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12 K
11, RREBEET 5 ZRAHEY

AEMOENTIZ, 7 BOIENGEE, B &L AR L, AR R0
RN —RAHED D E SR STV D, ZHUTxt LT ZRIEIEMIZIT, SME» & &5 % 5F
B DEHER, RRAEEFT D7 = a T AW E X505 ENEET
Do ZIVDITRFE DEWNTARIE L. M OMERFICITERERIR L7200, Hix R BID 729,
—WMHED ZFE e L TAEGR SIS, “RIHEDIZ, A \e U BERAF LY A Y L
—-4-U CREHCRDA Y TV BN RN E T T AR HERRECRORY rEA R T
R BHEROANTTF RRT AT a A Re | RS 72 5 —IRIEEMIC K> THE IS D 1],
HERF /) AURBEINDRRENEFET D RHED I, SR A2/, THE
RAEPEVEZ R LA E AFET D, 2L AT r— /UK Al lovastatin (AR ) 7% A
RYRCHUAEWE penicillin 26 (JE Y R Y — MEAFATRIATF R, fE# A LE 2 gibberellin #1 (7
NANFZZFDOREFTH S (X 1-1-1), 2D KL 5 ITHERIEEL & O RRE KR mL, E
FMOBEEDO Y — MEA o Y — 2 L LTHIR S L, SRBIIRNIERITIThh TE 7,

OH
" o H
o 0 H B =
H /z . (6)
@ “1OH © OMe
HO N 0
HO™ CO,H OW\/\/\”/OH
I
OH (e}
aphidicolin gibberellin fumagillin
DNA polymerase o inhibitor phytohormone antimicrobial agent
H z
N s
(7 X
°
O/‘OH
radicicol lovastatin penicillin G
antitumor agent cholesterol lowering drug antibiotic agent

1-1-1. SRR 23 AERES D ZIRIGEHTED

Fio. LA CTIX LR % 53 2 R OB B#Z ., AT EDO L HITHEEL T
WDHDIN? ] LWV RIVITEZ DL < DILFEENRFEITE > THIFEZIT> T&E T2, K
R DOEL AR SN TP il T2 TRER ) 2o ToigEIlc L0 | B FEHEEE
BEROERIC L Y RFEHBITER SN i-th, BEiEEESERT 52 & TREMBERIND
ZERbho TE T, LLTIC, KR THEETHT AR LR &4 RIZED L B#E
R O A 507



<T R BAbEESE>

TNARVBUEERIL, A Y T L=y N ThHA VYR T =) Vg (IPP)B LYY
AF T VY UEE (DMAPP)ELE L7 7 7 LX)V U U (FPP)RS 7 = V7 5
=)V U U (GGPP)2 E DT F TN RBURFIEBMAZ B E L, 7V RERILEDZIE
R D, TANCEREERIL, B r ) VIBOBRBEC XV A CTEANR I T A D KER
), BIEBL E ORI E T 5 2 & TRIWAE 52 5, B—OIGHEEA T THEIT T 5%
BeBE OGS DTS . T N BALBER ORHE Ch D, £ ORCHREIT, EIT. R
ARATER AR 2 I 72 RO R RAY e B R FER e LIC L . BEICHEIN TN D [2]
BT T, BEYLREE (DFTEZIGH L7 SUSHROHEE 2 & biThbi D L HIZh-o T
7= 3],

)\/\OPP -— )\/\OPP

isopentenyl diphosphate dimethylallyl diphosphate
(IPP) (DMAPP)

W Terpene cyclase
A A
OoPP R ——

geranyl diphosphate (GPP)
l )-limonene

Sy qé -
farnesyl diphosphate (FPP)

aristolochene

N N N N""0opp -

geranylgeranyl diphosphate (GGPP)

A A A X X oPP B —

geranylfarnesyll diphosphate (GFPP)

ophiobolin F

1-1-2. T IV~ U B bEESE D R

KEELZIL, HIVAR T A DERMEREOE NI LY, classl & class I 1T LD, i
FTIEDDXXD EF—7 D L H) R& e e TF—7 L EEa L MeEA Ao n ") vk
EMAL L., BT D2 & CTHONRIF AL ZRESED, %ETIE. DXDD EF—7 %27 1



FARE LT EHEEN T 0 bAbT D2 ETHARDF A543 5 [4, 29 Lzt
SREADBEEFRIZ N2 T, Class |, || DERAVEEHE DN HHTHI M < BEESC, 1R L R HETF—
THHTDHUbIAZA T OT V= VHEERBIESR [B]. B A T TR UAEKEESRE [6]03 0D
S TWND, FHEEOEBWEEROFIHIL, 29 LI#H LWX A T OB bEESE D3 IR X <
FH L TE T, FEE, BFRE T, %k T 2805 BAE EHRBLR & VWO EEEOE VU R
TLEEMT 2 2 & T HRITKEBRIT T, IKFEE25 OB A Z TN A ERT D Re
TN B UESE - sesterfisherol BRILEER 20 LT, £7o. JEEEER OE TR IC
£V, sesterfisherol ~D N THEL D LB X LIV F A MERRIE HIRE LB
EIRDBIFICER Y Uiz, & ORJSHEMET, DFT FHE-CHERRRTENA Z W2 7~V ERIC K
D EFES Tz [7].

1-1-3. YHFFEEE THAAT S 3L 7c ZHERENE 7 L~ BRABESR O SRR

<KV & A RERkEESE>

RU T2 A4 REREESE (PKS)iL, IR G RS E B LB RERETH Y, EOR
OHE A BT E AT A2REEERAL (R A A )R HER STV 2 — /U Lo TR S
ND (12 1-1-4), HY &2 A4 NOREEFEIE. ~ 1=/ CoA 7 £ F /L CoA ZFE & L. %
KA A DNERICHERET D 2 & TREHEZMET D (X 1-1-5).



1-1-4. HR-PKS (LovB, C)? Cryo-EM # i~ v 7 (3.60 A)[8]L V&I
(LovB: 335 kDa, LovC: 39.5 kDa)

LovB (HR-PKS) LovC (trans-ER)
o @BDD &
MT
KR KR
KR KR DH DH KR
DH ER ER DH
S-Enz —> S-Enz —> O, S-Enz O S-Enz O S-Enz — S-Enz
o] o] |
AN A [¢]
o) / | . § e
A o A ! Diels-Alder
Reaction
KR
DH

1-1-5. RN U & A REREESE D

WU & A REREZR OSREMIT IC 361 D8I, 1) PKS & A5G LIREE TR
ROSPEITT 2720, BUGIERE TERT 2 PREROBIRICIIRNEEZ S 2 &0 2) BEX
MR THLNPRIT, BEROWVBDPEE L < MM BESR A2 T2 in vitro OFFAT 3123
REFITH D Z ENRFET LD,

WMAFFER TR L7 B BB R IL, PKS OfITICBWTHL AR THY , 2N ETIZ
betaenone, didymellamide, solanapyrone 72 £ PKS X°> PKS L JEV AR Y — AT F RERK
g% (NRPS)AS S L72 PKS-NRPS 12 &L » TAARKR SN D KW O BRAEEICRE L, &£
ORI A S M LT & 72 [9] (K 1-1-6),



H
solanapyrone C

PKS product
OH
%
4
0o NF N
desmethylprosolanapyrone | dehydroprobetaenone | AsolSC product
Sol1 product Bet1/3 product

1-1-6. HHFFEE THAT S 72 PKS LAEKT 2R Y 7 2 A B ERE L ORRY) OffiE

1-2. RIREXRBYAESREBIEE T O RERELC X DT

AARGEA T ORBREE L LT, H <D RBECEES AW LI TE 2, WEIE,
BIATHIEFIERHL SN TEY , BEXI X —LBETH D, £, BRHIIKGE & B
DS R EDORBBARETH D L VIR B TN D, LLen b, SRIREHRO
BARTOREHREUZIB N TL, SRIRE & AT T A v TN 572012, KIGE SRR
EHWEHEARTIE, A1 bara2gi7 /) LADNABSYIZHWD Z ENRTERY, D72
B, 1)MRNA X 0 ##55 L7z cDNA ZT 2 0B TH 5, 2) IELK AT TA v 7 3h
7= mRNA 215572012l WUIRBEEFMFOBRFPLETH D, 3) HEERMER T T,
BALTEEINIELLS A v ba rBERESNTZEIITH L2 ENZHET5 2 ENEE L,
LWV O RIENH D,

KIGEECBERE A2 AW AERIEDRIE R 2 Mi7e L, Mk T & 2 RIRTE HORIE s 0 A%
BTy L LT, Aspergillus oryzae <° Aspergillus nidulans %15 3 & U 7= B# SRR HR B
FENTE I, YWFFEETITTEICHE A oryzae # BAERIBIE L L THWTE -, WEE
FERBLROR S AU TICE L DD,

1) %/ 2 DNA 5| % 45 A AT HE
HE DN ET 5 FREHROBEF THIUT, A > b &2& A7 gDNA BB IE L <
W5 AT I/ WREND, TOTH, mRNA OFIflAR Y2175 = & 72<
ERTDEETZMTT& 5, AT, GERIETIRIREER o 7oHAER R T % S
FHTHZETHLNMEAMERET 52 L b TE 5,



