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Construction and optimization of squalene epoxide synthetic
pathway in Escherichia coli

Xixi Shao, Yunhe Meng, Shenting Zhou, Xinting Liu, Huishu Jiang, Xiao Xiao, Jing Yang,
Gongyuan Wei, and Chonglong Wang

School of Biology and Basic medical Sciences, Soochow University, Suzhou 215123, Jiangsu, China

Abstract: Triterpenoids are a class of natural products of great commercial value that are widely used in pharmaceutical,
health care and cosmetic industries. The biosynthesis of triterpenoids relies on the efficient synthesis of squalene epoxide,
which is synthesized from the NADPH dependent oxidation of squalene catalyzed by squalene epoxidase. We screened
squalene epoxidases derived from different species, and found the truncated squalene epoxidase from Rattus norvegicus
(RnSE+¢) showed the highest activity in engineered Escherichia coli. Further examination of the effect of endogenous
cytochrome P450 reductase like (CPRL) proteins showed that overexpression of NADH: quinone oxidoreductase (WrbA)
under Lac promoter in a medium-copy number plasmid increased the production of squalene epoxide by nearly 2.5 folds.
These results demonstrated that the constructed pathway led to the production of squalene epoxide, an important precursor for

the biosynthesis of triterpenoids.

Keywords:

WRAEY R —-REARR) 2t . BA
L (1 A B R 25 BRI G KR A A o, e i
T 5 1 5 0 ik (Cs) SO B0 H AN TR
G S ST AN R R S 1D A'Y I Nt
e Hih, B (Squalene) BiFZ =MERibA
YA B RITERYI R, iR A YA st
R TIAMER (Squalene epoxide) HITE
B PR RN T4 — R GBI T T Y
ANTE ) A A 4L, SRR LE (Oleanane) 7Y,
B95kE (Ursane) A, ARHe4e (Friedelane) %Y. 3
B¢ (Lupane) BISEH IR =2k, el —2
SHBUNL R AN S =R A 2T R R
mRERTEY (K1) XAy E 2y
CHFEZ . @S5l BAa T
Bl FME . Bian, FPRCR BRI A Y H R
(Glycyrrhizin) HA W% . (e BEFA Tk, XF
VR JREFUIT . i A RLAF (367 AR B4, ok
WE L R EE /N e 2T % (Celastrol) J&— R A3 4 4 Jih
JEYAAE . REB SRR, AR A R
Y (f5i) 40 L AR AE ARG R A ) RS AE L AT
i AR R AR T,

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

squalene epoxide, squalene epoxidase, CPR-like, Escherichia coli

SR, AL A W AE R IRAE D) N 1) A%
HotdcR, i HAYE A KX A KR
K, X AR R IR P J5URHR BRI 43 1 1 A 7= =X
) TARKREPRE ST, weah, T e g TR
AR . FRERRE 2200 =ik Ay
AL E R R E R S . i, DL 10,11-FR4
G AW 2 BR T A% EGIER O R A, B
L3 ST AR R PR IR R B S5 AT S B Sk A
05 10 NSFrEAO B9 P B S (Lupeol), SR14
AR R A 3% a4, s N 2R TR T
SRS WA SR 2 I . A A
AR AR 2 1) 4R A5 76 5 Wik 18 Erh BB
BRI AR = AR R A o T RE . K AT
BRAE MBI SE ol 2 MR A 1, B R 4N
235 ) 7 BRI 8] o 6 1T O S5, 2 B Ok 2
AR RIS BR, 241k, KaFFRe
ZWIF KT A BEMEREY, WS
M (1soprene)t™™ | &4 X (Farnesene)!' | 4
BB — % (Amorphadiene)l*® 42 — 45
(Taxadiene)!™, p-#1% % (p-carotene)!™ 1%, [
B, B AT T AR R R A A

0

B

!



BEE HF/HEAEKANBEEXBITEPOIGENMRL 2107

0
ASCOA

B, YNNI o
FPP Acetyl-CoA
Squalene IISPA MvaES
CPR-like|Squalene )\/\
enzyme |epoxidase V4 OPP "
IPP
. H H
X"0pPP MvaK K,D. Idi Mevalonat
DMAPP cevalonate
Various squalene epoxide cyclases and P450 decorations_
= Ly =\
H 1
t
“O0H

Ursolic acid

Oleanolic acid

1 REAEKEXBITEIREPMEBIRE

' COOH
COOH
HO

Polpunonic acid Betulinic acid

Fig. 1 Biosynthetic pathway of squalene epoxide in the engineered E. coli.
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], MIESA CPR R A K pTSQErgINcpl.
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BamH I 1 Sal T FRiil N UIERE LIS, W reke
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Table 1 Plasmids used in this study

