 (K-12) knocking out |dhA gene integrating yghD gene carrying This study
pTrc99A-SucA-Car-Sfp-YghD

BDO-2 W3110 (K-12) knocking out IdhA and pflB gene integrating yghD and gItA*'®" gene  This study
carrying pTrc99A-SucA-Car-Sfp

BDO-3 W3110 (K-12) knocking out |dhA and pflB and mdh gene integrating yghD and This study
gItAR'L gene carrying pTre99A-SucA-Car-Sfp

BDO-4 W3110 (K-12) knocking out |dhA and pflB and mdh gene integrating yghD and This study
gItAR'L and 2wf gene carrying pTrc99A-SucA-Car-Sfp

BDO-5 W3110 (K-12) knocking out IdhA and pflB gene integrating yghD and gItA*'®“and  This study
2wf gene carrying pTrc99A-SucA-Car-Sfp

BDO-6 W3110 (K-12) knocking out IdhA and pflB gene integrating yghD and gItA*'®“and  This study
2wf gene carrying pTrc99A-J23101-SucA, pETduet-pACYC-J23101-Sfp-Car

BDO-7 W3110 (K-12) knocking out IdhA and pflB gene integrating yghD and gItA*'®“and  This study
2wf gene carrying pTrc99A-J23101-SucA, pETduet-pACYC-J23101-Sfp-Car-YqhD

pET-28a-SucA pET-28a harboring the optimized gene SUcA, Kan® This study

pET-28a-Car-Sfp pET-28a harboring the optimized gene car, Kan® This study

pET-28a-YghD pET-28a harboring the optimized gene yghD, Kan® This study

pTrc99A-SucA-Car-Sfp pTrc99A harboring the optimized gene SUcA and car and sfp, Amp® This study

pTrc99A-SucA-Car-Sfp-YghD  pTrc99A harboring the optimized gene SUCA, car, sfp, and yghD, Amp® This study

pTrc99A-J23101-SucA pTrc99A harboring the optimized gene SUCA replacing Trc promoter with J23101, Amp® This study

pETduet-pACYC-J23101- pETduet-pACYC harboring the optimized gene car and sfp replacing T7 promoter This study

Sfp-Car with J23101, ChI®

pETduet-pACYC-J23101- pETduet-pACYC harboring the optimized gene car and sfp and yghD replacing T7 This study

Stp-Car-YqhD promoter with J23101, ChI®

pCas pCas-cas9, Spe® Lab store

pGRB sgRNA, Amp® Lab store

pGRB-1dhA sgRNA-IdhA, Amp? This study

pGRB-pflB sgRNA-pfIB, Amp® This study

pGRB-mdh sgRNA-mdh, Amp® This study

pGRB-yqch sgRNA-yqch, Amp® This study

1.14 EFE
LB 55373 (g/L): NaCl 10.00, & H i 10.00,

BEREAY 5.00, [E A ;35 5 0 7E H LRl s
1.6%—1.8%MIELNEHS -
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PO R W5 97 5L (g/L) . W% BE 20.00,
Na,HPO, 6.78, NaCl 0.50, KH,PO, 3.00,
NH,CI 1.00, MgSO4-7H,0 0.25, CaCl,-2H,0
0.02, &1k 3.00, MELEH 5.00, FeSO4 7H,0
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Table 2 Primers used in this study

Primer name Sequences (5'—3")

YqhD-F TGGGTCGCGGATCCGAATTCATGAACAACTTTAATCTGCACACCC

YqhD-R TCGAGTGCGGCCGCAAGCTTTTAGCGGCGGCTTCG

SucA-F CGAGCTCCGTCGACAAGCTTATGGCCAATATCAGCAGCC

SucA-R TGGTGCTCGAGTGCGGCCGCTTAACCAAAGGCTTCATCCAGAATT

Car-Sfp-F CGAGCTCCGTCGACAAGCTTATGAGCCCGATCACCCG

Car-Sfp-R TGGTGCTCGAGTGCGGCCGCTTATAAAAGCTCTTCGTACGAGACCAT

pET-28a-F GCGGCCGCACTCGAGCACCA

pET-28a-R AAGCTTGTCGACGGAGCTC

p-SucA-F TATAATGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGGCCAATATCAGCA
GCC

p-SucA-R TTAACCAAAGGCTTCATCCAGAATTTC

p-Car-Sfp-F CAGACCATGGAATTCGAGCTATGAGCCCGATCACCCG

p-Car-Sfp-R TCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAATTATAAAAGCTCTTCGTACGAGACC
AT