2) BECEIGE T DA X 5 KIY O Bffifig A FEN 7 HE

—JEICHEBEOEG S A FRHCRESE D 2 T, KO RBFEE ZAENTRETH D,
I E TIZYUAFE=ETIL. ophiobolin F [10]X° penitrem A [1]72 EDT L) A K,
betaenone [9])72 & DR U 7 % A K., ustiloxin B [12]72 £ RiPPs ? A1 14 pE & 1
L THY | R OBFIURIE LWL EZFF > Z 2 oM L TE T, £,
HFEHORAESGEIR T cDNA Z 2581 L, pleuromutilin [13]D 424 & fk & 2Rk
LizZ &inh, RFERBUATREZRAEMFEOFI G LN > T\ D, BEEDDFH72 5T,
AEERTRE OGBS TE 570, BIEFOEARIROMBEE(LNS, BALERLST
DEREZ BN TE 5,

3) WEMEARNTIZ 14y 72 B DAV AW % A7 AT RE
A.oryzae 137 X 7 —BHEIEFEZRBLIEL2ODM )72 7 nE—4%—PamyB # A L,
1Yy MLVORET, gHBEMNTT I T —BEAEFETEDIEE X R EAEFERNIC
BTG, 207, FET 0 E— 2 —HE RIS G 28 AT 2751 C, i
TG TR ORI & . R E A L7V T 100 mgll 13 & OREERRATIC 15372 B
CAmEAFETE B,

4) BABRFIZIEBMR ARG RREEY 2 B R L 72
AR & S BHER CORME EAPETH DI BEDL ST, Ak Lo EED I TN
DIEPBERIC L DS EZZIT D Z L7 MR TERT 5, TD7D, HHELE
REY DAL AEE 2RO D Z LT, A LB FOMREZ HEE TX 5,

5) BEFE DM & BT HEERCHEME A BT SRR 2 TV D
P450 7¢ & el Tid, MG 28 TR L 0BT OMEALETH L0, B
WTEPED IR TTEESE O IEZRENE N - OIZ, Bk, BTS2 EAT L L E
fifiEE RN ERET D, T D72, A.oryzae %I L7z P450 O BFEFE B - MEREMAT NS
BRESND Lo TEz 14, £72. F T AR—Z =L HREIEFD
72 LVEFEEDO S DILEMDEFE SN G AT OMEEZRT Z E R0,

—J7 BT BFETE FERBRO KA 1) B FEANER AR~ — I — 372 &
2) %< OFANCTIEZ R T 72D WEEBIIEDO R 7 ) —= U TIZHE S IRWFEAIRZ N2 &
3) BETFREMKREL D EBEFEAENREIRY, A7 V==V TIZFEMB21D 2
LR ENREFT LD, LML, ZROORMBEIE, YHFRETHEALIEA Y hAKRY b (=8
ANBAL T2 100%FEBL T 2 35~ DRI 2B BN Ry ARy ~ ) v 7 A BT
Ko TSNz, o, AFIETIE, KR KRFTHBEEIATLY 1 7L X7 L (cas9
BT 7 A REETRENSBEREER AT 2 EFIHL D), RL~—h—



EROIRLAATEZ ENTE D, AFEEZAVWDLZLICE > T WERAZ ) == JI2F
D3> T2 DNA A DK E RIBIE LD BIRAF DO —Z8E AT K D HERe RT3
PR L FERTE D L DI » 72, FEBRIC, erinacine [15]%° cyclochlorotine [16]72 £ D A4S

FRIFAT DT DTz,

Aspergillus oryzae

AO-WT ————= AO-GGS/ACS ——— AO-GGS/ACS/P450-2 —— AO-GGS/ACS/P450-2-1

U U

OH
HQ HO C""'
H
P450-2 P450-1
HO"

OH s
intermediate 1 intermediate 2 OH  aphidicolin
130 mg/kg

1-2-1. B BAESEHRIC X 5 aphidicolin & A& R fAEHT

OH
OH
o oH
OJ<> N
OH AcO CH,OH
ophiobolin F penitrem A pleuromutillin erinacine Q
Cl
HO OH
P 2
O~y CO,H N Cl
B “'H
. Oy, 0
S NH |, "HN™~0
HO,C_ N o NTk/
= H
NH, OH ~NH o]
Me OH
betaenone B ustiloxin B cyclochlorotine

1-2-2. B BAER BRI K o THEGRMNT & 2L L 72 R

1-3. Afw3X D BHY

SRBE R R O LG I I 2 BEiIESR X, BSOS & B (il L CHEHE
IRIRFERE AR S D, T 0 LI-FEEROMERERT - BEREARNT IS, KIGE - BERE - BIpd &
STEHEMEO BRI E TH D, KL T, 2NHORIREMAGDESL Z & T,
KRB G RRINZIB1T D KRR & R+ 5 Z L ITpkP L7z,

10



2E T, RNV E LT T VDR LT, RREICBIT ST T U U BAES
RO RDOFETH o T BEFERER LR L, 77 vV VBREGR ORI & Zik Lz,
Fio. BAUTFHT VU BALEEE OB, TR OHEE 1T 72,

3ETIL, RIRBEE AR Y 7 ¥ A REREER ORSREMNT & LT, # 0 K LIgRET 245 K
AA VB HONRIBIMEICOWTHIZE LT, KU 7 ¥ A REREER O BFERIUC L DK Y
2 A RO EEE - EEREICE D STARELE S O BRI 2520 Lz,

2 3CHk
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2E MR NEVT TV VBREARITE
2-1. &5
2-11. RN E VT TV

FEM R IVE T, FROIBENI D00 b TR ILBITAET 2 AL EamTH Y . b
TIRWREEL (0.01~1 uM) T, lE « b E D2 oA BRE A2 T oME Th 5,
1970 ELLRT AL O TV AW AL E V1T, A—F > (auxin), PV U~
(gibberellin), %1 k #14 => (cytokinin), =5 L >~ (ethylene), 7 7+ " > li# (abscisic acid)
DESFEETH D, (X 2-1-1)[1],

CO,H
H,C=CH,
Ethylene
'OH COZH Auxm

abscisic acid (ABA)
o . 'OH y
» OH NN

L A

Gibberellin A3 Cytokinin

2-1-1. RERLEW AL - DL

T TV UMW (ABA, 2-1)1E, 1961 4EIC Liu Ik~ T, U X O L REOHEPL A (LT
LWEE LT, VEOEMNILHBESNIALEMTH D [2]. [ZD%OMHTING | 2R EHEN
72T CTlde < KALOBASH, F 1 DORECIRIRIC 005 Z ERBH BT S, FFIZA R LA
WE LR BRI H DA NV ARNLELThDHZ EnmnSiz] (B1LvEIH) (M 2-1-
2), ZOX D 7HERED . ABA BA LRI R - ARIE - HEN S ORE, REOAR - A
DIREIZHN THDH Z ENHEINTND 4], FERIC, KETIE R~ 7RV E0oT
B3« RIEFOIERE AfRER], FFERMIOFTHEAI L L TREFH SN TN D, E2, fF
SREIIWTED X 9 I I 7 & CORMECEE~OF AN SN 5,

(4 2-1-2. ABA OHE; A) HolSF T TRALOMSH  B) FEIFOHIH
(£ ; WEOHY), 45 ; ABA Z O LR WHEY)) FHE KT MAEBELELY TG

12



ABA [ZFEFHEWTE T T, 7 /AT VT B, ., X SO, B R
7. B, IR CE oM D RIS TWD [5), F7o. ERE T, WYL
® Cercospora J&=° Botrytis J&72 £ 75 ABA ZApET 2 [6], WEMIRIREIZEBIT D ABA D%
FE LT, Ja7 D ORIER, AHFEROEREZIME S TS Z LTz, 8B ORLVE
ERERELT 2 Z L CRAZRSICT D Z LR ERREIN TS [7], EBE. ABA A5
Jil SR 2 R U 7o BE T~ DIEG I 3ERT 5 (8],

21-2. TV UVBRERGEMIEDOE R

T TV OGS EARE IR B & ARIRE TR D Z ENMb TV D, Y T
B-carotene ZifRH L7 mT /A FRREA#RE SN TW5, B-carotene NHAERHKIND
9-cis-zeaxanthin (%, zeaxanthin oxidase, neoxanthin synthase (NSY), dioxygenase (NCED)
DOYEAIZ LY xanthoxin ~t E#i X%, KWT, xanthoxin (24 LT, 6 BE FE LUK
7 VT e ROBIEDSETT 52 & TABARERKINLD (M2-1-3)[9, =25 «- X TH
[FER DRI T ABA BV ER IS ND LB B TVD [5],

A A A _ = A A A N oPP

FPP (C15) GGPP (C20)

- NV Y Ne YN XN

X

B-carotene (C40)

zeaxanthin oxidase
oH neoxanthin synthase (NSY)
dioxigenase (NCED)

_

"’o\ b - "’o: b - "'o: b
HO X CHO o CHO o COOH
xanthoxin (C15) abscisic aldehyde abscisic acid (ABA)

2-1-3. FlAEH CTOT 72V UBAEAKRRE (a7 /A4 FRRE)