K B Rattus norvegicus i & I ¥ & 1L i Kt A
MSErc, FHAEFTA LR F Rl 515 A BamH T 1
Bol 1l . Sal T BRI UIBH &, P s S pTrc99A
FAAH 3 pTMCSE . pTFtSE #1 pTRNSETc.

it PCR MRMFFE MG1655 FEF 41
7~ CPRL %:[H, NAD(P)H 4 i Tk 48 1k 10 )5t Jif
A yticP® | NADPH: i} & 1k i J5 il 3
mdaB®1 | i IR frel®® | B4R 5 G
L yqiHPY | A R R LR trxB |
NADPH it FMN 34 Jit i 56 B ssuE®®  NADH:
iR 4 AL D I ) wrbABY 3f5@ 2 1 s | s
A BamH [ i1 Sal [ (¢ Xho 1) BR&I¥EN YA A,
539 e B 2 pTRNSErc #4 & pTRNSE+cCPRL R 4]
AR FIRE ¥ B3R CPRL AHOGIE (ytfG 45) 72
FEZE pSMLSQ AL pSMLSQ-CPRL F 4k iA .
AT A EE 0 TR S5 5 1A (s B R LR 2,

Plasmids Descriptions References
pTiSpAErg9 ¢ pTrc99A containing E. coli FPP synthase gene (ispA) and truncated S. cerevisiae [23]
squalene synthase gene (erg9) for squalene synthesis
pTSQErgl pTispAErg9+c containing S. cerevisiae squalene epoxidase gene (ergl) This study
pTSQErgiNcpl pTispAErg9+c containing ergl and putative S. cerevisiae CPR gene (ncpl) This study
pTMcSE pTrc99A containing M. capsulatus squalene epoxidase gene (mcSE) This study
pTFtSE pTrc99A containing F. taffensis squalene epoxidase gene (ftSE) This study
PTRNSE1c pTrc99A containing truncated R. norvegicus squalene epoxidase gene (rnSE+c) This study
PTRNSEcYtFG pTRNSE+c containing E. coli gene(ytfG) This study
pTRNSE;cMdaB pTRNSE+c containing E. coli gene (mdaB) This study
pTRNSErcFre pTRnSE+c containing E. coli gene (fre) This study
pTRNSEcYqjH pTRNSE+c containing E. coli gene (ygjH) This study
pTRNSEcTrxB pTRNSE+c containing E. coli gene (trxB) This study
PTRNSEcSSUE pPTRNSE+c containing E. coli gene (SSuE) This study
pTRNSErcWrbA pTRNSE+c containing E. coli gene (wrbA) This study
pSNA pSTV28 containing S. pneumoniae mvaK;DK, operon, E. faecalis mvaES, and [23]
E. coli idi gene for generation of IPP and DMAPP from Acetyl-CoA
pSMvL, pSTV28 containing S. pneumoniae mvaK;DK, operon and E. coli idi gene for [24]
generation of IPP and DMAPP from mevalonate
pSMLSQ pSMvL, containing E. coli FPP synthase gene (ispA) and truncated S. cerevisiae This study
squalene synthase gene (erg9) for squalene synthesis from mvalonate
pSMLSQYtfG pSMLSQ containing E. coli gene (ytfG) This study
pSMLSQMdaB pSMLSQ containing E. coli gene (mdaB) This study
pSMLSQFre pSMLSQ containing E. coli gene (fre) This study
pSMLSQYqjH pSMLSQ containing E. coli gene (yqjH) This study
pSMLSQTrxB pSMLSQ containing E. coli gene (trxB) This study
pSMLSQSsuE pSMLSQ containing E. coli gene (SSuE) This study
pSMLSQWrbA pSMLSQ containing E. coli gene (wrbA) This study
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Table 2 Primers used in this study

