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W1 i
1-1. RLEHRDOR Y o 54 FR XY

WU rHA RRRBTARRECN T TV T MR ERET DR O—FETH D | Hix
RAEMNENEZH T HIEWR O T WD, SRIREHKRORY 72 A4 RRIMICERT S
& Fusarium solani 75 BB S, gEgfilF & LTV SR TS cyclosporin Al
Aspergillus terreus X v BB X7 HMG-CoA L % 7 % —RIZkT 5 HEAITH D
lovastatin? (&5 MEIAHEEE) &\ o =B (FEMmE) O, T-toxin’, aflatoxin®,
fumonisin® 72 & D, R E O IREF AL £ BLET % fusarisetin® /2 B35 5T %,
29 LESEREWIEEIL., AMEAWRER b OSSR LT\ 5, BREERE
HERATFNVENERIZ LA 7 U b SNTCEEHRIEEH/NERN LR ERN G 72 55k
BT RERMRICR T DM RIEN S FThdH Y, ZAETITEEZ L DILEWHRE K
ENTE, — 5T, TR A R EER T & RSS2 R LA AR rTEEIC
RSOV ST

NH -
= iN(\/(o \N\’\[O lovastatin fusarisetin A

/ ON (HMG-CoA reductase inhibitor) (Acinar morphogenesis inhibitor)

O)\SN/\ ., OH
Q 3
HEH ALY
. Z 0O
cyclosporin A
(immunosuppressive drugs) N

&7 HHA
hirsutellone B
Oy OH
(antituberculosis activity) 0xX "o
o OH OH OH
OH OH O O OH O (o} o H
o P i i H
H =z = NH
~ X ! o OH ?
0 0O OH O 0O OH 0O O~ m
) ) H O o~ O o# o
T-toxin Band-1 aflatoxin B1 fumonisin B,
(Phytotoxin) (carcinogenic activity) (Sphingosin acyltransferase inhibitor)

1-1-1. SRIRBE SRR U 7 2 A FRAHED & AEmiETE

RY 2L NEOAGRIZER TS L. RKEDOEE IO LT, RS SR
(Fatty acid synthase, FAS) & [AEEOHME CORBHEME & BHiENETT 2 (X
1-1-2), ZORFHME L EMA ML 2R EZRY 72 A4 NEREERE (PKS) LD, 7
tF /L CoA (BtaHANL), v r =/ CoA (ffRHNL) Lol =y FNHEEH L LT,



RFFHOME, PILOERI LA T, ERNRERELHATRY 724 REIBEIN
Do ZORIGE T HDHEREHNL A R A A EREY, RO 6 DB BTN D,

KS (Ketosynthase): fiEHAOBLREEE . RV 7% A RE~D T 74 B HEh

AT (ACP transacylase): fHEHfr% ACP IZRE 5

DH (Dehydratase): KRIZX > TAU7B-E K7 b ok

ER (Enoylreductase): DH (Z & - T4 U7za,B- Tﬁ@%uﬁﬂ/f%ﬂ/@ 1,4 3%t

KR (B-Ketoreductase): KS IZ L > THEUB-T 7 b DiE

ACP (Acyl carrier protein): R U 7% A R & %ZLEX?‘/I/%/E.\ L. & RAA AAZE
Z DN, KS, AT, ACP X FAS, PKS OREHFHEIZB T DRE/NBEATHY . LTHIET D
RAAL L THD, —FH TEMKIGZ S 2% KR, DH, ER X, FAS |28\ Cidf/NENAL &
[FRRIZ R BB OB THERET 2 DIcxt L, PKS TIHMEREICHEET 22 & TR 7 ¥
A REHITETLE S VWOZEME (AVD) nAEENS (X 1-1-2.),

Initiation:

PPTase = OH
67 = B e D () 8~ LA
OH HSCoA 3.5-ADP & )j\ HSCoA Ser—O—F;’—O \/\ﬂ/ SH
SCoA ):O )=O OH o o
Chain
Elongatlon PKS ’ translocation
: SH
a o
A
—

® e
A 2;

o A

HO

Chain
Elongation (FAS): ’ translocation
SH

o

)J\/U\ HSCoA
SCoA z;

HO
Termination:

R OH
:
é OH J

R Mo  Macrocyclization

Hydrolysis

R

1-1-2. PKS ZHEp 24 N A A » OfRE



PKS 1%, EilR L7z FAA o ofE% ks, k&< Type I, I1, I © 3 51243 5T
é;WmI@MGHﬁ%ﬁ@@EK%béifm%%4/ﬂ1$®$)«7?%&Lfﬁ
ETHOICKR L, Type Il TIEE RAAL N1 OORY RXFFRELTHMILLTEY ., Type
III D PKS1F 1 2D RAA S HiZRMEE A IR, ZDON, Type I ® PKS 122\ T,

fRFBBH DR EHEU EEU‘:%COD RAAL UPREE L~V TFEY2T7—RE 1y hDOR
AA UPEHEWERT 240 BRI EIS TN D

<< NTFETY 2T —H PKS>

VNVTFEY 2 T8O PKS ITEICNRT T U TIZE LI, REH
DR D L —EHDO IR E S 2 R AL Vin—fl& 72 oTcE
Va— VNl o Tt EREER TH H (X 1-1-4),

1) EROEY 2= FiDEY 2 —/L~ b [RBEHNZ T
INT, AL ORERICIE CTeHESCIALELZ oA 7
24 RDBHIEIND,

2) C R, N Kz Domain docking (DD) KA A %4 LT
BY . oy EEMEEERIC Lo TR L, ERICHEY 7 5 1.1-3. PIKAIIL
A RHEZITEL TV D, AR

3) DEBS ®E ¥ = —/L 3 O X #fb i iEfmITIic bl LTk Y,

RE XA ~—HEER 52022 > T 5 7, & 512 Pikromycin OAEARICE ST 5
PikA ® 5 % H DE Y 2 —/L (PIKAIIL) i cryo-EM I2 & » THEERIT ShTH 0 | (135
PFHIMEOKEMETREEENEILL TNDZERMBN TSR L, HixleZ &
ST TING 89,

DEBS1 DEBS2

Module 1 Module 4
Loading Module 2 Module 3

[ ks ] AT ] kR JAcP] > [ ks ] AT JxreJacr] ks [ AT [ oH ] ER ] kR Jace])

zzo o o
IIII ;OH oH
IIIII mOH

DEBS3

Module 6

Module 5

KS | AT | KR |ACP| TE

6-deoxyerythronolide B erythromycin A
(6-dEB)

1-1-4. DEBS @ F A A AR & AR



—H TV IRLANT, v~V FEY 27— ME TR — 0 1DORY XA REEARK
THRODREHEMELEMEITIHFRAAL U E2 1 DLPELTWRY, 207D, %1%
BERAAL NI—F ORI 72 A FEHZEMT DB TR IRL ] FIHESND &0 D K
WD, ¥ LA PKS 1%, TOEEHERICTEB W TRBHMEDOLEBR Y KT, £z
IFRBHEME LEMHOW G 21T 95 2. S HIEMOEEWIZL > T 3 2ZHF N5,

1) KR, ER, DH ZFEEF, AR A Y 4 k> o413 Non-reducing PKS (NR-PKS)
2a) ERRPOETTEA VN EERIIK W 0 1d Partially-reducing PKS (PR-PKS)
2b) kX<BErmEINAERDE 5 2 5 b DI Highly-reducing PKS (HR-PKS)

Z» 95 5B NR-PKS offj & LT, aflatoxin ¥8 o i@ aiER{AT&H 5 norsolorinic acid
anthrone % /E5E3 % PksA %777 (X 1-1-5), NR-PKS |3#% k9% HR-PKS L 138720 |
AT R A A ATIEBRIEHAL 7T 238532 SAT, RIS 2R3 5 MAT @ 2 F¥E)
b, SHICEERILT 5200 C-CfEAMEME TS PT FAA VBFEHEL TV,
KS, MAT, ACP ffj& TR Y & MERMIE L72#%I1C. PT RAA 2k - T 2-11 {7, 4-9
M CC-CHRAZEIRLU.TE RAAL LTk o TREEZENDEID X AMREDfED D BT
W%, NR-PKS % HR-PKS X ¥ & HERHHl G Z LT D720, & RAAL % T8
BT BRI ASTF PICHEILT-%, FNERELEERT 5 2 L TIHENREIET S &
BEnTs 0 X561z cercosporin DA ICEIE-T % CTB1 Tld, SAT-KS-MAT D%
503 RAA 22T cryo-EM IC K D HEMRNT 2372 STV D 72 & BEREAEAT 23D B
Tnn

o@
(0] ﬁo
/\/\)l\ TE catalyzed I
S SH S o] )2
PksA  (Ea7(ks faan(rT)ace(iE o O‘O on
X7 o

X70 O norsolorinic acid anthrone
SN—r

OH OH O
Spontaneous

oo S
HO

1-1-5. PksA (NR-PKS) DOH&REMEAT



—J5C HR-PKS OB 35\ T, #l & LT, b 2 SR B 13 DH,ER 231
REETICB-E Faxo 7 U BERK L, HDRHIETO KA AL UM Cfafns b B4R
T5H, EVIHIFHEAEEICSNTEY, RESTHE, BILEDERME S 2 D08, T
FEREMRAT & | BB L7 BE I S D W = KRR O 24 G R~ L NR-PKS & bhii L il
NTWLORBURTH D (4 1-1-6),

@ @ : Essential domains
@ & @ ()
@:Modifyingdomains @v X Y@ @Y @
%59

o 0 o o
@WSMOH — coas A, Polyketide synthase Fatty acid synthase
ot (PKS) (FAS)

©
@NSMR @wsuR @wsjoké*\R @WSJCL/*\R
|

@ ® ® ®

,,,,,,,,,,,,,,,

C8-ApdA 2 Q C16-Sol1
W\H\#\#\SEM

C20-Alt5

1-1-6. # v ik LW PKS D#sE

Z 2 TAMIETIL, HR-PKS BinT & EMilER B2 RIS FIC8A L, BWER
BURZFIH LT R DO REG R EZITV., S OIE LN EE D PKS OBEREMNT 2 35
oo LIPL, ZOXS R FETRABY L UCHBESN LB O BREAPEIZ Y L6,
AWFFEBRAERF R CHBIR N HND DHTHY . £D 9 H HR-PKS IZRD & RD 3 FlDIHT
Hol,




1) 2010 4£iZ Heneghan %1%, Aspergillus oryzae % i\ 7= BFEFBLZ T tenellin ™4
EEREER L TND, KU TZA FERBER-IED R Y — LT F NG R
(PKS-NRPS) T 5 TenS &, ZOHREZfH#i9 % trans-ER TH 5 TenC iz k> TE
PHLORFEN 10 ORY 7 & A4 RENAR S L72#%. NRPS |2 L > CTRIREYICIEMEL S
iz Tyr 695, D%, PKS-NRPS @ C Kimlcdh b, Aol i LIRS
T %5 R* KX A 7 Dieckmann #fgaZ it L, 7 7 I VBHEEEZAT S
pretenellin-A N ESRE SN 5, i T, P450 BR{bEEs TenA 3T ~ 7 2 U ER DR
REBBILRBUS 2 fIE L T 4- Fu$o-2-v' ) FuiE42 A4 % pretenellin-B (2 Z5#
L7, AL < P450 L% T 5 TenB MR EEHRF - ~D /K ERH: DA IG % fili L
T tenellin BAEAKEND Z L2 LM L (K 1-1-7)12

TenC

(trans ER)@ @ @
TenS S ACF
(PKS-NRPS)

SEnz

TenA TenB OH O

P450) P450) N NS

ring- N- hydroxylatlon l N0
expansion OH

pretenellin-B tenellin

1-1-7. Tenellin O &4

2) —J7. 1999 £\ Kennedy 51, lovastatin & kkEE# D HR-PKS T 5 LovB &
Z OFSREZ MM 3% trans-ER T % LovC % 1R Aspergillus nidulans T HAE% 5l

&+, lovastatin OAERLRTERA TH 5 dihydromonacolin L o B FEAEIC KT Lz
13

o

3) 2009 Fizix, ML < LovB % HiZEEERE Saccharomyces cerevisiae % FV N THLA L 2
2Ry E LTRESE, in vitro TOFEBRIZEY LovB OEREZE T L7- (X
1-1-8),



Lovs( ks | AT | bH | MT [Er?] KR ACP] C ) LovC- — Chain

Extension

Loading Diketide Triketide Tetraketide

ACP —> [acP| —> |AcP —> ACP
§ § 0x S 0 S

o] o]

g AONE

0 %

ox N @

Pentaketide Hexaketide Hexaketide Heptaketide
—> —> — ACP| —>
0g § W 0x
® @ (W

o N | - S Wl A i

e

Octaketide Nonaketide

- —>
Release
- $

WOH

w

dihydromonacolin L dihydromonacolin L
acid

1-1-8. LovB, C O#RE

N E TOFRIZEBV T, HR-PKS H3BHE L 7= KRM) DA AR & SREREAT B3 D 7
B ARDOEHIX PKS (-NRPS) 78 2600 ~ 4000 aa &, AGKEFEEZOF THXKIT TERT
HY, WO PEHECTHIENEH N ETHD, S5, ERREEDOKEMRITICE W,
THRN 72 BFEFBUE L2 AW TERBLBIN D72 < 152 DT THRRRE S DMEREMERN 2
ELETFHEND,

PLbEoSaEsE 2. N XA RRRERYOREARE PKS ORSREMANT 2 HIs 37201
A. oryzae #fEEL LT-RERIRIZEH Lz,



1-2. BEEFEFETIF &P L 7e X)L 55l s+ DR RERE TP

ATHET 1-1 T2 K 912, AU TITME Y K LA PKS OB 532 KM D A4 5 Bkt %
NI T 5700, BRERBCREZ AW -WEAELZE L CTEREMIT 21T 70, £D20 0
fEEE L TR EMIEBRICER L,

B X, Fx O HFATRIZBO T HEMSCWEM OBEE 72 ST DT 2 Bl 25O
EWTHY | BT E NI EEFERNIEA LT\, B BERBRE L THHAT S
L. FE T o —F —Ofl FICE WA KBS R OBER D AERE S dL, —IRIHEY
EIE L LT, RIRPEM DAEBREITH) ZENTE D, HEMBEROMEM e & Rl
TR BER LW TE LD EEMDOINED 100 mg/L 2 & | ERY) ORIERITIZ 9 Th 5,

SHIC, INETHABETZLE LTHOWOLN TEZERSORGE & T 5 &, BE R
FHELRIL, BE L RO FEFBROBLE T ThoToie, 41> huraE A7 gDNA B
KOOI ZEPEEALTH, ELHEET R TENLTWVD,

HATH FAR LR 2 O TR R A BGE AT OFEREMENT IX. PKS Zxf4 & L7-i%E
PG STV DA 12 10 BT L BRI~ OIS G35 < BTV S, il
& LT, 2013 42 Chiba 1%, R THID T MEREIED T X ¥ T L~ (Cps) B ikEESE
AcOS DH§REfAHT & ophiobolin F o S®FEAFEICHKII L Y. WL < 2013 422 Tagami b
KRB 72 ALERR DNEFF 2 ST LN B A o R—L U7 by Paxillin O2E5 %
R LTS 18 2015 4RI Liu Hid, RREHSREAD O LS RBEFOF TRHZ
17 AR EERRICE ST 541 » R—/LPF L~ penitrem A OAA RIS OIEMTICREEh L
7219, FAAATHZ T, BT 2016 4RI Ye 512 & - T ustiloxin B 0 A ki T
OHSREMRITIZEREh L, VAR Y —AHKD X o8y B a T & L= KR O—BECh 5 RiPP
DOFEHEMRAT & B R BLR CRETH S LA L7 2, & 51T 2017 4213, Yamane
512 & - CTHT# Clitopilus pseudo-pinistus kA=A kBT cDNA % SRR L <
pleuromutilin 2GR ZER L2 2 £, BRI A GE/ EMREORPE L IATF T D
FHEN D Y | KEx R, B OEE T ONEIG ATRETH B 2L,

HO,C

NH, OH

ustiloxin B penitrem A pleuromutilin

4 1-2-1. B0 AR SR THEEMRDT, JRARAEPE SN TE R



AR U726 TAR9E0 . B RAERBLR I FOR R EZ RS L F 2 5,
1) WEAEEIZLTER LYV TOES KSR DORBL
2) M RTERIC X B LS R B B CO R D B AR 22
3) P450EcEEF R L, BER O = 2 iBh3 2 R DL
4) ZIRAHFEY O B R OVERRRS RV
5) A L2 AARREEE R L1 U7 A Ak R A 2 B vT g
6) APE LTAbB WM TEME 2 E o T D56 O RIS D 1E(E

1-3. K XD HHY

AFHCTIE, BN 1-2 THRA7Z@ 0 OF A2 AT 5 BEREEHRZEZFH L, ho Rk
WA B R T Ee N TR BERAT B D0 72y HR-PKS (-NRPS) 72855 L 7= 85 FE D R 5
SREEICHREE U, fRmIC SR E AR FED T- D DI R A 155 1= DI 21T - - D T4

T

2 7 BEAMEE IS OV TAER KRR T WO AER BRI OfRAT
3 T REMEEMC OV TEGKIEE T WONTER BRI OfRAT
4 B MR A GRS B G 5 R O LA BB s+ DT
5 & BRAEESR & VT B RE AR B 3R D fiR AT



References
1) H. Svarstad, H. C. Bugge, and S. S. Dhillion, Biodivers. Conserv. 1969, 9, 1521.

2) A. W. Alberts, J. Chen, G. Kuron, V. Hunt, J. Huff, C. Hoffman, J. Rothrock, M.
Lopez, H. Joshua, E. Harris, A. Patchett, R. Monoghan, S. Currie, E. Stapley, G.
Alberts-Schonberg, O. Hensens, ]. Hirshfield, K. Hoogsteen, J]. Liesch, and J.
Springer, Proc. Natl. Acad. Sci. USA 1980, 77, 3957.

3) Y. Kono, and J. M. Daly, Bioorg. Chem. 1979, 8, 391.

4) K. Sargeant, A. Sheridan, J. O’kelly, and R. B. A. Carnaghan, Nature 1961, 192,
1096.

5) W. C. A. Gelderblom, K. Jaskiewicz, W. F. O. Marasas, P. G. Thiel, R. M. Horak, R.
Vleggaar, and N. P. J. Kriek, Appl. Environ. Microbiol. 1988, 54, 1806.

6) J-H. Jang, Y. Asami, J-P. Jang, S-O. Kim, D. O. Moon, K-S. Shin, D. Hashizume, M.
Muroi, T. Saito, H. Oh, B. Y. Kim, H. Osada, and J. S. Ahn, J. Am. Chem. Soc. 2011,
133, 6865.

7) A. L. Edwards, T. Matsui, T. M. Weiss, and C. Khosla, J. Mol. Biol. 2014, 426,
2229.

8) S. Dutta, J. R. Whicher, D. A. Hansen, W. A. Hale, J. A. Chemler, G. R. Congdon,
A. R. H. Narayan, K. Hdkansson, D. H. Sherman, J. L. Smith, and G. Skiniotis, Nature
2014, 510, 512.

9) J. R. Whicher, S. Dutta, D. A. Hansen, W. A. Hale, J. A. Chemler, A. M. Dosey, A.
R. H. Narayan, K. Hakansson, D. H. Sherman, J. L. Smith, and G. Skiniotis, Nature
2014, 510, 560.

10) J. M. Crawford, P. M. Thomas, J. R. Scheerer, A. L. Vagstad, N. L. Kelleher, and C.
A. Townsend, Science 2008, 320, 243.

11) D. A. Herbst, C. R. Huitt-Roehl, R. P. Jakob, J. M. Kravetz, P. A. Storm, J. R. Alley,
C. A. Townsend, and T. Maier, Nat. Chem. Biol. 2018, 14, 474.

12) M. N. Heneghan, A. A. Yakasai, L. B. Halo, Z. S. Song, A. M. Bailey, T. J. Simpson,
R. J. Cox, and C. M. Lazarus, ChemBioChem, 2010, 11, 1508.

10



13) J. Kennedy, K. Auclair, S. G. Kendrew, C. Park, J. C. Vederas, C. R. Hutchinson,
Science 1999, 284, 1368.

14) S. M. Ma, J. W.-H. Li, J. W. Choi, H. Zhou, K. K. M. Lee, V. A. Moorthie, X. Xie, J.
T. Kealey, N. A. Da Silva, J. C. Vederas, and Y. Tang, Science 2009, 326, 589.

15) I. Fujii, N. Yoshida, S. Shimomaki, H. Oikawa, and Y. Ebizuka, Chem. Biol. 2005,
12, 1301.

16) K. Kasahara, I. Fujii, H. Oikawa, and Y. Ebizuka, ChemBioChem 2006, 7, 920.

17) R. Chiba, A. Minami, K. Gomi, and H. Oikawa, Org. Lett. 2012, 15, 594.

18) K. Tagami, C. Liu, A. Minami, M. Noike, T. Isaka, S. Fueki, Y. Shichijo, H. Toshima,
K. Gomi, T. Dairi, and H. Oikawa, J. Am. Chem. Soc. 2013, 135, 1260.

19) C. Liu, K. Tagami, A. Minami, T. Matsumoto, J. C. Frisvad, H. Suzuki, J. Ishikawa,
K. Gomi, and H. Oikawa, Angew. Chem. Int. Ed. 2015, 54, 5748.

20) Y. Ye, A. Minami, Y. Igarashi, M. Izumikawa, M. Umemura, N. Ngano, M. Machida,
T. Kawahara, K Shin-Ya, K. Gomi, and H. Oikawa, Angew. Chem. Int. Ed. 2016, 55,
8072.

21) M. Yamane, A. Minami, C. Liu, T. Ozaki, I. Takeuchi, T. Tsukagoshi, T. Tokiwano,
K. Gomi, and H. Oikawa, ChemBioChem, 2017, 18, 2317.

22) A. Ban, M. Tanaka, R. Fujii, A. Minami, H. Oikawa, T. Shintani, and K. Gomi,
Biosci, Biotechol, Biochem. 2018, 82, 139.

11



2 = K- betaenone OEEE L AR
2-1. Betaenone 4 &k D=7

RY & A RRRERYDOEE AL ZFERIZAT O I2H72 0 | PKS OREZ B FEICHELS
B 5 RMERBRDMNEATH D, Lo LRWFIEOBMER RIZB W T, BERFERBLR TR
A AT 2010 4212 Heneghan 512 & » THAE S tenellin 4 Th -7 Loz T,
PKS O BB RBLBIEBI N SN TWD DD, 5 EIC Lo TEEWD T BT &z
2B LY, ER AR TH 50 & W5 7= DI Gl & A ER D BER D 5
Z ZCHRIRE RN R betaenone (2E B L. T OAEBAIGEEIT - 12,

Betaenone A (2-1)i%, 1983 4|z Ichihara 52XV, #3 (B — b)) 12 L CIEiR
95 & 5 & i Z TR IFCRIRE Phoma betae PS-13 DREGE AR & 0 B S - ZBiEE
BEAGT LR 724 RRREMTH D, FENPOIX, T4V VB%E A7 % betaenone B
(2-2)°, -t FrF =/ U HELZ AT % betaenone C (2-3) & & TeEgkIK 4 FliS
ENTVDG Y KEBWEED 5 b, b FRIENRODIT 2-3 THY, HEETIZRHILDP-
b Red x ) UNRFIEICEETH S LHEESA TS %, Betaenone #H L FEEICT Y
VEREAT D RMIIE S MBI TEY  FOHR T 1983 4 Barash 512 k- Tk
R Stemphylium botryosum kv Bt 7= stemphyloxin I° £, 2012 4£(C Sgrensen
512 & o THRIRE Fusarium graminearum X v B & hu7- fusarielin F° 1% betaenone %
IR G A AL TV D,

o

betaenone A (2-1) betaenone B (2-2) betaenone C (2-3) stemphyloxin | fusarielin F

2-1-1. betaenone #ifx ki L OYEEU LAY

INSDORRNIILET DT Y EHROAGHRREEZHALMNIT 57D, 1984 4T
Oikawa i3, RV &7 # A NOFE &R HEHE, AFA=2% BC CE#HL, £EETHD
P. betae ~¥¢ 5.9 3 FEB A 1T~ 7= 7, HEES iz 2-2 0 BC i S % — 725 | betaenone
LT BF L CoAITK LT 7~ =L CoA 7 Claisen fi L TRFER 16 O L HE
HEN EBIAF A=V HEDAFNVIENRSSBASNTND ZERHLMNZENT (K
2-1-2),
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E72, 1988 4EICITDN T 1°0 TRk L 7 BERR OB 5 ERICH N T, 2-2 O 16 (L DA
B E DI LMD L OBESRILRIC X > TEASR, ZORENS TRIERTA
ThHDHIENREINT-, 2T, BLEEE P450 OFLEA| ancymidol, S-3307D % #5-
L7z & 24, betaenone ik A The & BRLE DRV VT L &4 probetaenone T (2-4)
PHEES N Z LD T H ) VBREOAERHICIE P450 235 L T\ 5 Z &3 b T/
~7- 8 F1- 2-4 OREEN S, betaenone HDOT B U R IE[4+ 2] BALAINEGIT X -
THERT 5 & TSN, LLEXY | betaenone DAA AR SHEE Sz (X 2-1-3),
SO E . FEY B A RERREEE D OB HUE. T U B KO I
HBF5[4+2]8 LM, V7 4 o ba-7 b — I ~ZE T 5 L B SO 1T,
betaenone A=A & B+ 5 FCHICEIECTH S,

o
/R\OH ° SEnz

[1-"3Clacetate

o
o} o
O’S\/\HJ\OH — 5
NH,

[Me-"3C]methionine o
o

® O :'3Cabelled
o
o

®
)J\OH
[1-'80Jacetate

® : 180 labelled

P450
—_—

probetaenone | (2-4) betaenone B (2-2)

2-1-3. P450 [HEANC & 2 EHRkE R

2 BCIE, BBRROAEMENE & RHEE LS 2 b O R betaenone & WF xS
ELTC, BB ARZAWER 724 RERARMORFEAFELZRFT Lz, ZoiRfE
T, BIERAAS L DRI & A FEOGIV L, TH U VBREKO XA I 7, 2B
BERR (VS i & filil 9~ 2 F k7 1 — 2 P450 DT 51T > 7= D TG T 5,

13



2-2. Betaenone D4 EIkE T2 7 R 5 —DEEE

Al 2-1 Tik~7= X 512 betaenone &z A9 O HEE L EERE, 8 LU 724
AR OFRITIIE T LTS, Lo LAERKEBEFIERE R CTh o772, betaenone
YA PEHE TH D P betae PS-13 ®/4 7 ADNA ZHiHH L., KT 7 N7 Ay —Fr v A %47
o7, BHN=F— &Ikt LT, solanapyrone A& ICBI 54 % HR-PKS T# 2% Soll®
Z L L . Local Blast # 17 92 7= & ®» ¥ 7 F v = 7 BlastStation
(http://www.blaststation.com/ja/) %MW\ CHEIMBREZIT 7=, TOREE., soll & &
WHRIREIMEZ R 5l HR-PKS Z# & B in 17 7 A X —B R oMo Tz, &midis 7 7
AL =T EFENDBIGOEREZ THIT 5720, FIRR U727 2 7 BRld8 O LR AFElk 2 Pfam
TET 3 288 7 =7 — L 2ndFind (http://biosyn.nih.go.jp/2ndfind/) Tfi#r L 7=,
SEOEAFD S B, JEIZ PAS0 LB E IR D FE LT Z2 0 iATe 2 & T, bet 7
FAL—wFEA LT (K2-2-1), DR FIE LY 7 A2 —IZ& £i5 PKS BIn 1% betl,
trans ER Bz % bet3. P450 WfblfEEIn 1% bet2, WA ITEEFE RIS 1% betd &I
a5, FFEMEDNS PRI NTBEEREEEEN O, betd )6 betl 7 7 A% —L LT,

orf1 orf2  bet4 bet3 bei2 bet1 orf3

bet =P | G —
1 kb Dehydrogenase Flavin- Oxido- Trans- P450 HR-PKS Translation
— dependent reductase ER initiation

oxido- factor

reductase

2-2-1. bet 7 7 A X —

BBIR T OHEE SNVHHEREA X 2-2-2 IZF & T, bet 7 7 A% —IZ1% HR-PKS & {& 1
Toh D betl DIENZ, Lovastatin X2 PKS-NRPS O EA I R 5415 trans-ER B%3% & 8

FMEZRd bet3 WFELT-Z L5 Betl & Bet3 23 4L[FECHERET 5 Z & THEEET LT &
REERR L, [4+2]BRALAIIIG A HEST U TP ARG P A dehydroprobetaenone I
(2-5) AT D EEZ LN, 512 P450 [LEAIOE G- EBROEIZ 2-5 @ 17,18 fifiE
TCIRNERE L= 2 Lnh, PA50 b4 Bet2 874 U /“%"1‘%03%&[5 LI L S % fiddt 3

HETELE,
Bet1 ®@@®@@@0
(G iy

Bet3

Acetyl-CoA
7 x Malonyl-CoA ——
L-Methionine

) I oH’
dehydroprobetaenone | (2-5) betaenone C (2-3)

[X] 2-2-2. betaenone A& &S T O T AERERENE

14


http://www.blaststation.com/ja/

2-3. HEAFEFEI R 2/ bet Ein 72 7 X 5 —DREGERFIT

A 2-2 CRIE LTz bet BIn 17 T A X — % B CREL L . in vivo THREMINT 21T > 72,
HEERAFH 2-5 OAFEICE G5 & TSIz PKS Th o betl L. trans ER ThH %
bet3 % HE B~ 27 % —pUARA2 (argB) & pUSA2 (sC) ®, TASARL~/IL h—AT
T 5T e — X —PamyB il NI E N EIVEAN LTz, fit < EffisOGZ it 3 5 & 748
STz P450 Wbt ER T Th 5 bet2 & | BB bR IiEE R EIs T bet4 13, Hl % (2 pAdeA2
(adeA) ~E A L7, ME L7 I7AI 27 e 7T A M-PEGIEICTHHEICEAL, B
Bk Aspergillus oryzae-betl (AO-betl, B 'EH# KL LI FRKICEHH T D),
AO-bet13, AO-bet132, AO-bet134 %#137-,

2-3-1. AO-betl1, AO-betl3 7~ & D CEHZEY) D/

5 5 B iR HR AO-betl, AO-bet13 % PamyB iFEE5 T H 5 MPY 554 (HRIK).
KEGHL (EHR) ChiE L. EHED Z i UMt L7z, £9° MPY B3l b A EER) % fili
LU TLC Tt L7=23, BiUREEMIIE O N0 o7, —F . KEHI TR LG oM
T % LC-MS Tt L7z & = A, AO-betl3 TOAIAEKIZITA SN/ Hiiz/s v —7
DRI (X 2-3-1), ZOREREZZ T, LIBEOREITA ORI TiT o7z, 2-5 ZH
BEL. HR-MS 5#F & 0 53 F3%& CyH340, EHE L72, H-NMR IZBWT, 3 DD AF L
YT X T Ly b T (84 0.86 x2,0.99) & 1 5DAFIIVIHIZFYE TS R U
Ty R T T (850.92), 1 DDOT U NANLO A FNVIEITHYE T H 7Ly T
(84 1.68) [Tz T, IHHDA L7 4 Fa hATHYTELF T Ly b7 (84
5.19) @M csNnT=Z b, HHEAY 7 ZA4 RTIER<BRILKTH D Z LR Sz,
Mz T, KEHAICEIVIEBSE 7 MLz IH D70 —RE7 Ly b7 F L (84
15.85).1H DA L7 4 7 a AU T LHX T Ly eV F T Ly hOT 7N,
ENEI 125D (647.39,5.41) Blllcsn/=Z 2t Betl [CHEREL72ARY 7 ¥ 14 RN
DIEITCAIREID L AZ T T T e ReELTHRIEENTEZ Enborote (K 2-3-2), BL
FoRERNL . FHAGHED X betaenone TAEA SR FRIA 2-5 TH D L HEHI ST,
i, 2-5 % NaBH, CTiEC L72E 2 A, 2 2O NVFR=/VE 16 L, 18 /D> H, 18
NOBNETEND Z & T probetaenone 1 (2-4) AR LIZZ &b b IFan- (K
2-3-4), ZDOEIITISITOWTIE, ROETELET 5,

Mass chromatograms (m/z 319)

AO-WT LC-MS conditions

miz319  Flow rate: 0.2 mL/min
T+ Solvent A: 0.1% HCOOH water
AO-bet1 Solvent B: 0.1% HCOOH MeCN
Gradient:

m/z 319 0-15 min: B 50-100%
H ' 15-30 min: B 100%
2-5 dehydroprobetaenone | (2-5)

mz319 MW 318

AO-bet13

,,,,,,,,

20 2 (min) 188 mg/rice 1 kg
2-3-1. AO-bet1, AO-bet13 X 0 15 b AV T- AR PEY) O fEtT
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—131.27

—127. 41

1-C

55.00 50.00 45.00 40.00

16-C

35.00 30.00 25.00 20.00 15.00

2-C
18-C

o
=1
S

dehydroprobetaenone | (2-5)

60 50 40 | 30

70

220 210 200 190

180 170 160 150 140

2-3-3. Dehydroprobetaenone I (2-5) @ *C-NMR spectrum (125 MHz, C¢Ds)
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Compound 2-4 from P. betae PS-13 ‘

X ‘l M i LTS kb !
Compound 2-4 from NaBH, reduction
Lo-18 o8
Ho@n HO 1617
=, . NaBH, =, .
i HE —_— H%f H
1 H N 1H ”
dehydroprobetaenone | (2-5)  probetaenone | (2-4) ‘
\ 1-H
; 18-H 17-H il
o ) AN P U .
7 6 5 4 3 2 1 0

2-3-4. 2-4 ® "H-NMR H# (in CeDs, 500 MHz) %22 kL
(EE:: P betae 76 ofhiti®, TE:: 2-5 OiETeAEKY)

2-3-2. AO-bet134 7>6 DI LHIEEY DHi]

2-5 AFEKRTH D AO-betl3 IZxf L., W{biB TR EIS T betd ZBMTEAL,
AO-bet134 %% L 7=, Betd 1387 %) 72 Short-chain dehydrogenase/reductase (SDR)
ThHV, 2-5Dp-t ReX >/ U &2 d 5 &Pz, AO-betl134 ORBFEY % Hh
L LC-MS i 2175 &, WAKR TR LN S THT-2 e — 2 B ol (2-4, £RFF
F¢fH 20 min, 2-3-5), Kv'—7 ZRH L, HR-MS 7575 1% CoiHz60, ERE L7,
2-4 B L < HEENDHESO 'H-NMR ZIE L, BICAmK L7z 2-4 DAY hL e —$
L7zZ &b, Betd 23B-t Fu X = ) OB fiEd 2 2 EBHL MR -7,

2-4 DAFEREZFIET 5720, 2-4 Mass chromatograms (m/z 321)

TADOUMSIT] BB 82050 141002 A crvzse WT 50 m

M & < BRI NI EY L e, e

AO-WT
& LT p-nitrobenzonitrile Z 7ML -~
'H-NMR R i b R R A A oS Fow i 02 mlymin
b o 7R H-NMR OB EOHEE  *|a perras 24 Graionts o Coov el
/5 probetaenone I (2-4) 116.96 {L 15-30 min: B 10006
mg (M.W. 320.2715; 21.7 umol) 0 10 20 30 min
ZENTHY. 17.4 mg/kg (solid 2-3-5. AO-bet134 OIHITEYIMRNT

medium) & B -7 (X 2-3-6),

17



Compound 2-4 from P, betae PS-13

L probetaenone | (2-4)

A
Compgund.2-4 contained PNB

3-H}
ll X

] 7 [] [

o
3 i

N
/4©/ O-
NZ

) p-nitrobenzonitrile

E] i i []

1
sfop CH

2-3-6. 2-4 ® 'H-NMR /6D AEERE RS Y (in CgDs, 500 MHz)
2-3-3. AO-bet132 726 DI#H Y DI

RIZ . P450 &L Bet2 OBEREMFIT 21T - 72,
Aiel 2-1 Tl 72 K oIz, EITFRICk VT
betaenone FEDEEHESRIZ 1L PA50 Mkl 23 B
HELTW5 & ST =72 8, P450 e LB

W
HO Il H

(0]
F Bet2 NZEMLUL Z bt U, AGRH E{A  dehydroprobetaenone I (2-5) betaenone C (2-3)

TH

2-5 % betaenone C (2-3) ~Z#id % & ML 2-3-7. Bet2 iz Lk 5 PG
7= (¥ 2-3-7),

2-5 #/EPET % AO-bet13 1Zxt L bet2 ZBME A LT AO-bet132 i L7, 1554
T ER R ORI EEM % LC-MS THT L7= & 2 A, AO-betl13 (2134 Hil/a Wiz /2 v
— 7 DB & 4L HR-MS 454770 6 % D45 FRi& CyyHze0s & ki L7 (¥ 2-3-8), 'H-NMR
HIEDOFER, 2-4 2 2-5 TEHHISNEZT Y VEBRHROA LT 47 a YT 5 S
Fv 8y 5.19) MHEEL TWeZ &b, L7 4 VENL CORILESNEITL TV D &
EZ b, £72.2-5 TSN TCWiA L7 47 a F YT 5 70 (8y7.39,
541) HbiHRLCWzZ &b, B-E FeF o= /) UNEILINTWNDH I EHbhol,
ZOREREZIT CEEIL A D AR ML EIR LT E Z A, KAMTH % betaenone B
(2-2) LEVW—EFHZEZRL (¥ 2-3-9),

Mass chromatograms (m/z 369)

] Compound 2-2 2’-\2

| from P. betae
LC-MS conditions
Flow rate: 0.2 mL/min

| AO-WT Solvent A: 0.1% HCOOH water
1 Solvent B: 0.1% HCOOH MeCN
r A Gradient:
0-15 min: B 30-85%
AO-bet132 2'[\2 15-30 min: B 100% betaenone B (2-2)
‘ , ‘ : | — MW 368
0 5 10 15 20 25 min 153 mg/rice 1 kg

2-3-8. AO-bet132 O PEDfRMT

18
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Compound 2-2 from P. betae PS-13

18

0
23
O\
HO gH 9 OH
N betaenone B (2-2) ; kJJl

Compound 2-2 from AO-bet132

5-H

9-H

N b
17-Ha 17-Hb
HLJWJJ 14-Me
20-Me
4 3 2
_J A L
4 3 2

7 6 5

\ i 5
3/ ppm

2-3-9. AO-bet132 Hikd 2-2 (FEt) & P betae ti3kiE i (LEY) @ H-NMR bk
(in CDCls, 500 MHz)

ZOZENDL, Bet2 T H Y gk B 1AL, 2460, 8L E WD iENRAL A, B ClR
{LEER T 2 LEER Th D 2 L3 bho T, [ARRICE RN & B2t 95 P450 B2 bR 1L LAl
WChHME SN TEBY ., Y712 aphidicolin DAV T, PbP450-2 NIEE TH 5
aphidicolan-16B-ol ® 18 {7 & (k. L 7=, x5 LICAFET 2 17 (i bKig b3 5 i %
filfcd % (14 2-3-10)°,

PbP450-2 PbP450-1
—_— —_—

18|\$
OH
aphidicolan-16p-ol 3,17-dideoxyaphidicolin 3-deoxyaphidicolin | aphidicolin

2-3-10. [Fl—W#2 D51 haL 2 die TR b9 2 11
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£/, ZEEBEOBRLEOG A MBS D6 & Uik, SRR Aspergillus fumigatus Hisk A o
T A K fumagillin A& 54 % Fma-P450 36 TER Y | BB Dfisfir 2
£F 5 BB O RS & il % (1% 2-3-11)1,

/
Fma P450 <
9
6
/ NG

fumagillin 0

'

%] 2-3-11. [Fl— P450 BebEER 25 it TSN %61

F7o. A 2-3-2 THEREZifMT L 7R ulE3R Betd 28 AL TWRWIZHE b b3,
B-t REF =/ UNBILIN TN Z &G, BIEHRDIEICEEFE D Bet2 O Th
%52-3%BrlizELXLNS (142-3-12),

