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Abstract: Malonic acid is an important dicarboxylic acid, which can be widely used in the fields of
chemical industry, medicine and food. In this study, a recombinant Escherichia coli strain BL21(TPP)
was constructed to synthesize malonate through overexpressing six genes of ppc, aspC, panD, pa0l32,
ynel and pyc. Under shake flask fermentation conditons, strain BL21(TPP) produced 0.61 g/L. malonic
acid. In a 5 L fermentor, the production of malonic acid reached 3.32 g/L by using an intermittent
feeding strategy. Next, a recombinant strain BL21(SCR) was constructed by fusional expression of ppc
and aspC, as well as pa0132 and ynel, respectively. As a result, the production of malonic acid increased
to 0.83 g/L at the shake flask level, which was a 36% increase over the starting strain BL21(TPP).
Finally, the highest malonate production reached 5.61 g/L in a 5 L fermentor, which was a 69% increase
over the starting strain BL21(TPP). Production of malonic acid by metabolically engineered E. coli
provides a basis for further optimization, and may also serve as a reference for the biosynthesis of other
dicarboxylic acids.

Keywords: Escherichia coli; metabolic engineering; malonic acid; fusional expression
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R, LS5 LA g A B BRI AY B-TN R TN
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IR TR LSS )7 % : (1) F CRISPR/Cas9
PR BHER 5o 4 AR pykd FEIR, BHASRR IR HEA
TCA 1E¥F, T E M N BL21ApykA(TP); (2)
1 RIB A FRBEFT R IR IR R LG (pye)
SEIH, SR B EE MR A B T R
i, R EA R 4N BL21(TPP), i)
SDS-PAGE WiEiferh 6 PSRk, 1EkE
KSR 5 L &R BERHEZKF-%F BL21(TPP) & #kif
1T R, Bn ynel . pa0132 Fl ppe aspC
Syl A R . K, AR T K
FR RN R A AL, NISSEY A RN
TR BT SR T R AR SR A B SAR R

WL

1.1 ##
1.1.1 Bk, RAFEFRE

1 N AR 2R 2 AR KM
KA

LB #5555 (g/L): &M 10, BELRER S,
AALEN 105 SOB ¥iedk (g/L): HEFWR 20, W%
£} 5, MgS04-7H,0 2.47,NaCl 0.5, KC1 0.186;
A% 35 FE TR RN 2.5% 9B RS Ky, AN B 4
RLIRIEH 1 mmol/L.,
1.1.2 5|#

RS ITA 51X o R IR AP wlE L,
Nz 3 FioR.
1.1.3  EEiRXFH

DNA R4 J2 Marker 1) | TaKaRa 2 7 ;
MultiF Seamless Assembly Mix = 4 Jiff I H
ABclonal 23 H] 5 DNA 4fifb } Jiok $i Bt 50 &
HATAY TR (i) BOARAF.
1.2 EHRKAEE

J TR G R PN R Y G R
7, AR TR BL21(DE3) K
) B 2 0 B X N B FR AR AL B (ppe) . RAZATR
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Table 1  Strains used in this study
E. coli strains Characteristics Sources
IM109 For plasmid construction Lab store
BL21(DE3) For expressing genes Lab store
MG1655(K12) For expressing genes Lab store
DHS5a For expressing genes Lab store
BL21(TPP) BL21(DE3) carrying pCDF-ppc-aspC, pTrc99A-pyc-panD and pRSF-ynel-pa0132 This study
BL21(SCR) BL21(DE3) carrying pCDF-ppc-linker-aspC, pRSF-ynel-linker-pa0132 and This study
pTrc99A-pyc-panD
BL21(TP) BL21(DE3) carrying pCDF-ppc-aspC, pTrc99A-panD and pRSF- ynel-pa0132 This study
BL21ApykA BL21(DE3) knocking out pykA gene This study
BL21ApykA(TP) BL21(DE3) knocking out pyk4 gene carrying pCDF-ppc-aspC, pTrc99A-panD and This study
pRSF-ynel-pa0132
2 AT RR
Table 2 Plasmids used in this study
Plasmids Characteristics Sources
pTrc99A-panD pTrc99A harboring the optimized gene panD, AmpR This study
pTrc99A-pyc-panD pTrc99A harboring the optimized genes pyc and panD, AmpR This study
pCDF-ppc-aspC pCDF harboring the optimized genes ppc and aspC, StrepR This study
pRSF-ynel-pa0132 pRSF harboring the optimized genes ynel and pa0l32, KanR This study
pCDF-ppc-linker-aspC pCDF-ppc-aspC harboring the antibody sequence linker, StrepR This study
pRSF-ynel-linker-pa0132 pRSF-ynel-linker-pa0132 harboring the antibody sequence linker, KanR This study
pCas pCas-cas9, KanR Lab store
pTarget-pykA sgRNA-pykA, Spe This study
pTarget sgRNA, Spe Lab store