Primers Sequences (5'-3") Restriction enzymes
Ergl-sal-F CTAGTCGACAGAAGGAGATATACATATGTCTGCTGTTAACGTTGCAC (Sal 1)
Ergl-hindxho-R GAGAAGCTTCTCGAGTTAACCAATCAACTCACCAAAC (Hind IIT, Xho 1)
NCP1-xho-F CTACTCGAGAAGGAGATATACATATGCCGTTTGGAATAGACAACAC (BamH 1)
NCP1-hind-R GAGAAGCTTACCAGACATCTTCTTGGTATC (Hind I1I)
yqjH-bam-F GCGGATCCAAGGAGATAACAATGAATAACACCC (BamH 1)
ygjH-sal-R AGTGTCGACTTACTTTGCGTGCCAGTAAGC (sal 1)
SSUE-bam-F GCGGATCCAGGAGAAATATATGCGTGTCATCACCCTGGC (BamH 1)
ssuE-sal-R AGTGTCGACGATGTTACGCATGGGCATTACC (Sal 1)
wrbA-bam-F GCGGATCCAAGGAGATAATAAATGGCTAAAGTTCTGGTGC (BamH 1)
wrbA-sal-R AGTGTCGACGCATGCGTATCCTCCTGTTG (Sal 1)
ytfG-bam-F GCGGATCCAAGGAGAATATAAATGATCGCTATTACTGGTGCC (BamH 1)
ytfG-sal-R AGTGTCGACGTCATTATCAGAGAGGATGC (Sal 1)
mdaB-bam-F GCGGATCCAAGGAGAATATAAATGAGCAACATCCTGATTATC (BamH 1)
mdaB-sal-R CGTGTCGACAAGCCTGAGCTCTAGTTAAC (Sal 1)
fre-bam-F GCGGATCCAAGGAGAATATAAATGACAACCTTAAGCTGTAAAGTG (BamH 1)
fre-xho-R GATCTCGAG CCGTTCTTCCCGCCTGTCAG (Xho 1)
trxB-bam-F GCGGATCCAAGGAGAATATAAATGGGCACGACCAAACACAG (BamH 1)
trxB-sal-R CGTGTCGACCATAGTCGCATGGTGTCGC (Sal 1)

The restriction enzymes are listed after each sequence and the digestion sites are underlined.

1.2 BEHRFAEFREHE

KIGFF R DH5a FIAE B0RE v B FLER S A 0
AR TE EW . PRBUNEA KGR % T LB
Rigedt (BEEEAIF 10 g/l BELHEEU) 59/L. &
fb#h 10 g/L) w, 7E 37 CHEIRSBIEARS, U
200 r/min E¥% 1535 12 h 5 F T ok se e fnd-
B 43K AR ) B AR A e M U R TR A
IPP/DMAPP Ht 25 ik 3 [7] 7% b 21 K A1 7 DH5a
HREER IR TR, Harm (S B R 3.
KRR TRER, EekBOR T 2YT
EIEL (BRECE 16 o/l BERREEUY 10 g/L. &
fb#h 5 g/L) B, 78 30 CHHESHBIEKF,
200 r/min #3535 5% 12 h VERFP 3 FRLL 0.1%19
RS 2% H I VV)F 0.1 mmol/L 5
IR R ZUBEE (IPTG) BUMff 2YT 5353k,
YkLRAE 30 CHEESIRFEIAR T 200 r/imin 4715
48 h )5, FHTFIEMEIRNE BRI . K g2 iR
WEHEMAATHERREM () AERHEL
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e 100 mg/L F1 50 mg/L.
1.3 HEMEHIREFNE

¥ 48 h 5 FRWT 12 000 r/min &0 1 min J5
WAEDTTE, FHH—E RN K E KRR, BIFE
(A RE b 5 SRR S0 A IR, PR AL
1h; ReEB LEEGHETSCE Y. HH—
AR 05 AR TR 09 07 2O I — . B as g
OWAANR A LR A, e Heah
B R T LR ST FH TS 5 BT 234
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FES LA 10 10 B9 4 3 B A 19091N-133
HP-INNOWAX @i 4: (KB 30 m; 4% 250 um;
JEJE 0.25 um)., GC Z&AFUT : W HEARIRE A
50 ‘C, f##F 1 min, L 5 C/min AR I E
80 °C, ZRJGHELL 40 °C/min fiY 3 AN T f 200
JE 260 C, FRORFF 1 ming A% EE R 47 R
260 C. TEAH[FIMSAHEIESMT, HAAHARE-
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iy (GC-MS; GCMS-2010 Ultra; Shimadzu)
XPRE S AT U TR, AR RAE M) m/z Yl
Sk 40-350, IR cut-off B [E]2h 2.5 min,

2 EREMM

21 ETHRAEBRSERNATECAEREY
BRIRERE

6 HT A AIF 9 30 2o ER IR e 118 TR T B A7) Y 0
G HEHEIA erg9 (erg9tc) FIKIAFF I FPP & 5L A
ispA, T H T M & A R B IspA-Erg9rc
(PTiSpAErg9rc) o FEMLILAN [, RS &M A Al
Fih IspA-Erg9rc-Ergl (pTSQErgl) AJ LA 4t 5]
BB s R A AL L ] ergl #A . 25 &3 1)
B IE IR R S N CPR HIR T2 5B s

