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[Abstract] Diels-Alder cycloaddition is involved in the biosynthesis of many natural products to construct new C— C bonds and ring systems,
resulting in the formation of structurally novel, complex and diverse natural products. Although natural enzymes have been evloved in nature to
catalyze this reaction and also received great attention from scientists, researches in this field are still hot topics and facing many difficult and
challenging issues. In recent years, with the development of technologies in genome sequencing, bioinformatics and molecular biology, the genes
and corresponding enzymes related to Diels-Alder reaction in the biosynthetic pathways of many natural product have been identified and some
breakthroughs have been made. This review focuses on the biosynthesis of Diels-Alder adducts from microbial sources, especially the genes and
enzymatic mechanisms involved in the Diels-Alder reaction.
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Figure 2 Representative Diels-Alder adducts from microorganisms
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AL RR R, KR (2) BHKERGEH
(riboflavin synthase ) "" {4k 2 437 6, 7- — 1 JE-8- 1%
WS 2 (6, 7-dimethyl-8-ribityllumazine, 15) % A= I
{1k (disproportionation ) Tiif i, Illarionov 4 1'%
TERZ B3R A B IO AL IR PR rh 20 B 0F 28 T A [l 44
ket (16) , Hb oA CHEA B REEEREY S
BT REAETE DA RN B, 1 4 FEY 15 Lk
FAUJ5 2 Cannizzaro B AV [ BIE UGG Y) 17, BEfS
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iz 20155 1+t 2% i 97 pR 398 (density functional theory,
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Il A ( methylmalonyl-CoA ) 2541 ; FiJS, Spnl ¥
15-OH &M A 2E 54 19, SpnM fiE{LIL5Y) 19
KA AL G ) 20, 4k FE SpnF fEALAY [4+2]- 2800
BN I UL &) 215 A& Y 21 78 R 7%
fitt SpnG 1EHI T WAL, IR SpoL fifLIE Ak & 4
22, FH SpnP fELGI AR RZNE; RARIT
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SpnF J& B~ B 5250 UE L 19 AT LA AL 41 N [4+42]-
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Figure 6 Crystal structure of SpnF and its docking with substrate and product
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Figure 7 All the proposed cyclization mechanismof spinosyn A

3.1 Lovastatin

AT (lovastatin, X K monacolin K . mevinolin, 4 )
ML ( Monascus ruber ) . + [ 5 ( Aspergillus
terreus ) 43 IS B IREL A B, BT LIl
B T WiEE A (hydroxy methylglutaryl coenzyme A,
HMG-CoA ) i EgEME, J2I6YT & LAESE LA R Fill Lo
AP ) F B 25, I8 AT A= W 6 U R A o e
et b ], Horh BER 5 B LovB Hl LovF 73] i1
Tt 18 i B (nonaketide ) 5 4 #¢ i B& ( diketide ) ( 2-
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FJLTRNE, 2-methylbutyrate ) 4% ™Y, LovB (1
FRLNKS ) 5 LovC Al 1 53+ L WEAdiG A F1 8 43
TN R A BEAE A (malonyl-CoA ) j A LIt i i 5
LovB 254 1 Fp ek — S =44 n] Ak L ( dihydromonacolin
L, WK ¥, HijE, “A4 ML (24) 1
LovG i ft. T M LovB- ik 5 25 (4B e oK fi B ik B, i
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3.2 Equisetin

PHRFEE (equisetin, 5) EARMEHE I ( Fusarium
equiseti) JPHEMBIA R, BREH TARZ AN, REND
il HIV-1 % & i (9 76 4 ¥, Kato 45 ™ 38 xof 3 [
B B AR AE Fusarium sp. FN080326 H Y€ T g &
WA S AN R, 17T OB AL 7 2T
TR B BE S i AL 2 43 T SAM Fl 1 43 T 22 & TR 1t 3 T
A Tl - AR AR AR K A B 4% A5 i ( polyketide synthases-
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2 X S- i H i 2 R
I X Z2HR
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%4 Wi ) Fasl. trans-ER Fas3 1 [4+2]-3F k. [ifi Fas2 (1Y
AL T & B tricosetin (30 ) , FifiJ5 7E H SE 55 R il Fas4
AL 51 A N-H LI 1Y, equisetin (5, WL 10) o 7F
A fas2 @B E AR T, equisetin =it i 2 FEAL, [R5
25 3 cis-decalin ZE 14 31, 1 HLABATTIA 4 Fas2 42 il
trans-decalin [IE I, FIRE M BEREPE R A7 DA B, {H
AHOCEE IR I 5 i 1ok T A D R S R oI

