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industries. In the biosynthetic pathway of terpenoids, terpene synthases often determine the type and novelty of the
terpene carbon skeleton, and tailoring enzymes, such as cytochrome P450 enzymes, can carry out a variety of post-
modifications, ultimately resulting in terpenoids with a rich diversity of structures and functions. In recent years, with
the development of genome-sequencing technology and synthetic biology, a large number of terpene biosynthetic
enzymes of plant and microbial origin have been characterized, which, excitingly, include non-canonical terpene
synthases that can also catalyze the generation of unique cyclized skeletons. Meanwhile, the use of combinatorial
biosynthetic strategies has led to the creation of many novel and unnatural terpenoids, further enriching the kingdom of
terpenoids. Here, we review the recent advances in non-canonical terpene cyclases and combinatorial biosynthetic
pathways over the past five years, with a view to shedding light on the discovery and biosynthesis of novel terpenes in
the future. Firstly, the newly discovered novel enzymes with terpene cyclization functions are reviewed, containing a
new subclass of type | terpene synthases, non-squalene triterpene synthases, UbiA-type terpene cyclases, cytochrome
P450 oxygenases, methyltransferases, vanadium-dependent haloperoxidases, and haloacid dehalogenase, along with
their sequences, functions, and possible cyclization mechanisms, which can contribute to our understanding of
terpenoid biosynthetic enzymes and the discovery of novel terpenoids. This review then describes the combinatorial
biosynthesis of non-canonical terpenoids. By combining terpene synthases with methyltransferases or natural/artificial
cytochrome P450 oxygenases, a series of unnatural terpenoids containing non-canonical C,, and C,; backbones, or with
unusual structural modifications, were produced. This could inspire the structural innovation studies of terpenoids in
the future. The discovery of novel enzymes and the construction of novel combinatorial biosynthetic pathways will
further broaden the structural diversity and chemical space of terpenoids, which is expected to provide more potential

novel terpenoids for clinical drug development.
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Table 1 Non-canonical terpene synthases
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Type | subunit VenA AABS81504.1 venezuelaene A DxxxxD 7Y9H [35]
Chimeric type I TS TvTS POWERS.1 talaropentaene DDxxD 7VTB [36]
NSE
UbiA-type TpslA KAI0942648.1 (+)-(S,2)-a-bisabolene Nxxx(G/A)xxxD — [37]
cyclase QDxxDxxxD
Cytochrome P450 SdnB AO0A1B4XBJ9.1 sordarinane — [38]
AriF WP_092528764.1 aridacins A-C — [39]
Methyltransferase SodC AO0A7U3Z1MO sodorifen — [40-41]
PchlO6_6045 EIM17055.1 chlororaphen — [42]
Vanadium LoVBPO2a BCK50960.1 snyderol — [43]
haloperoxidase
Haloacid AncA THU99223.1 monocyclofarnesol — — [44]
dehalogenase AncC THU99223.1 antrocin — —
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WP_189939660 Sireptomyces aurantiogriseus
WP_149829212 Streptomyces sp. TRM68348

Conserved  Atypical NSE RY
78 TR0l 69 Sopiantyeas sp. SIHN (16 Q/E Asp-r{fh motif motif Dimer
Group Ia WP_215089957 Streptomyces sp. ISL-1
WP_142562739 Microbispora sp. KK1-11
WP_251736742 Frankia sp. R82
VenA Streptomyces venezuelae Q D X D ND SﬂRKE RY
‘WP_139238291 Streptomyces aidingensis = %E & § ; LL Al 8
WP_86280446 Strepromyces sp. PSKAOL 83 115 120 256 264 344
100 WP_232271410 Streptomyces gobiensis
100 Bnd4 Strep sp. CL12-4
WP_027943377 Amycolatopsis tai
94, WP 153805498 Nocardia sp. SYP-A9097 E DNAhMD NDLESEBAE RY
Group Ib - WP 242792267 Micromonospora sp. R77 18
100 WP_186376445 Mycobacieroides abscessus 62 94 99 234 242 322
100~ WP_070949829 Sireptomyces sp. TRM68348
XP_046019460 Microdochinm trichocladiopsis
53 FgGS Fusarium graminearum
e 100 _MEBSZT%‘) Fusarium poae
Group |l RENS5250 Fusarium flagelliforme E D_%V&E BX
99 KAF2202999 Delitschia confertaspora .
69| E KFAT4407 Stachybotrys chariarum 56 94 98 209 217 300
100 KFA65816 Stachyhotrys chlorohalonata
o

