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W2 KBRS, FARAM-4-ZH T ERET 13345, #3151 mg/L. #—FAREKIT 3 NRHEE, 532 %48
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Abstract: Artemisinin-based combination therapies (ACTs) are recommended to be the most effective therapies for the

first-line treatment of uncomplicated falciparum malaria. However, artemisinin is often in short supply and unaffordable to most
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malaria patients, which limits the wide use of ACTs. Production of amorpha-4,11-diene, an artemisinin precursor, was

investigated by engineering a heterologous isoprenoid biosynthetic pathway in Escherichia coli. The production of

amorpha-4,11-diene was achieved by expression of a synthetic amorpha-4,11-diene synthase gene in Escherichia coli DHGT7 and

further improved by about 13.3 fold through introducing the mevalonate pathway from Enterococcus faecalis. After eliminating

three pathway bottlenecks including amorpha-4,11-diene synthase, HMG-CoA reducase and mevalonate kinase by optimizing

the metabolic flux, the yield of amorpha-4,11-diene was increased by nearly 7.2 fold and reached at 235 mg/L in shaking flask

culture. In conclusion, an engineered Escherichia coli was constructed for high-level production of amorpha-4,11-diene.
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Fig. 1 Synthesis of amorpha-4,11-diene in recombination E.
coli from the building blocks of IPP and DMAPP, which are
synthesised using DXP and MVA pathways. The native
pathways are in round frames, and the heterologous pathways
reconstructed in this paper are in square frames. The
abbreviations are used: G3P, glyceraldehyde 3-phosphate; DXP,
1-deoxy-D-xylulose S-phosphate; MEP, 2-C-methyl-D-erythritol
4-phosphate; HMG-CoA, 3-hydroxy-3-methyl-glutaryl-CoA; IPP,
pyrophosphate;  DMAPP,
pyrophosphate; GPP, geranyl pyrophosphate; FPP, farnesyl
pyrophosphate; AD, amorpha-4,11-diene.
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JEZG T R AR — R4 - TR m R, 5
SCHRARTEAH LY, ASHIFSE 3 TF T AR TR A A% AR )
Sh U8 11 DR A DA% A0 i 38 ) 45 o AL
1 #H5F®
1.1 SRIEHR
L1 FHE. TR I TRHE

T £ E. coli DHGT7 NARZEMH, Fikdiik
pAOC3ANL JA B i dt; FE/m IR 5 Bk 214k
pET28a. pACYCDuet-1 Hil pET3b A {177 Hitk
E. coli DH5a #11 BL21(DE3) Tt 5t &\ 4 W
ARAF]

LB B35 (10 g/L JEEFR, 5 /L BEbHRIK
Y, 10 g/L NaCl) HFKBHH HEE#EREFE; FM2G
Bige e (15 g/L R AR, 12 o/L BERHEIY), 3 g/L
NaH,PO,2H,0, 7 g/L K,HPO,-3H,0, 2.5 g/L NaCl,
0.5 g/L MgSO4, 0.2%#i%iH%, 1.5% Hih) HITHMm
KW
1.1.2 ZZH

Prime STAR™ HS DNA R4 . BRI
fitg Fl T4 DNA B T E AW TRAF; Bk
PR & 1 DNA R B RIS 70 6 0 b 5
KEEEYFE AN A ; IPTG T Promega 23 7 ;
L- F] $7 8% W F Merck 2N &) 5 bR HE & A 7T
((-)-trans-Caryophyllene) 4T Sigma-Aldrich /A F] .
FoAb A 200 24 o [ 7= st 11 4 A
1.1.3  HRHEAIHI 577

ADS HRAE SCHR[ 141 L 0% HE (K] 51 2R 47 42 KR A
G o mvaE Fl mvaS R E AR A F 5
(GenBank Accession No. AF290092.1), MD (fi %%
SHEIVIE RN 4 DEERYIE . idi. mvaK2.,
mvaD Fl mvaKl) F ispA 35 E A ALK 5
(GenBank Accession No. AE016830.1) 435i% 15|
Y R 1), DIZEABKE YL AR DNA il PCR
PRAS . EESI Y BEA TAEY TREA RS
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J, BEP b R RS B E
1.2 FHiEHE. BMERRKIE

