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Abstract: Structurally diverse natural products and their derivatives have been an indispensable source for the
discovery of new drugs. However, the traditional extraction, isolation and characterization of natural products from
animals, plants and microorganisms often have challenges such as low efficiency, time-consuming and expensive cost,
which greatly hinder their development as new drugs. The complete synthesis of natural products mainly includes
chemical synthesis and biosynthesis. Among them, /n vitro enzymatic synthesis has the advantages of high catalytic
efficiency, high chemo-, stereo- and regio-selectivity, specific product spectrum, simple and mild reaction conditions
and environmental friendly, which make it an effective strategy for the synthesis of complex natural products. This
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especially the applications of the multienzyme-catalyzed tandem strategy for synthesis of complex natural products

including polyketides, alkaloids, terpenoids, steroids, macrolides and nucleosides. Furthermore, the bottlenecks,

corresponding solutions and the perspective of this strategy are discussed.

Key words: natural products; biosynthesis; enzymatic catalysis; multienzyme-catalyzed tandem strategy
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WA P —ENHEGERE R (D FEDE RE
1 AR AL A R DL S R A& s g,
VR RIS WA AR DR A5 T DRI o DA Ak o1 Bl
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i wE R (1D PG BORE T OCHEEE DL AR H
P AG A R 12, SR — #7048 3 BRAE AR Ak
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Fig. 1 Multienzyme-catalyzed tandem synthesis of enterocin (1) and wailupemycins
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Fig. 2 Chemical structures of gilvocarcin V and steffimycin and the multienzyme-catalyzed tandem synthesis of rabelomycin (5),

defucogilvocarcin M (6) and presteffimycinone (7)
[flavin reductase, ¥ RIEJEM; FAD, FHHRRFEM “HFH R (flavin adenine dinucleotide) ]
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Fig.3 Multienzyme-catalyzed tandem synthesis of
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Fig. 4 Multienzyme-catalyzed tandem synthesis of benzylisoquinoline alkaloids [(9)~(16)]
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Fig. 5 Biosynthetic pathway of thaxtomins
(L-arginine, L-{EEH

Thaxtomin A (17): R' = CH,, R*= CH,, R* = OH, R* = H, R* = OH
Thaxtomin B (18): R' =CH,, R*=CH,,R*=OH,R*=H,R*=H
Thaxtomin C (19): R'=CH,,R*=H,R*=H,R*=H,R°=H
Thaxtomin D (20): R' = CH,, R*=CH,,R*=H,R*=H,R*=H
DeMe-thaxtomin (21): R'=H,R*=H,R*=H,R*=H,R'=H

R HER Q1 BRAFRAR AR
(cIL); [ J57E BemE. BemC Fll BemG i 4k, 1) 3% 45
FRA SR DL K BemB AL 1) il S - B ERT T, T
MEA [4, 2, 2] -V FRARNT; &EE
BemD 46 1) 5240 S A BemF {44 18 Bt & 2 T
WA AER (F6). 7Elbial I, BIp
TR CIL MR, B IR IE I R A A o0 R ISR
W%, BRI BemE B Ze 4L cIL KA AL N, BE G A
A BemB. BemC. BemD. BemF Al BemG, —
BOVEAERAN LI TR R (22) EE A K.
W E R (22) MAEVEBER T T iES2 P
M C—H S, DLRAE C—H Sl i —
WA - AT O R, ARSI 4 A R
HISEIUCN B & A 2 F O R BEA R A 1
AL T RIHTIERLE

1.3 FEEFMEARELEY

TR R (gibberellins, GAs) L& —K
BAHEEAEEENEYEE, ENz502EY
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o b JE T 0 ik, YIS A B TR AR
W [FRE AR R E B & RS, I
RRUEWNAEN GRS 3SR e LA
4 )L (geranylgeranyl diphosphate, GGPP)
FE R, HEZ W OB AT R R
(mevalonate) & 44 B HY K& 75 T2 W 3% IR 3 42 & Il
GA,,-TE A i, FoE H GGPP & iy LR IR & il
(copalyl pyrophosphate synthase, CPS). WHR-I15%
1245 A i (ent-kaurene synthase, KS). A #R-DI
T A2 i TR %A L B8 (ent-kaurenoic acid oxidase,
KAO) BL K AR - DU 78 A2 45 S AL B (ent-kaurene
oxidase, KO) LG 7RE RBMEWNE L,
EEESIANE N AN E R R T IUN S