(a) VenA 1) 4E42 3L FFPD(S/T/N)xx(x)D/E” 1391
(a) Non-classical motif “D(S/T/N)xx(x)D/E” of VenA [l
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GGPP

venezuelaene A

(b) F& T-QM/MM it EHEN 1 VenA iz W L EE
(b) VenA reaction mechanism based on QM/MM calculations

B3 i & VenA
Fig. 3 Diterpene synthase VenA
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Fig. 4 The biosynthesis of non-squalene triterpenes
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(+)-(5.7)-u-bisabolene

l endogeneous enzymes in yeast

(=)-14-bisabolenoic acid

motif | motif [T

3 87 211 215
ApUbiA - - NNITADLDID - - -DIDFD - -
AfUbIA - -+ - NALYDRDVD - - - DYEFD - -
COQ2-+ -NDFLDRKLD - - -DKKFD - -

(a) E &R
(a) Biosynthetic pathway of (+)-(5.Z)-u-bisabolene

(—)-14-bisabolenoic methyl ester
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100 215 218 pve]
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EiG* *NQITGYDED: - : - QDLRDMEGD - -

(b) Tps1 AFITps2 A {55 5k 7 17)
(b) Conserved motifs of Tps1A and Tps2A !
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Z —— — = R —— == IL_f_\ CoPP
N

FPP nerolidyl pyrophosphate

e

(+)-(8.7)-u-bisabolene

TpslA

-—

o 7

65-bisabolycarboncation

(c) Tps1ATTRE M AEALHLH]
(c¢) Possible catalytic mechanism of Tpsl A

Bs (+)-(S,2)-0-LL %4
Fig.5 (+)-(S,2)-a-bisabolene

(SAnBHFE), 5 @b i 2L v A4k 1 5/8/5 =3 —
‘B 4% cycloaraneosene At HHE N 5/6/5/5 VIR 2k
WhiEE 2 (Bl6) o B B el R IA T B
B T B AL R R R IR R B ) = AN KB CYP——
SdnB. SdnH % SdnF, X' SdnB Al SdnF Jy X L fig
CYP. %t SdnB f# 1k cycloaraneosene 1 £ fiik H 42
(1) 8,9 B i 58 AT R SE AT =1, B HE
SdnH f# A4 7= 1) 1 FF A= it S8 AR T B0 136 XU 4
AR 3. HERI S, HEAE 3 FEA R T

Homh CYP#e 4k, fi 4k R4k FiE 1) SdnB R 7l %
HIR S AL FE [F] PL2E AL, Baeyer-Villiger 4844 1) 77 3 Wr
248, 9 Or bR L, AR RN A 4. P IAR 4
HH SR UL A 5 0UM PR A 25 ) A5 LSRR, AR
J& 8211 Diels-Alder MG BN AT E . HAS —FE 12,
SdnB & 1151 7] LA A 24 5 Jik AT A sk e B i 2R
TE R CYP. TER AR 4 5, HAM R —
AN FEYE SAnF AL R, 12 S8 A3 0L A ] 1)
M o % 4 K IR K 5 82 1) Diels-Alder 354k H
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CycC loaraneosene

1 SdnB

2 sordaricin

SdnB

SdnF

Ble ZiLkMkKMAEN &R
Fig. 6 Biosynthetic pathways of sordaricin

RIRL, T8 BB A I8 Wb & 22 1 A a4 6.
B 5, SdnE {4k Fp a4 6 FR 19 107 K oty 3k & A #2
Btb, RHEE W ARG Sdnd BTN, AT &
B 22 RE AL IR 25 M A0 AR T Ik R TA RS . iX
T FE AN 4B 7~ T B CYP £ B4k 205 10 1) W [
EAHLE], WFEE T HARA T CYP K kA B
i A LED A B IAE
232 AEFIH-BAMEREEFTRGCYP

TEME AL AP AP & BB E R, 38 2
G5 R WRE ZL MM, 17 CYP S5 &N
FESSREMBE NGB, Hik, R
CYP H A A mi I L | B D Rg, H 2 B AT
KA FAE FIAERE KA W 5B B, BRI,
NATA B ORI AT LAY 5 S A B 28 L A R 1)

o Bk

h\ 1 AriE

\ —_—

CYP ™. W50 N It 2R B Amycolatoposis arida
HRAZAE T — NN RS R A A R R (BGO),
HTSHiL A2/ CYP. @it 7IHKIEIZBGC3k
137 =Pl B A 0 8 i b AT A2 1) s SR A
Y) aridacins A~C, EATEA #HBH 6/7/5 =&
W, BEARANEE N, aridacins (4R R R 1S
BTN (B BT HTS (A E) K GGPP
A 6/10 B & 1 XA I -4 28, R J5 CYP
(AriF) 383 1k C2-C6 1 T BURE DA B 42354k
N6/7/5 IR, HE, %R IRIRIE T CYP
TE G S AB B A g I DG BAE F . kAh, 1k
G RE IR RN S N 25 TR, AriF ANAT DU A i
KA IR R, 34 T] DA A 52 5k A A B S A0 IR
= N2 IR CYP. XERIANY BT CYP