p-YghD-F AAGCCTTTGGTTAAAAGGAGATGAACAACTTTAATCTGCACACCC

p-YghD-R GATCCCCGGGTACCGAGCTCTTAGCGGGCGGCTTCGTATA

pTrc99A-F AAGCTTGGCTGTTTTGGCG

pTrc99A-R AGCTCGAATTCCATGGTCTGT

J-SucA-F TGAAAGAGGAGAAATACTAGATGGCCAATATCAGCAGCC

J-SucA-R TCTCATCCGCCAAAACAGCCTTAACCAAAGGCTTCATCCAGAATTTC

JS-F GGCTGTTTTGGCGGATGAGA

JS-R CTAGTATTTCTCCTCTTTCACTAGGCTAG

JP-F CCCTCGAGTCTGGTAAAGAAACC

JP-R CTAGTATTTCTCCTCTTTCACTAGGCTAG

pTrc99A-123101-F CTAGCTCAGTCCTAGGTATTATGCTAGCCTAGTGAAAGAGGAGAAATACTAG
pTrc99A-123101-R  AATACCTAGGACTGAGCTAGCTGTAAACAGCTCATTTCAGAATATTTGCCA
pACYC-J23101-F  AGCTCAGTCCTAGGTATTATGCTAGCCTAGTGAAAGAGGAGAAATACTAG
pACYC-J23101-R  TACCTAGGACTGAGCTAGCTGTAAAAGATCCCGGACACCATCG
J23101-Sfp-Car-F  TGAAAGAGGAGAAATACTATGATGAGCCCGATCACCCG

J23101-Sfp-Car-R~ TTCTTTACCAGACTCGAGGGTTATAAAAGCTTCTTCGTACGAGACCATTG
J23101-Sfp-Car-Y-F TGAAAGAGGAGAAATACTATGATGAGCCCGATCACCCG

J23101-Sfp-Car-Y-R  TTCTTTACCAGACTCGAGGGTTAGCGGGCGGCTTCGTA

gltA-R163L-F TTCCTGCTGCTGTCGAAAATGCC

gltA-R163L-R ATTTTCGACAGCAGCAGGAACG

gltA-F ATGGCTGATACAAAAGCAAAACTCAC

gltA-R TTAACGCTTGATATCGCTTTTAAAGTCG

ldhA-up-F GTCATCAGCAGCGTCAACGG

1dhA-up-R ATCCGCTCACAATTCCACACATTATACGAGCCGGATGATTAATTGTCAATGCTTTTTCAGCTCTTCCA
GC

1dhA-down-F GCGATCTATTCTTTGAAGATAAATCCAACG

ldhA-down-R CGGAAATCATCATTTTTTCACCAAAGCT

YghD-up-F GTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGACCATGAACAACTTTAATCTGCAC
ACCC

YqhD-down-R ATCTTCAAAGAATAGATCGCTTAGCGGGCGGCTTCGTATATA

ldhA-sgRNA-F AGTCCTAGGTATAATACTAGTGCCGTTGCTGAACACGCCATGTTTTAGAGCTAGAA
1dhA-sgRNA-R TTCTAGCTCTAAAACATGGCGTGTTCAGCAACGGCACTAGTATTATACCTAGGACT

pfIB-sgRNA-F AGTCCTAGGTATAATACTAGTCGGTCGTACCTCCACCTTCCGTTTTAGAGCTAGAA
pflB-sgRNA-R TTCTAGCTCTAAAACGGAAGGTGGAGGTACGACCGACTAGTATTATACCTAGGACT
mdh-sgRNA-F TTCTAGCTCTAAAACGCGCGTTCTGTTCAAATGCGACTAGTATTATACCTAGGACT

mdh-sgRNA-R AGTCCTAGGTATAATACTAGTCGCATTTGAACAGAACGCGCGTTTTAGAGCTAGAA
yqch-sgRNA-F AGTCCTAGGTATAATACTAGTATCGCTACGTCTCGCAGTTAGTTTTAGAGCTAGAA
yqch-sgRNA-R TTCTAGCTCTAAAACTAACTGCGAGACGTAGCGATACTAGTATTATACCTAGGACT

&: 010-64807509 B<: cjb@im.ac.cn
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3 mg/L, MnCl,-4H,0 1 mg/L, 4i4=% B1 75 mg/L;
FIA 0.1% KB 2L R (R 5], 2 Ay
6.8-8.4, MEFNL), FMT pH . HFhHIE:
FREAR TN MAR N PR, HPANYEER
(ampicillin, Amp)Jii &= ¥ & A 100 pg/mL, iR
[ % & (kanamycin sulfate, Kan)Jii & ¥k & K
50 pg/mL, %%?%%(chloramphenicol, Chl)}iﬁﬁ‘?ﬁ
FEh 34 pg/mL.

5 L R I K W B IR 5 (/L) - A 43 B 20.00,
Na,HPO, 6.78, NaCl 0.50, KH,PO, 3.00, NH,ClI
1.00, MgSO,4-7H,0 0.25, CaCl,-2H,0 0.02, &
FIPR 3.00, BEEERY 5.00, FoK3K 10.00 mL/L,
FeSO4-7H,0 3 mg/L, MnCl,-4H,O 1 mg/L, 4k
42 Bl 75 mg/L.

