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chromatographic techniques for separation and spectroscopic methods for structural analysis, the pace of discovering
tiny bioactive natural products is accelerating, concomitantly leading to an increase in the diversity and complexity of
the newly identified structures. However, to meet the demand of the quantity for the study of their structure-activity
relationships, target identification, in vivo activity evaluation, etc., growing challenges in the requirement for the
synthetic efficiency, economy, and scalability of natural products are emerging. Synthetic practices in a
chemoenzymatic way have provided multi-dimensional visions for natural product research, which emerged as a hot
research topic in recent years. On the one hand, enzymatic catalysis has provided highly efficient and selective
synthetic methodologies that would complement traditional synthetic methods. On the other hand, the introduction of
enzyme-catalyzed reactions would bring a new mode of strategic design for synthesis, enabling the rapid and diverse
synthesis of natural products with high efficiency. In this context, how to integrate the enzyme-catalyzed reactions into
the synthesis of natural products is the key to a successful chemoenzymatic synthesis. We herein summarized three
roles played by the applications of enzyme-catalyzed reactions in the current practices of chemoenzymatic synthesis of
natural products. (D The involvement of biocatalysis would introduce a chiral center or a key functional group into the
starting material, or supply complex synthetic precursors (e.g., polysubstituted (hetero)aromatics, chiral pools, etc.) via
in vitro enzyme-catalyzed reactions or fermentation, hence advancing the starting line of synthesis; @ Late-stage
enzyme-catalyzed chemo-, regio-, and stereoselective modifications of substrates with heavily substituted functional
groups or inert positions of complex skeletons; 3 The strategic application of enzymatic catalysis as a key carbon-
carbon bond-forming step in the construction of the skeleton of natural product. Finally, we have also discussed the
current challenges and future trends of the chemoenzymatic synthesis of natural products in three facets, including the
design of synthetic strategy, the development of synthetic methods, as well as persons involved in the research. Thus,
the integration of interdisciplinary methods and technologies, including chemical synthesis and biocatalysis, would

invigorate the synthesis of natural products.
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Fig. 4 Introduction of the key chiral center(s) to a phenolic substrate by the action of flavin-dependent monooxygenases
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Fig. 5 Introduction of the key functional group(s) to the substrate via a-ketoglutarate-dependent

non-heme iron dioxygenase
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#5042 B GetF ™ F1 GetI ™, Hans Renata &5 7" 43
AT L-WR e F R (L-pipecolic acid, 41) 3 {7l
L- /R B (L-citrulline) ) 4 A7 47 16 kb F2 4
il & A B JE R SR 2 AL IR i P 42 A1 43, DL K4
PEA IR 11 2 56 i T 3 Ik GE81112 Bl (44) 44
i [E5() T

B TS BER, o P G R A B ) U AL B T
DL 4% 32 AN [ Bb 28 0 S 90 AT ICBL . G Allison
Narayan %5 F| FJ M\ penilactone 2 K 28 7= ¥ A= W) & B
B E 1) ClaD, ) AE (8] 28 1y 2K i) o 45
(I RAL AT R B T, 19 3 46 1T JE A7 AR AR
W H S ORI 47, %05 VE P AR ] 5 LT SR XU
A& 48 AT 105 ML 75 5K (1) 2% Diels-Alder X M, J&
S B SN P E Ay = i ey @ UL N
3K 1) Diels-Alder Je N, M58 I (=) -xyloketal
B (49) HIARFRER [E5(e)] ™,

1.3 SERE (&) FERAFRIFE

— LT A T K DL R A R R AR e R &
WEAERNZIATE 0 BB, BHard
U < R A A 1 28 SRR IR O ¥ 57 B R R R 22 BUAR O
W &R T SR AAh, R
VIR A G g, DR N B A ) 7 Xl & 2
WA & ) HAEE Rh EA AT UUH T 5
BE R IR & . A FH g 4 1 7 X 6 22 B
RIFHE R I FEABRIR W EY G BOR 1%
FHOCHE IR, TR KRR KU 2 &
R BT 2R ) B 3 AT AN R HUOAR 5 SN 05 A
() AR N JF R, X T EA OCEE ) 2 iz v
(R 32E— 0 ¥ g LA B HAR A R it — P 4 iy o