K O F I REROR , 40 PCR 9738 | WD)
B RVRACSE R R KRB IR (3R 2), BARE
2% CHR[15]
*1 EAXFEABSIY

Table 1 Primers used in this study

YRR AR ILTE £ E. coli DHGTT, AR
A HIAEZE (Kn, Cm ¥4 25 pg/mL) AWK LB 5
FEHH, 37 CHFFE ODg0=0.3~0.4, A 0.2% L-
BIRLAARHE S, k243 4~5 ho BUEKREEAE
SDS-PADE 4341, HAKJ 5% SCHR[15].

Primers (5'-3")

Function

ADSS5: GGATCCATATGGCACTTACAGAAGAAAAACCTAT
ADS3: AATGGATCCTCAGATACTCATAGGAT
mvaES: GGATCCATATGAAAACAGTAGTTATTATTGATGC

To amplify ADS

To amplify mvaE

mvaE3: TTTGGATCCGCGGCCGCCAATTGCTCGAGTTATTGTTTTCTTAAATCATTTAAAATAGC
mvaS5: TATCTCGAGTAAGGAGGATATTTAGATGACAATTGGGATTGATAAAATTAG

mvaS3: AATGGATCCTTAGTTTCGATAAGAGCGAACGG

MDS5: GGATCCATATGAATATAAAAAAACAAGGCCTCGGTC
MD3: AATGGATCCTTAACGTTTTGCGAAAACAGTGCTGTC

MK3: AATGGATCCTTACTTTTTCACCTCTAATGATTG

ispA5: GGATCCATATGACGAATTTTAGTCAACAGCATTTACC

To amplify mvaS

To amplify MD
To amplify mvaK1

To amplify ispA

ispA3: TTTGGATCCGCGGCCGCCAATTGCTCGAGCTATCTCAATTGTAACTGAGTTAACAAG

PCS5: GGAATTCTCACACTGCTTCCGGTAGT
PC3: ACATGCATGCATCTCGACCGATGCCCTT
E35: AGGAATGGTGCATGCAAGG

To amplify pAOC3ANL

To amplify MCS for pAOC3ANL

E3AN: GGGAATTC GCGGCCGCTCATATCATCGATGGGCCCCGGATATAGTTCCTCCTT

The coding regions are indicated by bold letters, the restriction sites are underlined.

2 AR B R AN AL
Table 2 Strains and plasmids used in this study

Strains and plasmids

Relevant characteristics

Strains

E. coli DH5a

E. coli BL21(DE3)
E. coli DHGT7

pAOC3-ES-MD-ispA-ADS

F endAl ginV44 thi-1 recAl relAl gyrA96 deoR nupG ®80dlacZAMIS A(lacZYA-argF)U169,
hsdR17(rg” mg"), A~

F ompT gal dem lon hsdSg(rg” mg ) A(DE3 [lacl lacUV5-T7 gene 1 indl sam7 nin5))
E. coli DH5a AptsG araB::TTRNAP-tetA

Plasmids
pET28a High copy number cloning vector; pPBR322 origin; T7 promoter; Kn"
pET28-ADS pET28a derivative containing synthetic ADS
pET28-ispA-ADS pET28-ADS derivative containing ispA
pET28-E pET28a derivative containing mvaE
pET28-E-ADS pET28-E derivative containing ADS
pET28-E-MK-ADS pET28-E-ADS derivative containing mvaK1
pET3b Cloning vector; pBR322 origin; T7 promoter; Ap"
pACYCDuet-1 Low copy number cloning vector; P15A origin; T7 promoter; Cm"
pAOC3ANL pACYCDuet-1 derivative containing engineered MCS; Cm"
pAOC3-ES-MD PAOC3ANL derivative containing mvaE, mvaS and MD operon

pAOC3-ES-MD derivative containing ispA4 and ADS
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K LB Figesh, 37 CIEwmREFAR ., Bud R E; — . ADS
PERENE |

