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Engineering MEP pathway in Escherichia coli for
amorphadiene production and optimizing the bioprocess
through glucose feeding control

Jianfeng Wangl’z, Zhiqiang Xiongz, Siliang Zhangl, and Yong Wang2

1 State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai 200237, China
2 Institute of Plant Physiology and Ecology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 200032,
China

Abstract: The pathway of 2-methyl-D-erythritol-4-phosphate (MEP) is the exclusive isoprenoid precursor biosynthetic
pathway in Escherichia coli, with a higher theoretical yield than mevalonate (MVA) pathway. However, due to lack of
information about the regulation of MEP pathway, only engineering MEP pathway in E. coli achieved limited improvement of
heterologous isoprenoid production. We used exogenous MEP pathway genes to improve MEP pathway in E. coli and optimized
the glucose feeding to release the potential of MEP pathway. The results demonstrate that co-expression of dxs2 from
Streptomyces avermitilis and idi from Bacillus subtilis can increase amorphadiene production with 12.2-fold compared with the
wild-type strain in shake flask fermentation. Then we established a high-cell density fermentation process for the engineered
strain, and found that the phase from 24 to 72 h is important for product biosynthesis. The optimization of glucose feeding rate
during 24 to 72 h significantly improved product accumulation, which was improved from 2.5 to 4.85 g/L, within the same
process time. Considering the attenuation of strain metabolism after 72 h, this study further modulated the glucose feeding rate
during exponential phase to control strain growth and the amorphadiene yield eventually reached to 6.1 g/L. These results

provided useful information to develop engineered E. coli for isoprenoid production through MEP pathway engineering.

Keywords: 2-methyl-D-erythritol-4-phosphate pathway (MEP pathway), isoprenoids, Escherichia coli, high-cell density

fermentation, glucose feeding rate
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FEANMRA RS A T, AR R A
PR RR Y EEFENY, HEE
VE R A RN PUIE LR 25, ORI S —0a M
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e HOR IR (MVA) SRR EE E. coli i3]
AFMIE MVA ¥ A48 1) SR 0y i g 1 s 7 25
—J% (Amorphadiene) FITFEMRAY TFEH

HErA G —F, B H

il 2 i A —— M R IR (IPP) A1 —H
SR EERER (DMAPP) 2SR A . BF4E
AY E. coli LA 2-C-H J&-D-JR B M E-4-W R (MEP)
AR R — R IERTAA as e fe it 25
+Z M5 G ENXT E. coli MEP 348 R BT i
B AL BORG 20 8 45 DG BESE PR SRR I R, il
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Fe g A8 A i AR AR U211 ] gk MEP 3%
AT S T 2 IR — 2 REOE .
Hb, BR TR RS SESr, B e xdik 24k
G RIRA R AR R E R TS
AR A T AE ST A = AT Y
R HIR P . IR R GRS EA
IR A B PR 38 R0 A0 ARG M 45 A 2 IR A
EAR R 2 57, i H R A R AR AR U A K
JE AR R, AT RE £ H ik R Ik B B 1 ) o
Mg M THERABRG W, 5 A W 27
HIRR T lifiR i N Rk, &Iy BRI GE
AR, AR AR R, ST g
S FE AR A s DR AT R A X
AR E 1Y S R BT R TR R T TR TR AT R T
ARG, TR A S AR AR AR O R
DML S0 i /K P B R BIR B b & P ARV T o

ARFFFE NG AT IR MEP i 42 358 R 4 2 22
PR M e DA AR R R R T R v R R A
R R AL A o SR PR T AT, 2R R
B Hu B E. coli NIE MEP i34 i 4EmE —
WS, RIFRFIET MEP BRI FIRE
BT R AR S OH R B T 285 1 Bkl

1 HRE57%®

1.1 I, E#E. 19 RMERIXF
AW TR 551 mE 1 i, W
P E. coli DH10B (Invitrogen) 1EhFEkes 3,
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E. coli BL21 (DE3)(Novagen) 1ER7=H4 1
i F o ST CHEE . DNA F B 5 kil
A ik & 9 NEB /A H] . TaKaRa /A
F Axygen 23wl RAL A AT R AR AT e
9/ Sigma-Aldrich 23 &) Al — 34 U5 A
PR Al BRI, S BE R o . PisE R L H AL
KA H Oxoid ., FZ RS gAY THA
BRAFE . AR P SPAERN TAERBEMT .
HARHERZE 100 mg/L, RARER S0mg/L. LI'F
WS A AR 8 TR R BT 3 PR A Bt R I AR R
W & BB SR LA, AMRERS 37 L i A TR] 0 vk
W, AN FABCRE B