K REANRHT RS (g/L) - 0 B TROAR
800.00,

12 F&
1.2.1 EHEFRMAIME

N TTERBITRPHE 1,4-T ZBAEYS
BT, ATt Rk T R (E. coli) K-12
MG 1655 il i) & 1 i %0 (yghD) BE A [ 1) 5|
TR 43 BCFT TR (Mycobacterium: marinum) i i
(1 ¥R R 16 5L T (car) 2E LU 4 2 R R AF 1A
(Corynebacterium glutamicum) 3t 5 i iR 12 5k 55
FE W HE 7 i (phosphopantetheinyl transferase,
stp) LA . 44 B AT (Mycobacterium  bovis)>k
VR ou- T J3E R it (sucA) 3 R -1 o sfp 3
DK RE 6 38 Sh IR 12 IE B Bk O W BE AL R Iy, 1R
T L B TR T TR B A O M S R B B AR 1 1Y
PRSFERIE I, DI e 5 I A s g 1 i U0
DA SE 8 R AR AE ) pET-28a. pETduet-pACYC .
pTrc99A JFTkr LA K K HT B B R 4 S siafe , )
AR 2 sy, oo B AR 5L R Be A
U A TRV A o PR FH (] i 2 A
FJ % T pET-28a-SucA .pET-28a-Car-Sfp .pET-28a-

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

YghD. pTrc99A-SucA-Car-Sfp. pTrc99A-SucA-
Car-Sfp-YghD . pTrc99A-J23101-SucA . pETduet-
pACYC-J23101-Sfp-Car #1 pETduet-pACYC-
J23101-Sfp-Car-YqhD 2% ki .

E. coli BL21 FE ALk M. LIk
pET-28a-YqhD EAL R M6, LAIRIAFF R E. coli
K-12 MG1655 JL 41 itk , F514% YqhD-F .
YqhD-R "4 2 Bl S A (yghD)SE [, DLSE IR
TRAF 1Y pET-28a BT AR , H15 14 pET-28a-F |
pET-28a-R Z&PE Ak TR AR . 7 FH 7] 15 0 24 Jffés
yghD B¢l pET-28a [l fi [al R E 4, 4 FH 4™
Y% AN E. coli BL21 J&Z 4004, 153
pET-28a-YqhD # 41 iiki . A4 Yy ey 2t
pET-28a-SucA . pET-28a-Car-Sfp B2 Jfiki., H
HosucA. car FE[E B R AR 4 MER A MR
HBRA A A, sfp I car B 2 6] 78 InAZ% g A
24 55 (ribosome binding site, RBS)HHHk

E. coli W3110 41 it fi iy # . LA
pET-28a-SucA . pET-28a-Car-Sfp J#tR, 5
) p-SucA-F . p-SucA-R ¥ 34 o-Jilil FiK 5t 2 i 3 [A]
(SucA); 51 p-Car-Sfp-F. p-Car-Sfp-R 4" %
R I IR HE IR (car) . AR V2 Tt 5 Bk & W HL B 7%
LN (sfp). DA pTrc99A ki MR, FH5I4
pTrc99A-F. pTrc99A-R LeMEAb Fkifbit .
[7] 95 20 il sucA . car+sfp Fi BEFI pTre99A £
PEAEBORL A R 2, B EHA Y A E. coli
BL21 &84 i, /i 3815 pTrc99A-SucA-
Car-Sfp 4 ks . FHIRIFEAY 7 248 2 pTre99A-
SucA-Car-Sfp-YqhD 4 Jiiki, 514 p-YqhD-F .
p-YqhD-R 4" 3 2, B B EE K (yohD) , 5 Ze 4k
& T KL pTre99A-SucA-Car-Sfp H BeAH 3 B AT .
WS TRz H car-+sfp i1 sucA JiL PR 22 [a] 30 Tre J5
Bl
122 B FEBRSEAESRT

T Tk pTrc99A-I123101-SucA [ EH: .
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JELL pTre99A FRki MM, HI5I4 pTrc99A-
J23101-F . pTrc99A-123101-R (51 ¥ & A
J23101 JA T 750 BEHEA pTre99A Fikibx
Tre )3 FHIEZL, FNMA 1 uL Dpn IFR il 4%
MR N UIEG T PCR 7“4, 37 °C& @it 1 h UL
BREOHR , K 1 )5 7= e i 4% A E. coli BL21
JAZ A AN, PRECPR 1 v B T R 2% &
TN G ER A TR A R BIN B iE . 75318
e Tre JH 8Tk 123101 (4J50RL pTre99A-J23101,
Pl pET-28a-SucA Bk HEH 5[4 J-SucA-F .
J-SucA-R 473 o- il R i 2R Wl J& (5] (sucA) . BA
pTrc99A-123101 Jiki Mtk , 5[4 JS-F . JS-R
AL TR AR o P [R5 2 W sucA R Bt
1 pTrc99A-J23101 LAk Bk [l IR B 2H , 5
Hr=WE A E. coli BL21 J&3Z 2540 it b i ve 4k
4 pTrc99A-I123101-SucA HH Fiki. FHRIEER
7158 ¥ pETduet-pACYC ki T7 JHsh ¥,
H # @@  pETduet-pACYC-J23101-Sfp-Car .
pETduet-pACYC-J23101-Sfp-Car-YqhD i 2H fiii
ki. Hp car+sfp. yghD £ Z a1 123101
Ja s EREK