FRH WG 40 mL Ptk FM2G 593, WG @
TRYE E }) ODgpe=0.05, 37 “C. 220 r/min 4% 15 3%
% ODgoo N 0.3~0.4 B, JITA 0.2% L-Bal 57 171 4 5
0.5 mmol/L IPTG 5%, JFMMA 20% (V/V) KHH
b b SRR SRR AR, B R & 30 CYkLE
K5 7% 48~60 h, 8 HUAS [ B[] o5 000 5 B 4 Ik 2 1 45
M-4,11- "= g

1.4 GC-MSEME AD 22

1.4.1 [R5 75 FIFE i 4 PE

S EE - RS AL . HP6890 S ARk Al &
ATHFEI BT (Waters A H); (354 : DB-5 (30 mx
250 pmx0.25 um, Agilent A F)),

AL BTk BRI 042, B 10 ul
TR EWOMAE] 190 pL & 10 pg/mL £ TR RN
WY R SRS, TRTETR A .

1.4.2  Fastr 514

A TESAE: A AR Wi : 1.0 mL/min;
TR - 70 “CA£:4% 1 min, 15 "C/min FHi % 285 C,
PRFE 2 min, 30 C/min FHEZE 310 'C; #FH HIEE .
150 °C; #HMEI: AUt ; #EMEE: 03 L,

Pk st Bl PR EE (ED; B
BREE: 70 eV; HLFURIERE: 220 C; IR
AL

2 ERE04T

2.1 FRik ADS FERTEMR-4,11- "1

W23 H A Y ADS ik Bk Kk pET28a
b, B FKkFEIAK pET28-ADS; 1k E. coli
DHGT7, Lk pET28a x|, #1T SDS-PAGE 4117,
Z5RAEZ) 56 kDa Kb A] LAY SERENL-4,11- 64 il
(ADS) My (Bl 2),

BB LY E Mk pET28-ADS/DHGTT7 #EATHE 4%
F&, KH GC-MS 7% S -4,11- 0 n & &
Wik GC K, 43 HI7E 8.42 min A1 8.83 min 3K
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Fig. 2 SDS-PAGE analysis showing the expressing of the
synthetic ADS gene in DHGT7. M: protein marker; 1: pET28a/
DHGT7; 2: pET28-ADS/DHGT7.
WERYIA T (IS) FIEREML-4,11- 4% (AD) AYf#
B (1 3A). XFRESD AD FE MS K, i I 5 %
PEME-4,11- 96 PR E RIS LT, —3F —3 (8 3B,
C). AR bR AT B BEXTAE . AD & AT
o, SRR IR 48 h 1 S FEMEL-4,11- R P AT
M 11.3 mg A7 248 /L FRATHED AT 5 P
1) FPP 7K KA, BRI T SR -4, 11- i 1 7 1
T RIGFFEAEAE DXP AL, sk ) i B ik
BRI, JFHSIA T SN MVA SRR a7
ke,
22 MERIE MVA ERZ

DI FE ULk pACYCDuet-1 ) 48 hy JE 7,
PCR #"# Jiihi pET3b M2 e e &L (MCS), Jfil
it PCR 515 A Not | 1 Apa 1 BRHIVERGUIAL AL,
¥ PCR 34 9 MCS J¥ 91 3% # 5 pACYCDuet-1 [
Sph 1 #l EcoR 1 Z 1], #y&  —HA Rk MCS
1) TR AR pAOC3ANL, FH T ZHLH A MR Rm
I

WA ERE R TR mvaE. mvaS. MD Fl ispA
5 ADS 4y WIS H#EAE TR 2R pAOC3ANL Al pET28a
I, BEEEEA pAOC3-ES-MD Hl pET28-ispA-
ADS, Ak E. coli DHGT7, FEMKETFE 48 h E
Bi-4,11- 45 k3] 151 meg/L, 2F MR FPP
# 13.3 1%



