£ o T BO% IR SEERSEERENSHATERE
Chinese Journal of Biotechnology
http://journals.im.ac.cn/cjbcn Jun. 25, 2018, 34(6): 862-875

DOI: 10.13345/j.cjb.170465 ©2018 Chin J Biotech, All rights reserved

IHRY XEZEL 2400 RiLREY #EHK!

650091
2 678000

: : S . , 2018, 34(6): 862—875.
Wang YC, Wen ML, Li MG, et a. Progress in biosynthesis of santalene and santalol. Chin J Biotech, 2018, 34(6): 862—875.

1 B BARFAEAFBERZLTAMESE RN T EERRS, EABSFORE . RAAFIRNBEFHEE M,
TEAGAA D T EMEERIRIR, (EREMARZRBIZFTEER, BAHBORRER, HABLTHE K,
FHREFHONEESZAT. ARMARIEAS TADF TR, ARENKAFRENERABEH A EBEAL
FRXAPEE F R BZ —. X P ER AL E BB FF R IR, VAR 15 £ F 5 KB AR 5412 09 Bk B AT
B4, FREARNEEO R IAERKNGEE S BEHAITE G REN G, HEFHFREAFEEO LN RN AR
BAF .

76t A

a3
jug)

W, WA, 4

jogk

Bt o B, A AR

[
[
Fv

Progressin biosynthesis of santalene and santalol
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Abstract: Santalene and santalol are the main components of vauable perfume sandalwood essentia oil, and have good
antibacterial, anti-oxidation and anti-tumor activities. Commercial sandalwood essential oil is mainly extracted from sandalwood tree
that grows slowly and is difficult to cultivate. In addition, the extraction recovery of sandalwood essential oil from sandalwood treeis
too low to meet the market demand. These factors make sandalwood essential oil expensive. An option is to use genetic engineering
and molecular biological methods to heterologously express related synthase of santalene and santalol in microbial host. In this
paper, the biosynthesis progress of santalene and santalol synthase, as well as the optimization of meval onate metabolic pathwaysin
the hosts are summarized. Furthermore, the strategies of applying protein engineering technology to carry out orthomutation of
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santalene synthase were also discussed, to provide reference for the optimal biosynthesis of santalene and santalol.

Keywords: terpene, santalene, santalol, santalene synthase, biosynthesis
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Tablel Heterologous synthesisfor several high value-added ter penes

Terpenes Structure Molecular Host Substrate Yield Reference
formula
. Saccharomyces

Amorphadiene | CisHas . Glucose +Ethanol 40 g/L [4]
E cerevisiae
e

L : Saccharomyces IPM+Glucose
Artemisinic acid Ci5H20, cerevisiae +Ethanol 25g/L [5]

) Saccharomyces
Taxadiene CyoHz cerevidiae Glucose 8.7 mg/L [6]

Saccharomyces

Oleanalic acid C3oH4503 cerevisiae Glucose 71 mg/L [7]

B-amyrin CxoHs00 fsrcggsgwc% Glucose 107 mg/L [7]

Dammarenediol- Saccharomyces

I C3oH50, cerevisiae Glucose 1548 mg/L [8]

Protopanaxatriol CxoHs20, Saccharomyces Glucose 15.9 mg/L [7]
p: 305204 et -9 Mg

Protopanaxadiol CzoHs,0: Saccharomyces Glucose 1189 mg/L [8]
P 077523 cerevisiae

Ginsenoside CK CzoHs,0: Saccharomyces Galactose 1.4 mg/L [9]

01 1523 cerevisiae +Mg

Saccharomyces 18 mg/g
B-carotene WW CaoHss cerevisiae Glucose DCW [10]
. ; Xanthophyllomyces 9 mg/g
Astaxanthin w CaHsOy oot Glucose s [11]

IPM: isopropyl myristate oil; DCW: dry cell weight.
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Fig. 1 The structures of main components of sandalwood essential oils™.
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Table2 Therelative concentration (%) of the main components of commercial sandalwood essential oils

Component Molecular CAS Accession S album S. austrocal edonicum S. spicatum

formula No. (%) (%) (%)

1, (2)-(+)-o-santalol Ci5H240 115-71-9 48.0 38.0 20

2, (2)-(-)-B-santalol 77-42-9 20.0 19.0

3, (2)-o-trans-bergamotol 88034-74-6 6.0 9.0

4, (E)-p-curzerene-12-ol 942226-77-9 2.0 9.0

5, (2)-y-bisabolene-12-ol 1006030-74-5 2.0 2.0 11

6, (6R,7S)-iso-B-bisabolol Ci5H260 496868-45-2

7, (6R,7R)-iso-B-bisabolol 496868-45-3 0 i :