YW (aspC) . READIR-o-TR M (panD) &
o [EIEF I AT MR P (Pseudomonas
aeruginosa) KUY B-TN 2 IR N I IR 5% 2 Il
(pa0132) FEH | KIHFFE K12 R IE R BEHRR 1
M M (ynel) Hk AN A R BE AW
(Corynebacterium glutamicum) 5 A PN B B2 FR2
Ll (pye) FEE . PAIARLE EHAAHY pRSF.
pCDF ., pTc99A Jii ki LA Kz K i FT B it 5k (K 40 Ay
Btk , R 3 s, s AR R
F B VL K BT U A [R5V 4 o PSR [ 5
T, M pTrc99A-panD ., pTrc99A-pyc-
panD. pCDF-ppc-aspC Fll pRSF-ynel-pa0132 &
IKFTRL, HAAR S A o

: 010-64807509

4 Tk pTrc99A-panD B HEE . LA KA FT
W BL21(DE3) JEHZH Atk , 514 panD-F .
panD-R ¥ 3 K& H R-a- LR W (panD) M .
PLSEES S ARAF B pTre99A ik MAstk, FH519)
pTrc99A-F . pTrc99A-R LeVEAk Fokitkide . 1
[ V5 EE AL R panD F BEAT pTrc99A Jo ki [A] 5
HY, WKBEUA=YE A E. coli IM109 J&Z 41
frp, #53)] pTrc99A-panD B 4H ki .

TR pTrc99A-pyc-panD B : LIK
AT BL21(DE3) KR4 Wit , M54
panD-F .panD-R §" 1§ K4 %R -o- iR M (panD)
R DA AREF A AR, H51%
pyc-F. pyc-R § 3 NEARRRLEE (pye) FEH ., LU
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Table 3  Primers used in this study

Primers Sequences (5'—3")

ppc-F AACAGACCCCATGGGCATGAACGAACAATATTCCGCATT

ppc-R GCCGGATGATTAATTGTCAAGAATTCTTAGCCGGTATTACGCATACCTG
aspC-F CACACAGGAAACAGACCATGTTTGAGAACATTACCGCCG

aspC-R GCCGCAAGCTTGTCGACTTACAGCACTGCCACAATCGC

ynel-F CACACAGGAAACAGACCATGACCATTACTCCGGCAACTC

ynel-R TTCTTTACCAGACTCGAGTCAGATCCGGTCTTTCCACAC

pa0132-F CACACAGGAAACAGACCATGAATCAGCCCCTGAATGTC

pa0132-R GCCGGATGATTAATTGTCAAAAGCTTTCAGGCAATTCCGTTCAGAG
pyc-F CACACAGGAAACAGACCGTGTCGACTCACACATCTTCAACG

pyc-R GCCGGATGATTAATTGTCAAGAATTCCTTAGGAAACGACGACGATCAAGTC
panD-F GAAACAGACCCTCGAGCAAGAGGTATATATTAATGTTGCGTACTATCC
panD-R GCCAAAACAGCCAAGCTTCTAGATCGAGCGACTGGTTAAAAG