SV TR N 51T IR B AR 805 U 25 7 8 3R AR —— S -4, 11- 0% 1045

A 100 - 8.42 (1IS)
S
3
= L
3 8.83 (AD)
E
<
0 [
7.80 8.00 8.20 8.40 8.60 8.80 9.00 9.20 9.40
t (min)
B 100 + 119.037 3
121.052 4
189.087 2
o
N
[sa)
<
o ~ o o~
S = 7 = g
s g g 5
=] L < 78] =
3 o S ~ Q
=1 0 | en ) [T} o
= S | o~
5 S = — —_ =
< ~E|S |2 |2 8o 83 3
N 5 I (S5~ || @8 BE Y o <
IN N S = T C20n IS~ T = e
Qa® <o o || 28 Ton T o =) ©
So ~ = || S SIS |18 |38 | == = =
P 2 = [|1¥ |22 (/S [|S 23 |]& |4
) al = — il S ||l = — =)
A fEEEL I
0 |.|ﬁ|l|ln Hiv Huxlﬁ. |I‘K...nr(..J/. I/ |r||(||
Mass-to-charge ratio (m/z)
119 #1613: amorpha-4,11-diene
C 1NN
1Uv
3 93
< 79
e F 189
g 41
S 105
3 F | 81
< Foss 67 | | 204
H | Al ||| | 122 | || §o17s
i || l | H ll ||| | ” 163 | | ‘
0 | |
40 60 80 100 120 140 160 180 200

Mass-to-charge ratio (m/z)

3 KTEM-4,11-2HB GC-MS MELER
Fig. 3 GC-MS analysis of amorpha-4,11-diene produced by pET28-ADS/DHGT?7. (A) Total ion chromatogram of pET28-ADS/
DHGT7. (B) Mass spectrum of the peak of retention time at 8.83 min in A. (C) Mass spectrum of amorpha-4,11-diene!"®).

Journals.im.ac.cn



1046 ISSN1000-3061 CN11-1998/Q

Chin J Biotech

July 25,2011 Vol.27 No.7

2.3 MILLKER-41-ZHESHRIER

it — A AR R R -4, 11 R R R,
TH B AR A2 Y BRI PR 2%, Ao it oy PR 1 7l ) 7K
HERBEVE PRI Y R = %, BRI IRATTE T an
Ak

W B A SR -4, 11- 0 B SR 428 1 5 P4 4
F AN BB AR pAOC3ANL |, 18 %] % k31K
pAOC3-ES-MD-ispA-ADS (& 4), #1k E. coli
DHGT7, £HM-4,11-"JF7=&N 32.5 mg/L, 1K
i 2 AN FOR R RAR Y 15, R AE KB Z 3]
JEEIIH (B SA) . FRATTHERT O H D S 2 A
Fki AR IAB) ADS JEA AR =45 V1Y pET28a I,
T LA BAAS B kE 35 35 IF ADS 2 9 # 1E A% 4% D1 Y
PAOC3ANL L, [HEHFEAR T ADS W45 DAL, (75
e FPP R, 5L MNIE FPP & MUK FE 1 Rt i
YERE, NIl R A=

P, FRATT4 5 T ADS 145 V£ f4 pET28-ADS
5 pAOC3-ES-MD-ispA-ADS 3t # 1t E. coli
DHGT7, Z5H4HEM-4,11- "M i 7 4.3 1%,
ikF] 140 mg/L (Kl 5B), BEIAAA 0 Hild75 3] — e
JE I 22 fi%

Sph 1 tacO

p15A origin

Not |

T7t\f,

ADS
pAOC3-ES-MD-ispA-ADS
13 534 bp

Wl k tacO
facO _ mva$S mvak I
Apal™ L

T7t

4 FIEHIK pAOC3-ES-MD-ispA-ADS B = B
Fig. 4 Map of plasmid pAOC3-ES-MD-ispA-ADS. T7P and
T7t represent the T7 promoter and T7 terminator respectively.
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Fig. 5 Growth curves and amorpha-4,11-diene production

analysis of engineered strains. (A) Growth curves of E. coli
DHGT7 showing the inhibition effect was eliminated by
increasing another high copy of limiting enzymes gene. (B)
Amorpha-4,11-diene production was measured from E. coli
DHGT?7 containing different expressing vectors. The symbols
represent host cell E. coli DHGT7 containing different
expressing vectors: pAOC3-ES-MD-ispA-ADS (¢); pET28-ADS
and pAOC3-ES-MD-ispA-ADS (m); pET28-E-ADS and
pAOC3-ES-MD-ispA-ADS  (A); pET28-E-MK-ADS and
pAOC3-ES-MD-ispA-ADS (A); and pAOC3ANL (0).

