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W KA E F 5 ARRTE I T RATE K H Ralstonia eutropha 49 B-BR#LALEE. LB LBL CoA B REE. KB T AL
A& Clostridium propionicum #9 R &t CoA 454584 % FAKVA B R KARL I E Pseudomonas fluorescens strain 2P24 % & &9
PHA & mBeE R ZRF 7R, M FEIT —FiEA A E 456 & PBHB-co-LA), H+ ILERM 5695 RE 4 kL 3|
1.6%, KA&EeEH 839 witt, Asbilaht, @TARMEE Q8 S TE 9 £ F /MR BEELE (ubiX) RFa1oT
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possesses promising properties including biocompatibility and biodegradability. In this study, we directly synthesized
P(3HB-co-LA) with glucose by introducing the B-ketothiolase and acetoacetyl-CoA reductase from Ralstonia eutropha, the
engineered propionate CoA transferase from Clostridium propionicum and the engineered polyhydroxyalkanoate synthase from
Pseudomonas fluorescens strain 2P24 into Escherichia coli. The polymer content was 83.9% (W/W), and the molar percentage of
lactate reached 1.6%. On this basis, in order to accumulate lactate, we reduced the activity of respiratory chain by deleting the ubiX
gene, which is involved in the synthesis of coenzyme Q8. Moreover, we removed the dld gene to avoid the conversion of lactate to
pyruvate during the fermentation. With these manipulations, the molar percentage of lactate in the polymer was improved to 14.1%,
with an 81.7% (W/W) of polymer content. The test results indicated that the strategy of reducing the activity of respiratory chain
effectively increased the lactate units in the polymer, and it contributed a new approach to change the content of monomer

components in the polymer.

Keywords: poly(3-hydroxybutyrate-co-lactate), Escherichia coli, metabolic engineering, lactate fraction, reduced respiration

chain activity, Q8, polyhydroxyalkanoates (PHA)
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JEYE S, LA B PhaClpss.1o X 2-F2 LA BE CoA
PR PIRE Pk, FEVRINATIR 3HB A 000 F A=
BRI EE R E ik 49%, BREYWHER
53.5 wt%/1) P(3HB-co-LA).
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Table 1 Plasmids and strains used in this study

Strains and plasmids Description Source

Plasmids

pTrc99a trc promoter, Amp resistant Our laboratory

pBAD33 ara promoter, Chl resistant Our laboratory

pTrc99aABC pTrc99a containing the codon-optimized phaCm gene from Pseudomonas  This study
fluorescens strain 2P24, phaA and phaB gene from Ralstonia eutropha

pBADpcty, pBAD33 containing the codon-optimized pcty, gene from Clostridium  This study
propionicum DSM 1682

pKD46 araBp-gam-bet-exo, repA101(ts), oriR101, Amp resistant Our laboratory

pCP20 FLP recombinase, Amp resistant, Kan resistant Our laboratory

Strains

MG1655 Wild-type Our laboratory

JX04 MG1655Aubix Our laboratory

JX041 MG1655AubixAdId This study

MG-C MG1655 carrying pTrc99aABC and pBAD33 This study

MG-01 MG1655 carrying pTrc99aABC and pBADpcty, This study

JX04-01 JX04 carrying pTrc99aABC and pBADpcty, This study

JX041-01 JX041 carrying pTrc99aABC and pBADpcty, This study

Express® MultiS One Step Cloning Kit 7] &
HMERE A w5 5 DN - B-D- i A nH g 2 LM
L-PUfifabl . AN HEHR . [AERFHAHEIE
B BARA PR vl 5 BRARWE B B T a0 A vl 5
JE i) G, ok INR GRS A AR T AR
THAW & W, Wl A EZER
1.1.3 BEspE

BT (LB MR T 0E) T, mee
PR 59, BEMR 109, #1LE 109, WA
ZMAZ N8R 100 mg FEFER 34 mg.