2011 4%, Sugai 55 “Y SIS T IR E R GA,
(23) WA LG (B . BN RE LA
LTR%A (sodium acetate) AACLHEYY, @i H 2K
BRI e 4B A, EARSN R II A K T R IR
TR, F=#2)54%. BEJE ORI IRY), #Ek6
ANEVE AR B, RINAER SN G R T OB AT A
WEMHI-IL 5205 (ent-kaurene) , 773 2] 3%;
TRFIX 10 AN H B SRR AT Ll i —Bi 4 6 i
MR-, B3R 03%. &)a, BN R
¥ o> B A BN AR- DISE A M IR, 72 AR Z A
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(4] o-ketoglutarate, o o-ketoglutarate, L-ascorbic acid,
L-ascorbic acid, Fe**  HO Fe*, ferredoxin, ferredoxin
cIL reductase, NADPH bicyclomyein(22)

(b)

Ble XU (22D G KiE 1R (@) MRS HEAL & B (b)
Fig. 6 Biosynthetic pathway (a) and in vitro multienzyme-catalyzed synthesis (b) of bicyclomycin (22)
(a-ketoglutarate, o-Ffi/ % —FR; L-ascorbic acid, HLIF MER)

AN P-450 S AL KO FTKAO PR H AN R 20 %
B M Y AL S 200x A 30x, FLIN G AR T R R
GA, (23). [FAIFEHh, ¥ ik 14 A B kAT 55 B i
—HEA AR GA, (23) B, FFEM0.15%.

A& L IHPR C(ursodeoxycholic acid, UDCA, 24)
E SRR RN G, FEImR b E TRy i4s

v MR R R OB 2. R T A A O
fh Mo UDCA (24) H i 3 %2 th 4 588 5 5 ¥ (1)
RE 7 o $2 B 9 % S IHER  (epimer chenodeoxycholic
acid, CDCA) L5 ks, (A= EHFA
ReA 2800 R Im IR T 3K s A6 i UDCA (24)
R KA (hydroxysteroid dehydrogenases »
HSDHs) f#4t, CDCA A=A 190, AR B TR 24
VR RO A ) f il 3 T SR FH A Ak B IR — Ak
FEARAM S SEI T CDCA $|UDCA 1 i ket .
RANRELREE T A KRETHERE B RE
(Ruminococcus torques ATCC 35915) H H F# M2
K i = B 78 -HSDH,,, B8 5 B 5 K T
Clostridium absonum 1) H 77 8 ¥2 & 26 i & & 7o

HSDH,, 347 # Bk, 7EARA—4875k52 8 7 M CDCA
F|UDCA (24) WG, 7321 73%, (AR A1
(B 7= ¥ 7-O-F3 B (7-oxolithocholic acid, 7-
0x0-LCA) £15%. N T I/ 2 e (a4 B =4 (1)
A, WERN R BE 5B Ta-HSDH,, B 4 N R I T K
¥ B (Escherichia coli) ) 70-HSDH,,, X H 4
TR HEAT UDCA (24) 14K, BV e Zeh
7a-HSDH,, F1 3L it £ B LDH 17 CDCA [ 55 —35
AP, fF CDCA 58 4 #54k J5 % 7Ta-HSDH,, Al
LDH #4730 Ki& ;s NN 7B-HSDH,, F17 %5 # it
A GDH #4758 — B IR JR I N 3BT 520 B Bk —
%, UDCA (24) W= 2] =ik 98% (&8).