pCDF-F GTCGACAAGCTTGCGGCC

pCDF-R ATTTCCTAATGCAGGAGTCGCAT

pRSF-F CTCGAGTCTGGTAAAGAAACCGC

pRSF-R ATTTCCTAATGCAGGAGTCGCAT

pTrc99A-F AAGCTTGGCTGTTTTGGCG

pTrc99A-R CAGCTCATTTCAGAATATTTGCCA

pRSF-linker-F ATGACCATTACTCCGGCAACTC

pRSF-linker-R AAGCTTGGCAATTCCGTTCA

pCDF-linker-F ATGTTTGAGAACATTACCGCCG

pCDF-linker-R GAATTCGCCGGTATTACGCA

linker-pRSF-F ACGGAATTGCCAAGCTTTCTTCAAGCTCTGGTAGCTCGTC
linker-pRSF-R CCGGAGTAATGGTCATTCCGGAGCTCGAACTGCC

linker-pCDF-F TAATACCGGCGAATTCTCTTCAAGCTCTGGTAGCTCGTC

linker-pCDF-R CGGCGGTAATGTTCTCAAACATTCCGGAGCTCGAACTGCC

pykA-sgRNA-F
pykA-sgRNA-R

TGCGCGTCAGCTAAACCGAGGTTTTAGAGCTAGAAATAGCAAGT
CTCGGTTTAGCTGACGCGCAACTAGTATTATACCTAGGACTGAG

pykA-up-F CCACAGCCAGGATCCACGCATGAGTTGTATGAATTGT
pykA-up-R CATCCGGCAACGTACGTAATACTCCGTTGACTGAAACAAC
pykA-down-F TGTTTCAGTCAACGGAGTATTACGTACGTTGCCGGATGC
pykA-down-R TGCGGCCGCAAGCTTTACGTCAGGGGTACTGG

[F) V5 H H BHF panD . pyc Bt Fl pTrc99A Jix
RLlR IR E AL, B WA E. coli IM109
BAZ MM, 53] pTrc99A-pyc-panD HH 4
iR A

4] Jiikl pCDF-ppc-aspC IR : LI K
FFIE BL21(DE3) JE:R 4 Akt , F514 ppe-F.

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

ppe-R 4 38 Wl R 4 I =X T I R AR Ak il
(ppc); 519 aspC-F, aspC-R § M KA R MR I% 2
FEFER (aspC). VL pCDF ki MiEse, H5IH
pCDF-F., pCDF-R ZMEAb Fokitsiti . FH [R5
HAWRE ppe. aspC F BA pCDF Jp [A] 5 82
H, BEHAYEA E. coli IM109 J&Z 2540



HES SN TREEXHTFES A5

th, i3k A% pCDF-ppc-aspC H 4 JFkr .

4] ikl pRSF-ynel-pa0132 A4 . BEIA
R TE I U R SE I (ymed) R B- T 40 PR P I
WA BEEEIN (pa0132) Hh IR JH <5 E R A= W RH
HIRAFE R, H51% ynel-F, ynel-R ¥ 3%
BRI S L (ynel); B4 pa0132-F
pa0132-R 4" 3 B- N 24 BR N I IR 5% 2 ify 2k
(pa0132). VISR ZRAFY) pRSF BRI ,
FH5 14 pRSE-F . pRSF-R £k P4k ki pl . 5
) 5 5 2H FKs ymel . pa0132 F BXHl pRSF JFik:
FURE A, K EAH "W A E. coli IM109 J&57
AU, 45459 pRSF-ynel-pa0132 i 2H ki .

J TR EN R BRI RCR, AR
BN IR A R AR B B ynel A1 pa0132 L
I ppe Fl aspC 5y AT ERG 23k . R Stefan
LR E A B A AL, R A 4L R R
RO T . HARR SRR AN

W] Jiikl pCDF-ppe-linker-aspC A& F4) 2 .
linker & [H A Bt 95N 4 0 B AR W BB A R 2
Al G, AR TSR (SSSSG)s. HIGIY
linker-pCDF-F . linker-pCDF-R #" 1 linker A B¢,
L pCDF-ppc-aspC Fifi Atit, A5 pCDF-
linker-F, pCDEF-linker-R £k ¥4k pCDF Jfi ki,
5 [R5 B linker F Bt Al pCDF-ppe-
aspC Jikr Al EE 4, BEHAZWH AN E. coli
IM109 JE3Z 40, i 3815 pCDF-ppe-linker-
aspC 4] JiT ki o

