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Advances in the biosynthesis and metabolic regulation of
terpenoids in Saccharomyces cerevisiae

XING Minyu'?, RAN Gangiao', TAN Dan*"

1 Bio-agriculture Institute of Shaanxi, Xi’an 710043, Shaanxi, China
2 School of Life Science and Technology, Xi’an Jiaotong University, Xi’an 710049, Shaanxi, China

Abstract: Terpenoids are the one of most abundant natural products. With diverse varieties and
biological activities, they are widely used in the food, medicine, chemical industry, and novel
fuels. However, the conventional methods such as plant extraction and chemical synthesis
cannot meet the current market demand for terpenoids. Efficient microbial cell factories,
especially engineered Saccharomyces cerevisiae strains, have been constructed for the industrial
production of terpenoids. In recent years, researchers have constructed multiple S. cerevisiae
strains with increased yield and productivity via approaches of synthetic biology and metabolic
engineering. This paper reviews the recent progress in the biosynthesis of terpenoids in S
cerevisiae cells and summarizes a variety of metabolic engineering strategies for the production
of terpenoids in S. cerevisiae. These strategies include the construction and optimization of
metabolic pathways, the mining and modification of key enzymes, the regeneration of cofactors,
the engineering of cell localization and cell efflux, and the improvement of cell tolerance. Our
review will provide information and strategies for the effective biosynthesis of terpenoids in S
cerevisiae.

Keywords: Saccharomyces cerevisiae, terpenoids; biosynthesis; metabolic regulation
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Figure 1
pyrophosphate;
pyrophosphate.

GPP: Geranyl pyrophosphate; FPP:

&: 010-64807509

Formation and classification of terpenoids. IPP: Isopentenyl diphosphate; DMAPP: Dimethylallyl

Farnesyl pyrophosphate; GGPP: Geranylgeranyl
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Figure 2 The biosynthetic pathway of terpenoids”'®**?%1. IPP: Isopentenyl diphosphate; DMAPP:
Dimethylallyl pyrophosphate; GPP: Geranyl pyrophosphate; FPP: Farnesyl pyrophosphate; GGPP:
Geranylgeranyl pyrophosphate; HexPP: Hexaprenyl diphosphate; ERG10: Acetoacetyl-CoA thiolase; ERG13:
HMG-CoA synthase; HMGR: HMG-CoA reductase; ERG12: Mevalonate kinase; ERG8: Phosphomevalonate
kinase; ERG19: Mevalonate diphosphate decarboxylase; IDI: Isopentenyl diphosphate isomerase; ERG20: FPP
synthase; BTS1: Endogenous yeast GGPP synthases; ERG9: Squalene synthase; ERG1: Squalene epoxidase;
ERG7: Lanosterol synthase; Class I TrTSs: Class I triterpene synthases.
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Table 1

Examples of terpenoid production in the engineered Saccharomyces cerevisiae

Classification Researchers Compound  Applications

Strategies

Yield References

Flavor and
fragrance
industries

Monoterpenes Zhang et al. Linalool

Flavor and
fragrance
industries

Guo et al. Geraniol

Cosmetic and
pharmaceutical
industries

Zhang et al. o-terpineol

Jia et al. Sabinene Aviation fuel

Ren et al. Pinene Fuel

Kongetal. Limonene Food, agriculture,
cosmetics,
materials, and

energy

(1) Mitochondrial engineering

(2) Introduction of LIS gene from
Cinnamomum osmophloeum

(3) Overexpression of LISand
erg2QFoOWNIZW

(4) Batch fermentation

(1) Combined expression of GES from
Ocimum basilicumand IPK from
Methanothermobacter thermautotrophicus
(2) Overexpression of idi1 and erg20"™"

(3) Fusion of IPK and IDI1

(4) Optimization of culture medium

(1) Introduction of the truncated o-terpineol
synthase (tVvTS) from MVitisvinifera

(2) Mutation of the native FPP synthase
(ERG20)

(3) Overexpression of tHMGL, idil,
erg207WNIZTW 4 nd erg9

(4) Fusion of ERG20™Y and tVvTPS

(5) Fed-batch fermentation

(1) Introduction of N-truncated sabinene
synthase (t34SabS1) from Salvia pomifera
(2) Overexpression of tHMGL, idil and AIM25
(3) t34SabS1 carrying ERG20"" targeted to
cytosol and mitochondria

(1) Introduction of Pt1 from Pinus taeda
(2) Overexpression of tHMGL, idil and
erg20"W

(3) Knock-out of YPLOG2W

(4) Fusion of ERG20™ and tPt1

(5) Coexpressed of S11 and the fusion gene
(1) Introduction of truncated limonene
synthase from Mentha

(2) Regulating tLimSby inducible promoter
Peacg and Peaio

(3) Overexpression of tHMGL, idil and
ergl0, ergl3, ergl2, erg8, ergl9,
erg20FWNIEZW AnF1 GND1, TALL and
TKL1

(4) Replacing the promoter of erg20 with Py
(5) Knock-out of MLSL, CIT2, GDH1 and GDH2
(6) Compartmentalization engineering of
whole-pathway enzymes in mitochondria
(7) Two-phase scale-up culture ina 3 L
fermenter

2345 mg/L [27]

180.90 g/L

(28]

21.88 mg/L [29]

154.90 mg/L [30]

10.20 mg/L [31]

263gL  [32]

&: 010-64807509
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Classification Researcher Compound

Applications

Strategies Yield References

Sesquiterpene Baadhe et al. Amorphadiene Pharmaceuticals

Ye et al. Valencene
Cha et al. Nootkatone
Guo et al. Patchoulol
Wang etal. Farnesene

industry

(1) Introduction of ADS (amorphadiene
synthase gene from Artemisiaannua L.)
(2) Regulating gene erg9 by methionine

25.02 mg/L [33]

promoter (Pyers)
(3) Fusion of ERG20 and ADS

Food and chemical (1) Introduction of EQVS(valencene synthase 16.60 g/l [34]

industries

Flavor and
fragrance
industries

Pharmaceutical
and chemical
industries

Fuel

gene from Eryngium glaciale)

(2) Site-directed mutagenesis of
(+)-valencene synthase

(3) Overexpression of tHMG1 and EQVS
(4) Knockout of GAL80

(5) Coupling cell growth and biochemical
pathway induction

(6) High-cell-density fermentation

(1) Introduction of CnVS ((+)-valencene
synthase gene from Callitropsis
nootkatensis), HPO (premnaspirodiene
oxygenase from Hyoscyamus muticus),
AtCPR (cytochrome P450 reductase from
Arabidopsisthaliana) and ADH (alcohol
dehydrogenase from Komagataella phaffii)
(2) Directed evolution of the HXT7 promoter
using a high-throughput screening system
(3) Tuning the expression levels of HPO and
ACPR

(4) Overexpression of tHMG1

(5) Knockout of rox1 and ICE2

(6) Downregulation of erg9

(1) Introduction of PS(patchoulol synthase
gene from Pogostemon cablin) and
SNSMFPS (FPP synthase gene from Savia
miltiorrhiza)

(2) Regulating gene PSby strong promoter
GALI1

(3) Fusion of PS and SynSmFPS

(4) Optimization of the copy number of the

1.02gL  [35]

210g/L  [36]

fusion gene

(5) High-density fermentation
(1) Screening seven AFSs from different 1040 g/L  [37]
plant species based on their a-farnesene

synthesis efficacy in the S cerevisiae

(2) Enhancing the metabolic flux toward

a-farnesene synthesis

(3) Performing site-directed mutagenesis of

CsAFS;

(4) Introduction of the N-terminal SKIK tag

(5) Fed-batch fermentation

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

Compound

Applications

Strategies Yield References

Diterpenoids Santoyo-Gar Taxadiene

cia et al.

Hu et al.

Cao et al.

Xu et al.

Triterpenoids  Yu et al.

Liu et al.