gltA JE R163L & mi 8748 . H LRI HT
B E. coli K-12 MG1655 JER 4 m#it, F514
gltA-F. gltA-R ¥ 14 ZBEli A i (gItAVEE . DA
STy S AR AE Y pET-28a TR AR, 58
pET-28a-F, pET-28a-R £tk JFkitsit . 5 H
[) 5 i ZH K gItA F BOFN pET-28a 5k [R] 5
H, BEHAYE A E. coli BL21 JEZ 2540 il
W, £33 pET-28a-gltA T Tk, F LU TR
MR, FH5IY gltA-R163L-F. gltA-R163L-R
(G EEA RI63L el %555 11 )7 41 1% [H]
TR Ha 4~ pET-28a-gltA ik, FEAIA 1 uL
Dpn IF PCR =¥, 37 °C4 )@ 1 h LIZEBR
B, FIHALE P A E. coli BL21
JEAZ AR, PRERPH P T R OBk I %

&: 010-64807509

TN 4 MERS AR W BHE AT B2 BN 0 R4 21 1
i R163L 52878 (1Y pET-28a-gltAR' L T 21 Jfikir
123 KEHRNEERMRSES

FE DN 20 i 5 G B R - CRISPR-Cas9
24, BAR T2 08 Zhao ZPOHESE . LA 1dhA
NS yghD #4581 : F514% 1dhA-
sgRNA-F . 1dhA-sgRNA-R 4 Jfi ki PCR "1
pGRB JTiki, 5] A 20 bp i sgRNA JF31, K15
JE R B BOR. pGRB-1dhA . 11514 1dhA-up-F .
IdhA-up-R 434 - if[RII5E s H1514) 1dhA-down-F |
IdhA-down-R 438 N IfE[RIIEE , [F]E ] YqhD-up-F .
YghD-down-R Z|#14 14 yghD JEH R B, FIH
fillf PCR H ARG R iflRlEE h Bt yghD
FEH R B @A R B K pCas Bk . pGRB-1dhA
ok, BlA B T A W3110 (K-12) Bk sk
PRELPR ks, 3514 1dhA-up-F . 1dhA-down-R
AT 7% PCR BGiIE, A ribRa, W &4 K
AN G BER N, g S K/INIE B 8 3
v Bk I M 4 MR AR W RHECA RS w0 . D
FPas RS A R BRI —30, ER] 1dhA SE
MR K yghD B4 . FIRIRE 4 7 3 58 vt
pflB JL R Fi bR 5 gtAN CE LR & A | SER BRI
Z [ (malate dehydrogenase, mdh)J& K] & B (Al
G R B ERURREE) . RN yach @B
5 %5 %) B -6- 1 B2 I & i (glucose-6-phosphate
dehydrogenase, 2Wf)FE [R5
124 FHEHKMWESRIE

£ JFiRL pET-28a-SucA . pET-28a-Car-Sfp .
pET-28a-YqhD 435I Hi ili % A BL21(DE3) M #k
i, RPFE A EFE BL21 (SucA). BL21 (Car).
BL21 (YqhD). ##J5#: pTrc99A-SucA-Car-Sfp
pTrc99A-SucA-Car-Sfp-YqhD 43 5| H i 5 A &=
JEAEAM W3110AldhA 1, FRAE 1,4-T B
() H ZH # bk BDO-1, BDO-1Y, ¥4 Jfi ki pTrc99A-
J23101-SucA . pETduet-pACYC-J23101-Sfp-Car

B<: cjb@im.ac.cn
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HL 7 5% A & BDO-5 (iR LA, SRS FH AL A
¥k BDO-6 . #f i #i pTrc99A-J23101-SucA .
pETduet-pACYC-J23101-Sfp-Car-YqhD Hi %% A
% BDO-5 Jk#4iffirh, S5 EMH K BDO-7,

FAH R ZE 10 mL X0 R HiE R LB
WA IR FE PR FE 12 he SR LA 1% (KT 2085
A E 50 mL FXF R FURLHTE Y LB IR AR 57
Ferp, FE37°C, 180 r/min &M FREE 4h, 25
JMAZME N 0.5 mmol/L B IPTG #H17i5HS,
B K 16 °C . 160 r/min, 7550588 16 he
BOWE N, FEH PBS ZZ i (pH 7.4, WE
4 0.05 mol/L)1Eik 2 IR BiF . SRIG S
MRS AR B A TR, TRLEE AR RIAE 4 °C.
BRI AE 4 °C ., 12 000 r/min 54 F 250> 30 min
A3 5 20 B R AR % T B b R U, 4 AT
SDS-PAGE il .
1.2.5 FHEMLEE

