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BEIRBR AT BT HIV., 41T HSV . PR BRI %
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Figure 1. Morolic acid biosynthetic pathway in engineered S. cerevisiae. IPP: isopentenyl diphosphate;
DMAPP: dimethylallyl diphosphate; FPP: farnesyl pyrophosphate; ERG20: FPP synthase; ERG9: squalene
synthase; ERG1: squalene epoxidase; ERG7: lanosterol synthase; OSCs: oxidosqualene cyclases; CYP716AL1:
cytochrome P450 oxidase; CPRs: cytochrome P450 reductases.
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20 g/L #i%0E; FRIEEEREAE KA YPD it
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WA S YPG KigR3E: 20 o/L A, 10 /L
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WARSEFR A 2% BE Ry, B335 KIGHT A 1)
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% (Amp)a¥ 50 pg/mL #-RIREE % (Kan)

1.1.2 518 AT G190 38 oI5 4 R A
PR RA VG, Wk 3 Fos.

x 1. AWRPTAHRERSEK

Table 1.  Strains of S. cerevisiae used in this study

Strains Characteristics Source
JWy601 GTy23 (ura3-52 prototrophy removed for use of Cas9 system) Keasling’s laboratory ™
S201 PGy11-MdOSC-Tpy; cassette integrated into 308a site of JWy601 This study
S202 PGa11-PbOSC-T 4py; cassette integrated into 308a site of JWy601 This study
S203 PG411-RcOSC-T ypy; cassette integrated into 308a site of JWy601 This study
S3 PG -CYP716ALI1-T  py; cassette integrated into 607b site of S201 This study
S401 PG4 1-JcCPR-T spy; cassette integrated into 911b site of S3 This study
S402 P41 1-AtCPR-T spyy; cassette integrated into 911b site of S3 This study
S403 PG4 1-LjCPR-T  py; cassette integrated into 911D site of S3 This study
S404 P41 1-GuCPR-Tpy; cassette integrated into 911D site of S3 This study
S405 PGar-MtCPR-T 4py, cassette integrated into 911b site of S3 This study
S5 PGu11-ERG20-T py; cassette integrated into 1114a site of S402 This study
S6 Psu1-ERGI-T py; cassette integrated into 1622b site of S5 This study

actamicro@im.ac.cn
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*2. AMHRETARK
Table 2. Plasmids used in this study

Plasmids

Characteristics

Source

pCut-308a
pCut-607b
pCut-911b
pCut-1114a
pCut-1622b
pET28a-MdOSC
pET28a-PbOSC
pET28a-RcOSC
pET28a-CYP716ALI

Cas9-sgRNA plasmid for site 308a, URA3 marker, Amp®
Cas9-sgRNA plasmid for site 607b, URA3 marker, Amp®
Cas9-sgRNA plasmid for site 911b, URA3 marker, Amp®
Cas9-sgRNA plasmid for site 1114a, URA3 marker, Amp®
Cas9-sgRNA plasmid for site 1622b, URA3 marker, Amp®
Harboring the MdOSC gene, Kan®

Harboring the PbOSC gene, Kan®

Harboring the RcOSC gene, Kan®

Harboring the CYP716AL1 gene, Kan®

Keasling’s laboratory!'*!

Keasling’s laboratory!'*!

Keasling’s laboratory!'™
Keasling’s laboratory!'™

Keasling’s laboratory!'™
This study
This study
This study

This study

Harboring the JcCPR gene, Kan®
Harboring the ArCPR gene, Kan®
Harboring the LjCPR gene, Kan®

pET28a-JcCPR
pET28a-AtCPR
pET28a-LjCPR
pET28a-GuCPR
pET28a-MtCPR

Harboring the GuCPR gene, Kan®
Harboring the MtCPR gene, Kan®

This study
This study
This study
This study
This study

Amp® indicates resistance to ampicillin; Kan® indicates resistance to kanamycin.