1.2 FJHRWNEEE

JFRL pIF23 (K 2A) HARSCE = A, &
A 4% E. coli 15 JE SEAEBERR A UL (ispA)
T AL 12 0 A R JE A (ads)
) T7 Prom-ispA-ads-T7 Term A T34k,
ARH 7 B8 R 1) 5 R4 R Bid , 43 53] PCR 973
E. coli MG1655 Y 1-JJit S A Bk -5- B R & hiL 1t
FYFE (dxs_EC) HIS 5 0 F5 i 1R 53 A4 1l 119
FH (idi_EC), P4isE% M (Streptomyces
avermitilis MA 4680T [ dxs2_SAV, Hi 51 25 U AT
@ (Bacillus subtilis CMCC63501) 4 idi_ BS. #f
A dxs_ EC. idi EC. dxs2 SAV Fl idi BS fY
PCR 7 9ylEie, JEHIRRSIEN DI REY) S, %
3] pET21d #AKRMYAHRIAL S b, FRAT B
pJF39. pJF44. pJF554 Fl pJF567. Hl Xba I #lI
Xho 1 i) pJF44, [N idi EC LK) DNA
FrBe, ¥ HAE A S pIF39 14 Spe 1 1 Xho [ £ 15
I, FRASFORL pJF63. H Xba I fil Spe I fiff1)
pJF554, [Rl# idi BS LR DNA H B, ¥ H:
A F] pIF568 1Y Spe I g [, FRAGH AR
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Table 1 Plasmids and primers involved in this study

Name Characteristics/sequences Information
Plasmids Detailed characteristics Source
pET21d Vector with an ampicillin resistance marker and a T7 promoter Novagen
pJF23 pET28a- T7 Prom-ispA-ads-T7 Term [17]
pJF39 pET21d-T7 Prom-dxs EC-T7 Term This study
pJF44 pET21d-T7 Prom-idi_EC-T7 Term This study
pJF67 pET21d-T7 Prom-dxs_EC-idi EC-T7 Term This study
pJF554 pET21d-T7 Prom-idi_BS-T7 Term This study
pJF567 pET21d-T7 Prom-dxs2_SAV-T7 Term This study
pJF678 pET21d-T7 Prom-dxs2_SAV-idi_ BS-T7 Term This study
Primers Sequences (5'-3') Cloning site
dxs ECF CATGCCATGGGCATGAGTTTTGATATTGCCAAATACCCG Nco I
dxs EC R CGGAATTCACTAGTTTATGCCAGCCACCTT EcoR I
idi ECF CATGCCATGGGCATGCAAACGGAACACGTCATTTTA Nco [
idi ECR CGGAATTCTTATTTAAGCTGGGTAAATGCAG EcoR 1
idi BSF CATGCCATGGGCATGACTCGAGCAGAACGAAA Nco I
idi BSR CGCGGATCCACTAGTTTATCGCACACTATAGCTTG BamH I
dxs2_SAV F GCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAGG Xba |

ATCCGGTGCCGCTGCTGACCCGCATC
dxs2 SAV R CCCAAGCTTACTAGTTCAGTCGCGCGCGGGCTCCA Hind III

Underline is a recognition site of restriction enzyme for gene cloning. The ‘ACTAGT’ sequence indicated in bold
represents the ‘Spe I ’ site. The intergenic sequence between Xba I and Nco I of pET21d is indicated in italic font.

M FIAE, ¥ dxs2_SAV Fil idi BS H:H
AT —B vk, 4 oh pIJF678 (&l 2A),

1.3 ITREEMAERFAR
1.3.1 REERFE

LB 33t (g/L): NaCl 10, &A1 10, B2
BRI 5.