(the precursor
of paclitaxel)
Miltiradiene

Sclareol

Rubusoside

a-amyrin

B-amyrin

Medicine

Medicine

Flavor and
fragrance
industries

Food industry

Medicine, health
care, agriculture
and industry

Medicine

In situ solid-liquid extraction 76 .00 mg/L [38]

(1) Downregulation of erg9 expression by 3.50¢g/L [39]
knocking out the upstream activating

sequence (UAS) of its promoter

(2) Knock-out of rox1, YPLO62w and YJLO64w

(3) Introduction of Upc2.1 (the mutant of

Upc2), CfTPSL (class II diterpene synthase

gene from Coleus forskohlii) and SmKSL1

(class I diterpene synthase gene from Salvia

miltiorrhiza)

(4) Fusion of SmKSL1 and CfTPS1

(5) Truncation of the SmKSL1 at the

N-terminus

(6) Medium optimization and fed-batch

fermentation

(1) Fusion of class I and class II diterpene 11.40 g/L  [40]
synthases Tps and Lpps from Salvia sclarea

(2) Overexpression of erg20™¢ tHMGL,

HMGR, erg10 and HMG2X®R

(3) Fusion of BTS1 and PaGGPPS

(4) Knockout of rox1, dos2, VBA5, YER134C,

YNRO63W and YGR259C

(5) Downregulation of erg9

(6) Fed-batch fermentation

(1) Introduction of GfKS FPS™?, the genes 136860 mg/L [41-42]
in the P450s module (KO, KAH and CRP1)

and rubusoside synthesis module (UGT74G1

and UGT85C2)

(2) Overexpression of idi1, tHMG1 and INO2

(3) Optimization of P450s module

(4) Efflux pump for rubusoside

(5) Knockout of GAL7

(1) Introduction of MAOSC1 (oxidosqualene 11.97 mg/L [43]
cyclase gene from Malus domestica) and ergl

(squalene monooxygenase gene from

Candida albicans)

(2) Overexpression of ergl, tHMGL, erg20

and erg9

(3) Downregulation of erg7

(4) Employing a high copy plasmid

(1) Introduction of GgbAS (a plant-derived ~ 279.00 mg/L [44]
B-amyrin synthase gene)

(2) Overexpression of idil, erg20, erg9, ergl,

ALD6, ACSand ADH2

(3) Deletion of MLSL and CIT2

(4) Introduction of the PK/PTA pathway and

A-ALD pathway

(5) Fed-batch fermentation

&: 010-64807509
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Classification Researcher Compound  Applications Strategies Yield References

Jin et al. Ursolic acid

Broker et al. Lupeol

Gao Betulinic acid

Gao et al. Germanicol

Gao et al. Morolic acid

Wang et al.
acid

Tetraterpenoids Zhou etal.  Lycopene

Medicine

Medicine

Medicine

Pharmaceutical,
food, agricultural,
and chemical
industries
Pharmaceutical,
food, agricultural,
and chemical
industries

Glycyrrhetinic Medicine

Food, feed, and

cosmetic industries

(1) Optimizing CYP-CPR pairs

(2) Overexpression of tHMGL, idi1, erg20,
ergl, ACS ALD6 and ADH2

(3) Deletion of MLSL

(4) Downregulation of ERG7

(5) Harnessing LDs for compartmentalization
of the biosynthesis pathway

(6) Fed-batch fermentation

(1) Introduction of TKLUP (lupeol synthase
gene from Taraxacum koksaghyz)

(2) Deletion of rox1

(3) Overexpression of tHMGR and erg13
(4) Downregulation of erg7 by Pcrrs

(5) Addition of Cu*

(1) Introduction of OeLUS LjCPR, and
CYP716A15

(2) Overexpression of erg20 and ergl
Introduction of MAOSC (oxidosqualene
cyclase gene from Malus domestica)

(1) Introduction of MAOSC (oxidosqualene
cyclase gene from Malus domestica),
CYP716AL1 (the cytochrome P450 oxidase
gene from Catharanthus roseus) and JcCPR
(the cytochrome P450 reductase gene from
Jatropha curcas)

(2) Coexpression of the CYP716AL1 and
A(CPR from Arabidopsis thaliana

(3) Overexpression of erg20 and ergl

(1) Introduction of CYP88D6, CYP72A154,
B-AS (B-amyrin synthase gene), AtCPR1
(cytochrome P450 reductase gene from
Arabidopsisthaliana) and GUCYB5
(cytochrome b5 gene from Glycyrrhiza
uralensis)

(2) Fusion of erg20 and erg9

(3) Overexpression of erg20, erg9, ergl,
tHMGL, erg10, erg8, ergl3, ergl2, ergl9 and
idi1

(4) Deletion of btsl

(5) Fed-batch fermentation

(1) Introduction of BtCrtl mutants

(2) Atmospheric and room-temperature
plasma (ARTP) mutagenesis combined with
H,0,-induced adaptive laboratory evolution
(ALE)

(3) Fed-batch fermentation

113290mglL [45]

a 127-fold
increase

[46]

26.70 mg/L [47]

68.30 mg/L [48]

34.10 mg/L [48]

8.78 mg/L.  [49]

8ISgL  [50]

http://journals.im.ac.cn/cjben
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o-ketoglutarate Ich* Glyoxylate MLS], Malafe s
Mitochondrion Terpenoids

3 BRUEEEMAEA CELHES A AR SRS Mk S cerevisiae T C R A B IE
PG RS, BE2k. S cerevisiae "' CBEHTG A (10 5 UR 5 BURAE. GOP: 6-MERR I AINE; FoP: 6-if
WAL BAP: A-WRRRANEENE; RSP: S-BRRRIZMINE; XS5P. S-WEMOAMIME; PDC. NEIMBIANE; ADH:
LML ; ALD6: ZFEMLEME 6; ACS: ZMtilile A 5 ; PDH: NEIRRG ML 7 14; CIT2:

PRI 25 ICL1: SATBRRARNE; MLS1: PRGNS 15 ACL: ATP-FEIRAL NG ; PK. Wi
SEENEG; PTA: WEMRH: ZWERG; ACP: ZMWEBEIR; GAP: 3-BEMRIVES; ERG10: ZWMtZWikims A Bifi
fitf; ERG13: HMG-CoA ¥ /#i/ifi; HMGR: HMG-CoA RJ5ififi; ERG12: HI ¥R ; ERGS: &L
PR-5-WEMRIA M ; ERG19: HURNIR-5-FEmR R M ; IDI: 5N Mf fa iR s A4 g

Figure 3 Synthesis and metabolism of acetyl-CoA in the Saccharomyces cerevisiae''*”'****7>%] Black line:
Endogenous synthesis and metabolism pathway of acetyl-CoA in the S cerevisiae. Yellow line: Exogenous
synthesis pathway of acetyl-CoA in the S cerevisiae. G6P: Glucose-6-phosphate; F6P: Fructose-6-phosphate;
E4P: Erythrose-4-phosphate; RS5P: Ribulose-5-phosphate; X5P: Xylulose 5-phosphate; PDC: Pyruvate
decarboxylase; ADH: Alcohol dehydrogenase; ALDG6: Acetaldehyde dehydrogenase 6; ACS: Acetyl-CoA
synthase; PDH: Pyruvate dehydrogenase; CIT2: Citrate synthase 2; ICL1: Isocitrate lyase; MLS1: Malate
synthase 1; ACL: ATP-citrate lyase; PK: Phosphoketolase; PTA: Phosphotransacetylase; ACP:
Acetylphosphate, GAP: Glyceraldehyde-3-phosphate; ERG10: Acetoacetyl-CoA thiolase; ERG13: HMG-CoA
synthase; HMGR: HMG-CoA reductase; ERG12: Mevalonate kinase; ERG8: Phosphomevalonate kinase;
ERG19: Mevalonate diphosphate decarboxylase; IDI: Isopentenyl diphosphate isomerase.
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CTRAATE A PR, SR IE T EE S R
4 f50E

AL, ESCRIFRZR A 2 TEAEE At
EERA G Y R A RT-BTE S cerevisiae
ZEAATE A RTEARF AR, LW
fitf A AFAETFAIMORT . Zobifh | o S A4 K 2
M 4 ARFEIAIIES 5B T M Rk
bk, B BEREE A Jok A fZER AR A
fnz lm], PR AR s ) T A S BE 2R
AU, 8 A M T ) L RS A RRE
KRR dRAT ) WIS A RRETR
SN T, AER LR P PR R W] LA SE R A
BIRE1E RG S SRR B A h, 7E ATP-
FrAGE R 41 I (ATP-citrate lyase, ACL)W/EFHT
55 CoA H: L Z. Tt A FIELIEZ R, a4 1D
SPUKG LR 1 2 TR A s B

SR1MT, S cerevisiae H B ANfF7E ACL, Lian
5 DO 5 51 A K UR T i g B IS % £ (Yarrowia
lipolytica)i) ACL, AR 73 iy L T4 A
IR, AR UEANI T 2 e A B,
PETTRE IE T R = 17 2 fife Yu P HgE
PEREIT TR S cerevisiae TREFEMHEIA T I
i 2% (Aspergillus nidulans)& Ui (%) ACL, T T
SR A WA RGEE, JREEA AR CiE
iy . NADPH F1 ATP RN 556 ms , I 28 g i
BRI P it 2 33.4 g/L.