R SCHL T UDCA (24) [ B 2 v 30 & B
R 3 T A A R B S R B A s B IR ) ) S,
PR R P2 7-0x0-LCA 238 J5 N CDCA, - [RIB #4
Wb PEK % Ta-HSDH,, X FEIR S 3, KRR 1%k
E— B Tl Ak B B 58 . XF Bk, VR R AR
H T SR T E A R 6 UDCA [ B & ik
W RBAT TR ] A BB R A2 F Y EE Bk
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(0]
HO,
)J\ ACS, AACT, HOOC \/</\ MVK,PMVK, DMDC,
ONa - OH »
HMGS, HMGR IPI, GGPS, CPS/KS
sodium acetate mevalonate
54%
ent-kaurene
3%
KO, KAO
l /0 |
i 1
i 1
i oc b 200x, 30x
! HO !
i COOH
! GA(23) : GA,

B7 ZEMHE R ENES R R GA,(23)
Fig. 7 Multienzyme-catalyzed tandem synthesis of gibberellin A, (23)

[ACS, ZBt4hE A& (acetyl-CoAsynthase); AACT, ZBEZBE4HET ABifERG (acetoacetyl-CoA thiolase); HMGS, #FIE/K,
R4S A A REE (hydroxymethylglutaryl-CoA synthase); HMGR, ¥ 3 % — B4l A iEJEEF (hydroxymethylglutaryl-CoA
reductase); MVK, FIZREISAT (mevalonate kinase); PMVK, R ¥R ER I (phosphomevalonate kinase); DMDC, MR
F 2RI N8 (diphosphomevalonate decarboxylase); IPI, e B £ % A4 (isopentenyl diphosphate isomerase); GGPS,
e ) LB ) L AR & JE  (geranylgeranyl diphosphate synthase) ]

HOOC HOOC HOOC
Tu-HSDH 7B-HSDH,,
NAD" NADH 2 o NADPH NADP' !
HO H 2 ‘\___H_,_/ HO H \_____/ HO" i OH
»LDH ™ »~ GDH ™
CDCA lactate pyruvate T-oxo-LCA gluconate glucose UDCA(24)

»

7B-HSDH-GDH@ES-103

LDH-Ta-HSDH@ES-103

B8  ZHaME L R I A AR £ AR (24)
Fig. 8 Multienzyme-catalyzed tandem synthesis of ursodeoxycholic acid (24)
(lactate, ZLAREL; pyruvate, WEARREL; gluconate, HIZHHIREL; glucose, HHTHD
R KT BN T E AR AR BT R REMEA . RO AR A, B
MEAVER, wTEISOR K G — MR, AW TR, E¥%. BIFEJF RS SRR 5 21E
W e A BE B g A R e M. 5 THml. w7 BT VR AT UREA S gk TS [ R Ak T
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%, )5 7o-HSDH, Al LDH. 7B-HSDH,,,, (%
AZR T189V/V207D) A GDH 43 5| 7 38 S AL 4 iF ES-
103 FbAT 7L E A, I8 e A 2k AT T AR
o BRI it 17— P sh U 78R R
%, DL % 1L B LDH-70 -HSDH@ES-103 F1 7 -
HSDH-GDH@ES-103 Ay #4457, 8 ik A 4k 35 78 IR
SN2 &R G, KBl T CDCA 3| UDCA (24)
A, AL 3SR 100%, B 28 7= 3R 4
88.5 g/ (L-d) (&)™, IXFE— [ e b A
i Ab B R VE 45 A KR A R UDCA (24) 5K
151 9 52 25 AR =D ) A A o 2 S 4t 7 3BT A R

1.4 KFABRENST

% PhORE F BLI ER OK RN BE Z (polycyclic
tetramate macrolactams, PoTeMs) & —2& H A K5kF
o7 G0 I 45 ) B0 % 22 AR AR IR R B N B G SR A S
W, RAEZHREMEDFEET . BBEER
(ikarugamycin, 25) =& % — M4k iE 1) 5/6/5 =
PoTeMs fb & ¥, 1972 £ W& 5 55 % 1§ (S
phaeochromogenes) " IR &3k, BADUH .
Prge . iR, BB BUEm S A Y
AN, BEMSEE R (25) & vl H] B g i o A
IR % B I 85 A 15 3 9 B HL DL & HIV-1 Nef i75 5 1 48
MK CD4 Z AR E E B N, BIA A& —Fh A%
B AR R Y AR IR T BEMSEER (25)
HZFEM A EME R KM LR G T A LA R