Yoshiteru Oshima %5 7} 5k H Chaetomium
indicum 9wt chactophenol 25 K AR =¥ 7% B i ZE A= W)
E AR JE SRl A (non-reducing polyketide
synthase, NR-PKS) pksCH-2ZEK 5 A\ #15 32 K ih
% (Aspergillus oryzae) F AT FIRKIL, KT
PR 567 A NR-PKS [ J5L 46574075 B ) 8] 2K Ty
TN 50, B 572 U5 1E £ VEH T A R S 6
(isochromene) fiTAEW) 51, HUCHE T T 30 mg/L.
SO A ST LA — @ &4 T (R, B,
A, I TR AT AR R 1 0 R R A A

S2 AT R B A B, NTAE I — A2 D fe
AR BEAT Z FEL & B, Hl & S3~55 %2 MEH
RARTF= W& BERNHE R IR =W & BE AT A, AT
PR T IE KRB 7250 [E 6Ca) .
EAEY LA R TT I, R T AR RN
spiroindimicin X & K28 =¥, B 1 H A R 5k 1)
[5,6] BRIAAT [5,5] WRIAE L2 4h, A7 AE DT
AR s i B U7 A A 12 SR KRR ) A K
FEAE R T E 2 A R Y, B O R
B EHHATE AR T, NMH — REEAR
B, RIEE R ZRERR KA EY
HHROBEH A O IR R R EE, e
R %A 1k B LaStaO A chromopyrrolic acid & fi%
VioB, K& T NL-AZ 8 (56) Kk, ik sh
XA — A 1] %% chromopyrrolic acid ff A Ak %
FE) & F R A JE BRI AT BL 69% B # 15 F
lycogarubin C (57) . % T fR #" Y lycogarubin C,
T I3 B L A T N C3'-C4 R C3'-C2 A AL A B
fE6 3 LN Al e T BA [5,6] B340
spiroindimicin H (58) FEA [5,5] BEINH 41
spiroindimicin G (59) &% [El6(b) 1,

1.4 BEESRBENFUMGHE

T S ) 51 N T BLSE 2 R A R A
FEAEM AR A M A F P dt, AT R4 R AR =4
) B AN el T B T T R A SR A XA
PR, A A s AR BRI B T 02 ) T 1t SRk
XN RN =W SR s 1 1 v R0 7 3 1 B 42 it
T RG] . axX G 2 AL B ) % 2 H AT
AR Z I —K.

i R RAIR = WDAELE AR N H B4 AR IR = T
JGIR IS (65, IPP) FIEEMERR — H B JG AR (66,
DMAPP) P A~ A2 U5 5 R — M o B B0 e 21 2
KUY HETR LAY AR N 32 B Ak AR Rk B Rk
IPP #l DMAPP, RIEE4G T L BEGHAE A (60) ) H
¥ % R & 12 (MVA pathway) i 45 T 4 B R
(61) FND-3-TEELH B (62) 1) 2- HI K 75 6 |
lRi&4% (MEP pathway). B4, ITHERKET —%
N L) 5 1 0% BE R H 18 42 (isopentenol utilization
pathway), 7] DLIE I g 5 K JaEE (63, prenol)
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Heterologous expression in Aspergillus oryzae: pksCH-2

o O

quant.

HO
50
O BF -EL,O
OH
HO & CH,CN
52
1] chemical
diversification
OH

54 (66%)
BF-E,O (15 equiv)

(a) 75 IBUFCTA] 48 i i e £

10% (by mole)
—_ HO

==

HO

51 (=30 mg/L)
OH

53

55 (66%)
BF-Et,O (10%, by mole)

il B A G T AR e £ R

(a) Heterologous production of hexa-substituted resorcinol and its
application in the synthesis of isochromene derivatives

NH,

1. LaSta0, VioB
HO,C (NH,),S0,
NaPi (pll 8. 0)

Me0,C N

s

N 2. TMSCHN,
H MeOH
69% in 2 steps

L-tryptophan (56)

spiroindimicin H (58)

spiroindimicin G (59)

() A A 1 0 S s — SR A i) o DY At g % L e spiroindimicin 8 1% 28 F= 49 & Rl b ) 182 1)
(b) Enzyme-catalyzed dimerization of tryptophan for the preparation of tetra-substituted pyrrole and
its application in the synthesis of spiroindimicin family of natural products

Bl6 2 HUITT B I Sl oA 1 B ik o 4%

Fig. 6 Enzymatic preparation of substrates with multiple-site substituted aromatic skeletons