B2, M irEmR I A CERRIEA, £
TR , CREFRTE R BR5 iU MLS1 (4L
TEF R R Z B4R A E— iR, Jfuk
At ALY, SR BEEE A . N
T LB A WA, Zhang SEUEERR
CIT2. MLSI Wy BEA, fiistraeds ™ at ol
$E T 33.32%F01 140.30%. Chen %5106 i /57 v
FISE IR A B R A JE N MLSL Filid S AL P il
PR R IR R A AR IE R CIT2 Rl s,
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5 a-MER RS T 4 5. RITIE] Ak
JEF Y. lipolytica ) ACL, FH-mfBR T ZIEBRTE IR
oS AR R SR B S AS L R ICLL, BB
HETRIBRAR LU, 7 I 1) 7 6 R 7 2803 0 2 5
34%F1 83%,

WF5E AR E S cerevisiae FRAY AP
A 5 R %% T it (phosphoketolase, PK)i&4%, ik
AN ZIEETTE A (LY PRORBRAFAE T 18
HHARES, 555 RARERE S, PK
REMEMEAL ORI SRNE . S-W MR A FRBE A= il 2 1t
%R (acetylphosphate, ACP), i ACP TEWEHR
% £, Tt i (phosphotransacetylase, PTA)AJA/ERT
A B APPSR R AN A i Rk,
THFE | o FRIENE, A3 1 S BEHTE A,
A B TR %0, Qin F @5 A
>k A I B B 5 2R 17 (Leuconostoc  mesenteroides)
i PK FI2K A 5 FC AR B (Clostridium Kluyveri)i)
PTA 1E S cerevisiae HHJ# T PK i&4%, Ak T
S cerevisiae (1 Z WAL AE ). Meadows 450
1t S cerevisiae ' 7ETHBR ML BT L WA A KRk
PRI B T — A 5 UR M PSR, FGIA
LAk W R S ADA Il NADH 751 (1 32
FEN T WA BE A (hydroxymethylglutaryl-CoA,
HMG-CoA)ik J5i i, AHRAL T 41N 2 B4
Mtk A FOEEN, T HEHERE T S cerevisiae iy HL
e, e f LR, 8 75%5A R
THFERY [R)PRR: e k| 1 25%, 200 000 L
Tk AW N #sH AR 2 8 G vk e e B B Ak
130 g/L, WFERFE kMmN AR,
Dai Z5I%1] 1 4% 3K T (Aerococcus viridans)
N AR A LB (pyruvate oxidase, PO)F S enterica
) PTA f 3 T — S5 MEKH T ATP (9igte, B
PN R Rt Sl 55 B R L TR A, AR T
20.5 mg/L (93 Je 45 o

AL, 12 BRTELZ B2 T ) 46 16 T o B AR AR
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BTG A, Wegner 25190 i b 7572 R I 1d %
IRZ PRI CABL RIS B4R A MAY&
A, R R INE] 3 830 mg/L, X
HEAH S T 12%.
2.1.2 3B MVA &R

S cerevisiae ! MVA &A1VE MG 2GR
PIER AR B, 7E51% RIER SRR A i
G A RIS, o e 2 R N R AL HT (AP BT 1PP
1 DMAPP ([ 4). it 5246 MVA A T2
FE Y RS, HAET, Rk MVA
IRAR A S 32 SR e I T T — A i TR
Mg IF IR MVA 42 b O, JrHZ PR
fif HMG-CoA if J5i i (HMG-CoA reductase,
HMGR) 1 53 )% #i £5 % IR 5 A4 [ (isopentenyl
diphosphate isomerase, IDI1), B %4 = RTAY BT
GRRE ST, BEFA S cerevisiae AL Sy
Py Rl AN T T S cerevisiae
NADPH fIERKF-, $id i SRR HMGR H)
HEALTE:, [RIEEERE S cerevisiae R R 194G
B, RERS A R AL S T AR A

HMGR fig i1k HMG-CoA & i #2102
J& MVA IR 12 (1) AR R i 2 — , ol IF il 3Rk
HMGR FERSAE SR MVA &2, WFFEEM,
S cerevisiae 1 HMGR & —#41[7] T.ilf HMG1
M HMG2, 3 B — A o 5 45 3
F— A AL ZE A A, {32 HMGL YRR ,
i HMG2 W% 5 ek a0, ik, 78 MVA
WRREERNE HMGL, BFREED], %Kik
A HMG1 (tHMG1) AT DAf#E B MVA 48 il
168 PR AR 0 ST Amird 275 2t
Fik tHMGT 55 R P s 38 n 17 50%L4 |,
Liu U043k tHMG (7 i 7 1 fin )
1.57 mg/L, SoEAREMAL, P mitem T 1.38 £%,
Meng Z:U5% 3 tHMG1 3% 32 ik BEAS K HE B8
FLAR M 1A B, A FCAR IR 1 ™= i3 & T 9 15 LA
Fo eAh, Lu ZEUSER & BHOR JR T 26 i Bk A
(Enterococcus faecalis) MvaE /) HMGR #J4 J5 %)
HYEE T S cerevisiae A9 HMG1, J& HAijigim
MVA & 4210 i e A 4000 HMGR, BB Tl
BEVE R A e 0 O i b e 9 1% .

Glucose
C‘ ,,,,, rceticon RGO Loop (ERGID) o oA HMGR " lt\
ucose __ _ _ _ cetyl-Co 7 Acetoacetyl-Co 7—» -0~ 7—» = evalonate
,,,,, »> >
Acetyl-CoA Acetyl-CoA 2NADPH
'ERG12
ATP '
ERGS

; ; DI
Dimethylallyl diphosphate

(DMAPP) (IPP)

N\

Isopentenyl diphosphate ERGI 9)

ATP ATP

Mevalonale-S-diphosphate'T Mevalonate-5-phosphate

//

B 4 BHEXBRER"

ERG10: Z L2 Bt4ils A BifEEF; ERGI3: HMG-CoA 4 i{fif; HMGR:

HMG-CoA A J5fil; ERG12: HERIRERILRE; ERGS8: HRINIR-5-HElR N ; ERG19: H IR MR-5-HEE

PRI ; IDL: S0 A TR S A

Figure 4 The mevalonate pathway’). ERG10: Acetoacetyl-CoA thiolase; ERG13: HMG-CoA synthase;
HMGR (HMG1 or HMG2): HMG-CoA reductase; ERG12: Mevalonate kinase; ERGS: Phosphomevalonate

kinase; ERG19: Mevalonate diphosphate decarboxylase; IDI: Isopentenyl diphosphate isomerase.
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IDI figfiiAk IPP 5 DMAPP 2 ] HAR#: 4L,
J& MVA 48 9 55 — A S i B, Rk,
X IDI #EATOLb A B Tk MVA %42, Liu
U 24 DUk %k IDI 72E 1.62 mg/L
A, BORATAMRIER T 1.45 £, Chen %7
K5 4% PCR % S cerevisiae ) IDI i PE#EA T4
b, 3 3 % PCR fifiik i L141H Y 195F A1 W256C
X3 ANGARNL I, SRR IDL I RIA IS F AL R
FERIAINT 1.8 1%,

i #ik tHMG1 Al IDI RASAESR{L MVA
AR ECE TP RD SRR o (FJE MVA &4 R At
fits, WA A Bif# i (acetoacetyl-CoA
thiolase, ERG10). ¥%H % —Weahms A 5 Wi
(3-hydroxy-3-methylglutaryl coenzyme A
synthase, ERG13). M J% Ji R I i (mevalonate
kinase, ERG12) . H ¥ 1% B& -5- BF M2 % W
(phosphomevalonate kinase, ERGS8) A } H ¥%
& R -5- £5 % IR Il ¥R i (mevalonate diphosphate
decarboxylase, ERG19), &4 Y& Ry
IPP #1 DMAPP i i), 1 3Rikix 5 FpiigA Bl
Tl Ak MVA & 4%, 30 IPP A1 DMAPP 960
Wang %1% 1 33 % 15 ERG10 .ERG8 #l ERG13,
LA =SS H R R i T 1.5 A%, Utomo
SOV AN tHMG 1 13 35 AT DU o 542 —
Wi HE, ERG13, ERGI12 il ERGS it ikt
AU NS SR AR ) B, 2 S cerevisiae
LR A N Yuan 2PN B i A
ERG10. ERG13. tHMGI #l ERG12 iy 58tk b
A2 M BRI 5 13 A5 F

A, HF NADPH & MVA #1254
A HMGR AR, 2 5 RRM G,
HALR K5 HMGR b iE T, B RBR T
MVA A2 0 a7 TR
YiiffH NADPH 94 BRI FRA /238 in MVA &
AR T T R AR PR AROR A RO m RO