H| . AriF H '
@E NG
=
H H

cis-eunicellane

arida-3,6,15-triene

benditerpe-2,6,15-triene
AriD

0]
HO

aridacins C

OH

aridacins A

0
OH
) Ho XX W )
@ OH
HO
AriD G
H

aridacins B

B 7 Aridacins A RIS E
Fig. 7 Biosynthetic pathway of aridacins
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fEAC DI RE I 2 AR 1%, WON B i SR B & h
P450 HEALIA AL S5 SEHIHL A BE5E 1 LA o

2.4 EBREELE

HEEREE (M) £ HRA T EFREAE, ©
A DU F R R R I B, T 2 M AR R,
FER T R, DURHIZORIREACE
EME R T . KZBMT K S- IR B E iR (S-
adenosyl methionine, SAM) 1E N H Bk, @it
K3 T 25 1% AR SN B F - 1) Y 2 A 8 315 1%
JiF B, XA SRR A S R TR A,
I R 3 AL T DUAE D RE AT - 46 51 R AR Bl I S
TG BHARBT DR TS M6
241 A5 C, 5 ENAM LR MT

i AL S WA & B DL C 57 T i G g B
JCNEER, 1245 B B L B s 2R A A Y Bk
JRFHCEAR R S AR Y. SR, B AR ARIETE
W IRE (Serratia plymuthica) "R T —Fh 44
HNEZ S5 (sodorifen) HIAEF C  HE K AL & ) 77
BN I e s 2 L R DR AH B DA B R o SR

OPP

2 (R=PP) ) &
3 (R=H)

HE T S plymuthica PRI-2C H 2 £ 35 & i AH < 1)
BGC, HilM2, REZFMEMEHRFTEELAN
SAM & #i %4 MT (SodC/SpFFPMT) Al 1 4~ TS
(SodD) "M X H AW A R — P LR
SodC/SpFFPMT AW %} FPP #4734k, ISR ILH
ARG, PR R AR R 2 S R £
(PSPP), SodD N i — &4 PSPP M AL TE K £ 5%
(E 8. MG 4R M&Z, SodC/SpFFPMT £ 5 —4>
CLRN AN A AL FPP 1 H 3R 4L, T LI A AL it 255
AR B MT . g 1tk — AR T AL, B
AWNAD N S NN S SR IR DA TR TR o i
e A A PC AR IE FPP Al (FJE-"C) SAM B B
RZ5F LT AR RIE, B SR A C X2 F5id
FPP B AHE ) . 3 — 20, il & i PC AR
WIRME B R 255 LA AR KIE. 45 REH,
7E W {16 J5 FPP C4 ALY pro-S Hy C6 i ffI H. C9
KLH) pro-R HAr AT R 3 7 R Z 55 C1. C5HICR
B, TWLELF=IR %255 LA RIS FPP C10 47/
Ho BT BidH, HAFTARHREERL . £
T ERFEMFIEESER, HANRRE TRZF

sodorifen

(a) BEIFIEM SR
(a) Biosynthesis of sodorifen

heraclitene

archimedene

(£)-o-presodorifene

aristolelene

anaximandrene

thaleene

(b) FERFEEMIC, BEASIL 5
(b) Natural C  terpenoids

El8 C ik aw
Fig.8 C,, terpenoids
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A& g % . it TS 4k, PSPPZE i 2 —
WRREA G, &0 T ARRENETH . B,
[4+3] M BE B mHR LR PR M, 5
LIV EZ 55