J Pitera 25 5HE , HMG-CoA i Ji il J&- 24 5 %
RS A Y & d R e B SR , e AL
HMG-CoA % fk 2y W ¥2 IR (1 S I & AN AT 396 1)
HMG-CoA & i I P A /2 25730 HMG-CoA 7EMI
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WERBUS AR, i, FeAT4E 5 HMG-CoA )5
fit K-, F T R IK AR pET28-E-ADS, 5 pAOC3-
ES-MD-ispA-ADS 3444k E. coli DHGT7, 45RH Ik
AR B2 D i, SERERR-4,11- TR A
iR €/t =

Y& Anthony Z5EUMRE, 4R M N H R R L
fitf (MK) 97K AT AR K b 3 5y 2SR -4, 11- 0
Fra o I FRAT TR T A4k 4K pET28-E-MK-ADS,
5 pAOC3-ES-MD-ispA-ADS 3t#44k E. coli DHGT7,
SEREHEME-4,11- 6 81k 3] 235 mg/L, &AL
7.2 7%, BEARA MG AT B
24 ARETEEEMEER-411-ZK

2 SR A AL (4 SRR -4, 11- 0 A R A X
ATl fE EREW, FRATLLEER E. coli BL21(DE3) A
15 £, b KK # 1k pET28-E-MK-ADS i
pAOC3-ES-MD-ispA-ADS, FEMiREFE 60 h ()45
BE-4,11- "6 50 201 me/L, WRERIER . Uil
FRATHE HE T 5 R AT Y G B A8 X AN R i K AT
HA 8 M
3 wH

ARBEFE LA 4 5 i i bR E. coli DHGT7
ofE A EE ORI AR A SR 2SR A A
WA, IR T H B s R A A —— S T -
4,11-28%, 7 HAF] 235 mg/L, & Kong 25U HRE
0 B N i e e I 2 A, REAIRT 2009 4F Tsuruta
2 8L S i d5e 5 72 8 275 mg/Lo R, AL E. coli
BL21(DE3) mfa 2, W45 T L HME-4,11- 20 i
AP AT TR Sl 1Y) 7 5 2R BT 9 6 G AR XA [R] Y K
P B T

KIHAT# g i3 IR B DXP & 12 & 5L FPP, {H
KFEAR . FATTER AR 5] AN T A ) 558
-4, 11- 0 A BESE A, PR FPP AN 2 R T 457
MR-4,11- 0 7 4, PR UG i ML PN FPP KT 2 4 15 4%
FEML-4,11- = R ke . b T R JE DXP
WRRTH, RATFIA T EGERERER MVA &

7, S mMLA FPP MK, s EpE-4,11-— ™
wEiEmE 7 133 4%, A% 151 mg/L.

TERS I W A g, Hr AR = an
HMG-CoA . IPP, DMAPP F1 FPP 512, 4l
BRI AR, Anthony EUNIE B FH ¥ I AR G2 &
BCIA AR 1 B TR, v L PN R R G TR K it 14 K Y T
DA K 8 1 R R -4, 11 - = i T 2 R R
WA R, S SFBP R R, HH R R
JUPASE I AR A o FoATT 3 i B2 e S0 RAR-4,11-—
W6 . HMG-CoA A Ji il A 2 IR R 55 3 4>
B K, (e AR -4,11- B T 7.2 1%,

{EAF4E 12, TE KRBT 51 AR T MVA
WRA B F R AT EIHAER RN OB A,
B IFEA SRR AR A AR, WA H N
LG A AN 5, Tabata 25" 7E K
FEEE oty adt R R & BGE AR, LN TR £ It il
A RIEY A B R GER 7= 5 ik 8] 47 g/L. Choi
SFUOTVRL Kang S5 P0M 40 591 ) K B A 181 9 TR 1Y) 2
B4 A &AL PHB 153 89.8 /L M4 +HEA
85.8%

FEh, FRATUMEEES DL ki 2k /& pACYCDuet-1
A, AT A RRIR 2 5 B A Y SRR A
pAOC3ANL, R HHAMIEHE U Uk gk iR Rk A5
BUIE AR BB, o) — AR A 0 4 D 3R Gk Bk
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