O

EF G G RRE. R, HEER (25
SERII R R AR AR KR PR T Ak
AMTENRE, Hilth ¥ 25 ™E N T
1% 77, BISER (25 WAEMERERZEE=A
Wiy 7 ST HEAG . A BB A B§ IkaA  (GPKS/NRPS)
TSI R R L R (26D AL IR JFU TkaB 1 5t
5/6 XUMME R Il £ 1 i S0 TkaC D) 61 53 BT
HHE Q25 FTASTOHBER T . A, B
BHR QS PR CKHIER TR ZmEL H KT
Diels-Alder 5z N & A& 7™ ™, Greunke 25 7 i id %
FH T A B B — B VR AE AR AP i D) SE B T B S 3 5
(25) MEt (WY, RANRAFREHIRIET
JeVE T Streptomyces sp. Tii6239 )2 [ IkaA 1 IkaB
PL K KI5 T Salinispora arenicola CNS-205 F [F]Jf &
H1kaC. B J5 UL ZIRGHEG AL TN R L4 g A AN
L-% % 8 (L-ornithine) NJE4Y, TEMNAE R T [H
BF NN TkaA . TkaB A1 IkaC LA K& AH 5S4 K, SEER
THEER 25 MEIEEEER, mEY
9%, LA, N TR A, B SN K TkaA
IkaB Hl IkaC 5 & % L Wt 4 B A 1) SR AckA 1
WRIR ¥ £ WE RS Pta LA I 5 10 TR PRI AR G A & R
MatB AT HE G, — FAVRLE AR A B Th S I T B S
BFR (25 MBFEEE K. NFH3AE, wrk
PR (25 HISAHC—CHE. 21 C—NE
DA S 8 NFE RO T R, 7800 J R T A Ak )
AL, MR PRI T B AR N A RITE S A R A
FEV A R R R KAE T

10y H .
. \ HN
~“SCoA  HN. . f_‘/? a2
acetyl-CoA L -'f{_‘f H /=~ _H ) OH_;
5 :  IkaA (iPKS/NRPS) @ PN H HO\ﬁ/\NH IkaB, IkaC /LI/ HO&{\ “NH
* H?/\.NH;: H-— § P ~ .//(\ VAN
o 8 0 =~ o HH "y~ 0
I . L~ 0
HO)J\/ “SCoA  L-omithine H: . _
- x ikarugamycin(25)
malonyl-CoA H (26) @ gam e

K9 BEMERQSNEYERIER
Fig. 9 Biosynthetic pathway of ikarugamycin (25)

1.5 UK-2AZ4

Fenpicoxamid (7 fh % Inatreq) A& P IS i 4
25w B HT R I — o 2R T i R R R B
A, B B RS T AE AR Y E T B Ak Dy UK-
2A 78, UK-2A W] HE 5 1 b 40 1) H T A% 3 B 2 TR

Q1 PH W7 2 br A W W A AT A 35 B L B VE
HEZ X250 ™. $FRRE, UK2A K E
B P R T C-3 A0 3 - AL 47 - A
W e R 4 F B T Y, B H ., Tan % MY @ £
it 4 A0 R TRV R Th S B TN UK-2A 25 30 E i [
C-3- 1 g F IR 45 40 1) 52 1) 500 o AR 90 N B o el
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IE 248 23 A1 UK-2A 1) A 90 & RS TR AR OF 45 & 1
HMBE AL ST S T 7T AN RBE IR, [ B T UK-
A A BRIER . Hp, C-3-Mbue H R 451
) B2 I8 I IR M A T R 45 & B B UkaF ¥ 3-8
FenknE B2 (37 -hydroxypicolinic acid) I %% %8 ik 3&
AR E [ UkaG L, 2R )5 4 P-450 B§ UkaL £l H %
R g UkaN IS 1 T2 B J5 19 C-3 A1 4504 v B o
[F B, 25 %% UkaF fR )0 k B9LH B A %2 1K

UkaG, UkaN, UkaL, UkaC,

Yoz v, WR B 13 MoK R (salicylic acids)
RHATAEY . BE)G, BEFN ROE 2 AL
Be— 4035, DL 3-F kg iR 5k 13 FloK M e Je 3
AV NIRY, TEARIN & BT 14 437 1 i
i 3t UK-2A  (deacyl UK-2A, DAUK-2A) 2K )
P27~ (400 ], A ™ 2 51k 100%; 1 IR 5L
LT UK-2A 1) C-3 £ B 8 P 1w 280 1) 253
(K100,

salicylic acids

DAUK9 (36): X=C,R*=CLR'=R*=H
DAUK10(37): X=C,R*=Br,R'=R*=H

0] .
X= UkaD, UkaM, UkaE
/ OH
R
A DAUK-2A (27): X=N,R'=OCH,,R*=R’=H
DAUKI1 (28): X=N,R'=H,R*=R*=H
DAUK2 (29): X=N,R'=OH, R2=R*=H
UkaF