Bet1

,0 18 ,O
23, .
Bet2 Oy Oy
Hz A H 3 - H

Acetyl-CoA (PKS) (P450) A. oryzae
7 x Malonyl-CoA —_—
L-Methionine Bet3
(trans ER) o o ', o,
T H HO I OH 3 OH
dehydroprobetaenone | (2-5) betaenone C (2-3) betaenone B (2-2)

X 2-3-12. B8 R O TR 1 K 5 ik oo

AiEH 2-1 T8 L7- betaenone & EZA Tdh 5 fusarielin X, £ DAEAEE FHIC
HR-PKS CT# % FSL1 & trans-ER T& 5 FSL5 12N 2 T P450 gl 8Is 1 FSL4 = A
3 %.,20164Z Droce HIL FSLEIE 7 7 A ¥ —ZiEMEAL L= R IRE F graminearum 12
Bt D FSLY & xR EEFER )5 . fusarielin BHOHEE A=A R EA prefusarielin % Bif
L7= 2, 1995 4z 1% Kobayashi & 12 & - TSk Fusarium sp.7» 11,12 fr3 gk &
NTHRF L FICEB S (LAY fusarielin C2 RHEES T 214, 2012 4FEIC
Sgrensen 512 & - CHRIRE F graminearum X v | 15,16 {70 sp? (REN ML X TR
¥ ¥ MEE~EH#H S N7z fusarielin G X° betaenone B & [AffiCo-7 h— W iEdEEH9 5
fusarielin F 2AEEES LT % 8, Z s fusarielin gk oM E 4 5§ L. FSL4 12 & Z)ﬁé
(LS DNER - HEE LT, ANTH 2-3-3 ([ZBW CLE MR L s & fiie9=2 Z & 25 58S
72 o7 Bet2 1X FSL4 & A2%DOMFRIMEEZ RS Z L0 n | JERIOME CROSBETT 5 &K
5 L. betaenone (2B HEMULIEMONEF LXK 2-3-13 O L 912/ D, £7. 8 fijk
FPNARRINIKEBRL S, IRWT, TH Y UHOF L7 0 R ARF AL S =%

20



FEAL R B HEST L Can s b — MBI 2 TR 5 L HEE Lo (K 2-3-13), a-% h—/b
RGOS, HEMICBWTT LAy ROMKGIEZ L > TERESND Z Enmbin
TWA2 1, Bet2 AE 1 7 13 Hh o PA50 BRLEESE T & 5 LB ORMEIISIC X > To-4r
NG ETERRT D 2 &b T,

15 A
prefusarielin

8"

dehydroprobetaenone | (2-5) betaenoge C (2-3)
2-3-13. Bet2 o THERE{LIESF

21



2-4. 7Y EFEDIEK

R R B OAEZEAN LT AO-betl3 NHEMHARY 7% A4 KT THh ) U F
FeZFED 2-5 ZAEFE LI LD, YV VT ) T 4V E S ORIBEK) b IEREF ) 72
[A4+2]BRALMINBOER AT LTI B2 b b, ZOFRMEET-THEEIL, RN 7214 RN
EEOEFE CAE UL HRIA II-1 & 1I-3, RU & A REkEEROE Y Han/ 11-4 @ 3
FENE 2 bND, TNENOHEERK % pathway 1-3 L4 L7z, Pathwayl & 3 i
lovastatin & ¥l L 7= T v 1° pathway 2 i3 solanapyrone & $EEl ORI T 5 ° (¥
2-4-1, 2-4-2),

A) A. solani Sol1 o} H.CO CHOO
S-Solt M
acetyl-CoA Sol1 0 Sol 0 Sol5 X0
7 x malonyl-CoA — Y — y oz
1 x SAM | / s
S | o
X A
A
solanapyrone A
HO o)
B) A. terreus LovB "o °
S-Sol S-LovB S o fo)
acetyl-CoA LovB O LovB H LovB H Q H
8 x malonyl-CoA ——> / — —— — 0
1x SAM | S ) (j:S/
RNPAN )
W |E|

lovastatin

X 2-4-1. Solanapyrone & lovastatin i2B 755 4 U B

ACP ACP ACP
Pathway 1
S
S
o _ Diels-Alder o/ Chain
\ H reaction E H extension
e i P P N it >

Chain
extension Pathway 2
Diels-Alder
$  reduction reaction
intermediate 11-3 mtermedlate M- 4 dehydroprobetaenone | (2-5)
Pathway 3
Diels-Alder j
reaction o=/ reduction
H%fH E

H
2-4-2. Diels-Alder B2{L D HZ A I 7

22



AHIE L7z pathway 1-3 OFE T, Pathway 1 TIEFH U VBRIERZICHR Y 7 % A R
DO ESOEVNHEITT 5 DIZxt LT, Pathway 2, 3 TiEAR U 7 ¥ A FENPE SN-%IZER
FERNETT A Z E2h b, MFEEZXBTH LTI, 2-5 (2k3 D& LA OSSN HE
AR EE 2T, 2-5 1%, ZO#EEFIZ NaBH, & ORUGS2Y 2 S (16 L, 18 (\idD /LR
=VER) FFAET D0 BEIXME DRI SN2 A —ADBERT D L FHREND, Ll
FECAREISZAT 9 & 160D M ATKRBIED £ E T 2-4 ~EH TS (X 2-4-3),
ZOZEMmB, T16 ML b i 15, 19, 20 ALd A F/VIIZ L o CLIRAIIERE 4T
BO, B RY RPEETERWEERAD STERE TRV L PRI, EREIC~
7 1E5 /L (SCHRODINGER) |2 X A i ZERIEDHEEITH &, 16 LA R=L D
ERA FNHNT Jo THER S AV B IR L EREIE T D Z &b hole (X 2-4-4), LA
FOFRERNS 16 LNV AR= VT e RY RTOEETERWIIERAHSTCREICH Y |
2-4-2 @ Pathway 1 TR L7z, 74V VERIZAIZIC 16 2L AR =L |- To Claisen #fi
AT LI W E PR AN, £D7=), Pathway 2 3 R CT H U VEBRMER S U
HEBEZBID, EHIZ, 2016 42 Zheng H1Z & - T Diels-Alderase T& % Pyrl4 @ X
PR IE MG DL TVN D, ABER OIEPEEML O IE ) D . KFEETEDKFE DL A A
ELTIERL, o2 /) 74 EHBLEDVER=VED LUMO = /L X —Z{K T &+,
[4+2] 8RB 2 I3 5 & HEE L ) H . _H
TB e, LoT, [42-4-1 o (1 ]
IZ3BWWT Pathway 2 TRLZZX 512, & HE LS ':*9 LH PAEH
Va4 REREST AT E KL LT &e—//f‘) MeOH S
v ST, p-E BRSO dehydroprot?elf;eonone | (2-5) probetaenonz 1 (2-4)
ERMEIZE->T V= 7 40D LUMO —

FAX— DK FHEEE) /) & 72 0 [4+2]821k 2-4-3. L& 2-5 O NaBH4 &7t
FEMPBEATT D EHEE SN D,

NaBH,

2-4-4. dehydroprobetaenone I (2-5) O~ 27 nE7 /L

R
9_(4
)
i
RE
i
&
st
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2-5. R A1 > DREGERYT

WIZARY 724 REOTI H LICEE & EIZH > Tnd Betl ® R KA A 1220 T
FEREMRIT L7-, R R A A LRI 2-3-2 Tilk~<7- Betd L [Af#IC, SDR EAHFEMEZ A LT
W5, —f%IZ SDRIZ. ZFDIEMEFILIC Ser, Tyr, Lys S 7 A fiit =2/ L T\ b, =
O =FEHT, BEESNADP)H Lot Y REZEITO Ry MU —Z 2B L TH O | IHH
ICEETHD (1M2-5-1)Y,

/RH/;/\H\/\/H/ H 17B-hydroxy-3-
WA \N/® o Y androstanone

CheBA-R LIAMALPRS——— —TPLLYQPSENRVTLLSGSTSYPPASISR——SPPPKDGSE 2% AS 157
Betl-R LVSTCLQRM————IPLHYRSFAGVALFAGLAAFPPISCTQTGKTPPADGSH C C 163
CcshA—R LVRLSAPHR————LSFHYRSFASVTRLAGQESFDQSSVSA——FPPSA——ED A AS 156
HirA-R LVKLALPRL————IPVH SFATVGRFNGSDELAPESVAN——FKPEASTAD! S AS 157

E. C 176

AteafoE-R LLDLARDMACRDINPPSE QFVSSIGVVGFVGESRVTERRVPLSATLES!
* .

2-5-1. R N A A o OOfidif =7 A

b OfitE LT, Betl ® R KA A 2 T% S2705, Y2737, K2741 & L TRFSNT
W, 2 CHBEOREZW ST H72012, 3 O Ala Z5RK (AO-bet31sy705p,
AO-bet31yy737r, AO-bet31xr741pa) ZVERK LT, ARIZ, ZHU 6 OFRIEDEITTINIES G- L T
WA 51X, AO-betl3 TH L7 2-B NG L LW EN PRI NS,

KA RE AR O FEM % LC-MS T L= & Z A, FHEE Y LAY 2-5 13 &/
MoT=Z NS R 7 Z A4 REOTD HUICIZR RAAS URNEETHDL Z L 2R LT,
Fo, UV HLEZZT TORWRY 7% A FEOMEE LR TE X, pathway 2 & 3 %
XA L C4+21BbAMBUR D Z A X v T E2H BT 22 ENTEHIET TH D, 2009
12 Ma b iX, Lovastatin @ F 8% A k3% HR-PKS T& % LovB @ in vitro fiiT #4170,
ACP IZHEG LTeR Y 72 A R &, HIEMEIC K> CTATHICEI 42 TR 7% A

ROBICHII LTS (K2-5-2)8, Jefilicfiio C Betl I LK Y 7 & 1 R0
FEMESAIC L 2800 L AT, R Y 7 2 A RIFBRICE ool
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9 x Malonyl-CoA
NADPH
SAM

Lactonization
_—

w'

dihydromonacolin L

2-5-2. LovB |2 x4 4 H Fh e
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2-6. £%

2-5 DL SRR A REPEEIE TSN bEWE AT 5 HR-PKS 1%, #% .
RV E2A RERESZED RAA L L TFET H cis-ER ﬁlﬁfn)ﬁﬁﬁ%ﬁﬂiﬁﬁ“éo —4.
PKS-NRPS fid %1t o cis-ER 13iE 2 25 > T3k v (ERY), Z Dk 25+ % 7- o trans-ER
73 PKS-NRPS LfHAENERT 5 LWV EWRH D,

TenC

(trans ER)@ @ @
TenS S f
(PKS-NRPS)

SEnz

R4 I~“r$§:‘ \/

~/E§%"‘B§:‘
2-6-1. {EMEZ fREF L 72 cis-ER,

ARWFZETHEH L7z Betl X HR-PKS T&H %
WZH ) 5T cis-ER OREREN Kb iL TR
n., ZOMEEZM5ET 5 trans-ER (Bet3)
LB & 2 RUTEIRTR UV, FElof] & LT
I, lovastatin ®4& &R 53 % HR-PKS
T 5 LovB & trans-ER T& % LovC 230
S5 TW5, 2012 4EiZ Ames 5%, LovC
[ZOWT X Bk HERT 217V N2 T
LovC & #H B M @ & v Medium-chain
dehydrogenase/reductase (MDR) % >/~
JEREE T X BRSOt EIT o T2 (K

3% L 7= cis-ER (ER®) & trans-ER

2-6-2. LovC ® X fifb bkt
(PDB ID: 3B70)

2-6-2)1°, ZofEH, trans-ER T# % LovC (Il > MDR IZIEFTE LRV 2 SOy
FoF XL, XL2 DMFEET 2 Z L B3ba D | 20 2 SOfidFH HR-PKS T % LovB & DA
TERNC B2 52 TWb Ll ST, DIEZBEE X, BEEZERELE., £i3k-o 12
cis-ER & trans-ER OAHERZH SN T 5728, 8 D trans-ER KA A & 22 @D
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CiS-ER R A A N DWW TH TR 21T o 7=, FOREER., Bl xL1 1% trans-ER (2D A
FAELTEY, BA XL2 ITHEEE 2 £EF L 7= trans-,Cis-ER ICDOBIF(ET D Z L BNbo 1=,
Z OfEFTRE RS BLA XLL 1% trans-ER & PKS 23 FAA/EA 4 2 BRIC B/ 5 I TH D |
BeFl XL2 (FEVEICEERFER TH D & WO RSN T O D, LU EOGERIE LT,
IHMEZ(RF; 7= cis-ER, §&ME % % - 7= cis-ER (ER®) 137 3 / BEBIHI DABH TR T 5 =
EMATREIC 72 D (4 2-6-3), #ilE LT, ZoH A I fusarielin A& GBI 27 7 A X
—\ZAFE7T 5 FSL1 (HR-PKS) @ cis-ER & FSL5 (trans-ER) % f##i9 % &, cis-ER (34
5P, trans-ER 131G MEZRT 7 L— RIS ivic, 2k v, fusarielin JAARFEOA
AR trans-ER U TH D L HERITE 5,

Betl X° LovB o R X A AR & il % & . @i D PKS ® KA1 > (KS, AT, DH, ER,
KR, ACP) 7ZiF Cid72<, Betl iR KAA >, LovBIZC KAA ZH LTS, ZiLH
1 ZiE % . PKS-NRPS (21735 R A A > TH D LIz, Betl & LovB @ cis-ER 1% PKS-NRPS
EFRICZ L—RIZBEBLTWAD Z &b Betl & LovB (b7 e4H1Z PKS-NRPS TH V) |
NRPS 7% FAA U RITE L DL E L TE I ERRBIND D, 5%ITNA 4
AT AT 47 AN 54T O WD D,
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Trans-ER +

Active
cis-ER

inactive i
cis-ER

Trans-ER -

Active |
cis-ER

inactive i
cis-ER

FSLS
EqgxC
CcsC
LovC
CheB
ApdC
DmbC
Bet3
LovF
AzaB
CazF
AfoG
Rdc5
Hpm8
PKSN
EasB
FumlP
Soll
Acrts2
PKSF
ApdA
CcsA
Actts3
FSL1
Pyr2
LovB
Betl
EgxS
Chea
DmbS

FSLS
EqgxC
CcsC
LovC
CheB
ApdC
DmbC
Bet3
LovF
AzaB
CazF
AfoG
Rdc5S
Hpm8
PKSN
EasB
FumlP
Soll
Acrts2
PKSF
ApdA
CcsA
Actts3
FSL1
Pyr2
LovB
Betl
EgxS
CheA
DmbS

xL1 loop NADPH binding motif

VGAFAQFVGATDIVTLKVPPSM--TVEDAATLG-SGVG-TIGL--—--. ALFRS==LDVEG-~========== P==—== EAP. mem<P<&OQmH?HmﬂB>HDHFN|ﬁmmﬁHMHHHnm
VGAFAEYTAAVEWILLKIPPSL--SFQEGASLG-ISFM-TTGL-~--~~ ALFKS--LGLPG-=——====—=——-] Pomme= LSP. mNﬁw<?<<ommwwHOﬂ$>HOH<N|BwOW$mHHHnm
SGSFAEYIASEAEFTLKIPDSM--SFEEAAALGGTGLA-TLGM----- ALFRT--LELPG-——————————— P===== EEP. tha<?<mmmmwm<qu>20hrwlﬁ<mmHMHeHnm
QGAFSQYTVTRGRVWAKIPKGL-~-SFEQAAALP-AGIS-TAGL-—-~-, AMK-L--LGLPL-===========] SPSADQPPT Nw<&<?<&mmmavev?<azoxhwlrmOKHMHbHDw
NGAFAEYVAVPARLVLVVPPTM--PYQSAATLG-VGLA-TVGL-----. ALYQE--MRLKCT---——-———— e pld o SAP. 7Gnm<T<mQ>meHQFﬁvHOHbelhw0h0mH<Hmm
NGAFAEYVAVPADLLLRIPEHM--DYNEAATLG-VGLA-TVGM-—--— SLYHC--LRLPMK---==~===~ b e mowmmmMK|<F<KOOmH$Hm?rvHOHralwmmxw>HHHnm
NGAFAEYVTLPRRFLWRVPDHM--SLEAAASLP-VGIA-SVGM---~--. ALHYL-HISMPSLLEAMSRSIAAPSASHDHDGASD! >Z<MHF<NOQOHmHmVH>HOHFXI5>QMHMHHOOm
NGAFAEYAVADSRHLLQIPDAI--SNIQAAAIGAIGWG-TAAL----- AMSDPTALNLPG--——————————-] [P--=== m%muwWMHm<F<<OmbH>HmwH>HOZFX|WMQMHMH$<nm
—~GHWASRVTTSRTNVVRIPETL--SFPHAASIP-LAFT-TAYI----- SLYTVARIL---~--- mee<FHm>m>0m<OU>>HHhvolﬁemwm<mee¥0
—GHWATRPRAPWTSVMRIPQHL--SDQEAASFP-TVFA-TAYI-——-- ALHETARLQ------ WcmmHFHm>>H00<Oﬁw$HOh>OIBHO>MHK»me
~GPFSSRPRITWHGVINMPQGM--SFSDAASIP-MIFT-TAYV---~- ALVQVARLR-- m00w<?HEbbbmO<OW>><beDU<bmvm<<>e<m
—~GPFSSRARVSWHGVASMPAGM--GFADAASIP-MIFT-TAYV----- ALVQAARLS OQOH<?Hmbbbmm<mw>><Hb&km&hm>m<mbe<m
GGTHATRIRCDYRVAKKIPEGM--SFEEAAGIP-VVHC-TAYY-----. ALVKLAKLR------ mQOm<TH:bbbomﬂmobwhOhbXIEHmheHW?H<O
—GTHATKIRADYRVMTKIPDSM--TFEEAASVA-VVHT-TAYY----- AFITIAKLR -OOM<FHmwbbmm<mv>>HOﬁ$X|mhmrHHN<H<Q
-DTFATYVRFPAKGAIGVPTGM--SFEEAASMP-LIFL-TAYY-——-- ALVTAGGIV-—----- 50mx<FHm>>>OO<OU>$HZH>O|wNmeHM>H<m
-RSYTNYPLVHGDCCQVIPDSL--SFAEGASLP-IVWA-TVYY-—---— GLVDKGSLS--- QQHNHFHmwb>0><mﬂ>>H3r$0|mﬁmvm<mvﬂ<m
-NCFSTQITISAQRCAKIPSQL--AFEDAATMP-CVYA-TVIH----- SLLDVGELR ===~ =s=smss e sy |mmOmﬁmemVOmmHmﬂbthbanmomhmH&eH<m
-GHFGNYVRAPANFAYRMLPGE--DFVKMATIP-LVGM-TAIY----- SFECVTQLK--- UomwxrHDMV%OObnTmDHOb¥x|>NOwHHWFHVO
ASAFATEVKLASWLVARIPKNM--TVTDAAACP-LGYC-LATL----- AF-RTARLT-==============-=========- |NZHHSNHmm»Pmm<OT>ngH$O|UHwaHK<H>m
-GGVAQLARCKASQLQORVPDRM--SFCEAAAYP-VAFC-TAYY-~---~ VLTQYCGTN--- e —-—--SGDSILVHDAASVLGQRAIIKIAAIHGYTKIFATVS

—~TSNANLADIPNDMVFALDQ-D-QPCDAA-MLEATG---RQLLAR---DICNR--LP--- >mszF<<OmmmcqbvbrbramwlmmmM|||<m$U
—PKQSSRVRIPRALV--LPQHTSHGTINENSLDAFF---HEIVAR---SILRD--VP--- KQwbhubhomzwhhbﬁbrwm>>0|oﬁm<ebmb2wa
-DTNASSVRISKEHVFFLPHDF-SGNSATLLLDT-A---NHVLAA---KLLRC--IS-==—===========—=——=—————— |m2mHLﬁH&Emm<wbb$>membmlm26<0<mmbem
—-TENRSRVTVHSSWTETLKQ-E-HDVADGQYMSFIV---ADMIVQ---QIMYM--LP--- mamHnbrmmmommhwvhrew0h$|ZHmw%<<meea
-SHIASQVIVPESWACSLPDTV-SEAQEQAFLHVTA---AALLAG---YLFDQ--LP--- mmmﬂﬂ<<mmwuw<wovH<mOHWH|SWZ<x<Hmmem
—-ERNASIVHVRPDYIYTEAD---NNLSEGGGSLMVTVLAAAVLAETVISTAKC--LG--— <6Umﬁr<hzwvmHnmwzbhm>QMlmHme<mb>He

-SSLTSLLRIPLESTVLCEH-P--GLSEANYLGLVA---AELSVI---AFCDS=~LF=============—=r-—————————d |HQONET<EZ>M$MH<E$<bmm<m|mxmhw<HWHHU
~HIAESPVSIPTGWCIHLD--~=~ KLDPVKTLTAVS---AVLIAS---SILER--LA--=~-= Nmmej<<moﬂwmm<w?brbxﬁ»w|85w<vumxewm
~LLNRSHLQVSRSQLHFVDN-D-QTITIKAILVLVK---KFLIAL---ALASI--VQ-—=—===—===—————-————————— |MEDH22<EZ>UUB&$VPHmOHHmlmwhmlllﬁmvm

—~TSNASIIAVEPKAVAMIDE---VDLKPEALLRVFQHMAMQAVDS---AVRRH--GQ-—~ wDWHL%H<O>Ummhbﬁbemwwnwl<wMMxmebmm

“Fingerprint” region for active ER xL2 loop
mmzlmUlb<wmmm||$H><WUKWNMMHwUmwamaw|ZMbw<<bUnHmmwMHKOMOK%nHmwemmN&HNVHmwmmomrlmewmauomus< |||||
MWZlmmlb<Nmmmllbmb<WUmZUMZnHmUHNmeNIZYHwKPFUOHmHHOmzomnwovHmwbmmwwﬂ|>bmm&mmw<>wﬂwﬂz<wMUSH |||||
MW2|m>|b>Nm<mllvmmHMUKmmvOOOOWHﬁbKHN|zﬁbw<<rcmmeovwmHbrnnmemwwQOwwlOmeKMUMb<m|NWHHN<OM< |||||
mmz|MUlhvwmwmllvmm<10<w>vZH>oeHWH&HNlZﬁhﬁ&PHUOHHZ<MmHHmnM>>Hmw>nnmx<lmbzwmmmmyxyewwz<HHUSH |||||
mnmlmUuwbwwﬂmllv<wﬂwowomw600mUHNMKH>1zﬁbonyﬁUnmbommmKHH0«z>Hmmommw<<|>b2mmmﬂw<|mwwwm<owws< |||||
mm2|m2|b<NMHm||bew>mo&mmMHnmw0Hwamm|Q?ESK>HUOHHUHWME><O<meQMMmmthlthmmexmlmawxw<wm22< |||||
wmm1>m1wwxwﬂml|$b>ﬂﬁ0«0mwaanUHNMK821jwbvryHUnﬁmwmwwzwnnxmemmwmmx&<|mrvmmexm|n<wwmH<MUSH |||||
AQS-AP-LCISLG--AVGTACYTSTTCVQDIKALANGQSIKHALDCITDPESTTVCLASLARIGGRYA-CLEAVSDAC-ITRRSVAVKVV====~|
mmaxWZﬁﬁHmethwUICﬂmmwcwmM<UmHNHﬁHWONﬁ<U<<ﬁZMH>mwh||||b0xmm lllllll D-CLARFGRFVEIGKKDLEQNSR-———~
waxwohhmmemeMMZZHMMmﬁU@mM}HU<mbwacme<U<<bzmr>mwﬁl||lbommm ||||||| N-CLAEFGRMVEIGKRDLEQHSG---~~
momxwobrawNKQHmmmwmﬁzmmowmmbmv<hb$emmwﬁ<o><rzmrmomh||||b0>mm ||||||| E-VLAPFGNFVEIGKRDLEQNSL—----—
mom%WUHbH%mmemUUmHwzmmommwbmbwrbbawmwﬁ<unr |||||||||||||||| Iemmm——— E-VLAPFGHFVEIGKRDLEQNSL-----
eoa%mbewmx&O<momzHmmmxunmw<xmHMN>HZQWW<UO<EZMHmmmﬁ||l|Pwﬁms ||||||| G-CLATFGTFVEIGLRDITDNMR-———-
HMU%WOwaMOMQHMUHIHMzmwcbmw<wm<ow<ezmwm<UO<mehmmmhllllbwbms ||||||| G-CLATFGHFIEIGLRDITNNMR-———-I
ADTKKQLLIEQYGIPEDHIFSSRDTSFVKGVLRATDGQGVDLVLNSLAGEA--—-LRLSW ===~~~ TD-CLAKFGRFLEIGKADLFANTG---~-|
mmwNWUHbEPXMO<m<UIHWmmwaewﬂ<0mHzxmemmww<u<<bzmhmmm3|lllmwmmn ||||||| N-LMASFGRFVEIGRKDLMDDAL----~
mex<oxﬁ<uzmmﬁmewHmzme}mmv&U<w>>HOQWW<UB<bzmvanb||||hmwms ||||||| Q-CVAPYGKMLEIGKRDFIGKAR-----
HomxwwmbHU<<mHm»wm<mmmw0m>0m>Wﬁ3mvaomxﬁmz<HBMmemmb||||h<UmH 1111111 K-MLAPMGRIIDVGRIDVQONSTS-—---
Hmo%ﬂb&bEOﬁHmHmwomHﬂmmwebmmwcmrﬁnwazzwv<c<<<zmrmmmbll||bemez ||||||| A-VIAAFGRFVEIGKKDAFLNNS-—---I
w?mmbmﬁrmehm<wNwZHMMHOwbcmomOmebazmmﬂ<P<<<mmlIMUE1IIIFOUmS ||||||| P-CIAPFGRFVGVGEKDVFHSTANGSKE
-=--KA-----—- mnmmvﬁ<mHmlwxwmwwvHOmeM|jUﬁU>FHUnemmhm |||||||||||||||| ENLIACLSRNC--RVLNMTLHQL----
QAS-=—==———— memmEHmHmlwwmeHm<OZbHmlwﬁ<enmmozmmommH>H |||||||||||||| KILACLPDHT--QAKKEASITA
NRE-==—=====] KCGEGWAFIH-PHATERDIRTIIP-RNTGCFINLSFKPPGAL-—————====== SRALLQQT: i1
wmoxmall|2|ﬁbmxwstWZmJvaZXWﬁHmm>HMImN<HmmHUnﬂD»MU<HEM|IOMEOwummhmerIthmxaﬂl|<wwHHOUan
TNN---===-- voxcmwzb%bmnmmmeWObm0<ﬁmlmv<m><v<bcwwmomH ||||||||||||| YDRMLSLLPDNA--TRIQIDDLYR:
wmzwmwl||<M>OU>Wmzveﬁm|waHUS:ﬁWN<Hmlwﬁ<owb<0hmw00mnm ||||||||||| GLTQRMMKVLMPGC--AHYRAADLFT
HHOIHP!||<|mmU<vaH:HMIZMM$WMUHN$HHmlmFH<nﬁ<UMMDMHDvm2 |||||||||||| VAMITSCLPSYC--RKENVNTIFS
D-—-EA--———- Zm%hmvwxHUlmemhﬂ<HﬁbMHWIAMVMNMHUhmocmcxzma ||||||||||| SKVISMCLPWDY--ETIDTAHLFG---~--|
—==-NA--—-—- <<EOUEH<HE|membWH<waHMiﬁcHbZFHUOmNOMOMZ |||||||||||||| EVLVQCIPATC--RIAGLDSSLI
HS=====—we—— AAPGDWLKVH-RLSSKFAMSQMVP-SIGVQVFIDCLGGTESFDA-~-=== - ===~ CRTLQOSCLPTTC--TVHRLDACLL

192

LovC & MDR DpdAltbiER L V)

2-6-3. % ER R A A Dbl (xL1, xL2
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2-7. £L9

B2 EIIBWT, A FETRHTH - 7= betaenone LA ELEFZRE L, TDOAEEK~
UV —EBENTHEBE TS Z LICkIh Lz, Zhick v, BETRERREHBROE
KEEFE PKS OERE 2 B EICTHELARETH 5 2 L ITEIT A > TV am 202 REBFOME
[5O3 e DA M 2 AR IR CE D 2 L 2R LT, £72. R RAAL UK Y X
A FEOGIY HLICES L TW5D Z &, Bet2 BNEEPFEORMLIS & fillii§ 5 = & %2 EBRi
\ZHERET % & & BT, PKS NIZH D ER DIEMHEA XI5 72 O OF 7= 72 Faf i & iR L 7.
I HIZ2ETH LI betaenone 8D ET 57 1 U ER N IEREE R 72 [4+ 2] 8L AN
TEMRLTWVDZ ELHALNIC L, 2 E TIZH b7 lovastatin X° solanapyrone (2
BB TiX Diels-Alderase DB G- N —#xH) & S TE 72N, TOHFNIY TIXE L RVMEEY
MARBETELLE D, LT3 F|IITHERD,

29



References
1) M. N. Heneghan, A. A. Yakasai, L. B. Halo, Z. S. Song, A. M. Bailey, T. J. Simpson,
R. J. Cox, and C. M. Lazarus, ChemBioChem, 2010, 11, 1508.

2) R. Fujii, A. Minami, K. Gomi and H. Oikawa, Tetrahedron Lett. 2013, 54, 2999.

3) A. Ichihara, H. Oikawa, K. Hayashi, and S. Sakamura, J. Am. Chem. Soc. 1983,
105, 2908.

4) A. Ichihara, H. Oikawa, M. Hashimoto, S. Sakamura, T. Haraguchi, and H. Nagano,
Agric. Biol. Chem. 1983, 47, 2965.

5) I. Barash, S. Manulis, Y. Kashman, J. P. Springer, M. H. M. Chen, J. Clardy, and A.
Strobel, Science 1983, 220, 1065.

6) J. L, Sgrensen, F. T. Hansen, T. E. Sondergaard, D. Staerk, T. V. Lee, R. Wimmer,
L. G. Klitgaard, S. Purup, H. Giese, and R. J. N. Frandsen, Environ. Microbiol. 2012,
14, 1159.

7) H. Oikawa, A. Ichihara, and S. Sakamura, J. Chem. Soc. Chem. Commun. 1984,
814.

8) H. Oikawa, A. Ichihara, and S. Sakamura, J. Chem. Soc. Chem. Commun. 1988,
600.

9) K. Kasahara, T. Miyamoto. T. Fujimoto, H. Oguri, T. Tokiwano, H. Oikawa, Y.
Ebizuka, and I. Fujii, ChemBioChem 2010, 11, 1245.

10) R. Fujii, A. Minami, T. Tsukagoshi, N. Sato, T. Sahara, S. Ohgiya, K. Gomi, and H.
Oikawa, Biosci. Biotechnol. Biochem, 2011, 75, 1813.

11) H-C. Lin, Y. Tsunematsu, S. Dhingra, W. Xu, M. Fukutomi, Y-H. Chooi, D. E. Cane,
A. M. Calvo, K. Watanabe, and Y. Tang, J. Am. Chem. Soc. 2014, 136, 4426.

12) A. Droce, W. Saei, S. H. Jgrgensen, R. Wimmer, H. Giese, R. D. Wollenberg, T. E.
Sondergaard, and J. L. Sgrensen, Molecules 2016, 21, 1710-1718.

13) H. Kobayashi, R. Sunaga, K. Furihata, N. Morisaki, and S. Iwasaki, 1. J. Antibiot.
1995, 48, 42-52.

14) A. B. Barash, M. A. Hughes, D. J. Hawkins, W. E. Boeglin, W-C. Song, and L.
Meijer, J. Biol. Chem. 1991, 34, 22926.

15) J. Kennedy, K. Auclair, S. G. Kendrew, C. Park, J. C. Vedras, and C. R. Hutchinson,
Science 1999, 284, 1368.

30



16) H. Oikawa, Cell Chem. Biol. 2016, 23, 429.

17) C. Filling, K. D. Berndt, J. Benach, S. Knapp, T. Prozorovski, E. Nordling, R.
Ladenstein, H. Jornvall, and U. Oppermann, J. Biol. Chem. 2002, 28, 25677.

18) S. M. Ma, J. W. H. Li, J. W. Choi, H. Zhou, K. K. M. Lee, V. A. Moorthie, X. Xie, J.
T. Kealey, N. A. Da Silva, J. C. Vederase, Y. Tang, Science 2009, 326, 589.

19) B. D. Ames, C. Nguyen, J. Bruegger, P. Smith, W. Zu, S. Ma, E. Wong, S. Wong,
X. Xie, J. W.-H. Li, J. C. Vederas, Y. Tang, and S.-C. Tsai, 2012, 109, 11144.

20) I. Fujii, N. Yoshida, S. Shimomaki, H. Oikawa, and Y. Ebizuka, Chem. Biol. 2005,
12, 1301.

21) K. Kasahara, I. Fujii, H. Oikawa, and Y. Ebizuka, ChemBioChem 2006, 7, 920.

31



38 K- oWy BERE Alternaria solani W= 47 ) b~ A =7
3-1. PKS #4582 L L7207 A~oa =2 0k

2 EIZBWTC, BEICEBIT D HR-PKS FEEMOAEPEICKIh LTz, & 2T 3 & CI3E & F
HLTEPKS OF ) h~=A =2 TEITV, S HITHEMERFERRICOBEISAIRER Z & 2R d
<HEZEAT- T2,

) hwA =Tl iE, BEERMOBIG TV T AKX — % BAERBE TIOEA L, REE
WA EFESEDFIETH D, TEDY ) h—ri 2w AHMOREITEN, e L 720
9 DIEBERFNEIEF O REITHEEBIBAICHEM L T 5, EBIZAKDNAZHAWS Z LT
HRZ DL ONRRNGE . FRCHER EOBAE D 99%LL 4 b 5 &b 5 B ENER
L OB RRE R AW R D LA KRB Th-> CTHRMEHZMATTRETH D, L
ST, HHEARRMEDITIZRAONRNFERR RN T A 7 V) —DOEENFEEL 720 |
EIRGLD Y — Lo, (LFEMFMNRICBIT 2 EERY — L ELTRIAESND L H 72
BLERIRWAEYNE M 2 R TR O BAS S HIRF ST 5,

KIRECB T L7 ) b~ =0 270F, EIZ, B A An/hs< (2 - 3 kbp), ORF
DHETER 7 v — = TRRL T, MR 72T ISR T 295 1030 70 < THLe T A~ U B
BERICTEH L TIThN T& 7, UHF%E=T1% 2012 4EIC Chiba & 728 "Rk T L~ B4k
BERICER LTH ) LA =0 T 2T, FERAZ T AN CBBR R REL TS
FDO—FT, RUTZA RaexGgl Lier ) h~A = TERENTH D, £DOEREA
E LT, TARVEBLEESR 72 EO/NSIRBIE 1 ST B 0 BEREG A X3 7 - 12 kbp
EE KRR OOBGFENTT D720 TH T AR UBRLEESR SIS BV E
DML FHEEST LD TH D, MATT X BESIOERT T T PKS 2SERET % s
DY ODIRNT EMD, 7 b~ = 70FME L UIES N TE -, s
BzbHE, INOLDOERERIRTHZ LT, PKS OF ) A~ =T bG35 Z LR
BETHAI,

3 BTIL, BHEARSE PKS Z#ET 572010, 2 BBTHRONIHAENGARY & A4 REEDY)
DHHLAEHES FAAL U EHF L, BEERNTHEIL TS PKS &R L CTHEEZEEE LS
) LA =2 T %R4T0, didymellamide A& RIZBE D 5 S BGBRIR T OFRFE & RIRW D4
BB AR LT O THET 5,
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3-2. S AV =T DR E RS RERER PKS DEEE

FEHIELA 2 IRRET 27200400 & LT, Alternaria solani A-17 % A\ 7=, AKEIL,
ConWh B2 5| i 2 IMYnRE CTH Y, fiiss alternaricacid (3-1) &4
T %, 3-113% 1949 £ Brian 512 & » THIEEEMEWE & L CHBES L2, 1984 41217
b= Stoessl 512 K 2 RN AEERRATERAR DIV AT 2B 5@ DR Y 7 A4 MLaW
CIERARY . 2ARORY rH A FETHRENTWD Z LR LN ->TWDS 3, 1994
21, Tabuchi 512 & - TEE{LEESE PAS0 FLEHIOF G- ERNTTDIL, BLEDRZRS 6
fEo alternaric acid FERRADNHBES - % Bob BRLIEE DRV VR b LR E S HEE
ENTIED, BLEDIES 2 B2 (AR N TRENT (11 3-2-1)°, FEEORE 2+
AMEETHRE SN TE LT, FOESRKICITEBA - T3,

SEnz

o) O)j\ o o]
0 S /\/\/\/\/\)k
9 x o) or SEnz
Aot C (  ( juﬁ\
Me Me Me O "SEnz Me Me Me Enzs” OO
NN
H{
(0] (6]
X z
/\(Y\/Y\)Oi;j\
3-9
Ad- oxd.
H\O OH l OH\O

T,
OH 0~ O

proalternaric acid (3-7)

/OXd.
N
o 0
2 z
19
- (oo
oxd. 3-3
" / OH (@) H\O
OH10 2 i oxd. Bz a0 A A~ L8
A 8 =z —_— 14 113 AN 5 3NF 16
HO 'CO,H 7
CO,H 19 P No 21 20 v o070 18
3-2 alternaric acid (3-1)

3-2-1. Alternaric acid @ PB4 S R IE

MAEH ORI —FEIZB N T, R EOBEBFEINIZ S REIN TV, BHEE, §F
(SR O A BERE & AR FERRIC B\ TR B BIET 7 T A4 — % H LTV AHEBDH 5,
Z 2T, RWRE AL solani A-17 ¥k D KT 7 N7 ) hy—r o AiEMT 24TV, solanapyrone
AEHHRICE G925 PKS TH D soll #7x) —L LIztHRIMERFE, WU solanapyrone
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EPERE Alternaria solani ASP-2 tk & DB 17 7 A X —D 217> 72, T DR, &5t
11 {8 HR-PKS, PKS-NRPS #3Hohv-7- (K 3-2-2, #h 24 1HRPKS-11PKSNRPS
LRFRT D), 2D 55, 1HRPKS 1% A. solani ASP-2 BEIZTFTET 2 KEREMRHT 7 70 PKSN®
& . 10HRPKS [Z I PKSF” & 98% LA I & v 9 #id T MERMEAR A LT, Z201E
Py, BEREFEAT IS 4Tz b, 0, 7HRPKS 13 PKSK, 2HRPKS i AS1. 11PKSNRPS i
AS3. 4HRPKS |% AS4 & 96%LL & 5%‘b\$ﬁlﬂ‘$%ﬁﬁb ASP-2 BRIZAFAE DS R &
T % 75D PKS (-NRPS) ® 9 % 6 fHOEGFIFIE L TV D Z LMot BOASP 2
FRiZiE, PKS % =a— R L7=#{5¥ soll (Soll, solanapyrone EEREER) BAMEL TV
2. A-17 BRIZFEIEL TV irdho e, —H T, A-17 TR ONTBEMBIE D 9 B,
6PKSNRPS (asolS) <> 3HRPKS, SHRPKS, 8HRPKS & 9HRPKS iZ ASP-2 iz i/ Hh
TRio T,

PKS jif {1~ (NRPKS)
1HRPKS: -—H—h———- - THRPKS: . .= ) — ) — —-
2HRPKS: . . il =) — . . 8HRPKS: - — ) e

(NRPKS)
3HRPKS:

GHRPKS: . =l — )~
10HRPKS: . _h_-_-__.‘_

TIPKSNRPS: . . =il = ———)—

4HRPKS:

SHRPKS:

HH

6FPKSNRPS: . .