N 3-F HE-3- T #i-1-lE (64, isoprenol) 17 W
(1) % % 14, 1] % DMAPP 11 IPP. 5 4L b 57 [ 5t
T 7 i ) A FH O6F B B TG E AT A AR AR RS R ) 2
PEALHT A 67, FEASR B s AL BEE R T, BIw]
AR PR SR R . MR DA Bk 2R AR WS

BEARGE, ERAE. B TR E S AR T
VR e PGS S B R AT S VR R % B A R
KFMMERAZ07, I HRIBHT 28
R RIR &R (B 7@ 1.

hn 1)K BB Fll Mathias Christmann 25 52 3@ i T 52
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Heterologously production in
E. coli, yeast, Streptomyces sp. elc.

0 acteyl-CoA (60)

)\WOH l MVA |
o pathway
pyruvic acid (61) OH
% J_L/\ prenol
OPP (63)

O] — B —
—_— IPP (65) -

H OP  wmEP isopentenol
OH thw )\/\ utilization
pathway N-"0PP

D-glyceraldehyde pathway OH
3-phosphate (62) DMAPP (66) .
. isoprenol
5 (64)
prenyltransferases
terpene
cyclases i
> diverse
N = N OPP terpenes
n fpenes
67

(a) W25 H 6 RO MV Al 12 FIMEP 45 LR A 1 5 O s ) FH i 4%
(a) MVA, MEP and artificial isopentenol utilization pathways for
the biosynthesis of terpenes

o)
o4
guaia-6,10(14)-diene (68) OH

STCS: Fgl02895 (—)-englerin A (69)

(+)-isodauc-8-

en-11-ol (70) amorphadiene (71) valencene (72)
IDS Ads ValC
OMe O
OH
S NH,
HO_Q\O “H brasilicardin E (74)
73 fosmid (bcaABO1)
eCDPS, eAS
eAOX, eAOXFD u
5 steps
OH
OMe O
OH
NH
2 TFA
HO NHAc brasilicardin A (75)

(b) 7 U5 3k ) 28 1 ST SR A A A LTRSS R R =4 5 1 o A B2
(b) Heterologous production of terpene skeletons and their applications in
the synthesis of terpene natural products
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2 GdolS (0.12%, by mole)
= = . o
HEPES (50 mmol/L, pH 8) \I %
OPP . OH

37°9C.1h

FPP (76)

Hh
NBS j

——

cHcl-8°c Y

fH

germacradien-4-ol (77)

o 12

OH

(-)-6.8-cycloeudesmane (78)

(c) AR S (b L) 28 88 208 0 R AR R B B A 5
(c) In vitro enzyme-catalyzed preparation of terpene skeleton and
its application in the synthesis of terpene natural products

Bl7  #ESEHT A %

Fig. 7 Preparation of terpenoid precursors

A0 B K i A B R RES I B, R BB R A2 AR A
BB A A A Jot Y A% e s A LB Fgl02895, il & T
guaia-6,10(14)-diene (68). T & HK T Hbr
FEVNI A B 4R, A\ 68 M kAN it A Ak A 1 A
P AL SN 254 7 B AL B S8 R T 0 4% TRPC il IE 1 5)
7l (=)-englerin A (69) ZELEW ) = RIRF=WIH
G SRR, DUAESE ) a7 R 2 s R
1B STCS 1E AR K AT B b i) £ 68, I LLAH ]
HIPAE XA RIS T2 T (—)-englerin A 25 Py 4~ K
RPN G . Ak, 8] A s PR IDS B AL
W TRERIRAL, TUESE ™ e 5e LU 1 o/L 17~
HAl 5 bk A RS (+) -isodauc-8-en-11-ol
(70, 85 niEid 2 DM S P FE A TR T
(+) -schisanwilsonene A 1 ( +) -tormesol H] &
[E 7], HEAeRERLESE R, 20
X (=) -englerin A Fl1(+) -schisanwilsonene A 1] & F%,
B R e 1 FH 9 5 W AN 5 v ok v A A R A 1
[N g R | B/ ¥ (B2 NG| DN e = g2 Y
RO A%, AT AE 5 225 il i) ok 1 R A2 B AL 3
VA BEAMS M B ] 5] NS5 7 1H -