KRR (M9 Bi3RIE) HTHE . e
20 g, Na;HPO,4-12H,0 15.1 g, KH,PO, 3.0 g, NaCl
0.5 g, NH4CI 1.0 g, MgSO,4-7H,0 0.5 g, CaCl,
0.011 g, vitamin By 10 mg FIf 0 K if 17 K
0.1 mL. #EHIMAZANEFER 100 mg FEER
34 mg. AUWIELER . W IR AR ETEA
FeSO4-7H,0 80 g, AICl3-6H,0 10 g, ZnSO4-7H,0
2.0 g, CuCl;-2H,0 1.0 g, NaMo00,4-2H,0 2.0 g,
MnS0,4-H,0 10 g, CoCl,4.0g, HsBO,0.5g.
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12 FHi&E
121 EHAFEMHE

WL FET Ared ARG FH PCR 77H)—
AR E. coli MG1655 iy ubiX JEF, 35
PAGRIC TR IX04 . FEFRERIC T IXO04 A @B did
LN, 152U B IX041, 9 T HE PHA 4 i i
(PhaC)Xit 2-¥2 KL TN i CoA YR A RE ST, T ZiX} PhaC
o SRR S8 i3 5 Taguchi %A1 Yang 1)
W R PhaC 288 IR T BE IR P 41 LU XT
AR S TR OGRS Pseudomonas fluorescens
strain 2P24 Y51 PhaCm 1) 3 M FEFR S4B s 47
Wit E130D, S325T. Q481K. Z%75{A phaCm
FEDR AR TAE ) TR Rl gk s Ak 6 il

phaA FERE I BT 5 EcoR T Al Sac I BFDIE
$3] pTre99a I, phaB JEF T #MERE /A F] Y Clone
Express® MultiS One Step Cloning Kit i &%
#| pTrc99a I, phaCm JEHEIEFIIA L BamH 1
F1 Hind ITEFYDE3E3 pTre99a |, ix 3 NHEA R
FIEE T Tk pTrc99aABC., Z87E{A pety JEEAE TN
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Table 2 Primers used in this study

Primer name Primer sequence (5'-3') Size (bp)
phaA-F CCCGAATTCATGACTGACGTTGTCATCG 28
phaA-R GCCGAGCTCTTATTTGCGCTCGACTGCC 28
phaB-F ATGACTCAGCGCATTGCG 18
phaB-R TCAGCCCATATGCAGGCC 18
pTrc99aA-F GGCCTGCATATGGGCTGACCTGCCGTCACACAGGAAAC 38
pTrc99aA-R CAATGCGCTGAGTCATGTCCACTCCTTGATTGGCTTCGT 38
phaCm-F CAGGGATCCGAGGAGGACAGCTATGAGCAACAAGAACAACG 41
phaCm-R GCCAAGCTTCTACCGCTCATGCACATAAGTGCCGGGTGC 39
pcty-F GCGAGCTCTAAGGAGGTTATAAAAAATGAGAAAGGTTCCCATTATTACCG 50
pcty-R CGCCCGGGTCAGGACTTCATTTCCTTCAGACC 32
ubiX-K-F ATGAAACGACTCATTGTAGGCATCAGCGGTGCCAGCGGCGCGATTTATGGCG 70
TCTTGAGCGATTGTGTAG
UbiX-k-R TTATGCGCCCTGCCAGCGGGCAAAGAGATCTTCAGGAAGGGTTATCGCACA 68
AGATCCGCAGTTCAACC
ubiX-y-F GCAAGTCTGACAGGGCAAC 19
ubiX-y-R CCTGAAACAGGGCAACAG 18
dld-k-F ATGTCTTCCATGACAACAACTGATAATAAAGCCTTTTTGAATGAACTTGCTCG 75
TCCGTCTTGAGCGATTGTGTAG
dld-k-R AGGTTGAACTGCGGATCTTGGAATCCGGGGATCGGTAAAACCAGTAAACGG 75
AAAAACTGGCAGGAAGTGGAGTAA
did-y-F CAAGGCGCTATTCTAGTTTG 20
dld-y-R GACGGCACAGAACGATTAAG 20

Enzyme restriction sites are underlined.

f#%1# Clostridium propionicum DSM 1682, fu1%5 1 4>
FILRFAE V193A Fl 4 ANUTERZEAE (T78C, T669C,
Al1125G, T1158C), it Sac I Al Smal 13 &5 i
VI3 pBAD33 ik I, K HAr#  pBADpCth.
1.2.2 #mAkBE

FAEAESAH 100 mg/l RN HEH XM
34 mg/L (WA Z I LB ¥5:3Er 37 °C. 220 r/min
W BEGTE 1%(VIV) IR A MO 1535
Frr, 250 mL FEIERRSR G 50 mL, 7ERESRIR
JE0 30 C, Bl 220 rimin fUSPETR, KBRS
48 h, FHINAFEHER IPTG Fl L-FIRAARHA S .
HURERTEI S 0, 12, 24, 36, 48 h. B HIFEIR
REEBEE 3 AT, ARG IR 3 A TR
1.2.3 HPLC &#r1