3-2-2. % 5. L 7= HR-PKS(-NRPS)fE

otz Q HOBE/MD I B, 7 AvA = TOMBEKY AT D OIEEE LT,
alternaric acid A PESR T COERE DA B2 R Uiz, B4, alternaric acid %4
PET D L &7z CDYE 554 & | alternaric acid FEA2pES:TdH 5 PD £5iod 2 %54
L7z, ZNZnssE L, Son Mm% LC-MS THElT L7=, Z OfEE, PD 5zt
~C CDYE #5#i ¢ alternaric acid $8#xfk DA ERNZE L <ML Tz (1 3-2-3),

Mass chromatograms
(m/z 395-412)

He H
13 oH 9 7 e 015 OH 9 0 "o
14 1211:0\ 65432/ 16 10\ 6 ]
5000 HO' YcoH ,
21 20 19 oo 18 CO,H 19 o o
ol Mn-_ M L alternaric acid (3-1) 3-2
CDYE H H
OH 0 o OH 0 o
9
5000 10
34
COzH CO,H
. \\A Ai/_,ﬁ_n.n__ 2 9 o020 2 0o
0 10 20 3-3 3.4

25885 [l min]

3-2-3. A. solani A-17 FBE{EHTFEEY D55 BT i 5
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ZDZ L6, CDYE, PD #5388 4EH T 3-1 &R DA ERDER NI S/, 9
B DR PKS I2 W T OERE &L #AFF S 7=, CDYE & PD 55 CREE L2 KL D
total RNA ZHhit L, wWilsE 5 5i7= cDNA %7 > 7 L — RMZ RT-PCR #4795 Z & T,
% PKS IZOWTHEIR A il L7z, Z OfER. 1 DOBIR T asolS IZEMK v iAE T (K
3-2-4),

Histone 2HRPKS 3HRPKS 3NRPKS 4HRPKS

M4 : 100 bp DNA ladder

Desired length (bp)

Amplicon with intron _exon only Amplified region
Histone 385 274
2HRPKS 325 277 -ER
3HRPKS 324 282 DH-MT 6PKSNRPS
4HRPKS 330 273 KS
5HRPKS 326 266 Ks 2539539239839 239 ES
6PKS-NRPS 338 275 C-A — . - v .
7HRPKS 330 234 DH-ER F
7NRPKS 343 285 KS-
8HRPKS 325 275 KS
9HRPKS 327 273 AT
11PKS-NRPS 371 218 -AT
9HRPKS 11PKSNRPS
l—  gr—t—
) R o
Template: 20360039 %
.
3

Ref. : A. solani A-17 gDNA
PD : A. solani A-17 cDNA (PD medium)
CD : A. solani A-17 cDNA (CDYE medium)

3-2-4. 4% PKS (-NRPS) D8t

asolS o E WU B &% 2 ETHHALEY = 7Y — ) TH %5 2ndFind
(http://biosyn.nih.go.jp/2ndfind/) THEFEL 7= & Z A, trans-ER #E{x1 asolC &, 2 >
® PA50 LEERBIn T2 HATEY, 2k asol 7 7 A% —bma Liz (5 3-2-1,
3-2-5),
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7% 3-2-1. asolS A REBIE 7 7 AX —IZEENHBIE T
Deduced function
(homologue, NCBI accession number, species)
Polyketide synthase-non ribosomal peptide synthase hybrid

asolS ] .

(Beauveria bassiana , ADN43685.1, 67/51%)

Trans ER

asolC . .

(Beauveria bassiana, ADN43684.1, 66/50%)

P450
asolB P
(Cordyceps brongniartii RCEF 3172, OAA40386.1, 63/45%)
NADH oxidase

orfl

(Fusarium oxysporum f. sp. cubense race 1, ENH70108.1, 72/55%)
orf2 O -methyltransferase
(Talaromyces islandicus , CRG87949.1, 57/39%)
Zn(1II)2Cys6 transcription factor

orf3 (Aspergillus flavus , RAQ60575.1, 64/46%)
orf MFS monocarboxylate transporter
(Aspergillus flavus, RAQ59724.1, 78/64%)
orf5 Transposase-like protein
(Stemphilium licopersici, KNG52748.1, 80/60%)
P450
asolA . .
(Beauveria bassiana, ADN43682.1, 74/60%)
orf6 Short-chain dehydrogenase/reductase

(Penicillium occitanis , PCG98794.1, 68/51%)

asol biosynthetic gene cluster (A. solani A-17, similarity/identity[%])

S Cc B orfl orf2 orf3 orf4 orf5 A orfé
asol

1kb PKS-NRPS trans ER  P450 P450

3-2-5. asol A E BT T AH —

asolC (trans ER) asolA (P450)
asolS OJENIALE LT\ 5 trans-ER #&fx 1

asolC. P450 L& 81n 1 asolA 7B L C
WA NZEIFEIZ RT-PCR TR L7 2 A, H

(bp)
A7 alternaric acid A= pES: F T 1 HEE & 300
Nz ennb, BELTWAHZI EBbhoTo M4 : 100 bp DNA ladder
(X 3-2-6),

3-2-6. asolC, asolA O3sEifER

PLEL Y HEABKEEREERE T asolS OFICHEIET HIEMBEE G TARE LT
W5 asolBInt 7 T AKX =% ) h~vA =0T DOXMRIZ LT, As0IS 1 PKS-NRPS TH D |
COMEORERIIRY A A N ET 2 ) BOMAEWEEET L L RMbN TS
(¥ 3-2-7), NRPS #5530 A R A A TIEEARD X $E SHEE AT >  IEMAE L L |
AL 2 7 2 B A IR 23 BIES (% 3-2-2, A RAA L HOREERBICH DD
10 HOT 2 /) OFENRSNCTED . ATP LEEOT XV Ba I LT AMP {ha+
%, FDH%, T AL VDRARN BT A I — RT3 9,
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TenC
(trans ER)@ @ @

OH
TenS . o)
(PKS-NRPS) NN

M (g Mk/\(\(\ pret’\;nellln A
polyketide \/ \é;

amino acid

3-2-7. TenS |2 £ % pretenellin-A OEA 1%

SEnz

A RAALTT 2V BETZT CTlidze < ESUENIE 2785 L TIEMEILT 26037 2 v7 b
VRO EARICE ST % CaaA THHN TS 10, Zd7 asol s T2 5 A% —
N, TR ERAERETICE £ 720 alternaric acid (3-1) OAESRRICEES LTV D kTS
D729, AsolS O A FAA UNEBRIZEDT I 7 ERZETEMHAL LT A0l L7=, AsolS
DA RAAL L OEFN %, FEREREIMD A KA A > &g L7fER, AsolS D A R A A ZHF
ET 57 2/ WEEHNIE TenS, ApdA & <Pz, Tyr Zo— 45 LHEH &
iz (3 3-2-2), 61T, AR ORI ED ZE 0 M 7DD R* KA A U BFTEL
el b, AW E G 2 DREENE &R LT,

#£3-2-2. HA RAAL DT 3 BB L
Substrate 186 187 190 229 256 258 282 290 291 486
AsolS ? D M I I ¢ G C A A K

CaaA malic acid
FusA homoserine
TenS tyrosine
ApdA tyrosine

PsoA phenylalanine
CcsA  tryptophan
CpaA tryptophan
CheA phenylalanine

o oo o o o O O o 2
rTXTXI»XXZ=XI
- = > 0 < < < - C
ZE =~ - M = = M X
O 00 < T O00um
OO0 0> 00> 0
S 0ow o> 00600
—H > > M~ > D> o~
4 > 4 0 W > = > W0
A AN AN AR A A A AN A

Pks3 serine
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3-3. HFEEFEEIF F M= asol Ein12 7 X X —DEEEREYT
3-3-1. A0-asolCS 76 DfCa ey D

FI. ALEMOIEAREHEEFET D & TR IND asolC, asolS % A 28 A UEEREMT
1T o7, A AO-asolCS X 0 5 b MEEM 2 HPLC THord 2 & BFARRIC
TR LNV —2 (3-10, {REFRFR] 24 43) @il e (K 3-3-1), KEEW
D4y FRiE, HR-MS L 0 CpqHpgNO, & HiE L7-, HEEL T 'H-NMR #2175 &, /5
2 BEANR B ACHERT D 2H S OX T Ly b7 FAN 20 (847.02,6.74) L EFE
WA LI IH o7 Ly 7L (y6.14), L7 47 a NAZHY T H~ L
FFLy b I (8y 5.56) L7 u—RKFZT Ly b7 (8y 5.42) BENTH 1
O AFANBITHYTHE T Ly 7 F R 2 o (84 0.94, 0.91) fF4EL TWiz,
TH-NMR CBLUH S 41723 7 F RSO 7:2 T2 1y MBI S7- DT, IR TR
BMHANECTWD Z R anT (X 3-3-2), ZOHGIIT N7 I VBHEERET S
preaspyridone ® NMR f##T i W TH B STV =Dz z, 3-10 045+ bEHR
EEATVDZERADETT T I VIBEOFELRE LTz M &51C H8-C7,
H8-C3, H5-C2, H5-C4 ®» HMBC iR & NOEAHE/ S, b T v AT H U B ET F T 2
VRS B A9 D BT A Y protodidymellamide o (3-10, 123 mg from 1 kg [E{kES
) ThDHEWRELT,

UV chromatograms (=274 nm)
3-10

_onvw

AO-asolCS

}l AO-WT

protodidymellamide o
(3-10, 123 mg/kg [solid medium]) 0 10 20 30 40 min

281

1203 224 nm
. nm nm 3-10

HPLC conditions

flow rate: 1 mL/min

column: Wakopak navi C18-5,
$4.6 x 250 mm(D)

solvent A: water

solvent B: CH;CN

gradient: 0- 15 min, B 40 - 100%
15 - 30 min, B 100%

3-3-1. AO-asolCS DXt EEM fRHT
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O N~OM~O~r~ < O~ =t
OO —DHODD DD O~ —0w—
DON—ORXRFM~© O OFToONO D
NOoOoOR~O®®E —O wwnT T O

MR EEEEE ©e  nWwwwww

N2ZIR

3-3-2. protodidymellamide a (3-10) ® 'H-NMR %<2 kL (in CDCl;, 500 MHz)

3-10 DN B, alternaric acid A FESAH THEL L T 7z asolA 1 alternaric acid @
EARGRIE T TIERWZ LV Lo, S EAO R OMEE L g L2 2 4, 3-10
IRIRE DR Y 7 A R R KK didymellamide ORIEMATH D EEZ Bz, L
L. A. solani & v didymellamide $1D HEEREFIT 722 & MR TORBIED T
CBWTHMHEFRE LIV TOEERTH 722 &b, asol Bin 7 7 A X —355i
DIFEVE, BERFITOZTHI UM EDOHMED & EET H LHERNTE 2,

HERERRMTIC T L 7= AsolS, AsolC 1%, tenellin 24 Fil%# TenS, TenC & = Z1 65%
REOMEMEZR LTz, Tenellin A& TiX, 3-10 ERERICT b7 I UBEEEZ L
pretenellin-A 23 AERE S 721, P4A50 M bl TenA I K S ER7ZRBRIEKISIZ L - T
4-hydroxy-2-pyridone #%i& % 79 % pretenellin-B ~: ZHi s s, 0k, 95 —o0
P450 Fefbl%3E TenB 12 L » CTEHRITKIENEA SN TE R 3 LG &2 H9 5 KK
¥ tenellin ~: &SN 5 (1 3-3-3)'%, tenA, tenB & HELL L 7= 86 7 OF B4 e L=
& 2 A, asolS OITEIIALE 5 asolA 7S 74%DREEE /R L= Z LD, AsolA 23 bd
¥ 3-10 # 58 & U CRILKRIS Z i+ 2 & B 2 b,
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Acetyl-CoA TenS TenA MO OH O TenB Ho OH O
- PKS-NRPS P450 P450 =
f'g':\:l’:ilggw oo TenC ) i /OHR (ring-) | I N-hy(droxyl)ation I b g
2x SAM (trans-ER) HN expansion ﬂ o EH ©
o
pretenellin-A pretenellin-B tenellin
asol biosynthetic gene cluster (A. solani A-17, similarity/identity[%])
S C B orf1 or2 orf3 ori4 orf5 A orfé
asol
PKS-NRPS trans ER P450 P450
1_kb (tensS; (tenC; (tenB; (tenA;
74/64%) 65/49%) ©65/46%) 74/60%)

Tenellin biosynthetic gene cluster (Beauveria bassiana)

S C B A
ten =( ) — )~ {a——
PKS-NRPS trans ER P450 P450

3-3-3. Tenellin A&k L W asol 7 7 A% — & DLk
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3-3-2. AO-asolICSA 7> & D CHZEY D/t

ATE 3-3-1 IZB W TR LI ZR BRI SOS & fillit5 2 & A L7- asolA %, 3-10 %4
58 AO-asolCS (Z:BME A L7z, 5 5 iu7= AO-asolCSA O RGEHT#EY) % HPLC CfEsT L
7= & Z A, AD-asolCS IZIZ R o7 WHii=72 2 DO E—2 (3-11 (HFF 17 4), 3-12
(PREFFER] 26.5 43)) @l &z (K 3-3-4), =hEhosr ik, HR-MS XY
Ca24H29NOs , Co4H7NO, & HRE L=, 3-11, 3-12 D UV 227 ML KIRILE 28 340
NMAHETH D, 3-10 (Amax 280 NM) TR TKREARAERES 7 PR BN,

HO OH O OH HO OH oH
4
X NF X

9 Y = %
| E | H ‘ H | UV spectrum of peak 3-11
H © H © - 241 nm
protodidymellamide 3 didymellamide B -
(3-11, 84 mg/kg [solid medium]) (3-12; 21.8 mg/kg [solid medium]) 33> |
dr.=1:1 <
= A=347 nm 3-12
- UV spectrum of peak 3-12
AD-as0/CSA . 247nm
| S .
3.
=
pM_\__AO-asolCs | < 347 nm
0 10 20 30 40 min S

[X] 3-3-4. AO-asolCSA DA\#FEY HPLC ﬁﬂﬁ

{REFRR 17 O — 27 ZHEEL., 'H-NMR f#F 2175 &, /35-2 @i~ P ok
FTH2HHDOXT Ly R T FAR 25 (847.21,6.76) &, 4-t Fuxi-2-t) Ko
TIRTa bATHY TS IH oy 7Ly v 7 (8 11.57) & 644%1/74/
7u h YT S IH DO T Ly T Fv (8y 7.48) BRI ST, 51T
T4 YT H5EEH 4H Yo~ F T Ly R 7R 3 o (8y 5.98, 5.56,
5.47) ET VMIDAFNVIKIZHY T DX T Ly b7 F AR 1o (6y1.68) Bl
TG, HIEETH D Z L EMRIE LT (X 3-3-5), A TAF U AF U ITH
W2 IH DO~ AF T Ly k7L (8y 4.55) 2MELHIS ., HSQC R IZ 35U C 9 4ir
FF T RAF L EHERH LN BC-NMR IZBIT B RFES 7 F A 2 5 (8¢ 78.6, 78.4).
FETRONZZ D, 111 OPT AT LA~—RBEWMTHS LHEE L (X 3-3-6,
3-3-7), 51T, COSY MO HEE STz 3 FEDH I %2 >7e < HMBC FHBE MM < 417=
ZEnb, ﬁéﬂ?zv:—/w: 4-B Faxv-2-B U RURBKHEG LEHBLEY
protodidymellamide p (3-11, 84 mg from 1 kg [E{&EsH#) TH 5 ERE LT,
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V]

18-Me

98P ¢

[270°9

~

L e N e BT L e g R T L N ] N e e e kbt =T =T =]

986% '6

L0e -

21H 22H
25-H 24-H

23-0 O ——

980 « |L
b
©o

9LE6 0 J

W_ 199071 |

—

12

8/ ppm

% 3-3-5. 3-11 ® 'H-NMR %<~ |/ (in DMSO-ds, 500 MHz)

286E
L96S

16L9
L89L

90L8

891l

8L —
8 —

951 ——
85—

oLl

88—

120

130

150

190

30 20 10

40

90 80 0 60 50

100

170160 140

180

5/ ppm

% 3-3-6. 3-11 » C-NMR 27 /L (in DMSO-ds, 500 MHz)
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70 6.0 5.0 40

(o]
O

140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 100 0.0
0

3-3-7. 3-11 ® HSQC 2<% kb (in DMSO-dg)

— 7, WRFEE] 26.5 SO v —7 ZHEEL, TH-NMR BT 2175 &, /$F5-2 @Y
VNZHHRT D 2H DO XZ T Ly T F N 2D (83 7.25,6.77) 122 T4-& Rk
2-BU RUO7 I R7e NATHYE TS IHGoY 7Ly o7 F L (6 11.57) &£ 6
NAVTZ v T7a bl +25 IH o7 e— Ry 7Ly by 70 (8y 7.55) &
KFEREATEBSG Y7 P L2 IHOT7e— Ko7 Ly b7 F 0 (84 16.90) 2 8EIHI&
iz (¥ 3-3-8), S HIZT UNMLO A FNIKIZHY T D 7T ABEll sz bz
AFNIRTHYTHZ T Ly R 25 (84 0.88, 0.75) BHlSh-Z Lo, [4+2]81k
MIMETH D Z & 2R RR LT\, U EZBZICCIHAEZIT O &, RIRFEH R
¥ didymellamide B (3-12)*° & 'H, 3C-NMR D{b¥:> 7 R BW—EE5R L, H—DY
TAT VA~ —E L THRLNEZ LR ghoT,
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18-Me

G668 91—

SP16 2oy o= —
1]
= I T
= = T pg60 2
o & & Vg0l 7
T L9801 « m
N
T 01~
@
I
o [810°] Jﬂ
L
(o]
T
10907 — .
oo
T T500l 7 - B
a8 9260 fb
T
[{e]

Q2860 J

12

13

14

15

5/ ppm

% 3-3-8. 3-12 ® 'H-NMR %<2 kL (in DMSO-ds, 500 MHz)
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# 3-3-1. 3-10, 3-11 ® 'H, BC-NMR # I H1v 7 K

protodidymellamide o (3-10)# protodidymellamide B (3-11)*
dc Sn (multiplicity, J in Hz) dc 31 (multiplicity, J in Hz)

1 6.14 (s) 11.57 (s)

2 175.3 158.8

3 101.9 106.8

4 194.0 170.6

5 63.5 3.97 (dd, 9.2, 3.2) 111.5

6 37.3  2.65 (brdd, 13.8, 9.2) 139.4 7.48 (s)
3.16 (m)

7 192.0 188.1

8 46.4 3.71(dd, 11.8, 6.0) 42.4 2.54 (m)

9 332 1.51(m) 78.4 (78.6) 4.55 (m)

10 29.9 0.94 (m) 31.3(31.4) 1.65 (m)
1.77 (m) 1.65 (m)

11 33.0 1.00(m) 31.0(31.1) 1.23 (m)
1.73 (m) 1.23 (m)

12 35.2 151(m) 32.3(32.4) 1.43 (m)

13 415 0.81(m) 39.5! 1.85 (m)
1.73 (m) 1.92 (m)

14 418 1.83(m) 129.7 (129.8)  5.47 (m)$

15 130.8 5.42 (brd, 10.3) 131.6 (131.7) 5.98 (m)*®

16 131.0 5.56 (m) 131.6 (131.7)  5.98 (m)$

17 35.6 2.59 (m) 126.6 (126.7) 5.56 (m)*®

18 179 0.94 (Me, d, 7.2) 17.8 1.68 (Me, d, 6.6)

19 225 091 (Me, d, 6.5) 19.2 (19.4) 0.79 (Me, m)

20 127.8 123.7

21 130.3 7.02(d, 8.1) 130.2 7.21 (d, 8.4)

22 115.7 6.74(d, 8.1) 114.8 6.76 (d, 8.4)

23 155.1 156.7

24 115.7 6.74(d, 8.1) 114.8 6.76 (d, 8.4)

25 130.3 7.02(d, 8.1) 130.2 7.21 (d, 8.4)

*The chemical shifts shown in parentheses are for another diastereomer of 3-11.
IOverlapped signal with the solvent peak. $Chemical shifts of olefin protons are nearly
1dentical to those of prosolanapyrones4.

HO OH O OH

I T

N (6]
H

protodidymellamide
(3-11, 84 mg/kg [solid medium])
dr.=1:1
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BMEEY 3-11 X 111 OV T AT LA —REMTHDL Z LD, $foﬁﬂ%@5%nz
WNECThHo7z, £ZTB-& Fax i hEolike, ik Diels-Alder K&z
BRALIKR~ZEH L, TOMELHAET L2 L& L, RIGOEITIXZ TLC THER Lt
(CHCI3/MeOH=6), HANIKEBEEDIBEL RS T D127 B F M fbaiTo7lcL TA, it
BE3-11 12f1Y 45 2Ry b (R=0.15) BWEL, £/ 7Tk 3-11a 12N 45 =
A § (R=0.37) BEUTz, ZHUISISED W T = 7 — WK IEN 7 2 F b s vz
HOD, INAKBIIRPIETHD Z & AR LTV, £2 Tbuyfﬂ R TR ZE T2 T E
A, TReFL LEIEOBLEE, fi< Diels-Alder St —282H#4T L, BRILIE 3-13
(R¢=0.75, ok, 1.0 mg) 25 x 7= (X 3-3-9),

HO OH O OH AcO OH O OH
Ac,0
AN & AINF C; A A
0 311 DMAP N 3-11a
pyridine H
toluene
85 °C
AcO OH O OAc AcO OH O
A P A = P
N0 ) ) N0 )
H AcOH H
AcO OH OH -
— | SN Z | i
N"So N EEBERMN

O-acetyldidymellamide B (3-13)

3-3-9. 3-11 o7 & F kL 3-13 DAL

B 3-13 O TH-NMR 2<2 b L% 3-12 Db D Ll 5 & 23707 = /7 — Mk
FeleD > 7 VAL, D012 2.25 ppm (Tl 7B FVEERKD 3H 0 > 7L
v N T FANRETTE (K 3-3-10), 2O Z &G, HIMEEM 3-11 OV T AT LA~ —

G O NIAKBEIEDNARMEFEDOE NI LD LD THY . TOWELHERT L LN TE
776
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oS OH O
H
X > 7
Rsce:
N~ 0
H
didymellamide B (3-12)

23-OH
A A l U A L]

CH;CO-

O-acetyldidymellamide B (3-13) LU
| X Y G N WY

16 14 12z 10 3 3 a4 2 1}

pPPmM

3-3-10. 'H-NMR spectra (500 MHz, DMSO-dg)

KT BFWUCINZIEBNT YT 87 — MR TE T, BROBR(LIEM BEE AR L7238
e LT, OMKEBBENT BT /b D= X —EaEN | Fi< KIS LD @iz, Vo
AT BT AT B EELICHEE, [44+ 2RISR EIT LI Z ERB 26N D,

UL EDOFERITHEASNT, B D PKS OFUGT, AN T AT LA ~—& L TERT
HETBEZHLS V) T R Da, BRI N ARG AT A EARA 3-14 34
B S [4H2RILIE3-10 2 5272 LB 2 D DONRRETHDH, TUHAIELWE LTz BT,
3-10, 3-11, 3-12 OAEGRREIKICTONTELET 5, 3-10 ZApET HHE 1% L asolA
ZIBINEAT 5 L RIEKRICDHEITL 2-8 Y RUOREEREAR S L, 3-11 & 3-12 1355
izo 3=11 BB SN D 72 DITid, AT RIAK 3-14 70 6 BRILK S DEAT L CTHEE H#
1K 3-15 ~EH SN 7212, 8,9 NDY T ) 7 4 AKFIENNZR W, —FTKfnEnT
W[4+ 21 LAINS ST % & 3-12 1A S D (K 3-3-11),

BRALIK 3-12 OAGRRKIE 2 % 2 5D, Olcal~7-i8 v #EE A 3-15 H»
5O[4+21BALAINC L 2 EHBOG, B9 1 DIFQBEICT Y U EREER L TWDT k
7 I UE 3-10 DO RIEKISHEITT 2B TH 5, OO TOAEARIE 3-11 735
BN EMDHENDO LN TND, I TOQORKTHLIGHEITL TWA N EMET D
7o, WAEMER T T,
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malonyl-CoA

SAM AsolS (PKS-NRPS)

L-tyrosine AsolC (trans-ER)
o
H
H, /=~ =z Y " N
N E non- H
H 03 14 enzymatic protodidymellamide o (3-10)
AsolA + AsolA
(P450) T (P450)
Ho OH 0 HO '
9
| 8 H non- |\ H“"”H
N 0 enzymatic N"So
3-15 didymellamide B (3-12)
l hydration
Ho OH O OH
S : AF
N0 :
H

protodidymellamide B (3-11)
3-3-11. {L&W 3-10, 3-11, 3-12 OAG AR

BRALKIESR AsOIA SER{KAIK 3-10 ZSEH & L CRABFT 20 E2 AW AR L - THED O
72o AD-asolA 1Zxf LT 3-10 Z x5 L5 L 15 6 V7 ARHEY & LC-MS T L7223,
3-10 Dk, WNT 3-12 DARITMER TE o7z (K 3-3-12), LLEX D AsolA ©
HOEEITHBERERTRHA3-14 TH Y (3-10, 3-11ITRAIERI TH D Z L h3biroTz,

<LC-MS analysis>

4000 (4500) 3-1 0

J AO-asolA + 3‘-10n

(145000)
100

Ajlsuajaqul

Authentic 3-12
0 5 10
min

3-3-12. AO-asolA % 7= E s
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3-4. L%

KXk 51, didymellamide ¥6o N,
LR hHY UEREAETAEY R apiosporamide (3-16) fischerin (3-17)
AALEMHIHZ < HEE SN TR 3-4-1. FH ) BB EET S 2-8 ) FALEY
. Bl L L THRIRE Apiospora
montagnei 7~5 B X 717- apiosporamide (3-16)%°, Neosartorya fischeri 7~ ¥ S
7= fischerin (3-17) »%F b5 (1K 3-4-1),

Didymellamide ¥8<°> apiosporamide (3-16) (Zendo A THD N T AT H ) &
¥AEHT D02k L, fischerin (3-17) Tl exo fIMKICHYS T2 AT B &2 H LT
W5 (X 3-4-2), —fxr9ic Diels-Alder [<)ix % endo HINZAE - T endo MR D A= sl A E S
THZENHLILTEY KPP CTORISTIE endo SBIRMENBEEFICIE KT HZ &bl S
T3 Y, Didymellamide » /& #%# TiZ. Diels-Alderase (DAase) (Z4H4 4 2 &5
FEHNN 7 T A X —PNICIEER T, JEREE R endo A 3-10 X° 3-12 23— D454
ELTEONEFEFELE FE LAY, —J5 T fischerin (3-17) 1%, didymellamide 3H0 5 =
AFIARIZAR S 2 IR RAR N D . =3 L —MIC R Fl e exo FINELRME—D LAY &
LTHELND Z EnD, ZTOELSAMRRKICIE DAase 2385 L exo BRI 72 B AL SO % fil it
T EHEM SN D, FEBRC fischerin L FRIERIC AT Y % H3 % solanapyrone @
[A+21RLINCEBIT DT AT LA~ —DAERKIIZOWTRET STV 5, Brp 5 Pa i
. DAase OIFE/IAFAE T Tt L7z & 2 A, DAase Th % Sol5 FEFFESM F Tk
FHRBRAL D ETT L, KR TIIAFIELL D 720y endo FIMEMESANCERKT D, —T
SoI5 NIFAET DA ITIT KRR TOIFELL A Z ) exo MIMEAD LN BT 5 LGS T
W5 (X 3-4-2),

HOH,C HOH,C ~ OCH,
O O
ot /
solanapyrone B solanapyrone E
OCH, solvent endojexo
OHC_~ | toluene 2.7
CHCI 3.4
= 3
0~ "o CH3CN 4.4
XN H,0 23
H,0O (with DAase) 0.2

exo adduct endo adduct

3-4-2. Diels-Alderase (Sol5) OAHEZ X % endo/exo fIMAD ARkt (k)
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Fischerin A& (s 27 7 A% —HIZ DAase WFEET D END D12, 7 ) AR
¥ Td % Neosartorya fischeri NRRL 181 ® 4/ 57— #12%F L T asolS 12 & % E R
REIToT-, TOFEE, 7-o72 1 5D PKS-NRPS Z & teln 7 7 AX —&3EH L1205,
[4+ 218 LA AN A=A RS I B 5- L 72\ aspyridone A& B s+ 7 7 A% — (apd) &
BIETOREERES—H L, ZOMEMEIZHN 90% &M<, aspyridone R KA DAL
RBIET 27 TAZ—ThD I LaXHE LTV N §ifi 3-2 tBWTERLE
solanapyrone &G BB FD L HIZ, B, BLOHEETHLIZMEHTHSTH, KD
BEWIILVBIRF I T AX—HIEPFIE LW EWSBINS D729, fischerin EAIER
T TAZ—LEKTHD EEZHND,

3 #F|(ZHB W T, alternaric acid (3-1) D AARELEFHEELRAZN, FHEF
didymellamide ¥8DOABRIEBIE T2 T A X —ORREEFRIT LT=, 51k, 7/ LU A R7p%
BifighT 72 £ 2179 Z & T alternaric acid E&EIE 7 7 A X — DR NI N D,
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3-5. £&»

ARG TIX, TARVBRALEER O L 5 727 2 BRELSIH S ESRE DA % & 2 FL R | W7 ]
REZRBRd L 0 & #ES FE D&y PKS-NRPS (25T, FEBURNT & 810 H LICRIET 5 R A A
YIMFEL TV D NDOENT 21TV, HERET D ATREERS B W ES AV IALTY ) A~ A =
YVHE LT, ZORER, A LA REEITEEICHEEL, FiibewTh b 3-10
BEO3-11 OHBEICEP LT2IE0, R THD 3-12 ZBFfiEEST HZ LN TE T,
AFFEEBEL T, FEHICBWTHRADER TE TN DIZH20DLT, HEREOLAEME
AFELTWRWEBEFZ 7AX—ThoTh, BEICHWTRERET D Z & CTRBTEY
DOREERENARETH D Z &R LT,

AT THEONZ 3-10 DL IS, TH) UEKEATLIRAMIEEZL LN TEY
1819 = O —REOAEARIREICIE DAase B ET 5 L E 2 bR TV, 2 3-10 L7
BRICT AV 7 b7 2 U2 A3 % Fusarisetin 1%, 2011 452 Jang 52 L - Tk
KRB Fusarium sp. FN080326 X v Hiiff Siu/z SERIMEOEME TR EETHR) r XA K
BRI Tl 5 20, 2015 41T Kato 512 & 285 FikEEFERH O fusarisetin 44 plk
vt 7 A% — (fsa 77 A% —) N¥ERESN, fsa 7 7 A% —/5 DAase #EfnfThod
fsa2 " RH &7 2, Fusarisetin AR HEIATH % trichosetin &, 2D Y7 25 L
d~—DARk L, Fsa2 IEfFE F Tt exo/endo = ~3 THDH DKL, Fsa2 f#E F T
IFRARTH D endo FHINED 100% THEKLT 5, Z DEBRILAAERLLITIEICIE~T- endo
HINZ BB LW R TH 523, 45+ Diels-Alder B TIEAIE A F /LR DEBIZ L 0 |
T LY endo RMESE L72pvy, Lo L DAase (%, JEMEELICIs 1T D BiKMEA BAER 72 2
Ko THEEHEMTII= RV X —[REEN R E S ARLERAL T+ A— 3 VOB E MBI
HEZZHNTEY, ZOEMRIZE Y R CRIGEZETTSE 5 LT I,
bMWD, T hIIvimET NI U EAT D RAMOESRIZEBN T, [4+2]BR/LATBRIED
it & DAase DA TN MR DONLIRILHCER 2B E 525,

28 3ETHONET A UEEEXAT HLEWIE, R TH-OMNAEETHLNATE
V. DAase DIE(FIE F CLA4+2IRILDETTT DD TOR L e o7, ZHUTE D, SRIREA
HORAR U 7 & A RICE % < AFAET D[4+ 218, BERM R OFEREENIER{LD 2 D
BANRDHDZENRBTE, &6, TH) UBKRERTLRY 72 A4 RRRRMIZL
WZ EB Betl X° AsolS # & e PKS 3[4+ 2| BRALATINE AR S D B WEEIR R AR o A4
AL TV D Z EAVRENT, 1EHKIT lovastatin @ L 912, PKS & HAFREA L7-8Ik
FRRICY = ) 7 g VNEUTRRSTT ) B E TR T DR A ik L Ebh T
2. L22L. AlEo betaenone, didymellamide DA AAFZEIC BV TIE, REHHE
DT LT 1B b BT T L T2 72, lovastatin &322 6 5 O USRS D )5 23
—fRTH D EHEETE T,

Pk, % 3FTIE., 2 ECTOEMLEWERE Lz PKS BRI LV LEHESE O SN
T EIA = T ERNSETL, TOZ LD, BERERELRIL PKS O X 5 e M
BREATOMEICONTH, TOIEEZ REICHIL AR 2 &3k CREl Sz,
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4 ' ARm-PUEBIEER Y 7 # A K cyclohelminthol 3804 & s 4t
4-1. Cyclohelminthol % J: OBEIRIK D4 Bk 12 BT~ S FED B3t

2017 412 Tanaka 5%, SKIRE Helminthosporium velutinum yone96 X v Hiffisis
PR Y & % 4 K cyclohelminthol X (4-1) #HEEL7- (K 4-1-1)', KAz, 22
YAIRETV T aX T URBENERE L. 6 B v T a B AT D RS R
THDH, HUoOHEIX, 2014 £ Quesada & 23R IRE Paraconiothyrium sp.
HL-78-gCHSP3-B005 J v Hifif L 7= ADO157 (4-2)2 |2 HAFET 573, A E# L= 1%
FEYOILFL 7 EBRRZS TV Z b, WFIXRLIMETH D LT bt T
W5, £72. H. velutinum 7> 5133 7 a5 B &2 A+ 5 cyclohelminthol I (4-3) &
L OMEHFC IR (4-4,4-5,4-6) LHEESNTWS (K4-1-1)°, ZDRFERKD 4-1
WCIFEHET DY 7 a0 7 U ELHEP L TWEZ STz, K7D terrein (4-7) <
palmaenone A (4-8) 2 XD 7 u X T UEKEAT IR BEEE SN TWD Z En
B, ATV UAIREVITRRUE VT ) URERESRENTR, AERORK TRT
#o=y MHERET AR O A S REB S IRZE SN TV S (K 4-1-2)', Thbb,
PKS-NRPS OIEHIZE > TR T VAT AU U BEEBEEINT#%, OvnY ) VB ETO
YIS I EOEBKIG Y, @F ) VB ETOE S a3 — U EOEBBKIS AR T, v L
A2 FEEE b O 2=y b A BDERSND, RWT, JldEARSNy 72y
T/ rva=y kB EORTYA F ARG E A E Lz 3 BEROHEIZLY 6 B 7
B a N EREPHBEIND E W) ESERETH D,

Z DEEBAGEAE LT AUX, JEARRFEEEEEL OBEMBOS I AR FRIC & Hk
RWEHOSRD 2 < | BHEZ AT BOG & RIS 2 1938 O R e OB REARIT 12 30 1T 5 BB L Fd
FELROF MMEA SLRET 2 DIl LIRS Th 5 L E 2 b, %Hi 4-2 T~ % &
712, cyclohelminthol X OAESKREBIE 7 T AX—E2E LD LREZR L LT, v
A FfEEZ b 2=y b A LHEILIE R OEAGHEENA LN SN, £Z2T4
BECEHEZV /e XYy ) 2=y b B, NS OEEERIKTH D terrein (4-7)
DAL REEFEELD T (FHEBEMEED TR MEMEEED 1) OFRFE & BEEMNT DR R
WZDOWCREHT D,

Ox-0
oL XN
“__Z.OH
HO, ,OH
O%
o 4 a ¢
terrein (4-7) 2Z: palmaenone A (4-8)

2E: palmaenone B

OH I (4-3) :R;=R,=0, Rz=R,=H
\ Il (4-4) :R,=R,=0, R3=Cl, R,=H
1l (4-5) : R4=0H, Ry=H, R3=Cl, R4=H
Rs IV (4-6) : R4=0H, Ry=H, R3=Cl, R,=Cl
cyclohelminthol X (4-1) AD0157 (4-2) cyclohelminthol

4-1-1. Cyclohelminthol $8 D %a#% A&
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0 sponta-
0 P450

amino- o
neously g P450 transferase
/\/\/\)J\S,Enz - Rj)k -Enz ——= j)J\OH THLOH R OH
OH
R
S—ACP OYk 1) reduction
PKS- NH 2) Knoevenagel
Malonyl-CoA N RP§ ] condensatlon
SAM P e} ZhLH
A domain : 4+2] I;I
. C domain A S Y
endo adduct
Reon 0 o}
S NH

4 R { NH F\ﬁQH
o) { 0 o)
[_L . 0‘\_ L ° #, . Oy L © [_L Oy L °
tHA semipinacol-like tHA T H g
- BRS z B : BRS
@H\/ rearrangement @H\/ (:@\H/
W H HooC" H H

/ o
O R
pinacol-like ol NH
rearrangement o 5
—_— Oz =
N : A OH
) ) e ) e
W W W
HOOC HOOC HOOC H o

cyclohelminthol X (4-1)

[% 4-1-2. Cyclohelminthol X (4-1)DHEE A & R
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4-2, Cyclohelminthol 35L& 1k~ DIHEFE

Cyclohelminthol O AEAREE 2 IRET H72, EER
H. velutinum yone96 o K57 k4 ) hsr—rro A &4F 1, HOOCT TH o
AT 4-1 12 Tk~ 72 TR AR IE L AUE, 22 S0 1 3 oraleimide B (4:9)
RIS T LS LB BT D PKS L. 6,5-RB AR OMEC 5
B> % PKS-NRPS D UTfHIZHFIET 2133 Th 5, MEMERERED
FER, WEDUIEICHFETD chx 7 7 A X —%% A L1 (X
4-2-1, EB), chx 7 7 A% —®F 5. & [FIRFIZ, cyclohelminthol
X OERIZROND 5,6 BRREAZ VoA I FiEEEZATH KR
X% oxaleimide B (4-9) OAEGKEIET 2 T AKX — (pox 7 T
2H—) BEESNE (1K 4-2-1, FE)> pox 75 A% —i% HR-PKS Th 5 poxF.
PKS-NRPS T# % poxE.trans-ER T& % poxP.3 > ® P450 b3 &5 - poxC, D, M,
Diels-Alderase i#&fz1 poxQ. vnl J U EI&/EREZM Y a,p-t KT —1 (ki
F) BIET poxO. 7 3/ HEHBEEREG T poxL L. T oMo A it (EffiiE B s 1
THER ST, chx 7 92X —L pox 7 5 A% —THE+ 5 B\Ia R TIZENER
70%HiI%ZOEWVHFEIENR R SN T=7-0, 4-1 OAAKIZESGE L TnWa Ernesini (X
4-2-1), L L., chx 7 7 A X —DHIAHET HiE{5F121% cyclohelminthol I-1IV D45
AT B30 2 B A A S AR - OME(E LR v o 72 2 &, oxaleimide (A4 4 2 #fdEN
cyclohelminthol 2> B HEE S TV W Z L7225 penitrem 72 E TR 6D K 912,
EARBIE T2 T AZ—RAlENTn5 LEZ BN % 2T, cyclohelminthol I-1V
DEBHIBIR T DR E1TH Z &IT LT,

cyclohelminthol X (4-1)

chx cluster (H. velutinum yone96 scaffold_47, scaffold_20 [Similarity/ldentity %])

QP E B LMCJD F o
B — R R o s e e
DAase PKS-NRPS HR-PKS P450  P450 HR-PKS Hydrolase
(60/44%) (66/49%) (69/52%, (79/65%) (64/49%) (70/53%)
Trans-ER Transaminacs)
(78/67%) (69/53%)

pox cluster (P. oxalicum 114-2 unplaced genomic scaffold scaffold_4 [accession number: KB644411])

A B cD E F GH IJ KLMNOPQ
LA T R R S e — T e -
resistance P450 PKS-NRPS HR-PKS transaminase pAase —

P450Trans-ER
hydrolase

4-2-1. P. oxalicum 3k pox 7 7 2% —& H. velutinum HXD chx 7 7 A% —

Cyclohelminthol I- IV (%, 1935 4£(Z Raistrick & Smith (2 & - T Asperygillus terreus
N HEES N (4)-terrein (4-7) CERILI-S 7 a0 T UoBKEATS . 20EL
BB IE, 1981 4o Hill Hic ks PC R E#RERN L, KU X2 A4 FTho
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Oevm

6-hydroxymellein (4-10) APEETH L LHLMIER TS 8, £7=, 2014 i
Zaehle o3, B& A EEFER 2 JLIZ terrein B GEIL T2 T A X — (ter J T A=) &
¥ L. Aspergillus niger ©o AR S @K 4-10 OE5EIZ NR-PKS ThH 5
terA & DH-KR ¥ R A A > Th 5 terB BBIET 252 L 2 LA L= 90 IR DR Y
AR EBET D L, 4-10 005 4-7 ~OEHIZIE, OfRbZ£E 5 PR IG, @2,4 L
IRFEM T OBRM/ NS (7 7 AV AT —RIEAL), @OBURIEEUSHEITT 5 & B 2 biven
(K 4-2-2, EX), ZOFERNIRI ST, FERIOBRE/NOGE, 2015 4512 Ferreira
5 3RIRE Roussoella sp. DLM33 X v Hiiff L 7= roussoellatide @4 & EIZHW T HiE"E
STV (144-2-2, Tﬂ)lo L)L T 8% — i3 terrein & %720 3,5 (1fRFEM T
DERMg/ NN ZE AR L TR Y , B DHE TR NS ENnN s EEZ bND,

