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Overproduction of Lycopene by Metabolic Engineering
Escherichia coli
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Abstract: Lycopene is an effective antioxidant and a potential pharmaceutical drug with anticancer. The knockout of
gdhA, aceE or fdhF was beneficial to lycopene production in engineered E. coli. The double (gdhd and aceFE) gene
knockouts showed a similar effect to the triple (gdhA, aceE and fdhF) on lycopene production. Replacement of native
promoter of dxs gene in the double gene knockout strain resulted in 103% increase in lycopene content. In order to
avoid application of expensive inducer, we also constructed some constitutive plasmids containing heterologous caro-
tenoid genes. The final engineered E. coli BW25113 (AgdhAAaceE, Prs.4, pAC316-WZM4R) produced lycopene of
15.6 mg/g DCW without inducer in a batch shake flask.
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5B TR 4 AN AR e i 41 R B R T
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PR R A P i 4L 3R, 1 HLERCR AT B A B R AN
RE B T ARLL R, MIMNRT AL R A IR L A K
Wk, A RIS M, Atk T
TUFRBUE IR (H2 E R KHECR S RIS #k
RFIEFALLE A BIER ), R R T ERINiES
F, AT 2B INAE P~ AR . [ PN 35 TR I 7 T AT 92
et ER 2R, BAEE bR rmE 7Lt -,
KB RIR R 5 31 B 4 R0 2H R 28 2 0k 8 A P )
S, MR T AT IS R LK B L
VRS SITEA S 5 TEAR- N0V 3L 7 S v I ES] T
HEIKF

2. MR A
2.1. EEEFBRAL

K1 SRAW I AL A B AR TR . K B
DH5offf T Rikiig i, KA E BW25113 AfE £
PAC-LYC04 F1 pAC-LYC H 5 B % K2 (H
Cunningham #(#%EE, 1-Red Tk pKD46.
pKD3. pKD4 FI pCP20 F -T2 [l it b Fl 8 2l 7 B e,
WK Wanner 3% =, pBAD24 s
225 Beckwith ##3z Emal',

2.2. EERFRMBRRAGE

FEPR R A des B PR R SRR B 7 B R H
pKD46 FIAMIA-Red EAH ARG, AHE 7T AT A 514 L,
* 2,

FIHAR G ¥ pAC-LYC04 ', 435 PCR 1
3% crtEs crtls crtB R ipi FER B, EER| R
pBAD24 1, 435433 f ki pBAD-crtE. pBAD-crtl.
pBAD-crtB Fl pBAD-ipi . Kpnl Fl Xbal B pBAD-crtl
Xbal 1 Sall Y] pBAD-crtB 2[5 Fi BGEREE] Kpnl A1
Sall B Y] pBAD-crtE # 4K F B, 3K & kL
pBAD-crtEIB. Sall 1 HindIll F§Y] pBAD-ipi 3£ A
By, HEEFIME A VIBGAL B S ¥ pBAD-crtEIB, 345
pPBAD-crtEIBipi, {5 Fk pB-WZM1 . EcoR1 1] pB-WZM1
KL 13 B I EAA i BL(8821 bp), HEAT CIAP B2
AL S5 43 5 [F] EcoR1 BV pB-rpoS FUkL)G I rpoS
Jr Bt EcoRI B§1] pB-DR J5 1] dxs-rpoS Fi BUFI EcoR1
M) pB-dxs JGH dxs FrBoEERE, 152 FURIZ PCR
it D) 56 UE 4 N 7 1) IE A 9, 43 5l s 44 4 pBAD-
rpoS-crtEIBipi( f&] % pB-WZM2) . pBAD-dxs-rpoS-
crtEIBipi(T6#% pB-WZM3)F1 pBAD-dxs-crtEIBipi (14
FX pB-WZM4).

BamHI1 Y] pAC-LYC J513 2344k Fr Bt (4893 bp),
H Pfu DNA R&HESATANE SOV J5 B8, 1535
pACYC315. BamHI-Sall 1)) pAC-LYC J&f3 3|41k

Table 1. Strains and plasmids used in the stude

= 1. ERpFIBRL
Strain and plasmid Description Source or reference
Strains
E. coli DH5a supE44 A(lacZYA-argF) U169 (P80lacZ AM15) hsdR17 recA endA1 gyrA96 thi-1 relAl Laboratory store