_OH

El 10 Equisetin By &K i&E
Figure 10 Biosynthetic pathway of equisetin

3.3 Solanapyrones

Solanapyrones A-E J& FH A8 4 s it 1k 5% 4% 11 J L TR

( Alternaria solani ) F7e_ftJ@ELH ( Ascochyta rabiei ) 7=

NP RER R, TE SR M b 25 R R A 2
Js M. Solanapyrones J& BB AL A4, HA W14 WL sol
HAEBO e ™, Bk, 1 FOmElA. 70T
PR BT A R L 3 SRR H R 242 (S-adenosyl
methionine, SAM ) 7£ 1 %Rl 5 i Soll Ayfifb 45 &
B G 82, SRIGH O-H FLHEFE G Sol2 5| AW 54
prosolanapyrone 1 (33 ) , 7412 P450 PR N4 i Sol6
YEH T 774 prosolanapyrone 11 (34 ) , /& H 5 2RI
TR (FAD) -0 S8 ALl Sol5 R Ak S Ak s i Fndh
T [4+2]- BRI I, solanapyrone A (6) 5 SNG4
solanapyrone A (6 ) FINTLNAL "4 solanapyrone D ( 35 )
43 ) A I S Sol3 4 Ak T A i) solanapyrone B (36 ) I
solanapyrone E (37, WA 11) .

Soll #4855 LovB [V, {HE I AELL IR INAL N
4 Soll 7EKkHh%E (Aspergillus oryzae ) H kbt H =)
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JEIREK 5 53 F AL A9 82, Sol5 J&: FAD-IS ) S Ak il
Kasahara 25 "9 fE Be 5k B} ( Pichia pastoris ) 353573146
& 7 E2H Sol5, REMEILILEY) 34 4 AL (- ) -solanapyrone
A, W] Sol5 1N AT RERE AT AL E A S5 SEA LR
Mo Sol5 B SR AT LAFE s My i sr Ak, SR HA
AR S 75 A BN RD ) JEL P S I 5 SR R S B9
3.4 Sch210972

Sch 210972 (7) & M ¥k £ 7% B ( Chaetomium
globosum ) TRV 153 B A B SR -2 SR 22 G ), X
fE K T34 5 ( CC chdivokine receptor 5, CCR-5) Y ICs
o479 nmol - L, JEAERIHT HIV 2585 540 F ¥ ik
BYIREFR > F A decalin H, FIELRRRITHIERIR A KL
fi (38) . Sch210972 Hi cgh &N # i 3 A, 8 4T
N R L A RN 3 43 SAM 7E PKS-NRPS 7% 4 fiff
CghG F1 ER CghC fEH 456 BRI K48 53+ AR,
CghB %54 2 4311 pyruvic acid (39) 1 (k54 40 If:
ZHEZNERIE UL EY) 88, A& SRSB4 T1E CghG
0 JR it 235 44 3/ FH O 3 ok Dieckmann 45 7, £ CghA
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TERY [402] BRISIE AL A 7 (R 12) ¥, 5. ¥ cghd. cghB. cghC i cghG G AF 5 it & (Aspergillus
R, TEA cghd h, ALEY T PR REUN B T SE nidulans A1145) , K IEILESY) T AR, SR HSA
PRSI 41, Ik cghd 5, G TIREABINLE  cghB. cghC Fl cghG B IRKHE TALAY 7 F1 41, MAIFTIE
Yy 41 ASFAERL, XU CghA FHIEFRIMBU N SIS0 Badghie, FrlA, CghA R tEhdhl A nsg ™9 7
RUAERAC A 7, [FEHD IR SOV TE L & 415 FIEIR, FTRE I BEREIERI N A DA .
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1X Wi A Soll Sol6
7X PRI A
1 X S- R FH A 2 R
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Figure 11 Biosynthetic pathway of solanapyrones
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Figure 12 Biosynthetic pathway of Sch 210972
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3.5 Myceliothermophins

Myceliothermophins & MFEIER 2255 ( Myceliophthora
thermophila ) Y38 I B AT BTG ik 59, Hoh
myceliothermophin E (8 ) X} ZFp I 40 & ( HepG2.,
Hep3B. A-549. MCF-7) 14 ICs /N T 100 nmol - L™ ™,
Li 4 B )\ M. thermophile ATCC 42462 th % 5 T ik &
Yy 8 A& LN mye, HAH 3 ANFEA myed-C
RaT g )z & G R CWLIEL13) o Mycd & PKS-
NRPS JE[H, mycC J& ER B[N, Wi L [F 7 5ih 15
T LA AL 7 4TI IR AL 490 F SAM
153 58 @RI T 456 UR IR - 2 BE R K 5 4 1
£t Knoevenagel 45 & i K P BUAL & ¥ 425 L5 W) 42
P EHG AL AP 43, dhimiplas g 0, E ik
e AL A Y 44, B4 H MyceB 4k 5> T P DA 2
ERALE Y 8, ik LEEE I R T th LD R BR . SRR R
A (B ARSI EHE AL S8 R HAIE . Myed . C TERE
i PKS-NRPS K, A mycAd ANfig A AL & 9 8 L FL

