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Abstract: Dammarenediol-1l is an important precursor in the biosynthesis pathway of ginsenosides which
are the main active components of Panax quinquefolius and Panax ginseng. For constructing a dammarenediol -
I1-producing cell factory, the triterpenoid precursors of yeast are improved significantly by the modular pathway
engineering strategy on the basis of an MVA optimized strain. The strain overexpressing Salvia miltiorrhiza
SmFPS and Arabidopsis thaliana AtSQS2 could yield 67.4 mg-g* squalene, accounting for about 6.74% of
cell dry weight. In our further work, an Arabidopsis thaliana 2,3-oxidosqualene synthase AtSQE2 was found
to be able to increase the downstream lanosterol yield by 22-fold, reaching 47.9 mg-g™. Then, regulating
dammarenediol-1l synthase gene expression, using anti-sense RNA technology for regulation of ERG7 in the
ergosterol pathway, and optimizing fermentation process were successively performed. Finally, the synthesis
flux of triterpenes was increased to 10 g-L ™" for the first time, and we constructed an efficient cell factory that
can produce 15 g-L* dammarenediol-I1, which lays a solid foundation of industrial synthesis of dammarane-type
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Figure 1 Ergosterol and dammarenediol-1l synthetic pathways
in engineered yeast. Abbreviations: HMG-CoA: 3-hydroxy-3-
methylglutaryl coenzyme A; [PP: Isopentenyldip-hosphate;
DMAPP: Dimethylallyldiphosphate; FPP: Farnesyl diphosphate;
FPS. FPP synthase; SQS: Squalene synthase; SQE: Squale-
neepoxidase; DDS: Dammarenediol-11 synthase
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Tablel Plasmidsand strains used in this study

Name Description Source
Plasmids
PEASY-Blunt Cloning vector for blunt ligation, Amp, Km TransGen
simple Biotech
pHIS3-TRP1 Cloning HIS3 and TRP1 marker into pEASY-Blunt smple Lab collection
pGALS80-LEU2 Cloning GAL80 and LEU2 marker into pEASY-Blunt smple Lab collection
pNDT80-HIS3 Cloning NDT80 and HIS3 marker into pEASY-Blunt simple Lab collection
pM2-ERG9 Cloning Ppck1-ERG9-Tapn1 Cassette into pEASY-Blunt smple Lab collection
pM2-AtSQS2 Cloning Ppgk1-AtSQS2-Tapn: cassette into pEASY-Blunt simple Lab collection
pM2-PgSQS Cloning Ppcki1-PgSQS Tapw: cassette into pEASY-Blunt smple Lab collection
pM3-ERG20 Cloning Prer1-ERG20-Teycs cassette into pEASY-Blunt smple Lab collection
pM3-SmFPS Cloning Prer1-SMFPS Teycs cassette into pEASY-Blunt simple Lab collection
pM3-GgFPS Cloning Prer1-GgFPS Tevcs cassette into pEASY-Blunt ssmple Lab collection
pM3-LUS Cloning Prer1-LUS Teye cassette into pEASY-Blunt smple Lab collection
pM2-AtSQE1 Cloning Ppgk1-AtSQEL-Tapricassette into pEASY-Blunt smple Lab collection
pM2-AtSQE2 Cloning Ppck1-AtSQE2-Tapnicassette into pEASY-Blunt smple Lab collection
pM2-AtSQE3 Cloning Ppck1-AtSQES3-Tapricassette into pEASY-Blunt smple Lab collection
pM4-AtSQE2 Cloning Prpns-AtSQE2-Trpicassette into pEASY-Blunt simple Lab collection
pRS313-DDS Cloning Prer1-DDS Teyc: cassette into pRS313, LEU2 marker Lab collection
pR$425-DDS Cloning Prer1-DDS Teyc: Cassette into pRSA25, LEU2 marker Lab collection
pM3-ERG7-500-5 Cloning Prer1-ERG7-500-5-Tcyc; cassette into pEASY-Blunt simple Lab collection
pM3-ERG7-500-3 Cloning Prer1-ERG7-500-3-Teyc; Cassette into pEASY-Blunt simple Lab collection
pM3-ERG7-820-  Cloning Prer1-ERG7-820-1171-Tcycy Cassette into pEASY-Blunt smple Lab collection
171
pM3-ERG7 ORF  Cloning Prer1-ERG7 ORF-Teyc; Cassette into pEASY-Blunt simple Lab collection
Strains
NK2-SQ Peeki-tHMGL-Taphi, Proci-ERG12-TapHz, Penoz-| DI1-T-ppct, Pevki-ERG19-Tegi1, Preai-ERG13-Tronz, Prons-ERG8-  Lineta.