DAUK3 (30):X=C,R'=H,R*=R*=H
DAUK4 (31): X=C,R'=Cl,R*=R*=H
DAUKS (32): X=C,R'=Br,R* =R’ =H

T TTTTTTT T DAUKG6 (33): X=C,R'=0H,R?=R’=H

: W, con SRIIH I,COOHE DAUK7 (34): X=C,R*=NH,,R'=R*=H

' ; R

' |/3 i DAUKS (35): X=C,R*=CH,,R'=R*=H

: oH OH . :

| ;

. 1

: "-hydroxypicolinic acid

DAUKI11 (38): X=C,R*=CHO,R' =R =H
DAUKI2 (39): X =C,R*=0OCH, R'=R*=H
DAUKI3 (40): X =C,R*=CH,_ R'=R=H

BI10 2 AL I & B UK-2A X0
Fig. 10 Multienzyme-catalyzed tandem synthesis of UK-2A analogues

1.6 ZEELSY

KA A islatravir (J7 44 MK-8591, 41) /&
2 1B BR 50 2 BRI — Bl HIV 0 5 5% i # A 417 )
7, HETIEAEEAT I ARRIS R 7T, FLAE LR DI ROR
K24 BIAE F A S AE BRI HIV I8 7 IR EOR 5 25 71 TR
YL R FEAE M, Islatravir (41) FEIE AL
FE M, S RAE P RED (FFE 12~
180) H AR ARSE ) @, 32 BLAE T Mk DAy i) 2'- it
EAZHE R SRR RN B, Tk, Huffman 25 ™7
TERRM AL T ANRORE G KT, R W& R
S, JE 1) A S R OR SR B AR TR

KRN, Famid R 2 B AL 5 B —Ba ik iy ok
LT islatravir (41) &SRR (B1D .

A B AZ R BOS AR 9 I SR R A% B SR T
]G BTV, I R R A = R e P A S 27 -
it S A% BE % H . ME W R 0k R L B8 (purine
nucleoside phosphorylase, PNP) i FiR & ¥ #% ¥
T A9 2 e U b 1-T R s B S IR 1B 72 Aor Il
(phosphopentomutase, PPM) i i IR #h ¥4 %2 2 5
Brs BT 43 B 5-5% IR W AE 5- 1ol 2 00 S50 A% W I8 4 I
(deoxyribose 5-phosphate aldolase, DERA) ff 1t
T 4 T S D 3- TR TR H M AN L . 4
] RGN, 120 R BV R TRT B ) RS 4 A A
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0 N

¢ 1)
N N/J\F

+
o I A
HOPO > _0

“2) DERA,,,,,, PPM

RAIBE?

0
o o | C-immobilized PaK.-Ack

no !

Ho\xﬁo

(44)
(97% ee)

co-immobilized GOase,, ..

O, (air), Catalase, HRP

I
HO O OH

(43

MH; ~— poeeeensssesesssssssss
NH,
NNy
C
HO <
0 N N//I\F

RAIBE? PNPMSBB X =
HO

islatravir (41)
51% (3 steps)

SUCrose

SP

fructose

/

glucose 1-phosphate

B11 AL & Bk A i islatravir(41)
Fig. 11 Multienzyme-catalyzed tandem synthesis of islatravir (41)
(fructose, HHE; glucose 1-phosphate, 7% Hi-1-BER )