NADPH ##it4: CPR #f [ F3&A nepl —IF 5
HoA e, it pTSQErglNcpl Fik#fA (K 2A).
i T H R IR IE R R IR TR pSNA AT 7E K
FFA R e R A S IPP #1 DMAPP
RS, Bt s TR 23 515 pSNA Tk M4 4k
KA DHS5a, REL TR NA-SQEL F1
NA-SQE1-Ncpl; [AES# pSNA Fl pTispAErg9rc
AR LR AR NA-SQ 1 Ry JoiE #4726
AMEI G X R Fril gy R I 5y AR
48 h J5, WKRSRBOFH#ITAAMHATE (GC) 4
Mro W 2B P, A bn i B9 ff B3 15 ] 2
4 10.2 min, FRAAAA AR bR B DR B INFIR) 2 Dy
12.7 min, TFHE# NA-SQE1. NA-SQE1-Ncpl
] XF B2 NA-SQ —&f, HAE 10.2 min 4b P f &

# 3 AR ETANEK
Table 3 Strains used in this study

Strains Descriptions References

E. coli DH5a F—, #80dlaczAM15, A(lacZYA-argF)U169, deoR, recAl endAl, hsdR17(rx_mg.), Our lab
phoA, supE44, A, thi-1

NA-SQ E. coli DH5a transformed with pSNA and pTispAErg9+c This study
NA-SQE1 E. coli DH5a transformed with pSNA and pTSQErg1 This study
NA-SQE1-Ncpl E. coli DH5a transformed with pSNA and pTSQErg1Ncpl This study
ML-SQE2 E. coli DH50 transformed with pSMLSQ and pTRNSE+¢ This study
ML-SQE3 E. coli DH5a transformed with pSMLSQ and pTFtSE This study
ML-SQE4 E. coli DH50 transformed with pSMLSQ and pTMcSE This study
ML-SQE2-YtfG-a E. coli DH5a transformed with pSMLSQ and pTRnSEcYtfG This study
ML-SQE2-MdaB-a E. coli DH50 transformed with pSMLSQ and pTRnSE;cMdaB This study
ML-SQE2-Fre-a E. coli DH5a transformed with pSMLSQ and pTRnSEcFre This study
ML-SQE2-YqgjH-a E. coli DH5a transformed with pSMLSQ and pTRnSE+cYqjH This study
ML-SQE2-TrxB-a E. coli DH5a transformed with pSMLSQ and pTRnSEcTrxB This study
ML-SQE2-SsuE-a E. coli DH5a transformed with pSMLSQ and pTRNSE+cSSuE This study
ML-SQE2-WrbA-a E. coli DH5a transformed with pSMLSQ and pTRnSEcWrbA This study
ML-SQE2-YtfG-b E. coli DH50 transformed with pTRNSE+¢ and pSMLSQYtfG This study
ML-SQE2-MdaB-b E. coli DH5a transformed with pTRNSE+c and pPSMLSQMdaB This study
ML-SQE2-Fre-b E. coli DH50 transformed with pTRNSE+¢ and pSMLSQFre This study
ML-SQE2-YqjH-b E. coli DH5a transformed with pTRnSE+¢c and pSMLSQYqjH This study
ML-SQE2-TrxB-b E. coli DH5a transformed with pTRNSE+¢ and pPSMLSQTrxB This study
ML-SQE2-SsuE-b E. coli DH5a transformed with pTRNSE+¢c and pSMLSQSsuE This study
ML-SQE2-WrbA-b E. coli DH50 transformed with pTRNSE+¢ and pPSMLSQWrbA This study
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Fig. 2 Construction and validation of the squalene epoxide biosynthesis module using S. cerevisiae genes. (A)
Squalene epoxide biosynthesis module. (B) GC validation of the squalene epoxide synthesized.
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Fig. 3 Effect of different squalene epoxidases on squalene epoxide production. (A) construction of the squalene
epoxidases from different species. (B, C) GC-MS validation of the squalene epoxide synthesized. The spectrums of

squalene and squalene epoxide are inserted in Fig. 3C.
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Fig. 4 Optimization of the squalene epoxide biosynthesis pathway by regulating the expression of CPRLs. (A, C) The
construction of CPRL controlled by different promoters. (B, D) Cell growth (dots) and production of squalene epoxide

(bars). The “n.d.” indicates “not detected”.
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