R A R, LR . SRk E A
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HPLC %€ o K520 “CURAT 1Y _E 38 W L0 s
B, FH0.22 pum B K AHGIAL B R 0k o A S5 A
W A shAHR 2.5 mmol/L #ifitz , (At Aminex
HPX-87H (Bio-Rad, USA), Jii# 0.5 mL/min, ik
50 C, #FFEEE 20 pb, RN ER A R 22 RIS o
S EEE . FLIR . SIRBRAEBRUE I 2 X
13 R B R P AR . LR . SRR ARSI .
1.2.4 REWHEBILH

FH SRR AR i b B 7 75 - g R BETROS
HTHE 2d )5, FRELZY 15 mg TRiA, A 1.5 mL
SR 1.5 mLERILI (85 wito H1 i, 15 Wi%Hi iz,
1g/L W) 100 CIHIRZLH 4 h, ¥ HIS, A
750 mL 1 E B F K, iEiRiR% 2 min, 3 000 r/min
RE B 3 ming UFZ (A0i)2), &T0KmmR
BTG, P 0.22 pm B9 HLAB AL IE IR 0k
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D-FLER I 3HB Frht Fl [FIRE i 7 i b 8T

A SR A  B R AL RGE o GC-2014
SAEEHY (B, HAR) WE. @iEHh rx-5 £
AT, K 30m, 4R 0.25 mm. il ok Ko s
TR . AR AR RS, AR,
2SR . ] AOC-20S AU sh b ERERE,

2-F2FETNTE CoA il 3-¥5JE Tt CoA. Hip 2-52 3%
T CoA HFLER A Z 1 CoA Zid Nk CoA 5%
5B K (Pety) fEALG L, 3-F3E THE CoA J2H

LBt CoA, il ki T2 /K riE K Ralstonia
eutropha 1) B-Hi LA i (PhaA) F1 NADPH 4
E’JZ@%Z@% CoA it 5l (PhaB), Zoid Wi L%

T 63

A B o X A IR 22 5 R U T Pseudomonas
fluorescens strain 2P24 1) PHA & i fiff 28 48 &
(PhaCm) MIRASIEMILERY, REWHMAHRRE
WK 1A Fi7s . i3 pTre99a ki ik phaA . phaB
il phaCm, Hy#JFkL pTrc99aABC., i@t pBAD33

CIENERIFUER . GC Myl JFIRET T 54 C
{28 Amin, FLL5 C/min B EFHEZR 125 C,
R J5 LA 20 °C/min B3 EETHE 2 180 C.

2 ER5AM

21 BRETRILBIESRIREZENITE Ji KL I8 pety, 4 HE IR pBADpcty o JiT R
BT MR AL IR TS [P(3HB-co-LA) 1 Hi 14 K pTrc99aABC F11 pBADpcty, A EELIE 1B FfR .
A Glucose B tre promoter
l ((\ Jac 1 EcoR 1
DP
GOP . PP pathway >
“L//
G3P
|
GA
- _ EE‘[R __TZZ__ N
i e | NAD" NADH -i
DMAPP IPP ”YR S Ac-CoA |

Sma |

I |

| |

| N _IINA FAD |
| . | LN { dia' plzaA |
| ; ' [ NAD FADH, Acetoacetyl-CoA |
| | >

| : lac-Co NADPH |
| 3 A) ) phaB |
L 2 Wcetate NADP l

pCf..h
LA-U 3HB-CoA :
|
|
|
|

P(3HB-co-LA)

pety,
pBADpct,, CAT/Cam
6.9 kb

Sac 1

araBAD promoter pl5A-origin

araC

B 1 REIIBERHTFED PBHB-co-LA) EMIEE (A) MELHFK pTrc99aABC. pBADpcty, #EE (B)