&: 010-64807509

NADPH 4 BRI A= BT NADP R i
ZUHEFA NADH B0 . R AR 2 4
NADP 4 1: it SUEE/E L5 NADPH -
A, RSB AR dp2. ZEENE
fity Ald6 % Wi -6-BE IR I =8 ZWF1 . 6-BEIR
EFETR B GND1 %, F ZWF1 I GNDI
FITE B ER OB & 12 /& S cerevisiae F NADPH
TE R E 35842, ZWFL Fil GND1 1ERE R b
WA AL B B NADP 1k NADPH, 1 4%
THIE PR IR b AL B B RB S AR AR 2 40 T
NADPH™® ™ Kim 2% 3 2655 ZWFL A L)
¥ NADPH WeBERA N 1.4 /%, Shi 255N 1o %
X ZWFL A5 R s IR /N 138 I BR = i T
75.28%. Kong P2l idid ik ZWF1 il GND1
SRALBERR MRS NADPH BN, (ks
FEiE N 889.54 mg/L HANF] 903.86 mg/L. Jj
Ab, b 2R B IR OB % A2 g B A R 1Y
TALL F4 s 55 BB TKLL, 34 hnmsme o
A2 T AE 17 45 5 -t RE S RE 134542 NADPH (1)
HER KR, Kong 202178 13 %35 ZWF1 Fil GND1
FIEERE b, AR R TALL A0 TKLL D35
MR RS, KT - A 903.86 mg/L &
2] 924.87 mg/L, I Ak m bR A 2 R I S
R[N GDH1. GDH2 ¥ il r= ik —
HARE T 18.7%, k%] 1 097.43 mg/L. Kwak
ST F B IR TG PFK (0828 F 2R IL
W 3 4% S8 A0 B B 1A I A ) S5 7 28 W -6- B R, 1o
FEIR AT PFK I ZWF L {28 RM — i g
BT 3.7 5. Qin AFCIILRE F— R 4155 5 2h 1B
POWETRE e Wi IR ) 2 W A g Pgil IR AR A B
TFOREEAN PGIL Wik, J855 5 4 il 458 % 4 4
Wi -6-WEFR TS HE, GBS IR IOH 1545 7 25 1 -6-
BRER AN o Kim 293 Rk ZWFL, JFf st
4 NADPH ) ALD6 Bt 25 NADH 4 iy
ALD2 BE[H, (HIFASEER = SIEm T 11 £,
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Huang %5 Ak [ 728 T 4 BK 14 (Sreptococeus
mutans) i) NADP {14 T 7 15 -3 -l 192 ot =0
GAPN, ik ZWF1 DI NADPH ffit
B, K H KRR RS T 1.4 fi5. Yu Y
D03 2ok RV BT X 20 LA R 28 AT B AL, 7R
T 4 B P AG EE T fR B R OB BF . B S I
FAMERIFIREE 3 B G I RE e R 4L,

VIR bt i A 0 A AR B B L AR SRR B DL
WM S A ARG G, i o~ R 2 W AE A AL Y
Bl Aty S-Whme % pE, £ 2 4+ NADPH,

C5 srFit AdREAb T B R v Wi i, &
N 6-WERR AR 3-BEER M, 3-wEER T
B8 b S A s AR 3 o-BE IR E A bE, H—
W AN AL B, B, fEX DGR,

1 oy T A A IS A v LA R 12 40 F
NADPH, K K#m T NADPH HIHER K,

NADH i POS5 J& S cerevisiae H* NADPH (1)

A BB, 7EM ATP #4b ADP 13
oA L NADH #4kh NADPH, i3k
POS5 tH 7] A#3% NADPH fit)i . Wang 20080
it ik PO F & FEM ™~ g m T 25%,
6] I 5 2235 POSE Fil ZWFL 4 75 - s (1) 7 1 4
129 50%, AR N 97.00 mg/L 14N #|
158.10 mg/L. BT HiZid#iES 5 NADPH &
BB T () L DR 22 A, R AT DA Ao R 4 A SR TR
3035 NADPH &8 BB JE R 1 3k
Stb5 & —FhfE sk [+, fefgiiE 5 NADPH ~
A ARG B R AP, Hong Z°hE i Stbs 4
MIELN P FRE, GMT 41.8 mg/g MFMRL
2, WA RERAFRL R R 1565
2.1.3 PEEZAEEERIER

W 5 frs, S cerevisiae 4 A 2 £ 5 i
G AR AR R A B RS W PRt T E AT A
Wygie ) LEFETERR GPP . 1 Je SLAEREIR FPP LI K

7

Diterpenoids

N

Tetraterpenoids
Non-squalene
triterpenoids [
GGPP
Class I TrTSs
BTSI
IPP T
ERG20 ERG20 ERG9
Hexp}?lassITrTSs [ 1])1 GPP » FPP i l Squalene &2,3-oxidosqualene—»Lanosterol
1
1
DMAPP J { l l

Monoterpenoids Sesquiterpenoids

Triterpenoids,

Ergo stero//

5 BAERE XA EEEARRERNEIERE

IPP: NGRS ; DMAPP: — H LN L — ik

f2; GPP: s JLIEEAERERR; FPP. ¥hJEJLFERENR; GGPP: s JLIEMRA: ILILAERERE; HexPP: AE5
IFRIEAERNR ; ERG20: FPP &AM ; BTS1: MEREMUEYE GGPP &K ; ERGY: fiks&M; ERGI:
BIRINEILE; ERG7: EEBELAHE; Class I TrTSs: 17 =@ A

Figure 5 Regulatory strategies for ergosterol bio-synthetic pathway in Saccharomyces cerevisiae. IPP:
Isopentenyl diphosphate; DMAPP: Dimethylallyl pyrophosphate; GPP: Geranyl pyrophosphate; FPP: Farnesyl
pyrophosphate; GGPP: Geranylgeranyl pyrophosphate; IDI: Isopentenyl diphosphate isomerase; ERG20: FPP
synthase; BTS1: Endogenous yeast GGPP synthases; HexPP: Hexaprenyl diphosphate; ERG9: Squalene
synthase; ERG1: Squalene epoxidase; ERG7: Lanosterol synthase; Class I TrTSs: Class I triterpene synthases.

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



BEE F | REBGPIEXLEYNENERSKEBAERRER 1675

2,3-5 L. Ik, TR M SRS R
GPP. FPP. 23-%fbi iS5 iAR ot AL i K -
SR IG G2 o i ) — > EE S

GPP &4 RS AL 5 0 EAE T4 ikl 5
Jix, GPP & i i Je 3k 45 8% W2 & A% i (FPP
synthase, ERG20) fi /b & W 19 . ERG20 Jf&
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B R A R D2 R, dORERE S BT
VL S T 5 1 40 5 ) i 4, BRI D P B 4
JiAE KB A TF ERG20°%, ERG20 7 —AN A3
e, WEA GPP & S XA FPP & UG o
1E S cerevisiae H', GPP #il FPP A& M
ERG20 #1b5E %, ‘B REWTEM (L IPP 5 DMAPP
"4 1, GPP )i , 4k SefiE Ak GPP 5 TPP 4= i FPPI*?],
GPP HI FPP 737l 25 BEEAME | A5 i 4 B4 i
A, FLAE R 52 B X S 2R AL A P i
. 1 # ik ERG20 BEMSEUE FPP 14 a™ . H
TR G L R, T GPP 5 ERG20 Y7
PEO, A B 5%, KEksr GPP 7 ERG20
PIFE R TRk iE—2 540 FPP, AN SR
KT R A, R AHIBRE] T GPP (LN
P L S s | DA E A S D R S =i
S cerevisiae N A ERG20 2 e 7k GPP AUFH 2 |
1958 GPP HEN ) TS . Fischer 2% B 24
S cerevisiae i ERG20 7£ K197 3 B FIAEAL A7 A5
KB G IR AR, GPP BLR B &N, Liu 57
Wit Feik ERG207C Bai 1 A WA R I
1) GPP fik), A MHEE - RS T 2.6 5L L,
iK% 36.04 mg/L. Ignea YL F96. A99.
N127 /& ERG20 1) CHa G L7 5, , FF3i 8 % 3X
3AMLE AT T — BRI EILIR S B ERG20
5 L GPP & G, H b ERG20™Y Al
ERG20™""™ GBS KAL) 7= 143 B & 3.53 A5
6.12 1%, 1 F96 F1 NI127 W A7 A % 28 1y
ERG20™ "N i g dAssif =4 /= 10 F51A 1,
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B e 12 A1 At — 254 T R2 L A9 ERG20 544k h i
PG, BRAG T NTEM: ERG20 158 FPP 4 A EE
F1, HAF W BER AR A . BRR AR DO
G BRI, — 7RI NI ERG20 )%
K ERG20™ LU GPP (bR, 55— 7T,
R TR fA SRR A, TR R erg20 1Y)
Je BT R A B A o # A A T R 8 F HXTL,
T ERG20 WKk, [HRME M- EEs T
26.0%, IAAATE .20, M fik 11.7 mg/L.
IK4h, Zhao ZESUd ] HXT1 i3 35 718 ERG20
Je Bl [ s ) il 4 26 W R 2 e ) E A 2R T
b, o RB A (2 RS () G B, B A A e A
T 3.8 1%,