PR : BU-40 °CURMEIREITE 1%
Fedefh T LB B3R Sapf P, 1 37 °C.220 t/min
PR HEFE 12 h, HTFR-FHEsR. BHC1 mL A
T ZE A 30 mL/500 mL K& e 3R BE ) HRH
FEE X R FORLHTAE %R, 37 °C, 220 r/min K J#
48 h, ODggo M AL AE 0.6-0.8 Af, Jil A 0.5 mmol/L
IPTG %55, £k 12 h BUR:, WI%E ODgoo A1 1,4- T
TR

5L RTERERE: KIFERERRW N 2L,
Fie 10% S PACFR 1 2 B e B A VR D 2 Ok I8
W, B#1& ODgoo 4 10 A, JIIA 0.5 mmol/L IPTG
BT MRV AES: pH y 7.0, ¥
# R 500 r/min, SN 2.0 vvm, JhEEE
TE 37 °C. MR TR A S8 BT T a6 #hfin
Wi, SR pH A 7.0, JFABE48h, M
90 s 8 2 A O RE 5 B LI il SR S R ey,
TR FFSL AN FR AL, IRl R 35 B
TH 5 A R 2 5 TR A %5 4 (dissolved oxygen, DO)

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

TE 30% 5 BER AN .
1.2.6 HEXSHME

I WA T2 T AU B OD oo 1 43 UV-VIS 4098
FERE T TTHT AR A B R ) e ; i 4 b
ot R WAL B BT AL SBA-40E (IRYI T 74 /K & R}
A RA )M E; 1,4- 7T &R maes
AT P R S 2l B0 a8 S R A
B, Gl ST, A HP-Innowax
(60 mx0.25 mmx0.5 pm) E%H: . A A& E
R WIARFEE 70 °C, fR%F 1 min, LA 20 °C/min
[ R 2 220 °C, {45 5 min, FEFE FHEEE
230 °C. # A Z (L EE=99.999%) , i i
1 mL/min, ¥R PP IRIERE; JERE
Jok i HE 77 2 30 psi; BFA]: 0.5 ming #EFEE . 1 pl,

2 BERE54

2.1 14-T ZETHERBERNEESMK
2.1.1 14-T ZEE T EK & R R ENIR T
5

A KRG 1,4-T 2B AR e
KR, AT —4 K& 3 A BHEAL o-fl 1 R
B 1L,4-T ZEERHT R AR . F IR 1.2.1 PRk ik
Mg T 3 AFikJFki pET-28a-SucA . pET-28a-
Car-sfp. pET-28a-YqhD, 43Jll%% 1k % BL21(DE3)
ik, & 2A 8 sucA. car. yghD JE:E %k,
vikE, BEJG it SDS-PAGE HilF T ¢ HE il
SucA. Car. YqhD fJEKIEN, Kl 2B 4518
N3 ANMEABMEEIERIL, SucA, Car, YqhD
HE I R/N 518 139, 128, 40 kDa.
212 14-T ZE TR EEL S K EEAIIE
S5k

B AR E T BL21 (SucA). BL21
(Car), BL21 (YqhD)4 5155 75 I il £ HAR B R
FHTARSMEAL R o £E 20 mL S A4 & s
1 g/L a-fiil 12, Ff/NA SucA:Car:YqhD (¥ L
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E2 XBHMEERNTESRIX A CHEEERNAERE. M: DL5000 DNA Marker; 1. 2: o2/
RBEREN 3 3. 4: CEEBIEREEEN; 5. 6: RIRICEEILN. B: SDS-PAGE 73 #7 G B8 11 76 AT
I YK, M Protein marker; 1: Escherichia coli BL21/pET-28a %5 # 4l g i ik 5 X% B85 2. BL21 (SucA)
AMRERE BN s 3: BL21 (SucA)AMIEBEAFIINE; 4: BL21 (YqhD)ZHMLAHE 3% 5: BL21 (YqhD)4HH
WEREULVE ; 6: BL21 (Car) MR 35 ; 7: BL21 (Car) 4 S R U IE

Figure 2 PCR and SDS-PAGE analysis of key enzyme genes. A: PCR of key enzyme genes. M: DL5000
DNA Marker; 1, 2: a-ketoglutarate decarboxylase gene; 3, 4: Alcohol dehydrogenase gene; 5, 6: Carboxylate
reductase gene. B: SDS-PAGE analysis of the expression of key enzyme proteins in Escherichia coli. M:
Protein marker; 1: E. coli BL21/pET-28a empty cell crushing supernatant control; 2: BL21 (SucA) cell

disruption supernatant; 3: BL21 (SucA) cell disruption precipitation; 4: BL21 (YqhD) cell disruption

supernatant; 5: BL21 (YqhD) cell disruption precipitation; 6: BL21 (Car) cell disruption supernatant; 7:
BL21 (Car) cell disruption precipitation.