B 7 H KSR 1 MVA R MEP 42 5] N\ 815 3=
RS, SRR @ A R i AR T K I — 2%
9 VR e T AR R AR A AT AR iR AT . T
Zhou Kang 1 Wu Jie 55 " Fl| Fl1Z & A2 75 TR K
Ji% ¥F B+ ] % T amorphadiene (71) #l valencene
(72) WFRERIfE s R E 4L, JRdE— Bk T
AL LA 5 0 0 TR A7 32 498 M A A 5 T % 5 0T i A
AT R TR A, AT A 1 AL 35 v R i 7E
PR 2 AN RIR = S LA

s A B 7 AR AT D SRR R AR A S
e, DR AE S YR T TS N B A A R
] 2 AT R E A A 1R i 28 BT B R e R &
its 28 KSR 7= W 1) 5 FH S o 481 4 Michael Smanski
G IE R IR B R A E R T 5 N hE G i ent-
atisane — W ‘B 42 [ X B R [0 0 £ B IR S R
(eCDPS) Hll ent-atiserene & Ji{ i (eAS) H: [ 2
Gb, B GIN T G A B AL B eAOx S H A AL
Ji HE AR AR 2R e AOXFD 2L [, [ B ad i A i
BWARAL, BTl T 19 A E AL N R R 1 ent-
atiserenoic acid (73); Bl Jg i it 4 04k 2 F AL R 58
BT B A G AR AE 1 1 R SR 7 W) serofendic acid
F A . Z5iith, Harald Gross 5 ® F Al fosmid
SCE v BE T WAL brasilicardins 28 K AR FE I AE WA R
LR, IR A NIK BB (Streptomyces
griseus) ", BT FEFRIEMAL . IR L RIL
s T A . a4 420 1Y 9 55 U7 TR Ak, BR DA I e
ZHAMNTFERSANAEGE " YREANHNEN
brasilicardin E (74). M 74 ik, T 5504
Ak, BIAT 58 BRGNS MR R AR
brasilicardin A (75) P&, @IS BLEJ7 i) %
()75 & LASCHE FLils R BT RIE 7T o

BT VR 18 E AR N AL, RSB A AL
A ) 2% FIARE 52 RS A0 ) ) % AR Il ) AR
PR, HBT RNFEEZES, B RETE,
DAL 0 A1 R R T il 2 28 ) PR JE ) 4 o 40 Nuno
Maulide %5 | F§ M %% 2% 18 Streptomyces citricolor
7 4 15 2 1) germacradien-4-ol (77) & il GdolS
TE 9 A A7) Y, DB Ak A 1 45 Bl 2 v J8 T
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(76, FPP) Hik Ase % (MR G % 77. BEJE, %
A BAH) F AR I NBS 5 3 18 07 A4 Bk 1 51 30 P ek
AR, H— BT TS R A B 3-5-6
FEA RG I RIR =W (-)-6,8-cycloeudesmane (78)
[E7¢c)]™. XHRFEBHNZ, HTHERT6
W& e 5t, 7B SEE0 % B BRAN (07 JE il i Ak 27
AL 2 76 BN B AR S 2% () B ik

2 eI BERHHAG S N I R

RART W) 2 FEPE RS R Bk T AR BLAE HB 38R
SR Z BN, AR BAE R A [ A B HEAT 1
Bl pafl . WAL . OWE AL S8 AN A R 5T A A2 A
WG RN EE T m . G R EoR
Y, X EEE AR E B I 2 A U i AT DAAE £ R
S K AR L R e [ LIS S R SR SRR R SN
JAE B e A BN AN R 2 KB e B Re & Y, (H
ANTE A P D 5 BN CRBEAT S R BT A2
FEPE G I A E R LR A 53— Jr i A] B
R e AT B, 8RR EHIANE
REMT, IZ S IR — A B % rh R A, AT BLSE
BUR IR RO ARTE 2 FEAL & B[RV 38 RE 1 25 %
FEAS R BT A9, DR 80 R AR W) 2 RE AL 5 Ak
PR AL AT ST AR SR g 2 — Y Al T
RIRTIA T SR I B 2%k, & e I 1
BREAEZ HRBGENE . Mkl Laex
VAo ) A AL S R RO S RS iR, T
M {4 1l S JSE T 412 38 11 3 A0 2% e A o 308 45 2 B AR 4
Mo AL IXEE TR o A H AT R SE R, 3 I 0
W B A 582 IS I CANEE Clngii i € 5 P450,,,,)
R RANRPE, 8l Y & OE AR B Y E
AT AR B A W 1 b e BB Tl 2 H Al PR
A DA BE T R S I A AT A A 1 14 7 o L
77