NT B AE A C R RNEY,
MNTHYE R 2 35 BGC IR E & 7 #tE L2 48
R T KEC, KK A . @i 4 Hr NCBI
Bm R LI R 739 AN BN AL, BT K
BB BME LI MT M TS B BGC. A TR H
IhRg, Mk 7 40~ BGC, HHRHE L+ MT Al
TS FIEENRG H 38 74K, B A A B RES AR
WE G P i MT TS 3E47 T HFE, S5 R K
LR A A I Y MT &8 ™= A2 A (R wE A AT Ak
PSPP, [Alf i KB 18 > A IH M TS, REWE ¥
PSPP R W5 A6 Ry 47 FARFI I C i Kb &9, ©
IR Z &H F WM &K IR =50, H,
H—EBCGCHEH —AMMTH—ATS, EE~4%
% I8 W 5, B 40 heraclitene. anaximandren Al
aristotelen; 2f 2 BGC T & H — M MT ML N
EMITS, 55 —38BGC H TS ThAE I B 2 & it
th, ATCAA AR FI C (5285 25 =R BGCHEH
WBIEMZ DS MT MZATS, W] LLFH PSPP EY) &
M C iR ED; VUK BGC &5 MT it
AHTS, HERAFEEMFHEY. Raidtk
NI, BT =KBGCHAAETHEMEHF, i
FVUEBGC )L F RAEPRILRE T . & ARE
B, C, BRI Z 0 THE T, ARG IRRIX
— R FEIF R APt T 3R
242 H5C, ik EAEYE R MT

i, NI T A HT AR A BB brexane
A% msE 221 C,, 16 2546 & W) chlororaphen, /&
VG RT3 T AT . i R DR 4 5 A A

C. OPP

(Pseudomonas chlororaphis) 06 F1 B T A%
% 556 U BGC, 1E X} O6 Tk 1) & B 7= ¥ # AT
GC-MSHillf5, KM T 24 C LR EWLL LIy
+ N C,H,, 1) = 7= ¥) chlororaphen. A | &K %t
HAEYE &R, #HHBGCERBE AT 77
JRERIL, AT chlororaphen J H At R A, E—32P
{8 F FPP Al SAM it 47 14 41 g Th R R AE, K I
chlororaphen [/ G A TF 2 =2 5: PchlO6_
6045 (Pc-FPP-MT). PchlO6 6042 (Pc-y-PSPP-MT)
FIPchlO6 6041 (Pc-TS/ChloS) . #R 4 A [F] liff 21 &
() NS S5 R, BEFEE AN T chlororaphen [ A4E4)
HRUEE (B9 56 Pe-FPP-MT X} FPP i 47 HI
FoAb 77 4 y-PSPP, Al Pc-y-PSPP-MT 3t — 25 Hi 5
WA B C,, Al 4 a-PCPP, 1 J& Pc-TS/ChloS fi 1t
o.-PCPP % fi chlororaphen. W 5T & i& X} 7% W
Variovorax boronicumulans PHE5-4 # chlororaphen [1]
VG S RIEAT T RAE. BT XS P chlororaphis
1 V. boronicumulans " FPP-MT. y-PSPP-MT 1 TS
MAEER T, KRIWENHAIREGRAAHEBE, X
5EMAEGHRRN DR — 80N, i#— 2 &
RIZH Y240, 7270 MA R R LA R I T 2
AN TE 1 AEH #FPP-MT A1 TS, X 3 B3 7| HL IR
FERE TR o W) A a2k AT S W R 5 8 5 CZE 40 B oz B
TR )iz .

2.5 EfthZRIRGEEIFMUER

2.5.1 AR H K F i A AL B (vanadium-dependent
haloperoxidase, VHPO)

VHPO B A Ge 45 &1 464 51 Nl R

I B F) X FhOIL R 51 XA S7 A4 3 4 P 1Ak

N, LT AL TS, 4140 & A snyderols [ 81 4K it

17

OPP

FPP-MT y-PSPP-MT ChloS
— — —_—
+5AM +SAM -PPOH
FPP v-PSPP a-PCPP chlororaphen

B 9 chlororaphen FIEH) & i 1%
Fig. 9 Biosynthetic pathway of chlororaphen
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RiTEAYEE (VBPO) ™. 4 i napyradiomycins
A AN A i A Ak W0 B NapH T Al NapH4 "™, & %,
merochlorins [f) Mcl24 ", 41 )& Laurencia & & F
B ASFAL B B B IR AR P2, B 3 A 2 i
s =, HATZJE ORI 500 2 FhAE 1L
G 100 2 Fhahitt) & 0wk BG4, Hpvr
Z H i AR RS . N T IR T RARHE 2R A
BN ARG LS, AT T L. okamurae W
ff] VBPO ™. DL o T &N (¥ VBPO J7 1 /E 4R
B, AE L. okamurae T 3K B 1 4 F g 15 2 8L 1)
VBPOF£# 1 LoVBPOla. LoVBPOlb. LoVBPO2a
M LoVBPO2b, ‘EA1¥7th 643 M IEMA MK, 75l
HA AL BE R IE 98%~100%, Mk Ab, 5 3 A 4T
VBPO HR G 7 H1 AT 1 Hoxt, [ SR s
FEAME . A T IR DhRE, B S0 L R
#iL 7 LovBPO2a AL H, JFA M HBEAT 114
AN, A TS i R e RS A A TR A
VBB ) R AR, AT DAAE SR A4 2 A A il 2]
snyderol S #J4&, KB LoVBPO2a R | M —THif
K & A R & P GE 1, R VBPO 2
Laurencia " AL S IR0 IR I 72 A IR AL s 24k
YRR — (100,
252 WAL AT IS SRACEE