13



— 77 SRIRE CTOEG BRI XA IZBRIC L VHEE SN TWDIDATH -7, K
AUV Botrytis cinerea 1. dihydro-ABA (2-5) (1986 4£) [10]. 7/ /L =t— 2 (2000 4) [11].
a-ionylideneethane (2-2)# L O" allofarnesene (2-9) (2004 %) [12]DEEGAR D 5-F2BR 13T
bivlc, TOMR, Y L1380 | A\n VEERKIC L > TEAR SN 7y vV
U g (FPP) 7% 2-9 8T 2-2 ~L B, TOHROBIEMIZEY 2-6 Zf&H LT
ABA ~ & B S N DN TR S L (K 2-1-5)[12], £7-. 2004 4121% cytochrome P450
DBAR T TR OFE R ABA A ARIZ B0 2 8151 bcABAT IS [FIE S v [13], & HIT,
2006 4FIZ1EZ O A0 OB AR 1 DR BURNT I L OB 5 T ER 31T 4, cytochrome
P450 T& %5 BcABA1,2. fE{liE cli%s% BcABA4, FEREARANEESE BCABA3 D 4 [EZE D725
ABA G RGRIA -7 T A =R & (X 2-1-4) [14], VL EOBZEIZ XY | B. cinerea
TIEERALIA 2-2 2% 3 FEDEAE%SE BcABA124 (2 X 2 (LI 72ER St %2 5% 7 T ABA ~&
b & RSN (M 2-1-5) [13], £7-. HEREREOEES BcABA3 [TH G EI 1B 5-
THEEZLNT [13], LU D, 1) EERICBWTHE 7225 FPP 25 2-2 ~DEAL
B Z e D EERE AN E STV RV, 2) 3 TEIEOEAEESE OMEREN TR Sh T
72N L ABA OGRS IZIT AR e A3 < STV e,

A)
bcABA4 2 1 bcABA3
_«_- ’ ‘— Botrytis cinerea
SDR P450 P450 Functionally unknown enzyme gene
B) C)
mevalonic _ .
acid 30 60 90 120180 [min] ABA dihydro-ABA
bcABAT 263.128 Da 265.144 Da
B. cinerea 1330 129
bcABA3
AbcABA1 N.D. N.D.
beABAZ AbCABA2 N.D. N.D.
bcABA4 | AbcABA3 N.D. N.D.
RNA AbcABA4 665 5420
genes

N.D. = not detected
2-1-4. B. cinerea TO7T 7 v ¥ L ERAEA A FE
A)ABA EARRIBE T 7 5 A % — B) ABA A A RS T- 0O R BT O f5 5
C) ABA Al n DR KIZ L D ABA, dihydro-ABA O EFERE DAL

14



O._..OH o * o *
OH
----- > e & [
' Ny - ---- _CoA ... /U\>\/\ ..... )\/\
HO OH = )J\s Co > 0 OH > oPP

OH
glucose acety-ICoA mevalonic acid (MVA) isopentenyldiphosphate (IPP)
*
_____ . | NNopp oo | | S N | NN
----- E
farnesylpyrophosphate (FPP) allofarnesene (2-9)
_____ N B?f\_?‘_\”z B_C_‘TF‘{*“
COZH COZH
a-ionylideneethane (2-2) d|hydro -ABA (2-5) abscisic acid (ABA, 2-1)

2-1-5. B. cinerea TO7 7 2V VBT AG GRS (T /40~ A4 NifkiK)
# UBFICE CHEREARAT Lo BER . Y G ERICME DN LAY

29 LIEBE T, YHFE=E0/NRIEL, AT AlHE7e B. cinerea MAFF 306914 % S5k %l &

LT ABA EEHMIIEZBIAA LTz, £, 3MOEBMMREOA—Y n 72 rsu—=7 1,

HIZE AR AO-bcABA124 ZFRLLT-, RWT, HE L 72 I EHEEHUA (AO-bcABA124)
WZxf LT, 3RO PAAA R PIA 2-2, a-ionylideneethanol (2-3), a-ionylideneacetic acid
(2-4)2BH L= ZA WTHROLEW S ABA~E A X7z [15], 2k v . DB. cinerea
MAFF 306914 H kD &fifil#% BcABA124 NIEF IZHEEET 5 = &, ©2-2,2-3,2-4 7% ABA 4
ARBEEOFMATH D Z LR LN T2, e, Bikd 5 X 9T, HMEARE AW
T A IS R SOR L It 2 I3 % N T2 in vitro EBR7 8D BRALBIIERTRUS DR %
SO <RI L7 (K 2-1-6), ZAUZ LY. ABA AESHRICI TR S 7o AR
FPP 715 2-2 ~D BV UG % il 9~ H iR O FFEICK B AT,

2 F T, RIREICBIT D ABAAEARICBW TR KD E SNTEZ FPP G 22 ~D
BRAUIS 2 i3~ 25 7 N U BRAVBER OERBR AT o T2, FEATHIZEIZ BT 2 B F IR ER
DFERING . A FA~DB G- 2MEf STV T ERER A& s 7 beABA3 (2% H L, KIGHE
SBEZE L & LI EEMEO B WREBLRE AWV CHERREMENT 217 > 72, £ OfE%:, BCABA3 28
22 2T ORI A TOTNRUBRTH D Z L EWA BN Lz, ZORRIRER
{LREREIE, BT IR LT RIBE & 18 1 & T 2 A AR HASEER & R AR ARE R AT B A 2 F
eSS B SIS Lz, & 512, BcABA3 (M2 T /L~ B LR ICIRIF S LD
RO TT—7 2R o TR, ZBRIFATIC LY BcABAS FEVERRAL 2 H#EE L7,
Flo, T IHREEOEGIC L5 FERERICHNE NI N FEDL 70, BfE ERBUC L O
L7 T 072 2-2 & AW T, BBV ER OGS % B et Lz,
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a-ionylideneacetic

BCcABA1 BcABA1 NN
_> _>
CHZOH Co,
H
)

a-ionylideneethane (2-2) a-ionylideneethanol (2-3) acid (2-4
A oryzae
BcABA2 ’OH BcABA4 ’OH
——
002 7 : COz
dihydro-ABA (2-5) NAD* NADH deoxy-ABA (2- 6)

BcABA4 T
Co2

2-1-6. UWIZESE THENT L 7= ABA /LA RIS

2-2. FHHET VU BR(VEER BcABA3
2-2-1. BcABA3 DOH$REMENT -in vitro-

YR E TIT o T UEW AL IZ5R & DRTZAT DAV TR OB A B TR OFER M 5
[15]. ZEARITEIACTH S 2-2 1%, MM EEIIC b oL 15(015)0>ﬁu%u4<f%5 75
NIV U (FPP) InBAEGREND L& 2 bILD, FPP O w U W o i it 2 ik
RE LTBLRUGIE, FEIZ DDxxD £EF— 7 NSE EF—7 LW oo &RBfiatTF—7%
H9 5 Class | 7 /U BUEERIZ L 0 ikl X2 23 (IX] 2-2-1), Class | 7 /L~ BRALESR
WEGREE T2 7 A — EICRONLRNWTD, 177 A —IZEFE L TRV T L
VRGBSR D ONCEET 2 DO TIZRWN? | EWIRED T, BRILEEREOERKE S HED B
T& 7z, 2018 4, fth 7' /L —7 DHfFEC, B. cinerea ATCC58025 #7231, 2 5 fliD & A X7 /L
U BRAGEESE DR BN I L OB I FEBR DM T 4L, ABA A RGE S 1 & [F CHEIAN
A—rZm L, RERSHD L ABA DAEFENHEKT 58 AF T L~ BR{LEESE BCABAS H3A
E S 4L, ABA LSO EMES A O L PRI [18], Lo L7223, BCcABAS 8
22 %5 2 HEBEHRERERENRE S TOWARWZ STz, 7722 —PFEET S
HEBE R AIEE T- bCABA3 MBS U 7= A is ABA OAEPERTES: L7 L\ 5 SeF7RT%E [12] &
FJE LT ERRERICT 2 ER B ITOI TR o 7o, ARFFETIL, Bin TR IR OS5 1
ZEEAML L, BCcABA3 37 LU B ERESE & LT FPP b 2-2 ~OBRALISIZEE 535 &
FAEL CTHEREMRIT 21T o 72,
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A) B)

R
aristolochene \‘\
synthase !
1 P Class | ¢
r e (|
lonization-initiated OPP*\
-
. -
aristolochene { DDxxD
/

C) DDxxD motif NSE motif

2-2-1. Class | T /L~ B bEESH
A) aristolochene synthase (AS)D[(ts B) Class | B3 O ittt [17a]k v 51
C) aristolochene synthase (Aspergillus terreus) D4 Jg#E &€ F—~7 [17b]& Y 51 H

B. cinerea MAFF306914 ¥£72>5 bcABA3 % 7 u—="> 7 L CZ O ILES| 2 il 5 & |
B05.10 Hi3k ™D bcABA3 &[] UHELALS (1323bp) TH 5 —J7, SAS56 HkDHELS] (1254
bp) LI#ET 5L FKIMET 1 HEEDOTHAN 2SI N TV, 2o 1V HEFAORRLELTY
L—ALv 7 IR DT, #iba RUOAENRRZR D 2 FOBSINFET D 2 Lo
o7z (K 2-2-2), AEBTIE, MAFF306914 <>, B05.10 H13%0> bcABA3 % bcABA3 L,
SAS56 H3k D bcABA3 % bcABA3 S & L CTHEBR A DT,

Alignment of genomic DNA sequence of
bcABA3-L (B05.10 strain, XM_024694602.1) and bcABA3-S (SAS56 strain, AM237449.1)