21 ETEARZREVIECHEERHEIEE

BT B ST i RE 4 S AN R SR R A IR
PBEAT IORLIS S 12 g B B R AR AR AT DL — AN B
BBV TRk T &, T IF R B A e e fiE
fE ST B T . 40 i €5 K P450 5 A2

RN E IR AT IR E R A ) — R E B T
FL, e e e SRR AT B A B A A LK
RNEIREY B A B e EAG I 3 P, e
T MEKRZEME (Bacillus megaterium) B
P450y,,,, REXTZ R BL ) RIEAT S AL 7 (R iE
I X P450,,,, KA PEHEAT I/ L, IFdt— Pl e
) B A AT 0, W BLS B o 2 T VR AT B AR,
KRR TFEW) 2 FE A& B JE WS 1 2 A 52 F
TA.

Brian Stoltz 1 Frances Arnold i 2H “* 7£ 2017
SEAVERIE T B s A= Pt nigelladine A (80) 1]
B IRART R -k A i LB 8(a) Jo FEARATTHY
AR, AT O 6-5-6 IR LT 2
Ja . AR A R E AR DY AN AT RE & AL (C,
C7, C10, Cl14) skt CTAL AL, NG
B R BE . FEREAT T ORE AL S S A SRR Ik 2
J& s AT A IR 43 s TR A S84 SR A A2 AE CL A
g Cl0 AT E A, BAREM B (.
B S T AL AL SR T B I B Rl )
CT ALY, H LR EFEEZE,  [RIE A
FHIRZ 1 AW =Y. B 5 AT 1) B A 10 1
77 AT CT A% Ak, I R AT 7 B A 2R R
2 RKARFLR W 1K P450,,,, RAZAREE F1 2 (focused
library) HEATBEWEHEIRE, 456 ik i 2 Rk —
BEAT B 0 AL B s, KR AR RCT ALl 2.8 & 1
() DX dde B 1 AE CTALEAT #2140, 342 Dess-Martin
SEAbJE, BIATRAA A 21% B9/ 2, 58 A nigelladine
A (80) HIAH .

FAh, X H TR KA R AR BOIEAE R 4
A BT BR R, 6 T AR B A BEAZ 4R
B E 3EAT I B AR AL A U 7R LR 3/ 4H . W Hans
Renata 55 "' R ] 7 5 K & 0 18 10 & L 75 N I
(81, sclareolide) FIF&FK75HE (82, sclareol) P F
W AT AT T LT (drimane) B 42, [A] )
) A 38 B RE 2 R0 it 2 B 4R B R AN T )
P450,,, KA, 256 Ji S v T 1 /N B ASE 5% % 44 g
DA E M AR R, DA 81, 82 K H RFIATAHEN A
KT Tk (K8 1. &R KIMAFM
P450,,, RAZA AT LS 81 2 HLATAEY) C3 AL ¥
1] 25 83~86, 1] LLSZIL XN 82 f HATAE M ik
FEE C3 1 C6 AL F2 AL il % 87~88, 1 H.ik 7 24k ™
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“OHTFA  P450BM3 8C7

NH NADP, i-PrOH, ADH

DMSO. KPi buffer (pH 8.0)
23°C,12h

then DMP, CH,Cl,, 0 °C
21 % over 2 steps

79 nigelladine A (80)
(a) P4S0BM3 %2 24 fEnigelladine A4: &b 9 15 iR FR R PR 1k
(a) Stereoselective late-stage hydroxylation in the synthesis of
nigelladine A by P450BM3 mutant

I';’|i|
sclareol (82)

83 87
BM3 MEROI BM3 KSALS BM3 MOEROI1 L75A
60%-70% yield 67% yield 62% yield

85 86 BM3 LG-23
BM3 MEROI L75A BM3 MEROI1 L 437A L18I1F, L437G
82% yield 60% yield 46% yield
o -
pyripyropene E (89) chrodrimanin C (90)

""OAc
gedunin (92)
(b) PAS0BM3 5838 44 11 i W% 1 F2 b £E 05 25 TR P= 1 5 R 11 12 T