245 B 4 A. cinnamomea F I R & A
ZMEBEAYEN, TEIT AR RAE.
W, BAEZEMAHME ™. (-)-antrocin & 4.
cinnamomea 7= [f]— F drimane 4 5 -5, B A
TEPUMR A v e, O TRRERIRYT s |
THREL (—)-antrocin [ F 77 & M A. cinnamomea
TR, HAENAEEAR, HIEAMT—E
TE8% )16 i (=)-antrocin, AT AR Y& RS R il
MLEIIAIE 2 . i, AT A. cinnamomea H %

HOW__.
IR L

cis- and trans-nerolidol

r 'OH

a-snyderol

Ll
+T X
B:/ “OH
B ’Qi/y%
' ‘OH

[-snyderol

£ T (=)-antrocin [f] BGC, A #2&, %BGC
A0 A AR Mt o1 g A il ) A AL B (HAD-TC)
(AncA F1 AncC)+ PP~ CYP (AncB il AncD) Al
— N EEEM AR (AncE) . 18 75 BRI 8 BF o 347
SURZRIE, B T 1% BGC A 4w b5 B 1) 2 g A1 e L
Wi F o A3 RIER &, M4 HAD-TC (AncA Al
AncC) #fi 72 W I Rel, TATTE 564 FPP M AL al i
e AR B R TR A, AR S P A 1 R AL 4y il 45 B
drimane &7 (1) 7= 1 Fll monocyclofarnesoid 25 4 ) 7=
Yo I X AncB I JE 2k R R AR . A4 A1 il 2 55
7, RILD285. D286 1 D288 1l fE 2 5 Jii 14k 5l
KIFPPIAAL, DI RAZEMR (D26, D29, D179
AID180) W HeL5 BB 145 & A AR IR M v PE A O
KLk, HED AL T AncC A% it 1O 1T 7Y TS &5 #4515 4
AL FPP 5T T4 51 K AL B . AncA BT 3
TS 45 A6 35 1A A AL 10 4% v 5 A 7 BELASEOK 1 Y283 AN
F375 5k B, ANBEJY AL drimane 7B 48, f 4 fiEfL
FPP JE i (R)-trans-y-monocyclofarnesol (P& 11).
X TR S AN B f# T antrocin Al monocyclofarnesol
ARG OR S, O 25 T BE 4 R AR W) i A=)
TRERZ YN 385 7 Bl

31 EFMTHESENERK

BT BT RARAFAER C Wi b &1, BF
FEN I8 ) TR B0 16 F B AR B B R s o b
BT C L AERIRGE T e i, A B AR RL I
FEEE, MAEBEREP I AR T — RHICAERA
2507 P, BT SpSodMT HJ L% 4L i 4, FPP 1)
HJE AL RO AL S B, 772 AR B 16 AN Bk 1) 1 25 /T

B /!:6/\ ‘\
% “"OR
B ’Q(/y‘\\

' 'OH

y-snyderol

B10 ) VBPO (AL RS TR & 1R 12 15 57 44 1A O L2
Fig. 10 Possible catalytic mechanism of VBPO for the biosynthesis of f-snyderol from nerolidol
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OPP
S
J AncC AncB
“\\ —_— —_—
FPP (+)-albicanol
l AncA

OPP
\g/\ A al
\'/II . ncC
. Type Il
H 1 TC domain
FPP a
oPP
HL13
Anc!\ b
(I' 6 e
H* _'_/ ” Type || H -H*
TC domain
FPP b

15-hydroxy-albicanol

albicanyl
pyrophosphate

monocyclofamesyl
pyrophosphate (proposed)

(b)

AncB AncB
—_— —_—

albican-15-al 15-albicanoic acid

AncE

H,0

albican-15-al (=)-antrocin

(a)