I A single base insertionl

* * * * * - - - * *
TATGTTICCGGGGCTTGCTGAGTTCCTTGAAATGGGCGGTGATGGGATTTGTGACARATGCAAATATCGCGAGTYCTACGGTGCAGARTTGTCACACCAG
COLLLEGL UL L L L EL ML irernd
TATGTTCCCGGGGCTTGCTGAGTTCCTTGARATGGGCGGTGATGGGATTTGTGACARATGCARATATC! —JACGGTGCAGAATTGTCACACCAG

* * * * * - * - *

* * * * »* * - - * *

CTAGAATGTTTTGTAGAGCGTGCGACAAAGGTTTTTCCTGAGCTGAAAA

TTTGGTGGTGTTGAACTGTGCAGCGAATGCAGACTATCGTGGAGARAGTAC
||||IIIIIII|I|[| ...IIIIIIIIIIII|IIl|l|IIIIIIIII|IH|_
GAATGCAGACTA'

. stop codon stop codon
CACATTTTGAGGTTCCAGTTGA|1323
1254

X 2-2-2. EBRCHH L 2BOBIBETOT T4 AL MESR . 5l 1 8L AERAL,

17



T bcABA3 S IZBIT Dkl = B, /e bcABA3 L IZBIT H#kik= K

B DOMEREZTEND D2, fHBMZ 2 X7 &2 H\T= in vitro EBRZ1T - 7=,
bcABA3_L 1%, MAFF306914 #5388~ 2 % —pColdl |2/ vm—=27 L1z, —J7,
bCABA3 S 1FZEITHEE LT 77 A3 Ra ko, BREAX Y FEAWVWTAAMIC 1 EEE
BrETHZ L THB LI, MR LT T A RE20 > TRGHZ PEHRH L, N KiEkic
His # 7% b Dflladiiz 2 X7 BOFRBL- Atz st Lz & 24, BcABA3_L XA L
L7=oiz%f LT, BcABA3 S T a[iRfb Liedro T, BEDORBEREMRAILIZE Z A,
BcABA3_S (I Maltose-binding protein & Ofita# /37 EH & LT TE 2, RWT, 1€
DT N B UEER OGS 25512 LT [19]). Mg2* f#/E F T FPP (130 uM) % JH &
LB GEITO, MOSER % GC-MS THIE L7=E Z A, BcABA3 L # W54
\ZDFx 2-2 DEFERMER LTz (X 2-2-3), MgZIEfAE F CIERAHEIT Ligno 7o 2 &
5. BCABA3 L 1T Mg FMEDEEETH Y . FPP 5 22 ~DERALEUG & filfild= 5 = & A3
S22 o 7=, LB, BcABA3 L % BCABA3 & L T4 5,

BCABA3 (0.4 uM)
= | "opp ij:\)ﬁ
Mg?* (5 mM)

FPP (130 uM) a-ionylideneethane (2-2)

<GC-MS analysis> <SDS-PAGE>

without MgCl,
2-2 A=

with BCABA3-L

. 50 kDa % wes ' €= BCcABA3-L
R with MgCl (52.8 kDa)
2-2 e |
a-ionylideneethane (2-2) "
(synthetic) s oobd
7.0 7.5 8.0 [min]

2-2-3. #AHaixz % X7 'E BcABA3 O in vitro FER
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2-2-2. BcABA3 DOHEEESEMT -in vivo-

ABA EARIC I D %S BCABA3 DIGTENHER CE /-2 L 0vh . ABA AR EKICEED
4 T DB (bcABA1234) Z i~ B AT % Z & TABA OEFMAFEZ IR LTz, BEIZ
REEE L QN2 B T B sk AO-bcABA124 (pTAex3-bcABA1, pUSA2-bcABA24) 2% L T
TR L7277 2 2 K pAdeA2-bcABA3 % IV T bcABA3 Z BN A L, 4 Bf5 1
A AO-bcABA3/124 %HAEEE LT, A EEHADREMIEY % UPLC-MS THfrL7z& 2
5. bcABA3 BINEARRIZ DA ABA L RFFIEH, A7 MAR—ET 5 —7 BElllsh
7= (X 2-2-4), ABA £pER% UV 7 v~ K7 F A (2=260-280 nm)?D &' — 7 &N & H H
L7=& 2 A, [EEE#T 69 mglkg, AR T8mg/lL & RfEL »72, £7-. AIEEHRHA
TIEH TN v MEBEWTH 5 deoxy-ABA (2-6)3BLlll S 7= DT, UPLC THLHI7T
B2 E OMDEERKFRIE (2-4,2-5) [ IALNRD o7, ZTHED | 22025 ABA ~DfE
{EHMER BSOS IFZN=RANTHEAT T2 Z & R <RIBS 7z,

PLEIZFE#E L7z in vitro 325& & in vivo EER TOFRER S, SRIRE B. cinerea |2 . 5 ABA
AEHBIZIBW TR, BEET LU B bEETSR & AHRIVEZ 7R S 720 BCABA3 73 FPP 726 HifE K
22 ~DOBRALIS il 5 Z L 2B BT LT,

> N~opp _BCABA1234 AN
o OH CO5H
FPP

abscisic acid (ABA)

<UPLC analysis A = 260-280 nm>

(A) *

/,\_’Jk Aspergillus oryzae

(w
2.0 25 3.0 3.5 (min)

2-2-4. AO-bcABA3124 3APE L T-EEEY D UPLC T Ol 5
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2-3. BcABA3 O Uit fRT
2-3-1. BcABA3 DOfid 2 BAL RIS IZ 31T 5 A DK E-allofarnesene-

BcABA3 Zﬁﬁﬁﬁﬁ‘;ﬁ‘é FPP 725 2-2 ~DOSIZOWTIL, 13 X u7- allofarnesene (2-9)
27 ABA ICHRVIAEFNZEREENTWVWD 12, ZOENL ., FH LT
trimethyldodecatriene X°2-9 & W\ > 7= O 2R M L T2-2 2 5.2 5 &\ 5 BLBRTE
WERLHERE 248 L72(K 2-3-1), T CTH. FPP 225 2-9 OAREREIL. T L~ 81l
FEFRITIEA DN WABER ICRFA ORI E B 2 oo iod, 2 OMIIZER Y e Z &
Wz L7,

O 0 e e et

6E,10E-2,6,10-trimethyl- allofarnesene a-ionylideneethane
2,6,10-dodecatriene (2-9) (2-2)

2-3-1. TP X7~ BCABA3 OB bkt

IZU®IZ, 2-9 73 BcABA3 OULCH IR TH L Z L A HEND HT2DOIZ, 29 ZIEHE LT
in vitro R %47 7=, 2-9 [ZBEHIZHE - T [12]. pseudoionone 75 Wlttlg SOSIZ X0 4 Ff
DRMERDIRE & L THRTZ (X 2-3-2), (LEW 2-9 1ZKA~DEEFREIEDMERNTZ D | BKHED
B WIRE & W BER RS &2 2512 LT [20], I, BER R, USINAIZ2 2 RET L7223, »
TIDOERMETHARY 2-2 IXBH S oT-,

A TR S
-78°Cto 0°C
pseudoionone (22, 4E)-allofarnesene (2-9)
Isomers
Z NN 2N Z N
| PN BN

_________________________________________________________

2-3-2. allofarnesene (2-9)D &k

[Fat L7 H]

- YA : DMSO, MeOH, EtOH, 2-propanol, Acetone
- & 0 0.4 uM, 4 uM, 20 uM, 40 uM

< WINA : triton-X100, -OPP
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« /Ry 77— : Tris-HCI (pH 7.0-9.0), HEPES (pH 6.5-8.0), HsPO4 (pH 6.0-8.0)

SCHRFRAE 21T 9 & . BCABA3 & [RIFRIC, BR/KMEH AR Z 8 -5 7 LR U BRAkEE SR ITBELIC
HOHNTNDN, HEEPREUAD & OZEHI S 2 EHRVZBLIH L 72 Fl3 722 & s o Tz,
il 21X, aristolochene synthase (AS)<° 5-epi-aristolochene synthase (TEAS)T % H1E4y 1
germacrene % #%H 9 % BRAULEEAE DS 2R STV D A3, %@ff . )FPP 7 u /KT
& % 6,7-dihydrofarnesyl diphosphate % ZLE |2 L 7245412 6,7-dihydrogermacrene 731l <
N5z & [21]. 2) germacrene /37 1 k /{Iﬁ‘éﬁ%@7 1 hAbZRE T 5K ETH D
Y520 %7 = =)V T = T EHE LA IS B ARG B S v germacrene 231 S

=2 & 22105 A B Jﬁméﬂf%é@ﬁf%é (I 2-3-3),
(o

A) H,\
X
AN N = [/
OPP
( FPP germacrene aristolochene
%CH
OPP

CO.
(7R)-6, 7 -dihydroFPP

dihydrogermacrene

germacrene epi-aristolochene
accumulated in Y520F mutant

2-3-3. aristolochene synthase, epi-aristolochene synthase ™ )i&x
A) aristolochene synthase 73 iltlit9~% germacrene % #% Hi 3 2 B LK
B) (7R)-6,7-dihydro-FPP % JLE & L 7= aristolochene synthase DEEFE )&
C) epi-aristolochene synthase 23 it 4~ 2 (i3 £ O Y520F T germacrene D7