8, (6S,7S)-iso-pB-bisabol ol 496868-45-5

9, (6S,7R)-iso-B-bisabolol 496868-45-4

10, (6S,7S)-p-bisabol ol 15352-77-9

11, (6R,7S)-B-bisabolol 106035-75-0 " 05 =

12, (6S,7R)-p-bisabol ol 106035-76-1

13, (6R,7R)-p-bisabol ol 700358-60-7

14, (E,E)-farnesol 106-28-5 - 1.0 10

15, epi-a-bisabolol 72059-10-0 - - 7

Total 79.2 79.6 65

\é/\)\/OH

16
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20
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Fig.2 Commercially available sandalwood odorant compounds by chemical synthesisi®.
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(Isopentenyl diphosphate [PP) MVA
(Dimethylallyl diphosphate DMAPP)
IPP DMAPP
(Geranyl diphosphate GPP) FPP
(Farnesyl diphosphate FPP) E. coli
(Geranylgeranyl diphosphate GGPP) Malus x domestica (o-farnesene
(C5) (C10) synthase AFS) E. coli S. cerevisiae
(C15) (C20) (C30) MVA 8 -CoA
(cap) =% 1.1 gL
[29]
S. album a-/p- MVA 1.44 g/LI*
FPP SaSS o- B-
epi-B- CYP450 NADPH
P450 (Cytochrome P450
reductase CPR) Ci12
[27-28] ( 3
FPP
(C>15)
0 0 0 0 \OH ¢ oo
)J\SCOA - scon l-IMSCoA - 1—1o/u\)\/\0}1
Acetyl-CoA Acetoacetyl-CoA HMG-CoA Mavalonate

IPP O OH
)\/\)\/\OPP‘ S opp )J\/\opp < IIO)Q\/\OPP

Geranyl diphosphate GPP  Dimethylallyl diphesphate DMAPP  Isopentenyl diphosphate IPP Mavalonate diphosphate

IPP . -
a-santalene synthase CYP76/CPR

a-santalene
2 R R opp —

Farnesyl diphosphate FPP

[-santalene synl!wsc
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3 EEGSETENEMARER
Fig. 3 The bio-synthetic pathway of santalene and santalenol.
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[31-32]

S. album

)

(
Sass

FPP

S. album S. austrocaledonicum (

*3 NEENFUMFESINESTHEBEXER

Table3 The santalene synthase related genes from sandalwood and other species

S. spicatum

\etiver zizanioides®®

AaSS
[33-34]
Solanum habrochaites'®®
Clausena lansium®”!
2SS

Species Genes(NCBI Enzyme Substrate Product Reference
Accession No.
Santalum None Tissue extraction FPP a-/B-santalene, [31]
album mixture a-/p-santalol,
Farnesol, a-bergamotene,
Z-a-trans-bergamotol,
[3-bisabolene, Z-lanceol,
Z-nuciferol
Solanum Zfps/FJ194969 Z,Z-farnesyl IPP Z,Z- FPP [35]
habrochaites diphosphate synthase DMAPP
SBSFJ194970 Santalene/bergamotene  Z,Z-FPP  (+)-a-santalene,
synthase (+)-endo-B-bergamotene,
(-)-endo-a-bergamotene
Santalum SaFDSJQ023564 Farnesyl diphosphate IPP GPP [34]
GPP FPP
IPP
SaSSJIX 826486 Santalene (2E,6E) o/B-santalene,
synthase FPP epi-p-santalene
a-bergamotene
diphosphate
Santalum album SaSSy/HQ343276 Sa santalene E,E-FPP  o/p-santalene,
synthase epi-p-santalene [33]
a-exo-bergamotene
Z,Z-FPP  a-endo-bergamotene,
a-/B-/epi-p-santalene,
(2)-B-farnesene
Santalum SauSSy/ HQ343277 Sau santalene E,E-FPP  o/B-santalene,
austrocaledonicum synthase epi-p-santalene
a-exo-bergamotene
Santalum spicatum  Sspi SSy/HQ343278 Sspi santalene E,E-FPP  o/p-santalene,
synthase epi-B-santalene
a-exo-bergamotene
Vetiver zizanioides  Unpublished Santalene E,E-FPP  epi-B-santalene, [36]
synthase a-bergamotene,
(3-bisabolene
Clausena lansium ClTps2-1/HQ452480 o-santalene E,E-FPP  o-santalene [37]
synthase