A. terreus NIH 2624 (=JCM 19077, terrein biosynthetic gene cluster)

G R F E D C B A
ter
1kb Kelc_h Multi- FMO FMO pHKR NR-PKS
— motif copper
$erg protein oxidase
erD
TerA TerE
(NR-PKS) QH O TerF g
,,,,, » |HO —> HO
—_— o TTIIE >
TerB HO HO
(DH-KR) 410 OH Coz

cl O] |a OH
,,,,,,,,, - o ,[, ]> --»
HO HO HZO HO

[ 4-2-2. Terrein EG B 7 7 A X — & %*Bi/\ﬁz%}:% roussoellatide

PLEDHEED G, 4-10 DA FEIZHEE7r NR-PKS TH % terA. DH-KR & KA A ThH B
terBhEn 7%/ ) —& LTcyclohelminthol I-IV OB KEBIL 7 7 AX —%RR L
T2 ZA UUFD chm 7 7 A% =R 5oz, chm Bia17 7 A% —X, terA, terB &
54%® identity Z/~9 chmA, chmB 2z, 7 7 © k7 LEE%E (FMO) Bz Th
% terC LAHAEIMEZ 79 chmC & .2 D7 T B AR E a7 U AvEE#E s - chmK, chmN.,
A F NV EER BIS T chmP, = Oith 4 S OESGRER B T TR S LTz (K4-2-3),

H. velutinum yone96 (cyclohelminthols I-IV biosynthetic gene cluster; similarity/identity[%])

o] N '] L R B A K c P Q

S =i ) — ) —— (S ———— ) —— - ——)— Y~
SDR Haloge- ECH EAD- DH-KR NR-PKS Haloge- FMO MT YCII

1kb nase linked (terB; (terA; nase (ferC;

- oxido- 70/54%) 70/54% ) 63/45% )

reductase

4-2-3. Cyclohelminthols T4 A& T2 7 A% — (chm)
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¥ LTz chm 8is+ 7 7 A % —|21Z Cyclohelminthol B DA A IC L EZ L E 2 b b il
BFREEN TV, terrein DAL RGER T L BT R BIR 11X chmABC @ 3 ff
DH T o1, LR IIEEFERD terrein DAESRICHE ST LIEBENTWEZ6
ODOBIETD H B, terDEF 7% chm &{51 7 7 A X —OIHITALE L TR ho iz Z &
DEGT T TAZ—PoWENTWHREDOREEE BB L, v 7 aXr T Ugkea T
% R palmaenone DAGGEIE T2 7 A X —DRE BT T2,

Palmaenone 1%, 2011 452 Matsumoto 52 L » TRIRE N D BB S /=R Y 7 ¥ A4 K
FRRRWTH 5, Terrein X° cyclohelminthol & [F LY 7 u X T Bk E2GT 508, V7
B_T U EICATFLT ATV E 2 OOBENEHRINTND Z LA, JIEICH
WENBEHBRINTWDENER S (K 4-2-4)', Palmaenone 47 Toh % Lachnum
palmae NBRC 106495 ® KT 7 k7 ) Ly —/r o AR 24T\, chmA Z 4582 & L 7= A8 [F]
MRRBEEIT) &, LFD plo 7 7 A2 —REbiiz, oz plo 7 7 A% =28\ TH,
JATR ATz 3 FOBEBELB T ORER Y ThHD ploABC BHED G > THEMEL TV,
terDEF 75 v 713 CALE L TV iRho Tz, DRV chm 7 5 A X —|ZIF1E LT A
FIV B E B DRETR 7 THD ploP, 77 v AdEn 7 AR E LS DT
17T 5 ploK BSEEE L TWo, E5HIT, chm 7 7 A X — e T DIEMEEE & s+ 4 7
TV —LFH2LT, BiparT 4 /CEHLLOD, bH 1 2OT TR RS
NEEER BT ploN <o DAt 3 S DR R EIis T ploLMD %3¢ /. L7 (4 4-2-4, TX),
4-2-2, 4-2-3 T/ L7z ter, chm 7 7 A% — 4L RS, KBGO FIZITFERr 7B
FOFEFA & MR A Fodl L7z,

A. terreus NIH 2624 (=JCM 19077; terrein biosynthetic gene cluster)

G R F E D c B A
tor | el e e~ — ) -
1 kb Kelch  Multi- FMO FMO DH-KR NR-PKS
— motif copper

protein oxidase

H. velutinum yone96 (cyclohelminthol I-IV biosynthetic gene cluster; similarity/identity[%])

o N M L R B A K c P Q
chm
SDR Haloge- ECH FAD- DH-KR NR-PKS Haloge- FMO MT YCII
1£b nase linked (terB; (terA; nase (terC;
oxido- 70/54%) 70/54% ) 63/45% )

reductase

L. palmae NBRC 106495 (putative palmaenones biosynthetic gene cluster; similarity/identity[%])

cl YO
B A c P Q@ K 29kbpp N M L % _Z.0H
y )
plo ~{— )~ — - ——— )  -{-- 0%
1kb DH-KR NR-PKS FMO MT Haloge- FMO Haloge- ECH FAD- &
- (terB; (chmA; (chmC; (chmP; nase (terD; nase (chmM; binding4 Cl
83/74%) 86/76% )  80/65% )84/69%) (chmkK; 67/50%) (chmN;  74/62%) (chmL; 27: palmaenone A (4-8)
89/80%) 78/66%) B4170%) oF. paimaenone B

4-2-4. Palmaenone VA G REIL -2 7 A% — (plo) & ter, chm 7 F A5 —
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# 4-2-1 120X, 1EH L7z chm, ter, plo, 3 >0V T A% =2 Hi&nFOMEMEZEZ £ &
O7-, 3FIZHIE L TREFESNTWD chmA, B, C AAE 1 713 33@ R o SO % filit 3~ 2 %
FThHdETHREN, £7-. plo & chm 7 T A% —zDHI@d 5 chmK, N (/~1 7 AL,
i) & chmL, M, Pl cyclohelminthol & palmaenone OA & RLIC D A d5@ 5
EAG & fliEd 2 & TRENT, BED Y 7 AZ —ICORFET DB 113, ORI
B2 N2, ORISTIFEE LW, OWThnThd EEX T,

chmQ (AL CTiE, 2 TOBMGRT 7 TAX—IIHRER I BREINTWNDHDOD, K]
FAEGRHICEE L TWRnEE X T\, & H L7 & BREMT I DWW TIT % 4-3 ©

B,

# 4-2-1. chm 7 7 A2 =287 2 EE MR IsF DO IRAEME & AR IR

Deduced function Homologue in ter cluster Homologue in plo cluster
(homologue, NCBI accession number, species) Similarity/Identity Similarity/Identity
chmO Short-chain dehydrogenase ) .
(Talaromyces cellulolyticus, GAM33752.1, 88/76%)
chmN Tryptophan halogenase ) ploN
(Aspergillus oryzae , 00009522.1, 65/50%) 78/66%
chmM Enoyl-CoA hydratase ) ploM
(Trichoderma Gamsii , XP_078663240.1, 55/39%) 74/62%
chml Isoamyl alcohol oxidase ) ploL
(Phialosimplex sp. HF37, RM124924.1, 58/41%) 84/70%
chmR Hypothetical protein ) )
(Periconia macrospinosa , PVH98313.1, 86/85%)
chmB KR-DH-domain containing protein terB ploB
(Cladonia uncialis , ANM27729.1, 72/57%) 70/54% 83/74%
chmA Polyketide synthase terA ploA
(Cladonia uncialis , ANM27730.1, 75/59%) 70/54% 86/76%
chmk Tryptophan-2-halogenase ) ploK
(Tolypocladium ophioglossoides , KND87338.1, 75/63%) 89/80%
chmC Para-nitrophenol 4-monooxygenase terC ploC
(Aspergillus lentulus , GAQ03944.1, 66/48%) 63/45% 80/65%
chmpP O -methyltransferase ) ploP
(Periconia macrospinosa , PVH98318.1, 99/99%) 84/69%
chmo YCII-related domain protein terQ ploQ
(Colletotrichum gloeosporioides , EQB43918.1, 50/34%) 56/35% 76/60%

chm 7 Z 2 % —7)% cyclohelminthol BHOAGRRIZE G L TWD Z L 21D 5120, 4
PEE CORBUMNT 21T > 7=, CHERFEHEI DS T H. velutinum yone96 #55#& L., 561
7o HL i % UPLC-MS CRENT L 7-f5 5. (REFIRFE] 2.66 7312 4-1 o — 2 28I L7z, =
DALE W % BHE L T 'H-NMR ZE L7 & 2 A SCHkiE & B —3& o5 Lz 1 (X 4-2-5),
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UV chromatogram (i = 190 — 400 nm)

4-1
| [

(O DD

0 . 2 3
min
UPLC-MS analysis conditions
lonization mode: ESI+
flow rate: 0.7 mL/min
column: ACQUITY UPLC BEH C18 1.7 um,
2.1 x 50 mm
solvent A: water + 0.1% HCOOH
solvent B: CH;CN + 0.1% HCOOH
gradient: 0-3 min,B 10 - 100%
3-5min, B 100%
5-5.5min, B 100 - 10%
5.5- 9 min, B 10%

\_oftarosaziet 4620 (2 0% oen

2000

Mass spectrum of 4-1

642
624 [M+HI*
Lk 659
0] [M+NH,J*
664
: M+Na]*
I ‘h ‘I‘h M
600 650 700
m/z

<reference spectrum
in acetone-dg>

e |

9.0 8.0

HO,C11,

<Experimental spectrum
in acetone-dg, 500 MHz>

cyclohelminthol X (4-1)
MW 641

4-2-5. H. velutinum yone96 (2351} 5 4-1 D pEMEfER

Cyclohelminthol X (4-1) OAENHER TE I b chx 7 7 A Z — 3B LTS
ZEBRXFFINTZ, LrLchm 7 9 A2 —HRBBLL TWDANIARATH 72D T, ZD
TR L2 APERE 2O total RNA Zfii L, W54, chmC, chmK, chmQ \Z-2>W»
CTRT-PCR #1757z, ZDOfEF, HIHA XD DNA K S Eni=2 Lt FH LT
Wb chm 7 5 A% —DiEfsDlizS. & cyclohelminthol X (4-1) OAFERSIE L TWD Z

Lotz (K 4-2-6),

gDNA cDNA

chmK chmC chmQ

gDNA cDNA DNA cDNA

4-2-6. chm &1n 1 D3 BifER
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4-3. HFEFEHF ZFI L= terrein Z AR LB E 1 DO REBERRPT

AT 4-2 CTHEAS L7z chm BIs 17 7 A X — 2O\ THERERIT 21T o 72, EARBEH TH D
4-10 OAFEICEA T % & TSz, Wi Sz PKS ThH 5 chmA & chmB % B Bl
H~2 % —pUARA2 (argB) @, TASARY/INV M—ATHRIEANFEHINDL T BE—HF —
PamyB il FlZ e N8 A Lz, i< EGRATH OBMRIS 2 it 2 & TR e
a7 U ALEE R G T chmK, chmN & L< X chmK O&REr 7 Ths ploK 1ZENEh
PUSA2 (sC) ~FBA LTz, ABMEMOEMKSZMEET 5 & PHRENTET T KFRE
{bEEFREIE T chmC, AT IALBERBLE T chmP, 7 7 v U AKFRELE TR BI5 T
chmL % pAdeA2 (adeA) \[ZE AL, B{LiEICEEEEIE T chmO, KinEEFE &R chmM
% pUNA2 (niaD) ~# A L. YCII superfamily % > /X7 '&i#&{x1 chmQ % pDP103
(CRISPR/Cas9 donor) ~#E A L7, b2, chmC, Q, D &FEwn 7 Th b terC, Q, D
% pDP103 (128 A L7, ME LTI A REHWT, 2, 3 % LFAkOFIETHEEEE
Bk Z R L7z,

4-3-1. Cyclohelminthol 5D 4 &L FTHIIZ F5 95 4 Gkl s+ DEERENFT

AIECIE AO-chmAB, AO-chmABK, AO-chmABN, AO-chmABKN 12 53 % F2Bait 5 %
R D, BHEEE AR LA ORERHECTREE LIGHIIEM 215 T\ 5, FEMIZX 4-3-1-1
Ik L7,

RONZEARTH 4-10 2T 5 & TR S AO-chmAB Bl L, Y % UPLC
THRAT LT3, HRYED I 4-10 &, BAKRICITZR LR 4-11 o — 2 BEllSh
7= (4-10: 234 mg. 4-11: 115 mg / kg), HR-MS kv zhZzhnos57Rix 4-10:
CioH1004, 4-11:C1oH100s & RE L7z, 4-10 @ H-, 3C-NMR 2~<7 kv 12 L fEsepe
([a]o®® -60.0 (c 2.0 MeOH)) #% 6-hydroxymellein @ ik ([a]o®? -57 (¢ 0.07
MeOH)®) & B < —F L=z &2 b, (3R)-6-hydroxymellein Tk 2 = & Rbh o7z,
4-11 @ 'H-NMR 2~ h 3@ RIA 4-10 LB L TV =R, BEEEE oY 7
FABAH Y LB SRR o7, TR EHDOETEZ D & HEBRICKERIENER L T
WhHEZEZLNEZO, BEAEHD NMR A7 hL bl L72fE R, BRIk &%
(3R)-5,6-dihydroxymellein (4-11) & B\ —EZ7 L7 (K 4-3-1-2), AO-chmAB |2
TELEERE 2 EA L TR WD L 2E 25 & 5 A~ KERIEDE A TH ok OB LS
WZEDbDEZEZ TS, FLOBRLKEINIX, Bk L7z A, niger (2317 % terA,B O SfE%E
BHTbLbHRINTNDS 2,

T a7 AL EEFEE R chmK %38\ LTz 3 B A AO-chmABK % il L |
ZDOHPEW % UPLC Ti#hT L7 & 2 A, @K 4-10 (122 T, Hilc/z v — 27 DM
FIER 4.25 228 S iz, HR-MS X 0 2 04y 7R % CoHoClO4 & ¥iE L. 2 ® *H-NMR
ARY F v 4-10 DALY ML L U RER, BEBRICEZN/ER L TWDHZ 0 FK
BFahtz (K 4-3-1-3), BBRMABEZHET22ODICCMMAEZIT O &

61



(3R)-5-chloro-6-hydroxymellein (4-12: 142 mg / kg) & 'H-, *C-NMR ® 2~ 2 kL
M EW—EE R L B RS, b9 1 oon P U ALEEEEE T chmN &3 A L=
AO-chmABN % Fi# U T EEY) 2 UPLC CTHENT L 725 R Bi7zic2 2o v —7 (4-13 ()
FRRE] 4.15 57), 4-14 (fREFIF 4.33 20)) B8l sz, &SI D, 4-13 041
% C1oHoClO4 (Mm/z 227 [M-H]) & P L. 4-14 4373 id HR-MS 75 CyoHgCly04
EWE LT, 4-14 O 'H-NMR 227 MAZHIE LT & 2 A, BREREERIC S 7T L hvEl
WMol (K 431-4), nF+ANoFRELMEK L. £ZOoME%
(3R)-5,7-dichloro-6-hydroxymellein (4-14: 123 mg / kg) E#®RE L=, 4-13 1%,
REEH CORYMEE CIERM LA Z ML HEETE TV b DD, O~ A AR
7 MV SALE 7ok 4-12 L —EFL7=DIZx LT UV AT bbb REFRRRE I3 AR 72
STWikeZ & (K 4-3-1-5), @5,7 v/ nufk 4-14 ~EH I N Z 25 &,
(3R)-7-chloro-6-hydroxymellein Tk % &#E S5, UL EDORERENG, ChmK 1% 5 fir
12, ChmN X 7 (LR A EANT TR TH L Z e nbrol, SHIZ, 2 20/
1 7 A EER L2 LT AO-ChmABKN 5 LT- & 2 5. 4-14 2 —Df{baMh &
LCHEATAHZ ENTE, XY, cyclohelminthol A& LTk, Ho@mrhREA 4-10 (2
5 2 EOHEFELIZLY 5,7 (Y7 v ufk 4-14 BARR L%, BURERIS 78 & OEf
FOG TS5 2 L NS,

H. velutinum yone96 (cyclohelminthols I-IV biosynthetic gene cluster; similarity/identity[%])

o) N 1] L R B A K c P Q
chm-__—-—-—- —
SDR Haloge- ECH FAD- DH-KR NR-PKS Haloge- FMO MT YCII
1_kb nase linked (terB; (terA; nase (terC;
oxido- 70/54%) 70/54% ) 63/45% )
UPLC analysis (% = 270 nm) reductase
AO-WT Acetyl-CoA
Malonyl-CoA
- ke
¢ ChmA
AO-chmAB 4-10
ChmB OH O OH O
OH O
41 "8, ChmK o CETLN cl o
7 0 , ,
AO-chmABK HO &g & &
410 Ez 4-10 4-12 4-14
A 234 mg / kg 142 mg / kg 123 mg / kg
AO-chmABN A. oryzae¢
410 4 4a OH O ChmN ChmK
414 OH O ChmN
0 Ly | O\ o
AO-chmABKN HO™
|14 | o HO "
o ke abo T ak e 41 4-13
min 115 mg / kg

5 4-3-1-1. &R EAEDRHED ST & (A1 4-14 DL O HIRES

62



900 0-———

6365°L ~ y90°€

9-Me
L

¥80% 1

€005 '¢
82152
8565 ¢
£9Y5°2

4-H

22660

7-H

2y — $E00 1 -,

5/ ppm

86056 ——

889L 01— 181670

8-OH

% 4-3-1-2. 4-11 ® 'H-NMR %<~ kL (in DMSO-de, 500 MHz)

£E6L Y

€81 9
oLy —

96v6 6 ——

G688 1L ——

6
5/ ppm
63

7-H

10

4-3-1-3. 4-12 ® 'H-NMR 2~<% kL (in acetone-dg, 500 MHz)

8-OH
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> o~ OO T T NN — — — — 0O~ O =10 0w
[E-RR N 5 €5 85 O €O 5 (5 <D (O (O (B D D N NN — — I~ D 5 © ST
~ o~

R i S e e R o NN Y —

— 8.13

3.0753

s SoEBEszIasmes 535S RE=e o
eSm—— N Nl
9-Me
4-Ha
4Hb | '
3-H _
Mass spectrum of 4-14 i 8 5
261 [M-HT = - -
263 [M-H+2]" 1 )8
— ) ! :
240 260 | 280
m/z 2 o
D Nl I | J
L |- L

13 12 n 10 9 8 1 6 5 4 3 2 i 0
8/ ppm

4-3-1-4. 4-14 O~ Z A7 kL& *H-NMR f##7 (in pyridine-ds, 500 MHz)

w1215_171211_aochmabkddil 2527 (4.250) 1:ScanES-  tu1215_171211_aochmabk4 5098 (4.247)
™9 0, 4-12 227 [M-H]' 1736 4-12
5, SRR VAR -
HO™ 3 K 229 [M-H+2J < ]
Cl 3 I ..H.,H..“‘.‘ E— 0.0
4-12 200 250 300 350 400
MW 228 121517121 _sochmabnddi 2467 (4149 f:Seanfs. (U1215_171211_sochmabng 4986 (4.154)
on o 1 413 227 M-H] 1 - 4-13
CIU o 2 50 270
) 229 [M-H+2] -
"o B e e 00_200 250 300 350 400
413 180 200 220 240 260 280
MW 228 m'z nm

4-3-1-5. €/ 7 nufkfi 4-12 L 4-13 O UV, v A A7 hL

In vivo TOIEERT 2 DD a7 U ALEE RS T chmK, chmN OFSRERRNT 21T > 7= DT,
KIGHEFE LR % AW T 2 B2 3 2 5R5L UL in vitro fifit 217 > 1=, T E 1 % pMAL-c4E
|\ A% Z & T Maltose-binding protein (MBP) & O@h& % o /37 B L L CHif R L &
Wi, KIBH 28BS L T4 5z Cell Free Extract %, amylose #thg % /=7 7
S =T 4 —ru~v N7 7 =T U O EESE 2 1572, MBP-ChmK, MBP-ChmN & %12

64



AR E L OB I, UV-VislIEZ1To72 & Z A, 450 nm F£HT IR 3
B =7z, UL EOME N FAD (KFRER LSS Lsd18 EHEULL TWeZ &b, 7T B
DFEC BN D BTz (K 4-3-1-6)",

Eluted with 10 mM maltose
+ disruption buffer

I 1
M FT W1 W2 E1 E2 E3 E4 E5 E6 E7 E8 E9 M
MBP-ChmN
After ultrafiltration o=
oos
oo Amax = 450 nm
“l 50mM  NaH,PO,* 2H,0 .
e - 10 uM__ MBP-ChmN
= a o total 100yl pH 7.0
= S b o I
MBP-ChmN : 101 kDa 250 300 350 400 450 500 550 600 nm
Eluted with 10 mM maltose
+ disruption buffer
A
M FT w1 W2 E1 E2 E3 E4 E5 E6 E7 EZ!l M MBP_Cth i

kDa

100 After ultrafiltration
: wn-~“ o

50mM  NaH,PO,* 2H,0
| ) 10 uM__ MBP-ChmK
yellow " total 100 uL  pH 7.0

MBP-ChmK : 104 kDa 250 300 350 400 450 500 550 600 nm

4-3-1-6. MBP-ChmN, MBP-ChmK o

T I ek m S AR, Bo T v B, kA AR TN e S
LERET 2 2 ERMENTND 18, 222G, M7 J © L OAERIC LT KIEHE Bk
D77 e ryignk#E (Fre) 2V Cligsk }iﬂ}é’ﬁoto

FPRE & L CHamP A 4-10 & A2, MBP-ChmK O K& 238 Tk AO-chmABK
DEPEY LIRBEC 5 frE /7 ook 4-12 BEMTE LN (] 4-3-1-7, 1I),
MBP-ChmN D SIZBWTIE 7 i/ 7 v rik 4-13 7217 Cld/e< 5,7 fiv7rm n{zix
4-14 572 s ChmN 238EC 7 i, 5 (L DNEF THE R &2 ikt 32 = & 28
5z L7z (X 4-3-1-7, 1II), MBP-ChmK, MBP-ChmN 0 ~EESICH W TIE, 3 9
D FEbEERIA 4-12, 4-13, 4-14 O THAER LTZ, ZOFTHLEIILAEY 4-14 DY
— 7 HAE2Y ChmN BRI R TRE < (b EY 4-13 O v — 7 mfEH ChmN Hl
MR T/hENWZ s, ChmK i3bE% 4-13 =8 & L TR ULILEY 4-14 ~
T b LEZ NS (X 4-3-1-7, IV),
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WIZ, BB L LTS5AE/ 7 nufk4-12 2 vz, MBP-ChmN & UG SH % &, 4-12

EHEHELTZEL S, 7MY 7 vk 4-14 OERMHEID bl (X 4-3-1-7, VI),
XY, ChmN, ChmK & A E 7
WATIZER LTS Z E 3B 600
D EL BB L TRIGT 202DV T,
~N5 e, ChmK ZEH S E 7256

\—/\

5. ChmK MBS LTS EFEZ b D,

UV chromatograms (i = 310 nm, peak area)

(e T3 kAP 4-10, 4-12, 4-13 |
([l oz, E iz SET K 4-10

UV chromatograms (A = 190 — 500 nm)

:?ﬂLLT
\Zxf LT ChmK, ChmN
X 4-3-1-7 O II, IIl 7 v~ s 7 F L& FH
WA 4-10 OB — 7 A LTnd 2 &

[ 4-3-1-7. MBP-ChmK, MBP-ChmN O3 SO 54

66

4-10 _17091/_5chloro6hmfre 2: Diode Array
171020_6hm L 2 Diode Array 412 Range: 2 849+1
1682 310 }
40629 | Range 485%¢2 Compound4-10  5ge1] V Compound 4-12
Area + NADH
20e-2 F
Y aary anry 200 425 450 475 500 0.0 i
Compound 4-10 T I T C T ! T t
_171020_6hmnadhchmkire ' 412 2 Diode Array p 3.00 350 4.00 450 5.00
1151 310 + NADH _170917_5chlorohmnadhchmnfre 2: Diode Array
I 495 Range: 34032 4 ShmK Range: 2.28%¢+1 Compound 4-12
2 0e-2 Area + Fre 2.0e+14 V| + NADH
0 - ' . . L 10est 414 + MBP-ChmN
300 325 350 375 400 425 430 475 500
171020_8hmnachehmafre. | | 2 Diode Aray Compound 4 10 + Fre
1279 4-13 310 + NADH 00 T L T p J T t
| Range: 3 74e-2 3.00 350 4.00 450 5.00
25e29 Il | | aea TChmN min
0 28 + Fre
300 325 350 345 400 | 425 450 475 500
171020_shmnadhehmiatre | P 2 Diodearay COMPOUNd 4-10
1o | 310 + NADH
Range: 3.28e-2
20e2{ IV | 3ls 414 932822 | chmK
% |7 +ChmN
0 T T T T ' T T y Time
300 325 350 375 400 425 450 475 500 + Fre
min
OH OH O
Q Cth ChmN ¢
1 O — (6]
"ty "y
/,, 5 HO
9 Cl Cl
4-12 4-14
ChmN ChmK
oH O ChmN
CI
(0]
HO i
4-13



4-3-2. Palmaenone # D45k i IZ 575 45k s DRERERET

Palmaenone DA ALFIBEAIL, cyclohelminthol % & [RIERIZ 5 & B 5 o, OO
fr, 7ALICHER B L T D Z LTz, MIgH 4 (Tic b HFEAE R L T M2
W5 EMEXND, it T, palmaenone A& FKEIG 7 7 A X —I1Z1X 3 0%
O a 7 AR TR T D LB X DA, mifi 4-2 Tk~ gé Eztngggzg
TR A T h~T 4 7 AENTTIX, plo 77 AX— 2B\ T chmK,
chmN &L MFEMEZ RS ploK, ploN @ 2 fED /v 7 AfblEsE LR 72d 7o 72 (1
4-2-4), T, WTNDODOEEEN 4 f~OEFE OB AL AT 2 /R 25 E L, il
HHREA 4-10 OAEPERRIC ploK %38 A\ L AO-chmAB/ploK % #iHl L=, 15 b - e &
UPLC Ti#fr L & 2 A, #iT-7e 2 DO —7 (4-15 (PREfRF 4.14 53). 4-16 (PREFRF
il 4.37 7)) 28 L7- (X 4-3-2-1), HR-MS fi#friz L 0 4-15 O 4373 T CioHoClO4,
4-16 045y 7 RiT CioHgClOs EE LT, 2D 5 H 4-15 @ 'H-NMR 22 ML ClE, %
FIEFEIRIZ 2H 53 D> 7 F v (8 6.35) BBLIESNT=DIZ LT, RUTANTH D 4 fif
AF YT H 7 FABREY 7 LT IH 2ox7 Ly b & LTEIl Sz (64
481) (X 4-3-2-2), £ 2T, 4 (i EPEBRLIZLEHET LEEMILED
(3R,4R)-4-chloro-6-hydroxymellein (4-15: 13 mg / kg) & NMR 227 K~z gL
FE A, WHFBN—HEFLE Y, 4-16 ® 'H-NMR 22 LT3, 4 {1/ /0
21k 4-15 LRI > 7 N LTI 4 (A TSNS T 5 IH o X 7Ly vy 7
8y 5.14) BWFELT=DIZK LT, BFHEBEEKIZIE 1H o> 7 vy b7 F v (84
6.70) L2vBllllsinienolzZ Enn, 4-15 OEFRLKRTH D Z LRIz (X
4-3-2-3), HFER COEFZOEBALEIX, H4-C5, H7-C5, OH8-C7 ™ HMBC FHES 23 81
ShTwaZébhtrnrn, 5ThrekELL, UEXLY, 4-16 %
(3R,4R)-4,5-dichloro-6-hydroxymellein (1 mg / kg) &E L7z,

o UV chromatograms (& = 270 nm) OH © o? o1
T AO-chmAB (control) o ’ o
1.0e-1 ", HO™ Y2 Y, o
E HO ¢l Cl
TrTTTTT T T T T T T T T T T T 410 4-16
3.60 3.80 4.00 4.20 4.40 1mg/kg
.y AO-chmAB/ploK OH O Oj'\ 0
8 1 H
3 415 7 o) N 0
1.0e-14 410 6 3 HO 0 "'\'C/H
3 416 HO 7 g ez 3
g ot e
3.60 3.80 4.00 4.20 440 415 HMBC:; —»
min
13 mg/ kg

4-3-2-1. AO-chmAB/ploK DAETPEY it

67



=3 oww TOD—TLOMND— MO
=3 o<t W<t =N DD < —
=) LWL COWOWT MM =3}
o~ Mmoo OOMr~r~r~r~r~r~r~r~ ww
~ S B ——
(=]
OH O e
8 1
7 0
6 3 9-Me
.
HO g

a15° 58 geepTzen
NN e
1 5-H
7-H -

A J e J

7 6 5 4 3 2 i
8/ ppm

4-3-2-2. 4-15 ® 'H-NMR %<~ kL (in CDCl3/CD30D = 20, 500 MHz)

—11.1741
— 7.2602
—— 6.6957
—— 6.2328

917
4.7819
4.7789

- 4.7753
1.6740

ya
.
;
h\
T 3.0583 < 1 6613

Mass spectrum of 4-16 261 [M-HF
263 [M-H+2]
9-Me
261 [M-HCI-H]
265 [M-H+4]

T T I| THTTT SARAE T T ) m/z
200 220 240 260 280 300

= 1.0049

8745

o

-0. 0451

-0. 0024

-
__A_80H
6

11 10 9 8 7 5 4 3 2 i
S/ ppm

4-3-2-3. 4-16 ® 'H-NMR %2~ 1 (in CDCls, 500 MHz)
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PLEORERN S, PloK 1T 4 (L& SERRIRICESR(L L0 b, 5O FEL bt 5 =
ENGh ol HER B2 DOWHREZEAT HEEHE L LT, R 7 & A4 RERKY DIF-1
DEBRITE T 5 EEEZE ChIA 2V STV DA 18 (LA O F7p 5= L &
FERIEFRZGANT MR ITMOTE LY, £2, b5 1 2O 7 fbEEER PloN 1
ChmN & 66%® identity Th 5 Z &b, 740, SMOEHLIEHEZALTND EEXDH
N5, LLEX Y, palmaenone ®4AA R TiL, PloK, PloN (Z2&k~>T4,5, 7/ rJ 7 maik
4-17 PAERT 5 EEZ RS (X 4-3-2-4),

o)
e OH (OH H 2 Pk o oH oL YO~
~__Z.OH
g o, PloK ﬁ o /@ij PloN c? p
HO o HO X HO i HO " O
He ( o cl ¢l Cl a ¢
4-10 :B cl 415 417 palmaenone A

X 4-3-2-4. #E NV 7 v r ffEik 4-17
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4-3-3. Terrein DL AL HTHIC BI5 TS L Gk in+ D FEFENFIT

Cyclohelminthol, palmaenone D A& AT B 53 2 A£G BB S DT 2346 T L
=D T, terrein IZOWT b [FIERDIT 21T - 72, Terrein OREE L, X 4-2-2 [T THE S
TV HEED S . BEOAG P RA T E T EIE 4-10 © 7 (Lo3KER{E STz
(3R)-6,7-dihydroxymellein (4-18) Tk % L& iz (X14-3-3-1), AKEELEIGE
fiklfe U 5 2&1% terrein EGGEB T2 7 AX —HIC 2 DFET D FMO BB 2 bl
(TerC, TerD), Z® 95 B, TerC i chm, ter, plo 7 7 A% —|ZHRE 0 7 MEFES LTV
72 2 TOLEWICILET D AEA RS % i3 2 & HEE S iz, & 2 ¢, TerD 28 terrein
DAEA BB W TR 7 MK LIS 2 i3 2 & PR L=,

Enz
)
S
(o]
TerA
O  (NR-PKS) HO,  OH
—_—
o] TerB 9)
(DH-KR) (+)-terrein (4-7)
(o]

4-3-3-1. Terrein #HEEA A ATERA 4-18

TerD |3H7E 4-3-2 & [A4EIC pMAL-CAE IZ#AF % = & TMBP L Ofila # L 7B E LT
SRR EL S e, KIGE &2 S LT 57z Cell Free Extract 2, amylose 5 %
HAWie7r 7 =74 —rna~ 777 0 —ICt U TR RS 21572, MBP-TerD (X Ay
e LTHENZZ), UV-VisHlEEZIT-o72L 2 A, 425 nm TSR I 2358 &
NIZT=0, 7T B DREEMRHED D bl (X 4-3-3-2)%,

+ disruption buffer
L

L 1
M FT W1W2 E1 E2 E3 E4 E5 E6 E7 E8 EO M
S . N

MBP-TerD

After ultrafiltration
o]

kDa ol Amax = 425 nm
100
75 e

50 W

50mM  NaH,PO,* 2H,0
10 uM__ MBP-TerD
| total 100 uL  pH 7.0

- ~greenish yellow : : : : :
i - 250 300 350 400 450 500 550 600 nm

MBP-TerD : 110 kDa

4-3-3-2. MBP-TerD D f5Hd
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R LU7-EEE A2 AW TG EIT>72, MBP-TerD (ZxtLCYe FrA Y7~V 4-10
IOG SR, ARk E UPLC TRMT L7 & 2 A, Bil-Ze e —7 (4-18, fREFRFR] 2.95 43)
NEM Sz (K 4-3-3-3, Bz o~ 75 28), KMeamosyFRiL HR-MS LV
C1oH100s & RIE LTz, KA/ —/L TOREEIG CTERM Z BB L 'TH-NMR 2227 | L %1
Hrdoe, 5MF /b Frdifk 4-11 L REERICHEBELIC IH 50> 7Ly b (84
6.26) MEUI ST, N PUALCHYS T D 2H 30 7S (8w 2.77, 2.85) Db
7 M, K 4-3-1-2 IR LTEAXRT MO TV ERELS B> Tz (X 4-3-3-3,
TESANRZ FV), FHREGOETEZ D EFHFRIKBENERL TWDHEEZ LN
7=, BE{EE O NMR A7 hL b bl L7 SR, BEoAE SRR & T3 LTV iz
&4 (3R)-6,7-dihydroxymellein (4-18) R W—E%/RL7Z, 7 i/ & KX
1K 4-18 1T A. terreus HEDEIAERM & L THE STV =2y, AEIPH T TerD 28 7 /if
~KBRIE A EAT DR TH D LW LT L,

UV chromatograms (A = 190 - 500 nm)
tu1118_170831_6hm 2: Diode Array OH O
4-10 Range: 6.11e+1

20e+1] Compound 4-10
2 + NADPH
HO
0.0 - = - - - - - - - 3 4_1 0
-0.00 1.00 200 3.00 4.00 5.00
tu1118_170831_6hmterd 2: Diode Array’
Range: 1284¢*2  Compound 4-10 OH O
_ 2 4-18 + NADPH HOZ
< ﬂ + MBP-TerD
0.0 7 T T T T T T T T )
-0.00 1.00 200 3.00 4.00 5.00 HO
min 4-18
5 g B g g8
“’ il T §
OH O g
Ho & M ©
(0] /
) 3
HO K2
5 4
418 9-Me

5-H

6 5 4 X 3 ? i 0
5/ ppm

4-3-3-3. MBP-TerD B4 & 4-18 @ H-NMR %<~ kL (in CD;0D, 500 MHz)
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— ¢, @A 4-10 2405+ 5 AO-chmAB (25t L C terD ZE AL Tl L7
AO-chmAB/terD OEIFEM % 33 5 &, 4-18 OEFEITMER CE 2 DD, 5T/ 7
O uR4-12 7 L LT 5 L — 7 mEN/ NIV ([M4-3-3-4), 2O Z b, TerD 1%
terrein (ZRF R KR EEDE AT S LTV AR, ZOIEMEIX in vivo IZB W T A4S
FRHETHNC B 53 2 A A RBER I~ TRV, b L <SUTREDY 4-10 TIEZRW Al RetE 2 #EE
INnb,

UV chromatograms (A = 190 - 800 nm)

OH O
4-10 OH o
4 0e+1 (0]
AO-chmAB o ]
Zoen 4-11 i} HO™ Ys
0.0t HO “ OH
100 150 200 250 300 350 400 450 4-10 4-11
OH O
4 0e+1 -
AO-chmAB 4-18 ’ Ho gt
2 0e+1
/terD v \ 6 3
00— TP rErr rrrrererrrrer, TROR HO™ T YT
1.00 1.50 200 250 _ 300 350 400 450 4-18
min

4-3-3-4. AO-chmAB/terD DICHTEE M fRHT
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4-3-4. Terrein Z XYY DA Ik A B 575 4= 5k 7 DRETEREHT

I aRT R ER T D RO PR Z EET D A RETH ORI oW TR RE
fEHTAHET LT T, e\ TEA BN S 9 2 LA s+ ORI 277z, £
IZHALD, v u R T U R AT D RO LG AN BT 2 WFFEENIC DUV T
9%, Hifi 4-2 THib~7272%, 2014 £IZ Zaehle 51 terrein (4-7) £EETH 5

Aspergillus terreus |23 T ter Bia 17
T AR —OWEEREIT> TV 5 %, AEBR
“BWOEMAZITS & TSN terC, D, E,
FEZNZIIE L Z A, & TOEEKE
IZBWT terrein (4-7) OAERENHIT S
T ENHGINIRY | — T TEART IR
ST 2 EMITBLII S TRV, E6IC
terD, E, F DL Tl O AN REE &
L7=—75 7T, terC MEERTIZEAL TV
W (4-3-4-1), D= E0b, terD, E, F
DRI\ T, TerC 12 &k B 4EMn sy
L CREBERE LT EHESND, DED,
terrein £ A AR IZ W) T e R A
4-10 7o F &R 4-7 ORI, 7 (iE
/b Ra¥xiik 4-18 ZFrW\WTLERILE
MINFEL TN Z E 2R LTS, D
F 0, RGO RKI O AE RE
THERGEEZEZONNETH DA, HfliH
okl ’}iﬁi‘ﬁ@%b\wﬁﬁmi‘éuéfc&) firh
BEE NS 0D 4% Be B 20 B B9~ 2 D 13 I e 5 i
DEVVIETH D Z & &R LTb\éo FERRIC
AO-terCDEF zxf L CHam+ ik 4-10 %
B UTes, JeATESE & RIRRIC IR E 23 TH 2K
L7 O DOERMITBIN T X 7otz

A. terreus NIH 2624 (=JCM 19077; terrein biosynthetic gene cluster)

Q
ter

1kb

G R F E D C B

Kelch Multi- FMO FMO DH-KR
motif copper
protein oxidase

NR-PKS

mutant

liquid culture | HPLC profile (254 nm) | terrein [mg/g]

pure
medium

1600

200

AakuB

e e e
w, 4
ﬂ A0
ok 0

-7 30 1

AakuB
AterA

10

30 +

AakuB
AterB

|

7
E

30 T—

AN~
200 15 4
u.ML_— 0 4

AakuB
AterC

15 4

AakuB
AterD

| ['

15 4

AakuB
AterE

30

15 1

AakuB
AterF

.
30 1
o
E & =
o.&

terrem (4-7)

X 4-3-4-1. A. terreus \ZBIT 5
ter Bin 17 7 A X —OREER

FMO T“El?)é TerC OSARKRDIE, EFEO terrein
PR, R R 4-10 OFERUL A A FEE & L= FMO O &8 cercosporin AT

kb\f%&%éhf\ﬂé 192016 4z Newman & Townsend |

(B A AT I BT % T

X, S&IKkE Cercospora

nicotianae £V Btz Y 7% A4 NMbE¥ cercosporin A RS CTB3 (22T
in vitro it 217> T\ 5, AREZIIATFIVEEREZCTHS CTB3-MT & FMO ThH 5
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CTB3-MO ® 2 2D KA A THERL ST Y, CTB3-MO K A A 7 toralactone % /&
ELTEZAEL, 77 oL TORRALEUSL. MK FREE . IR EE SO A3 e I T L 7=
e, EU71,2-VE RaXx 72 Lo nERBbicE>To-F7 h% /o~ Lifbsh
7= cercoquinone C # 4 L ThH 2 Z L ZHEL WD (X 4-3-4-2),