E. coliBW25113

l[lC’Iq I‘l'l’lB'r14 AlacZwm, hsdR514 AaraBADAH33 ArhaBADng

Laboratory store

Plasmid
pAC-LYC04 PACYC184 with Erwinia herbicola crtE. crtl and crtB genes, and Haematococcus pluvialis ipi gene 12
pAC-LYC pACYC184 with Erwinia herbicola crtE crtl and crtB genes 12
pKD3 oriRek, FRT::cat::FRT template plasmid Cm', Amp" 13
pKD46 oriR101 repA101® P-araB-gam-bet-exo Amp" 13
pCP20 pSC101 replicon® FIp(ARp) 1857 Cm', Amp" 13
pBAD24 ColE1 ori, Pgap L-arabinose inducible Amp" 14
pQE30 ColE1 ori, Prs IPTG inducible Amp" Laboratory store
pB-rpoS pBAD24 with E. coli rpo gene flanked by two EcoRI sites Laboratory store
pB-dxs pBAD24 with E. coli dxs gene flanked by two EcoRI sites Laboratory store
pB-DR pBAD?24 with E. coli dxs and rpoS genes flanked by two EcoRlI sites Laboratory store
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Table 2. Primers®

*2. 514"
Name Purpose 5’—>3’sequence Restriction
enzyme
dhdl AACCATGTCCAAAAGCGCGACCCGAATCAAACCGAGTTCGTGAG-
8 CGATTGTGTAGGCTGGAG
gdhA knockout
dhA2 TCACACCCTGCGCCAGCATCGCATCGGCAACCTTCACAAACT-
8 TAACGGCTGACATGGGAATTAG
fdhF1 GAAAAAAGTCGTCACGGTTTGCCCCTATTGCGCAT-
CAGGTTGCAAAATCAGTGTAGGCTGGAGCTGCTTC
JfdhF knockout
fdhF2 TACGCCAGTGCCGCTTCGCGCAGGCGAGTTTTCAACTTGTTGTACT
CGTCATTCCGGGGATCCGTCGACC
El E knockout ATGTCAGAACGTTTCCCAAATGACGTGGATCCGATC-
ace ace GAAACTCGCGACTGGTGTAGGCTGGAGCTGCTTC
aceE2 TTACGCCAGACGCGGGTTAACTTTATCTGCATC-
GATGTTGAATTTGGCGAATTCCGGGGATCCGTCGACC
Pl TAACCTATAAAAATAGGCGTATCACGAGGCCC
ggagtcgace agtgcecaggg tcgggtattt ggcaatatca aaacTCATAG TTAATTTCTC
P2 Replacement of the CTCTTTAATG
native promoter of
P3 dxs gene by TS5 tg gaagegetag cggactacat catccagegt aataaataac GTCTTGAGCG ATTGTGTAG
promoter of pQE30
P4 GGTGGATCCT ATGAATATCC TCCTTAGTTC C BamH 1
P5 CTGAATTCCG TCTTGAGCGA TTGTGTAGGC EcoR 1
crtE-f CCGGAATTCAGGAGGTAATAAATATGGTGAGTGGCAGTAAAGC EcoR 1
PCR for crtE
crtE-r GAAGGTACCTTATCAGGCGATTTTCATGACC Kpn1
crtl-f TGTGGTACCAGGAGGTATAAAGGATGAAAAAAACCGTTG Kpn1
PCR for crtl
crtl-r GCTTCTAGATCATCAGGCTGGCGGTGGCTTTC Xbal
crtB-f CR £ CGCGGTACCTCTAGAGGAGGATCTGCAATGAGCCAACC Kpnl. Xbal
PCR for crtB
crtB-r TGGTCGACTTACTAAACGGGACGCTGCCAAAG Sall
ipi-f CR £ GCGTCGACAGGAGGTAATAAAATATGCTTCGTTCGTTGCTCAG Sall
PCR for ipi
ipi-r GCGAAGCTTAGCTAGCTTATCACGCTTCGTTGATGTGAT Hindlll. Nhel

“Homology arms to recombination target genes are in bold; restriction enzyme sites are underlined.

Fr Bt(4249 bp), Fil Pfu DNA A BT M SN 5 B
BeiERE, 193] pACYC316. EcoRV 40511 pACYC315
1 pACYC316, 15K 4472 bp 13832 bp #ik B
AT CIAP ZERRAGALEE, i IS4y 5ol 5 b
“FJEH Nhel BEVIE pB-WZMI1-4 {1 4 FhH KA EL
WZM1. WZM2. WZM3 fl WZM4 #HTiER:, Hit
BRI RAR B IR SOESER) 8 Bl pAC315 FR A JFURLAN 8 Fif
pAC316 RAIA WA Bk, 4 nldr 4~ pAC315-
WZMI1-4F/R 1 pAC316-WZM1-4F/R(F & WZM1-4 IE
MR, RIE WZMI1-4 %), SCPrfg3l 7 13 b
EH B TR

23. BHFH

PP FRHN 2YT-KAc, KEEES TR AN 2YT-KAc
F1 2 x M9-glucose. & T 2YT-KAc 7 0.5% KAc 4,

Copyright © 2012 Hanspub

AR K T B 9R R AE I 5 R B I 5 & 2 mM
KAc, HiFRBEFHRMAMNIUER . F7T 37°C, 150
rpm FFREERE, 4 1% R EER R 50 mL K EER
Frdkrh, REEEEFREET 30°C, 150 rpm R EEPIR JE
FEE MR I e .