Trpi1 and Prer1-ERG10-Teycy cassettes together with URA3 marker were integrated into GAL7 site of CEN.PK2-1D

NK2-SQ01 Prck1-ERGY-Taph1, Prer1-ERG20-Teycicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
NK2-SQ02 Ppck1-ERGY-Taph1, Prer1-GgFPS-Teycicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
NK2-SQ03 Peck1-ERG9-TapH1, Preri-SMFPS Teycicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ This study
NK2-SQ04 Ppck1-PgSQS TapHi, Prer1-ERG20-Teycicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ ~ This study
NK2-SQ05 Peck1-PgSQS TapHi, Prer1-GgFPS Teycicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
NK2-SQ06 Prck1-PgSQS Taph1, Preri-SMFPS Teycicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
NK2-SQ07 Prok1-AtSQS2-TapH1, Prer1-ERG20-Teyeicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
NK2-SQ08 Peck1-AtSQS2-TapH1, Prer1-GgFPS TevciCassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
NK2-SQ09 Peck1-AtSQS2-TapH1, Prer1-SMFPS Teyeicassettes together with TRP1 marker were integrated into HIS3 site of NK2-SQ  This study
LUPO1 Preri-LUP-Teycicassette together with LEU2 marker were integrated into GAL80 site of NK2-SQ09 This study
LUPO2 Ppck1-ERG1-Taph1, Prer1-LUS TeyerCassettes together with LEU2 marker were integrated into GAL80 site of NK2-SQ09  This study
LUPO3 Prok1-AtSQEL-TapH1, Prer1-LUS TeyeiCassettes together with LEU2 marker wereintegrated into GAL80 site of NK2-SQ09  This study
LUPO4 Ppri1-AtSQEL-TapH1, Prer1-LUS Teveicassettes together with LEU2 marker were integrated into GAL80 site of NK2-SQ09  This study
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Name Description Source
LUPO5 Ppok1-AtSQEL-TapH1, Prer1-LUS TeveiCassettes together with LEU2 marker wereintegrated into GAL80 site of NK2-SQ09  This study
WD-2091 Prek1-AtSQS2-TapH1, Prona-AtSQE2-Trpi1, Prer1-SMFPS- Teyey cassettes together with TRPL marker were integrated into This study

HIS3 site of NK2-SQ

313-DD pRS313-DDS integrated into WD-2091 This study
425-DD pRS425-DDS integrated into WD-2091 This study
DDO1 Prer1-ERG7-500-5-Tcycicassette together with HIS3 marker were integrated into NDT80 site of 425-DD This study
DD02 Prer1-ERG7-500-3-Tcycicassette together with HIS3 marker were integrated into NDT80 site of 425-DD This study
DDO03 Prer1-ERG7-820-1171-Tevycicassette together with HIS3 marker were integrated into NDT80 site of 425-DD This study
DD04 Prer1-ERG7 ORF-Teycicassette together with HIS3 marker were integrated into NDT80 site of 425-DD This study

Table2 Primersused inthiswork

Primer Sequence (5'to 3)
X1-M-pEASY- r-t-F CTTGCAAATGCCTATTGTGCAGATGTTATAATATCTGTGCGTTTAATTAAGGCTCGTATGTTGTGTGGAATTGT
ZD-His3 interg.-1 TTTATATAATGTATAATTCATT