113 FZKM: P E 2xPhanta Max
Master Mix Fl1 Green Taq Mix ) [ Fg 5% MEFE 4=
VIR R A PR A7) 5 BERRIEZH DNA 4 st
M & B RARAARL LD RA R ok
St i) 5 1R & BB BE IS DNA [R] i 5h) & 1
B FisEs Y TRARA R, A REERMF
AR B A TAEY TR B M A RA A ;
BehE SC-URA 5ty A AL AL (1) A
BRA ] i1 Je M A BE JR TR b o & ) ) 2= R P4 )
AR BRZ W5 R Z B PEG 3350 Il
H AL R EREA R A 5 BE 0K DNA 1 5 2§
RRHRBHL (P EDABRA ] 5 BEEREE A N,0-%
(WD) =R OB B EigB R T A= ARk
B A IR w5 E R 54 2 R R A 1T
MR IRA W] E O RFIREER W
OXOID 2 ) ; HAth 5] 35 Sy 43 B i) 7 ] 24 4% A
2R A PR

1.2 EHAREKRKEE

Dy Rl A B PR B B IR R 5 Uk A, AR
56 T 3k BRI 2R 0K JEE UK TR ol A R 5K T 1) 20 %
LD AR DU E = ST 8 M B 1k 1 20t % 55 K]
MdOSC .PbOSC Fl ReOSC 43 5| I T3 (Malus
domestica, Md). HZL(Pyrusxbretschneideri, Pb)
M H Z=16(Rosa chinensis, Rc); C-28 #E2E =4
b CYPAS0 i S i HE R CYP716ALT KT K AR A
(Catharanthus roseus, Cr); CPR Zif&3& K JcCPR .
AtCPR . LjCPR. GuCPR F1 MtCPR 43 5>k 5 F J§k
KB (Jatropha curcas, Jc). $1FdIF (Arabidopsis
thaliana, At). A KH(Lotus japonicus, Lj).
B (Glycyrrhiza uralensis, Gu)Hl IER (Medicago
truncatula, Mt). A 5 DR ¥ REC TR V7 P ) 5 0 -
i PESEAT AL L H 5 e AR R R AT PR
Al A O O B R pET28a |-, 15 51 5 41 Sk -
pET28a-MdOSC . pET28a-PbOSC. pET28a-RcOSC .,
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*3. AWHRETASY
Table 3. Primers used in this study

Primers Sequences (5'—3)

308a-up-F1 TATTTCAGAAAAATTATTCAAAACTAAGAAGAATGAGATG

308a-up-R1 ATGGTGGTAATGCCATGTTTAGATAAAAAGAAAAAAATTCGAAGTTAATGTTGAAATTTC
607b-up-F1 GAATCTTACCTCAGAGTGCTCTTGGT

607b-up-R1 GGATATGTATATGGTGGTAATGCCATGTGTATTTTTTTTTTGGTCACTCCAGATCTAGTT
911b-up-F1 GTTGCAAAAATAGGCCTGTGCTTT

911b-up-R1 GTATATGGTGGTAATGCCATGTTTATATATACATTTATATTTATGCCCATTCAACATCCG
1114a-up-F1 GAGAAATGTTGGGATCCAGAAGAATGA

1114a-up-R1 TATATGGTGGTAATGCCATGTGATAATAGTACAAACTTACATAGCGTTGATAGTAAATAG
1622b-up-F1 AACATTTAAGTCACAAGGAGGAATATCAGTT

1622b-up-R1 TGGATATGTATATGGTGGTAATGCCATGTAACTACTTTTCTTAAACTGTCAACAGCCA
GALI-F2 TAACTTCGAATTTTTTTCTTTTTATCTAAACATGGCATTACCACCATATACATATCCA
GALI1-R2 CATCCGCTACTTTCAATTTCCACATTATAGTTTTTTCTCCTTGACGTTAAAGTATAGAGG
MdOSC-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGTGGAAATTGAAAGTAGCGGATGGAG
MdOSC-R3 AAATCATAAATCATAAGAAATTCGCTCATGCCTTTGAGGGTAGGGGGACCCACTTACGAT
PbOSC-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGTGGAAGCTGAAGGTTGCTGATGGTG
PbOSC-R3 AAATCATAAATCATAAGAAATTCGCTCACGCTTTTGAGGGCAAAGGTACCCATTTCCTGT
RcOSC-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGTGGAAGCTAAAAGTGGCGGAAGGGG
RcOSC-R3 AAATCATAAATCATAAGAAATTCGCCTAGCTCGGTAATGGTACACGCTTACGGTATTCCG
CYP716AL1-F3 TACTTTAACGTCAAGGAGAAAAAACTATAATGGAGATCTTCTATGTCACTCTCCTTAG
CYP716AL1-R3 ATAAAAATCATAAATCATAAGAAATTCGCTTATGCATTAATGTGAGGATAAAGTCGAACA
JcCPR-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGAGTTCGGATTTGGTTAGGTATGTTG
JecCPR-R3 AAATCATAAATCATAAGAAATTCGCTCACCAGACATCTCTGAGATATCGC