H= [88-89
F L ]

o FET U, BRI RA S HMA T AL
NP AT, R I IR RS B 3E AT islatravir
41) WA K. 28T, islatravir (41) Z5¥F BAH
F18) e S B AR 35 1 6 AR B A 3 48 R SR g B 1Rl
X, BIEFEN GRS 0 R RO A ) =
AT TIRE O . I € 18] BE AL i SRR T E.
coli /] PNP Al PPM LA J¢ oK J8 T 4 L K &
(Shewanella halifaxensis) [f] DERA, I3k T
XF AR R IR W) EA w5 0 1k = T 5 K PN 5 78 AR AR
T 3 M B PPM e 28 22440, LV 14 %50 B A2 1Y il
Gyl 7 70 5 A 350 % [FII 3RS T sk
PE DL S 2 1% w5 it 52 1) DERA g RAZE . BT
PNP A1 PPM H Bk Y S S 4% 1) 7 P s 1R &6 B #0461
WEF0 N B3 1A Je B AR R o ON T RE B B R Ak il
(sucrose phosphorylase, SP) Al JiF ## (sucrose) ,
CAVHAERI = V) LR &, HESh ST, AT
G 3- TR -2- W Bl e (42), WS N IR R
TX2-L B (43) AT B AL 1B £
I X E. coli RS B 7z B2 W B (pantothenate
kinase, PanK) & [A] 3 1k JF ¥ 3 5 5 A A 56
(Thermotoga maritima) K5 1) #4 K2 € £ R B g

(acetate kinase, AcK) FCXf, $2&5 1 PanK H35 1%
CR 3P A= Y 4 5 100 fi5 ) MRS € 1, JFSEI T
PanK T 5 i Al 7 IR = BE MR A2 . 7E 2L IE IR
Mg dmkrh, TR ANREE T REHRAR
(Fusarium graminearum) >R 1] 1 FLFE A 40 B R
AF & (galactose oxidase, GOase) F Xf H i3t 17 &
FIHEA, IR1G T EA P L R ) GOaseyy
RABM. TEERMZ, GOase fi I [ BAK &
A Ah O A Sl A BRR T AL Y
(horseradish peroxidase, HRP).

KT 2- 2B H U (43) ] islatravir
4 ERE -2 RME, PHRN R T4
3 oMM BB N (B 1D . H BT RN AR
SR WN0] 5= 5 N = St /I o3 i s A i
[ i 44 22 v ) PanK ] BL#Z AL BT 4R IR 2- £ Je ik
Hah 4 JERGE 7. N EHE SN X PanK
(FEXT Ack) 1 GOase #EAT 1 B 1 ] 2 fb 18 4F Ik
A TOKER PRI R R, IR T AR R B B %
BEER A o B %%, Pk B AL B B R BT 6
BRI T islatravir (41 RIS R, HLE S
REIE S51%, 4R =ik 95% “7, Islatravir (41) [f)
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AR 1 Bl e R A AL R RV AE R R AR
PR RN I TR R R, A R R
PR R 38 10 B E 4 DL E ) HE A R A [ 2
s sng, it & Al R A oy TR OE T
B AN AR A

1.7 EfttE9Y

hydrogenobyrinic acid (45)*
% (griseofulvin, 46) "V, Z%if 2%
(47) F1 merochlorin B (48) LA & napyradiomycin
Al (49) Flnapyradiomycin B1 (50) ",
& camalexin (51) P4, 1k 1% 3515
it 5.
indolmycin (53) ", fJ&
(57, FER

i (physostigmine, 52) .

Bk LR AR BB A, RSN 55) M. kP & 56, LA K S g 40 i) 5
I —HE S R RARFEIE A 44 Z B RTR  lipid IV, (57) M, HZEM LK 12,
Huoc\,..." COOH COOH )
o HOOC™ " i @?/Tm + us/\ﬁ“"" 4 enzymes @?/L"

12 enzymes

o, NH,
ﬁ\k 20% isolated yicld

S-aminolevulinic acid

7

hydrogenobyrinic acid (45)

HOOC

'-_0 oo/
0o o 7 enzymes, CI° w O o
P A - o
HOMS—CM 1% conversion yield © &

malonyl-CoA griseofulvin (46)

A

dimethylallyl
cllph(,vs»[);halte)r 21
s-Coa 4 enzymes, Cl

ma]onyl -CosA——

MWP

geranyl diphosphate

OH OH

Hoﬁ@ )