A 0.20

ws)
=]
%)
=
)
=
=g

[ CJ12h
CO24h [ ]

=
n

Conversion rate (#/%)
o
=
Conversion rate (/%)
o
7

HH

0.05

0.00 0.00
6.0 7.0 8.0 9.0 15152 22002, 3212 104 1:2:2 1:3:2

pH SucA:Car:YghD
3 AEEHKRNMFHENELRNOEZE  A: A[F pH TERK XA A2, B BN 1]
P A X B Al 8 1) 5 W]

Figure 3  Effect of different enzyme-linked reaction conditions on conversion rates. A: Effect of enzyme linked
reaction on conversion rate at different pH. B: Effect of changes in enzyme addition ratio on conversion.

R 1:1:2 OB DL A Sk, o sfp iy HUE, S TR @s R . E 3A B, 1E
EXAE—E R FARTE Car BTG, & AIEEN 12 h M 24 h R R RIS 1,4-T ™
pH & 6.0, 7.0, 8.0 F1 9.0 ¥EF7 L1k 24 h, A, HAE pH 7.0, pH 8.0 Ffdefd:, Xx—45 M
£ 12 h 124 h 43 JIBGE B AR & B 0 I8 AL 1,4-T ZREE A0 5 B B AR 2 W AT .
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N TR 1,4-T TR AL S
505 & G e U TT iR e 7 B X
DL 1 g/L o~ — W Ry, 6 AR & pH
K 7.0, WHRFEIEGE LR SucA . Car. YghD
BT I AR S BT T 2 W 4% 4k 24 ho 45R
WK 3B Frzn, ¥ SucA. Car RG> 5142 5
2 FEFN 3 A, BRAREAE L TR R O 1:1:2 1
A BERT; AR YqhD 11t W% 4% 4k
MK . AT PLIER SucA | Car 4 1,4-T
A AR I AR B A R
22 DUEBBEAKRINLER 1,4-T ZE
HERBHITFEME

e Fidpt s S b, 22 14T T
TEmEAE AL A SR AR, DASEBLLL
HARE AR A R 1,4-T /., Hoek®
ik bR ) B AR A B PR pTre99A |,
AR T HA KL pTrc99A-SucA-Car-Sfp-YghD.,
FAN, ZHEF] SUcA B Car Ji IR B X 4K (4391
3 696 bp. 3 525 bp), 3 Bk [E]HAE TR
pTrc99A I 3K AT BE H I 3k BOR AL A5 [m] A,
DRI G A T EE 4L SORE pTre99A-SucA-Car-Sfp.
[F] BN 2, T 3t 0 it (yqhiD) 5k DR 9 45 301 25 200 i
W3110 (K-12)9 2L i 208 (IdhA)JE A |, #
T RSB yghD 3 R 3 F35F0 1dhA JE P i
IR IS AL 40 0 W3110AIdhA::yghD, ¥4 2 i
B 2 IR ERL pTre99A-SucA-Car-Sfp .pTrc99A-
SucA-Car-Sfp-YqhD 43 Jill H i % A 28 I #5540 i
W3110AldhA:yghD H, 43 T 5 41 F # BDO-1 .
BDO-1Y, Jfi# i SDS-PAGE %1iF T SucA . Car,
YqhD i% 3 P OCHEME I FRIBTE L K 4A 25 R EIR
(F FRLIHERRAY) , AL BDO-1 4 3 /> e H il =
IKRAF, SucA. Car. YqhD H#EH KNI
M139, 128, 40 kDa, TfiE4{# BDO-1" ' SucA
MIFRIEAIR (B 4A FiskiE/ni &), TREd T
w2, BN RIE A TE 4
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B X BDO-1. BDO-1Y YEAT T #55H & %
SE, KB4 iEkELLE BDO-1, BDO-1Y
FhF ¥ 43 B4R 2 30 mL R EERE F3rh 37 °C .
220 r/min FEH L 48 h, 45 12 h BURESEF M
K . 25K 4B iR, 5 SDS-PAGE
Oy BT EE R — B0, B R WP E A TR AT RE A I £
1,4- T Ry~ 4, {H BDO-1 & 1,4-7 %
HIRE S 5w, 48 h FLEFIKF] 310 mg/L,
BDO-1Y HAEf kR 1,4-T s, HJE N AT B
JERREE A SucA FIKA TSy FkgREH, 5
A LA4A-T ZEE T UL G U s fe, LA
PR ] DL B 4 DL AR IR A 1,4-T
Y-

