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Engineering Saccharomyces cerevisiae for sclareol production
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Abstract: Sclareol is a member of labdane type diterpenes mostly used as fragrance ingredient. To enable microbial
production of sclareol, synthetic pathways were constructed by incorporating labdenediol diphosphate synthase (LPPS) and
terpene synthase (TPS) of the plant Salvia sclarea into Saccharomyces cerevisiae. It was found that sclareol production
could be benefited by overexpression of key enzyme for precursor biosynthesis, construction of fusion protein for substrate
channeling, and removal of signal peptides from LPPS and TPS. Under optimal shake flask culture conditions, strain S6
produced 8.96 mg/L sclareol. These results provided useful information for development of heterologous hosts for
production of terpenoids.
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Fig. 1 Schematic diagram of sclareol biosynthesis in
S. cerevisiae. Each solid arrow represents one reaction
step, and the dashed arrow indicates several reaction
steps.  Abbreviations: HMG-CoA:  3-hydroxy-3-
methylglutaryl coenzyme A; MVA: mevalonate; IPP,
isopentenyl pyrophosphate; DMAPP: dimethylallyl
diphosphate; FPP: (FE,E)-farnesyl diphosphate; FOH:
(E,E)-farnesol; GGPP: (E,E,E)-geranylgeranyl
diphosphate; GGOH: (E,E, E)-geranylgeraniol; LPP:
labdenediol diphosphate; PDP: prenyl diphosphate;
HMG-R: HMG-CoA reductase (HMG1 encoded); FPS:
FPP synthase (ERG20 encoded); GGPPS: GGPP
synthase (BTS!I encoded); SsLPPS: LPP synthase of
S. sclarea (LPPS encoded); SsTPS: terpene synthase of
S. sclarea (TPS encoded). Heterologous genes (LPPS
and TPS) were derived from S. sclarea and other genes
were cloned from S. cerevisiae.
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Table 1 Strains and plasmids used in this study

1 HBR5%%
1.1 #h#l

AT BRARS T3 1. FLHEE. GOH,
FOH 1 GGOH I  Sigma-Aldrich (St. Louis, MO,
USA). PrimeSTAR HS DNA 4B [ Kk 54
WATE] 51 AL s E B A AR A FL A
S IERG BT R AW s R 52 .. DNA
2 IS 351 6 AR R R BB R I A VL33 5K
B ARBEGE T, AR A S LR 7

Strains/plasmids Description Source
Strains
BY4741ML MATa; his3A1; ura3A0 Lab collection
S1 BY4741ML containing pSclaerol-1 This study
S2 BY4741ML containing pSclaerol-2 This study
S3 BY4741ML containing pSclaerol-3 This study
S4 BY4741ML containing pSclaerol-4 This study
S5 BY4741ML containing pSclaerol-5 This study
S6 BY4741ML containing pSclaerol-4 and p424-tHMG1 This study
Plasmids
pMD19-T Cloning vector, Amp" TaKaRa
pMD19-T-LPPS pMDI19-T carrying LPPS TaKaRa
pMD19-T-TPS pMDI19-T carrying TPS TaKaRa
pYX212 Expression vector/shuttle vector, ura3, Amp' Lab collection

pSclaerol-1 pYX212 carrying LPPS and TPS
pSclaerol-2
pSclaerol-3
pSclaerol-4

pSclaerol-5

p424 Expression vector/shuttle vector, Ais3, Amp"

p424-tHMG1 p424 carrying truncated HMG1

pYX212 carrying BTS1-ERG20 (fusion gene), LPPS and TPS

pYX212 carrying BTS1-ERG20 (fusion gene), *LPPS and °TPS

pYX212 carrying BTS1-ERG20 (fusion gene), LPPS-TPS (fusion gene)
pYX212 carrying BTS1-ERG20 (fusion gene), *LPPS-’4TPS (fusion gene)

This study
This study
This study
This study
This study
Lab collection

Lab collection

3%LPPS was truncated 63 aa from N-terminal of SSLPPS; °TPS was truncated 51 aa from N-terminal of SsTPS; tHMG1 was

truncated 529 aa from N-terminal of HMGR.
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1.2 FHi&
1.2.1 HitkEEsRE

S. cerevisiae 1F 30 ‘C. 200 r/min FI555. H
FRERBE R B R T oK FH SD 55973 (2% wi%ibE,
0.67% T (NHa)SO4 [ EERE IR , AR I SER) -
PR TR YPD HigRdt Q%% , 2%4&
FIEA 1% BEEHE ) o

E. coli 1£ 37 “C . 200 r/min FH;55, AR
PRIFHER ] LB K573 (1% NaCl, 1%JREH
W, 0.5%BEHZE, 100 pg/mL AR EHERR).

FIFA R 3 22 120 °C . 20 min K ALFE,
1.2.2  S. cerevisiae Xt 75575 B2 T 3% M 20t

4 S. cerevisiae TR HTEANN T 0 mg/L .
30.9 mg/L.308.5 mg/L Fl 925.5 mg/L 74 IREERY
YPD B3 5 55 | i ah W D 4 28 R A A
KAFDL o
123 2EREEM