CTB3-MO
OH OH O (FMO) OH O (6]
O‘ OHO
~o = o =

toralactone

OH O non-enzymatic OH OH
OX|dat|on

LS OOk

cercoquinone C

4-3-4-2. CTB3-MO O )i Hitk

VL ko terrein, cercosporin (231} 5 2 BloOYATHIZEN 5. cyclohelminthol IV O ##
HEARRS A TR LT (1% 4-3-4-3), £, FMO T % ChmC 12 & » TR i pe e
FOGHEAT U TARLEZRE FuXk ) CHERICER S, KOS E > T 1-7 =1
MR ERKT D, ZDRICT 7 RNVAF—I RO L > THET T 3,5 BERFRHIKIC
KD U CTERAE/ NS EIT L, ECTEINVRVBROBRIRICE > Ty aXy 7 F
WPERT 2. ZOTRISREZ RIS 5720, £33 AO-chmABKNC % Fif L7273,
tamm@%&ﬂ% ChmC IZ L DA DO REEMED T, M TE 2oz, 22T

EPREEA~ER T 5 2 L 285 LT, 720 D 4 >DOEBESE R chmPLMO & —2812
%Abko

ChmC
OH O (flavin- % 0
(6]
Cl

o}
Cl o  binding 3) | € O

—_— H —»
HO “ry HO K

J &0
cl
Favorskii- /

4-14
OH OH
cl OH cl (; OH like
OH rearrangement
— X f’ pZ — > \
HO HO \4
Cl H H,0 Cl

cl, OH
| OH reductlon N

[ Y%

cyclohelmlnthol \

4-3-4-3. Cyclohelminthol ¥8 ™ TA8#% #1 4= A Ak
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<ChmPLMO ENIFEAFKZ ] 0 I K ATE 5+ DREFEAF >

70E /) 7 anik 4-13 /£ PE4 5 AO-chmABN (2 chmC (FMO i&fs+). chm P(* F
NVIERRBEERBIR ). chmL (7 7 B KA LB ot R Es 1), chmM (= / A /1 -CoA
KFNEESR), chmO (Fg{biEciEd) #8A L, AO-chmABNCPLMO Z#Fi# L7, £53% L T
BN ARGEEY %2 UPLC M L7553, BRI oo Tofilc/e e —2
(4-19, fRFFIRERE] 2.95 43) BBl c 7z (X 4-3-4-4, EE#), A —727 O4 1
HR-MS X ¥ CyoH13ClO4 & RE LTz, 2D B — 27 ZHifl L 'H-NMR fighr 217 -7- & = 5.
FEEERIC IH 30> 7Ly by 7T b (8y 6.49) & 7= ) —LMoKEEEED A F )1
T—TUIZHET D 3HSDOY 7Ly b7 FL (8 3.79) MBI S =1Eh, H7-C6.
H10-C3 ®» HMBC HIBN B SN7-Z L 2 En . a4 4-19 (57 mg / kg) Th

L EWRE LT (X 4-3-4-4, TH),

UPLC analysis (A = 290 nm)

AO-chmABN
4-10

4413
414

AO-chmABNCPLMO 4-19

419 4-10
T T

) Time
0f

oMo~
emooN
T R—
SoSom~

Rl e ]

——6.4944

Mass spectrum of 4-19 (ESI-)

tu1131_170916_aochmabkncplomafterphplc30 177
100

231.09
23014
N

22214
2102740 |l
0 Il imi

|||||||||||||||

200 210 220 230 240 250 260
m/z

-

— 0.9818

™ 0.9621

I

o

57 mg / kg

™ 1.9336

0/10 o//CHS
3
CI2 OH cl OH
m W
1 - =
HO 58 HO \
6 7 9 H
H\H

HMBC; —

0. 5835

419
(MW 232)

~ 3.0

9-Me

;MJ-H

7 6 5 4 3

S/ ppm

2 1

4-3-4-4. AO-chmABNCPLMO DXHFEMAEHT & 4-19 0 'H-NMR 282 |1

(in CDs0D, 500 MHz)
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AFNT—T)L 4-19 O, BIOBMTEANLE 5 S>OBETO TAHEMKIEEZ ZE T
5E. FMO TH2D ChmC 12z T, HEEEAKEKE TIXAEER~DOBESNARHTH- 72
ChmP (A F/VEEEBEEER) DMEREL TV D LR Sz, A F Lz —F /L 4-19 1%, 77
£/ 7ok 4-13 12k L, ChmC 2 CTB3-MO L [FIfRIZT 7 b o &2 fflb L= 14 iR
FELS D HEITT D 2 & TS EDE W E Ra X RS ER L%, ChmP 12X 2 %
FbERTER LI EEZBND (K 4-3-4-5), AFEBRIZBWT, (LT ChmC =€
B ISR DR BT 5 2 LI LT,

R
pooes
NH
”&f 0
OH" ChmC ChmP _
{ QOH/K / (MT) O

cl (FMO) cl i@ cl 4 OH
HO “ HO K HO

HO
413 CO, 419

4-3-4-5. b5 4-19 OHEE A& A RiokitE

<ChmC/TerC @ in vitro /2517 3 #EGEREH>

ZNETORE % W= in vivo TOfEFTIzEB VT, ChmC 28 CTB3-MO & [AlkEDiENE %
ALTE ReXx ) UHRE AR L TnD & PRSIz, % 2T ChmC 23 ERRIZ SO % fil
BELTWD0MERT 272912, in vitro THIENT 217> 7=, FMO Toh 5 chmC 2z T,
ter 7 7 A S —IAFET HRERr 7 Ba 1 terC L[FIERIZ in vitro TOfNT %17 -7, i
ZIVMBP & DG Z N7 E L LTRBEEHRARZ AW TIRR L, 2 SO 2 iR
MBP-ChmC, MBP-TerC i3 ik & L TR S v, UV-Vis JIE DGR 450 nm U 1k
K Z o> T2 iph, 778 L OB ZHER LT (X4 4-3-4-6)",

Eluted with 10 mM maltose
+disruption buffer

l——l
M FT W1 W2 E1 E2 E3 E4E5 E6 E7T E8 M MBP-Cth [ES
— After ultrafiltration | \'
kDa a6l
- \ \ 1 hmax = 450 nm
s ?’:— ——— - ' L | ™
50 - ;_2
g ]
37 s | am] v ——
= ) ks 50mM  NaH,PO,* 2H,0
- - il 30 uM__ MBP-ChmC
- | 58 B “ total 100l pH7.0
MBP-ChmC : 87 kDa 250 300 350 400 450 500 550 600 nm

Eluted with 10 mM mattose
+ disruption buffer

—_—
M FT W1 W2 E1E24 E5 E6 E7 E8 M

MBP-TerC
After ultrafiltration

"

r 50mM  NaH,PO,* 2H,0
10 uM__MBP-TerC
| total 1004l pH7.0

5. N yellow

MBP-TerC : 88 kDa 250 300 350 400 450 500 550 600 nm

4-3-4-6. MBP-ChmC, MBP-TerC o
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RIZ MBP-TerC, MBP-ChmC O RIGIZ W THENT L7z, Zi e dti@diiiik 4-10, 5
&/ /nnlk4-12, 57 {07 nalk4-14 % LE L LCRIEE T o7, ZOFEE, TerC
124 COIE & 3% & A LR 4-20, 4-21, 4-22 % 52 720125 L. ChmC 13k
R 4-10 (S5 U Ca M 2R & RSR IR ] L CIEMEDS B LTc b 00,
TerC L0 # L<FVEHETH - 72 (14 4-3-4-7),

UV chromatograms (A = 190 - 500 nm)

bstrat MBP-TerC MBP-ChmC
substrate 629_mbpterc6hmenz2h 3: Diode Array 170513_mbpchmcenz 3: Diode Array
dient 1 4-10 Range: 1.909e+1 20e+1 dient 2 4-10 Range: 1.094e+"
radien radien
OH © )ML_#J\_JAK E_/—J\f 4-10
0.0 T T T T T T T T T T T 1 0.0 T T T T T T T T T T T 1
o 1.00 2.00 3.00 4.00 5.00 6.00 1.00 2.00 3.00 4.00 5.00 6.00
., 629_mbpterc6hmallih 3: Diode Array 170513_tfchmeall 3: Diode Array
HO ““ 4-20 Range: 7.736 5004 Range: 1.14e+*
410 50 4-10
00 e 00—+ Enzyme
1.00 200 3.00 4.00 5.00 6.00 1.00 2.00 3.00 4.00 5.00 6.00
1004_5chloroBhmterd 412 2: Diode Array 170523_mbpchmcmonochloroenz 3: Diode Array

Range: 3.103e+1 4-12 Range: 1.498e+"

OH O ; radient 1 20e+17 gradient 2
‘K—_J_k L’JL/— 4-12
O 004 0.0

T T T T T T T 1 T T T T
3.00 400 500 6.00 1.00

T T T T T T T !
2.00 3.00 4.00 5.00 6.00

. 100 | 200

HO' ‘% 1004_5chlorobhmterc 21 ZRD\ode/}\rg%ys 170523_mbpchmcmonochloronadh 3: Diode Array
- ange: R: 1.316e+”

cl . 9 2001, 4-21 ange 1318e+4_4 9

4-12 L/\_}l_J’\”_f 4]\,—@——/ ¥
00 T T T T T T T T T T T ) 00 T ¢\ T T T T T T T T 1 Enzyme
1.00 2.00 3.00 4.00 5.00 6.00 1.00 200 3.00 4.00 5.00 6.00

627_mbptercdichloroenz 4-1 3: Diode Array 1 /0523 _mbpchmcdichloroenz 4-1 3: Diode Array

Range: 1.977e+1 Range: 2 299e+‘4_1 4

OH © gradient 2 _/L_’— 20e+1y gradient 2
Jeﬂi
Cl 00 00 . e T

Q "0 200 | 300 | 400 | 500 | 600 "T700 | 200 | 300 | 400 | 500 | 600
., 627_mbptercdichloroall 3: Diode Array 170523_mbpchmcdichloronadh 3: Diode Array,
HO ‘o 50 E-E& Range: 5171 2041 Range: 1 365e+4'1 4
+
¢l 4.22 Enzyme
4-14 O e Time =
1.00 200 300 400 5.00 6.00 1.00 200 300 400 500 B8.00
min min
products Mass spectra

UPLC analysis conditions

e (ESI+) 165 [M+H-H,O]* flow rate: 0.7 mL/min
column: ACQUITY UPLC BEH C18
2 1.7 um, 2.1 x 50 mm
1 183 [M+H]* solvent A: water + 0.1% HCOOH
solvent B: CH5CN + 0.1% HCOOH
R R U VST, . RSO P oy gradient 1: 0- 1 min, B2 %
100 150 200 250 300 1-3.5min B2-30%

3.5-4 min, B30 - 100%
100- ) 4-6min, B 100%
(ESl) 215 [M-H] 6-6.5min, B100- 2%

6.5-9min, B2%

E
217 [M+2-HJ gradient2: 0-1min, B10%
| ‘ 1-3.5min, B10-30%
0100 b Y A M 3.5- 4 min, B30 - 100%
4 -6 min, B100%
100- 6-6.5min, B 100 - 10%
(ESI-) 249 [M-HT 6.5- 9 min, B10%
] 251 [M+2-H]
253 [M+4-HJ-
100 150 200 250 300

4-3-4-7. MBP-ChmC, MBP-TerC D435 BUG AR
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MBP-TerC {22\ T, 5,7 i 7 m ik 4-14 %

UV-Vis spectrum of 4-22

HE L L TKAF— L CORBERIGEIT- T, —I il
R T S 4-22 1%, UV-Vis 27 FUITHR
Ji@Y 520 nm FHEICHATRI A B, S0k }eurpie
215 L THRENT (M4-3-4-8), ZZThak (-22) &
el L L7 C18 A—F v 1 T ApERIC X - Tl .
B BGIT FINTRRTR S & D O 2 B T2 -
#%. HPLC I CHEtL7-, B ohn7- 4-22 13HE 4-3-0-8. (LOW 4-22 DEf
EimY EEE 2 L7, H, 3C-NMR ® 2~ kL LR -
#[X] 4-3-4-9 1277,
9-H
OH
3
Cl N 4 _0 OH
5 <
7-H oM 5 Y 8 3
8-H - Cl
R % 4-22
I A S L VA S ) YA
T [ 1 |
8-C
9-C
7-C
5-C
1-C

180 170 160

4-3-4-9. 4-22 ®» NMR 27 kL (*H

150

140

130

120

110

100

78

90 i) 70 50 50

40 30 20 070

: 500 MHz, *3C: 125 MHz, in CD;0D)




TerC Ak 4-22 @ TH-NMR 227 R JUIZ A F L= —F )L 4-19 LKL LT3,
FEWRRIAC > T Vs Z & & HR-MS T s HIRE L7253 130 CoHgClbO4 0 5 6 i
WP ThHD I ENEE SN, & 512 PC-NMR (23T LR = VLD FEIR £ T
B 7 F L= 2 oDR#ES 7 F L (5c 185.1, 173.1, [M 4-3-4-9) 2ELHI S hi- = &/
O, EMIE 4-19 O X o7 FaXx ) U EEEZALTELT, EXmickoTAELE
X )V ThBIERNoT, TORE, 0-% )k p-F ) URERL D BR, p-F ) i
KBHREBRMMAIBETH D DIZXF L 0-F /) VFIAFRETH H 720, TerC KISAERNRMIL p-F /
Y ThDHEHELE (K 4-3-4-10), ERAie FeXx o oL RISz 2
L1, X 4-3-4-2 Trr L7z Cercosporin A=A il CTB3-MO @ in vitro fi#tfT T & 8| <
TW5D,

R
:©:N /NYO OH
NH CchmC Clm

No :
6)HO or he o
¢orfa TerC o o/ OH cl
cl (FMO) ¢ o cl OH [O] 4-22
07 — . OHJ. —r . H (p-quinone)
H H H :
Cl Cl CO, cl : 0
4-14 : c © o
t > =
HO
of
(o-quinone)

4-3-4-10. ChmC 7RE = 7 ® in vitro sk

TerC OUSAERM D 5 B 5,7 iy 7 v vik 4-14 2 WEHIZ LT 5HE DERM TH 5 4-22
DHPHREETRETZ » 72, — T, A TEIB SN TV 4-10 ZRHIZ L72EE D4R
¥ 4-20, 5AF /7 7 vk 4-12 Z FEIZ L7256 0 4-21 (3R RPICIHELTLE I 1Z
ERLETD Tz, TORZESIL, KEHA-3-4 OFEH, M 4-3-4-1 TR~7zi@b ., TerC
DI ERIER B VR BICE A G HEOKBBIENIE X 5T DIKSEREE D . 01
WRBRELUELTLEI O THLEEZALND, LD LI RKIW T T p-F /2 4-22
ZHEECTE 20X 2 DOEFREIETH HEHEMEEMOLENIZEHES L TWDHTEHLH
Zbhi,
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<ChmQ/TerQ DHEREAZYT>

Z 2T, ter, chm, plo 7 7 A% —WNiZ3i@ U CTIEET D BIGF I OWT—il D 7T 23 &
TLEbLOD, 8BEIGEFRENT T 7 RV A X —HEOBEN/ NS HEIT L Ty, X
S THEELRTOREE LEHDLEZ X, b9 — ter,chm, plo 7 7 A% —Z K& LI L
ZA, ~120 TR VBONS IR E R EIZHERE IS ORF Th D chmQ 38R LT,
ChmQ 1% YCII superfamily IZJ&@ 3 2BtE CTHY . TOKRER T THL TACHANI T VT
T& % Burkholderia phenoliruptrix X v B\ 72 &, 5-chloro-1,2,4-triol-benzene ®fii.
YAV KB B A filE U C 2-hydroxy-p-quinone ~ZE#a4 % = & 73 2013 R ICHiE S Tw
% (4 4-3-4-11)%,

R7 p16
=L D75 HN
L
\ —0
- D9
NFe--re rﬁ
o
H24 H O~ o Cl
> H H-H O
\ H
N H,0 H®))\NI
"{H R17
H,0
O@ H,0
o H
D98 N
NH P76 O
=14 nh, DI8 N
HNYf 2, / E77
H96 NH \ 0
iy o1 $56
f 0o
H24 | O, s
N B THHT P
\ H\ H
N X ®) .
L Qg\o-H\g)\N
H . RI7
H
.0 Tl
O
o) o H
P76 D98 N
R7 D75 HN
HN ;‘Hz\\ E77 %NH
® y
NH,.._\ /=0 D9
H96 076 ri Ho6
H24 O 7
7 HO THHE P
! ;
N H. ® M
1 o 80 D I
\ R17
H
o N\ (3
Lo/ Tl
© 4 (
o HA
Do8 Ny
NH
H96

4-3-4-11. TftG OHEE St

80



#4-2-1 5, chmQ Okt 7L ter, plo 7 7 A X —ITREFESNTWDHTZD, EEK
’%ﬁbfwé’kﬁiﬁéﬂtoéE’ Seil U7z TG 1 X S s it 17 T

IEPRICEERBREDRESN TS, M SIIEERMICB W TKEOZITE L
;%5#5%%®¢f\GmQﬁ%ﬂ?f%ﬁéﬂfwé%®%ﬁéfﬂ474%Lko
X 4-3-4-11 OFUGHERE & eled 2 & BN HEA LIZERICE Z 5 KkFE L5 & Hhi< BUSIC
AWV SN AEERERIEE S REFESNTWD —J7 T, HbKEOBBERISICB G2 & P4
INTWAHFE (D98, H96) NMRfFINL T o7z (1M 4-3-4-12),

D9 H24
TftG —————- MLFLIYRKDRPGSLQVR--IDNYAAHLAYLEPL-———— KAKIQVGGPTLGAGTG 47
ChmQ MAQRYEYLFIAY--DYPGVMEA--KLKLVEAHEDTIKQDKANGSSVEWLAGGPFF-KEHG 55
TerQ MPEKHEFLFILP--DGPEGLKNRE--SWTDPHERFV--—-- ERESEYWLAGGPMY-DNHE 50
PloQ MAQNYEFLFIVY--DTPGEAAHQAKMAQVEAHENMIKEEMQAGKS-MLLAGGPHF-KEHG 56
x* s * * . e % z K%
S56 D75, P76, F77
TftG TDDKDMTGSFLIMEAESWDEVHSFVENDPFTKAGLFAATIVERWKHGKHNDSK-———-—-— 100
ChmQ TMPPEIIGSWGILYAPTKQDAVERLKNDPFTTGKIWD—————— WDKLTIVDSVSGMRLPL 109
TerQ EN--IERGSWVLVQAHDKNEALNLLQRDPFTVGKVWD—————— WEKAQVLSIKSGLRVPF 102
PloQ SATPEMIGSWMILFAPSQQAAIDRMKRDPFYTEKVWD —————— WDRTQIFNTVSGMRLPL 110
*Me i X S e e o gie LA
TftG e 100 Similarity / Identity (%) | ChmQ | PloQ | TerQ | TRG
ChmQ PNPGMDNMGRNLQ-—-~— 122 ChmQ ~—___|76/60|56/ 35|45/ 28
TerQ VKSSINFPQTKMNGGS 118 PloQ ] T~ |55/33]44/ 29
PloQ PNPGTTDMGRI-—-——— 1,24 TerQ T 42/35
TftG —~_

4-3-4-12. TftG & ChmQ AEr 7 O7 I/ BBREd| g

EXY ChmQ OMEEMWIT ZiT o7z, ATV —T ) 4-19 24 FET D
AO-chmABNCPLMO (%t LT, chmQ % 7 /7 AfmsEHEAft CRISPR/Cas9 z M\ CYafk |-
~IERFRAICIA U2, EAALE & LT, 2 EITBWTHESE L 72 betaenone B (2-2) @
EEFEMRTH D AO-bet132 D RT 7 N7 ) b —ir o ZERT 24TV, Yefafl B2 IR B
IZFEA S LTz betl, 3, 273, EBREOELEFEICHAISN TW D0 a iR L, SkER T
DOEFEBLsEEE SC103 # R L7z, = Z T. CRISPR/Cas9 % FV /- EBAi45 )72 DNA @
TOREHEIWT & U < FRIRREAR 212 K o> T chmQ % SC103 el ~E A L7,

FHEL L 7= TSR AO-chmABNCPLMOQ 7> & HhiH U -3 4 UPLC TR+ % & |
WEERHARTIZ IR Do lefilc /e v — 2 (4-23, {REFRFE 4.11 43) @S
(X1 4-3-4-13, LB, KAv'—27 751X HR-MS fi#ght LV C19H11ClOs & @ L7, Hiff
LT H-NMR BT 4T 5 & 7 U AED A F LIS TS5 BHHYDXTAET Ly ki
TFn (84 1.90) &, FTAF VLT 4D BALUTHEY T D IH DX TNV TINT v F
TFv (84 6.28) BEHI S, MAT7 ALY L, ML 8ALEDMTHRT v AA
L7 4 DORERTERERL, OMDOT VIANDAF VI mED 7 7 LT 5D 1H 4y
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DETNIINT v N7 F )0 (8y 6.58) BB EIIZDT, A FLT—TF /L 4-19 O
8 NLDKERIENMIAK LT 1-7 a R )VEENERR L2 2 L3 hho 7=, Mz T, DO ihngs
HCIEA L EAKBR A RT 250 IH GO > 7 Ly R 7))L (84 5.09, 5.48) »°
BRI =7z, &5 H7-C6, H10-C3, OH4-C3, H6-C3 @ HMBC FHB MMl S = Z & 7
Lint, 1-7u= s AT HE K% 22 4-23 (24 mg / kg) Th s LiiE L
(I 4-3-4-13, FE:). =0 &b, ChmQ 23 BKESE & L CHGEET 5 = & 290 THI b
22 L. terrein X° palmaenone OREEHIZ b [EERD AR 7 /L F AAIBEAMFEAET D 2 & )
5 chmQ OFREn 7 Th b terQ. ploQ 1 IFEFAEDABRICHETHD ES XD,

7
UPLC analysis (A = 190 — 800 nm) o L b e
AO-chmABNCPLMO oH jij/\/\
206t 4-19 HO > HO P s 8 3
10e+1 ! 413 4-19H™ 4-23
”‘ ' B 24 mg / k
oo——— — ~Mo _CHj 979

cl “ OH
AO-chmABNCPLMOQ ‘/
20e+1
1.0e+1 |"| 4-23 HO & /

. | A L-J\Jv'm_
00 e — HMBC; —»

25 300 35 400 450

1. 9063
1.9027
1.8929
~-1.8893

£

— D T DD
SHB DB DD

g 035699027

L

2 e CTTTLSSS
\.\/ i S =

6.600 6.500 6. 400 6.300 6.200 1.950 1.900 1.850

BRERIY

7 6 ; 4 3 2 i 0
&/ ppm

4-3-4-13. AO-chmABNCPLMOQ D \#iFEM#HT (4-23, 'H-NMR in CDCl3, 500
MHz)
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I E CTORERRATIC L - T, FBIB T2 7 A X —ITFET 2 BB FITMEHE L7211
Lb T, v aRUT UBKIIE LR TR, BRSNS EER T 7 RV A —ER
DI SE, AFNAT—T1 4-19, BLUN4-23 ([2BIFTH A FLEMNEA S TWD 3
N7 = ) — WKL OBER 0O DB O LIARIZ L > THBTH & FHRL TV,
ZDAFNIEPRGEORISELE L TWD EHEB X LN b, terrein A& BT
I AZ =D terC, D, Q%, Yt FuA Y~V 4-10 £EFEKTH S AO-chmAB 1T
SLTHALE, 20L& Ef L7z chmQ DA L FEEICY / MmsEHHF CRISPR/Cas9
ZROWTHREE EOR Yy ARy FTH2D SCL03 FEIBI EBALRF AR A Lz, sl L7
AO-chmAB/terCQD D #FEY % UPLC Ti#T L7- & Z A, i@+ ik 4-10,5F / &
Ra AR 4-11 OEFENTERITIHER L, BEIRBANIZA ONR o8l 2 2or
— 7 (4-24 ({RFFE 2.3247).4-25 ([R5 3.834))) MBI S 7z (1K4-3-4-14),
ZhEh 4-24 D47 HR-MS X ¥ CigH1605.4-25 D43 T2 T HR-MS L ¥ Ci1H1004
EWRTE LTz, PREFIFE 2.5 3 O*F0 5 TR LI B — 7 IR R LTe,

{REFRRR 2.32 Yo B — 2 R L TH, C-NMR % #4779 % & . kojic acid ® z~<2 k
NE L =T B F AR S (K4-3-4-15, # 4-3-4-1, 2'h1-4'fz, 6'-7'f1)%,
& 52 H9-C7, H8-C5, H10-C7,H7-C6, H2-C6 ™ HMBC FHBEANELI S L= Z & 72 8,
ARFTTVE KR Y 7T AEERHT LG5 4-24 (30 mg / kg) 72 ERE LT,
'H-NMR (25T, BEETIC S0 53 7,8 ffDAF L AF L TH v 7Y 7 LT
RNDIX, HANR~90°ThH LT b,

UPLC analysis (L = 190 — 800 nm) Mass spectra (ESI-)
181104_aochmab1cont 2:Diode Array  11527_181104_aochmabtercqd? 996 (2.322) 2 Scan E¢
4-10  Range:3537e+ | 335 [M-HJ 6.93
30e+1{ AO-chmAB 4-24
2.0e+1
1.0e+1 4-11
0.04 B S et 4-24 (MW 336)
100 200 | 300 | 400 | 500 u1531_181116_aochmabtercqddmeoh 1643 (3 830) 2:SeanE
181117 _aochmabtercqd4meoh 3:DiodeArray 409 12 o)
Range: 1.773e+
AO-chmAB/tercQD ™™= | 4 g 205 [M-HJ 0
1.5e+1
4-24
1.0e+1 *
HO Z
50 . | | OH
00 T 7 Y P M MR S M 4-25 (MW 206)
100 2000 300 400 Thom m/z
min

4-3-4-14, AO-chmAB/terCDQ D EE Wit
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# 4-3-4-1. Kojic acid O CHk(E - 4-24 © NMR % 3 b7 ki (DMSO-ds)

kojic acid 4-24 kojic acid 4-24
8¢ (it Sc 6H. (lit., multiplicity, BH. (multiplicity,
J in Hz) J in Hz)
1 149.2 1
2 103.4 2 6.48 (s)
3 148.1 3
4 137.6 4
5 123.3 5
6 106.0 6
7 79.0 7 4.77 (s)
8 87.1 8 4.57 (g, 6.6 Hz)
9 18.6 9 1.16 (d, 6.6 Hz)
10 56.1 10 3.13(s)
1-OH 1-OH 9.18 (s)
3-OH 3-OH 8.16 (s)
2 168.0 167.0 2
3 109.8 1113 3 6.33 (s) 6.23 (s)
4 173.9 173.9 4
5' 1457 1573 5'
6' 139.2 1413 6' 8.02 (s) -
7 59.4 59.4 7 4.28 (s) 4.28 (m)
5-OH 5-OH 9.06 (s) 10.07 (s)
7'-OH 7'-OH 5.67 (s) 5.66 (m)
HOS' =
o}
kojic acid 4-24
MW 336

30 mg/rice 1 kg
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£200 0~

LpLL
90911 —

9696 ¢ —

9-Me

01L8°7 —— 8621 € -

10-Me

1z -
0652 7 -\
7692 7 )
e 2\
BN
£818 1 —k
S6Y5 T
1295 7 —m
19{Sv — _
26857
189, § —

v699 G -

0€€Z 9
G9LP'9 ——

61918 —

g8l 6 —

eHo0l——

COSY; =

HMBC; —»

30 mg/ kg

1
™ 86860 -
[ZA .

10

5/ ppm

0981

9-C

€195
£r 65

56 '8L

€1°L8

0F €0l
00901

9z L1

Lz el

10-C
7-C

3-C

7-C

Too T

8-C

6-C

5-C 3'-01

4-C

v

6'-C

A\

1-C
5-C

2-C

4-C

160 150 140 130 120" tlo o0 b 70 50 140 30
©/ ppm

170

180

“H

4-3-4-15. 4-24 ® 'H, 3C-NMR 2~<7 kL

(in DMSO-ds, 'H: 500 MHz, '3C: 125 MHz)
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WIT, ™ 4-3-4-14 THI S - fRERR 3.83 o v — 2 2R L H, C-NMR f#HT
17> 72, 'H-NMR {ZEB W\ T, (LA 4-23 L FEECT U VAL A F VLTS 3% 3H 4y
DHETNVET Ly N T7F 0 (8y 1.90) & N AF LT 40 O BATHYT S 1H
DETNVHNT v T T (8y 6.35) &, 7ALICHYE L, BEEL7=8 ML DETHRT v
AFVT 4 DFEEER R, 9 MO T UMD AF VL EEY » 7V 7 LTnD
IH OXTNVINT v vy 7 F 0 (§y 6.64) NEIIESNI=DOT, 1-7aX= LV KEH/T
HZENghoTo, MAT, RS 7 N LRI 2H s> v 7Ly N 7L (8y
3.79) @M (¥ 4-3-4-16, EE), & 52 H2-C1, H2-C3, H2-C4, H10-C3,
H10-C4, H10-C11 fi¢ HMBC HHBE238LH <41, H10-H8 [ ¢ NOE FHBAEIM S v 7- =
L, XUV T T ) UEERAGT HbE 4-25 (12 mg / kg) THDH EPE LT,

3.7917
2 05
0
9;
8!

1.9535

mmmmmmm
A

SeS S SS S

7-H 3
2 | 8-H ‘
/ 1 J 9-Me
6.700 6.600 6500 6400 6300 “\
| IJ
/) |
J.,\u__.l._.w/ '»JJL«JLMW
; ; : ~ . - . e —
o/ ppm
: e sss sE8 = 5 2 e
| -
&C 2c 10-C
7-C 9-C
1-C
11-C
3C e 504 C

200 180 180 170 160 160 140 130 120 110 100 60 80 70 6 0 a0 | s 20 1 |¢
o/ ppr

4-3-4-16. 4-25 ® H, 13C-NMR =2~<7 v
(in acetone-dg, 'H: 500 MHz, 3C: 125 MHz)
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AKX RERUYTT 424 L XV TT ) 4-25 ZLLTFD LD ’EAEJ‘zé
N5 EZEZHND, 4-24 13 TerC, Q A ILETRIA 4-10 IT/EH L TARK L2 Re ¥ ) >
4-26 RIZHI L L CHERE L. kojic acid &~ LA L 7= qﬁEEEEE@E%% i2koT
AL SN TR RREASIND, HWOT ANMKEBREORBELETS BRAEHKRL,
HICETEAROBRICL > TAFIULENTZEE X BND, 4-25 (X TerC, Q 2 5 (\iE /
t Rex ik 4-11 (IT/EA L CAER LD T a— VR EERNETE ) U A X A4 RABHRE
Nz, RKEgflchsr~r =/ CoA HRDFfE~= v NG Lzt ETxd (X
4-3-4-17), TerD (2 £ D 7 fe~DOKEALIETEA BN S /e WBRH & LTIk, RifTE 4-3-3
4-3-3-4 THlk~R7=3@ 0 1 TerD 1 3ETEME, & L IFRE & R PR EFHMTHDH Z
ERBZHLND,

<Putative biosynthetic pathway of 4-24>

OH
TerC OH
OH O OH
t f (FMO) on -
O —Q> @ ——» HO
i Ter
HO “(YCll) [HO Z HO > HOZ >0
4-10 ? = OH
4-26 oM O
Kojic acid
OH
4 OH
[0] S MT
—> HO 5> — = HO A —_—
A.oryzae Ho 2o A. oryzae
GANF N OH
<Putative biosynthetic pathway of 4-25> fH o
OH o ™9 Ter(03 OH OH o SCoA
[ ] (FM ) OH o
o A oryzae HO " TerQ \
H HO
410 (Ycin
4 11
O -SCoA /W SCoA
OH
- OH )
N
HO H,0 HO CoASH
OH OH 425

4-3-4-17. 4-24, 4-25 OHEEA A bkt
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PLEORERIE, TerC, Q WEBICHIEL T, E Fur¥x / 4-26 24 L TWVDH I a2 K
FFLTWe, ZHUBEOEERIZIE, 2014 FFOBRFIEFER L AEEGRICKNAEEZZ D
iz TerE, FB5T 5 & IS, TerE 1ZBEAEESE & OFHRIVE LR D> O SRR 77 R L I
FFHCT A O LEESR EMFEMZ 7R L. TerF (X Kelch €5 —7%2HF LTk Y,
AT 7 b—ARbEER L HAEZ R LT D, Zvh 2 DOBFFIZ L > T, Bk 7 7
RNV AX—kk DN RO HETTT D B2 Hb (X4-3-4-18), LarL chm, plo 15+
7T AL —IZTerk, TerF OFE v VBB TIIFELRZNWED, SLRLEEPLETH D,

Acetyl-CoA
Malonyl-CoA

¢ TerA/TerB

1 TerC/TerD " T Q
erC/Ter er
HO K HO
4-10
LTerE/TerF ?
HO,
ﬂ,@\/\ spontaneous Ho, OH
o Y
(+)-terrein (4-7)
Acetyl-CoA
Malonyl-CoA
¢ChmA/ChmB
ChmK/ChmN
OH O OH
Cl o ¢ChmC Cl OHy L TerQ
—_— B —_———
HO o HO
Cl Cl
4-14
common OX|dase
c, OH oM o§=/0\
\ spontaneous Gl \©oH PloP  Cl, %0H
o Y% <—ﬁ y i
o) o) 7
cl CO,
Cl a ©
cyclohelminthol IV (4-6) palmaenone A (4-8)

4-3-4-18. Terrein 3 X U cyclohelminthol, palmaenone % OHEE A A Rk s
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4-4, Zi8

2,3 BITBWTC, B RMERBLRZ AW AG B ORREMRIT CIX, BiaFrE28AL
TR S DAL B EAPE, FTRITEB L Tz, Lo 4 T, in vitro TIEMED e
RTEEMHERET chmC ZBEHICEA LIS HL 00 b 6T, RSB HET LILEWE K
M2 EeNTERDPSTL, ZHIFRLERERDOHEEZRELTHEY, ZOBG 4R
WET D 72D, AHFFETITo 72 K 5 IS FIROEHSE & il 42 & PRS- FEEER
FEHFRRFHZEAT HZ & T, BT R L ETHE~NE LT 2L RNAEDNTH D L
TRani,

4 FECTOMFFERER L ATE 2 R TEX D L. 6 BERND 5 BERA~OBRN/ NG % fil
9~ D BRI AL T OEfl & S 7R L2 R TerE &, Kelch £F—72(35 %378
TerF TH 5 LHEETE T2,

TerE 23 FARIVE 2~ I $ 7R (L% 35 13 Multicopper oxidase &9, JEMEF.LNCHE S D
A A2 B/THEHIRT D, ABEFRED Laccase X° Ascorbate Oxidase 72 E137 U
NSO EHITSE DL Z ENHLNTEY, oL bAELRLOIE Tyrosinase Th 5,
Tyrosinase (37 1 v > % #'E & L T dihydroxyphenylalanine (DOPA) ~®ZE#i% 1 5 €
) A X F—BEEL . $:< DOPA &/ o ~DOFLS 22 Z L RmesnTn g
(4 4-4-1),

O O O

Tyrosinase HO. Tyrosinase Qo
OH + O+ 2H" y#’ OH yf’ OH
HO NH, H,0 HO NH, oh* o NH,
tyrosine DOPA DOPAquinone

4-4-1. Tyrosinase O )i

TerF i Kelch 57 —7 %% L T Y . Galactose oxidase & fHFI:% 7~ L7-, Galactose
oxidase 1+ &R & L CTHIR 247 L, 7 ¥ VI galactose 27 V7 & R~ & 28444
BT EREBNTND 23,

HO Galactose o

(0]

oxidase Q
B —— .
HO OH cu HO OH
HO ~ OH HO  OH

D-galactose

4-4-2. Galactose oxidase ® )i~
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TerE, F 23 terrein 2 R O BRAE/INEOSIZEE G L TWAD S, LT O X 9 72 OSHREE
Ezbhb,

TerA/TerB

TerC/TerD oH o y
Acetyl-CoA TerQ HO. oH TerE N o)
Malonyl-CoA _ = _
HO HO
H,0 l TerF
HO
HO, OH 0 WOH Yeud
b\/\ HO/, > Om
7 Y /
. €02 Ho 4 HO 7

(+)-terrein (4-7)

4-4-3. TerE, TerF OHEE S FsAE

2RI TerE, F ORBEZ HEE T 572, terrein £ A. terreus \Zxt L C5 L€/ 7
noffk 4-12 & 5,7 iV 7 mafk 4-14 ORGEREZTo 2, TORR, KEITZERITHE
BINTHbo0, terrein OHFEFCFHEMR, & L < ITHRBRICHY T 283 s 7z
Molz, X 4-3-4-7 TR L= TerC @ in vitro fifir L Gt TE x5 &, TerClids muflk
HEEZRLTE FaXx ) UHERA~ZH U723, fi < BRFE/NOG Z i35 S HEE S
7= TerE, F OIEEREMENE L ZASHARWEDIIHM L0 TIZRWnhE E2 6N 5,

4-5. £2o

2, 3 EONKAZEEE 2, BREERBBRN, BASINTERER T OMEL M IEICHEL
THIEEWR L, RMOKIGEFHE TR L T 5 RRMOEG MR EIToT0, FDORER,
HIBEATERIAR D BFEAPE, W N A B R AT OB AR B D T OMEBERATICARE) LTz, Iz
T.2014 12 Toh 7z terrein AFERE 2 k5 & LT TR OEEBE Tix ORF 72 L 383k =i
TV o7z ChmQ AT v 7 O3 RUIZARE) L, SO BIKSE 2 fifift32 = & 2B 52
L7z, AMFRTH LI Z S L1Z, JEATHFFE T terrein G AU A & HEE S 4L Tuie
NOMEENRHTH o724 378 TerE, TerF OEOHEEN 21X U THEET S Z &N T
72

ChmQ &RE v 7 ONRERN S, BEAEEE & Ok 7 & CHBIEN THIC & W R EIs
FThoThH, MEES X H DD THIIT, WEITEELHIIEDLZENRARETH D,
CIETOMPEELDD L, BMARBRIRITANRBERTHY | RBIOWEZE 20
2kt LT 2,3, 4 ETHEELETZ, LoT, ZNE TR BICHEMA, BEEEL2H#
FEDOETER L7 A ZEER OBREMITICLEIL AR TH D B X HILD,
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555 F K- A TBERIC X DRI H2k PKS-NRPS OFEREAFHT
5-1. PKS F X 7 fEZE OFERENFHT

2, 3EIZBWTHE ZF|H L7z HR-PKS OREREFRNT 21TV, R A A A 2 IS LB 7
PKS OFHRINFIEEL 72572, 4 B TIEFEME EICBW CHEMER B &2 AT 2 BER OM%RE
fRMT &2 = NENAT- 70, U LEZEESE 2, 5 FETiE PKS OF% RFEHMEIZR T D IGHI#E O
HREZ AT 2720 DMA 1G5~ JTANATONTMIELEE] L i S v T
VN, EEROFENE PKS I TO R A A VHLABEZIZ L D F AT PKS ORRERRIT 21T > 7=,

1 FZE TR Y, RIREIZIA S FEL TS PKS 13 0 iR LY & REIEI 5 SO %
H55, B 7 Z A ROMERTH B~ =1 CoA % ACP D7k A&/ FF = LG~ &
BV SED AT KA A, ACP Eo~ua =)L CoA & KSIZHEAE LR XA KEDT T
A BRI LVB-7 VT A AT NVOAERRE T 2 KS RAA o B LTZB-7 M TF A
TATNVEBRIGLLCR-t ReX o F A AT NVEAEMT D KR BA A 2 KBS % il U
To, - F AT AT VALK T D DH KA A 2| & I DIRITIT K o THRIFNS~Z
THER RAAL VMBI Z L TRY ¥4 FEBMMET S (1M 5-1-1), #0iRLE PKS T
. 2D 6 DO RAL UR—FALMAEE T, MEGHY KL CTRIGEMET 5, Ll
HELRLRY 7 E A FEOMEBIEICB WO TEEDREHEE, BLEE ORI
RELARW R AL UBFIEL, KIRFBEHPREPE CHILED R DR 7 & A4 REBAERKT
Do ZOBMETHRIOHIEIAEITIEF IR . FIEEEORM LR 5 2 L Clis T
TR TEIC L0 BAHOBKREZ RO PKS ZERATEETH D, DEV R 7 ¥ A ROHE,
bR, A FNIEOBEEAENEZ B RICHRET 5 2 LN TE, A% OEMISEDE ORI
W CcE 5,