IPP: isopenteny! diphosphate; DMAPP: dimethyl allyl diphosphate; GPP: gerany! diphosphate; FPP: farnesyl diphosphate.
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22 BERPERERUNEBEBFHEEYEHD S. cerevisiae a-
A 2.08 mg/L 8.29 mg/L*¥  Scalcinati
S. cerevisiae ERG9
HXT1 FPP
E.coli S cerevisiae FPP
2 LPP1 DPP1 FPP
S. cerevisiae Physcomitrella (Farnesol) ERG20
patens IPP
[38-41] MVA  MEP a- S. cerevisiae
o- 92 mg/L
Chen 3.4 [0 Zhan 35S
ADH2 NADPH HMGR alB-
ALD6 P. patens 0.039 mg/g
HXT7 -CoA
ACS -CoA tal
ERG10 -CoA -CoA 4
x4 BEGEVAEREENAHER
Table4 The Optimization of biosynthetic pathways for santalene
Target gene Optimization methods Host Final yield Reference
ADH2 Using the glucose-regulatable S. cerevisiae  8.29 mg/L [38]
HXT7 promoter
ACS Codon optimization (L641P)
ALDG6, ERG10 Over-expression
CIT2, MLSL Inhibition
ERG9 Replaced by the HXT1 promoter S. cerevisiae 92 mg/L [39]
to down-regulate
ERG9 Using HXT2 promoter to express
an ERG9 antisense construct
HMGR Over-expression
LPP1, DPP1 Deletion
ERG9 The promoter is replaced with Pyxr; S cerevisiae  39.4 mg/L [40]
tHMG1, ERG20, GDH2, SanSyn,,;  Over-expression
GDH1, LPP1, DPP1 Deletion
HMGR Over-expression under the control P. patens 0.039 mg/g DCW [41]

of the 35S promoter

ADH2: alcohol dehydrogenase gene; ALD6: NADP-dependent aldehyde dehydrogenase gene; ACS. acetyl-CoA synthetase
gene; ERG10: acetyl-CoA C-acetyltransferase gene; CIT2: peroxisomal citrate synthase gene; MLSL: cytosolic malate synthase
gene; HMGR: 3-hydroxyl-3-methyl-glutaryl-CoA reductase gene; LPP1: lipid phosphate phosphatase gene; DPP1:
diacylglycerol pyrophosphate phosphatase gene; tHMGL1.: truncated HM G-CoA reductase gene; ERG9: squal ene synthase gene;
ERG20: FPP synthase gene; GDH1: NADP-dependent glutamate dehydrogenase gene; GDH2: NAD-dependent glutamate
dehydrogenase gene; SanSyn,,,:: codon optimization a-santal ene synthase gene sequence; DCW: dry cell weight.

http://journals.im.ac.cn/cjbcn
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alp-
& 23 HEER CY P450 £ 52HE R INAEIIE
2) CYP450 C
C12
3) 43 S album
S album CYP450
4)
5) Sa-CYP76F39v1 1009612843441
S album CYP450 5
#& 5 S album #H {5 PAS0 £ N E B
Table5 The cytochrome P450 monooxygenase from S. album
CY P450 NCBI Accession No. Substrate Product Reference
Sa-CYP76F37v1 KC533717 a/B-santalene (E)-a-santalol, * (E)-a-exo-bergamotol,
epi-p-santalene (E)-B-santalol
Sa-CYP76F37v2 K C698966 a-exo-bergamotene Products same as Sa-CYP76F37v1
Sa-CYP76F38vl KC533715 Products same as Sa-CYP76F37v1
Sa-CYP76F38v2 KC533718 Products same as Sa-CYP76F37v1
Sa-CYP76F39v1 KC533716 (Z)-a-santalol, (Z)-a-exo-bergamotol
*(E)-a-santalol, (E)-a-exo-bergamotol,
(2)-epi-p-santalol, (2)-p-santalol,
(E)-epi-pB-santalol, * (E)-B-santalol
Sa-CYP76F39v2 KC698967 (2)-a-santalol (Z)-a-exo-bergamotol,
*(E)-o-santalol, (E)-a-exo-bergamotol,
(2)-B-santalol, (E)-epi-p-santalol,
* (E)-p-santal ol [43]
Sa-CYP76F40 KC698968 (E)-a-exo-bergamotol, (2)-p-santalol
*(E)-B-santalol
Sa-CYP76F41 KC698969 (2)-a-santalol, (Z)-a-exo-bergamotol,
*(E)-a-santalol, (E)-a-exo-bergamotol,
(2)-epi-p-santalol, (2)-p-santalol,
(E)-epi-B-santalol, (E)-p-santalol
Sa-CYP76F42 KC698965 (2)-a-santalol, (2)-a-exo-bergamotol
(E)-a-santalol, * (E)-a-exo-bergamotoal,
(2)-epi-p-santalol, (2)-p-santalol,
(E)-epi-p-santalol, (E)-B-santalol
Sa-CYP76F43 KC533719 o/p-santalene Not detected
epi-p-santalene
a-exo-bergamotene
Sa-CYP736A167 KU169302 a-santalene (2)-a/p-santalol, (2)-epi-p-santalol,

(2)-a-exo-bergamotol

*: star marked product has the highest ratio.