SsLPPS HlI SsTPS Ht K741 20 2 i -1tk
Wk (http://www.jcat.de/Start.jsp) fifk, di%H
FHIESTES. cerevisiae TRk, LG I
HREFEAEY A G, 355k pMD19-T
Ak b, 193 & Ak pMDI19-T-LPPS Fi
pMDI9-T-TPS . 4 & i iy 5& K A )% 51 9
pMDI8-F (5'-GCCTCTTCGCTATTACGCCA-3")
#l pMDI18-R (5'-CACTCATTAGGCACCCCAG

G-3") AT 5IE
1.2.4 FEHFRWE

ARSCATRBRIS T3 1, B4 FORAG R
FIR R TR i ik, AR . 58
—, AR ER A T PCR (WA 95 C
5min; 98 C 10s, 68 C 4 min, 35 MEH; 68 C
10 min) SREAREAE DNA Fr B, fudEH
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1 IRER | KT T EANES A
W, SR Z A Boils PCR (LW
HI—5 B 254 95 °C 5 min; 98 C 10's, 68 C
6 min, 15 PMEH; 72 C 10 min; Jg—F RN 5%
4. 95 °C 5min; 98 °C 10s, 68 ‘C 6 min, 354>
PG5 72 °C 10 min) J7EFERINEARER AR TR A
Bem & =4, FIH S, cerevisiae Ei5K
HE AR, FARFRBE DNA B Z kit
MFIEEIAE pYX212 (EcoR 1 F1 Xho 1 XUEFH])
AR B BN TR EE A, FRAE AR 5 77 i 7
AR G o M3 AR TE A A T o 4 R 4 R
KL, HE— 25 B0 E A A (R R I B
1.2.5 FEFBEER S KN

B0y 1E R 19 AR > 5 Ak S, cerevisiae
BY4741ML, 53| T RHE#E S1-S6 (& 2).

¥4 S. cerevisiae TR PR K FEIB W -5 SR T
IECKERA, 7E 30 CTFAE 30 min, Fi F7E
PEIHE By (1 800 t/min) AbFH 8 min, B FEA
UM, Y45 EETIEC kT, 8.

Fr 2O & i A A 3 (GCT890F) &
57 HT . SR F SE-54 BUEANE A 1EH (0.25 mmx
30 m), SHTARER: MR 250 C, HERE TR
270 C, KM #RIEE 290 C, 2/ # 1.6 mL/min.
TE M5 BT S 0, A 58 00 I 0 R B R

8.3 min,

2 &R

2.1 S. cerevisiae F)BE L BFEEM = 1E

SCHRFRE , 7 28 IR I ELA A s i L T K
%0 # Botrytis cinerea WIHLEIEE'Y, NI
S8 T BE OO L TR R ERE B T MR, B A
S. cerevisiae BY4T41ML X 7 L IR BE A i 52 1% o
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S5XTHBAHEL, S. cerevisiae TEAMIN 925.5 mg/L 7
SONEER RS R AR A2 B, BN
14.3% . W UL, TEBRISZ PR R 23 R A 5605 B
FIRE BRI RE R BRI 29 &
2.2 PDP @RI

B hnE AR R — R 1 HA RO 5
B )& M) SRms o IMESSRAIESS , £ 33k PDP
O B R e ML IR (FPP) & I
(FPPS, ERG20 %ift%) 5% GGPP & (GGPPS,

BTSI %ifi%) (& 1), silalmfdRis Bk,
YA R TR AR A iAWk S
WU, Hkk S2, it #ik FPPS Fl GGPPS il 47K
F (P8 A Z B R 2 Ik GGGS #%4%) Mo
FEIR SR SSLPPS Hl SSTPS 2K [, MMl X B bk 14
B S1 403 3k SsLPPS 1 SsTPS (/& 2), s
AREBNE R S1 &M (GC KRy
0.1 mg/L), T Fk S2 7 487 M= & ik
(2.05+0.46) mg/L,

A B
TPIp FBIAII/TEF]p TDH2t TDH3p pyX212t

S1 pSclareol-1|
EFlp TDH2i TDH3p pYX212i

TPI FBAIt T
© !'Jm RG20 LPPS IPS | espe

TPIp FBAIt TEFlp TDH2t /TDH3p pYX212t
10
$3 I—ﬂmﬂ Te) iLPPS | {TPS | mpasye {‘
TPIp FBIA]t TEFIp pYX212t g |
) e e W o
S4 pSclareol-4 %o 6l %
TPIp FBAIt TEFIp pYX212t g
- 5]
S5 pSclareol-5 i‘é 4t
TPIp FBAlt TEFIp pYX212t A
2 -
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S Tl|)H3p Tll)H3[ 0 1 1 1 1 |%| 1 I
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B2 FTEREESEKNEARN (A) IEXFETE B)