24. 3

REERR W R 5, U 8 B O R
I ZTBKBESR 2~3 Ik, VIERAERT 1 mL AHH
o, fRIET S5°C/AKIETRARIR 15 min 5, TEIERT
10,000 rpm 5.0» 5 min, B FiER THREARAE . A
A4 2 70, A IR, wa e hARIELE 472 nm
THIOGEE, RiFEEBMORSE. 54 B 15mL
DL RS T 50 mL &0, T 8000 rpm Ht
290 10 min 52 B3, JUET 105CHkt 6 h B L,
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Figure 1. Effects of gene knockout on lycopene production (a) and cell growth (b) in E. coli BW25113 harboring pAC-LYC04
1. EERRRXERL RS () REEXETEE K ORI
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AR TEFEARY R R =), T BAFAE R AR T (R
FEEE M AR E Ve R B A RasE ) BB 1), 38K
Bl F o AR R AR B R R IA AP ) —Fp g vk 1A
K, JABhF LRE RIS TR TAR A, DAY
BE IR (1R 5A T B2 R P i) 2 p = R B0, itk AT
FIHA-Red BEAFA, HKHHE BW25113(Agdhd
AaceE)] dxs 3 RSN G 3+ B #e sl pQE30 1 TS
JABNT. GRERW, TS B 'FEEH G T
RIEERE T 103%GR 3). Yuan EEM ALY bR
RIS TARIRI S SR, AT SR B dxs FiE IR R AR
JFENT BN TS BT SEELRGIEAEAS b
KRS T 158, Alper ZFIH 54t PCR FiAK
Preo BT HATHINLRAS, 5 T — N EAAFER
FERIR BT 3CE, ISR 058 8 2 7 B e K i
dxs FERIIRIRE BT, RIWKG RS 3198 LR A
FEA KA E TR A B

3.3. AR B RRIEE

YRR ORI AR 75 ZR A 77, 1% FIF Tl
A= . pAC-LYCO4 & —/NA B TR, B A 5
2 MR SC IR R (Erwinia herbicola) crtEIB FITH A2 L BR i
(Haematococcus pluvialis) ipi 3£[K, {HTE crtE A1 crtl
Hh ] AR — BROR N 3 R . Kang Z5HF 78 &k I 25 B X BOR
KOFERUK S ECR AT TR B m T 3 5P
Hk, BATM pAC-LYCO04 HJ 14 crtE. crtl, crtB
ipi B, HR R EE R, [R5 e O B R A
B, ROhEFRE T 13 A pAC315(4893 bp)Fll
pAC316(4253 bp) R A I AL Rk ik B 2 AR
PRI & AN TR 2H B ORE K I AF B BW25113 P22 Al 41
RZHEOL. WE2 /TEH, TTIRES pAC31S B H
PAC316 JFURL I B 4 KT R 4 2 Ak 41 2 (1 7K 74
FEXT BB (7 pAC-LYCO4) ;1M HAE S ) BRI AH
[E]FE KN (I WZMIR. WZM3R 8 WZM4R), K]
pPAC316 R Il 5 i ) 35 i 40 2 7 ' i iz = T >R A
pAC315 RHIFRIF 8. XEEZLHT H IR
BB TR, ESRACEARN N FE, AT S R
PR R NS AR IE R, B DR R IA R R
PP DU R ZR P IR ) 8 307, 1 e v 3 s D 1
WA AT XYL E 3 7. R R M EEERT, SRH
PAC315 Rk b & R PR R B 275 H 1k
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Table 3. Effect of the replacement of native promoter of dxs gene
by the promoter of TS on lycopene production

& 3. dxs EERRTFEROTM

. Lycopene content
Strain yeop

(mg/g DCW)
BW25113 (AgdhAAaceE, pAC-LY C04) 3.15+0.19
BW25113 (AgdhAAaceE, pAC-LY C04, Prs_q) 6.40 +1.58
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Figure 2. Effects of constitutive plasmids on lycopene production
by E. coli BW25113. pAC315(open bars); pAC316 (solid bars). R
represents reverse ligation; F represents forward ligation. E. coli
BW25113 (pAC-LYC04) was controlled strain
2. HRR R R B IR IAAT B & B AL RARE .
PAC315(Z2B#); pAC316(ER#HH). RIBRIBER; FERIEE
. KBHTE BW25113 (pAC-LYC04) o3t BB

DAl |] R 25 L pAC316 R A1JFURL K2 640 bp.