Fig. 1 Poly(3-hydroxybutyrate-co-lactate) synthesis pathway in metabolically engineered E. coli (A) and construction
of recombinant plasmids pTrc99aABC and pBADpcty, (B). The genes shown are as follows: phaA, B-ketothiolase; pcty,
evolved propionyl-CoA transferase; phaB, NADPH-dependent acetoacetyl-CoA reductase; phaCm, evolved
polyhydroxyalkanoate synthase; ubiX, flavin prenyltransferase; dld, D-lactate dehydrogenase; idi, IPP isomerase.
Metabolites shown are as follows: G6P, glucose 6-phosphate; G3P, glyceraldehyde 3-phosphate; PGA,
3-phosphoglycerate; PEP, phosphoenolpyruvate; PYR, pyruvate; LA, lactate; LA-CoA, lactyl-CoA; Ac-CoA,
acetyl-CoA; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate.
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B A pTrc99aABC Al pBADpcty, [ E 41 K
WtE i 28 MG-01, #4575 pTrc99aABC Fil
pBAD33 kLAY HEH KT 4 MG-C, H
H, MG-C R pet ZEH, xd Bk, <A
SRR, TEEFETAARMARMAMAT, A
T pety L ) MG-C B bk & A T IR A A
IR 4y, RV R R ERY PHB. Tl A
MG-01 B FkI), AV AILRA T B, RE
Y LR AL R A A ik B 1.6%, REWS
Ol 83.9 Wi%., XKW pety HA G 2- AL N L
CoA MR 1. BIiE 5] ASMERY phaA. phaB.
pcty A1 phaCm, FRAT AL b 7E KB AT B b e
TREFEET RIS BUEE
2.2 AT P(BHB-co-LA)EREEM B A
FERRASERFN
221 AFRE Pcty, BERIBHIZH

BRI A A F ALY, (HRG YA
R4 53 W PEEJR E A LU, AR 1.6%, IRt
A BB T PHA MYJIEY) 2-52 35 N TE CoA VR &
BARE R . B 1 AT, EMNFLR -5 5N
Mt CoA, I B3 Jr sl el i fi L FLIR i 1k oy
2-F2 HETNTE CoA 11 Pcty, Bl i i fb 15 Pk

I8 W T R R A Y s
R, MiFRAEEEmEATEMNELERNEZ
DD, R T LB A A v
BEEERAAL Pty BEAYRIA . WKL 2 7R, i35
L-Fafhr A B Ao e B2 A 10 mmol/L |73 50 mmol/L
B, AW FLRR A5 1 EE R A 43ty 1.9% |
TFZ 4.0%. 1 pcte FE PR F35 19 3 3 X R A W0 7E 40
fL S B AR, RE WS AR 79 wt%
F| 84 Wtz [l i35 L-FalhAFomR B = T
40 mmol/L B, REWHFLER S IR
XA RE A B O RS A 5 SRR R I, BTRAA
Wi sh k205 SRR, Pcty, BERYE M FIKERIL
T W, BT IR AL RS E R A it
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Fig. 2 Content changes of polymer and LA fraction
with different L-arabinose concentrations.

IR, A b LR I BE R 4 B G A5 )
PrEn . TS sEE . 50 mmol/L By L-Ffhi{f
AT — 25
2.2.2 A[FERE PHA G BEREZE M

RGN A BGT R, ) L CoA REZ
A A 3HB-CoA MY, U 2-F2 5L 1 CoA %l
fitf A fiA, R 2-F25LNE CoA LS5 3HB-CoA
MHERAFESE e R I, 420 2-2 5Lt CoA
AR 75 Bk 55 3HB-CoA A7, {H A5 —J5 i,
3HB-CoA & P(3HB-co-LA) R A AIE A7, &
HA BT BPY, 2N 3HB-CoA 7 it KAIE,
ARFREVINE . T PHX—T G, i
HEIER IPTG W RIFE R R GER

W 3 iR, 24 IPTG ¥ &4 0.01 mmol/L 1
0.02 mmol/L B, 4G hFLER 2 43 I EE /K 43 H
KR T 1%, XMWY IPTG ik E i iKH, PHA
B2 IR 2-5 3N CoA IRCR IR, X [F]
Em T REY R A BRA S ERE . Y
IPTG ¥y 0.05 mmol/L i, BAWhFLRLH 3
JEE IR 43 HEAR E E] 4.2% 24 IPTG ¥4 0.1 mmol/L
B, RGP FLRRLL S 1B IR 43 Lk B 5.1%,
iR/ o ol = R v B S Y
76.2 Wt%, 4 IPTG ¥ T 0.1 mmol/L, &+
PIFLERZ 73 IR IR 43 LURS A T R o ARBESEIR5 R
P 0.1 mmol/L ) IPTG #F47 F—525
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Fig. 3 Content changes of polymer and LA fraction
with different IPTG concentrations.