GPP 7£ ERG20 (Wb T ik — 4%k h FPP,
1M FPP AL KA SZ 3] ERG20 52, b 2s
% 2| ff % 455 i (squalene  synthase, ERG9)F14k
A= LR AR ) LI AR & U (GGPP synthases,
GGPPS)y# i . Hiv, ERGY & =i A1 ZE £ S
WA A By R R S — A, Hm s &
THFEREM FPP, I/ T GGPP A:j™ By Al
Mo [HZEHFEMAEESE S cerevisiae 4l K
FIF s TE 414y, 1 ERGO % 2 1 S BEp A= B il &
KEE, HHFEFTEREAR, ZRHATH
erg9 JLH 3Rk, PRUFZE S BEA e IR, A
THAWE & W AT EN MET3 R8T
B erg9 (1 KR ) o+, B F H B 2 B8 T 97 erg9
[k, Promdonkoy %571 Ji 2hF T/ F i
erg9 Mk, ST 12.1 mg/L 1 o-AE S, #
o-AE F IR T 94%. MR EM, T erg9
MZRIBIG, J5RREE . SRREAL-4,11- R SR 25 Ak
S e AR T B ER R Hu 4P
W wBE erg9 Ji s 1 L EEE F 81 (upstream
activation sequence, UAS) KAl erg9 A2k, M
M W5 R P20 — w9 FL R . kA, Peng
GO T R E AR RRE N, T
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T —Fh PEST (&% Pro. Glu/Asp. Ser Fl Thr)
JF 5 AR 81 P P9 5T I AH G 2 1 % f#% (endoplasmic
reticulum-associated protein degradation, ERAD)#L
il , WHEEMERER ergd HYFIRAK-, AR R -1
TEARE R = A R 86%. XTAF LS, AU
A YIS U SORIRSIHAE R B 1Y) FPP,
S cerevisiae 4/l NI A LR AR L A
W2 £+ B BTS1 2506/ FPP BRI, Mk,
i BRI EE GGPPS (9 4L [N btsl 1 AE AL il
RACE Y i, BRAIEENITE A UK 0 BRI
B, AMUTR T erg9 HRIE, @R T btsl,
RIAEHE T RHBERTAYI BT FPP IIFR R, A %d
T IR R (EA RS, FPP HA 4
Mg, Hoad BEAR Rl g A= 1<, e
A G W B R E R O TP A R AR K
1 FPP {1t , Dahl 5515 FH 4 LR 241 54 sy
FIRAIXT FPP ARG R IR 37, fH
G R RN GG A, i S E Y g
AW FPP TR 201 R SR 0 i i vy
T2 1%,

Iesh, K s fTLIE Y, FPP 7E ERGY HIf
AT ik il DUAE UM IR, BB e 8 i A4
fif(squalene epoxidase, ERG)A9ELLAE R T A i
23- b, 2,3-F A0 R TE G IS G i A
W A R 2k — 2B il 2 R 2 R R =k 284k
4. H, ¥ ERGY. ERGI ik, N
=L G YA B IR 2,3- A AR
FOHE R R T4 i = RS W Ry 7 iy
Zhang ZU5] A E. coli #9 IDI1, Ffididid #ik
idil, erg20. erg9 i3 RSk 3 v A 44 ) e Jis i 4L
B, B B-ERIIREE R AR = T 49 1. A,
H1 T S cerevisiae () ERG1 W& PEEAR, WK T)5
ey R, Zhang S| AR RIA T
[ {0, 2%k # (Candida albicans)2k i) ERG1, &
RACHKS R W e AR 2,3 Ak & s, T TG B-
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TP IEEE . = B Y i i s ERG20 il
ERG1 MgmtdieA, KrRe iR . HIMEfRmR . BE
IRBRITF= & HI 41.4, 165, 24.3 mg/L &5
#] 62.5, 26.7. 34.1 mg/L. Wang %2245 H
5 Ak MVA #2421 %3k ERG10, ERG8, ERG13,
tHMG1), #1335 ERG20. ERGY. ERG1 i 5t
I AF SRS, T SRR - 4 & T 5 A% A Al
=AW, NIREZ MRS BERE TR
erg7, /b 2,3-Fb A IS AR LR F IR
F g Broker ZFUOMEA CTR3 Ji sh FHUL
ERG7 WA sh+, Ml T erg7 Bk, BET
2,3-5 AN, PET R R SR B 7.6 £y .
Li ZUOWHF MET3 Jr 3h 7 T erg7 FIRIA, 8
W2 BBk i 5 A B FIAERR IR 1 A= W6 i
2.14 RgH@EFE

ROX1. MOT3 ., UPC2 454 Jay s s M T BEME
Xt BRI AR A AR A T Y o SR
i F roxL Al mot3 J [RIREGL I MVA 115
FNZE F 5 WA LR A8 HpoAH G 3L PR g ek 0109
Ozaydin Z5U7V 5 gl A3 e I BELT 1 2 i), Rl
rox1 L[, Fer s Zilar- mitm T 2 f5. Broker
spllip ik tHMGR FI HMGS BRI, R
ROX1, fliff&if&aiin 8.2 %, P EFEm
PR 16.5 fiF o e e SEER roxt, Kk
W R B T 17.4%. Hongay 2511 % 31 ik
Bk mot3 JE[A 5, G S WAL AR S B 7 A
AR T 21%M 15%, F2=N R I AR roxd il
mot3, T HE kAT =B~ H M 17.92 mg/g
3 19.24 mg/g. Hong 254 rox1 8% mot3
SN, S T LR M R i RIE A A
KB R 4 SR Sk UPC2 A IG5
MVA & 4210 Zhang U7 1k 6k MVA i&42
R DG BT SR DR S Al b, R TR SRR T
UPC2 H5RshFr4isa, w7 TR AR 1 E 1]
Y, % B-HRIREER LR S T 65 11,
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[l ] 2 ARt R e, e 28 B-F A i
M = a3 31 138.80 mg/L.

R dos2., ypl062w ., yjl064w S5 it syt {4
Pt BB A 4R i R AL A 1 77 i . Chen 21
¥ dos2 @iBR)E, FALLZE - HEIMT 5.7%;
Ozaydin 2170 yploe2w., yjl064w > Jk [H] #f
briG, By migm 7L 3 f%. Trikka
SRV ST I R T A A e 0 2 Sfe RUAIT B 1l 2
BAEE N E M iR RN, R BLERR roxL.
dos2. yerl34c, vbha5. ynr063w Fil ygr259c ixX 6 /|~
BRI A G A SRR e = T 12 45,
W2 MRS T 40 f5.

Ak, B 2= AR R R R, BF5E N T
308 e I O 285 B4 T ASEHRURI T A AR A 4 i
AR X 45 H i 1 G SRR DR A 7R, TE AR AR A PN
AR T 3R L AR S A k1R
A3 e A R A AR 12 R R DR 2 A AR 3 T
2% GSMM 5 1 R i bR 70 5374 OptKnock AHZY
A, BTN T E R A AR PR AR A 3 DR
BREO S, B SRR RS, ST
PP B e 205.5 mg/L 4275 F) 302.1 mg/L.
Paramasivan Z£!'1F] ] GSMM HI FOCusS %5 1 i
T, giik AR A A R . IR
AT TR L W 6 W5 2 i 728 1) — 6 G Sl ok
M, fUF5 LYS1. GAPl, AAT1. AAT2, TH17,
KGD-m. MET14, PDC1 Fl ACO1, f#i il FSEOF
SRS o RIA AR, 40 PFK1. FBAL,
ZWF1, TDHI, PYC1, ALD6, TPI1, PDXI1 fil
ENOI1, FFiEf75eUE, SXxTRAMEt, MEkkn
HERINT 4.24 f%

2.2 TEEEREEHIMSAL
221 AERRIEGERE KEFIHIE

R S cerevisiae 4 INFFATER) MVA 1548
A B B AR AR ALA W G R L T ]
fig, HH o= il 28 G UGG, Touk & ke i