PR A BERE IR 3L (g/L): Na,HPO4-7H,0 12.8,
KH,PO, 3, NaCl 0.5, NH,Cl 1.0, MgSO,7H,0
0.493, CaCl,2H,0 0.0147, #j%ib% 8,

AR TR (AR 1 L), JERERLE
K,HPO,43H,0 15.7 g, KH,PO, 4.2 g, FFHERR 1.7 g,

(NH,),80, 2 g #ZiF% 15 g, MgSO47H,0 1.2 ¢
TR TR IETR 1 10 mL ., #MRHES IR 585 A b
650 g, MgS0,47H,0 12 g, (NH4)2S0410.7 g I
fEICREW I 10 mL, MEITRER 1 (g/L)
A CoCly6H,0 0.25, MnCl,-4H,0 1.5,
CuCly2H,0 0.15, H3;BO, 0.3, NaMoO,2H,0
0.25, Zn(CH3CO0),-2H,0 1.3 FIFF#ERR =%k 10,
MEITERBEW I (g/L) &H CoCl.6H,0 0.4,
MnCl,-4H,0 2.35, CuCl,-2H,0 0.25, H;B0O,40.5,
Na,Mo0042H,0 0.4, Zn(CH;CO0),-2H,0 1.6 Fl
FREEIR =k 4,

cjb@im.ac.cn



n ISSN 1000-3061 CN 11-1998/Q Chin J Biotech January 25,2014 Vol.30 No.l

1.3.2  REERFRIHI&

Wi STk pIF23 5 MEP 342 M i AH 56 1 o
(pET21d fEh7s FIxfiR) dbf%{k BL21 (DE3),
PRICHL V% 2 10 mL AR LB iRk, 37 C
250 r/min 7SR 12 h, FH 15 mL T8 B 04
BLOWCERRE , I ASERTR 15%0 HIMETE ,
—80 ‘CURAE i 5 43 & T b1 F A BL o34k &
T 1) — G b

1580 CURAFEM H AN F LA 1% it 42
FRE] 50 mL LB #5537 5619 500 mL #2)ir,37 C .
250 r/min }i 5% 6 h, fE AN L & B GFh ¥
1.3.3 #EMEB:

B 10 mL $8f & BB #2551 100 mL 1R
H, 3 2% R 80 C AT I H Il Fh T
FREBER R, RN 20%0) + b Fn 2k B
0.1 mmol/L f#) 5 P4 J&-B-D-Ai A Ttk e 2 LB
(IPTG) #HAT¥IMHES, BT 250 r/min, 28 CTHY
FEIR b R % 3 d 50 5 d Ja, AT = s
134 AKBERZEHNESSERE

SR e i A AL T AR A A R AE = S L
RIERERSE, BOAWE . WA pH Mk, #EAK
FIAMEL PR 2 5, SHPS400PMS jof P 1A ot i
IR MR o R PR 4. TR . pHL.
AU R (OUR) A1 — 4 1k Bk B il it %
(CER) Z57E£:Z8ih Biostar 2.0 (R H T K
FEREEATEERVR DL (B k)
BRI
1.3.5  #belat 2B

it S% P HERN &, W T R B
1L PR BERET . R T 0D AR KRR, & %
HRRPIERIRE N 37 C, H#EEE 800 r/min,
WA EAEREE 1 vvm, Hi#MInEUKEE S pH A
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7.0. Z3d29 3 h WIERBIE, BEARTFGaiE AXT
BAEKIW, 207 h RS (ODggo) i5FI-10
AAiE, MuERERZE 28 'C, A 200 mL +
TRERIHE N 0.1 mmol/L B IPTG 5 S 1555 .
B 5 o B AR A A RS, IR IR IS
FEUG MR o HEAS AT TR 43 TS B B i
BEOGT, FE 1 BR300 25 T 2% 50 R
R B s AT . FF ODgoo 2 200
LB VIR EARRER), RAabRE 3 E JyH
JE AN
14 AESEBEZSEIEN . BRAi2E S
EEM_GEHNEE
BRI EAGIN . SR ] i 3K M ik O
Bl T ARG < SRS - R R R Y
Bk g MR . fERR AT, HIE SR
WO R EAT BB BE MR, R IR 3 0 B IR AT TG
itk LB WA AINA 2N E R R RIS
ERVEIIR A IOR TSI R o TN T ot
PRV B L T T 2500 LA R AE XUBTRE 2R G Ae e 7k o
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Fig. 1  Profile of glucose addition rate of each
feed-batch fermentation process in this study.
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C18 %4 (250 mmx»25 mm, 5 pm), A
25 mmol/L KH,PO, Z& Wi (pH 2.5): M
=98 2, Vi@ 1.0 mL/min, KK 210 nm,
HEIE 30 °C 5 S8 M E R i Tsuruta 25471
141k, & GC-MS (Thermo Scientific TRACE
GC-1SQ) R 58 — itk A7 & . B 500 puL HY %
WER (PRIET R 350004y, AR S 1R
ST —IK, BOWEAVUHE, Ham
TR XS A HUAE HEAT — 5 B RR BE S HEREARS I . L)
AU A AT I AE SR b o R A R B T A
X (204, 189 &) #H17 GC-MS 73 #7 .