UL EOWE R A E 2 | AFRTIE, BUKM LAY 2-9 NHRIETH D 2 & & EHEMICSIGE
T 5729, invivo TOFiT= 72 R OfET A B BTG L 72, BARRYIZIEZ, BCABA3 FHLK
J5E (EC-bCABA3)Z 2-9 Z#:5- LC 2-2 DAFEOH WA T ~D Z LT, 85 LRGN F
IR THLNE D DREEL L 5 & LTz, PliET OB T, WIEED FPP 2L AT 5 2-
2 DAERENEE LB S AR T 5 22 DA EE EAl-> TR0, FABEIK) S O 2-
2 DAFEAERTE RN ERbroTE e, ZOMEEFRT 70, KIBEEARET S
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B2i- fosmidomycin Z I3 % = & 12 L7-, Fosmidomycin 1Z. KIEE N D FPP A4 Rk
(MEP #REE)NZHB\\T DXP 225 MEP ~D 2 #i% fillit+~ % 1-deoxy-D-xylulose 5-phosphate
reductoisomerase DHEX|TH VD [23]. DRI LV KIFEHNTEER S LD FPP 23K
D425 (M 2-3-4), 7272 L. fosmidomycin 7% 100 uM LA LD EREEIC2 5 & KIBGENAEF L
2B, WE IR 2 TG L, fKIRE 5.5 uM OGEIT 2-2 DAEFEN R Hi
7B R LT, 2O TEC-bcABA3 Z sk, KIGHEZHER L, U VR y
77— (pH 7.4) THEE L 7oA HRIC L C 2-9 28 5- L, & D% SPME fiber TR/ % il
L GC-MS T/ L7z, ZOfER, AERITDOT N TIEbombo0, HEHERL 220
APENBII SN (K 2-3-5), 2 XD, 2-9 1% BcABA3 236 fillitd~ 2 B s O A T &
HZ R BLNITE,

Substrate
o ., ,OH
HO._~ P* N
N e — O e = | opp -
O OH OH = X

\
DOXP MEP FPP

- BcABA3 allofarnesene (2-9)
BCABAS y /

rN\/\/PogHz
\
o . éi\/% BCABA3 | &
osmidomycin -2 \ |
Inhibitor of MEP pathway
a-ionylideneethane (2-2) (E)-p-farnesene (2-8)
Product

2-3-4.  fosmidomycin (Z X % FPP A A %k o B E A%

<GC-MS analysis, m/z 148, 204>

* impurity from E. coli 29
X112 > SN
product |
2-2 o EC-bcABA3 +2-9
N VI A allofarnesene (2-9)
. 2.8 H
: 5 - - =
M A A EC-bcABA3 + 2-8 | |
. EC-bcABA3
VA with fosmidomycin (E)-p-farnesene (2-8)

7.5 8.0 8.5 9.0 9.5 [min]

2-3-5. EC-bcABA3 (Zxf7 % 2-8, 2-9 & 5- B DfE F
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2-3-2. BcABA3 DOfitfie3 2 BRALKINIZ I 2 FREIADKEE -p-farnesene-

29 WA TH D Z L3 binoTolod, I 2-9 1D 22 ~DELIGIZEBIT 2 7 1 |
AEDBEOHBHRMEZ B ST 5 Z L 2 HNE LT, 90%E K CRERIS Z1T 572, K
ISAER) 22 D 10 LA TF Lo e b URFEE MRy 7 v E LT 1.19 ppm (H10-a) &
1.46 ppm (H10-b) (2B &N THY . Z DKW H10-b 23 H15 (0.91 ppm) . H12 (1.79 ppm) .
H5 (5.45ppm) & Z#Z1 NOE fHEEZ R L7=Z &6, H10-b % pro-RH10 & IFE L7z,
FRFCORERSOSAER D 2H-NMR HIEDOFER, H10-b OALEIZ Y 7 F Rl S
(X 2-3-7), L7z > T . C10 A ToT b AT FRifl SHETT 25 2 L boTz,
Fio, BIARZZ LD, USICEE L TRWNMITO 1AL, 12 (LD A F L FHADEKFEDE
DIAZ BB ST,

+

D* ™
BCABA3 /‘\I X, BcABA3
90% D,0 90% D,0

allofarnesene (2-9)

7
)

allofarnesene (2-9) o-ionylideneethane (2-2)

2-3-6. BCABA3 ORIGIZ BT 5 BRILEE (2-9 025 2-2)

Me12
e = H1
H Dl D= Me !
HOAN Mg Hew H12/y| H15
HoYM '

St

o
Meu:\ﬂ

"H-NMR spectrum of a-ionylideneethane (2-2)

) H5 -~ | _al
N 18l

| 2H-NMR spectrum of BcABA3 product in 90% D,0
M

||

7 6 5 4 3 2 774 ppm

2-3-7. BRfbik 2-2 ® NMR A7 kL
B JEEEEAAD THNMR; FE: Bk % V72 BSOS ER D 2H-NMR
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FEFHDPTARTZIRY TIEL T AR CBMEER OBUSIZIBN T, A FVERZEAKRE NI A F
D853 L <, caryolan-1-ol synthase (GeoA) THIE SN T\ 5 (IX 2-3-8) [24], GcoA
IZBWTIE, EARFCEESERICEIT-> 1256, BRILIERTH 2 caryolan-1-ol @ 9 fi7. & 12 {iZiZ
HAKENEAIND, 209259 M@i%% LT AR [E AR B-caryophyllene 23BR (L3 DB
7'v hAUICHET D H D Th 503, 12 (LD E/KFEIXB-caryophyllene @ methylidene #54y

T a b7 e ALV IRSNS Z E THEASRTZEEZEZ BN TS, GeoA T
FEIE STV D82 B L C BCABA3 THIMI S 417z A F VI~ D E/KE O AN =5
Z % &, B-farnesene (2-8)D ki = THO T hiAb-Bi7 v b ALY IBEIND Z &
WL TANLE 12 LD A FIVIEEICEHARFZEN RV AENTZDOTEHRW I E PR LE (K 2-3-
9)

2-8 DRIGITHATIIFECTH TSN T W eho7aizh, 2-9 L [FERIZ EC-bcABA3 ~D 2-
8 (Wako) D G- EBR & 1T - 1=, T DfE . 2-2 ~ DN B S /=72, 2-8 § £ 72 BcABA3
DB T DHERTH S Z EBNH LR -T2 (X 2-3-5),

(+)-B—caryophyllene (+)-caryolan-1-ol

2-3-8. caryolan-1-ol ~OBRALKISZIIT D A FIVIADKFEOIY iAF A T3 = X I

12
= =
| m —

(E)-B-farnesene (2~ 8

2-3-9. P-farnesene (2-8)% I L 7= Kiit A F/VIE~DEKFE DI IAI A J1 = KX 1
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2-3-3. EH/KFRIEi# FPP % F\ 1o USHHE O f#iT
2-8.2-9 L\ 9 2FEDBKMEFRIAZREE LT 22 8MERT 52 ERbnolzZ Lk,

WIT, FOGOBERIZIB T DKBIRFOBE 2| SHEEKEER FPP % H & L EERKG
(2 Ko THRNT Lo, — RIS, BER OGS 33T D SUSHSAE O AT Tl BEakamBiRis & FH8 L
TR O NMR HIER THhI TS, ZOFETIE, SISO T DL E O
ZALEEBEMICBIITE 2 W 2 v ER3H5H0D, 100 ug LA LoD 2 TS L 72
< TR B RV, MERRANTHER Lz FPP O&KICIT, 2B EET 5720, il
IR 2 W T REDO ST RIA L BT 2 DIXRS TlERvy., ZoOfELET 57
B, BHFFEETIE MS AT MVDT T 7 A 2 ho8E — 2 Db AL E 2 A BRI HEE 3
DFEEFHE LTS [25], RFIETIX, HAFIEMS FPP 2 (ARHICHRIL L, Ak %
AN A OEEZFUS S OBIEA F o B — 7 OEBE A T 25 2 &L T, ERmicE
2 EKFZOFESCBENZ K CE 5, NMRIEE ORERAHESIX, ng A — ¥ — DL
DHIVTHERRETH D LWV R ThH D, EBRIC, UIFIEETIL, ZOFEEZHWT 4 8BME
Bk %t > phomopsene % 5z % Bl PaFS @fﬁﬂﬁ’r%é%%ﬁ%fﬂﬂ LTW5 [25],

RO AL, SBATHIZE L AR, 79 =12 U ik (GPP)&HilE#E. FPP &lilis# %
M7z [26], GPP L1k IPP % FPP &R IC L » Tiiee 352 & T, FPP D3 2H®
2= bk (unit NZDOHREAKRFELZEALL, [FERIZ, YAFALT VUL 2 U (DMAPP)
CHER IPP % FPP AR IZ X o CTRUG S, unit2,3 [ICHEKFEEZEA LT, unit2 O A~
DOEAKFEOEATIL, GPP ARkEEH % I\ T DMAPP &5k IPP 7> 515k GPP ZiHHl L
71212, FPP A alilish & AV Tk GPP & JE1% IPP 7 DA FPP 2 &k L7z, Z o X
1T LT 4 FOHEKFIEH IPP 26551 12 0 SR F AT FPP 385 L 72 (X 2-3-10),

unit 3
unit 1 Py
Z ~"opp
|
unit2  gpp
Starter unit A/aﬁﬁ opP /I%Aopp /L*/‘opp
aPp | " 1
FPP H th //lv\ FPP H
synthase /)\/\opp sm ase' L oPP | synlhasal /)\/\Opp x2
. v . FPP v .
_Extender unit synihase | ./L\/\Opp