& 010-64807509
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SaSS

GPP FPP
GGPP
Bohlmann 28 33
1 o-
2 Asp
DDxxD (“x” ) Asp
Mg
(GPP FPP
GGPP)
1 CcC C
1
1 N-
[45-47]

31 ET X-ray {15 2 REHWHERIFE

X-ray
Gennadios
Gossypium arboreum (+)-0-
((+)-6-Cadinene synthase DCYS)
DDxxD (D308A)
Km 13

Nicotiana tabacum 5-epi-
(5-epi-aristolochene synthase TEAS)
Hyoscyamus muticus

(HPS) 2

premnaspirodiene
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2 [49]
32 EFHTFHUEBILHWERRT

S. cerevisiae
-CoA (tHMGR)
Abies grandis Y- (y-humulene
synthase HUM) 9 6
34 v-
1000 [0 PDB 5-epi-
HUM 19
484
100-1 000 '*4

PCR (Error-prone PCR)

(52]

33 SaSSERARMEEKRHEMRRER
NCBI (Conserved
Domain Database CDD https://www.nchi.nlm.nih.gov/

cdd/) SaSS  (Protein ID in NCBI
ADO87000 569aa) 1
SaSS o-
N-
C_
D- H- D¥*'DGYD*®
N463D| GT467SPD E47l
2
A-C JK D¥*DGYD*
N463D| GT467SPD E471 M g2+
FPP JK
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M g2+

[46,53-54]

32-39

470471 473476 478481 542-545
284 293 314 316-318 321
325 396 460461 463464 467 471 539

543 545 -Mg?* 321
325 463 467 471 Asp 321-325
463-471 [45-47]
(4
SWISS-MODEL (https://
swissmodel .expasy.org/) SaSSs
X-ray

95 10.42%—45.49% Phyre2
(http://www.sbhg.bio.ic.ac.uk/phyre2/html/page.cgi?i
d=index) 99

3D 20 CSA (Catalytic Site Atlas

http://www.ebi.ac.uk/thornton-srv/databases/ CSA/)
( 6

SaSS 12

(+)-limonene synthase

CDD

293W 545F

X-ray

4 CDD &)l SaSS REE RIS HE A RMHIIEE

Fig. 4 The simulation model of SaSS unbound substrate and substrate binding from the CDD.
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*x6 SHEBHFABHEMUESRSH 12MEQSEHEIE
Table6 The 12 proteinsdata with the highest structural similarity to SaSS

. Seq identity Catalytic residue Corresponding
Protein PDB Id %) X-ray Range Coverage from the CSA sites in SassS Reference
(+)-limonene 5w0.LA 4549  230A 31-569 093  Unknown Unknown [55]
synthase
| soprene 3n0f.LA 4007 270A 34569 094  Unknown Unknown [56]
synthase
4S-limonene 2ong.lA 3846 270A 31-564 094 324 W/579H 203W/545F [57]
synthase
(+)-bornyl 1n241A 3888 230A 31-563 094  323W/578F 203W/545F [47]
diphosphate synthase
. 264R12735/401T]  2SARI298W/
S-epi- 402T/403T/ad1R) 4215422
aristol ochene SeatlA 3390 280A 34566 092 423G/460R/ [46]
444D/520Y/
synthase CoeD/aaTy 463N/539Y/
544D/546F
Putative
y-terpinene 5c05.1.A 36.16 1.65A 41-563 0.93  Unknown Unknown [58]
synthase
Amorpha-4,11- 4gax.1A 3314 199A 35566 092  Unknown Unknown [59]
diene synthase
1.8-cineole Jj5c.LA 3745 195A 61-565 094  317W/571F 203W/545F [60]
synthase
a-bisabolene 3selA 3740 196A 72566 086  Unknown Unknown [61]
synthase
(+)-8-cadinene
synthase 3g4d.1A 3283 240A 35566 093 279W 203W [48]
isozyme xcl
Taxadiene 3p5r.LA 3105 225A 66-566 087  Unknown Unknown [62]
synthase
Abietadiene 39v.1A 3185 230A 66565 087  Unknown Unknown [63]
synthase
4 RE5R2
MVA
1)
S. cerevisiae
MVA
FPP
MVA
2)
CRISPR-Cas9

http://journals.im.ac.cn/cjbcn
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S. cerevisiae
3)
4) S. cerevisiae
5)
S. cerevisiae (
S. cerevisiae)
SaSs
MVA ERG20 MVA
3 CRISPR-Cas9
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