&: 010-64807509

PG A1, PR TR 2 AR5 L AHE I A S5 i
KA HE . Amiri 55UV ok 5] A K K
(Lavandula angustifolia) > J5 () 55 4 % A a5
LIS, LBl TH5MEE/E T 72 S cerevisiae H111)
A, PR E AT IA 95 pg/L. Baadhe 25
AP -4, 11- B LR S cerevisiae i, A1)
FHKJET Artemisia annua L. 1285880 — 45 & il
ADS ¥ FPP 54k g SR 4 . Yu S IPhp5
(Malusxdomestica) & 5 19 o- & # JIg i &
MdOSC1 5| A S cerevisiae 1, F-7E LKL Al 3%
5k 2, 3-SR LR, B o-F A IR I 7
PEEH 11.97 mg/L, J&2Z AiHRIE i 5 s w1
5.8 fi5 o

2 A U R IRz LA A e T B
Y M iR A S R A TR BB . — T
T, AN [ A5 ) G 28 - T 2 5 IRORT B A AR e P
AR =t Sk T2 95 (Perilla frutescens)
ARy s 5 SO 2 22k 7= (- - dat ), ke
JRF L. angustifolia #7164 A Bl 3 22 4 =
(+ )Pl S —r i, RIS
B AR AT E 225 . A Se T
BT RS KE 3 MONERRIERE R A
B, R INF IR A RRIE LS S, 1%
JeMr B ERBR, s nlik 148.34 mg/L, i
KA HN 46.39 mg/L, HL, WEFEAE WIS
BT TG 2 B 5 B 43 DG R
222 HEAREEBRINUE

IR 2R G S AE S cerevisiae 13RI
IF, RS s DUE L s a 3h 755 AT B
A T 2S5 U Y AR AR IR A BE AR A |
i DB AR A RICRAIR L RS 25 S R R, 3l 3 1)
PEAL . 2EEPEE T B R S P R T
M, AT RE R — P R AR AL BRI A RGE
. Tashiro 2 h i BAASIAAR FITH L R4S T IR
Wi B UG I 2 AR A, 55 AR TR IR G 1 T A

B<: cjb@im.ac.cn
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b, S8 I W R M 5 B R R M 7 A e T
60%. Zhou " IUFEALL AR R, FFRT
— B T 05 R G T R ] Ak 1% R A R 7
i, R Y t67OMCLIS™H B 5h S i e (1 7
TWIE T 52.7%. Zhang 2120 2 4 i
(Anabaena variabilis)f) AVGAS . /& ¥k (Nostoc
carneum) ] NcGAS . &2k # (Nostoc sp.) PCC
7120 ) NSGAS WP FIHEAT HEXT, 0 8 H ] B
AT PR AL A TR A Hod AVGAS-F23W
I AVGAS-F33V RAZGM I 5 B4 A P4 s
T 35.2%H1 21.8%.

TiAb, EIEE A PR SE . R R IC
A0 o R ST R, BAlE A= )5 i) 7
IR R AAE AR . G AT SE 1A N
Ui AF AR B K, AT LK B S Y 2 1 o ) Jo
PRI, A U AR, N sz ke
Bk i 2 BRUP2 SR 24 B A Bl AE S
Vb AT RIEEE, N 3w 5% i IS B 4 1 B K
fife, FEEENIRSL, TN ESTS, o

gL BE. I, 7E S cerevisiae H
PR B G BB, B N dit s IKRE A
SRR VR ARG A B A TS . Jiang ZEUAN 9 AROR
[A] /4 A5 - 55 i (geraniol synthase, GES)HH i1
R EM S GrGES CRIE T RKEHAL
Catharanthus roseus), 7+ S cerevisiae 11358 |
BB A R, AHEE 58 43.19 mg/L,
LI CrGES 1Y N wifkiz ik, #F—44 7 nt
B RS R 191.61 mg/L. [ KAl
S cerevisiae 111k T ERG20 5875 /& ERG20™,
5] A K H K HE S (Pinus taeda) 1Y I8 s & il
PtPS, M T IR I G kS, FEMELA FoE
1T PPS N i 251 (VY 2 SE MR AR L, 15 IR M5
PR E T 2.23 £,

223 ZEAME
B R R PR A QI 3 = A ORI o it

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

KRV, EOaE T DR s e iEE, BA
SRMEER R A R0 seAh, R
B I BRI I O v (B AR A 80k B i3 4
PERARNT T RMA T AE , #ETILAL = i A 77K
SEU2T28] A lbertsen 251N ERG20 5T RS
A PTS (8K, @5 & M7E S cerevisiae 1R
) FERERA RN T 2 fi5. Ignea PV
it ERG20 288 1A il G B A, FEAREEEEA
L P9 EF A= Y erg20 ik KSR IS , AR
TGRS T 340 1%, Baadhe 25P°15% il fl
SEAFHA, K ERG20 5B 4G
ADS fHE¢, i S cerevisiae HLEFEBE —J7 1Y 7
YT 445 Jiang S ITERE A 0T RE A B8 CrGES
M) N o iz BREEAE b, K #0E CrGES #I
ERG20™Y i1 TRl & 2635, i — 2 B iyt A
191.61 mg/L #2&5 523.96 mg/L. i RAe0004
ERG20™Y FIJE I A a6 2235, (R
PR T 5.16 %,

B EBAAFRIERT, HH T linker #5il
fit 5 i 22 ) B 2 T B, il 2 A (] A A o
A A B 10PN Promdonkoy 45 P
GGGGS fE& linker ¥f FPPS Flilifi Js 4 ki it
CITPS2 #F1 TG 3Rk , AHE T B phf 5R3K FPPS
M CITPS2, 41 25.8% . Zhang %P1 [
GSGSGSGSGS #3k# ERG20"*" N7V 5 +yyTS
ah, HEARMAHL, AR o-bl R
H RGN T 2.87 4%, X% 2.39 mg/L, {EFE
B, TR GS AR, SRS f Iy
X @A B IR R . Jiang 28U R
(7 B4 i CrGES #1 ERG20™ 20 Bl k4T T 1E
] @l RS ) @A, R BRI @l R LA o
CrGES XJHI{A GPP BRI etk (kA i ms i) &
. Hu Z0E Bk iS5 /6 (Coleus forskohlii)
JVE R CFTPS1 FiIF}2:(Salvia miltiorrhiza) 5
) SmKSL1 fl& ik, Jilabiza s A il
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fEAL. GGPP A= SR FH2: i — M bt , s & B AE 11
B RGP X 7= 300 V) A s i 8 35, ek il i e
CfTPS1-SmKSL1 9 B ¥R I P 2l — 95 77 it
70.5 mg/L, MEIEMAEL SmKSL1-CfTPSI (1)
PRI P 20 — 475 7~ 1 15 %) 313.4 mg/L.

B 1R 0 GS #E4HERK, AT LU i 40 khs
% RIAD F1 RIDD At Jo 3 Beml &8, M
Fiah & 0Ol A ETE R 1:2 ME A, itk
A AR WIREGE B, Kang 2515220 RIAD A
RIDD X — X} J KPR 2SN 3 T o2 QL i il A 2
1, i TFE S cerevisiae &AL Z = BIEIN T
58%. T, Sun P12 F| T RIRLHLAL IR 45 it
(polyketone synthase, PKS)AJJii &, B4l 1 KSR
BRI ARG A P A%, TER T —Fh4 R
1 PKS [ 7K 2& (mimic PKS enzyme assembly
line, mPKSeal)” ) Z fif £ 5 e mg, A 1T H)
H-AT Rl A B ol IR 7 2 A & s 42
B EAT Z W e, AR R miRs 2.4 1%, 77
ik 16.9 mg/g DCW, A2 = N T 400 T 1)
2.3 YR E P450 BRRYRIAFAL

(R P450 (CYPs B P450)A &1 &
BRGEFAL B Y L5 R ZRER) B ER N 22— P450
REAS AL Z A G S, fdE C-C BT %L . C=C
MR AAL . IMEM . 2L | ek | IR
LK 8 HE S 25134 Guo 25135 ] CYP76AH3
Ml CYPT6AK1 PN THAA . 283k JF
Fa AL A2 B AR 55 22l SO0 O PR S s
— A B 6 FPFFS IR, I, P450 7E
S cerevisiae it 1 1) R AR B S SR G G 2
AP EE IR,

5 E. coli #iIt, S cerevisiae R IFHIEIF)G
B RE ) A58 B A0 s R G0 P450 Jil Y 3Rk
FEfE S At TARGF IR . HTT, S cerevisiae
CA IR T 2R HA D RETEER 7R P450