Fig. 2 Recombinant plasmids (A) and sclareol production (B) of different S. cerevisiae strains. (A) Genes (arrows
with white gene name): BTSI: encoding for GGPP synthase; ERG20: encoding for FPP synthase; LPPS: encoding
for LPP synthase; TPS: encoding for terpene synthase; tLPPS: encoding for truncated LPP synthase; and ¢7PS:
encoding for truncated terpene synthase; tHMGI: encoding for HMG-CoA reductase; promoters (green arrows):
TPIp, TEF1p and TDH3p; terminators (red rectangles): FBAIt, TDH2t, pYX212t and TDH3t; linker peptide (yellow
rectangles): glycine-glycine-glycine-serine (GGGS). Heterologous genes (LPPS, TPS, tLPPS and ¢TPS) were derived
from S. sclarea; other genes, promoters and terminators were cloned from S. cerevisiae. (B) S. cerevisiae cells at 30 C,
200 r/min for 48 h, and the culture broth was used for extraction of sclareol. Each result represents the average of three

independent clones.
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23 REERGESHKMEEAESHEIEN
i} TargetP1.1 (http://www.cbs.dtu.dk/

services/TargetP/) #l1 ChloroP1.1 (http://www.cbs.
dtu.dk/services/ChloroP/) X} SsLPPS #1 SsTPS it
FEES IR0, I4h A it Ry scaas 505, Jfem
N-R i 530 55 A 63 A2 HERR A 50 A5 FERR 4 AL
P55 IR B BE S3, 1 ik L BR{F 5 iKY SsLPPS
(tSSLPPS) #iI SsTPS (tSsTPS) M il & & M
GGPPS-FPPS (& 2). SLE AL, HkE S3 HFEH
BEF k] (5.00£0.66) mg/L, JEHEH(E S kE
KRR S2 PR 2.4 5. ATUL, KBRS IREG
9K, BRTHLE S cerevisiae P R ETIRE
24 RIBERLE

H AR 38 A% v AL AR A0 B A B AS DL
JONE TR A ik, T Rtk e
HE— 2P Rl B S IR 25 B AT 5 JIR A AR S T
DA RE HOO 5 S8 0B3R5, TRk S4 1 S5
FE 1t FR A 5 1 GGPPS-FPPS Y FERH -, 4341
1 F ik flA # H LPPS-TPS Ml tLPPS-tTPS (& 2).
S kB, H bk S4 LB RS F
(6.05+0.59) mg/L, &Mtk S3 19 1.21 £, 4R,
Bk S5 X3S (0.8120.15) mg/L FEFEE, WA
RALT R S3,
2.5 MVA BZEMELAES KBTI

FHL-3-H R — BEAH G A I (HMGR,
HMGI %if%) /2 MVA &2 REE . FXF T 58
M HMGR, £BRT N-¥i 529 aa JWEEFHIH)
HMGR (tHMGR, tHMGI %ifi%) A R T4t A
TEYA ORI EET L, FEHE R S4
(LRl E— 4 5d Rk tHMGR, 83| H bk S6
(B 2), SEEEB, Wk S6 I ik

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

(8.96+0.96) mg/L, SZWRK S4 1) 1.48 5, & 4H(
TR~ E B =) S. cerevisiae T.FEH o
3 W

AKICLLS. cerevisiae BY4ATAIML Mg 3, # g
TENBEHNTAEYGBEER ., E T 6 thil
HEPE S1 2 S6, LiliikRes, XHALN
BER) = T LA, S5HNEL 2 PR, AT, 435
NSRS S0 E O OCHERS LPPS F1 TPS
B RR ST, A WA LTE A (KRR 0.1 mg/L);
SR, ¥4I kb G YR RS LY PDP 5@ i
KV 4R, BT FPPS A1 GGPPS, ffi itk S2 1)
LT EE R AH] (2.0540.46) mg/L, Uil FTIA
TR A INEE, WO AT A& Bus Rt £
HIA, JF Had %3k Rl A 2 1 GGPPS-FPPS AT F|
FARUFHL LI GGPP, SEHIER LB, HkE S1 H
AIKGINE] (0.08+0.02) mg/L ) FPP /KfitRl =4
FOH, ik S2 MIARAGIF] FOH, it 2R &
PG N-Um {5 5 K, BPid %3k (LPPS il (TPS,
FRIAR S3 1= AT bk S2 5 1449% , TREM
HfE TR EBR G A R FRERARS, ENHE
S. cerevisiae FIATEMEE F . HFE S4 F1 S5 7351
FIRAA WK REL A 1 LB NGS5 R 5
U5, BI43514 LPPS-TPS FI tLPPS-tTPS, £idt
B R REER PR LR, MEXTERAR S3, BRIAR S4 1
PR 21% , MR S5 B A% 84% . Hor,
PR S4 FeEiRE e R TRARMARGE T
NG I BE S , R0 RN T 5 T
FNIR T — 2 W I R, s> R
Bl SCHRARGE , B RURE R Ak 1Y S I e A ok — 3L
UifeE A S, PR 30% L EPY, &
PRI, TARE S5 A BUSRIF LSS, Ml
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