1-M-pEASY-PGK 1-F
3G-1-M-ADHt-TDH3-R
3G-3-M-ADHt-TDH3-F
3G-3-M-TPIL-TEFL-R
3G-2-M-TPILt-TEFL-F
M-CY CLt-pEASY-R
ZD-His3 interg.-2
X2-M-pEASY-rt-R
1-M-ADHt-TEF1-R
2-M-ADHt-TEF1-F
X1-Xp-pEASY-M13R-F
X2-Xp-pEASY-M13FR
Xp-M-pEASY-M13R-F

Xp-M-pEASY-M13F-R

GAL80-interg.-1
GALB80-interg.-2
NDT80-interg.-1
NDT80-interg.-2
Sacll-PGK1
Sacll-pTEFL
Pac-pTDH3
ERG20-ASC1
GgFPS-ASC1
SmFPS-ASC1
ERG9-ASC1
AtSQS2-ASC1
PgSQS-ASC1
LUS-ASC1
ERG1-ASC1
AtSQE1-ASC1
AtSQE2-ASC1
AtSQE3-ASC1
SpgDDS-ASC1
ERG7-500-5-ASC1
ERG7-500-3-ASC1
ERG7-820-1171-ASC1
ERG7-ASC1

CTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCTTAATTAAACGCACAGATATTATAAC
CCTCCGCGTCATTAAACTTCTTGTTGTTGACGCTAACATCAACGC TAGTATTCGGCATGCCGGTAGAGGTGTGG
CAGGTATAGCATGAGGTCGCTCTTATTGACCACACCTCTACCGGC ATGCCGAATACTAGCGTTGAATGTTAGCGTC
AGGAGTAGAAACATTTTGAAGCTATGGTGTGTGGGGGATCACTT TAATTAA TCTATATAACAGTTGAAATTTGGA
GTCATTTTCGCGTTGAGAAGATGTTCTTATCCAAATTTCAACTGT- TATATAGATTAATTAAAGTGATCCCCCACAC
CGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGG AAAACCCTGGCGCGTTGGCCGATTCATTAATGC
CATTCTATACGTGTCATTCTGA
CGAAGGCTTTAATTTGCAAGCTGCGGCCCTGCATTAATGAATCGGCCAACGCGCCAGGGTTTTCCCAGTCACGACGTTG
GGAGTAGAAACATTTTGAAGCTATGGTGTGTGGGGGATCACTTTAATTAATCGGCATGCCGGTAGAGGTG
GGTATAGCATGAGGTCGCTCTTATTGACCACACCTCTACCGGCATGCCGATTAATTAAAGTGATCCCCCA
CCGACTGGAAAGCGGGCAGTGAGCG

CCATTCAGGCTGCGCAACTGTTGGGA

GTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGTCACACAGGAAACA
GCTATGACC
CTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGACGACGTTGTAAA
ACGACGGCCAGT