€Dy L L €Dy )\/ CDy ‘) €Dy CDy
ZF~—"oprp R vJ‘“‘ ~OoPP R o I

H - |
T)\/\opp IR opp /]\\. /7)%/“\/\1\/ opPP ~ x ~
H Hs Hg

Hg Mg He Hm Hs Ha

oPP

l)\, i e A P O S U S S
Hs Hg ;
Hs Hg

Hg Ha Hs Ha

M‘ 5% H
i orF /k/\/k/\/&/\i OFP )\‘/\)%)&,J%/\ )%/\)\*M‘: I
L J OPP oPP

%] 2-3-10. 45 TEE/K BT FPP OB S
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22 O EI-MS A7 bV T, EIT, A A E—2 m/z 204 (M) & 2-2 O retro-
Diels-Alder S itZ KB 7T 7 A A A B —27 m/z148 (Fus) Ml S D, ZD 25D
V=7 OEBBICER L TT— 22 Lzl 24, 4, 8 (MO EKFEEHRAEZ A= 5HE
(IR AR & bl U C ARSI 2 KB OB & 8L L 7=, 37245 4,8-Ds-FPP, 8S-D-FPP,
4S-D-FPP ZZNZNIE L LTI-BED MS 227 ML a4 5 & 4,8-Ds-FPP DHIC
1T 2 mu.OBINABI S =02 %k L, 8S-D-FPP CTIXE/KFE DIV AL TBLI & 0§,
4S-D-FPP TiX 1 m.u. Ol < iz (K 2-3-11), ZOfER LY, 847 pro-SH 136 B
B SNt D7 7 R ALOIBER T, BRI X ki d 2 L ¥boodz, Fie,
4 (LIEEMALT DRI, pro-R H MEARAJIZ S D Z LR E T,

Mz T, 1, 12 (MO EKFIERIA (1-D2-FPP, 12-D3-FPP) Tid., 1~3 m.u. Iz k-
TO 7 AZ—{b LI — 7 BRI STz, ZAUd, I3 EDFEAKF TCOEKREZE~DOBELS
CNFT K CRIGEAT 9 2 & T, 79U b LTz A F LI B CROKSE A~ DO BEHSS HHE
TLEREOTHDEEZLND, —J7. CI3MLAFIVEOIE# A (13-Ds-FPP) Tikz 7 A
S — L3R S o (1K 2-3-11),
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133
148
N N N~"opp %é(\)ﬁ
91 105 119 ¥, SN
204 FPP /
Lo Ik i | Pl [ wepn
F +0)
T 133 (+0)
)%/\HV\/k/\OPP e J &\\\Jﬁ
91 106 19 2 ¢ PN
b bk 24 8S-D-FPP Fia (0) (40
F133 (4'0) o8
134
149
5 X NAopp > " '\ N
92 107 459 " ! s
| 205 4S-D-FPP Fls (1) 7 pean)
Fiaz (+1) »°
— 133 (+1)
150
X ',D\ "D\ oPP
92 107 121 . ”
| l 206 4,8-D,-FPP
134
149 D
DD & \Jﬁ
& S . e Y 5
- WL OoPP AN~ X
205 4
. i * J h L. 5 o 5-D,-FPP Fiag (+1) M)
Fyaz (+1) »°
= 133 (+1)
148 D D AN
W ?
4t oPP 1 CH
105 119 ' scramblli\g
I m 1-D,FPP Frag chustoree) /- *“LC erec)
Fy33 (clustered) =~
134
149 P
e N N N~"opp i H CHs
92 120 - scrambling
d . u.__u 7 i 1,5-D4-FPP Fias (clustored) e Ciugtered)
Fya3 (clustered) “
CD, > Ty \\)ﬁ
X X N~"opp U oLy
207 i £CDs
i 13-Dy-FPP Fig(+3) | M*(+3)
Fya3 (+0) #° scrambling
133 &5 CD,Hz.)
3 PN
R =\
N =2 S opp . ;
]
207 12-D,-FPP F1as (clustered) ke
Fy33 (clustered) * scrambling
cD,  CD, P e
) N NAoep - ' :\ "
v CDy ooy
208 12,13-Dg-FPP Fis (clustered) | M (clustered)
F1a3 (clustered) i
136
108 e oy
92 )\/\/K/\)\/\ i \)§|
122 OPP 0% D,0 NN CD(H);
. FPP ;
2‘° Fy48 (clustered) M* (clustered)

60 80 100 120 140 160 180 200 220 (m/2) Fy33 (clustered)

2-3-11.  E/KFEIER, FPP 2 W e RBUS BB O EI-MS A7 v
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2-3-4. BcABA3 OHEEBR L #E

UL EDOSEEBFER L 0 . BcABA3 OBR{bAkE 2 HEE L7z (X 2-3-12)[27], Z D, FPP
o a Y U OBRZEICZ LV E T ANVR AT AR AP T v hAkic L D 2-8
DIER (Step 1), 2-8 DORUFEY = U ENICRIT D7 1 b iAb-Bi7 v b oAbz D K9 iEfe
THEULZHARAF AL B S L L B A fRH L7z 2-9 ~DRMAL (Step 2). 29 07 1
AL BREGS IS 22 ~DER{L (Step 3)D 3 ERETHEITI 5, Step 1 ORIGIEB-
farnesene & kli%sE & [A UG Td D, Step 2 TO TS T 0 BVEVESIE BcABA3 4
DIIETH Y, TN BALEERIC X D BRAEOBRE T 2 FO P12 B 3 2 RS 1346
DT TH D, T, EARBOER Y — 0 DD IATHIE T TFHEIN TR -T2 2-8 DEY
H2HEE U, AT TS LT e S AR RIC K - CTRE L7z, Step 3 DOUGIE,
FLT74rD7a N ALPGRIEIN DS TH D, ZDOSARERIRVET, TR E KRR
FPP Z W= EBRIZL > T, AL 7 4 D7 v h AL TIEHERILIED 10 AL pro-R (Z/KIZH K
THKRENPEYIAZN, B b AL T 8 L pro-S OKFNLARIAIZE E Hoviv b
Z L EMEDDTZ, T DOIMAREFT lycopene synthase A3s-carotene Z kT 5 & & LRIL T
b5 (X2-3-13)[28],

H+

FPP

L& PPi
H

L @

= | g N2 — =
H
A1* (E)-B-farnesene (2-8) B1* a-ionylideneethane (2-2)

2-3-12. AFEBHEFIZH-S< BcABA3 OHEE RS
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HY =
R H R H R
& " "X
®
H
H H

v end group € end group

2-3-13. lycopene synthase O )it

2-3-5. BHEETRARMT

RKIZ BCcABA3 OEEEFHIRME AT 5720, BlEiRE, SRERME, B 2 a1
F PR, B pH O 4 HBICOW TG LTc, BERRUGCDEEFIZ GC-MS 7 u~ s 7'F
LTBT DRI — 7 RN DR LT, £72, @BERMEIZ OV TRETT 2 BROFR %
ML, [Mg?'] =20 mM TiUS L7z & & OZ&E#SR % 100 L EFE L T, B4R TOMXAYZR
B R Tz,

KIHH OMFORE R 4K 2-3-14 12F L 5, BCABA3 DI :1E 30°C, Mg2 i : 20
mM, pH 8.0 (HEPES) T ¥ . 2 fli4/@i% Mg2*LIAhz . Mn2*Th 10%FLEE DORERIEIED &
HZENbhoT-, ZDO%MT Lineweaver-Burk plot Z/Ea L. Km =2.0£0.1 uM, kcat =
50+=2x103/sec Lk 7= (IX] 2-3-15), aristolochene synthase TiZ, Km=0.6 = 0.1 uM,
kcat=43 £2x103%/sec TH Y [19]. MDOT N~ BR(VEESR & RIFRE ORI Z R T 2
Embnotz,
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A) B)

35

[ ]
30 25 t L ]
_2 0 { p }
= 20 * 1
y 1 15
o { o §
S 5
0 5 0%
1 s o 45 55 0 10 20 30 40 50 60
c [Mg?] [mM]
C) D)
60 a0
= MES 100
50 L HEPES ]‘ 00
® Tris 4
40 1
] 80
I 1
30 + T o
. + N
0 L 1 f
40
| ]
10
20 10.53
0
5 6 , 8 0 0 0 0.09 083 035
pH Mg Ca Cu Mn Mi Zn

2-3-14. BCcABA3 OEEFREEHIGEVEE (ZBE3 D A#HT
A) EERE, B) EiEeEA A R, C) =i pH, D) ffid:)E 2K

I et A
E- 5 | 1
> = . f"ﬁ% y = 5.7083x + 2.9219
R2 = 0.8572
[FPP] [uM] 1/[FPP] [uM-]