OPP
‘ H,O
12 AncC 5
ﬁ Type | -OPP
PPase domain

(+)-albicanol

e

(R)-trans-y-monocyclofarnesol

OPP

- f\nc!\ H .0

1 ype | —OPP

H PPase domain

B 11 (-antrocin FIAEMH KigE (a) 5 AncC 5 AncA T BERIFRLALE] (b)
Fig. 11 Biosynthetic pathway of (-)-antrocin (a) and possible cyclization mechanism of AncC and AncA (b)

PSPP ™, [A L HF 55 & AR 4% SpSodMT [ 4L AL,
i B 5] 5 2 4545 3] SpSodMT FIZE Ky, Al F 58748
()77 Ao Fe kA7 T MR . @ S5 R FPP AT
R, AREB T EAE T R T R] BE S e S 8
HATH 10 ek BE (B 11D . WX B iR Bk 47 5
RAJG, Hd s A RA RN LU= 4 48 C 1/l &
PPP. TPP. WPP. BPP. KPP flHPP. Pt 5 X %}
FRRAARTERE T R AR, R 3INAH
mWWQRJwﬁAWOﬁT&ﬂ%%@%Lﬁ
C,HIAMTS, MR EABAR P RILET LA
SpSodMT RAZE,  FI R PFAL £ - il A B A il &
B4 %2 C RIARIIRE /7, &5 SRR WA ik & B ik
AL 3R C R, T H A S ORTE M AR ) s &
filf Cyc2 #1 HaKS e 32 AN R (1) C, B A4 & B AE H R

G R &Y. Rt b, FRELERE
—BEINT R CYP, 3R1G T EMENE T
E S AL G5, R H IR TE T IRATA R L C B 2K
WA B IN A, HE— RN T SR A A ]
Mgt 2 et (B 12).
3.2 BEFCYPHEEMEMIESELTEY
32.1 A TSACYPA ik £47 44
TE M I8 B A ) 6 B 42 R TS R 2 s 2 1 kB
B, BEJE# CYP. BEEEMERENE . MEEEE R RS
BB — D AT A B RN IR b S
TEIX 28 J5 81 s N, CYP AR IR AL 5 18 1
FEAEAE AT DA SR 0 2R AL A, AU K Hh 42
T T s R RIRT I 50 Z R0, e xR &
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FPP PSPP
= OH
SNeA
WPP BPP

R R
PPP TPP
KPP spp

B 12 fSpSodMT K AR KA M C, FifA (a) 5454 FPP Al SAH ) SpSodMT #E & (b) P
Fig. 12 C,, building blocks synthesized by SpSodMT and its variants (a) and SpSodMT model with FPP and SAH (b)*”!

ISR CEE . TR, AATCUMHE ih &
RO E T ELS S TS (Fma-TC) Al CYP
(Fma-P450) IREF, FZHEAISEE 7 2 M w R IR
1 a/p- S A F M 4% Co/B-trans-bergamotene) TS
FXE B # 2 B CYP, 41 Trichoderma virens K5
f] Tv86-P450 5 Tv86-TC, Botryotonia cinerea K
1] BC-P450 5 BC-TC. il i 75 BRI 1% BF o Bk
TS M CYP #ATIR A HCX RIE, 4T 9 MK
frfmstb & P, i, PR E AR E A
4 10 N F] A copalyl diphosphate (CPP) [f] il A
B AN 4FP CYP, SEIL T 130 FiAS R ik 4k & 20 &
B B e N 150 B . 4 B RN BT SR VR I
i A PO A Y 10 M FE A A B, RLEE 4 R

GRS (AbCAS. SmCPSKSLI. GbLPS Al PaLAS)
MeAwuge [ B w41 (OmTPS3. RoMiS.
IrTPS2. IrKSL6. PbPIM 1 MsTPS1) . L4k, it
EHLT 4 AN G AE P Fh R JE K CYP (RoCYP76
AH22. SpCYP71BE52. PsCYP720B4 il OsCYP76
M8), HT b E s e, 8 7E B BB A
rb 20k 2K 3% 7 R VR Y GGPPS Al (+)-CPP & g1
NRZ DAY, [F] I AU EE IR IR 1) CYP A& J5 il
(ATRD), PLEARIZH G Zns & BEF CYP, L3k
340 N EERESRAR KR, RCIN R T 133 A s RS
Vi, (EASVEREM I A 80 Bl s AL & W i R Bl
Wil ., X TAEAMUBILT CYP X TIERRIEY
P E KA 7, R R TR H B R 677
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A2 B s AL A YD J, SR DR A A AN