GGTTACCAGATCTACACCGTTCCCGATTTCA

ACAACATTTGGTCACTAAATCGATATTTTAC
CATCATAAGGAATTCCGGGATTCTCCCCAT
CTGGCTTTAAAAAATGGATAAAAAGGGATG
GCGCCGCGGACGCACAGATATTATAACATC
GCGCCGCGGAGTGATCCCCCACACACCATAGCTT
GCGTTAATTAAATACTAGCGTTGAATGTTAGCGTCA
TCGCGGCGCGCCCTATTTGCTTCTCTTGTAAACTTTG
GCGGCGCGCCTCATTTCTGGCGTTTGTAGATCTTCT
GCGGCGCGCCTTATTTCTGCCTCTTGTATATCTTGCC
GCGGCGCGCCTCACGCTCTGTGTAAAGTGTATATA
GCGGCGCGCCTCAGTTTGCTCTGAGATATGCAAAGAC
GCGGCGCGCCTCACTGTTTGTTCAGTAGTAGGT
GCGGCGCGCCTTAGTAGGAGTGAGCACATAAAACT
GCGGCGCGCCTTAACCAATCAACTCACCAAACAAA
GCGGCGCGCCCTATGAACATTTGGTTTCTCCAACTG
GCGGCGCGCCTCATTGAGGAGAAGAAGAAGAAGGAG
GCGGCGCGCCTTAAGGAGGAGCACGGTATATGGCAGG
GCGGCGCGCCTCATATCTTTAATTGTTGATGCTTAGG
GCGGCGCGCCTGTTTCCGGATATTGTGTTAAAATTTCAAG
GCGGCGCGCCCACGCATCAGAATCGCCATCGAATTC
GCGGCGCGCCAACTTCTCCAAGAACAGGAATACCGTATGTG
GCGGCGCGCCATGACAGAATTTTATTCTGACACAATC
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Table3 Gene annotations Table5 Modulesamplification proposal
Gene Function Source Template Primer Module
ERG9 Squalene synthase Saccharomyces cerevisiae LUPO1
AISQS2  Squalene synthase Arabidopsis thaliana pM3-LUS Xp-M-pEASY-M13R-F  Prer1-LUS Tever
PgSQS  Squalene synthase Panax ginseng Xp-M-pEASY-M13FR
. pGALB80-LEU2 X1-Xp-pEASY-M13R-F  Helper fragment of
ERG20  FPP synthase Saccharomyces cerevisiae GAL8O-interg.-2 GALS0 site
SMFPS  FPP synthase Salvia miltiorrhiza PGALB80-LEU2 GAL80-interg.-1 LEU2 marker and
GgFPS  FPP synthase Glycyrrhizaglabra X2-Xp-pEASY-M13F-R  the helper fragment
ERG1 2,3-oxidosqualene synthase Saccharomyces cerevisiae of GAL80 site
. . . . LUPO2-LUPO5
AtSQE1  2,3-oxidosgualene synthase Arabidopsis thaliana
i S ) PM2-ERGL (AtSQEL  1-M-pEASY-PGK1-F Preki-ERG1
AtSQE2  2,3-oxidosgualene synthase  Arabidopsis thaliana or AtSQE2 or AtSQE3)  1-M-ADHt-TEFL-R (AtSQEL or AtSQE?2
AtSQE3  2,3-oxidosgualene synthase  Arabidopsis thaliana or AtSQE3)-Taph1
LUS Lupeol synthase Arabidopsis thaliana pPM3-LUS 2-M-ADHt-TEF1-F Prer1-LUS Tever
SgDDS  Dammarenediol-1l synthase  Panax ginseng M-CY CLt-pEASY-R
. pGAL80-LEU2 X1-Xp-pEASY-M13R-F  Helper fragment of
ERG7 Lanosterol synthase Saccharomyces cerevisiae GAL8O-interg.-2 GALSO site
pGALB80-LEU2 GALS80-interg.-1 LEU2 marker and
X2-Xp-pEASY-M13F-R  the helper fragment

NK 2-SQ01~NK 2-SQ09 E#kaitaiE
e R AL MR NK2-SQ, I FH Tl B4 1k ) 4% IR %
Y. IR 4 RoIIEE TR, IS8k

) T o g 7 VA 2 TR vk NK2-SQ01~NK 2-SQO09.

Table4 Modulesamplification proposal

1 SM-Ura

Template

Primers

Module

PM2-ERGO (PgSQS 1-M-pEASY-PGKL-F Ppexs-ERGY (PgSQSor

or AtSQS2) 1-M-ADHt-TEF1-R  AtSQS2)-TapH1

pM3-ERG20 2-M-ADHt-TEF1-F  Prer-ERG20 (GgFPSor

(GgFPS or SMFPS)  M-CYCLt-pEASY-R  SmFPS)-Tever

pHIS3-TRP1 X1-M-pEASY-r-t-F  Helper fragment of HIS3
ZD-His3 interg.-1 site

pHIS3-TRP1 ZD-His3 interg.-2 TRP1 marker and the helper

X2-M-pEASY-r-t-R  fragment of HIS3 site

LUPO1~LUPO5 E#kHIHE & SM-URA-TRP
B nE AL B Ak NK2-SQ09, - F it 1k 1 vk i) 4% ik
AN HIEE 5 SR &, S o
FR) TR o A 2 7 v A JE T PR LUPOL~LUPO5.