2-3-15. BCcABA3 (287 % Lineweaver-Burk plot

£7o. HiESEM T BcABA3 OUGZ 1 FERATV, USRS %2 GC-MS THfrL7- &
A, BERIEENE E Lo, 22 122 T, FEE 2-9 &Fi-72bE 210 238 S
Az (¥ 2-3-17A), 2410 1%, L & DRFIRMB LT 7 7 A M F o3 F— 0 D
(2 &0 A 2-8 DEMEAKRTH B (E)-a-farnesene (2-10) & E L7= (X 2-3-16), 2-10 23
JISOHEETH LD, Zivk b v MEAWTH D O0E MRS 5728, HAKHF TORE
ST 6 TNT EC-beABA3 % W= AEMIE WA ZAT o T A AR DO FE & LT 5 2-
10 /L. (E)-a-farnesene synthase % 3881 L 7= KA & 554, il 42 2 & ColAL L7=[29],
BCABA3 HELRG R IZxF T2 2-10 O 5 EBROFER, 2-2 ~OLEHWMPER T X o7z,
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ZD7H, 210X FPP o r U UEEH S RBAR LIZRICAE LDV vy MEEWTH L L%
bz (¥ 2-3-17 C), F£7-. BcABA3 DR SE FHAKF TITo72 & 2 A, 22 °H[H
K29 TlI7 72— kLl —rn@lillan/-—F, 210 TlZ7 722 — kLt —7~
B SN2 o7z (K2-3-17B), LLEOFERNG, 2-10 1% 2-8 3B SN D HTD 71 F A
UHERRRNSREIE LT EB 2 bD (1K 2-3-16),

H
N &\®/ 4_
7z | opp BCcABA3 = | 3oy = | 3 ‘2
H 1
FPP A1* (E)-a-farnesene (2-10)
BcABA3
= BCcABA3 2 NN BcABA3 X
(2-9)

(E)-B-farnesene (2-8) allofarnesene (2-9 a-ionylideneethane (2-2)

2-3-16. BCABA3 O [ fitx THLH & Fu 7= vk oy D HE E A= R

A) <GC-MS analysis, TIC> B) <GC-MS analysis, m/z 148>
2-10

2-2
* ﬂ EC-bcABA3 + 2-10
FPP + BcABA3
* 2-8
2-2 ﬂ EC-bcABA3 + 2-8

in optimal condition
EC-bcABA3

2-10
S
+ fosmidomycin

2-2 -
’ 28 519 . R . 19 standards
k A h A A |somers Y 1Y A L A A i

70 75 80 85 9.0 95 [mn LTSN on fie

7.5 80 85 9.0 [min]

C) <MS spectra of 2-2> <MS spectra of 2-9> <MS spectra of 2-10>

133 107 93
148 135 69
in H,O
204
20ff M*]
. M7]
136~142 %
149~155 ~ 69
in 50% D,0 - ~ )
2 (#1~+7) (F1=+7) Apparent shifted
205~211 205~211 peaks were
(+1~+7) ‘ (+1~+7) not observed
b i M BN ul
50 100 150 200 m/z 50 100 150 200 m/z 50 100 150 200 m/z

2-3-17.  A) FiESMETOREREISARY O GC-MS 43#r D B) EC-bcABA3 2%
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% 210 OEHFEBROFER  C) 50% EAKH TOEEELUS LR D EI-MS A7 kL
2-4. BcABA3 HEETEHEERAL
AT 2-2-1 fua%z L7280 | FPP OBLEEE & il 2 7 L~ U B bR T, — i

o U R OERICE b 5 F— T BNFEET S, Jeik L7z Class | B2 %5 J%T?ézh
% DDxxD 2 NSE EF— 7% T, UbIA Z A 7D 7 L = VKl # R LEEE N A
L& B A EF —7 (NDXXDXXXD, DXXXD EF—7) HAHLN TS (X 2-4-1.AB, 2-
4-2.A)[30], L7-i4FE, R DT A BRAVEESR L FRRIME A R S 72V EBTHLE SR BsuTS, BsITS
ORISR 23T oA, Class | O & BT T —7 L ERDHT AT %/w}%ﬁi:ﬁﬁﬁ
BOFEFICE L LT\ 5 Z L AVRE (K 2-4-1 C, 2-4-2. B) [31], WTFHOBHAITENT
b T ARG XU TV I VBEO XD BT X BEEREE < ﬁéﬁémﬂ\éo IS
DFEBRIZE Y, BCABA3 (2L 2 EALSTIE iR A METH D Z ENH LN -7
ZEMDBEBRDET — T NGFET D EBZ NN, 7 BES A i LT, BEROE
F—7 LHROESINI RSN BT (X 2-4-3), 1> T, AEEFIIMOBREEE & 1352
72 DS T FPP 2383 L CW B afREME DS B < . Z OFBERE I3 BIR S b 72 D,

A)
COOH COOH COOH
o o _ _
/E’\ ,B\ W} ﬂ, W} UbiA
HO™ 120" (20 . - L P P
OH OH OH n
PHB IPP
B)
x x x x N
GFPP
- N N N N
= = = _‘ I = = =
C)

/
(n10)/5 (n-10)/ (n-10)/5

n =20, 25, 30, 35 n =235 n =20, 25, 30, 35

| BalTs }

[X] 2-4-1. Class | 7/ BALEESR & 13570 D ) VEBRERE T — 7 2R OBER O Kt
A) UbiA 1~ L = VSR i SR O SUE B) UbIA BT L~ B AL SE O S
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C) large-terpene Ei{tl%3 (BsuTS, BalTS)D )i

. N
\
Y115
m meta ition

\TMG PHB| | TM2
e { R43 Y

2-4-2. Class | 7/~ Bfblifss L1372 D ) U ERilikE N & R Dl OIEMEERL D
g, A) UbiA A s [30]1& v 51H B) BalTS fdmféid [31]1& v 51 H

A)  <=CDD results of aristolochene synthase [Aspergilius ferreus]=
el 1]

Mueny 1o 200 200
172535
173837
173830
MCBI-COD  Position (Score, E-value) Description
173835 18,32 (288, 1e95)  odl06SY, Terpene_cydass_norplart_C1, Mon-plant Terperne Cydases, Class 1.
173837 28,308 (120, 3e-31) cd00555, Terpene_cydase_C1, Terpene cyclases, Class 1.

173530 63...25858 (52.5, Be-08) col03585, Isoprenoid_Biosyn_C1, lzoprencid Biosyrthesis erzynes, Class 1.

B) <00 results of BcABAI=

Huery 100 200 200 an
| m—— =——a
10932 144935
MNCBI-CDD P o=ition (Score, E-value) Description
plam0B6/2, DUF 1175, Protein of unknown fundion (DUF1173).
310932 180227 (336, 0186) This family consists of several hypothetical baderial praeins ofaround 210

resicduesin length. The function ofthis family is unknown.

plam 01525, Rota_MNS26, Rotavirus RS26.
haBEs LU 32T (BLE, 050 Gene 11 product is a non-strucdtural phosphaopratein designated as NS26.

2-4-3. Conserved domain search % i\ /=7 L~ BRAVEESE O & F— 7 Fa 8 5
A) aristolochene synthase O, B) BCABA3 Dififi &t

BcABA3 O 7 3 J figfidd| & 7 =) — & LT BLAST 8 &17-72& 2 A, 100 LA LD A —
YuaZNRBohotz, WEROBIGEFH BcABA3 & [FEEIC. BEAOD T /L~ B ALEESE IR
fFENDETF —7 ZFo TR WERERAEESR Th o 72, BlREATlL BcABA3 DO il
FELN TN &b BCABA3 OIEMEEML 2 THT 572012, BBER L 7 X/ FREY
BB LT, Z OB MHEESEVEESE & 7 2 BEECS 2 i L C L RERMICIRF S D fE
BIZ RN 2R e o 72728, 50-60% & HELEE OARIRIME % =3 %S (12 Fi) 7 X/ BEELS
L L7z, ZORE, BRFEINTWD 3 DO (region 1-3)28 W2 &z (1K 2-
4-4), TS OFEBITEMEENLS H D LAE LT, B v r U Uy ORERRICE b 5
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F—T7I2%L RoNDWIET I/ Wi%ds (DIE)ZHINCAR 25 DT 2 JBEThENT 7
SUNEBHRUERREEE LT, BRIENG 25 AR O RIE 2 @EICIT 5 2o, AR
T BcABA3 HBLRIGE 2553 L. IPTG #5351 SPME fiber THIFERL /7 & e L 72 (bEW)
% GC-MS T4t L7z,

'5?:?32&7\{&@
198 200 205 210 7 +:Dork
BcABA3 WFR/RD(D RF Thi: ochelix
PVI05763 48% WYOVRC-CDALVGE
EXL39376 50% WFR RD(D RY
WP_030303341 51% WFR_RDCD RF
regionl =~
241 245 250 255 311 315 319
BCABA3 YD FYKHR'ECE RRYRF/EEN

PVI05763 48% YD~ /. FYKHR'ECE RRYRF EEN

EXL39376 50% [ YD/ // FYKHR'ECE RRYRFED

WP_030303341 51% [¥YD"  FYKHR'ECE RRYRF ED
region2 regiond

2-4-4. BCABA3 & A — Y 11 J EEHE] CIRAFIED i\

KT BEEANCE, JRECEIET X 7 BIRE, KA REISNTWRWT I BRI E 721X
25 BB AL E, TR HH pred |12 & » TP E Lz a-helix DAL E

PVI05763: Periconia macrospinosa (Z3LMAE Y p MR R . 48% identity)

EXL39376: Fusarium oxyspporum ( b~ MiEEMRRE. 50% identity)

WP_030303341: Streptomyces sp. (ii#tE. 51% identity)