&: 010-64807509

fifg o B0, Li %50 E = B- A AR FERY S. cerevisiae
iR b 51 ACK A OB H #(Glycyrrhiza glabra)iy
CYP93E3 Hl CYP72A566, 4T 8.36 mg/L —
R AWK G I EE B, Wong ZE1 7 1 #3540
E_47(11)- A VDS, ¥ FPP %4k R4
B-47(11)-" M, i — LIk IF B A P450 [
VoCYP71DIJ1, EG s 1 A~ F il 4 5 g o e oh,
H T P450 Ak S =TI T NADPH 1
YIRS S 4, TR A T B AR SR AR
CPR WL T, MAFEKIEN CPR 5
P450 [iff 2 [8] {35 e P BB A% 52 i L 153 350%, BR
il P450 EEMEAZCEDY, HIL, 7ERIL P450
AT Z A IR A IE A CPR. 55 &
T ORVET C. roseus 1 P450 fiff CYP716AL1 Fl
KR F IR (Jatropha curcas)fy) JcCPR ., ki
THIF ST (Arabidopsis thaliana)f) AtCPR. i
FH Bk #E (Lotus japonicas)iy LjCPR K JF T H #
(Glycyrrhiza uralensis)f) GUCPR DL KRR T &
## (Medicago truncatula) ) MtCPR 25 A [i] Sk 1Y
CPR Ai&ERCM:, &3 CYP716AL1 £ AtCPR 3t
FIRIFEE R IR 7 o e , AIiAE) 24.3 mg/L . Zhao
UL 1 e e B-E M IREE S cerevisiae 4T
FEASKEE M. truncatula 1955 E05R iR 4 A% i
MtCYP716A12 FiZHfid (2,25 38 J5L i MtCPR, #4 %
TR IR ) TRR AR, IFXT H A & k2
WAL, PR AT IA 606.9 mg/L.

B R T A2 3% 5 P450/AtCPR LA 2 1
FEFBE, Urlacher Z5M %8 1 W 48 5 5% PCR %}
HPAER CYP102A1 HFATRANLISAE, P Ary —HE R
ARPK ATAE F87V P386S X B-455' 4 il it LKAk 1G
PRI T 300 F5(5EFA ML), Sun S
[Fi) i A R ABE A 43 X B A A T ) il 5 I
IKAHEAE FH I SC R JL | ST & BRI RR 1 R St
ritEie R4, KIRZ4n CYP72A63 HI N
A AL R 225K CYPT72A63 (T338S), 523t

B<: cjb@im.ac.cn
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T HE R, Zhao ' IERIEA
MR AN S ZRERT, ok B A Z(Panax ginseng) 4
Jfita 2R P450 BUJ5 A S 4 PPDS 5 A thaliana
) P450 iR ATR1 #EF7@k4, 5 PPDS Al
ATRI1 HERIRAALL, AlG RO LTS PERES I T 44
455, RAS RN PEARINT 71.1%.

P450/AtCPR 3 # & A FE B, it &
SHEARMA R IER Z — . Xu FES R
TRRBR A AGEERT & B A thaliana (1Y P450 fiff KAH
A2k H fH 25 (Sevia rebaudiana) i) CPR 1 238 i3
15 BE 25 44 35 (transmembrane  domain, TMD)J3L &
PLAERERE BT 1, % CPR1 B TMD fiff
P450 BIRHEITANMBTRIL, BRS A AU DRSS
PR ARk 222 77 A ) PR AR A 203 8 ), g T 2 T
B RN T 231.2%, Cha %5545 AtCPR )
N-Aui, [BARE ™ 4w 1T 2 /50 E
24 XEMKIFRE

S cerevisiae TEERZHE WAL, L0
AR S E LIRS . axX SR i
ar A RN RE & A AN, 22504 G G
2R AA Y I BT . BRGSO
JFR Mk S cerevisiae IS, KrfCigh kit
XAk, ASIEURT DL i il R0 RS 42 1) J 3 e B
PR A B S WA R, AT LD
AL G PIRT AR #EPE, X T4 S cerevisae
WAL A A BRE 1 HAT R g P s
24.1 KRR AEN

TELARA T, TCA THIFRERS )™ K E &
WG A F1 ATP AT TS Wa e, A
LR f e G 1 Hp TR 5 g R 1Y
R A R R AR X = N R 2 B A &
BB A P BEE T RAF R . Yuan 26014
¥ ERG10. ERG13. HMG1/2. ERG12. ERGS.
ERG19, IDI1 fil ERG20 %5 () 4 i 5 K 5 137 £

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

LRMRN, TELRAATE T FPP B4 G
wAE, HEIAEERE-4,11- A i ADS 1%
ML, B IRIELRAR NG B TG, &
FET 427 mg/L HERINE-4,11- 205 . Yee 51
B MVA B2 @8] T S cerevisiae iYL kiR,
IEAELORL AR iy A it BE A AR ) 5 a4, S
T M EEELRAR N A2, H R A B A
T B 6 fiF o Ly SO & 7[RI A 41 A o
FLARNR TG A 5 B8 s i B A
TR, 5 OB AR S 4 i BT TR G i EE 4
S cerevisiae MLt , %R BRI A B3]
Pem 2.1 f5A0 1.6 15, Fo5rRWIRIHZRAA S 1
KA G EAE R, SR, 1PP B A 4
BRI, AEARMR T nT LU A R A AR SRR
X IPP f#85 , 4RI G Z THFE IPP 194335
e, Had AR ESSEAm A KMmHE P, AT
TR TR R ARG, Yao ZU77E
L ST FNZRAR R A S B I R
A TR GE (R L, fF ergl9 Fidil 5 A
Y B BT AR TR R, i ergl9 Al idid DA
G ERRFE DRSS, HEAMT, EAAIE
AR AE K RO T AR S R R R R 1
G S I A TS S SR TR o S e
AR E 11.9 g/L.
242 ARMEL

WM S EEBEL . a5, [Hnd
FE LA 2 5 2 A DG R T o A 5T I R AR
23 s A BT &R T, S & Re S A re i
JEE TR A BT RIS, i A e 4k s
B8R PN JoE XA R s (] DA LB s T &
Kim S50 o0 5o ek —Fh R A 4 B A A i
A INO2 ¥" Kk S cerevisiae PN, S5 4
N A AT &R ), W AERARAS
TR IR T 71 £5F0 8 1%, Arendt 2514
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KB L CRISPR/Cas9 il Vi AR A B 1 16 114 24
T PR PAHL 25 30N B M 1 2Usak , 5 =
i G U AE B, HE A =R 2R S R
R, Arendt S5 FHIZ R WS P9 I R 25 R R T
i, i =mE S amE s 716 £, MK
K 1 SRl iy it .

243 FEREMFALAFIA

fig i FE 2R = mE H Ol (triacylglycerols,
TAGs)F i i (steryl ester, SE)ZH A, HA S
BT EREEAZ L, SRR BTAEAE « BRI O b
AR, Wi EM, S cerevisiae IS BE
PR BGERE VAL GG AF LR, BEAE o
EWAREE . FALLER . - PR ASETE
R EY), AUGEM S cerevisiae Fili LA
VAP S R RIS, R 2R G PRt
S cerevisiae F A g EEED Y,

JE T 0 TR AL OE BE 8 I 25 4 = i A
P 7K B NS A i PPDS 435
F 47 % 11 (damene glycol 11, DDAk A 5 A=
& (protoginseng glycol, PPD)JE NS BEH G
WA SCHEAE TR . PPDS 2 — R i (4 K P450
By, AT EEEERSN SR, T PPDS REY) DD
WA AE BT o i S LS ) X = b 5 304
() DD #1kBE 13 M. Shi 25" Ui B R: PLN1
VK IE R NI E L) PPDS $RIaIAgTE, K
DD #4670 PPD MIRCR B4R T 394.0%, DD
AIE AL N 17.4%4R R 5 86.0%. A& HE —
M RAL G WA B GRS =B . B e
—EAEAFAENRTR T Wei ZER Bt ek
PR A7 R e T e L AL B B DGAL, 1S9k
REBTRIAEY G B, & e im i fese )1, nl L
PR e e U ) Rk
DGAL, HiNT S cerevisiae N YT FIK
/N, HEIR T S cerevisiae X ZAL A Y AL RE
71, BEAS RS T 25%, —HE0

&: 010-64807509

1 ek (S WML FL i AREL FI ARE2, /4
MY SE BY& BGE R, IR/, K B-
B MR RE T 54%, ARLT 5.67 mg/g B-iH
o hE,

AN, o- B EEE . AR Z SRR s 2
&Y, e T XA w5, KAk A7 s
W rh BB A RS R R e 1k 2R Ak A
S cerevisiae e &, BTN R .
Ma U5 i 5 Fak 5 IR iR 5 R TAG 74
FHOC I B I IR | 2 R R I 1R 2 1 A il [
DL KRB Seipin 25 1 g 5 56 R S0k, AT
TAG A ARG KN, K Tl 21 2 i A7 7E R T
o, DOl A SR Ak, N T E AL R A
MM NFR R, (A4 AL R i S T
25%, k%] 70.5 mg/g. Yu AL T HA A
RKARW o F WA M = &R ALK
MdSOSCINHT/PZSOH/P373A, )I% G-%*XTHE@%{E/‘JFE:%
PEmn T 1A%, FESLIERE b, 13RIk DGAL LY
KA o-FF W IREE G AERE T), FEAMER L
KBRS T 1 107.9 mg/L 1) o-F b Jg 1, L)
RIEARPE R T 106 5.