Chain
Elongation (PKS): "~ translocation A A A
S : 1 1

5-1-1. PKS 2 L 2 IRFE P R

PKS D 1) i L HilEIEAS 2 B 5 2N 9 220 R A9 7e Tk & LT, B4 PKS-NRPS [HTO R
AL R LT F A TEEFR OBREMIT I O TV D, FAAL CAZHERTIZ, FAA
VEBH LTI F A TR e RE R CRIL, T OWEEIRKR AP LA B O LS
MB RAAL L DOZMADPRREIC G- 2 T B A~ Z LN T& %, 1EHT % PKS-NRPS DO
RECAHIFIME, &M% N A A O, HiRA7R S & » TAERD OAF B4 E R K
ST D720, BRIBINRD THRWEE L WERTH S, LITFIZ, ZHETICHRES
NTWD 3 2O ZAEI T 5,
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1) 2011 FiZ Fisch &1, AU 7 & A RHORFHKD 10 TH 5 tenellin OAFEIZEE D
% PKS-NRPS i#fz1 (tenS) &. fkF%k 12 © desmethylbassianin A4 mI2BbH %
PKS-NRPS i#{5¥ (dmbS) ZJEM & LT KA A U EREIT 7= L, RO FRERE
DOIEBMEN S PR SN D X 9 IClilEE o identity 1% 85% & FEF @26, EFEE L (i
f 1E) (R DRG0 EXBRET D MNERNRNZ ERFHETH S, TenS 2 —
AL LT, =D KA A % DMbS OXfIET D RAA &2 LToF X TR ER 11358
EASEEASH, BEEHIRN G2 TALE M DL FREE N D R A A OIZHHBBEREIZ 5-
RTRBENHNLNT, ZORE, LTOFEMAH LIS (¥ 5-1-2),

a. MT RAAL L DOREZ L > T, RNY &4 MHORFEHE & “EHHEAITREETIC, A
FILEED 2 o5 1 D2 L= desmethylpretenellin A 23 4:p% L7=, vk v MT
RAA B AFNIEOEANEZHIE L TV D EHEE STz,

b. MT-ER%-KR F # A » D%:#iiz . v  predesmethylbassianin (&% 12) 2ER L7,
ftha A TR DL EBETDE. KR RASUPREHEZFHIEL THND RAL D 1
DTERVNEEZ BT,

c. TenS ® C-A-T-R FA A F, ARITRFEF 10 DR Y 7 & A NEHARMT 528, RFE
B12 bZERETH D,

Template
@ @ TenS OH HO O
@@@@QO@@ o o0 . — M@
—Enz
SH SH /WWN d OH
TenC C10 ° pretenellin A
swapping

@ @ DmbS OH HO O

(e Xoriemen(e X AXT)(®) o o e, YIS

@ SH SH WMN OS_EnZ o OH
Cc12

,,,,,,, bmobC o C2 . predesmethylbassianin
@ TenSKS-DH, ER0-R*/DMbSyt HO O
Y, 2
(ol XA —, NN
@ SH SH ° OH Similarity / Identity
TenC desmethylpretenellin A DmbS vs. TenS:

(Full length: 91/85%)

Q @ TenS KS-DH, ACP_R*/DmbSMT_KR Ho O (NRPS regic‘)n:.89/84°{?)
@Q&@'@GQ@ M@ (KS-DH region: 95/90%)
0 OH
SH SH

TenC predesmethylbassianin

@ @ DmbSKS_ACp/TenSC_Rr HO O
EEDERD (TR —=, YN

@ SH SH o OH
DmbC predesmethylbassianin

5-1-2. TenS & DmbS [ Th X % T %%
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2) 2014 2 Kakule 1%, RV 7 & A REORFEHD 16 @ trichosetin A& 2B
% PKS-NRPS i&{z1- (egxS) L. kFE¥ 14 o fusaridione A £ 45 kIZEE > % PKS-NRPS
T (fsdS) #BM & LT RAL U RBEREIT 572 (K 5-1-3)% JenfilL 8725 aUd
MEZESR O identity 28 46% CThHH Z &, R & A REIET T 7 I BREOMEE D 72
L2EThHD, £, I A TREROEERIIRAAM IV L DHGENEL, BWAE
FEMZ R THEECHRAEZB bR b, 2 CTER O IXRERIIC X 5 &AE
ZRHER L TV D RIRE Fusarium heterosporum Zfg £ & LCHW, F X TEEEIC L DK
INEDEFEY THIITATREE LTz, BONTICHREZUTIZE DD,

a. NRPS #iZ&A# L7-% 2 Tl%% (EqXSks-ace/FsdScr+) (%, trichosetin ™7 3 / &
NTyriZEEfab o7 eqxTyr 24 & L CTH 7=, eqxTyr | trichosetin R U /-
Z A R Tyr 25856 L72AiBEAN O AR T 5 Z L h, Jixi3kFE 14 ORI 74
A FHZFETT 5 FsdS Hizkd NRPS 28 REH 16 2 AABETH DH Z L R ST,
F7o, ERESIC LD ARONENZIL L TV Enb, FH T 5 PKS-NRPS fHod
FARMEAME N3 21220 T, #AEAORRNPEEICR D LEZ BT,

b. AU < NRPS#ZEZH L= X T #% (FsdS ks-ace/EqQXScr+) 1Z. FsdS kDAY 4
2 A REEDIMAKIIRE S NI ZITRKIEDREE L2 AR Y 2 DNERR LTe, 2O 0k,
EgxS @ NRPS i PKS OREREIZEEIT G- 2 20 b DD, C16, 243l A F /LI 3
OORY T Z A FEHTRIFTNEZFET, MELERY 724 FEOZBEIY D
EBNRBENT, FUEI2ARNY ¥4 REO Y HLIX, XV HEEEOKN
PKS-NRPS [l Co K A A L 23 EBR T HBM ST 5, (EqxS vs. LovB, KS-C
region: 54/38%, KS-ACP region: 56/40%, KS-DH region: 62/47%, )

@@@@eoee/%&AwrvaxL#ﬂzg
. SH SH

EqgxC

trlchosetln

@ FsdS (N-desmethylequisetin)
SH SH

S|m||ar|ty / Identity
EqxS vs. FsdS

full length: 63/46%
NRPS region: 61/42%
KS-DH region: 71/57%

fusarldlone A

EqXSKS acp/FsdSc g OH
@@@@ooo@ . -
@ I NWMK/U\

eqxTyr

N I 00 o T e e o
CO,

C14

5-1-3. EqxS & FsdS B THF A 5k
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3) 2016 4EIZ Nielsen HiE, R U 7 & A FHO RFEHD 16 O cytochalasin A I B
» % PKS-NRPS EIz+ (ccsA) &, RIUL RFEE 16 @ niduporthin A& IZEDL S
PKS-NRPS {57 (syn2) [ Tx A TR RBIE 2B L, SR Aspergillus nidulans
EAEEL Lin BRRFEEBLC L > THEERIT 21T > 72 (I 5-1-4)°, ZOFEBRTIE, EiC, PKS
& NRPS zZuifEd 2 U o U — g ComEFERRRICE B L CHERB T, LLT OFERER
WHE I TND,

a. 2FDx A TEEHR (CcSAks-ace/SYN2c-r. SyN2ks-ace/CcSAc-r. M OARIEMEIL 71%)
IE. AKROBEEN S PREINDRY 7 ¥4 REEET I/ B E i U7 S0RATER IR 2 £ ik
e L ThE2,

b. ACPH5LUC KAA L0 AL L fE (~150 aa) ZHEscf< (3 aa) Li-% A
TR TH->TH, T H8RABEEZ L & LTEHZ 5,

CcsA
é@é%oooe N e

CcsC

@ @ Syn2
(ks)or)eracs(c (A X T)(R) 0 o A
@ SH SH S T 2 ” S—Enz
Rap2  imilarity / Identity c16 ©

CcsA vs. Syn2
Full length: 71/57%
NRPS region: 67/49%

@ @ CcsAks-acp/SYn2c.r
e EOE® g
@ SH SH PN x AN SENz

H

CesC Cc16 ©
@ @ Syn2ks_acp/CcsAc.r
®v®®®v@°°°° 0 0 X NH
SH SH S TS Y N S—Enz
2 cie " o

niduchimaeralin B

5-1-4. CcsA & Syn2 ] THOXx A TlEH
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o)

©® Qe

P EIR LT 3 0DWEFIND R AL A EROBURIZU T O XL S ICE LD bND,

RAA o ZWFEBR O AIEL, 1 EH T2 PKS-NRPS O & @ FEBIRIMR 2~ T
BARAZIE, PKS HID R A A o ZHERR TIX 90%? identity Z7~3 TenS/DmbS [ T
DIREIFIHE S TE Y . NRPS #HiD A A U ZHFERTIL 42% &KV identity
ZadEAH (EqxS/FsdS) THRIMBIAHE SN TWD, —F5 T, MEMER 35%%
YRR (PSOA/FsdS) TIdfF S L2 AERMIITE DTV,

NRPS #DA2#4 13, EIRICALIE T D PKS OREREIC 4 5 2 72\, 72, ZZ# L 7= NRPS
S PKS ICX o THESNIZR Y 72 A FHZR#E L 2WiEE, ZTORY r2 4 FEIE
gy S REMED & 5,

F A T BER BRI OB R A B RE LIS B 2 5 2 D WM sV b OO E#ifE RO
RAHREHIE DTV,

QDFFRNNIZIRIED W BN MBERFIR T DM, F A FEEROIERNA T T A I F—
ATITON TS 2DIZ 1 SDOF X TEERREIMN T T A I FOREEE L BEREARAT IZIRFH]
AAVIEVIEYAR

EHRENCHTH PKS-NRPS DFERE & SRIER I THEAT T X 20588 03 D72 <L #FgExt
% & 72 5 PKS-NRPS Ot #3072,

Fo. RWREBFINATO OB LWEHB E LT, LFREZEx b5,

BRI LARWESIDOARAT T A4 20 7w <T-DIZ exon BAEZ WA LERGH D Z &,
XA TEEFR TITEEENBAD T2 Z L b, ZivE T LoEEREZ R~ RSB -
DLBEITI D Z L,

X A TREFRERRFICE O 2 E T 5 2 &,

XA TEEFOMBL L 725 HEEEMEANT BT 7+ D PKS (-NRPS) 7230721,

ZD 5B, PKS-NRPS HBOD A A »ZHaZAT O, iR ORGHESH 250 Z & L&

B 7o BEREFEATIE DRESL SRR Th 5, FFRMICIZA R DNA oG rift & L T,
AREETIL AT 2326y NRPS #BICHE H L7z B A A U ASHAEBR 2 M & U 7R REfEMT
1T-o77,
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5-2. WEAKIEICUE > e F X Z BEF W+ DRERENFIT
5-2-1. FX FHEEDHFEE L ME

AT 5-1 ORETHIB7225, NRPS E8D KA A ANZOWTHIAHRZ 21TV, F A Tl%
FONERL & HEREMAT BT 5 2 L 2 B E L% 21T -7, MEHE LT, 2014 412y
WA O LR A3 AR TS BLR 2 I CTHERERZHT 217 - 72 hirsutellone O #5##%E8IC B -
4% PKS-NRPS T % hirA* &, % 3 312 THERERRIT 21T - 7= asolS % v iz,

hirsutellone B Q/ OH didymellamide A ©.
QNH ;
Q 1

l Reduction cggzzknrzzggn
® l Reduction

protodidymellamide o (3-10)

5-2-1. HirA & AsolS DOiERE

HiA, C & AsolS, C OF§REIZIX] 5-2-1 |Z/R L7z Y TH D, HiIrA OFKum2id Betl & [A4R
IR RAALUBH DT, RY ¥ A R#EEEITHICEY HjL,TT/I/Tl: N&ERT %,
FD%., 1EFEICE DIEETLBETTSH, —F T AsolS LK NIC Dieckmann #§g4 % fili 5
HR¥RAAL U EZHLTEY, ALEW3-10ICALNDET T I VIRESE 2T 5,

NG 2 ODREFEM TR & R¥FALS UERZHTHZ LT, KSHE T RAAL UETHR
HirA H3& T, R* KA1 23 AsolS D % 2 TS HirAgs 1/ASOISp« & KS o T R A
A 203 AsolS H3K T, R RAA 7 HirA R D ¥ A T l#5 AsolSks.1/HirAr Z1ER L. &
NWENN R L TR bR ) r 24 FEHEZER L, KO o ENSANE Do &
DI T D T e IfF S L (X 5-2-2, A £721 B).
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Dieckmann ® l Reduction

condensation oy

9 oH 3 e
! N X H 0 OH
XX 2Ny : T/©/
: 07N
‘ C14 N

NH

XYY
c18 g

5-2-2. R & R¥Z M U723 A TR DO TRVERY)

LB, EORY ATF MLE TH A TEEREHEET D0RGE LTz, Z 7 HOEN
(3 ARG (ZIRIEIE) ICK o TREREBEZIT 5, SHIZ, Fim Chili~/zi@ b PKS

DHEFPETEMEIZZENTND FAAL Ko THIE SN TR Y . F A TRERIERROBRIZ F X
LUF DT X T BRI

AV OWEEZHRLDRNE D ITEET ILERH - T2720,

MEZRR LT,

O #& AL ERICOWT, 72 ) —EFINOBEAM X 37 EOETF—7 % Pfam 2 X -
TR TE 5 NCBI ® 7 = 77—/l Conserved Domain Database (CDD) THERE L.
RAA Db, FTAX B A A B AE ZNLEZRETT 52 L TRAL CORE

bz TR L7,
FEEL 72 2 FEA 2 LB R O FAS & Hl, & 512 “RHEIE T — /L JPred4 THEAT

@)
L., “RENGIE LW EPRISZEAT, b L < REE D IRICHATR 2 A& %
REL., BRI LW RIS OME 2705 LT,

OB LXV@EHE X HIrA Z_X—2 & LI=ERA & AsolS #_X—2 L LI=ERB T
MMz N EAEZFNEN 3 HET S, 36 MEAHE L, TNENT T AI REMHELT
trans-ER L RIRFICEIE ~ LB A LTz, MABRZATED N RKIZITWV A BIEFE I Chim_1,

2, _3&L7% (M5-2-3), Chim_113T RAA > ® CKImlAFET AR Z2 58K D, ~
U w7 ADEOTIy A IALE E LTEY, RFP—FFIO~NY v 7 ZATHT LML
TWb, Chim_2 % Chim_1 E[EERIC~Y v 7 ADOKm& M ABZNIE & LTV D08,
AsOIS (ZDHAY w7 AREERTFHELTWD EL T & R FAA OMOFEBRIZEE L=,
Chim_3 X R R A A > ® N KD —IRAEIED TR S 40TV 7 W EIIZER R L7z (1¥ 5-2-3),
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*Amino acid sequence alignment of PKS-NRPSs

CcsA
EgxS
FsdS
HirAa
AsolS

CcsA
EgxS
FsdS
HirAa
AsolS

Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) _

T

MLLVRLQTEINRKVFGTSIBLFQLFDASSLTGMVSLIDHS-—---ESTSQRSEVDWETETTI
ILLVRKLQTLLRQVSWTAPRKLVTLMGSSTLGAMAGVLEDC——————— GPVNIIHWDEETKF
LLLVKLHRMVRKQRFSAAPRLVELMNAGKLSDMTAIIEAT-—————— L-STKIDWAAETAV
MLLLELRQLVNRRFAVNLIPLIQLFENSTLSGMAATVNGS———--S—-LSDSIVDWEVETKI

MLLMRLQSATIRESMGVRKISTRVLYRESTLSAMAQAVFDIRQAEAEDGDPEDIDWTAETAV

i - < L o~ ~ ué* .
1

SPSLEQVP—===——=—= ATRK--—-RFFAHPAVVVLTGATGFLGRAIVNRLLRKDCSVQKIHC
PQDLQLTTPL—————-— RA-———-—AGKSTDITVLLTGSSGYLGRHLLSSLLNDHRVAQVHC
PDTWSEDFPM—————— PLVKTSHQRVQGRGLNVLLTGATGYLGRHLVPALVQSAQIEKVFEC
PEDFQVQA————————— GGETRVASRSDQRVVVLTGSTGFLGLQLLRLLIKDPNVAKIYC
PDWVRKDRKALESALDDTREVDSAT DSGFEVVLTGATSFLGGVLLERLLKSDRKVNSVHC

*"* W o . - W W = W . . - w

Amino acid sequence around swapping point

A-Chim_1 :N-=-- M| LLMRLQS =---C
A-Chim_2 :N-=-+LSDSIVD [ WTAETAV =---C
A-Chim_3 :N----QKVVVLT | GATSFLG ----C

-Secondary structure prediction by Jpred 4 (http://www.compbio.dundee.ac.uk/jpred4/index_up.html)

HirA

{,Chim_1

|, Chim_2 |chim_3

AT

DAL

X BF A TR OMAHLZ ]

-
—

5-2-3. AsolS/HirA |
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5-2-2. AO-asolCSks.7/hirAr DEEERET

iﬁ‘ AsolS O R* KA A > % HiIrA K R KA A N ANERZ =% A TR BIs % B
MOA L . B H #x # (& AO0-asolCSks.t/hirAr 1, AO-asolCSks.t/hirAr_2,
AO—aso/CSKS-T/h/rAp_3 ZARE L7,

KB B LN N TN O MY %A 60% MeOH (2 L. 10% MeOH Ty
{t.L7= C8 @ Sep-Pak (Waters, WAT036775) (W &H7-%. 60% MeOH T 2 [E¥:4
L7z, %\ T 100% MeOH TaEH L7z#Eisy % UPLC-MS Tt L7z & 2 A, 3 FE T
B Z NI TH 272 2 >O{bEY (X1 5-2-4, 5-1; 1.48 43, 5-2; 1.53 %) »ELHIS
7o BT D L HIC, BRI AR T5HL 5-1 13 5-2 ~ A2 L &%, 5-2
DOHE, FEERELXITO Z &L,

Mass chromatograms (m/z 398-416) Mass spectra (ESI+)

100-
1007 AO-WT 51 402 . UPLC-MS analysis conditions
[M+H] lonization mode: ESI+
= # 384 424 flow rate: 0.7 mL/min
M-H,O+H]* . column:ACQUITY UPLC BEH C18 1.7 um,
) : \ ] |[M+Na] 2.1x 50 mm

000 025 050 175 200 ST woTwo T m o e solvent A: water + 0.1% HCOOH

solvent B: CH;CN + 0.1% HCOOH

1007 AO-asolCSks. T/h/rAR | 5-2 416 gradient: 0 -3 min, B 40 - 100%
[M+H]* 3- 5 min, B 100%
g\n_ 5-5.5min, B 100 - 40%
398+ 438 55-9 min, B 40%
[M-H,O+H] W+Na]+

U
000 025 0.50 075 1.00 125 75 200 350380 570 B0 BE0 400 | 4T0 420" 430 440 450

min m/z

5-2-4. AO-asolCSys.1/hirAr DRETEYDEEAT

B REEH G U CETHMEM A 7 e~ NP9 7 40— VPN T A~
N7T 7 4 —ClERRERIT 2 2 LT 5-2 (24 mg/ kg) ##7-, HR-MS 736, ZD4 15
% CyqH33NOs L ¥E L7, H-NMR ZJIiEL7-& 2 A, /85-2 B~ P ik T %

DXL T Ly N TFINR 2D (847.05,6.69) &, P YT D 2H o~ T
Ty R T F 2D (84 5.98,5.52), T U NMLD A FNVILIHHLT L5 T Ly oo
FARLD (83 1.71), AFAVIETHET 25T Ly FZF AR 15 (84 0.86) MIFEAE
LCuW= (I¥5-2-5), F£7-. BC-NMRMIETIE, 347 oy 2 ARUME, 1607 3
RDOHIVR=CH KT HRES 7TV (8¢ 206.6, 174.6, 168.9) NENLNEM S H
72 THED ., ASOISIT L WESEENTZARY & & A FEITH Do, p-EAFI7 b o D " EfES
EALNEITE S AL, S5 NRPS B8 0 S /=7 2 FREAL SR S AV T I VAR i~
& S VT AEE DS HEE S Tz,
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06
04
70
69
1
9
8
5
6
5
4
3
1
0
8
88
65
64
63
63

mmmmmmmmmmm

o)
5 7 9 1 13
HO . Ox OH _JC
6 AN NT1S0 15
5 3 H

24 mg / kg

3.2969

2.0
=~ 2.1526
N 11.0078

2.186

0.9311
1.3193
1.3138

1.0014
N 0.8903

_—

, J : ’
| | el
“j Ry ‘ ‘“‘ ﬂ_J.J yi\_J/\_N/} \\‘/N\. J\__V,,U \U’H U\LJ L,;W%L’H AJ* J | w | [\’J VJ 'w';h \k:\ﬁ
5

4 3

~

5-2-5. {44 5-2 @ H-NMR @t (in CDs0OD, 500 MHz)

5-2 N H LR UEEREE T D DO D72, TMS-U 7 YV A 2 A2 K % A F AL G %
1T57,8.6mMg D 5-2% A% ) — VIR L TMS- 7 V' A X A28 0 AF kL= (K
5-2-6), AV BN T h v~ 8757 4 —ThHE L HPLC THHL L T 1.0 mg
DIERM Z15T-, FENTALEW D5y 7% HR-MS #7225 CoeH3/NOs E#E L, 5-2
DY AF ALK TEH D LHEE L=, 'H-NMR Ofghr/n e, 5-2 CELIN S = FEMi 72y 7
TN ZA T, BERITHERE LT AT AVEICHEY S5 3H s> 7 by b7 F b (84
3.70, 3.76) 3 2 SfF{E L TW= (14 5-2-7), H1'-C2’, H11'-C2’, H4-C3, H10’-C7'T
HMBC fEANEBIH S =2 LR Enn, 7=/ — M EKEEIE L I VR R A TF LS
725-3ThHoELIE LI, ZHUTLD ., 5-2 DS HHED D HIL,

(0]
HO\@\CjOf\/\/\/\/\/\
N So )

H 5-2

TMSCHN,
“NeoH @J
H

5-2-6. (LA 5-2 D TMS-U 7 V' A 5’ ANZED AT
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M~ O MM~ T OO DD I DD 0D 0O LD ) T GO M~ O O 00 €O SO M~
eS8 s s eSS aR eI ININITRIST

DD — O~ DO T — DO T T NDND
SUTSBE OO - — DG — S

DI~ =X [ i —
LY 88 W SYSRBLEBInn3IAGHRZNGR 85 JLSRIII=53 SBYSIRG=ING SSAITLBD 3
== Q0 OO@C\O’O’LDLOLQLQLDLO?Q#(DO‘O‘O ~w© (“'—'—OO@@O”EOQI’V?OOOWGOOOI"F‘?WC’)NN'—OQEO o
| O
~
o
3 E 14
ol_‘ 10 12
B =
(3
i
10H |/
11H
H3C 2N
/ (&
HMBC; —>
COSY; =
o
3
8
3
o
/
15-H

™ 3.0365

S

S/ ppm

5-2-7. {bA4 5-3 ® H-NMR 227 kL (in CD;0OD, 500 MHz)

TR B=2 DRV 7 Z A NE7 OREEN D FEEE LT % X Tl23R  (AsolSks-1/HirAr)
®D PKS &L, X 5-2-1 OFAMITRLTZ, AsoISCIZ L > THONARY ¥ A REEHER T
THDHZ Enbnolz, —FH T, 20T HIrAHKER RAL v OEECTTr ATk F%%&i%’)
EHEE L TV, IR VEBRICEIES N T W, FIKE LT, Afhns 2 TlE#E L
FEZRATIREEEN U TERICHEHES LT DEZ R KA A U 20H ﬁﬁ"lﬁ*ﬁﬂﬂﬂkﬁj\ﬁ#éﬂ
TWDD0, bLLIT R FALSUBBELTT AT FELTHIY HEn-%, 185 EHk
DELEERIC L > TIRb SN2 ERBZOND, EHLOBRELWOEMHEND LD, X
5-2-4 TR LI-ARFER 1.47 00— 27 2% H LT, ZOY¥—21Em/z 402 [M+H] %
AT T2, 1T CoqH3sNOy & B 2 D, MA T 5-2 OffiEZ lcHEET D L. O
EIEE TSN EI T LT va—L 5-1 THDHZ L2 RIBL TV, T/a—)b
5-1, ViR 5-2 #A4pET D AO-asolCSys-1/hirAg % K5 10g T4, 8,12, 16 HIH
Bege U CREED 2 i L, UPLC-MS Tf#fT L CENENOAFERORIGEL 2B LT,
THLE, BEFEAKOBINIWE->TT va—1 5-1 O — 7 mfE™ s L, BILR g 5-2
SIS 4% B 7 ORISR L T (K 5-2-8), LLEAS ., HIrA BSED R KA A ik
ERICHEE L CERMET VT RELTUY L%, & CKENEIT LT v a—
IV 5=1 NICEFET D, fe O TR HROBRLEERIZ L > T 5-1 2 /LA Vg 5-2 ~F{b
LTWHZ EAEZFFL TV,
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Mass chromatograms — ) =
(EIC, m/z 402, 416) HO Os2H . o
0] AO-as0/CSks./hirAg \©\I H
|4 days N™ ~O
= 5-15-2 H
A e e ® ¢ Reduction
1.30 1.40 1.50 1.60 1.70
%18 days o]
. mt:ﬂj;L}Vx/xA%ﬁ/\
0] 130 | 140 150 | 160 170 N (@) .
. L H o 54 _
“112 days MW 401

M A. oryzae ¢ [O]
1.30 1.40 1.50 160 1 O
116 days HO\[::liijtoiﬂikv;i\/x\/ﬁ\éﬁ\x%x\
=] 4 é
130 140 150 180 1 H 5-2

5-2-8. AO-asolSks-t/hirAr HIRAGEEEY) ORE R 2L o347

i)

ARIH 5-2-2 THEEE URBEMRNT 21T o 72 % A T2 AsoICSks.1/HIrAR 12 & 2 AR 5-2 13,
A5 BDOY T ) 7 4 VPREITLSILTWTZDIIZINZ, 2T AT e RELTHIY HEan7-
BTSN TT NV a—)L 5-1 AR LTZ, 2D X 9 7efg £k & HEE X5 E o,
cytochalasin DA A IR 59 % PKS-NRPS T# % ccsA & . % DREA M4 5 trans
ER T % ccsC % B CHRFEREL L 7-BHIG O NTALAEY T L RBEIZBII S T =iz o,
PRI E —B L TW5 >,
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5-2-3. AO‘h/'rCAKs_T/aSO/SR* @%ﬁgﬁfﬁf

ATA 5-2-2 TiX, HIrA 2RO R R A AV ZMAIAATEF A T SR AsolSys-1/HirAg 231
BEL. AW 5-2 # 5. 27-, 5-2 1%, BEICBWTRE ST~ CesA, CesC iz k5 4Em
LRBEOERIAZ T TWEb DD, R RAA L OBIEA MR TE 7= 5, iV TAIE 5-2-3 C
X ASOIS D R¥ KA A U NF A TEEFRNTHREET 2 Zili&E LTc, £Dw, HFADR R
AA % AsolS H2k R* KA A NI ANEZT-F A TEER B T2 I8 AL, I EiRik
& AO-hirCAgs.1/asolSg+_1, AO-hirCAxs.1/asolSg+_2, AO-hirCAks.1/asolSg+_3 %157~

B REE D B 5 Oz E O MY % 60% MeOH I2ifiF L. 10% MeOH T
ik L7z C8 Wit v~ h HHHARIZGE S ¥ 7%, 60% MeOH T 2 [k L7z, T
100% MeOH T&EH L7=W4r% HPLC THO#WrL7=& Z A, AO-hirCAks.1/asolSg«_1.
AO-hirCAks-1/asolSrx_2 @ 2 FFHD T EEHRIZ B W THic e B — 7 3@ S 4v7z (PRFF
B 15 min), = ORI 15550 B — 27 O UV A~ R UIZEHS 72 257, 266, 277 nm
WK 272 b U 7Ly RETH - 72728, HirA, C DAY & I b U = A
EATHIEEIFFLTWeE (X 5-2-9, L), 5-4 # C18 ik x W/ F L/ m~ |
TT 7 4 —ThHE L7tk BREIED TMS-U7 YV A % W THERIE Lz, A FUBIK
ISDAERM T D 5-5 13 m/z 482 [M+H]* Th-7-Z L2643 F3UE CogH3gNOs & HE
E A, 5-4 O AARY ML EDHEINLE ) ATFULHFERTH T, R¥—7 &
VATNTTLrua< 757 4—ThHE L, HPLC THH# L7,

HPLC profiles (A = 280 nm)

UV spectrum of 5-4 HPLC analysis conditions

AO-WT 2 =280 nm (PDA)
\ flow rate: 1 mL/min
column: J-Pak vario XBP C18-L, 5 um,
| g 150 A, 4.6 x 250 mm(D)
5h 75 1do 75 190 175 2do \ E?E zg::::: g‘gi‘t?cr:N
AQ-hirCAgs.1/asolSg: S | gradient: 0- 15 min, B 40 - 100%
5-4 \ 15 - 30 min, B 100%
AN -] 30 - 35 min, B 100 - 40%
- ; . . . ; : 35 - 55 min, B 40%
5 10 15 20 min 200 250 300 350 nm

UV chromatograms Mass spectra
(= 190-400 nm) 468
Before methylation 1 5.4 [M+H]*
20 ' UPLC-MS analysis conditions
15 5-4 450 490 lonization mode: ESI+
h ‘\l # [M-H,O+H]* M+Nal* flow rate: 0.7 mL/min
I I I T S [M+Na] column: ACQUITY UPLC BEH C18
L T RO hirCAs t/asolSg. ‘ 1.7 um, 2.1 x 50 mm
- ok g L"‘ L Ll solvent A: water + 0.1% HCOOH
w» e T T solvent B: CH;CN + 0.1% HCOOH
) 482 gradient: 0 -3 min, B 40 - 100%
After methylation " g5 [M+H]* 3-5min, B 100%
5-5.5min, B 100 - 40%
464 | 504 5.5 9 min, B 40%
" 55 o [M-H,0+HJ*| IM+Na]* 520
=1l IOV B o IMHK]
" Time bbbty “ T{'.L j. \?“‘L h. (P—
0 1 2 3 min 400 450 500 550  miz

5-2-9. AO- hirCAKS_T/aso/SR*_l @{ﬁ%i@%ﬁ@*ﬁ
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AO-hirCAks-1/asolSgs_2 i3k D 2 FLAk{k 5-5 (2 mg / kg) 1%. H-NMR {5\ C,
INT -2 BEARBUNCHEKT D 2H DX T Ly b 7N 25 (84 6.95, 6.65) &
T 7 4 ST HEF8H D~ LT Ly R 7L (8 6.13, 5.60, 5.29), B—/
TR LTIEMEA T LD 2H IS T 5 T Ly R T A0 1 D (8 2.75),
T UNMIDAF LAY T 585 8H Do~ AF 7Ly b7 ) (84 1.86-2.11), 7
UIALD A FNVIRITHS T HX 7 Ly b7 F i 15 (6 1.61), AFNIITHYT D
BT Ly b7 FAR1o (640.88) BilllSiiz (K5-2-10), 1% C H1/-C2’, H10’-C2’,
H4-C3, H2-C3, H2-C1 [f T HMBC MBI S 7= Z L e Evh . HirA @ PKS R A A
VNCKoTHERT DRI rZ A REKICBIT 24,504 L7 0 UBREILINTZOITIZ,
KU 2 A RRUD 2NN A F IV AT )V Th DG NHETE ST,

==z

4+ o DB ——m—— OO MmNy

—1.4052
- T—7.3898

(2 mg/rice 1 kg)

10-Me
CH3
NGE HMBC; —> 7 19-Me
COSY; == = 2
:

13-H

o o,
20
o O
IT
~ NN
[e) &) N N
42889 % T 3
-

I
Noo88s T I

~N o

VasaaT T

—_
-

N 1.0329 &

3
N,

AN

7 6 5 4 3 2 i 0
&/ ppm

5-2-10. b5 5-5 ® 'H-NMR 22 kL (in CgDg, 500 MHz)

A F ALK 5-5 OEENS ., 54 O 2T INKR OB THD EHEFETE é
HirAks-1/ASOISgr«®D R* K A A L 3HVVE D ITHEEE L TR, R Y 7 ¥ A REDBEEE D
U1y H & BB Dieckmann &l k> TTr N7 Iv@EH x5 & TFRL TV, HIJIE
5-2-2 1238\ T, AsoICSks.1/HirAr (2 & B ERkH) 5-2 OAEFE & KR 1 kg 72V 24 mg
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ThoT=DIZk L, HirCAks-1/ASOISp«Z L D4 PERIZ 2 mg E W IHRINETH D Z & &0
2% &, 5-4 |3 A TR LIERA LI F AT AT IVONKSIRIERD TH D Z L HR
WEniz, ZORRNIELWEATH, HDOKIETH-127 b7 I VBBOE L . #EE
ENTIKSIREOGED . WTNORE S 2 fOiEEAF L. b LIIKRDFLE VI FF
T AT NSO RBEZERED, R* R A A 2 OIS DIEIC L - TKEE T &k
PN AKEREIIRBETH S (M 5-2-11), BIVHL FAA > DHTYH, TE FAA F—KIC
SR S L AR LT R D EHE O LR T HIRRIRA A HERER L TINK DRI 5
TERMBIRTVS O, —J5, ABFZEREHA 5 Dieckmann ﬁ’ﬁé\%ﬁii@:ﬂ“é R¥ N A A %
FERFBMENTE RAA VXV EEICHBEI S TV D Z ERBR S Z, IZ2 T, 30580
HLA A Z N TR L 729 X 7823 HirAks.1/AsolSg«_1, 2, 3 ®HN, Chim_3 O&ATH
VR RS- AR Lo T2, D F D (AsolS D R* K X A 2B W T Chim_2 & Chim_3
OMNCH 25 NT X FEECFNDNEEICE B e X 2 L T e 72D (bEW R AR L7 h o
ToRTREME S B E T E R0,

Putative function of swapped R* Observed function of swapped R*

: Dieckmann lHydronsis
$ cycllzatlon lReduction

WQ]

Natural product of AsolSg«

5-2-11. HirAgs-1/AsOISg«D R* R X A > OHEEHHE
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5-3. &8

ATER 5-2 123\ T, JERIE & FIFRIZF A TR E S F 2B L T b BB E 1108
AT DHFEZHWTRR* RAAL URIDOAY » T 5 T2, H/VR B 5-2 & 5-4 D Hiff
BLOZOHEDS HIrA HED R R A A TIE R RN L | AR+ 5k FE 5 18
DRV 72 A REID HE AsolS H2R DI FEE 14 278 ke Th o Z & i LTz, —
J7C, ARRITRFEF 14 ORY 7 Z A4 FEHZRFHT 5 AsolS H2kdD R* KA A %, HirA |
RDORFH 18 Wi L= b DD, (RIEMENIOA KD Dieckmann fESiEtE 4 R &, F4
T AT VORISR E NI TEREZ R LTIZEE X BND, FATAFZEICEB T, R KA A 23
FERIRIU D B %5225+ %4113 2008 £E1Z in vitro TOfRHT & L THE S TWD 7, Ak
ITRFEE 14 DRV r XA F#EEZRT D FsdS O R* N A A N RFK 4 OB 2 1EH &
% Z & C Dieckmann fi& 23T L TR | AR L AT TEX DL L, ARKOKRY &
A4 FEED b 4 RELEE WV E Dieckmann Mg 80T L7202 & &2 RIB L TV 5,

R* KA A 203 HirA RO R FEH % 783 L TR 677, IEREENTINAK S fE S dL 5 ATRENELS
DNWTiEm T D &, BATHERICBN T, —fKICARY &4 RO HLIZ, e RO
Bk E WO RIS EBR LIBEMCET LA ERES LTS &,
AO-hirCAxs-1/asolSr+_2 B3k D A F ALK B=5 DIX&EN 2 mg / kg THHZ L EEZD
&, AsolS H12kD R* KA A N2 X HHMETEMEIZ K> TR 5-4 3 EHi T\ 5 &3
26D, Ul ALAEMO 0 LA S R, RN A A i, TE RAA T ETIEAND
DD, D KAA AN THERFRED RSN THD EE XD,
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5-4, £4&

S5EABL T, AT TITONT L) ICXF A TBREBLEFE T T AI RE LTHELE
%, FRER G T8 A U CHEERRIT 21T > 72, ARHFFETIT - 72 PKS-NRPS D R K A A v
BRI A AFZEANT, EO e B NIRRT, FEAEHLRTH RN, 5kiT
AW TH O RAZTEN L, S DIZIRFHD KA A U Z#EIT, L0 < 0%
BHTEDDOEREITO) TETHD, TORRIZ, WERE TOF X T EEFR B HEEE 2 B
LTW5S &, WIEICETREE & 97 AN R LT LE O REBH D, ik LT,
AWFGETH A THEROMAIZNLE X 3 DTz akit L7223, HirAks-1/AsolSr«_3 D L 912
PR TRV A THEEELER LT LEI>LERDH D, FIKE LT, THLARN
WHEE OMEESS, FHAEFERICEHEERFEZ Y RN T LEW =REENENATLE S R
TR T E T, SBICEL OMABRINEEZRITTA2LERH D, FOHE, HET LML
ERHDHTTAI ROEPEZTLE I LD, ROFHEERE L > TLE I,

A% OMIERFFEEITO T DI, HEHEex A TR BB T1ERO T T ERET 57200
R TFENRD 7=, £ Z T Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR Associated Proteins 9 (CRISPR/Cas9) I A7 A% 7= EbAi4s BaY
IAHAIZ ZRET T RETH D,

CRISPR/Cas9 # H 7247/ AL, ZivE TITRIA < IS SR TH 5,
ZOREIT, X7 L7 —8BTH D Cas9 3, #714 K RNA @ 5K 20 bp ([ZHHAA F T
FAAHEHIC & » THEEAGEAZIC B E S 4L, DNA © AR (DSB) % BIACAFRAICH] X =
T ETHDH,Cas9 ¥ Ry EaFHEAge L7 e h AX—%—gEEF—7 (PAM)
L IERR S 41, Cas9 D HIkFRIC L » TH# 72 5, il & L T Streptococcus pyogenes ik Cas9
@ PAM B2%1i% 5'-NGG TH VY . A4 K RNA OFFHZHIRIZH A DD, Cas9 ¥ /7 &
OFEEFTILEBICRETX 5,

Cas9 # v/ \7EHg| &k Z 3 DSB 1Tz & > TEIERN TH H 72D, ZHEEET S
Mt 2 M SN TW5, 1 21 Non-Homologous End Joining (FEFHEIRURRE A,
NHEJ) Th V. Bllr=i17z DNA Kz HEHEREGHOEHEEEE CH DL, —MIZ NHE)
IFEE OB O R EL, FRITHEAZE SR LT, BRWAR 7 L—Av 7 MIX
HEIEFD 7T U MABAENRS, b9 121X Homologous Recombination (FH[FI#
H#iz, HR) THY ., G SNI=ERTOUTL & FHR 2B R 7 & Gk ey R L W B L C
MR L, SR L7 MM ZE W2 BEEEE Ch 5, — RIS HR X, f5 EYEMRITHR L TEAL
FERMICBIE T EFEAT DL ENFARETH L7120, BEIEBE TOXRKL, S KEE 1O R
FRBLUZFIH S LD,

TERDOBE BFEFRB AR THOWTELLBEEHIETIE, 0454 0T 7 —va itk
S TYRARAIREE T ZMAA LT Wz, 2086, fASNIZBEFHEITES T TR
B TOEER RGNV, FRFE LR TT 5 2 EBRBIIC DN, Aifi 5-2 T
%Wﬁ%*%T@L%%%ATi XA TR DOTEERHEL THDO0, b LT A

BB TN EAN ST BE T EEOVERESE O, HIBINEE L,
ZDEEFERT D720, LIk Tl ~7= CRISPR/Cas9 OF#z Ffl L T A 7 BEH B s T
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EUERIEL D EMEICHEE L, MEICRBLSE L FEZE LI, £3% 2 TEERIEKRD
AN, N—2R & 725 PKS-NRPS Z BB IZEA L, FOoNTEREBRIEOR 7 ) —= 72
Y o THEB DR SN TR AE BT 5, 2 OAFEREIZKH LT CRISPR/Cas9 & 27 A% F
L., ~\—2 PKS-NRPS DEEDEFTC DSB % 5| &k Z 4, Iz CUIWHEHT & F8H 7Bl
FITHD “Bi” 2072 FF—RdZHEAT5Z L THRIZESD DNABEREZD
EERAERET, A THMRBETIPHBETE D, ZOX A TEERB T IMAET HEIE
FFEL, ALEMDOAEFENFEINCHR SN Ry PARy b)) THHD, &K LF A
TEERITIEEDN S DG EIIINT AR Z 525 Z L3 fifF S D,

CRISPR/Cas9 #i T 2 EIIN7 7 U 7ot Milila7e ELIICTES 23, SKIREICE
WCHIA L72ld s S cunianoiz, LarL 2016 42 Katayama ik -»T, 2 R
v ifb L72 S, pyogenes Hi2k Cas9 738 THéRE L. CRISPR/Cas9 A7 A 05H| i Al
BETHHZLE2MESN TS Y, AFEEZIMY AND Z & T, SOICHMR T A TREHED
TERA I CE 5,

5 ETIToogeid, KExT R VX —HDILFE S 7 2085087 (JGL) L0 FFRAICEE
® PKS-NRPS @ exon BlHIAAFARE & W ORI T, ZDOEITME L L THT o 72,
X A T EEFRAVERRF ORI ZALE R0, FHEERIZF X TEER I H KT 2 W8 O PE &) Tk
BN ThoTeZ &b, KRS Z O~ ETEHFETH 5,
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%6 B EBRER
6-1. General.