2 BER5pH7

2.1 RiZFIE MEP @EEREHR E. coli
BREE R0

EA ML dxs A1 idi FEKJE E. coli
MEP 4% i S i PR s 5L ), 54k dxs Al
idi JEPH ) B BB A UL R MEP i&E R
i R SR IR LA R A R . MK
2 A LIAES, Pk E. coli WA dxs 1 idi
SERMBERRZE S d MER IR REIS , SR I
54 10.756 mg/L i1 9.552 mg/L, AHHF Xt
HREPE (6.552 mg/L), 434S T 64%H1 46%.
AR FEWIAE BL21 (DE3) Hitksrik E. coli
YR MEP 32 42 2L R %] #2 /% amorphadiene B & A,
SRR . % S| A 2R B h MEP iR 48 2 R 7E
Bl B R P e O T 2 RE R AR g 4L
FERTIIAF ST P24 THER R . P2 AR |
AT B R |« BROC IR JE S5 R [RDR U Y MEP 1%
BRI, LPE T EIA S, avermitilis 1Y dxs2 H
A B. subtilis (9 ! idi LN fEAS B 2 4R T)
MEP B2 ATAHERL, BEIEERE — A ™ 5.

Kl 2B mlAL, 7E MO KigR SRR |E S d ),
B b % 3k dxs2_ SAV  (BL21 (DE3)
pJF567/pJF23) A idi BS (BL21 (DE3)
pJF554/pJF23) JE [K BE A% (i 28 L — I 1) )™ i 3k
F| 2491 mg/L 1 53.50 mg/L, 4% X} IR
BL21 (DE3) pET21d/pJF23 42 1 3.8 Fil 8.2 5.
Ak, GIA dxs2 SAV Feid ik PR dxs EC #
BT 23 4%, BIAidi_BS it #ik idi EC #25
T 5.6 5. BiJEHE T T7 Prom-dxs2_SAV-
idi_BS-T7 Term # 4\ 1 (pJF678) Ik 3% ik
dxs2_SAV Flidi_BS Bt — 04 m S a1
A, Hk BL21 (DE3) pJF678/pJE23 fiEfs & ik
80.22 mg/L MYSME I, HEFAETRIE S T 12.2
i o DX EELE R RG] AKELLHMNE MEP 38448 3 A
P 3 Ak A T S PR BB T 35 1 B i MEEP 342 I T
J1o AN MEP i&42 34 E. coli MEP &2
Bt AsGE SR A T S oo,
22 (MRSEEELREIENES

T #EXH Bk BL21 (DE3) pJF678/pJF23 1E
R B PRIEE aE, AT e E ST TR
TR R R IR ), BRTEAD
KBt OUR, CER., BARARK . LB )
PR BRI R SRR RO . N T K
Tt BRI =) SRR B, TEORIE X FOM Pk
AT T, A A A AR It i s 4
AR KE (B 1, REWIh 6.05 g/h), LU
X B AR E Y DO 43 B AERFAE 20%-30%F11
60%—70%. 1 3 R 0% 00 g A A AR T
L, %) 24 h J5 ODggo 15 %] 200 LA _I-,OUR FI CER
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Bl IS i AFRE I, AR R YERETE 6.05 g/h, TH
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47 (60 h), OUR HI CER Z#ii/l, 36 h L5 4E
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L S R U1 97 o R s %) 9 3K X6 TRk TR G A

B RS AN 22 AR RS R W R P AR ] BE R HZ B
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Fig. 2 Construction of recombinant E. coli strain for isoprenoid production and biosynthesis of amorphadiene. (A)
Strategy for the construction of engineered strains and the maps of plasmids responsible for MEP pathway
engineering (pJF678) and amorphadiene pathway assembly (pJF23). (B) Amorphadiene yield for engineered strains.
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Fig. 3 Process parameters of an E. coli feed-batch fermentation process for isoprenoid production. (A) The
variation of DO, OUR and CER. (B) The variation of ODg, amorphadiene yield, acetate concentration and residual
glucose.
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K R A S . 1R 2 (9.152 g/h) PR 2 AR 3 A ok AR e M S AR 1 AR,
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