21 Jiki pRSF-ynel-linker-pa0132 fit) #4) ZE .
linker &K R Bty 95 M 4 o5 AR W RL B A BR 2
H 4L, 514 linker-pRSF-F . linker-pRSF-R 4~
14 linker /B . Ll pRSF-ynel-pa0132 JFki AR,
pRSF-linker-F . pRSF-linker-R £k 14 fk, pRSF i ki ,
T [R5 B H FE s linker Fy Bt fil pRSF-ynel-
pa0132 Fki [l IR E A, K HEH "W A E. coli
IM109 JE&Z 2%, 345 pRSF-ynel-linker-pa0132

: 010-64807509

H TR
1.3 CRISPR/Cas9 & %t my B X B4 #F & 7 B
BRHEE (pykd) BEE

AW S XUTTRL R GE Bk pykA FEH, 4
A Cas9 Jihd LAY pCas BRI FI & sgRNA
Y pTarget FURL o F PR ERgBRASE, B P> ik AT H
PRFE R 500 bp 1 A B — i FL AR AR R
BREAPRH, 2B 10 mmol/L iy B[z
A R E AR5 A, S AR

BE R BR IE A IS L 175 pCas JEU R E v pTarget
JRL B %) sgRNA, MIMIHFR pTarget Fiki.
F pCas Uk i GBI ok, ULk A 42 C
K2y  H B pCas ki,
1.4 FHEHGE

4 5L pRSF-ynel-pa0132 . pCDF-ppc-aspC
1 pTrc99A-panD HLFZ{k % BL21(DE3) [H bk
th, RIS EAHH BL21(TP), 5k pRSE-ynel-
pa0132 ., pCDF-ppc-aspC Fl pTrc99A-panD Hi#%
k.2 BL21(DE3)ApykA Wbk, 3R45 5 4w
BL21ApykA(TP), #%J5i ki pRSF-ynel-pa0132 .
pCDF-ppc-aspC F pTrc99A-pyc-panD H 5L E
BL21(DE3) Wk, RGN _mRr TRE
BL21(TPP). # pCDF-ppc-linker-aspC. pRSF-
ynel-linker-pa0132 F1 pTrc99A-pyc-panD H, 451k,
% BL21(DE3) Wbk, IRAG7 9 R TR
BL21(SCR).
1.5 EREREMETE

PRBCRA TE e T 25 mL i LB K5 353,37 C
BiFE 12 he PG LR E: LB KSR
WHEFR, KRN 2% P 553 SOB K 7R3t
Hr, 37 CH:5% 48 ho ZpAITE 4. 8. 12, 24, 36.
48 h Uk, 10 000 r/min, 4 ‘CE5.0» 20 min, I
5T SDS-PAGE #6: .
1.6 EHERAI A BT

PR RE: HEAMWKEME LB B
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TP, K T B AR R %D 2 SOB
Bregedkep ) 37 °C . 230 r/min #5355 72 h, % 12 h
HORE, UE ODgoo FITN TR 241

5L OKBERER I : HA RN ZE LB #5557
FEP R R 12 h, FRHE 2% 5o B R F 6 i
LB Hig4Edr, 37 °C. 230 t/min $55% 12 h J5 4%
1.7 HMAE

HPLC #l . BCUZME 1 mL, 13 000 r/min
20 10 min, BCEVEWGELT 0.22 pm ATUEE
R TR VA 2 W R FH s 22 A6 0 288 14647 4
Br, Rl ZEANT . R 5 mmol/L H,SO47EH
WA, 0.6 mL/min B MEAE, A 30 'C, i
FEa 20 pL, RIS 30 Co - R A
Z5 5% Song ZPWKHFSE