23 ETFERZAHRERWL 1,4-T ZEMN
LEBRYER
231 HAKBITFERBREBL 1,4-T ZEBM
SLEMME

R TR AT B A B4 i 3 ik T 22 b A ]
1,4- T A M2 (E 1), fEEY4E# BDO-1
SEah b AR T DA R R R A B (pfIB)SE N, A
RELUBT 48] 28 WA QO S %, [RIRT I 3Rk TR E R &
BLHEF(QItA)VIER, DImnss S 1k TCA 3R & |
AN, 76 gitA 5] AT R163L 48, Ll
NADH (0l , B3 TCA fEH i sh>, g T
AR PR BDO-2., R /b 352 5 1) A QA 1],
MR T BDO-2 HSE AR i U (mdh) i R LABH
Wrik Ji M TCA ¥R, 8 T 8 4 W bk
BDO-3. B2 M5 12 (pentose phosphate
pathway, PPP)rb i1} ) %5 4l -6 - B2 /It & 1 (Zw )
SEANF= A NADPH [ 5CHERE> Y, T 14-T
TS U AR Y DG BR B A AR S NADPH, A it
1 BDO-3 ¥ &Kk awf FEFE FAHEEHE ygch
F, DMEAZEA Y NADPH /KF, g 7 #E
Bk BDO-4. i 1A H 4 BT 1 8 & I S
¥, 25BN S s, BDO-2 [ 1,4- 1 £ 48 h



8% F | K LREEABTENLEAR 1,4-T =8

B [IBDO-1 - BDO-1 0Dy,
Lk 035 EEBDO-1¥ —o- BDO-1¥ 0Dy,
140 [
100 030
75 ~ |
60 & 0.25
45 g |
5 020
=)
35 e
2 0.15
8 I
25
= 0.10
w" -
0.05
0.00
0 24 36

Time (h)

4 14- T BREXEBEAREMEEFEEMLE  A:SDS-PAGE 7 KSHEM & A £ KT #
35, M: Protein marker; 1: E. coli W3110/pTrc99A 25 4% 41 i i i %I B, 2. BDO-1Y 40 i
e L35 3: BDO-1Y MMBLREUIIE; 4: BDO-1 A RLHE 1755 5. BDO-1 AIEMEMUINE. B: FLLE R
Figure 4 SDS-PAGE analysis of the expression of key enzyme proteins and recombinant strains cultured in
shake flasks. A: SDS-PAGE analysis of the expression of key enzyme proteins. M: Protein marker; 1: E. coli
W3110/pTrc99A empty cell crushing supernatant control; 2: BDO-1Y cell disruption supernatant; 3: BDO-1Y

cell disruption precipitation; 4: BDO-1 cell disruption supernatant; 5: BDO-1 cell disruption precipitation. B:
The result of the recombinant strains cultured in shake flasks.

9BDO-1 - BDO-1 0Dy MR ERE, 550 mg/L, AHELT X B bk
C3BDO-2 -+ BDO-2 0D, N . . P N
EBDO-3 -+ BDO-3 0Dy, BDO-1 ¥4H1 17 77%, UEWAfinsE b TCA 9 ¥
. BDO-4 0D ] X LA-T ZEERREA —E W, R, mbR
0.6 F 124 S, o
_ /K 6 mdh X 1,4- T Z R RS 114400, BDO-3 A
= 051 p ,f,’éxi.‘,_i ‘I‘ s
2" =t - B|[® i F BDO-2 1,4-T B2 48 h BURIIEIT T 38%,
goar Ll 6 . EETRERH T TCA MIRGIRAIBLI TR T ol
2 03t 1128 TR AR BRI A IR A (LR 25 57, AT 5 3L
HE
2 02} ls L4- T R SR R W5 . BDO-4 X T
%l 1, BDO-3 14-1 —F¢ 48 h FUREA P ETF, W
o . NADPH Eik/K-FHIAbTE—ERE Fomfl 1
0 12 24 36 48 1,4-T B A 0%
Ti h P = — s
= 232 REREERABEWL 14T B
5 REEAEEMEHAR 14T 268 AR ‘
Figure 5 Production of 1,4-BDO with the different %45 BDO-2 fl BDO-4 [{9f#, & BDO-2
recombinant strains cultured in shake flasks. RS KR T awf EH, BWET =Nk
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! — R A R IR A A > 0 BDO-2 -+ BDO-2 0Dy,

BDO-S, % T 1.4-T WA HUMFE 0 X HERR i D 0 kDD
WA SucA FI Car, [Nt @LIIEHN 1,4-T 8 CIBDO-6 -+~ BDO-6 0Dy, T8
N N . N s 08+ 1 BDO-7 BDO-7 OD(;(JO
i PR OC R 1) RSB KO R SR T 14-T = = o rfr 24
B4 AR, 16 BDO-5 BYSERT |, FZXKF ? a _,_,.;;:f_\, < | {20
SR B T 123101 B EUR RRL) Tre 5 . | s
BT T ST, e 124 ROk, 0 Zoal 28
#EAE I BDO-6. & IBFIMIE yghD Fikk 3 i