(b) Selective late-stage hydroxylation by P450BM3 mutants and
their applications in the synthesis of terpene natural products

B8 T2 ML (3K P450,,,, J ALV P i 146 A1 s (9 R SR 7= W 5 1

Fig. 8 Natural product synthesis based on screening of cytochrome P450,,,, mutants and its engineering

Poun83. 86 1 87ih v LASKHL e MM (B HEAL ] Mk pl, AZEHE 1 & M . DAL Eg (1L
Foo IXAEAG A R TE I R 7O AR N 2 B O P e B B R A O B, S

4 l_il




928 GRAENE $55

58] L A 5 37 A 5€ BT N pyripyropene E- (89) .
chrodrimanin C (90) Fltaondiol (91) 7EHHIZ A
Tl FERIRT= W, K1 B8 R KRR W) gedunin
(92) LLJ i excolide B (93) ZFMI& . X HTH
BRI, H Ol OB 3 2R T AR
P PE RO B S NA N I EAR RS, W RLE BT A L
BB 2 IR SR =) 1 89~92 A Se BE M AR BE 1 g
HEACTT 13 2 1) 3- 32 B Ah S e P DI 45 0 B A
kA DLE B o RAR =PI & e, F) FH
T A I 5 S 1A A o o A B 5 N A A IS Rt
ITH A 22 . WIHE excolide B (93) [ & hl
H, Horp(a) 4k 88 C3 AL LS B BIN & A T AT
J& B8R C2—C3 Bk B B 1 T 2L, AT 5 R A BRI

%% [102]o

2.2 ETEVESH/ECREPEREBNLISHE

TERIRFEIN D) G BOR A T, TR A 1 R
HAEREE —EMIRYAZ s R 52 XS 458 FH AL
AR, AR AE A 2R B A () BORE AL ) 38 6 12 o
AT DodE S O AT R R A G RS, 8
T JE A 5 R R s N T i TR 28 B SR 1 28 R S 1) g
TX R W RV e, XA DR SR A G BT
I B E PE B ) D2 . R, BART A
HE R AV BTN J1, 0B PR RE € K
VI AR A RE D1 TR B R SR S T R AL ARF
SE R LHEAT IS . PRI, ANBE Ak A ) SRR AL
JEEAIRE 0 B PR R T AR A L B, B S K
PLEAG R € DI RE R — 2 A AU A% .

7K. 7% #l Hans Renata 1 &% 2H F F 517 #7652 1
R85 2 AP B 3R AR B g A% R B X6 s - D
FeAZ bt (ent-kaurane) & 4% C7 AL B FRAGIE 1)
a-f % TR (a-KG) MK XU 42 5§ PtmO6 ",
DA B C11 A B A F2 A0 PR 1) 48 Ji (2 36 P450 5
AR PtmOS "™, 455 X 4 £ 2K P4S0,,,, SRR
4038 RN O 3k BT 43 BRI C2 o B A R AL TE R
BM3 MEROI M177A RARM, 1£ 2020 4 & /E R 1E
TR RN T 0T - DLSEAZ e B B 00 i 1R AL 27 - il
AR A AT DR T R A I Al 4 RE (94,
steviol) BT - DUFE A2 M5 2 (ent-kaurenoic acid)
M JERE, dEaE Db =R B T R R R A