1,3,6,8-tetrahydroxynaphthalene

OH O

T e

5 enzymes, CI m
22% isolated yield HO i £
| =

napyradiomycin A1 (49)

oH o

o o 6 enzymes, Cl - ¢

o w 18% isolated yield "°J©:;:5(%:
1,3,6,8-tetrahydroxynaphthalene

cf
napyradiomycin B1 (50)

H
0._N_0
0 Y
H,N\:)LOH /-O,N\/j
; ) HaA wg oM 0l ) NQ
Erluting 5'-aminouridine ""—%

o g 9 enzymes - o "-’j_HNJ\( T vcaou
gy ,’?‘iELOH o \@

2
©/ (28,35)-diaminobutanoic acid
L-phenylalanine

merochlorin A (47) merochlorin B (48)

L-cysteine camalexin (51)

gt
o N

physostigmine (52)

L-tryptophan

HO COOH
" I N

Slhydrr'oxyl.ryplophan 7 enzymes
+ e

o o
)kscu HzNJ\oPDa"

acetyl-CoA carbamoyl phosphate

8 enzymes
L-tryptophan —_— B
HaN H,\/\,ﬁLOH indolmycin (53)
L-arginine
NH o 5 i
HZNJ\H/\/\HI\DH enzymes [N}—NO;

L-arginine azomycin (54)

O,J\ R /m’ 11 enzymes @J\Q‘rﬂp

TDP-L-mycarose (55)
1hymldme glucose-1-phosphate

9 OH
0-P-0 0
< o NH 5

o HOQ 4

)‘scu o+ o ""o—if—cr

acetyl-CoA o

£ 19 enzymes

OH

A
og(""unp
UDP-N-acetylglucosamine lipid IV, (57)

B2 A B Ik A i — e A AL & 4 (45~5T)
Fig. 12 Enzymatic tandem synthesis of other compounds 45~57

N ALYy

merochlorin A

GER/EN
W 2 AE ) e 7
CRRTAED
K B 2 41 42 3 azomycin
& Wy ik % #%  (TDP-L-mycarose,
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2 ACZE-WHEACERIDA B B AR

27 - i A A A T A 2 Ak 5 S T A AL
HRCHEAT G, P EAN, ST, TR
FCRSR T WD . A 2 A AL TR o L e e
A 700 B 58 2 1 R IS A Y R A s e, W]
LR b J 26 il 5oF R AR B P B A HE A S T DL K
Ze S SR A= N R L S A N
T Pl A, 791 A A2 5 75 R 3R N PR A A 2% A R
(X el AT ST A4 226 VR R HE B B0, AT DL DAk
A0 R AE B A 5 3 0 BOR 9 2 141 1) B B A DA
SEPE MR T R A . SR, Ak - Bl
b BB A R ) SE LR 9 N E, T R T SR
T B 5 B IR BE AN [R] s 2 A2 ) g R AL o7 i
TR I A7 T [R] — SN AR B I AT AT A7 A2 AH L4 )
ML Y RAE Ik, R G B B R S
[T G NI =TI VAL Vit = o SN =T P 5 i = = R D W3
) H A 2 i A0 7R B AT I B I R A 0 A Y A
HEATEME, A0 - 4k B B AE B2 RAR T
HESFHEAEYME KT RIE T HEEZE
F Bl GRAESR, TR R Ak B - B R AL R EGE
-2 ARG, EE R KRR G R
S EAS T BRI R R D O TR -
i A0 B IV AE B % R AR 7P W6 B 1) L H RIE
R, HElC A MK AT T OBCA T R R
gl toroe 00 oK T L2 R B & A (spinosyn A,
58) M"Y FIAF 2 Cheparin) 70 [ 4k 2 - il 4 AL ER BE
G ARG, A EE RS 2 LS U
B G AE AR R IR W& B 1) B A

21 EZEFREZABNSHHAR

Z AW R A (58 =& Il W 2 oW
(Saccharopolyspora spinosa) 7= [ K 3 P Big 2%
EY, HAENEYREHNZ RE RN EEE
PRy 2 —, AR R 7 A B A T
ZRERA (58 7 TaiMER, L&A1
B BT 20 B 1 AR 1) 5/6/5/12- D0 341 Sy 2k A i e
I 38 3 SEBE SR AE C-9 LA C-17 L 73 5 =
RN R AN ERE, BN TP EA 1T
MFHEFL. ZREERA (58 HFEEHD