2 ;
PS5 1,4-T WA BLE AL, ff yohD [l 3 02 1,
#H: %) BDO-6 FKik ik b, A4 & 5 41 1A bk o .
BDO-7. ¥ bR B AT R R B i 0, 45 ' e 48
RN 6 fion, S5XTHRE K BDO-2 Mk, HAH
K BDO-5 1,4-T [ 48 h FL R A fr LTt 6 REREEREEX 14-T _BREEN
R, AL T BRI NE F s 0 AL b BDO-7 M

Figure 6 Effect of increasing the expression of

K 48 h FLEF st A 770 mg/L 1,4-T 5,
X F X Bk BDO-2 B4 T 40%, i B3R s PR
AR AR REA R R 1,4- T EER A RE,
[, yghD KA BT 1,4- 1T —BER LR
A —ER . AREARGK 1,4-T FS
AT R B AR AT HE UL 3. FEIUA T 48 h
RN, DN T TR A % %) AR A T R ke SR 7
F—EMZR, MHTF BDO-2, BDO-5 ZEHfili
PR B2 T R, LR AT AR awf SER Y1 3%
KIRTE T M NG NADPH /K, 8998 T HiR
7Y 1,4-T B A B . BDO-6 5 BDO-7
4-HBA TR WEEA T 1,4-T B4 %
RGBS N, BDO-7 H 4-HBA WELT
BDO-6, H:J5 A ] G2 yghD f4 8 I8 fin 1 41 iy
H4-HBA BYEALR X BB R =P ik 3 A8 AR
BT 4 1,4-T i B r g i

rate-limiting enzymes on the production of 1,4-BDO.

24 5LAFBESHAMILERE T 14-T — B2
R T BB A TR B BDO-7 K& 1
AR 1,4-T ZFERIRETT, 765 L REEREAKFETT
TAME L A . K BERERRI MR R 2 L, %
10% i 1A FH 0 22 P 45 b I 2 28 A TR
1K ODgoo M 10 B, A 0.5 mmol/L IPTG /5
Fo WRBVIG AT : pH R 7.0, ik
500 r/min, WS EHK 2.0 vwm, EEEEHIE
37 °C, VIR #ZE RN 20 g/L, ¥ pH o~
7.00 4] AR I AERE S LA AR AR SR
B f RIRE, 2 R IRk AL T A i, ol R T
H DO YERFAE 30% /A4, F0l & e 1 & bl
& EEGIE S oL N HELRBS R, K2
48 h i}, Fkk BDO-7 (1) ODgoo N 65, K% i

#*3 A REEFLLESEF 1,4-BDO RIS EIFZHILLE

Table 3 Comparison of 1,4-BDO production and some byproducts in different recombinant strains

Production BDO-1 BDO-2 BDO-5 BDO-6 BDO-7

1,4-BDO (g/L) 0.31+0.02 0.55+0.02 0.57+0.01 0.74+0.02 0.77+0.02
4-HBA (g/L) 0.15+0.02 0.21+£0.01 0.22+0.01 0.31+0.02 0.28+0.02
Pyruvate (g/L) 1.45+0.05 1.73+0.04 1.68+0.05 1.65+0.05 1.65+0.04
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W 1,4-T ZFER =58 3.83 g/L (K 7). K
60 h i, 1,4-T Ry i misF) 4.22 g/L,
HIAYI T 452558 TR R iR 1.15 /L, IEAT,
1,4-T ZERFR B 12.46 mg/g HiZ0, %
WIS N 0.50 g/g #%hE . FL S5 A
= 1,4-T ZFEA AR 9 SN R Car fiELSCR
Bk, SEILATAYIR o-F 5 ERACIHHA gk
S B LA AR, WA AR 1,4-T
TR JRZEMEIE T, R EE NS R N A
Car BB I Car #4770 F ok, slGE 40
A AT e i 1 H BRER AR oo TR R
B, MR T 1,4-T A AR kst
YqhD VE AL AN ISP () SC Bl , LR E )
FFSE M XTI B AR A ALt e 21 SR A
HEEH W BDO-7 hiinRs ‘s, ZMT
L4-T R RGN EF, JRZT 4%t YqhD
il 76 1 Ade e ME A T IR AR S SR it — B iR
1,4-T A ACR . 1,4-T ZBERA BUE—1
W T AR, AN AR PR R N R B R R
, MTRESTE 14-T R EmM TR, Jask
Ok S AT AH N Ol SR B B 1,4- T TR R
A i HER 5% I E R L S R

mu>m

- 1,4-BDO
~— 4-HBA
-+ Glucose consumption rate
r r __OD =
e Es " ]80 132 ®
£1.0r s e 2%z
2 7| 8 3} s0 ]38
5 3] 2122 &
E 2.1 40 =120 g
g 05f &2 S{is 2
2 g2 18 3
2 - 30 %116 g
< 2 1} 20 {149
& ool B 12 2
Toorg \ :)0 10 8
i i 8 =
0 20 40 60 80 100 Q

Time (h)

7 ESLELEDMAIREAEE™ 1,4-T 8
Figure 7 1,4-BDO production by fed-batch
fermentation in 5 L fermenter.
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