B AR AR S A 0 T VR TR R AR F G R A A

Feft 7R

3.22 B AL CYP &) BALE R T 451K R BY
7y it Fe Ao 6 4 A%,

JUT97% K B mismh 2086 —Hf
CYP ™, i CYP 1) 2 P A R A7 o DA T0
I A A 75 2 [ I 3 0K R 8 I H AR 8 B B A e A
HoR¥EDhRe P, LI rE R N SEEL CYP 1) Th g
RIBWEPRE . BIEWE N RAE KA B it
51N MVA A% K 14 5505 28 & e AR (L R, [R] S
SAN—RIAMNIE R E A LLERAF CYP, SEIL
7% 22 R OR [ SR B 1 CY P R R T 4 s ARG 254k
VIR BRI P ZTAEE R 2 MES RS
3\ B K # BL21 (DE3) M3ERHd, FA
IPTG 5 ‘7K 1A MVA B & FIBEFA TS, H&HFHEIR G
SREFEMICIREED, HR 10 MR 75T
Wl AR S BN, SRR T4 31 N E AR
I RK B FE MEVLS (R f5 i) MIMEV20 (5
FEWE), ERIFEY) . FBE . 4 B R IR
20 At 25 B 42 & BB PEAL 7 MEV15 1 MEV20 [#
MRA A R RS Re 11 . v T 38 i A Ak
JR R A XA E CYP 3G FC M, 0F 70 3 4% DU N db
W JF & R AE K FF B 41 A R — AN A AR R R 1,
H & £ & Ferl/Fenr. Pdx/Pdr. FdxD/FprD PL K
FIdA/Fpr, %53H R HA S ZAMIEEE (A B H
PREEUSIERL S N 2 0 CYPs. R, #4528 A
B2 H fe ke 8 — % (labdane-related diterpenoid,
LDR) ‘B2 (IR LR S N R ik, A
MR T 22N, Bk, RS u0E—5
T35 30585 ZE v 696 4~ LRD BGC % i3 1) 64 b 21 1
CYP. # 17/ LRD B2 & il 5 641> CYPE K
FFB MEV20 T H G 3Rk, FEME T 1088 N H
Pho WSS LN, A 203 NEHE4 T B LRD
R, SR I ) 228 AN B BN AL i,
H1195/M& A NIST il 5 2 VUAC . % TAE 7 7k
B 7 B A 5 K AR S B T B K AT B R A Re i R
RS SRS YA CYP, 8T E A4 S A0
(16 2 A BRI A2 1T CASRAS S50 2 FEAL NG 2RI B9
323 @it A4 CYP A T4 B BEA it £t

ot

B T A FH R ARAEAE () CYP K= A 5L &

PAA, it A i U e R A @ N T CYP AT LA
B A — R AR R IR B J8 I % P450 i
CYP119 BEAT Ui, W Al DN 1 R nh bk B e il 1%
i % 4 @ 1) Ir (Me) -mesoprophyrin IX [ Ir-(Me)
MPIX], LTSI T AL R AR 0 8B JE 48 N 1 —
RV IE W SEAE BRI b A B 7 E =
72, ZNTLTCYPIA SRR CYP119 KBUIH X
WOEPEYE, TR AT TR SN B 5 11 i s B R S A 4L
RGNS G R el . RENT &8
CYP o] DL A 35 1 A R SR ORL, A 76 248 it Py
1N 4 J 5l TR - SR SN A% 98 I 87 3 AH 24 PR HE
TR PIX — R, BTN GE AR K A R
it 235 B ARk Apo-CYP119 Al 4N 52 /& ChuA ™7,
45 A I RIG Bk 1 9% 2 A B AE AR 9 SE B T I
CYPUI9 42 "™, B )5, @id7E 1% TREW W 5l
NATHE I B B SR K IR, SEBW T Fr A58 04 16 L 1k i
PR el . 1% TAEIE K Chud #i2 R4 5 0N
AR R A SR YR 1 I 4T R B iE R4 HUG, 3 R
T+ 7 B 5 A Tr-(Me) MPIX 3R FE A Tr-CYP 119 f 40
M. m¥%, BELRIIHUGHKIZ RS 175
W5 A B X FE R . Apo-CYP119 J% Ir- (Me) MPIX,
EHESFIShERINER LR LB, N 4.5h)5LL
43% M AEXT AR IS R (1.02 321 1.8 1 1.5) 3R
37 250 pg/L BRI AT, JRILT 45 G0t
0 AR W A AH DL AR R R SRS DS Ak G 1 R
=