AtCPR-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGACCTCGGCATTGTATGCTTCTGATT
AtCPR-R3 AAATCATAAATCATAAGAAATTCGCTTACCAAACATCTCTCAAATATCTA

LjCPR-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGGAAGAATCAAGCTCCATGAAGATTT
LjCPR-R3 AAATCATAAATCATAAGAAATTCGCTCACCATACATCACGCAAATACCTA

GuCPR-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGACTTCGAATTCCGATTTGGTTCGCA
GuCPR-R3 AAATCATAAATCATAAGAAATTCGCTCACCAGACATCCCTGAGGTAACGT

MtCPR-F3 ACTTTAACGTCAAGGAGAAAAAACTATAATGCAAGATTCAAGCTCAATGAAATTTT
MtCPR-R3 AAATCATAAATCATAAGAAATTCGCTTACCATACATCACGCAAATATCTG

ERG20-F3 TACTTTAACGTCAAGGAGAAAAAACTATAATGGCTTCAGAAAAAGAAATTAGGAGAGA
ERG20-R3 AAAAATCATAAATCATAAGAAATTCGCCTATTTGCTTCTCTTGTAAACTTTGTTCAAGA
ERG1-F3 AACGTCAAGGAGAAAAAACTATAATGTCTGCTGTTAACGTTGCACC

ERG1-R3 ATAAAAATCATAAATCATAAGAAATTCGCTTAACCAATCAACTCACCAAACAAAAATGG
ADH1-F4 AGGCATGAGCGAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAAA
ADH1-R4 TAGAAGTGGTAGCAATATGTAGCAAAGAGGAGTTAGCATATCTACAATTGGGTGAA

308a-down-F5
308a-down-R5
607b-down-F5
607b-down-R5
911b-down-F5
911b-down-R5
1114a-down-F5
1114a-down-R5
1622b-down-F5
1622b-down-R5

TTCACCCAATTGTAGATATGCTAACTCCTCTTTGCTACATATTGCTACCACTTCTATTAC
TGATAGAACGAGTACAACACCCGA
CACCCAATTGTAGATATGCTAACTCCAAGAAAAGAATTTTGAGACTTACACATTATTCGG
GAGTCTAATTTGCATGATAGAATTTTACCATATCTAG
TTGTAGATATGCTAACTCCAAAAATGAAATAGCATACAAAACAGACATAAAATTTAAAAC
AATCCTATTCCAACAATATGGGTACGAGA
TTCACCCAATTGTAGATATGCTAACTCCCATCATCTAACATCGTGAAACGAATCAG
AGATAAGAAGTGGGAAGGTAAAATCGAATAC
TCACCCAATTGTAGATATGCTAACTCCGTAGATACTCGTCTTACGAAATTGGATATAGTT
ACTTTGGAAAAGAAGGTACGGACTACT

actamicro@im.ac.cn
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pET28a-CYP716AL1 . pET28a-JcCPR . pET28a-
AtCPR . pET28a-LjCPR . pET28a-GuCPR Hl
pET28a-MtCPR . TE UL LA [, A 5255 DL T KL
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PbOSC. RcOSC. CYP716ALI. JcCPR. AtCPR.
LjCPR. GuCPR. MtCPR. ERG20 Fl ERGI %:[N
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i, HEEUFRL pCut-308a., pCut-607b, pCut-911b,
pCut-1114a Fl pCut-1622b, 4T i vk 3515~
JEE R T PG 1 T 20 7R PR o
1.3 EHARKRKE

ARS8 R CRISPR-Cas9 K[ 4 2 511
W B B DR S B BRI I R SR R A R AT AR A
pCut-308a . pCut-607b. pCut-911b. pCut-1114a
F1 pCut-1622b iy A7 %15 Cas9 & HYHEH
TV [ IS5 5 sgRINA, I SFe 647 5 PR Ay 88 1]
L, B MdOSC. PhOSC 1 ReOSC H:[H 4y
Sl Ay TG PR BE TR A TWy 601 114 308a 437 s 345
FA B S201.S202 F1 203 ; k— 465 CYP7164L1
FEEE A E S201 19 607b 37 25 3845 BT S3, 4
5% JcCPR. AtCPR, LjCPR. GuCPR 1 MtCPR
FHEEAE S3 B 911b (SRS HALE S401,
S402 ., S403 ., S404 Fl1 S405; fizJ5f£ S402 1) 1114a
LS ERG20 BEPIARTG B S5, F— 0%
4 ERGI FEH Z S5 1 1622b {3 5 4545 4 4 S6.
HARGE I E IR Brig: (1) I B RR #1 4% 1 ik