All reagents commercially supplied were used as received. Column chromatography
was carried out on 60N silica gel (Kanto Chemicals). Optical rotations were recorded on
JASCO P-2200 digital polarimeter. 'H- and '*C-NMR spectra were recorded on Bruker
AMX-500 spectrometer (500 MHz for 'H-NMR and 125 MHz for 3C-NMR). NMR
spectra were recorded in CDCl3 (99.8% atom enriched; Kanto), (CD3)2SO (99.9% atom
enriched; Kanto), CD3OD (99.8% atom enriched; Kanto), (CD3)CO (99.9% atom
enriched; Kanto), and [Ds]pyridine (99.8% atom enriched; ACROS). Chemical shifts
were referenced to an internal standard (CDCls; 'H-NMR & = 7.26 ppm, *C-NMR § =
77.0 ppm, (CD3):SO; 'H-NMR & = 2.50 ppm, *C-NMR & = 39.5 ppm, CD;OD;
"H-NMR § = 3.31 ppm, 3C-NMR § = 49.0 ppm, (CD3).CO; 'H-NMR & = 2.05 ppm,
BC-NMR & = 29.8, 206.3 ppm, and [Ds]pyridine; 'H-NMR § = 7.22, 7.59, 8.74 ppm,
BC-NMR & = 123.9, 135.9 150.2 ppm). Data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad),
coupling constant (Hz), and integration. Mass spectra were obtained on Waters
ACQUITY QDa (ESI mode), JEOL JMS-T100LP (ESI mode) or JEOL JMS-T100GCV
(EI mode). Oligonucleotides for polymerase chain reaction (PCR) were purchased from
Hokkaido System Science Co., Ltd. PCRs were performed with a BioRad S1000
thermal cycler. Cell disruption was achieved with an ultrasonic disrupter UR-200 P
(TOMY SEIKO, Tokyo, Japan). Analysis of the samples during protein purification was
performed by means of SDS-PAGE, and the proteins were visualized by using
Coomassie Brilliant Blue staining. Protein concentration was determined by the
Bradford method with bovine serum albumin as a standard.
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6-2. Betaenones
6-2-1. Strain and Culture Conditions.

Phoma betae Fr. PS-13 was obtained from the Hokkaido National Agricultural
Experimental Station, Sapporo, and cultured at 30 °C in potato dextrose medium. The
host strain used in this study was A. oryzae NSARI1, a quadruple auxotrophic mutant
(niaD, sC, AargB, adeA").

6-2-2. Accession number.

The betaenone biosynthetic gene cluster sequence has been deposited in the DNA
Data Bank of Japan (DDBJ) with the accession number LCO11911.

6-2-3. Preparation of expression plasmids.

The betl fragments (Fr1-Fr3) were amplified from genomic DNA of P. betae with
primer set as shown in Table 6-2-1. Frl was inserted into the Cla I-digested pUARA2
using In-Fusion method to obtain pUARAZ2-bet]-Frl. Fr2 and Fr3 was inserted into the
resultant plasmid in a stepwise manner to afford pUARA2-betl. The bet2, bet3, and
bet4 were also amplified from genomic DNA of P. betae with primer set as shown in
Table 7-1. Each gene was inserted into the Cla I-digested pUSA2 or Nhe I-digested
pAdeA2 wusing In-Fusion method to obtain pAdeA2-bet2, pUSA2-bet3, and
pAdeA2-bet4. The bet] mutant genes were prepared by fusion PCR; two flanking
sequences were initially amplified from pUARA2-bet! plasmid with primer set as
shown in Table 6-2-1. Then, amplification using nested primers fuses the two
fragments into a single molecule (Fr3-S2705A, Fr3-Y2737F, and Fr3-K2741A).
Resultant fragment was inserted into the pUARAZ2-bet/-Frl, 2 to afford
pUARAZ2-betI-mutant.
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Table 6-2-1. Oligonucleotides used for construction of A. oryzae expression plasmids

harboring biosynthetic

genes of betaenones

Restriction Size
Insert ) Sequence 5°-3°
site Vector
: CAAGCTCCGAATTCGAATCGTTATGTCATCATCAGC 2.3kb
betl-Frl Clal
R: CGCTAGCTCAAATCGATGGCATCTTCGTCC pUARA2
: GGGGACGAAGATGCCATCGATGAGATCGCGGC 3.2kb
bet1-Fr2 Clal
R: CGCTAGCTCAAATCGATCCGCGGGACTAGCTCTCG pUARA2-betl Frl
: GGACGAGAGCTAGTCCCGCGGTTGTTTACC 34 kb
bet1-Fr3 Sac Il
: TAGCTCAAATCGATCCTCACGCAGCCTCCGACC pUARA2-betl Frl, 2
: CTCCGAATTCGAATCGATATGCCCCCAACGAACG 1.2kb
e cal : GCGGCCGCTAGCTCAAATCGATCTATGAAGATATATTGACC pUSA2
:AATTCGAATCGATTTGAGCTAGCATGGATCTATTCAAGACCG 1.8 kb
ez e : TAGTGCGGCCGCTAGCTACTGCGCTTCC pAdeA2
: TTCGAATCGATTTGAGCTAGCATGACGCCGGCGAAAGC 1.2kb
Pett e : GTCACTAGTGCGGCCGCTAGCCTACAGGAAGGCTTTG pAdeA2
: TCCGGAATTCGAGCTCGGTACCATGAAATCATTCGC 1.9kb
o wont : ACTACAGATCCCCGGGTACCCTAAACCCTACAAAGC pAdeA2-bet2
: TCGAATCGATTTGAGCTAGCATGGTTGAACATATCGG 1.9 kb
oz e : TAGTGCGGCCGCTAGCTCAATTCGCCCAGTC pUNA2
: GTGCCAAGCTTGCATGTCGCAGATAAACATGTTGTGGC 2.7kb
a0eA : CAGAACGGCAGATCCTCGTGCGGAACTCCGAATCCTC pUSA2
bet1-Fr3- : GGACGAGAGCTAGTCCCGCGGTTGTTTACCATCAAGGC
S2705A-1 : GAGGGCTACACCGGCTGCGGAGATGTAGTGCAG -
bet1-Fr3- : CTGCACTACATCTCCGCAGCCGGTGTAGCCCTC
S2705A-2 _ : TAGCTCAAATCGATCCGCGGTCACGCATCCTCCGACC _
bet1-Fr3- : GGACGAGAGCTAGTCCCGCGGTTGTTTACCATCAAGGC
Y2737F-1 _ :CCATTTTCCACACATGAACCCGTGCGAGCCGTCG _
bet1-Fr3- : CGACGGCTCGCACGGGTTCATGTGTGGAAAATGG
Y2737F-2 _ : TAGCTCAAATCGATCCGCGGTCACGCATCCTCCGACC _
bet1-Fr3- : GGACGAGAGCTAGTCCCGCGGTTGTTTACCATCAAGGC
K2741A-1 : GCATCTTCTCGCACACCCACGCTCCACACATATACCC -
bet1-Fr3- : GGGTATATGTGTGGAGCGTGGGTGTGCGAGAAGATGC
K2741A-2 : TAGCTCAAATCGATCCGCGGTCACGCATCCTCCGACC -
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6-2-4. Transformation of A. oryzae.

A spore suspension of A. oryzae NSARI or dehydroprobetaenone I (2-5)-producing
transformant (1.0 x 10® cells) were inoculated into DPY (dextrin-polypeptone-yeast
extract: 2% dextrin, 1% polypeptone, 0.5% yeast extract, 100 mL) medium
supplemented with appropriate nutrients. After 3 days incubation at 30 °C, mycelia was
collected by filtration and washed with water. Protoplasting was performed using
Yatalase (Takara; 5 mg mL™") in Solution 1 (0.8 mM of NaCl, 10 mM of NaH,PO4, pH
6.0) at 30 °C for 2 h. Protoplasts were centrifuged at 2,000 rpm (Beckman JLA10.500)
for 5 min and washed with 0.8 M of NaCl solution. Then, protoplasts were adjusted to
2.0 x 10® cells/mL by adding Solution 2 (0.8 M of NaCl, 10 mM of CaClz, 10 mM of
Tris-HCI, pH 8.0) and Solution 3 (40% (w/v) of PEG4000, 50 mM of CaCl,, 50 mM of
Tris-HCI, pH 8.0) in 4/1 volume ratio. Plasmids (pUARA2-bet! and pUSA2-bet3 for
the first transformation of wild type strain. pAdeA2-bet2 or pAdeA2-bet4 for the second
transformation of dehydroprobetaenone I-producing strain. 12 pg each) added to the
protoplast solution (200 uL). The aliquot was incubated on ice for 20 min and then
Solution 3 (1 mL) added to the aliquot. After 20 min incubation at room temperature,
Solution 2 (10 mL) added to the mixtures and the mixture was centrifuged at 2,000 rpm
(Beckman JLA10.500) for 5 min. The transformation mixture was poured onto the
Czapek-Dox (3.5%) agar plate supplemented with 0.8 M of NaCl and appropriate
nutrients and then overlaid with the soft-top agar (1.2 M of sorbitol, 3.5% of
Czapek-Dox, 0.6% of agar). The plates were incubated at 30 °C for 3-7 days.

6-2-5. Production and HPLC analysis of the metabolites.

Mycelia of A. oryzae transformants were inoculated into a solid medium containing
polished rice (100 g) and adenine (10 mg) in 500 mL Erlenmeyer flasks. Each culture
was incubated at 30 °C for 14 days. After extraction with ethyl acetate, the extract was
then concentrated in vacuo and the residues were extracted with ethyl acetate (100 mL x
2). The combined organic layers were washed with brine, dried over Na>SO4 and
concentrated in vacuo. The crude extracts were directly analyzed by LC-MS equipped
with ZORBAX XDB-C18 column (50 mm x 2.1 mm) at the following conditions:

LC conditions to analyze dehydroprobetaenone I (2-5) and probetaenone I (2-4);

A linear gradient from 50% to 100% acetonitrile for 15 min and 100% acetonitrile
for 15 min at a flow rate of 0.2 mL/min.

LC conditions to analyze betaenone B (2-2);

A linear gradient from 30% to 85% acetonitrile for 15 min and 100% acetonitrile for
15 min at a flow rate of 0.2 mL/min.

Dehydroprobetaenone I (2-5).
HR-ESIMS analysis of 5; calcd. for C21H3502 [M+H]": 319.2632, found: 319.2682.
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[a]p? -19.3 (c 0.3 CHCl3). 'TH-NMR (500 MHz, C¢Ds) & 15.5 (s, 1H), 7.39 (s, 1H), 5.41
(d, J=4.9 Hz, 1H), 5.18 (s, 1H), 1.96 (t, J = 9.5), 1.85 (m, 1H), 1.71 (m, 1H), 1.67 (s,
3H), 1.66-1.60 (m, 2H), 1.59 (s, 1H), 1.53 (m, 1H), 1.45 (m, 1H), 1.20 (m, 1H), 1.00 (d,
J=17.1Hz, 3H), 0.99 (s, 3H), 1.05-0.97 (m, 2H), 0.96 (s, 1H), 0.92 (t, J= 7.2, 3H), 0.86
(d, J= 6.5, 3H), 0.85 (d, J= 7.0, 3H). >*C-NMR (125 MHz, CsDs) & 207.7, 173.5, 131.2,
127.4, 100.1, 58.8, 50.7, 46.8, 44.1, 42.7, 42.5, 38.1, 35.3, 34.0, 27.1, 25.9, 22.4, 22.3,
22.0,18.7, 13.4.

Betaenone B (2-2).

HR-APCI-MS analysis of 2-2; caled. for C21H3s0s [M+H]": 369.2636, found:
369.2599. [a]p** 24.1 (c 0.3 CHCI3).

6-2-6. Reduction of dehydroprobetaenone I (2-5).

To a solution of dehydroprobetaenone I (28.6 mg, 89.9 umol) in methanol (2.0 mL)
was added NaBH4 (1.3 mg, 30 umol) in methanol (0.5 mL) and the mixture was stirred
for 50 min at room temperature. After concentration, the crude residue was dissolved in
ethyl acetate. The solution was washed with water, dried over anhydrous Na>SO4, and
concentrated in vacuo. The crude residue was purified by silica gel chromatography
(hexane/EtOAc 10:1) to give probetaenone I (28.6 mg, quant.).

6-2-7. Conformational search of dehydroprobetaenone I (2-5).

The lowest energy conformer of X was determined by a conformational search.
Calculations were performed using Maestro v9.8 (Force field: OPLS 2005; Solvent:
None; Conformational search: MonteCarlo Multiple Minimum (MCMM) method;
Minimization method: Powell-Reeves conjugate gradient (PRCG); Steps: 10000). 6
conformers were found within a range up to 8 kJ/mol above the global minimum.
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6-3. Didymellamides
6-3-1. Strain and Culture Conditions.

Escherichia coli HST08 was used for cloning, following standard recombinant DNA
techniques. A fungal host strain used in this study was A. oryzae NSARI, a quadruple
auxotrophic mutant (niaD", sC", AargB, adeA").

6-3-2. Genomic DNA preparation.

Genomic DNA of Alternaria solani A-17 was extracted according to the following
method; the mycelia of fungus was collected and dried using paper towel. The dried
mycelia was frozen in liquid nitrogen and crushed by SK-mill (Tokken). To the frozen
powder was added extraction buffer (400 mM of Tris-HCI (pH 8.0), 500 mM of NaCl,
20 mM of ethylenediaminetetraacetic acid (EDTA), and 1% of sodium dodecyl sulfate)
and the suspension was kept at room temperature for 5 min. To the suspension was
added phenol:chloroform solution and the mixture was vortexed for 2 sec. After
incubation at 65°C for 60 min, the reaction mixture was centrifuged at 12,000 rpm for 5
min. The supernatant was then treated with RNase at 37°C for 90 min. To the reaction
mixture was then added phenol:chloroform solution. After being vortexed for 2 sec, the
mixture was centrifuged at 12,000 rpm for 5 min. The supernatant was transferred to a
new centrifuge tube and re-extracted twice with phenol:chloroform solution followed by
chloroform. To the final supernatant was added cold-isopropanol and CH3COONa
solution and genomic DNA was recovered by centrifugation at 12,000 rpm for 10 min.
The pellet was then washed with 70% ethanol solution and dried for 15 min. Finally, the
isolated DNA was resuspended in TE buffer (10 mM of Tris-HCI (pH 8.0) and ImM of
EDTA) and stored at -20°C for further use.

6-3-3. Genome Sequencing and Analysis.

Genome sequencing of 4. solani A-17 was performed by Hokkaido System Science
Co., Ltd. (Hokkaido, Japan) with an Illumina HiSeq 2000 system. Sequence assembly
was performed with Velvet44 version 1.2.08 (http://www.ebi.ac.uk/~zerbino/velvet/) to
yield 1815 contigs covering approximately 34.4 Mb. Gene prediction was then
performed with BlastStation-Local (TM Software, Inc.) for the local BLAST search and
2ndFind (a Web-Based Support Tool to Find Secondary Metabolite Biosynthetic Gene
Cluster, http://biosyn.nih.go.jp/2ndfind/) for analysis of each contig.

6-3-4. Accession number.
The biosynthetic gene cluster sequence has been deposited in the DNA Data Bank
of Japan (DDBJ) with the accession number LC145635.
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6-3-5. RT-PCR analysis.

For RT-PCR analysis, 4. solani A-17 was grown on Potato-Dextrose (PD) medium
and CD medium supplemented with 0.1% of Yeast Extract (CDYE) for 6 or 9 days at
30 °C. Total RNA was extracted from each dried mycelia using TRIzol® Reagent
(Invitrogen) according to the manufacturer’s instructions and then treated with DNase I
(Life Technologies) for reverse transcription. Complementary DNA (cDNA) was
synthesized with PrimeScript™ II 1st strand ¢cDNA synthesis kit (Takara) using the
oligo(dT) primer according to the manufacturer’s instructions.

6-3-6. Preparation of expression plasmids.

The asolS, asolC, asold were amplified from cDNA with primer set as shown in
Supplemental Table 6-3-1. PCR reactions were performed with the KOD-Plus-Neo
(TOYOBO). Each PCR product was inserted into appropriate restriction site (site 1
and/or site 2) of pUARA2 or pUSA2 using In-Fusion HD cloning kit (Clontech
Laboratories) or Gibson Assembly Master Mix (NEW ENGLAND BioLabs) to
construct expression plasmids according to the manufacturer’s protocol.

Table 6-3-1. Oligonucleotides used for construction of A. oryzae expression plasmids
harboring biosynthetic  genes of didymellamides

Size
Insert Restriction site Sequence 5°-3’
Vector
F: TCCGGAATTCGAGCTCGGTACCATGGCTGTATCCACC 1.1 kbp
asolC Kpn'1
R: AGCTACTACAGATCCCCGGTACCTCAAGCAGCCGCAC pUARA2
F: TAGCGGCCGCACTAGTGACCCATGACCAACCCCAC 3.8 kbp
asolS-Frl
R: ACCAGACGATCACGCGAAGGGTTCTGTTCACCGACC pUARA2-asolC
F: TGGTCGGTGAACAGAACCCTTCGCGTGATCGTCTGG 4.1 kbp
asolS-Fr2 Sma 1

R: TGCGTTCTTGGCGAATCAGCTTGGGCTTCGGAATCGAAATG pUARA2-asolC

F: ATTTCGATTCCGAAGCCCAAGCTGATTCGCCAAGAACGCATG 4.4 kbp
asolS-Fr3
R: TTCATCATCGGGTACGACTACCCTCACATGGCCCCGAG pUARA2-asolC
F: AATCGATTTGAGCTAGCATGGCAGCCCCCACC 1.6 kbp
asolA Nhe 1
R: ACTAGTGCGGCCGCTAGCTCATTCATAGACAGCG pUSA2

F: TCCAAGCCTCTCTCAACTATCGGTCTGCTG
asolS expression - -
R: TGAGCACTCGTCGATACCCACATCAGATTG

F: TCGCCATTGGAGACAACGTCGATTCG
asolC expression - -
R: TCGTTGGCGAGGTTGGTAGGTATAGG

F: TCATCGTGCCTACCAATGACACTACGTC
asolA expression - -
R: TGACTGTCTTGGTCACAGAGACAATGTCG
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6-3-7. Transformation of 4. oryzae.

Transformation of A. oryzae NSAR1 or transformant (1.0 x 10® cells) were
performed by the protoplast-polyethylene glycol method reported shown in above. To
construct  transformants  harboring = PKS-NRPS  and  trans-ER  genes,
pUARAZ2-asolC/asolS was used for the first transformation. The transformant with
asolC, S was further transformed with pUSA2-asolA to construct AO-asolCSA.

6-3-8. Extraction of metabolites.

Mycelia of 4. oryzae transformants were inoculated into a solid medium containing
polished rice (100 g) and adenine (10 mg) in 500 mL Erlenmeyer flasks. Each culture
was incubated at 30°C for 14 days. After extraction with ethyl acetate, the extract was
then concentrated in vacuo and the residues were extracted with ethyl acetate (100 mL x
2). The combined organic layers were washed with brine, dried over Na>SO4, and
concentrated in vacuo to afford crude extracts.

6-3-9. Analysis of the metabolites.

After partial purification of the crude extracts, the metabolites were analyzed by
HPLC equipped with a Wakopak® Navi C18-5 (¢ 4.6 x 250 mm) or LC-MS equipped
with a ZORBAX XDB-C18 column (¢ 2.1 x 50 mm) at the following conditions:

HPLC conditions to analyze; A linear gradient from 40% to 100% acetonitrile for 15
min and 100% acetonitrile for 15 min at a flow rate of 1.0 mL/min with 283 and 347 nm
detection.

LC-MS conditions to analyze; A linear gradient from 50% to 95% acetonitrile for 15
min and 95% acetonitrile for 20 min at a flow rate of 0.2 mL/min.

Protodidymellamide o (3-10). The crude extracts were purified with silica gel
chromatography (CHCl3/MeOH) followed by further purification utilizing HPLC
equipped with Wakopak® Navi C18-5 (¢10 x 250 mm) at the following conditions (A =
274 nm, a linear gradient from 50% to 100% MeOH for 10 min and 100% MeOH for 20
min at a flow rate of 3.0 mL/min) to afford protodidymellamide a (yellow oil, 16.5 mg
from 130 g of rice medium). [a]p?® -200.4 (c 1.0 MeOH). HR-ESIMS analysis
(positive); calcd. for C24H30NO4 [M+H]": 396.2169, found: 396.2160. 'H-NMR and
3C-NMR data are summarized in Table 6-3-2.

Protodidymellamide B (3-11). The crude extracts were purified by silica gel
chromatography (CHCIl3/MeOH) followed by further purification utilizing HPLC
equipped with Wakopak® Navi C18-5 (¢10 x 250 mm) at the following conditions (A
= 347 nm, a linear gradient from 40% to 100% acetonitrile for 15 min and 100%
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acetonitrile for 15 min at a flow rate of 3.0 mL/min) to afford protodidymellamide 3
(white powder, 9.6 mg from 115 g of rice). [a]p®’ -3.7 (¢ 0.1 MeOH). HR-ESIMS
analysis (positive); caled. for Ca4H2sNO4 [M+H-H2O]": 394.2013, found: 394.2033.
"H-NMR and '*C-NMR data are summarized in Table 6-3-2.

Didymellamide B (3-12). The crude extracts were purified with silica gel
chromatography (CHCl;/MeOH) followed by further purification utilizing HPLC
equipped with Wakopak® Navi C18-5 (¢10 x 250 mm) at the following conditions (A =
347 nm, a linear gradient from 40% to 100% acetonitrile for 15 min and 100%
acetonitrile for 15 min at a flow rate of 3.0 mL/min) to afford didymellamide B
(colorless oil, 1.2 mg from 55 g of rice). Observed [a]p? -144.5 (c 0.1 MeOH);
literature [o]p?® -425 (¢ 0.14 MeOH). HR-ESIMS analysis (positive); calcd. for
C24H2sNO4 [M+H]": 394.2013, found: 394.2014. The NMR data are in good agreement
with the reported data.! Although repeated chromatography of 3-12 gave a sufficiently
pure colorless oil, the value of optical rotation was not changed.
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Table 6-3-2. NMR Data for 3-10, 3-11.

protodidymellamide o (3-10)* protodidymellamide B (3-11)*
56C SH (multiplicity, J in Hz) 5C SH (multiplicity, J in Hz)

1 6.14 (s) 11.57 (s)

2 175.3 158.8

3 101.9 106.8

4 194 170.6

5 63.5 3.97(dd, 9.2, 3.2) 111.5

6 37.3  2.65 (brdd, 13.8, 9.2) 139.4 7.48 (s)
3.16 (m)

7 192 188.1

8 46.4 3.71(dd, 11.8, 6.0) 42.4 2.54 (m)

332 1.51(m) 78.4 (78.6)  4.55(m)

10 29.9 0.94 (m) 31.3(31.4) 1.65 (m)
1.77 (m) 1.65 (m)

11 33 1.00 (m) 31.0(31.1) 1.23 (m)
1.73 (m) 1.23 (m)

12 35.2 1.51(m) 32.3(32.4) 1.43 (m)

13 415 0.81(m) 395l 1.85 (m)
1.73 (m) 1.92 (m)

14 41.8 1.83(m) 129.7 (129.8) 5.47 (m)®

15 130.8 5.42 (brd, 10.3) 131.6 (131.7) 5.98 (m)®

16 131  5.56 (m) 131.6 (131.7) 5.98 (m)®

17 35.6  2.59 (m) 126.6 (126.7) 5.56 (m)®

18 179 0.94 (Me, d, 7.2) 17.8 1.68 (Me, d, 6.6)

19 22,5 0.91 (Me, d, 6.5) 19.2 (19.4)  0.79 (Me, m)

20 127.8 123.7

21 130.3 7.02(d, 8.1) 130.2 7.21 (d, 8.4)

22 115.7 6.74 (d, 8.1) 114.8 6.76 (d, 8.4)

23 155.1 156.7

24 115.7 6.74(d, 8.1) 114.8 6.76 (d, 8.4)

25 130.3 7.02(d, 8.1) 130.2 7.21 (d, 8.4)

23-OH 9.50 (s)

*Two tautomers of 3-10 are observed in the NMR analysis (CDCls). Similar
tautomerization of a 3-acyltetramic acid is reported.? The chemical shifts shown in the
above table are for major tautomer of 3-10. *The chemical shifts shown in parentheses
are for another diastereomer of 3-11. llOverlapped signal with the solvent peak.

$Chemical shifts of olefin protons are nearly identical to those of prosolanapyrones. > *
1 19

10 3-11
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6-3-10. Transformation of 3-11 into 3-13.

To a solution of 3-11 (5.7 mg, 1.4 umol) in toluene (1 mL) were added DMAP (3.7
mg, 30 pumol), pyridine (16.9 pL), and acetic anhydride (13.2 pL, 14 umol) at room
temperature. After being stirred for 16 hr at 85°C, the reaction mixture was directly
concentrated in vacuo. The crude sample was extracted with CHCl3 and the combined
organic layers were washed with 1 M-HCI and saturated aqueous NaHCO3, dried over
anhydrous Na>SOs4, and concentrated in vacuo. The residues were purified by HPLC
equipped with Wakopak® Navi C18-5 (¢10 x 250 mm) at the following conditions (A =
340 nm, a linear gradient from 40% to 100% acetonitrile for 15 min and 100%
acetonitrile for 15 min at a flow rate of 3.0 mL/min) to give O-acetyldidymellamide B
(3-13, 1.0 mg, 2.3 pmol, 16%). [a]p® -129.0 (c 0.05 DMSO). 'H-NMR (500 MHz,
DMSO-de) 6 17.01 (s, 1H, C4-OH), 11.84 (s, 1H, N1-H), 7.71 (s, 1H), 7.50 (d, J = 8.6,
2H), 7.15 (d, J = 8.6, 2H), 5.58 (m, 1H), 5.39 (d, J=9.9, 1H), 4.37 (dd, J = 11.4, 5.8,
1H), 2.78 (m, 1H), 2.28 (s, 3H), 1.83-1.66 (m, 4H), 1.47 (m, 2H), 0.96 (m, 1H),
0.97-0.74 (m, 2H), 0.87 (d, J = 6.5, 3H), 0.77 (d, J = 7.2, 3H). *C-NMR (125 MHz,
DMSO-ds) 6 209.7, 175.8, 169.3, 161.4, 149.7, 141.9, 131.6, 130.4, 130.1, 128.2, 121.6,
111.5, 106.8, 51.8, 41.3, 41.3, 35.8, 35.0, 32.5, 30.6, 29.3, 22.4, 20.9, 17.8. HR-ESIMS
analysis (positive); calcd. for C26H30NOs [M+H]": 436.2118, found: 436.2134.

To a solution of acetate (1.3 mg, 3.0 umol) in methanol (0.5 mL) were added K>CO3
(4.1 mg, 3.0 umol) at room temperature and the mixture was stirred for 1 hr. The
reaction mixture was directly concentrated in vacuo. The residues were washed with
water, dried over anhydrous Na,SOs, filtered, and concentrated in vacuo. The crude
sample was directly used for NMR analysis.

6-3-11. Biotransformation experiments.

Mycelia of AO-asolA transformants were inoculated into 10 mL of MPY medium
containing appropriate nutrients (arginine 6 mg; adenine 1 mg; ammonium sulfate 93
mg) in 50 mL Erlenmeyer flasks. 3-10 (100 pg, methanol solution) was then
administered to the culture medium. After an additional 3 days incubation at 30°C (200
rpm), the mycelia and medium were soaked in acetone (40 mL). The organic layer was
then concentrated in vacuo. The crude extracts were directly analyzed by LC-MS
equipped with a ZORBAX XDB-C18 column (¢ 2.1 x 50 mm) at the following
conditions (A linear gradient from 50% to 95% acetonitrile for 15 min and 95%
acetonitrile for 20 min at a flow rate of 0.2 mL/min.).
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6-4. Cyclohelminthols
6-4-1. Strain.

Escherichia coli HST08 and DH5a was used for cloning and following standard
recombinant DNA techniques. E. coli BL21-Gold(DE3) was used for protein expression.
Helminthosporium velutinum yone96, a cyclohelminthols producing strain, and
Lachnum palmae NBRC 106495, a palmaenones producing strain, were used for
genomic DNA and total RNA extraction. Aspergillus terreus JCM 19077 (= NIH 2624),
a terrein producing strain, was used for total RNA extraction. A fungal host strain used
in this study was A. oryzae NSARI1, a quadruple auxotrophic mutant (niaD, sC", AargB,
adeA").

6-4-2. Genomic DNA preparation.

Genomic DNA was extracted according to the following method; the mycelia of
fungus was collected and dried using paper towel. The dried mycelia was frozen in
liquid nitrogen and crushed by SK-mill (Tokken). To the frozen powder was added
extraction buffer (400 mM of Tris-HCI (pH 8.0), 500 mM of NaCl, 20 mM of
ethylenediaminetetraacetic acid (EDTA), and 1% of sodium dodecyl sulfate) and the
suspension was kept at room temperature for 5 min. To the suspension was added
phenol:chloroform solution and the mixture was vortexed for 2 sec. After incubation at
65 °C for 60 min, the reaction mixture was centrifuged at 12,000 rpm (ARO015-24,
MX-307, TOMY) for 5 min. The supernatant was then treated with RNase at 37 °C for
90 min. To the reaction mixture was then added phenol:chloroform solution. After being
vortexed for 2 sec, the mixture was centrifuged at 12,000 rpm (AR015-24, MX-307,
TOMY) for 5 min. The supernatant was transferred to a new centrifuge tube and
re-extracted twice with phenol:chloroform solution followed by chloroform. To the final
supernatant was added cold-isopropanol and CH3COONa solution and genomic DNA
was recovered by centrifugation at 12,000 rpm (ARO015-24, MX-307, TOMY) for 10
min. The pellet was then washed with 70% ethanol solution and dried for 15 min.
Finally, the isolated DNA was resuspended in TE buffer (10 mM of Tris-HCI (pH 8.0)
and 1mM of EDTA) and stored at -20°C for further use.

6-4-3. Total RNA and cDNA preparation.

H. velutinum yone96 was grown on Potato-Dextrose (PD) medium for 6 days at
24 °C with agitation (200 rpm). L. palmae NBRC 106495 was grown on GPY medium
(20 g/L of glucose, 10 g/L of polypeptone, 5 g/L of yeast extract, pH 7.5) for 8.5 days at
23 °C with agitation (180 rpm). 4. terreus JCM 19077 was grown on PD medium for 3
days at 30 °C with agitation (200 rpm). Total RNA was extracted from each dried
mycelia using TRIzol® Reagent (Invitrogen) according to the manufacturer’s
instructions and then treated with DNase 1 (TaKaRa) for reverse transcription.
Complementary DNA (cDNA) was synthesized with PrimeScript™ 1II 1st strand cDNA
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synthesis kit (Takara) using the oligo (dT) primer according to the manufacturer’s
instructions.

6-4-4. Genome Sequencing and Analysis.

Genome sequencing of H. velutinum yone96 and L. palmae NBRC 106495 were
performed by Hokkaido System Science Co., Ltd. (Hokkaido, Japan) with an Illumina
HiSeq 2000 system. Sequence assembly was performed with Velvet44 version 1.2.08
(http://www.ebi.ac.uk/~zerbino/velvet/) to yield 1799 contigs covering approximately
46.3 Mb for H. velutinum yone96 and 3554 contigs covering approximately 42.5 Mb for
L. palmae NBRC 106495. Gene prediction was then performed with BlastStation-Local
(TM Software, Inc.) for the local BLAST search and 2ndFind (a Web-Based Support
Tool to  Find  Secondary  Metabolite = Biosynthetic = Gene  Cluster,
http://biosyn.nih.go.jp/2ndfind/) for analysis of each contig.

6-4-5. Preparation of expression plasmids.

The chmA, chmB, chmK, chmN, chmC, chmP, chmQ, and ploK were amplified from
cDNA and the chmL, chmO, and chmM were amplified from gDNA with primer set as
shown in Table 6-4-1. PCR reactions were performed with the KOD-Plus-Neo
(TOYOBO). Each PCR product was inserted into appropriate restriction site (site 1,
site2 and/or site 3) of pUARA2, pUSA2, pAdeA2, pUNA2, or pDP103 using In-Fusion
HD cloning kit (Clontech Laboratories) or HiFi DNA Assembly Master Mix (NEW
ENGLAND BioLabs) to construct expression plasmids according to the manufacturer’s
protocol. The following plasmids were obtained: pUARA2-chmB/chmA, pUSA2-chmK,
pUSA2-chmN, pUSA2-chmK/chmN, pAdeA2-ploK, pAdeA2-chmC/chmP/chmlL,
pUNA2-chmO/chmM, pDP103-chmQ, and pDP103-terC-terQ-terD.
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Table 6-4-1. Oligonucleotides used for construction of expression plasmids harboring
biosynthetic genes of cyclohelminthols

Restriction Size
Insert Sequence 5°-3”
site Vector
F: TCCGAATTCGAGCTCGGTACCATGGGATCGGACTTC 2.6 kbp
chmB Kpn1
R: AGCTACTACAGATCCCCGGTTAGTTTGAGACATTTC pUARA2
Nhel/ F: CTCCGAATTCGAATCGATTTGAGCTAGCATGGACAGCACATTTG 3.0 kbp
chmA Frl
Sma 1 R: ATTTCTGAGATCGTTCCATCGATAAGAGGGAGG pUARA2-chmB
Nhel/ F: TCTTATCGATGGAACGATCTCAGAAATGAATTCGCTTCC 3.6 kbp
chmA Fr2
Sma 1 R: TGTTTCATCATCGGGTACGACTACCCGGGCTATACCCCAAGTCC pUARA2-chmB
F: AATCGATTTGAGCTAGCATGGAATCCGAACCTC 1.6 kbp
chmN Nhe 1
R: ACTAGTGCGGCCGCTAGCTCACTTGATCATTTTC pUSA2
F: TCCGAATTCGAGCTCGGTACCATGTCTATTCCTGAG 1.7 kbp
chmK Kpnl pUSA2 or
R: AGCTACTACAGATCCCCGGTACCTTAAGCGCCAATGGC
pUSA2-chmN
F: AATCGATTTGAGCTAGCATGTCTATCCCGGAG 2.1 kbp
ploK Nhe 1
R: ACTAGTGCGGCCGCTAGCCTAAGCAAAAACAGCAGG pUSA2-ploN
Kpn1/ F: ACAGCAAGCTCCGAATTCGAGCTCGGTACCCATGCACGTCGTCGTC 1.3 kbp
chmC
Nhe 1 R: TCATCATCGGGTACGACCCGGTACCCTAAGTCTTGACATTG pAdeA2
Kpnl/ F: AGGGTACCGGGTCGTACCCGATGATGAAAC 0.8 kbp
TamyA-PenoA
Nhe 1 R: TTTGACGAGCTGCGGAATTGGTCAGTCGAC pAdeA2
Kpnl/ F: ACTGACCAATTCCGCAGCTCGTCAAACCCGGGATGGAACGTTTCCC 1.5 kbp
chmP
Nhe 1 R: TATCCTGTTACCTTAAGCCCGGGCTATTTCATAATTTCAATC pAdeA2
Kpnl/ F: AGCCCGGGCTTAAGGTAACAGGATAGCC 1.9 kbp
TagdA-PgpdA
Nhe 1 R: GGTGATGTCTGCTCAAGCGGGGTAGCTGTT pAdeA2
Kpnl1/ F: AGCTACCCCGCTTGAGCAGACATCACCCCCGGGATGGACAAGACCACC 2.1 kbp
chmL
Nhe 1 R: ACTACCCGGGTCACTAGTGCGGCCGCTAGCCTAATCAAGGGTCGG pAdeA2
F: ACCACGTGACTAGTCATATGATGGTTGCCTACGAAG 1.0 kbp
chmO Nde 1
R: TTCTAGAGCATGCCATATGCTACATGGGAATGCC pUNA2
F: AATCGATTTGAGCTAGCATGTACCTACTGCTTTG 1.0 kbp
chmM Nhe 1
R: ACTAGTGCGGCCGCTAGCTTACGAAGTAGCGTTC pUNA2-chmO
Kpnl/ F: TCCGAATTCGAGCTCGGTACCATGGCCCAAAGATAC 0.4 kbp
chmQ
Spe 1 R: ATCATCGGGTACGACTACCCGGGTCACTAGTTTATTGGAGGTTCCTC pDP103
Kpnl/ F: AGCAAGCTCCGAATTCGAGCTCGGTACCATGCATGTCATCGTC 1.2 kbp
terC
Spe 1 R: TCAGAGTGATGCTTGTCCCTTGCCAGTAC pDP103
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Kpn1/ F: ACTGGCAAGGGACAAGCATCACTCTGAGTAACAGGATAGCCTAG 1.9 kbp
TagdA-PgpdA
Spe 1 R: AACAGAAATTCGTGCTTTTCAGGCATGGTGATGTCTGCTCAAG pDP103
Kpnl1/ F: ATGCCTGAAAAGCACGAATTTCTGTTCATC 0.4 kbp
terQ
Spe 1 R: ATCATCGGGTACGACTACCCGGGTCACTAGTGCATCTTAAGCTAACTAC pDP103
Afl 1L/ F: AACCAAGATGAACGGCGGTAGTTAGCTTAAGGGGTGGAGAGTATATG 0.7 kbp
TamyB
Spe 1 R: AATTCCGTTCCTTTGCTTTCTGCCGAGCTG pDP103-terC-terQ
AflTL/ F: TCGGCAGAAAGCAAAGGAACGGAATTGTCTCATTACTAGTC 0.6 kbp
PenoA
Spe 1 R: ATGACAACGTCGAATTTCGAACTCATTTTGACGAGCTGCGG pDP103-terC-terQ
F: ATGAGTTCGAAATTCGACGTTGTCATCTGC 1.9 kbp
terD Afi 11/ Spe 1
R: ATCATCGGGTACGACTACCCGGGTCACTAGTTCACGCAAGGGTCCATTC pDP103-terC-terQ
chmC for F: TCGGGGATGACGATGACAAGGTACCGATGCACGTCGTCGTC 1.2 kbp
Kpnl
pMAL R: AGGATCCGAATTCCGGTACCCTAAGTCTTGACATTG PMAL-c4E
F: TCGGGGATGACGATGACAAGGTACCGATGCATGTCATCGTC 1.3 kbp
terC for pMAL Kpn1
R: AGGATCCGAATTCCGGTACCTCAGAGTGATGCTTG PMAL-c4E
F: TCGGGGATGACGATGACAAGGTACCGATGAGTTCGAAATTC 1.9 kbp
terD for pMAL Kpn1
R: AGGATCCGAATTCCGGTACCTCACGCAAGGGTCCATTC PMAL-c4E
chmK for F: GATGACGATGACAAGGTACCGATGTCTATTCCTGAG 1.7 kbp
Kpn1
pMAL R: AGGATCCGAATTCCGGTACCTTAAGCGCCAATGGC pPMAL-c4E
chmN for F: TCGGGGATGACGATGACAAGGTACCGATGGAATCCGAACCTC 1.7 kbp
Kpn1
pMAL R: AGGATCCGAATTCCGGTACCTCACTTGATCATTTTCAAC PMAL-c4E

6-4-6. Cloning and expression of FMOs/halogenases in E. coli.