4 g H

TEJa FE AR, FRATT B AT PRs SR K & 2
L5 BRRE 1, R EIG H ¥ A 5Pk & J#
A R F AR, X AT R DL 2 B B
Wi FUHT R AR B E T Al . TS — M AB R T
REASTE I 0, 50 507 AR il S R AR 7= 4 1) K
SWEEZREE . EATRA S RME . AL
MIBEEE W= . BEASANNEILE, &HZM
JEH I TS, B SCAAN TR TS Hrivgk. 3k
FE G RIE =05 AR B B 45 M 3L P (1 UbiA B
TS. M #5H 2H CYP. & R C16/C17 Ak % M
i R MT. & Al 28 & 28 1) VHPO #1 HAD-TC,
BT A A P A B S A RS R 2 R
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WG~ A K R IS R SRR B 8 TS A #53
— BT R . TR, AIAMURILT 2 F
I LG KA & AL OB, ARG R AE Y
ROEE BT T A8, R TS 5 CYP/MT i
ITHEEME R, S SmE TR A
P2 FEVERI IR, AR RIRE AR ARG R A
VIR A S R D RE ST R 7 A

HAl, ERRAB=WHIRIIENT CEKRE
MR B, AATAAEY . 9. 405 5 B 50 5
FORIL TG B o R, AMIER
LRI 7805 20 A W0 (0 A= ) 4 OB 5 8 12 07 THTEL
BT ANBERRE, PlamhSE 7T EEEE
Y& BOS R TP BRI OCRERE, HROR T RAZEE A
T T B 5 M T8 AL, R 7 T R AL
SURAE W) A R B R R R D R e,
5 A A W0 E A BT ST A AR IR A7 AE — i
Pk :

O A AP Pl KR A AT RE 9% 76 7 U5
i o E A BGC, (H A SR X DUAE 50 8] Y 56 3K
MM AR M BGC RS2, HaMbmBET &
(auto-HTP) AEHY = AU SE L IE R #2408 . BGC RAE
U=, WK R A N R A 573 1, SR ARk
5 8 55 KSR 7 WA I IR 7 vk . X R B H
BA 1) £ Bl auto-HTP, 7E e R L 2 2 Rl 4 )
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S5e, FE R B 2 A S5 HE B A dE ik
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1Bt 2 BORAR T 778 25 W51 R 2 =2 1 i 2Rk &
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K SRR A R AR A T BRI, AE R SR Tk
YA Bh T FRATT S BLARE E 2 Ak S ) I R TR 42 0
HEYE OB RN UL A E A R, T 3RS
CEATT AR Rl e Aty

@ 2 A5 R 2 Bl 11 35 1 A2 i 25 A6 5 ) S UR
BRI DB, AR R SR T IR A AT ) A A I i
AR 0 KIE, [FIFHE AT fefEE —Le B, i
WMEETER . PR RS e IR R 25,
LG A B T A2 S B B PR 5 0K o TR 2R AR B Rk
By S hRez MR R, ABTHARKEZR

B ZNHAMMERE R EY . TEk, FHETX
UH2k S A% AlphaFold2. A7 FEbric B A L& K
BIFE T HREMAWARE, RATERZ RS B
KB EE A S50 A HLEE AN Th B U7 T ELAS TR
gtk , Bt N 5157 GPP C6 fif F B % 1%
i BezA HEAT B TRE S, A H A28 LLFPP MY
AR C iSRRI, AAERIR C wi k& A &
AL T B BB Y AATTXT cattleyene & B (CyS)
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()45 2k A B Cy'S RE8 25 94 GGPP i) & i 288
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BEE ARG, 38 D B ) S5 A ET B wE SR AL G ) AR
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RGN S VST 8 el 2 BN L N (N [ BV S N
SRFRA I AR 75 B3k — 2D o 00 7 1H

QRE DA & AT HI K H & E 2Ry
Ko, AR T g AT A TOOIUATS A — T AR i
PIEkE . o THLE 25 N TR ARE, A
TIEAE M il eix — 1ol AT AN %% 77 . il
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8, IFIFR T —FPJ7 iR ES BE B 28 % 2
BERY, DU AE 500 5 B 2648 S #EAT TS ThREIE
BE o ZASAYAE TS Al AR A7) 0 7 Tl B A T B
B 7. IR X e Y R TR B B )
A, RIL T AT AR A B E) 7 R TS, I
SEEGUESE TEATRE M. R A, BRI T
— ANHTI TS 25 A4 38R0 DL O %0 &5 74 351 AN 8] I
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TESRAT 1 R BB R 0 2K 5 A oK g A ik 428
Ja, AT AT LU A G EME s, En] Lo e
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M 7E i 24 B% Al ent-kaurenoic acid f) C7. C11 425 A
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