W R IR EAF B AR AL 2R AR R 3 AR
PAC315-WZM4F . pAC316-WZM3R AHl pAC316-
WZM4R 5 7] Ak 3] 110 A 2% A mc B B BW25113
(AgdhAAaceE), 55 HBFMARIIE G55 WA 3.
GE SRR A H R R pAC315-WZMA4F . pAC316-
WZM3R Al pAC316-WZM4R [ FRTE AL 277 &
T pAC-LYCO04 *HHETE, Hhd pAC3le-
WZM3R Fil pAC316-WZM4R @ Rl im. 55, K
EATEA BB KRR 1) des HB)T TS B
BW25113 (AgdhAAaceE, Prs.q)®, FHRHFILALE
& . a5 R 3. 455K, & pAC316-WZM3R
HI pAC316-WZMA4R (1] dxs JA BT TS B e i U A
BREE, BWALREAR TS, KR
BW25113 (AgdhAAaceE, Prs 4 pAC316-WZM4R)
Al 15.47 mg/g DCW). MKl 3 [FIFERIE H, &M
LSt 240 i A K AN K
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E. coli BW25113 (AgdhA AaceE, P, )

E. coli BW25113 (AgdhA AaceE)

Cell growth (g/L)
Lycopene content (mg/gDCW)

Figure 3. Effects of constitutive plasmids on cell growth (open bars)
and lycopene production (solid bars) by engineered E coli
[ 3. AR BRRIN TRAGHEEKEAHMERBERLRGE
IR

34. REETIERIRIE

NT TR SRR TR B R R R, FRAN
W 7 KAF# BW25113 (AgdhAAaceE, Prs.gys
PAC316-WZM4R) A [F] i B By [] 7 B 4k A RN A 41
BER, WE 4. mEWR, EAKEFESEEE
IE B SE , ARPRIE N B K, K2 26 h 4HfE
KL B Al HEHTERBRS AL, A
HEW, MMIREETTAG T . AR R EUE
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Figure 4. Time course of recombinant E. coli
BW25113(AgdhAAaceE, Prs.as pPAC316-WZM4R) growth and
lycopene production. Cell growth (m), lycopene content (e) and

lycopene concentration (o). Data represent the mean of the tripli-
cate cultures + standard deviation
4. ELAKBAFE BW25113 (AgdhA AaceE, Prs.as
PAC316-WZM4R) % B¢ 12RT L. Ek@m), BEMLAREE(e)
MBI RRE (), BIEA=HLENTHE £SD
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KA KE AR, 34 h AAFMA R ISR R K
fH(40.1 mg/L), HEEMAZRZEILTFAZL, (HEAK
AR A A IS G, B 48 h B AR F i
LIk B HOKAE 15.6 mg/g DCW, Z{H %18 H il
T 5 2 20 K B8 7= 7 0 41 3R e ZR G 1 35 [ RR 44 22
. K Stephanopoulos R L 1 S5 HEKF),
IR, AR B A A A1 3 1A e AR KRR I
(), FE R I e A REREAT 1 IR BT A h 78 (an K = 38
WINANE T ), FALA R ] Bk — 4.

4. Zig

aceE M gdhA BRI,  [FII RBERE R dxs RIR
JRENTHGRA ST TS Bk, KK#EE T K E&
LR R . PR B 0 K AT B BW25113
(AgdhAAaceE, Prs g )TESI NFIREAS N RIEFE, F
FERTVE NG L ERIAE b Rp-HY bR, TR
MR INE R AR R AR FRATH
A TR KT 58 W25113 (AgdhAAaceE, Prs.gs
pAC316-WZM4R)TE K I#RE 7% 48 h I, W= &AL 2
15.6 mg/g DCW, 17 HLERA TR 1) TRE B el TR 4
BT RL, ATEEGE A, MISHIAE = A f Sk
G, WK FRRARI . AT SR EmE ML
FIIFEE, A Ja I TAE—J7 H ] % fep G B R R
FIGetfk b, R 4G e ORI R E B 7 (1 B e,
AR e DUTURL 51 S (A A7, 38 A B st
fefae s S— A O EN TR
W25113 (AgdhAAaceE, Prs.u» pAC316-WZMAR)HEAT
RIS A S B R, DASR S B A 4L 3
=i, TR A 7 245 FE Ao

5. Bt

A HASE) T E R B AR HE A TUH (No. 3097
0089) F1J~ &R 48 H A Bl 2% 1 4 1l H (No. 9351027501
000003, S2011010001396)f) ¥ Bl, £ 3R
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