R, P DA — 5 1) 5 [ Bl S0 A S AR A 7 1
i, AIAE 1028 LA S8 1 6 AN X BR- D158 A2 e 2K
TEA R WA EE (94 Hk [E9@ ], F
M PtmO6 W] LL{E CT Az #EAT e B F2 4k, 122 PDC
() 8 A0 BY AT 49 3 7- B B AT A2 95 B S 1R H
PtmOS Xf C11 Az HEAT 246, W] L 67% H ™ 245 |
96, fEad BRI OB MRIEEFEESR TG,
3t — 0 0 T AT A AR R R T T A B AT 5E RROR SR
7= ¥ rosthornins C (98) #/l rosthornins B (99) [f]
A X AU RS, AEE KRR T P450,,
()38 JiR A AR &5 7 38Rt A 2] T PtmOS B E )k g
FJ# T PtmOS-RhFRed, M4 1 1 &Y P450 /i
PtmOS [ #4035 38 Fa A B W0 1% . 3 4, i fie
M SRR T AERE R B SIS IR 2
AT Z A, SRS P A S BN DL JE
S R E A RSN S W B - DUHBE - Cent-
beyerane) ‘BRI AT (1000 Ak [EIb],
I PtmOS 7] LLTE C12 7 HEAT mi 2 224k, fg BA
92% I 245 31 101, 388 I I 14 10 e T 1 12- 32 0k
AETE TR M 254 T 1 N e 3 Wagner-Meerwein 5 HE ]
Gl R, AR A KRB A (ent-atisane) 42
11102, 171 10234 ] 3 — 0 EHERK ent-trachylobane
B, A =P T EEEXT ent-atisane fl ent-trachylobane
B AEATAB M AT LSS S R SR =) A i
AL B Y C14 AL 5 A W35 1t % V) AH
K, T B HT G AR ROE ARG O R AR ST 14B-
FEAEMEE . 2022 4F, SEBUREA M JEdxy
VR RN B S 3 20 2 53 0 i, N IerT ik
Y4 1)K (Calotropis gigantea) F1H 1 K b g
(Bufo gargarizans) IS E | B AL SR EEZ I
C14 Bz HEAT F2 46 Th B2 W3 1> 21 1 2 3% P450 N4
filf CgCYP11411 F1 BgCYP44476. #1FE 10(a) fli 7w,
Fik CgCYP11411 8%, BgCYP44476 I BE 1Y fE 1
J#% — Wi (103, androstenedione) %1t A 14a-F2 35
BARKIAT A 104, 9 1k — B3R iz SO N R
A PR, AR 3 8 I B R 0 AT A AR AR, RN
B W Curvularia lunata CGMCC 3.9012 &g LA 70% K
WK 103 #4546 104, 104 25 i 7 L (R 45
£, TI13 2K 140- 52 55 BR 9 AY- I & 10 A TR) 44
105; 234 Mn (acac), f# £ ] Mukaiyama 7K &
I, AT DLSE AR 8 1 A B 2 14B- B SR



%5% www.synbioj.com

929

1. PtmO6, aKG

L-ascorbic acid
FeSU “TH,O
V0
HO 0 2 PDC L)MI o
steviol (94) 95 OH

85% in 2 steps
ent-kaurane

PtmO5-RhFRed 11 oH
Opt13, NaNADP I. Ac,0, DMAP, Py
—_— ! =
NaHPO sHO OO @ 2. Ph,P, Imid. I, THF
670; then NaBH_P H:O

o]
—_ -0Ac
RO : OH

R = H: rosthornin C (98) OH
R = Ac: rosthorin B (99)

(a) PtmOG6FIPtmOS {1k 8 JE AL 75 X - D1 SEAZ e 22 J R = 0 pl b 4 7
(a) PtmO6- and PtmO3-catalyzed hydroxylation and its dpp]lwtlun
in the synthesis of enr-kaurane natural products

PtmOS-RhFRed OH
Opt13, NaNADP 2
| e
HO™ ~0O Na HPO,-5H,0 I
isosteviol (100) O & it 101 o
ent-beyerane
THOH N l-rOH
- | S
- ““ —--H 1 12
MeNO, ! e
LNO, | s Y 102 0
; 0O ent-atisane

(b) PO £k, e - 0 0 g 440

AN B L AE S B 4L R

(b) PtmO5-catalyzed hydroxylation ofcm-bucram skeleton and
its app]icatinn in the subsequent skeleton rearrangement

B9 T IEY A BB AR AR I B R R AR B

Fig. 9 Natural product synthesis based on enzymes from biosynthetic pathways

[a] /& 106, 5% O & C(cardenolides) FlI W Wik {5
(bufadienolides) ' C17 437 B F. 7 F1 7S 76 A Big HUAY
F | 4 A ()44 107 £ Stille BB EE ST O\, AT 5
RN digitoxigenin  (108) %5 & 74 15 1

FAh b, A B ORE R B AR R N A AR
2023 £ 8 M Curvularia lunata CGMCC 3.3589
R T B % 8k Clda 316 T BE 10 41 i €4 P450
BN B CICYP14A, [F] B 3@ ok 85 [ 25 4 T
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Fig. 10 Natural product synthesis based on enzymes from the pathways in biosynthesis or biotransformation
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Fig. 11

Application of cyclases to the skeleton-forming step in the synthesis of spinosyn A (a) and equisetin (b)
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