2 X504

2.1 AEERHEE (pykd) EFERRERIEE

514 pykA-sgRNA-F Fl pykA-sgRNA-R
2R PCR P73 pTarget Fiki, 5| A 20 bp 1
sgRNA JF41, #4555 [H # bR ok pTarget-pykA.
5% pykA-up-F Fl pykA-up-R ¥4 |- i [F] )5
s 5% pykA-down-F Fl pykA-down-R § 1
R, R A ELA PCR BARFKAS 1000 bp
0wl N TR/

Fs pCas Jii ki . pTarget-pykA ki F1 b Jif
[ Y5 fL #Efk A BL21(DE3) B bk sfsc 3L A
MR, JRAEATR T PCR Bk, 25 R 1 s,
AR, 2R R/ 750 bp, KSR
K/NE Y 3G R Bk 2 RERA YA /T .
I e 45 R 5 () ISV 7 91— 25, T pykd ik IR R R
M. B pTrc99A-panD ., pCDF-ppc-aspC Fl
pRSF-ynel-pa0132 Ji 4 % fk 2= JE [N i B 147 pk
w, RIS E 4 E BL21ApykA(TP),
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bp

5000
3 000
2000
1 500
1 000
750
500
250
100

1 7% PCR IIEIRAg#E AL F ik B
Figure 1 Colony PCR to verify pykA deletion. 1-6:
pykA gene deletion; 7: no gene deletion.

2.2 BL2I(TPP) ELHFEWRIEL

FEAE ALY 3 >3 BTk pRSF-ynel-pa0132 .
pCDF-ppc-aspC #1 pTrc99A-pyc-panD ¥4 4k &
BL21(DE3) Wk, RN M TR
BL21(TPP), N _MR& BURRANE 2 Fios o A4t
FERIEE BL21(TPP) Fkk)5, il SDS-PAGE K
WET pa0132. ynel. pyc. ppc. aspC. panD iX
6 I ICHHMFIE A I8 1E Ol o PREX BL21(TPP) #%
TR SOB B555:3E 37 °C . 230 r/min
iR, BURME LW ETT SDS-PAGE £, X
WEOMEESR 12 h 19 BL21 bR A RE G, 455
e 3 Fim.

ynel Fl pa0132 BRIk 1 B W& A KN
54 49.7 kDa F1 48.4 kDa, [ 3A Kl f &
RIXANEHE LW s ppe F aspC FE[HFR
B H B E RN 99.0 kDa il 43.6 kDa,
Kl 3B W~ ppe Fl aspC FERIE FKik; K 3C )
K 25 - 8 78 pye 1 panD F R 2 T ik,
HHME AR/ 51 128.0 kDa 1 14.1 kDa,
AR g S0 RN S BE — 2, R BERR
W BE N TR AL/ (ppe) . KL AL A M
(aspC). RERMR-o-NiREE (panD). B-TNEIR
V9T PR A 2 I (pa0132) . B HATR - 1 ot &
(ynel) FMINFHRRILEE (pyc) HAT &KL,
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M Glucose-6-P
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Malonate (H)
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NAD(P)H OH :
ynel Co, PykA

0

NAD(P)" Pyruvate W)J\
OH
Malonice semialdehyde ¢

ppe 0
L-alanine

HN, g Acetyl-CoA
al)l32 0
Pyruvate 0"y o

B—alamne L Aspartate € (Oxaloacetate Citrate

)k/\ i “pe / Hp
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Fumarate

TCA cycle
sdhC ’

Succinic acid '/

Ve ee=”

B2 AZBRERERERFER  Glucose: # % b ; Glucose-6-P: 6-fi ik - #]j %5 B ; Phosphoenolpyruvate :
Bl i N AR ; Pyruvate: PNERER; Acetyl-CoA: Z b4 A; Citrate: #7BH2; Succinic acid: 3%
FAPR ; Fumarate: & SR ; Oxaloacetate: Hfik 2.8 ; Aspartate: KA R MR ; B-alanine: B-TNZ R ; Malonice
semialdehyde: N _[2f:[E; Malonate: N _JR; pykA: WEIRRIANE; gltd: FrBEREM; sdhC: BEH
MR ppe: BEIRIGEEN R R LIS ; pyc: WEMBRRILEG; aspC: REZRIRY 2N ; panD: K
ZRGAIR-o- IR pa0132: B-INZPRNAER YL MG ; ynel: FEIATR N 2N