2.3 MEIRESANREME R AR RN

$&im P(3HB-co-LA) LR ks o —
TR 3G s M N FLRR R R . X E A R AT R
MG-01 # 47 T AN [F2EW AL (50, 75 1 100 mL) (¥
FEM (250 mL) KEESCEG, Z5RERMILRBIEN
g {1 2 I 5 20 T B T B s, 2o R
WER ORI E, XSHERETEMREY S
W, MNsZmR S &, 5 HE R,
Yamada M 7R R 4418 F R P(BHB-co-LA)
14 S 3 UE BH 1 A B AN R AR A K A 52 e . W
2 TR0 ey S8 423 545 ik 242 0 30 5k 59 £ I 0 8 K SF- 7T L
AR RALER, R s K AR,
it} Q8 Ji W i 1) T L 21 L, 3 2o sk 55 G il Q8 1Y
AR, AT LLSS AR W KO o ZE R FF IR, UbiX
1 UbID J&— xR T, 22 55 Q8 £ &
BRI B BE 8 4-53-3-2E T OR T ER  (HPgB)
Ao 2-FEREORE . i@ ubiD B ubiX LA
() B T LK K AP v i Q8 % i/ 2 1Y
A 20%-25%. PRI SCHR R EE T ubiX JEAE
B 2R RR IX04 (& 4), 0038 2 b 5 s 8 43
FEAREAAG Q8 MG R, AT ol 55 2 A8 Ak 1 W WL i
SR

Choi %P B, (e K B R It , D-3LR
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(e L, X T did K 4 S i D-FLER I
AW D-ZLER S IR . A TIHBRIX — 3%
XFER AW FLER 20 3 0 R IR E A3 FE RS2 e, n
B 4 frn, FRN17E IX04 thift— i D-FLIR
ARGHE, RBIERI T, K oA £ oy IX041,

FEVRINT 20 g/L FZ R MO K53 R i
B57% 36 h LUULER BT A B ANk 2% B 14 A= 1 R 7L R R
250, WK 5A N, 5 MG1655 fHLEL, HLft
B IX04 FIBUER I B X041 1A K AR A Pk 2% ,
O T S AP U AR IR R, IR, B
R TR FDBLI 2K B 11 T F 2 ek B A R KO
JX04 F1 IX041 JEAEM HI A S MG1655 MHif,
MG1655 TR REZ 1 L2, 1 IX04 F1 IX041 Hr ¥
MR BREZ, BIK pH 2L, i TRE
WARRGIA, B B A R B R EYE
AR R, DRt S5 A I I L AR KR 22
1L 5 W) 1) e 2 1) 40 3k

e EEFLERLE A 5C FrR, JX04
1 MG1655 ) FLIR R R FEFEIIG IR 1Y 15 h A2 4y

2 3 4 MC25 6 7 8

bp M CI 1

4 ubiX. dld EEREE PCR IIiE Bk E

Fig. 4 Agarose gel electrophoresis of PCR
identification of ubiX knockout in MG1655 and dld
knockout in MG1655AubiX. M: marker; C1: MG1655
control group; C2: MG1655AubiX control group; 1-4:
MG1655AubiX; 5-8: MG1655AubiXAdld.
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BB, b, BREVRTE IX04 ) FLRRIGE(E N
0.21 g/L, %P4 MG1655 1 2 15, X F 551k
W 5 AT AR SO R LR . 5 B A RN B R TR
ANTF], WU IX041 TEFEIRE 77 5 W A PR MR B
5 FFRRE, BRI A LR Rk 0.28 g/L
X R D-3L R i S TR AR A 8o i T L
PR AE R T e AR o (AR — 4R 1002, FERRIG A7
SO, MRhER R R LR 0.8 g/L,
JERP A AR 61.5%. X KHT, B ubiX BERTEA
OB R FLIR W R B, Wl T 2R I P 1 A
R A A O AR 2R 2R 1 1) B ) AR B FL IR 1Y)
JiTnl
24 FUHFREBKENBEETERIAKES
a0
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Fig. 5 Time-courses of cell density (A), glucose (B), lactate (C), and acetate (D) for three different host strains.
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