SyE 1.2 ARSI B . Py Tipm. b
U [V A pCut ORI % Ak 2 R IEEE, 1) A
PRV e R A 1 () R E L RE 1 2B P - H Y3
N -Typur FIBBAIHEE; (2) W HALF- M (FR e
F IR A T B 55 5 W AL T E1T PCR I 58 AL
WAL (3) LikF LT RIH YPD BigRdt 2k
REEFIE, PRBCRE K R AE YPD HIpR 8 IE
7 R 7R (AP R, ARA IR B
BT TS 5 (4) B B IR BORLIE BR B2 i) B4 T4 Vs 7
KT PCR B UEFFI e , fie 2345 77 BE IR FR T IS
P 7 2 TR A
1.4 EHAWEKKELK

W1 AR AL AT 3] Y 5 A 2 TR R AN T
10 mL YPD 555+, 30 °C. 200 r/min $%3% 5%
F% 24 h, IR IR TR AR MR B ODgoo=0.2 i 4228 50 mL
YPD }iFEHH, 30 °C. 200 r/min #R3% 5555 24 h
&, BOBERIRE R 50 mL YPG i 3R3EiAE G %
ik, BERE 24 hBCL KRR, 55 120 h RKBEEER,
I 2 PR R A K R T JE BT AR R o
1.5 EHBEKRT YRR

Y T3 & & T R EE O TR A 78 T TR TP 19 B i
P, DRI B, X RV B 200 B AR A A
AP, HARF AT gk (1) Bl mL BB,
O R, A SRR 20% 0 A0 A T (]
50%BERCH]), FEESEE THAKT 10 min 2%
A (2) HERBCRROBEAER 3 K, #.O0H
i, IFIMATOKERBRENERK s (3) AWMk )E
JA 200 pL Z.BR 15 . 200 pL N,O-3 (= H HE7ik)
= TEREFN 200 pL AEEE, T 55 °C 4504 FATAE
fEIRE 1hs (4) ROVIERAESRTREMA 1 mL &
W2 CWRIET , e 2 AR/ H A S 3 - 5T
T IR R ASORT B B0 K I 7 W 3R A T 43 AT
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1.6 YREENE

S EIE-BUE BT U(GC-MS)I 7E « fiiitE:
DB-5MS; 23kt 10 01, ¥EEER 1 pl, ®S4A
SFEHN 1.0 mL/min; THEFETF : 180 °C fRHF
1 min, P 20 °C/min F+ % 300 °C, #¥F 14 min;
JIS L 50700 m/zo S e BEAIEE /R R
i it FH T PRI E 14 #T o

2 HERFpAT

2.1 ISR L) M K =Y b

o M R A TR BE DY TR %) R 0 PR AU A A R B
B 234840 M, TR R B 5 | AR R 5 )
AL I PR AT AL 2,350 I IR i
S 1) AR 3R NCBI Bds g, L
kIR F R A B E I fk B Mdosc!!
(GenBank ID: NM_001328982. D) K= HL T4,
HEAT B IEIR A [ IR R o de 2, ARSI R

o

- up308a
Loy Q

= up308a r-b . m
~0Q

= up308a r-’ . m

HIETF AR L& PR L PbOSC (GenBank
ID: XM 018650195.1, [AEM: 98%)Fkii+ H
ZAC) EALE I L RcOSC (GenBank ID:
XM_024327323.1, [FIJEE 88%)H FHEITE)E
FEANML T, M2 e RS MR R Ik &
Bl 2 Fron. TERRIGIERE JWy601 Hr, 435l dEs
MdOSC., PbOSC Fl ReOSC #:[H, PCR HKiF4h )
WK 3 froR, BrfS DNA BB/ S Rk &k
/NERIS(H —5(3136 bp). MJFLERE, ALK
G Ak A B 4y o0 B S A AR A R I I AL
MdOSC . PbOSC Fl ReOSC it ik 5 Fi £ 5 2H T
S201. S202 F1 S203, W] H T A i B A e ™
T e

HAARMRAE YPG FiFr e & B2 48 h e, A
F GC-MS X} & By it A7 e YEAE fa b o 45
RUNE 4 s, EAHR S201 78 14.35 min B
5 JE B o i O B I ] — B (18] 4-A),
HR A 1% 151 (& 4-B)ilt — 1 it Je i, ™

OTADHI
= 1 }—

MdOSC
I QTADHI

PbOSC —-—-L dn308a F
QTAIJHI

Re0SC il gn08a }—

2. HEREANEERIERE

Figure 2.