KWW, 5 A mycAd Ml myeC 0¥ 8 il 55 Aspergillus
nidulans A1145 T LA AGEY) 43, FHIUED] T I #7Y
Uitie. MycB 5AIHER) DA Jif CghA BHA 36% —EiE,

w5 myeB AN REAE BUIT A 19 DA SEIE ™4
HAT LA UTCH A1) 44, [R5 A mycABC 3 A
B A. nidulans 7] VA ERMEr=Y) 8 F1 45, HILUESE T
MycB i DA iff, /RSN AL 50 % BE MycB /] LU 5
PRI S Y 44 MU LG 8, (EARRMEILILE Y
43 L GY) 45, EEHENIL G 42 /2 MycB 11
KIRIEW, A1) 46 Hiidt il T B B A8 ik &
Y45, GRS O S RUE G 8, k%
AN - 3R o T PR EES ( DFT) B33t —
ASF| THESZ, I, myceliothermophin E & i fii A4
3 MR A ), Hoh MyceB 2 gl i A AR
I AR SS9 BAZ AR YR IR Y DA g, 3X A decalin K
SR A W) A AR T DA BERY SRR L T H KB

mycC  mycB mycA(12kb)

ER DAse PKS-NRPS

(KS-AT-DH-MT-KR-ACP-C-A-PCP-R)

Geta R AR i

E 13 Myceliothermophin E B4 14 K& E =
Figure 13 Biosynthetic pathway of myceliothermophin E
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3.6 Leporin B

Leporin B (47 ) f i 2 M — kA S8 19 FLA 43
BRI OB 11 25 3 7] (hexokinase 1T gene
inducing agent ) ®", AW A L #% lep i i 3L
R . R IR RATE R B (Aspergillus flavus ) Th ik
B w1 AT SRR AL S TN AR R
il AL 1701 SAM Al 1 731K N & B2 7F PKS-NRPS
LepA. ER LepG &5 & i SR M- 2 5 K 85550+, HEAE
20 i {4 3% PAS0 i LepH i fb T 7 FME i fb & 4 48,
Ji A A I 7K /34 R B ( short chain dehydrogenase/

Lepl

reductase, SDR ) LepF it i ik &4 49, BfiJ5, Lepl
AT 3 20 . 1) B 49 37 R BRI 7K B
59 50; 2) 1LEW 50 731N DA ROVIE AL &)
51 DI M ZR)5 T2 51 DA )2 (hetero-DA, HDA )
A &9 52; 3) f£G %) 51 % 1L i -Claisen H
AL &Y 52, mZALEY 52 1AL (5 3R P450
LepD L FAE AL A9 47 (WA 14) B, (515 —$2
2, YENZ IReRE Lepl 1944616 VEHOB T SAM,
HHAACR R ER AT DL AT

Lepl

o H

o="
Ph%\,NHO

51

Lepl

[ 14 Leporin B BI4EM& KiRE
Figure 14 Biosynthetic pathway of leporin B

4 Y23F Diels-Alder &4 ¥4 Bk

4.1 Abyssomicin C

Abyssomicin C (9 ) ZE5E%5E # Verrucosispora maris
AB-18-032 ™ A= 114 43 32 TR A% 22 3L 28 H R AR 0 i %
s, I GT A B R A IR Y A
BUEE A7 aby £ 57 kb, Hoh 24 A B Al e 2 5
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g B, AbyU TRE ML FHh DA SR (5
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M ERATREF A, S —dm i A1 K B2 YT i 1Y B /K 34 56
Mo YT XHE TR, Tyr76 5 N Ba kLY
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4.2 Versipelostatin
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VSTaglycone (60) , HizJ Wi AGEH KT, B,
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Figure 17 Biosynthetic pathway of versipelostatin

4.3 Pyrroindomycin A

NI IE|EEE 22 ( pyrroindomycins, PYR ) J&5E85
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RENEL, MBI, EHAY G SRR
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Figure 18 Biosynthetic pathway of pyrroindomycin A
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Figure 19 Crystal structures of Pyrl4 alone and its complex with substrate
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