3 #E S cerevisiae it Kb
o B TR

S cerevisiae X ifili 25 b5 W AT 52 1 25 2 BR
HlH = = 1 5 — A s N R ", Brennan 217
WEFE B-TRM . Friehis . FEERG . WS S L y-i i
M 2505 K X S cerevisiae 1 i A% 10 ) v BiE
(minimum inhibitory concentration, MIC)H & i ,
DXEERE AL AP MIC #BARAK, X 0.44 mmol/L
RIS RE I 25 4] S cerevisiae UL
Ak

il A0 G 0T A A e R P 7 D AL T
DI 4 ADJ710: (1) REIRAH B RE e e, il
R {AE K . Brennan ZESHINEIEA DA

B<: cjb@im.ac.cn
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Ab3 S cerevisiae 4G, &I A EBEA g i
R AE WA s AR L R IR U8, 40 s 3t 8
PE . S5 RRESE RN . B TR L AR R A A
{2 200 R RE S50 S 530 % ) A SR TR 3 3R
2 L RE () Z5 A AT BB kA AR, A oy 2422 B
il , ELATAGE K AL FEE 4D 400 0 T 200 P e o i )
PRGN, (2) MIBAEIRESZ . IR EE . DAY
BEIAMESS, fEEIH] S cerevisiae MVA & 42
HMG-CoA & g i34, 1 1752 Wi 240 6 S5 ) 75
RN, BEBAAL S AN A B, RS HIR
ARAEIIRE, 51 &AM T . Liu W B
FIHE B DA AL PR S cerevisiae 41/, 2h )5,
KIS cerevisiae AR BN ME . B PER
TRLFI g B T L3R 18 0, A A7 R 2R T RS (3)
51 & 4 B P 3 P %A (reactive  oxygen  species,
ROS)FL &, FHAMMIFET . Bakkali 5517 % 5%
25 A YIRS S cerevisiae 40 i EE 1 I R FH,
i A AL FE S cerevisiae J5, OH'FI O, H i
FELUR Hy0, %5 K4 ROS TEAIENEL R, M H 5
e 24 B RE A A, IR FE LR K DNA, 23
AR REREAT , SEMIDIEAMIET, (4) T
ML PN (R BE BRI Uribe Z5U2WIRSE T B3 d ot
S cerevisiae B2, &P B-IR M BE WS4 i 410 i
IR AN H . K HY%%iz, BHRS S cerevisiae ZEbifA
N ATP R4 1

h T BEARBE AL A P B A R DB 2
A 5 T Bk A L ) 42 i, 55 A GURNSURI T AR
AECEAR I AT Y, R T PG
FIAEBL, BT 2054y B ) . Brennan 2517
T P AR A 2 BOKE D-F7 M 45 5 Rl BAmE 5675
AR, Hrh 5 IJoH R G R A
R T EH p-rEiEn MIC &5 T
702 1%, [FE} S cerevisiae 40T JIFHETE 90%
DL b, w0 R A R i 2Rk A B
Alonso-Gutierrez 2" ) 5% F B B 158 o g it

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

TPy, BBt 2 R R e R b i 2
30 32 A HE TR T & X A B PR HL A T Gt
SRR RO AL, Xt A2 DR i 2 15 o 4 i
BEYERARCRIETY SNHE TR IR A
A B R T UEY PR R SR
AP HE 2R G2 RE A A0 L PN 1 10 2 A, DAL
By e s el el it 51 A SR SME
BB SCI0 S cerevisiae NS ALA Wb SHE
BH WIS Z — Wang Z5:'IE S cerevisiae
5] A T3 H# Grosmannia clavigera %512 5 1
GCABC-G1, 1 -Gl . 3-8 . B-IRIA S
FAEXS S cerevisiae #E1TALRE, &I GCABC-G1
By SRRk N T B4 S cerevisiae X B A it
Tk, HLE T HY S cerevisiae FUFEIE # ., Chen
ZUTHE S cerevisiae 143 IA T Y. lipolytica
f) ABC 41z ABC2 fll ABC3, F— &4k
A E, KIEY S cerevisiae ' ABC2 FlI
ABC3 ¥z IR 44N, S cerevisiae X%
KR 21k 5 5t i, o ABC2 #iz i3k
KMl S cerevisiae X B 1T 37 R4 T T2 80 %
Demissie ZFUO*D KB ABC #i2E
LaABCBI1 T ABEEEAAEH, %M LaABCBI1 #Y
PRI o 1 ERE A I i 52 A o A Y A
FiiE ABC ¥z A2 S cerevisiae Hii 2 fb
B WIMIERYAE BRI o 8 5 SR 43 B e BB
2R EFET 4 DFUBESMER SN (YORL, SNQ2,
PDR5. PDR15)#YFRL, S AMHESR n] LIR AT
HEE S AR A TR Y. 7Eat Rk SNQ2,
PDR5 J& , S cerevisiae 4ilJifd PN A9 BG5BT
RO Bu AEUONE i HL AR R 1 R AL 2 A i AN
SEALHT, B T PdrS. Pdrl0. Sng2. Yorl,
Yol075¢ 45 5 FHBTER) B-#HE N ZRIMIER) ABC
HaniEr, R TS GAL BT RKikx
WM, YR T B-SAE DR B A4 A
WA, Hh Snq2 WFEiERe 1 mdT, FEPk p-
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HAE N R RN T 4.04 £5, 40PN B-
IS N R PRI T 1.33 £, T, IEK
=X I B BATF & T —Fhiii 25 A Wt s & il
D FIZIRAESS , o] TN B M s &
H, MfiTAIA in-silico B A4ZHE S cerevisiae
SR S e /L e S I TP U ot 1T K 1/ ]
H-IUE”, A B ABC #5125 1 PdrS 4 [ gh
A IRUEEE T Osh3 RRUSAE A B IAME, 1%
K Pdr5 F1 Osh3 [ £ fish I R o] LU #3805 1) 703
ik 86.10 mg/L, JEXTREEHRE 1411 %5, 3k
ik PAr10 1 b 5 AT DA B-5H 38 | 2240 Wb b
TnEXT B RAY 3.3 4%, ik 41.05 mg/L, 53T
SR TR ST S T AR L, % R A
if L AR RA!TY ) A AutoDock Vina
WAL E XA T 39 MRS WSS
GRS, %R Prdll XF 39 PiEILE YIS
Wik, FFUMERS . TR B MR
SR B AT 2 6 B8 E TS ATL T 4 SR () HERA M UE
W25 G R T Rk s PRI AT S48,
REAS PUH T Kl 2L B W s 851, Aok
20 16 PN Ao S AR BR 5 R 1 S A A AR R R S
T

Br 1 0] LR S R Gk S 6 it 72 v
FIAE SR SHE S, T 52 TR R 1 XA 7
Yy BB L R i B A M R R R A RO
Chubukov ZEU e A48 E. coli A T —
B ST F AL 2 A5 R AhpCHTT?, B BE
% 4 S0 E A W 8 5 B M A BN R A
Y, W T R T A0 I ) 7 1 . Brennan Z¢174
WIFERAE MG A0 T, SR 3 2 4 i i 7% i 3 1
PEHE A0 B D b 3 85 1 T AT M T 32 R ALY
S cerevisiae, FFXFHELUEATINT, 45BN Teb2p
1 Teb3p (gL & AR AR, dE— 2B A T oy
BRI A Ea, EMEEM Tcb3p
(tTeb3p' ) RE 5 K 41 Hw XoF A A 07 140 it 32 1k 2 2

&: 010-64807509

O %, X B3R R R AT 52 M O3 i B
11 fi5 1 8 fi5. Godara %"V B AL AT,
S cerevisiae 1Y) STE6 3 [H & A= 5848 , 58 AR fA i
MG B-a TR R T 3.7 A, Ik E
12.6 mg/g AT, FERAN STE6 (STE6
T1025N) Al fi B-£1 P74 ) 3N 4 A, 153
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