The chmK, chmN, chmC, terC, and terD were amplified by using cDNA of H.
velutinum or A. terreus as template and primer sets (Table 6-4). The PCR products were
directly inserted into the Kpn I-digested pMAL-c4E to generate pMAL-c4E-chmK,
chmN, chmC, terC, and terD. These plasmids were separately introduced into E. coli
BL21-Gold(DE3) for overexpression. The transformant was grown at 37 °C to an ODeoo
about 0.6 in a 500 mL flask. After cooling at 4 °C, isopropyl B-p-thiogalactopyranoside
(0.1 mM) was added to the culture. After incubation at 16 °C for 20 h, the cells were
harvested by centrifugation at 3,800 x g. Harvested cells were resuspended in disruption
buffer (50 mM Phosphate bufter (pH 7.0), 20 % glycerol, 200 mM NaCl) and disrupted
by sonication. After centrifugation, the supernatant was applied to an amylose column
to purify each recombinant protein.
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6-4-7. In vitro assay of ChmC, TerC, and TerD

Typical conditions were as follows: a reaction mixture of MBP-ChmC, MBP-TerC,
or MBP-TerD (100 uL of 50 mM Phosphate buffer (pH 7.0)) containing 300 uM
substrate, 2 mM NADPH and 5 uM recombination enzyme was incubated at 30 °C for 1
hour. The reaction was quenched by the addition of MeOH (100 pL). The resultant
mixture was vortexed and centrifuged at 12,000 x g. The supernatant was filtered
through Millex (Merck Millipore, pore size: 0.2 um), then analyzed by using a
UPLC-MS apparatus (Waters Acquity UPLC equipped with a QDa) with a Waters
ACQUITY UPLC BEH C18 column (2.1 x 5.0 mm) under the following conditions:
flow rate: 0.7 mLmin’'; solvent system: acetonitrile in HO containing 0.1% formic
acid , 0-1 min, 2%; 1-3.5 min, a linear gradient 2-30%; 3.5-4 min, a linear gradient
30-100%, 4-6 min, 100%.

(R)-2,6-dichloro-3-hydroxy-5-(2-hydroxypropyl)-p-benzoquinone (4-22). A reaction
mixtures (20 mL of 50 mM Phosphate buffer (pH 7.0)) containing 1.15 mM compound
4-14 (6 mg, 274.8 umol), 4 mM NADPH, and 7.5 uM MBP-TerC in 50 mL of
centrifuge tube was incubated at 30 °C with agitation (120 rpm) for 9 hours. After
combining the reaction mixture (total 240 mL) separately incubated in twelve tubes, the
reaction was quenched by the addition of equal volume MeOH. The resultant mixture
was vortexed and centrifuged at 9,100 x g. After removal of MeOH, the residual water
layer (~ 200 mL) was washed with CHCl3 (100 mL x 3) and then purified with Cig
chromatography (Wakosil, 40C18, 30~50 pum, 100% water). Fractions containing 10
were further purified by HPLC equipped with J-Pak vario XBP C18-L, 5 um, 150 4, 4.6
x 250 mm(D) at the following conditions (A = 260 nm, an isocratic conditions 2%
MeOH for 11 min at a flow rate of 1.0 mL/min) to afford compound 4-22 (purple
amorphous solid, 17.9 mg, 71.6 pmol, 26% from 72 mg of 4-14). HR-ESI-MS analysis
(negative); caled. for CoH7CLOs [M-H]: 248.9727, found: 248.9717. '"H-NMR and
I3C-NMR data are summarized in Table 6-4-2.

(3R)-6,7-dihydroxymellein (4-18). A reaction mixtures (30 mL of 50 mM Phosphate
buffer (pH 7.0)) containing 1.72 mM compound 4-10 (total 10 mg, 51.5 pmol), 4 mM
NADPH, and 2.7 uM MBP-TerD in 50 mL of centrifuge tube was incubated at 30 °C
with agitation (185 rpm) for 18 hours. The reaction was quenched by the addition of
equal volume MeOH. The resultant mixture was vortexed and centrifuged at 9,100 x g.
After removal of MeOH, residual water layer (~ 30 mL) was extracted with AcOEt (30
mL x 3). The crude products were purified utilizing HPLC equipped with J-Pak vario
XBP C18-L, 5 um, 150 A, 4.6 x 250 mm(D) at the following conditions (A = 270 nm, a
linear gradient from 10% to 100% acetonitrile for 15 min and 100% acetonitrile for 5
min at a flow rate of 1.0 mL/min) to afford (3R)-6,7-dihydroxymellein (4-18) (yellow
oil, 1.1 mg, 5.2 mmol, 10% from 10 mg of 4-10). [a]p** -19.0 (¢ 0.1 MeOH).
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HR-ESI-MS analysis; calcd. for C1oHoOs [M-H]: 209.0455, found: 209.0455. 'H-NMR
and 3C-NMR data (shown in the Table 6-4-2.) are in good agreement with the reported
data.’

6-4-8. In vitro assay of ChmK and ChmN.

Typical conditions were as follows: a reaction mixture of MBP-ChmK, MBP-ChmN
(100 uL of 50 mM Phosphate buffer (pH 7.0)) containing 300 uM substrate, 10 mM
NADH, 20 uM Fre, 20 uM recombination enzyme was incubated at 30 °C. The reaction
was quenched by the addition of MeOH (100 pL). The resultant mixture was vortexed
and centrifuged at 12,000 x g. The supernatant was filtered through Millex (Merck
Millipore, pore size: 0.2 um), then analyzed by using a UPLC-MS apparatus (Waters
Acquity UPLC equipped with a QDa) with a Waters ACQUITY UPLC BEH CI18
column (2.1 x 5.0 mm) under the same conditions with those for the analysis of the
FMO reaction products.

6-4-9. Transformation of A. oryzae.

Transformation of A. oryzae NSARI or transformant (1.0 x 10% cells) were
performed by the protoplast-polyethylene glycol method reported previously.® To
construct transformants for the production of 6-hydroxymelleine analogous,
pUARA2-chmA/chmB, pUSA2-chmK/chmN, pUSA2-chmK, pUSA2-chmN, and
pAdeA2-ploK were used for the transformation. The following transformants were
obtained:  AO-chmAB, AO-chmABK, AO-chmABN, AO-chemABKN  and
AO-chmAB/ploK. AO-chmABN was then used for the transformation with
pAdeA2-chmC/chmP/chmL and pUNA2-chmO/chmM to construct
AO-chmABNCPLMO. AO-chmABNCPLMO was then used for the transformation with
pUC19sc103-chmQ to construct AO-chmABNCPLMOQ.

6-4-10. Extraction of metabolites.

Mycelia of 4. oryzae transformants were inoculated into a solid medium containing
polished rice (100 g) and adenine (10 mg) in 500 mL Erlenmeyer flasks. Each culture
was incubated at 30 °C for 14 days. After extraction with ethyl acetate, the extract was
then concentrated in vacuo and the residues were extracted with ethyl acetate (200 mL x
2). The combined organic layers were washed with brine, dried over anhydrous Na>SOq,
and concentrated in vacuo to afford crude extracts, unless otherwise stated.

6-4-11. Analysis of the metabolites.

The crude extracts were analyzed by UPLC-MS system (Waters) equipped with
QDa and DAD. As the stationary phase, a C18 column (ACQUITY UPLC BEH C18 1.7
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um 2.1 x 50 mm) with a binary solvent system consisting of acetonitrile containing
0.1% formic acid (solvent B) and water containing 0.1% formic acid (solvent A) was
used. The following gradient with a flow rate of 0.7 ml/min was applied: 1.0 min = 2%
B, 1.0 - 3.5 min = 2% - 30% B, 3.5 - 4.0 min = 30% - 100% B, 4.0 - 6.0 min = 100% B,
6.0 - 6.5 min = 100% - 2% B, and 6.5 — 9.0 min, 2% B.

(3R)-6-hydroxymellein (4-10). The crude extracts prepared from AO-chmAB were
purified with silica gel chromatography (n-Hexane/AcOEt = 5 to 3) to afford
(3R)-6-hydroxymellein (4-10, white solid, 47.3 mg from 200 g of rice medium). [a]p*®
-60.0 (¢ 2.0 MeOH). HR-ESI-MS analysis (positive); calcd. for Ci1oH;104 [M+H]": 195.
0652, found: 195.0655. 'TH-NMR and '*C-NMR data (shown in the Table 6-4-2.) are in
good agreement with the reported data.’

(3R)-5,6-dihydroxymellein (4-11). The crude extracts prepared from AO-chmAB were
purified with silica gel chromatography (n-Hexane/AcOEt = 5 to 3) followed by further
purification utilizing HPLC equipped with J-Pak vario XBP C18-L, 5 um, 150 A, 4.6 x
250 mm(D) at the following conditions (A = 325 nm, a linear gradient from 10% to
100% acetonitile for 15 min and 100% acetonitrile for 15 min at a flow rate of 1.0
mL/min) to afford (3R)-5,6-dihydroxymellein (4-11, white solid, 13.8 mg from 120 g of
rice medium). [a]p? -63.2 (¢ 0.087 CHCl3). HR-ESI-MS analysis (positive); calcd. for
CioH110s [M+H]": 211.0601, found: 211.0601. 'H-NMR and '3C-NMR data (shown in
the Table 6-4-2.) are in good agreement with the reported data.®

(3R)-5-chloro-6-hydroxymellein (4-12). The crude extracts prepared from
AO-chmABK were purified with silica gel chromatography (n-Hexane/AcOEt = 10 to 5)
followed by further purification utilizing HPLC equipped with J-Pak vario XBP C18-L,
5 um, 150 A, 4.6 x 250 mm(D) at the following conditions (A = 310 nm, a linear
gradient from 10% to 100% acetonitrile for 15 min and 100% acetonitrile for 5 min at a
flow rate of 1.0 mL/min) to afford (3R)-5-chloro-6-hydroxymellein (4-12, white solid,
21.8 mg from 150 g of rice medium). [a]p** -72.2 (¢ 1.0 MeOH). HR-ESI-MS analysis
(negative); caled. for CioHsClOs [M-H]: 227.0117, found: 227.0108. 'H-NMR and
BC-NMR data (shown in the Table 6-4-2.) are in good agreement with the reported
data.®

(3R)-5,7-dichloro-6-hydroxymellein (4-14). The crude extracts prepared from
AO-chmABN were purified with silica gel chromatography (n-Hexane/AcOEt = 10 to 2)
to afford (3R)-5,7-dichloro-6-hydroxymellein (4-14, white needle, 123 mg from 1 kg of
rice medium). [a]p? -83.5 (¢ 1.0 pyridine). HR-ESI-MS analysis (negative); calcd. for
C10H7C1Os [M-H]: 260.9727, found: 260.9704. 'H-NMR and '*C-NMR data are
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summarized in Table 6-4-2.

(3R)-4-chloro-6-hydroxymellein (4-15). The crude extracts prepared from
AO-chmAB/ploK were purified with silica gel chromatography (n-Hexane/AcOEt = 4 to
1) followed by further purification utilizing HPLC equipped with J-Pak vario XBP
C18-L, 5 um, 150 A, 4.6 x 250 mm(D) at the following conditions (A = 310 nm, a linear
gradient from 10% to 100% acetonitrile for 15 min and 100% acetonitrile for 5 min at a
flow rate of 1.0 mL/min) to afford (3R)-4-chloro-6-hydroxymellein (4-15, white solid,
4.7 mg from 362 g of rice medium). [a]p?® -67.3 (¢ 0.4 MeOH). HR-ESI-MS analysis
(negative); caled. for CioHsClOs [M-H]: 227.0117, found: 227.0095. 'H-NMR and
BC-NMR data (shown in the Table 6-4-2.) are in good agreement with the reported
data.’

(3R)-4,5-dichloro-6-hydroxymellein (4-16). The crude extracts prepared from
AO-chmAB/ploK were purified with silica gel chromatography (n-Hexane/AcOEt = 4 to
1) followed by further purification utilizing HPLC equipped with J-Pak vario XBP
C18-L, 5 um, 150 A, 4.6 x 250 mm(D) at the following conditions (A = 310 nm, a linear
gradient from 10% to 100% acetonitrile for 15 min and 100% acetonitrile for 5 min at a
flow rate of 1.0 mL/min) to afford (3R)-4,5-dichloro-6-hydroxymellein (4-16, white
solid, 1.3 mg from 362 g of rice medium). [a]p*® 43.1 (¢ 0.1 CHCIl;). HR-ESI-MS
analysis (negative); caled. for CioH;Cl20s4 [M-H]: 260.9727, found: 260.9720.
'H-NMR and '*C-NMR data are summarized in Table 6-4-2.

(R)-2-chloro-5-(2-hydroxypropyl)-3-methoxy-p-hydroquinone (4-19). The crude
extracts prepared from AO-chmABNCPLMO were purified with silica gel
chromatography (n-Hexane/AcOEt = 5 to 1) followed by further purification utilizing
HPLC equipped with J-Pak vario XBP C18-L, 5 um, 150 A, 4.6 x 250 mm(D) at the
following conditions (A = 290 nm, a linear gradient from 10% to 100% acetonitrile for
15 min and 100% acetonitrile for 5 min at a flow rate of 1.0 mL/min) to afford
(R)-2-(2-hydroxypropyl)-6-methoxybenzene-1,4-diol (4-19, yellow amorphous solid,
12.4 mg from 220 g of rice medium). [a]p* -13.4 (¢ 1.0 MeOH). HR-ESI-MS analysis
(negative); calcd. for C1oH12C104 [M-H]: 231.0430, found: 231.0398. 'H-NMR and
I3C-NMR data are summarized in Table 6-4-2.

(E)-2-chloro-3-methoxy-5-(prop-1-en-1-yl)-p-hydroquinone (4-23). Mycelia of
AO-chmABNCPLMOQ were inoculated into a solid medium containing polished rice
(25 g, dry weight) and adenine (10 mg) in 500 mL Erlenmeyer flasks. Each culture was
incubated at 30°C for 6 days. After extraction with CHCIl;, the extract was then
concentrated in vacuo and the residues were extracted with CHCI3 (200 mL x 2). The
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crude extracts were purified with silica gel chromatography (n-Hexane/AcOEt = 4 to
0.4) followed by further purification utilizing HPLC equipped with J-Pak vario XBP
C18-L, 5 um, 150 A, 4.6 x 250 mm(D) at the following conditions (A = 316 nm, a linear
gradient from 10% to 100% acetonitrile for 10 min and 100% acetonitrile for 9 min at a
flow rate of 1.0 mL/min) to afford
(E)-2-chloro-3-methoxy-5-(prop-1-en-1-yl)-benzene-1,4-diol (4-23, yellow amorphous
solid, 11.5 mg from 480 g of rice medium). HR-EI-MS analysis; calcd. for CioH11Cl103
[M]": 214.0397, found: 214.0389. 'H-NMR and '*C-NMR data are summarized in Table
6-4-2.

Methoxydihydrobenzofuran (4-24). Mycelia of AO-chmAB/terCQD were inoculated
into a solid medium containing polished rice (25 g, dry weight) and adenine (10 mg) in
500 mL Erlenmeyer flasks. Each culture was incubated at 30°C for 9 days. After
extraction with MeOH, the extract was then concentrated in vacuo and the residues
were extracted with AcOEt (150 mL x 3). The crude extracts were purified with silica
gel chromatography (MeOH) followed by further purification utilizing C18 flash
chromatography and HPLC equipped with Wakopak® Navi C18-5 (¢ 4.6 x 250 mm) at
the following conditions (A = 330 nm, a linear gradient from 5% to 40% acetonitrile for
7 min, 40% to 100% acetonitrile for 0.5 min and 100% acetonitrile for 8 min at a flow
rate of 5.0 mL/min) to afford kojic acid adduct (4-24, brown amorphous solid, 4.9 mg
from 160 g of rice medium). HR-ESI-MS analysis (positive); calcd. for CicHi70s
[M+H]": 337.0918, found: 337.0917. 'H-NMR and '*C-NMR data are summarized in
Table 6-4-2. The chemical shifts of signal derived from kojic acid are in good agreement
with the reported data.!”

(E)-5,6-dihydroxy-4-(prop-1-en-1-yl)benzofuran-2(3H)-one (4-25). Mycelia of
AO-chmAB/terCOD were inoculated into a solid medium containing polished rice (25 g,
dry weight) and adenine (10 mg) in 500 mL Erlenmeyer flasks. Each culture was
incubated at 30°C for 9 days. After extraction with MeOH, the extract was then
concentrated in vacuo and the residues were extracted with AcOEt (150 mL x 3). The
crude extracts were purified with silica gel chromatography (n-Hexane/AcOEt = 1.5 to
0.4) followed by further purification utilizing HPLC equipped with Wakopak® Navi
C18-5 (¢ 4.6 x 250 mm) at the following conditions (A = 310 nm, a linear gradient from
10% to 100% acetonitrile for 9 min and 100% acetonitrile for 9 min at a flow rate of 4.0
mL/min) to afford (E)-5,6-dihydroxy-4-(prop-1-en-1-yl)benzofuran-2(3H)-one (4-25,
yellow amorphous solid, 1.9 mg from 160 g of rice medium). HR-ESI-MS analysis
(negative); calcd. for C11HoO4 [M-H]: 205.0506, found: 205.0504. 'H-NMR and
3C-NMR data are summarized in Table 6-4-2.
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Table. 6-4-2. NMR Data for compounds at Chapter 4

compound 4-10

compound 4-11

compound 4-12

compound 4-14

acetone-dg DMSO-dg acetone-dg pyridine-ds

dc Sy (multiplicity, J in Hz) Sc Sy (multiplicity, J in Hz) dc 8y (multiplicity, J in Hz) dc 8y (multiplicity, J in Hz)
1 170.7 1 169.9 1 170.4 1 170.3
3 76.3 4.69 (ddq, 11.4, 6.3, 3.5) 3 75.2 4.62 (m, 12.1, 6.1, 3.2) 3 75.8 4.76 (ddq, 11.7, 6.3, 3.5) 3 75.6 4.64 (ddq, 11.6, 6.3, 3.4)
4 35.0 2.85(dd, 16.4, 3.3) 4 28.4 2.54 (dd, 16.8, 11.5) 4 32.8 2.80(ddd, 17.1,11.7, 0.7) 4 32.8 2.67 (dd, 17.0, 11.8)

2.94 (dd, 16.4, 11.3) 3.07 (dd, 16.7, 3.2) 3.27 (dd, 17.0, 3.4) 3.19 (dd, 17.0, 3.3)

4a 143.2 4a 98.6 4a 140.1 4a 137.0
5 107.4 6.26 (m) 5 134.3 5 111.0 5 113.0"
6 165.3 6 154.4 6 160.6 6 159.3'
7 101.9 6.26 (dd, 2.2,0.6) 7 100.8 6.25 (s) 7 103.0 6.48 (d, 0.6) 7 101.6"
8 165.1 8 156.7 8 163.5 8 159.4'
8a 101.7 8a 125.1 8a 102.7 8a 109.3"
9 20.8 1.44 (d, 6.3) 9 20.5 1.40(d, 6.2) 9 20.8 1.52 (d, 6.3) 9 20.9 1.37(d, 6.3)
5-OH 5-OH 9.51 (brs) 5-OH 5-OH
6-OH 9.40 (brs) 6-OH 9.51 (brs) 6-OH 9.9 (brs) 6-OH 12.73 (brs)
7-OH 7-OH 7-OH 7-OH
8-OH 11.29 (brs) 8-OH 10.77 (brs) 8-OH 11.39 (brs) 8-OH 12.73 (brs)

A 1. exchangeable

OH O
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compound 4-15 compound 4-16 compound 4-18

CDCI,/CD;0D = 20/1 CDCl, CD;0D
38C icity, J in Hz) 38C 8H (multiplicity, J in Hz) Sc 8y (multiplicity, J in Hz)
1 168.6 1 167.9 1 172.1
3 76.0 4.74 (dq, 6.4, 2.0) 3 75.8 4.80 (dq, 6.4, 1.9) 3 77.8 4.66 (m)
4 56.9 4.81(d, 1.9) 4 53.8 5.14 (d, 1.8) 4 349 2.77 (dd, 16.2, 11.1)
2.85 (dd, 16.0, 3.2)
4a 1412 4a 137.6 4a 132.9"
5 107.4 6.35(m) 5 109.8 5 107.3 6.26 (s)
6 164.1% 6 158.0 6 153.9
7 103.6 6.35 (m) 7 105.1 6.70 (s) 7 132.5%
8 164.6° 8 163.1 8 152.4
8a 98.8 8a 101.3 8a 101.7
9 17.7 1.56 (d, 6.4) 9 17.9 1.67 (d, 6.4) 9 20.9 1.45(d, 6.3)
5-OH 5-OH 5-OH
6-OH 6-OH 6.23 (brs) 6-OH
7-OH 7-OH 7-OH
8-OH 8-OH 11.17 (brs) 8-OH
$: exchangeable #: exchangeable
OH O
HOZ ~0
HO”6 > )
5 4
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compound 4-19 compound 4-22 compound 4-23 compound 4-25

CD;0D CD;0D CDCly acetone-dg
8C S8H (multiplicity, J in Hz) 8C  &H (muttiplicity, J in Hz) 8C 8H (multiplicity, J in Hz) 8C SH (multiplicity, J in Hz)
1 147.2 1 185.1 1 145.2 1 145.7
2 113.9 2 167.3 2 111.6 2 97.7 6.56 (s)
3 145.9 3 110.1 3 143.2 3 148.1
4 143.3 4 173.1 4 140.5 4 112.2
5 126.9 5 147.2 5 124.6 5 122.6
6 114.7 6.50 (brs) 6 138.4 6 108.3 6.83(s) 6 140.3
7 41.1 2.65 (dd, 13.5, 5.8) 7 38.0 2.68 (dd, 12.6, 5.9) 7 124.4 6.58 (dq, 15.8, 1.8) 7 125.4 6.64 (dq, 16.2, 1.8)
2.71 (dd, 13.3, 6.7) 2.82 (dd, 12.6, 7.6)
8 68.8 4.04 (dq, 6.2) 8 67.3 4.01 (dq, 7.7, 6.2) 8 128.4 6.27 (dq, 15.9, 6.7) 8 130.7 6.35 (dq, 16.3, 6.6)
9 23.0 1.14(d, 6.2) 9 23.5 1.18(d, 6.2) 9 19.0 1.90 (dd, 6.7, 1.8) 9 19.6 1.90 (dd, 6.6, 1.8)
10 60.9 3.80(s) 10 10 61.2 3.90 (s) 10 34.0 3.79(s)
1-OH 5.09 (brs) 11 175.4
4-OH 5.48 (brs)
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compound 4-24

kojic acid  4-24 kojic acid 4-24

8¢ (it 8¢ iHirglig,Z)rnultiplicity, iHirE:uzl)tiplicity,
1 149.2 1
2 103.4 2 6.48 (s)
3 148.1 3
4 137.6 4
5 123.3 5
6 106.0 6
7 79.0 7 4.77 (s)
8 87.1 8 4.57 (g, 6.6 Hz)
9 18.6 9 1.16 (d, 6.6 Hz)
10 56.1 10 3.13(s)
1-OH 1-OH 9.18 (s)
3-OH 3-OH 8.16 (s)
2 168.0 167.0 2
3 109.8 1113 3 6.33 (s) 6.23 (s)
4' 173.9 173.9 4
5' 145.7 157.3 5'
6' 139.2 141.3 6' 8.02 (s) -
7 59.4 59.4 7 4.28 (s) 4.28 (m)
5-OH 5'-OH 9.06 (s) 10.07 (s)
7-OH 7-OH 5.67 (s) 5.66 (M)

HOSV = o
P
(e} 3/ p OH
kojic acid
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6-5. Domain swapping
6-5-1. Strain.

Escherichia coli HST08 and 5-alpha was used for cloning and following standard
recombinant DNA techniques. The host strain used in this study was 4. oryzae NSARI,
a quadruple auxotrophic mutant (niaD", sC", AargB, adeA").

6-5-2. Transformation of 4. oryzae to construct AO-eqxSC.

Transformation of 4. oryzae NSAR1 (1.0 x 10® cells) were performed by the
protoplast-polyethylene glycol method shown in above. To construct transformants
harboring PKS-NRPS and trans-ER genes, pTASUO-egxS and pUSA2-egxC were used
for the transformation to construct AO-egxSC.

6-5-3. Construction of plasmid harboring hybrid PKS-NRPS for conventional
domain swapping

Primers used for construction plasmids are given in Table S1. Domain boundaries
were predicted by Conserved Domains Database (CDD;
https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).

hirA(AR:asolS _R*)

The plasmid pTAex3-hird'! was digested with Sma I to afford a linear DNA
fragment, pTAex3-hirAxs-c, which has ketosynthase (KS) to condensation (C) domain
regions of hirA. PCR fragments of A-T region of hird (hirAar 1, hirAar 2, and
hirdAa-r_3), R* region of asolS (asolSr+ 1, asolSr+ 2, and asolSr+ 3) were amplified
from pTAex3-hird or pUARA2-asolC/asolS using primers set shown in Table S1. These
two fragments (hirAa-t 1 + asolSr+ 1; hirdAat 2 + asolSr+ 2; hirAat 3 + asolSr+ 3)
were assembled by PCR method using the primer sets shown in Table S1 to amplify the
insert fragments (hirda-t/asolSr+ 1, 2, and 3). Each PCR product (hirdAa-t/asolSr+ 1,
2, or _3) was then inserted into the pTAex3-hirAxs-c using In-Fusion HD cloning kit
(Clontech Laboratories) to construct an expression plasmid, pTAex3-hirAks-t/asolSr_1,
_2,and 3, according to the manufacturer’s protocol.

asolS(AR*:hirA_R)

The plasmid pUARA2-asolC/asolS egfp was digested with Sma 1 to afford a linear
DNA fragment, pUARA2-asolC/asolSks-c, which has asolC and ketosynthase (KS) to
condensation (C) domain regions of asolS. PCR fragments of A-T region of asolS
(asolSa-t_1, asolSa-t 2, and asolSa-t 3), R region of hird (hirdr_1, hirAr_2, and
hirAr_3) were amplified from pUARA2-asolC/asolS or pTAex3-hir4 using primers set
shown in Table S1. These two fragments (asolSa-t 1 + hirAr_1; asolSat_2 + hirdr_2;
asolSa-t 3 + hirAr_3) were assembled by PCR method using the primer sets shown in
Table S1 to amplify the insert fragments (asolSa-t/hirdAr_1, 2, and 3). The PCR
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product  (asolSa-t/hirdr_1, 2, or 3) was then inserted into the
pUARAZ2-asolC/asolSks-c using In-Fusion HD cloning kit (Clontech Laboratories) to
construct an expression plasmid, pUARA2-asolC/asolSks-1/hirAr 1, 2, and 3,
according to the manufacturer’s protocol.

6-5-4. Transformation of 4. oryzae to integrate chimera PKS-NRPS.

Transformation of A. oryzae NSARI1 or transformant (1.0 x 10% cells) were
performed by the protoplast-polyethylene glycol method shown in above. To construct
transformants harboring chimera PKS-NRPS and normal trans-ER genes
(PUARA2-asolC/asolSks-1/hirAr; pTAex3-hirAks-t/asolSrk + pUSA2-hirC) were used
for the transformation to construct AO-asolCSks-1/hirAr and AO-hirCAxs-1/asolSk.

6-5-5. Analysis of the metabolites from AQ-asolCSks-r/hirAR and
AQO-hirCAxks-t/asolSr..

Mycelia of 4. oryzae transformants were inoculated into a solid medium containing
polished rice (10 g) and adenine (1 mg) in 500 mL Erlenmeyer flasks. Each culture was
incubated at 30 °C for 9 days. After extraction with ethyl acetate, the extract was then
concentrated in vacuo and the residues were dissolved in 60% MeOH (5 mL). The crude
extracts were cleaned up with SepPak Cg (Waters; Wash with 60% MeOH [700 uL x 2],
elution with 100% MeOH [700 pL x 2]), then analyzed by UPLC-MS system (Waters)
equipped with QDa. As the stationary phase, a C18 column (ACQUITY UPLC BEH
C18 1.7 um 2.1 x 50 mm) with a binary solvent system consisting of acetonitrile
containing 0.1% formic acid (solvent B) and water containing 0.1% formic acid (solvent
A) was used. The following gradient with a flow rate of 0.7 ml/min was applied: 0.0 —
3.0 min = 40% - 100% B, 3.0 - 5.0 min = 100% B, 5.0 - 5.5 min = 100% - 40% B, and
5.5 -9.0 min, 40% B.

Compound 5-2. The crude extracts prepared from AO-aso/CSks-t/hirAr were purified
with silica gel chromatography (CHCI3/MeOH = 50 to 1) to obtain compound 5-2 (14.2
mg from 600 g of rice medium).

"H-NMR and "*C-NMR data are summarized in Table 6-5-1.

Compound 5-3. To a solution of compound 5-2 (8.4 mg, 20 umol) in methanol (2.0
mL) were added TMS-diazomethane (2.0 M diethyl ether solution, excess) at room
temperature and the mixture was stirred for 1 hr. The reaction mixture was quenched
with acetic acid, and the resulting mixture was concentrated in vacuo. The residues
were purified with silica gel chromatography (CHCI3) followed by further purification
utilizing HPLC equipped with J-Pak vario XBP C18-L, 5 um, 150 A, 4.6 x 250 mm(D)
at the following conditions (A = 280 nm, a linear gradient from 40% to 100% acetonitile
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for 15 min and 100% acetonitrile for 15 min at a flow rate of 1.0 mL/min) to afford
compound 5-3 (colorless oil, 1.0 mg, 2.3 pmol, 12%). [a]p** 13.5 (¢ 0.3 MeOH).
HR-ESI-MS analysis (positive); caled. for C26H37NOsNa [M+Na]": 466.2564, found:
466.2556. "H-NMR and '*C-NMR data are summarized in Table 6-5-1.

Compound 5-5. Mycelia of AO-hirCAks-t/asolSr+ were inoculated into a solid medium
containing polished rice (50 g, dry weight x 10) and adenine (10 mg) in 500 mL
Erlenmeyer flasks. Each culture was incubated at 30°C for 12 days. After extraction
with acetone, the extract was then concentrated in vacuo. The residues were added
MeOH (final 5%) and washed with n-hexane (500 mL x 1). The water layer were
purified with ODS chromatography (Wakosil® 40C18, 10% MeOH to 100% MeOH) to
obtain partially pure compounds (62 mg). To a solution of crude extracts (32 mg) in
methanol (3.0 mL) were added TMS-diazomethane (2.0 M diethyl ether solution,
excess) at room temperature and the mixture was stirred for 2 min. The reaction mixture
was directly concentrated in vacuo. The resulting residues were purified with silica gel
chromatography (CHCl3/MeOH = 100 to 10) followed by further purification utilizing
HPLC equipped with J-Pak vario XBP C18-L, 5 um, 150 A, 4.6 x 250 mm(D) at the
following conditions (A = 266 nm, a linear gradient from 40% to 100% acetonitile for
15 min and 100% acetonitrile for 15 min at a flow rate of 1.0 mL/min) to afford
compound 5-5 (yellow oil, 0.2 mg from 250 g of rice medium). 'H-NMR and '*C-NMR
data are summarized in Table 6-5-1.
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Table 6-5-1. NMR Data for 5-2, 5-3, 5-5.

compound 5-2 compound 5-3 compound 5-5
CD;0D CD;0D CeDs
8¢ 8y (multiplicity, J in Hz) 8¢ Sy (multiplicity, J in Hz) 8¢ 8y (multiplicity, J in Hz)
1 168.9 1 169.0 1 165.6
2 49.0' Deuterium exchange 2 49.0!" Deuterium exchange 2 48.3 2.75(s)
3 206.6 3 206.4 3 205.2
4 43.3 2.42 (t, 6.0) 4 43.3 2.4(t, 6.2) 4 43.2 1.89 (m)
5 24.6 1.47 (m) 5 24.6 1.47 (m) 5 26.6 2.08 (M)
6 27.6 1.23(m) 6 27.6 1.23 (m) 6 128.1 5.25 (m)
1.29 (m) 1.29 (m) 7 131.8
7 37.5 1.10 (m) 7 37.5 1.11 (m) 8 30.6 1.92 (m)
1.31 (m) 1.30 (m) 2.00 (M)
34.4 1.47 (m) 8 34.4 1.47 (m) 9 36.7 1.16 (m)
9 41.1 1.88 (m) 9 41.1 1.88 (m) 1.39 (m)
2.05 (m) 2.05 (m) 10 33.2 1.47 (m)
10 131.2 5.50 (m) 10 131.2 5.50 (m) 11 40.7 1.91 (m)
11 133.0" 5.98 (M) 11 133.1 5.98 (m) 2.07 (m)
12 133.1" 5.98 (M) 12 133.1 5.98 (m) 12 132.7 5.63 (dt, 14.4, 7.4)
13 127.4 5.55 (m) 13 127.4 5.55 (m) 13 132.6 6.14 (m)
14 18.1 1.71(d, 5.6) 14 18.1 1.71(d, 5.1) 14 131.1 6.17 (m)
15 19.9 0.86 (d, 5.4) 15 19.9 0.86 (d, 5.6) 15 131.6 6.17 (m)
1 55.4 4.64 (dd, 7.0, 4.1) 1 55.4 4.70 (dd, 7.2, 4.6) 16 132.5 6.10 (m)
2' 174.6 2' 173.3 17 128.9 5.56 (dq, 14.7, 7.0)
3 37.7 2.88(dd, 11.7, 7.0) 3 37.6 2.92(dd, 11.7,7.2) 18 18.3 1.61(d, 6.9)
3.12 (dd, 11.6, 4.1) 3.10 (dd, 11.7, 4.6) 19 19.6 0.88 (d, 6.6)
4' 128.9 4 129.8 1 54.0 5.03 (m)
5' 131.3 7.05(d, 7.0) 5' 131.3 7.12(d, 7.1) 2' 171.9
6' 116.2 6.69 (d, 6.9) 6' 114.9 6.83(d, 7.2) 3 37.5 2.80 (dd, 14.0, 7.6)
7 157.4 7 160.2 3.05 (dd, 14.0, 5.3)
8 116.2 6.69 (d, 6.9) 8 114.9 6.83(d, 7.2) a4 128.1"
9 131.3 7.05(d, 7.0) 9 131.3 7.12 (d, 7.1) 5' 130.7 6.95 (d, 8.5)
loverlapped signal with the solvent peak 10 55.6 3.76 (s) 6' 115.8 6.65(d, 8.4)
1 52.7 3.70 (s) 7 156.0
HOverlapped signal with the solvent peak 8 115.8 6.65(d, 8.4)
9 130.7 6.95 (d, 8.5)
10 51.8 3.26(s)
NH 7.40 (d, 7.7)

”Overlapped signal with the solvent peak

compound 5-2

PNy (0]
10 2
6 41 N7170
H

5 3
compound 5-3

compound 5-5

139



6 XN INTTNO 15

compound 5-3

@ 0 @/EW\
3 / LH @>

HMBC; —>
COSY; ==

18

compound 5-5

ﬁ-h 0
HO 0 0 2
é‘\ - NN CH
= 3
‘ S HJ kCH}
H o)

HMBC; —>
COSY; ==

140



Table 6-5-2. Oligonucleotides used for construction of expression plasmids harboring
biosynthetic genes of chimeric PKS-NRPS.

Size
Insert Restriction site Sequence 5°-3”
Vector
F: ATGTAAATGTGACTCCCGGGTCGAAGGTTGCTG 1.6 kbp
hirdAar_1 -
R: TGCAGGCGCATCAAGAGCATCGAATTGCCTCCAC -
F: ATGTAAATGTGACTCCCGGGTCGAAGGTTGCTG 1.7 kbp
hirdAax_2 -
R: TGTCTCCGCAGTCCAGTCAACGATACTGTCAG -
F: ATGTAAATGTGACTCCCGGGTCGAAGGTTGCTG 1.8 kbp
hirAar_3 -
R: AGGAAGCTCGTGGCTCCAGTAAGCACCACAACC -
F: TGGAGGCAATTCGATGCTCTTGATGCGCCTGC 1.3 kbp
asolSr+_1 -
R: AGCTACTACAGATCCCCGGGTCACATGGCCCCGAGG -
F: TGACAGTATCGTTGACTGGACTGCGGAGACAG 1.1 kbp
asolSr+_2 -
R: AGCTACTACAGATCCCCGGGTCACATGGCCCCGAGG -
F: AGGTTGTGGTGCTTACTGGAGCCACGAGCTTCC 1.0 kbp
asolSr+_3 -
R: AGCTACTACAGATCCCCGGGTCACATGGCCCCGAGG -
F: ATGTAAATGTGACTCCCGGGTCGAAGGTTGCTG 2.8 kbp
hirAa-1/asolSr+_1 Sma 1
R: AGCTACTACAGATCCCCGGGTCACATGGCCCCGAGG pTAex3-hird
F: ATGTAAATGTGACTCCCGGGTCGAAGGTTGCTG 2.8 kbp
hirAa-1/asolSr+_2 Sma 1
R: AGCTACTACAGATCCCCGGGTCACATGGCCCCGAGG pTAex3-hird
F: ATGTAAATGTGACTCCCGGGTCGAAGGTTGCTG 2.8 kbp
hirAa1/asolSr+_3 Sma 1
R: AGCTACTACAGATCCCCGGGTCACATGGCCCCGAGG pTAex3-hird
F: TATGTCCAGCTCGCATCCCGGGTGGCTGGGGTATC 1.7 kbp
asolSa-r 1 -
R: AGCTCAAGGAGGAGCATGGAGTTGCCGCC -
F: TATGTCCAGCTCGCATCCCGGGTGGCTGGGGTATC 1.8 kbp
asolSar 2 -
R: TCGTTTCAACCTCCCAATCGATGTCTTCCGG -
F: TATGTCCAGCTCGCATCCCGGGTGGCTGGGGTATC 1.9 kbp
asolSar 3 -
R: AAGCCCGTTGAACCAGTCAGCACGACCTC -
F: TGGCGGCAACTCCATGCTCCTCCTTGAGCTG 1.2 kbp
hirdr_1 -
R: TCATCGGGTACGACTACCCGGGTTATTTTCCTTGAAG -
F: ACCCGGAAGACATCGATTGGGAGGTTGAAACG 1.1 kbp
hirdr_2 -
R: TCATCGGGTACGACTACCCGGGTTATTTTCCTTGAAG -
F: AGGTCGTGCTGACTGGTTCAACGGGCTTCC 1.0 kbp
hirdr_3 -
R: TCATCGGGTACGACTACCCGGGTTATTTTCCTTGAAG -
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F: TATGTCCAGCTCGCATCCCGGGTGGCTGGGGTATC 2.8 kbp
asolSa-1/hirdr_1 Sma 1

R: TCATCGGGTACGACTACCCGGGTTATTTTCCTTGAAG | pUARA2-asolC-asolS_egfp

F: TATGTCCAGCTCGCATCCCGGGTGGCTGGGGTATC 2.8 kbp
asolSa-/hirAr_2 Sma 1

R: TCATCGGGTACGACTACCCGGGTTATTTTCCTTGAAG | pUARA2-asolC-asolS egfp

F: TATGTCCAGCTCGCATCCCGGGTGGCTGGGGTATC 2.8 kbp
asolSa-t/hirAr _3 Sma 1

R: TCATCGGGTACGACTACCCGGGTTATTTTCCTTGAAG | pUARA2-asolC-asolS egfp
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