2%t Evans. Paquette. Roush 1 Dai JU A4~ i @i 24
SRS SE R, HE T2 AW R A (58) FEEN
VURR 25 M DA S 3 F i AR 2 I F by, £ 6 K
RS R T B R . ZREER
A (58) WAEMA RERECH M (K13): H
VUSR5 4o gh i) (59) & iidtb T B R EH A i
SpnA-E flEfb 1 7> T INBEAHEE AL 97> T 11 R R
FhAHmE AL 0 T H 2SN R LA s A 45 &
B B S 7E Spnd B4 4L T # 15-OH %8 Ak Bk 5
BEMLE Y 60, FAE SpnM AL T it 7K AE B %
L& 61; A6 &4 61 78 SpnF AL [4+2] -3F
J % Diels-Alder [ B2 9T Ak &40 62, 4k 1 £E
25 W % % 1§ SpnG /EH N #EAT BE S 4K, JF e SpnL
fiE A C-2 £ F1 C-14 £ A1 3% ¥ Ak & ¥ 63; 1L &
Yy 63 1t W %t % #2 I SpnH. Spnl A1 SpnK ] {E H
K BR 4R TR B R ks B 4 AE SpnP i AL
ToIAEEFEBERBRETME XAHER
A (58) L)

BTk S A0 AT A RRCBE TR R R AR A
J LA AR B L AR 3 R RN IX ek R, AT
N TR 2014 45 3R 4K 2 - [l 4 44 5 605 Rl T s 3
TZAWMEA (58 et (F13)M. H
TFEZREER ALY G RIERE A YS9 1451
ROEHEWm K, MAkrEEE, HANDE L
RHAWFELEER T Z2H KT NELEYS9. b
AW 64 38 I AKX IR MR i A R NS
WAL RS & W 65, B J5 K A Stille 18 Bk .
Julia-Kocienski J % 1t UL & Yamaguchi K & N fis
e, G730 Ak 58 BT OB A BT A 59 1 A AR .
B JE 7N B LR AW 59 N EY, 8 1 e N
ERPIMAZ RZEERA (58) LW E R L
(1) 8 /Mg LA e A A A R R & B IV B, FE AR A —
Bk sl T A& 66 1) A i, HEBFEL TR Y
19.6%, HURE & — 0 WA 10 = ST 35 3% Ak =
REDNBLO%. HTZREEA (58 EME
R 4% P i 5 — A5 SpnP i A A RE 3 4k & B A 4
bR BB R BE A BE R IEEME, T2 R
FA (58) WG BEEF % B A HE G g B i
RIAEAE . Bk, BFFEN GG K 7462 5,
7E Lewis B VG A6 T X5 A6 &1 66 51 N\ % 5= ) %] 1l 5K
MTZREEA (58 HEEGHK. ZRERA
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(58) My 2-Wa A o1 T 4 45 P LM 94 460 T
B A AR 0 A L — R (R,

WAESE 74 A RS B YA RO 45 A I SRS A2
S RIRP W) B AN

o TBSQO OTBS )i '!.N OH
L s el i P .
- : Z W = &
’?' A chemical synthesis : o"s‘b \ chemical synthesis 177 on HC
12 steps 7 7 steps 21 ?1 e '0H
&
o OTES o1~F
... XN SO ... WSSOSO - == S
' enzymatic synthesis, one-pot
! oH oH
5 HO -
' SpnJ : SpnM SpnF Ozl
o g “IOH - £ o

OH OH 5

OH : Ol47-oH:
; H OH !

SpnL g ! H .0

J i

. . Fa
chemical synthesis

AN on g J0|-|
2 o '
(o] = N o)\/‘\\ IQ o] H ._H

(61) (62)

=

HH =/}

(63)

~N \«0

OTDP

spinosyn A(58)

B3 fsA-B ML R IVE & B R 3R A(S8)
Fig. 13 Chemoenzymatic synthesis of spinosyn A (58)

2.2 HE=ERISHAS

P27 - Bl AL B T B B 5 — D ] T2
2011 FARE IR G 7 FFRZIER BT
AR PUEE 25, 2 % B R (glucuronic
acid, GlcA) B A BERENZ (iduronic acid, IdoA)
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