Germanicol synthesis pathway expression cassette. up308a: upstream homology arm of 308a site;

arrow: promoter; circle connected by dashed line: RNA stability element; half-circle: ribosome binding site;

MdOSC: oxidosqualene cyclase from M. domestica, PbOSC: oxidosqualene cyclase from P. bretschneideri,

RcOSC: oxidosqualene cyclase from R. chinensis; T: terminator; dn308a: downstream homology arm of 308a

site.
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3. BERUEKIALE PCR IIE
Figure 3. PCR
oxidosqualene cyclases. M: DL5000 marker; lane 1:

verification of integrating
result of engineered strain S201; lane 2: result of
engineered strain S202; lane 3: result of engineered
strain S203.
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4. GC-MS 77X EHE K S201 K EFHHITEE
Figure 4. Identification of engineered strain S201
fermentation products by GC-MS method. A: total ion
chromatogram detected by GC-MS; B: mass spectrum
of standard and intracellular extract from engineered
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PCR verification of integrating CYP716AL1 (A) and JcCPR (B). A: M: DL10000 marker; lane 1-4:
results of engineered strain S3. B: M: DL10000 marker; lane 1-4: results of engineered strain S401.
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Efficient biosynthesis of morolic acid in Saccharomyces cerevisiae
cell factories

Huifang Gao, Minglong Shao, Wulin Zhou, Xian Zhang, Taowei Yang, Meijuan Xu,
Xiaodong Gao, Zhiming Rao”

Key Laboratory of Industrical Biotechnology of Ministry of Education, School of Biotechnology, Jiangnan University,
Wuxi 214122, Jiangsu Province, China

Abstract: [Objective] Morolic acid is derived from germanicol, has excellent anti-HIV and anti-inflammatory
activities properties as oleanane-type triterpenoid, thus their potential applications in the pharmaceutical industry.
In this study, synthetic biology was used to construct Saccharomyces cerevisiae cell factories for efficient
biosynthesis of morolic acid. [Methods] Firstly, using CRISPR/Cas9 technology, three oxidosqualene cyclases
(OSCs), namely MdOSC, PbOSC and RcOSC were integrated into S. cerevisiae to screen for high yield germanicol
chassis cells. Then, to construct the engineered strain capable of morolic acid production, the cytochrome P450
oxidase (CYP716AL1) derived from Catharanthus roseus and the cytochrome P450 reductase derived from
Jatropha curcas (JcCPR) were further integrated into S. cerevisiae. Moreover, to improve morolic acid
biosynthesis, the CYP716AL1 was coexpressed with CPRs (AtCPR, LjCPR, GuCPR and MtCPR) derived from
different plants. Finally, the mevalonate (MVA) pathway was modified by overexpressing the key pathway enzymes
to improve morolic acid production. [Results] The engineered strain S201 obtained by integrating oxidosqualene
cyclase MdOSC from Malus domestica yielded the highest amount of germanicol of 68.3 mg/L. The engineered
strain S401 obtained by integrating CYP716AL1 and JcCPR in S201 achieved biosynthesis of morolic acid, and the
yield reached 15.0 mg/L. Furthermore, the CYP716AL1 was coexpressed with AtCPR from Arabidopsis thaliana in
S201, resulting in engineered strain S402, which yielded the highest amount of morolic acid of 24.3 mg/L. Finally,
overexpression of key enzymes in the metabolic pathway of MVA in engineered strain S402, FPP synthase
(ERG20) and squalene epoxidase (ERG1), resulted in a morolic acid yield of 34.1 mg/L (S6). [Conclusion] In this
study, morolic acid cell factories were successfully constructed, which provides a theoretical and technical basis for

the construction of high-yield oleanane-type triterpenoids cell factories.

Keywords: triterpenoids, germanicol, morolic acid, synthetic biology, Saccharomyces cerevisiae
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