WD-2091 EHREIHIE £ SM-Ura 85782 d00%
LB R NK2-SQ, Jf: FH i R 4 vk ) 2% B2 A8 4 o 4%
M% 6 151 WITB AL T %, 3 G R Btk gy
AR T & WD-2091,

313-DD #A 425-DD E#RAIHIE £ SM-Ura-Trp
B R B AL # bk WD-2091, I it i 44 2 o) 4%

AU . SR SCRR TS B PR R T I R B R

Z nn

Table7 Modulesamplification proposal

of GAL80 site

Table6 Modulesamplification proposal

Module
Prck1-AtSQS2-TapH1

Template Primer
pPM2-AtSQS2  1-M-pEASY-PGK1-F
3G-1-M-ADHt-TDH3-R
3G-3-M-ADHt-TDH3-F
3G-3-M-TPILt-TEF1-R
3G-2-M-TPI1t-TEF1-F
M-CY Cl1t-pEASY-R
X1-M-pEASY-r-t-F Helper fragment of HIS3
ZD-His3 interg.-1 site
ZD-His3 interg.-2 TRP1 marker and the helper
X2-M-pEASY-r-t-R fragment of HIS3 site

pM 4-AtSQE2 PTDHg-AthZ-TTpu

pM3-SmFPS Prer1-SMFPS Tever
pHIS3-TRP1

pHIS3-TRP1

313-DD Al 425-DD.

DD01~DD04 EHkaY##E 7£ SM-Ura-Trp-Leu
B BE G AL B R 425-DD, I P Tt B 40 ) 4% o7
BN, HER 7 MEIMEE TR, SRS
) BT PR A 1 777 4 (2 T % DDO1~DDO04.

BRI A B A EARTMREAZE  ECFR
B B R T A B S R 3 R, 30 °CL 250 r-min
Tk A 1) 2% b PR R P A2 15 miL A R A
B9 FEM 100 mL (=8, 30 'C 250 r-min " &%
R 6 Ka, AT YRR EL. PR U i R
02 mL R B T, 13000 r-min 1 B0 3
min, E¥EFREE, TRAKERE, MAEEBE#EK (A

Template Primer

Module

pM3-ERG7-500-5 (ERG7-500-3 or
ERG7-820-1171 or ERG7 ORF)

Xp-M-pEASY-M13R-F
Xp-M-pEASY-M13F-R

pNDT80-HIS3 X1-Xp-pEASY-M13R-F
NDT80-interg.-2
pNDT80-HIS3 NDT80-interg.-1

X2-Xp-pEASY-M13F-R

Prer1-ERG7-500-5 (ERG7-500-3 or ERG7-820-1171 or
ERG7 ORF)-Tevar
Helper fragment of NDT80 site

HIS3 marker and the helper fragment of NDT80 site
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Figure 2 Squalene yield by engineered yeast. From left to
right: NK2-SQ, NK2-SQ01-NK2-SQ09
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Figure 3 Lupeol, lanosterol and squalene yield by engineered
yeast. From left to right: NK2-SQO09, LUPO01-L UP05
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Figure4 Product determination by HPLC
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Figure 5 Damarenediol-Il, lanosterol and squalene yield by
engineered yeast
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Figure6 Anti-sense RNAsfor ERG7 knock-down
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Figure 7 Damarenediol-Il, lanosterol and squalene yield by
engineered yeast. From left to right: 425-DD, DD01-DD04
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Figure 8 Titer of damarenediol-Il and Asx during high cell
density fermentation of DDO3
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Figure 9 Yiedd of damarenediol-1l, ergosterol, lanosterol and
squalene during high cell density fermentation of DD03
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