Figure 2 Metabolic pathway for the production of malonate acid. Glucose-6-P: 6-phosphate-glucose; pykA:
pyruvate kinase; gltA: citrate synthase; sdhC: succinate dehydrogenase; ppc: phosphoenolpyruvate

carboxylase; pyc: pyruvate carboxylase; aspC: aspartate aminotransferase; panD: aspartate-a-decarboxylase;
pa0132: B-alanine pyruvate aminotransferase; ynel: succinate semialdehyde dehydrogenase.

>

<
kDa w» oo e

B3 IRiEXHEEEEEAR SDS-PAGE ¥ i

Figure 3  SDS-PAGE verification of overexpression of key genes. (A) pRSF-ynel-pa0132. (B)
pCDF-ppc-aspC. (C) pTrc99A-pyc-panD.
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2.3 EHARERHIER AR
231 EHEHRERABGGERNER

W 28 3 PR TE AL 4L BL21(TP) .
BL21ApykA(TP) F1 BL21(TPP) A V% =
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DL BL21(TPP) SAMWEGE A H & Bk
2.3.2 E4HE BL21(TPP) % B B0 RGN
#R

FL E Pk BL21(TPP) 7£ SOB W & ks 5%
72h 5, B AR BERE O, B EIEWGAE A 0.22 um
4D 0 B o 2 AL A o SR FH LC-MIS X g ik
fravk, g RmE s s, | 5A N
FRERFE, B SB R & B i R A, RS P AR
HEES T (m/z 59.0, m/z 103.0) ShrkEMIE, 1
B R WA TN IR TR
2.4 EiAH BL21(TPP) RUIEIR & Bk
24.1 TEEEKBIFIE

AFTE FEEbk, HN AR WA
[ RIS & WA JLRV KA (E. coli) 15 3

05
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04 —aBL21(TP)

03

02r

0.1+

Malonic acid production (g/L)

0 2 24 36 48 60 T2
t(h)
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Figure 4 Titer of malonic acid in the supernatant
of the recombinant strains cultured in shake flasks.
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Figure 5 LC-MS analysis of the supernatant of

strain BL21(TPP) cultured in shake flasks. (A)

Malonic  acid  standard. (B)
supernatant.
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BL21(DE3) & MR AE R 1 3 o bk DLtk A7 i — 20
T
242 WRIBEXMEZHEH BL2I(TPP) =R ZER
B9 52 M

TR W) T el R v v P ) i 5 A 7
VERY . . HEREEAH NS, AR A AR R
Fh2EXT & Bt AR AR A AR R A i i 2, AR



HEE B TRNEARTESRE R

0.6 MG1655 K12

—— IM109
0.5 —=— BL21(DE3)
—— DH5a

0.3+
0.2 /A—ﬂ—i

0.1

Malonic acid production (g/L)

0 1I2 2I4 3I6 4I8 66 72
t (h)

6 TEBEBEE®RIA R~
Figure 6 Effect of different host strains on the
production of malonic acid.
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Figure 7 Effect of different types of carbon sources
on the production of malonic acid.
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Figure 8 Effect of different initial sugar concentration
on the production of malonic acid.
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Figure 9 Effect of feeding method on the production of malonic acid in 5 L fermentor. (A) Continuous

feeding. (B) Intermittent feeding.
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Figure 10 Effect of dissolved oxygen on the production of malonic acid in 5 L fermentor. (A) 25%. (B)

15%.
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Figure 11  Shake flask fermentation of strain
BL21(SCR) with fusion protein.
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Figure 12 Fermentation profile of strain BL21(SCR) in 5 L fermentor with different inoculum size. (A)

10%. (B) 15%.
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Figure 13 Fermentation profile of strain BL21(SCR)
in 5 L fermentor with gradient cooling.
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