IERLERROFE R %X 2-4-5 12777, Region 2 ICEH T2 &, BRMET I/ BRFRIEDOZE BAR
D243A X° E255A TREFEM DB S Nigino Tz, — 75 K249 0% O JELICALE T % F247,
Y248 DERMETIE, ST RIETH S 2-8, 2-9 02 ¥ > MEAW 2410 BRI Sz, H
RS E R Y VRS BHAE Loy v MEABRBIIS =2 &6 ok T
VBRI E R ) R OBIZUIEE G- L, BcABA3 DIEMEEMLEFHICAIE L T\ D Z &
MR RIR I NTo T2 D | BERIRDERM & 52 720> 7= D243 X° E255 @Bt T —7
D—WThHDHLEEZ BN, —J7. region 1 TiZ R200A, D205A, F210A DZEFAK T, region
3 Ti% R312A, Y313A, F315A, N319A TREFEM DB Sz ino T,

R DB SIS T B RIRIZONT, RN ELLS 74— AT 4 7 LTS
EDDEND DT, BB, BERE DRI ZMEE LT, £ Of5E. region 2, region 3 DO
BLTETOERKNIAEMEORZE THD Z & NER SN, —J7. region 1 Tix R200A,
F210A RNA[¥b L7ginot=, ZOFER LV | region 1 OT X/ ERFREEITZ v 37 ' OREE
LZEAIZE G LTV D AfREMERE < L region 3 13 U RSy & OFEA/ERICE DD Z &
DRI S L7z,
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BcABA3

FPP ———> ii(\)H

BcABA3

-PPi B2

(E)-B-farnesene

Jopk

(2Z,4E)-allofarnesene

BCABA3
R

cqalideg

a-ionylideneethane (E)-

o-farnesene (2-10)

(2-8) (2-9) (2-2) shunt product
; region 2 ;
198 200 reglon 1 210 242 g 255 311 reg|0n 3 319
<GC-MS analysis m/z 69, 93, 107, 135>
region 1 210
R200A R202A L
D205A Insoluble D203A 2-‘10 F199A |
F210A Insoluble W198A | x 1/10 R209A f_ x 112
75 80 85 9.0 95 [min] 75 80 85 90 9.5 [min] 75 80 85 9.0 95 [min]
region 2
v 2410 Y242A E255A
2-10
A 29 b3 H250A
28 210 R251A E253A A
80 85 90 95 [min] 75 80 85 90 95 [min] 75 80 85 90 95 [min]
region 3
R312A N319A
2-10
Y313A R314A A R311A A x5
F315A E318A 210 E317A
2:8 210 29 28 210 2.9 22 28 230
Ty W) T3 L s | N
75 80 85 90 95 [min] 75 80 85 90 95 [min| 75 80 85 90 95 [min]

2-4-5. BCABA3 & BN AEPE L T2 PFEW D GC-MS 3 #T Dk R
BOS oo Kae: BB ANLE, T HH pred (2 X » TP AR S 7za-helix DAL E

NATA MR T T = BRI L > TR EN 2 5 272 Ipo o7 X BRI, W 77 =
VEHIZ L o T(E)-o-farnesene (2-10)13ERME L7277 X/ RskkE, & 77 =V EBIC K
CB-farnesene (2-8)73 & L7277 XV FRFRAL, K0 77 = A L T HAHEMIZ AL A
SR T=T 2 Rk
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2.5, #EH

EHEBROFEREMINT D726, ¥ 2 X7 EOMEE T~ v 7 Z A AlphaFold2 % fvT
BCABA3 D riAMEE 2Tl L7z, X 2-5-1 121%, ik BcABA3 28 BAKDICHHRHT ik 5
ERML T, HR) 77 = BB K o TEESRIGETEDE L KT L2 HEETE PEERALNER D 7 <
JWE. ) Vry MEEY 2410 2ERE. b U IIEERTEMED D Ui HEETEPESEAL A O fF
EOT 2 W, ) PR 28 2Z L7727 2 B8R, O 3FEIC/HME L CHHMA 27 A2 R L
Too BEBRRFATIZ K > CTRINMZEBEZ EHESNTZT X VBOEZ BEE > THFEETHZ
ENDhroT, FTH, BBREAT T —7ICK AONDERMET 2 VBEREICERT S &,
T T = BRI X o TER BB SN2y o 72 region 2 D D243, E255 <0, 2-2 ApERE:
L <P L7z region 3 @ E253 NUTfHIZLE L TWD Z LR bholz, TANVEK
BRI SN D DDxxD EF—7 03w U U EEA O BB S IG5 2 2252 5
ELRORERIT. ZNLOBRMET 2 BN KRB ZH S TNWD Z L A RRT HAER &
EZTWD, Flo, ZOJEDIIE, 77 = EHI K- TIEMER Kb, & L < 1X BcABA3
DIEVENRIIL Ip o -7 2 /T 5 Y242, H250, Y313, F315 3 T %5, Zh BT
TNLHEET I B THL, KFEBET I/ BRIT, TAXVEREIERICRBNT, B FA4 -
T EAERIC K > THAR D F A RO LREICF ST RO TN D, Lo
T. BCABA3 H#EEIHMEERALIZ At S iz Bl FFHFET X /b R UAFIZ K- LTS
EEZHND,

IEEAR > FOAY 0% 2-5-1 FIERET 5 & region3 DEREKD 5 H v oMb
H 210 AU S 1172 R314, E318 X0, AR 2@l S 41727 > 72 R312 81EMEAL D A
DIEOICAEELTWD, ZNHDT X JBREENT 7= @Bl SN D & IHMEAL 022/ 2
KEL DI, WEE@EY a7 4 A= a V TRBTE RS oot E2bND, &
DFERE LT, FOEHET LRV, H LIE, vy MEEWE GO TIERWNEB X
Lbivd,

K249A 13 i HR A 2-8 23U S AV 7 BLBRTR WE K T d 5, K249 1T HEETE AL DN
AL L CRY ., 2-8 15 29 ~DOEMEA(LIZEBWT, 7 b Egl & k<L LTEn
TS AMREMED B 5,

BCABA3 DILRMIE & | R RAKMENT OFERP R —BT 5 2 L b #HEE S AL TEMEE AL
DEEMEDR ST, A%, CotB2 DILIRMEIEIZ DU T FEH 7 Al st O iR 1 (1 2-
5-3) [32]& 2B L, HHE FPP O7 Fu 7 {KZ A/ L, MdbEMir 2175 2L T, &b
SEAR 2R TR MR AT SO I SOV T O A RO S A 5T,
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o ffo o "
=z | A OPP = |d 4 —>H = | X X
C ;
H* H
FPP B2* allofarnesene (2-9)

ix PP N b T c ¢
H+
H H
Q ® -% a He H
9 — 5y SN
= ) N7 — = b - ~ 2 é1 Hw N
) | | F\|‘.|+ AL
C
A1* (E)-p-f 2-8 B1* ;
-B-farnesene (2-8) a-ionylideneethane
l (2-2)
P* =

(E)-a-farnesene (2-10)

2-5-2. JEHRFBROFRA 5% A 1= BABAS DHEEBHLAEHE
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A)

Z N-"opp Z N"spp
Farnesyl diphosphate Farnesyl thiodiphosphate
FPP FSPP
B) C)
Asp110 Asp110
Trpzv Ph
e107 Trp288 .
w Phe107
Vaiso Asn103 e Asn103
al \/ "
AanBSr { AanBSJ SN
Leu216 Thr106 Leu216 ;
1 Phe149 Thr106
lle181 le18 Gly182 g Phe149
Leu281 < Leu281 <
Tp1se £ @ Trp18e [
Phe185 Phe185
Met189 k80

2-5-3. A) EAXTNRUBALEER OFE FPP (f£)& 7 v J R FSPP (£)DfkiE
B) GGPP ®» 7 F 1 7'{k GSPP & 5 /L~ BVEESE CotB2 D X Iiihs fht i

C) B O IFBR T b L7z CotB2 Dffidititi a4 b L 12 Lo, BALIK L BER OfE it IEE T L
B, C % [32]% v 51

2-6. FOREITIIT 5 ABA EAREK

WHFFERE O/NRIC K D JATHFZE N B, 2-2 125%FT DR LB ZRMER OGS B 2Mc Sz,
Te1E L, FATIEIR 7 B L RO AARRP R E AW Th Y, T Ik 2-2 #5EH &
L= B AE M e 2-6 AR U722 £ 205, BeABAT 12 K L AYERTRR Db T
HFFEPEZ > TNDZ e bhroT, FEOBIGIE BcABA2 THEZ VG570, B
FHNCTI L7 (R)-2-2 & AV, T2 % st L7,

1T U®IT, beABA3 2 A L 7= TR E fia#a ik AO-bcABA3 % il L 7=, Z OEiEw % GC-
MS Tt L7z 2 A 2254 LTI D, REAF—/LTHETSHZ LT, (R)-
22 ZHU5G L7z (20 mglkg ki), SR L7Z(R)-2-2 % 3 FEOFEEHAIA(AO-bcABAT,
AO-bcABA2, AO-bcABA124)E X OB B AERR(AO-WT)~ e 5- L. EOE#EY % UPLC
THMF L7z, AO-bcABA124 TiZ ABA LV E®D 2-6 MBI SN 7z, 72, AO-bcABAT Tl
2-4 L 2-6 ~DEBNBR ST, —J T, AO-bcABA2, AO-WT T 7= 2 FEW 1 3
WS N7 0o 7 (1K 2-6-2 A),

WNT, 2-4 ZHE L LIEMAEWEBREZIT- T2, ZOFEBRICB W THEEEIC X B E505%E
BT DR AT 5720, (R)-2-4 ZWTHEREZITH> Z LT LT, (R)»-2-4 1T AO-
bcABA13 D RFEAPFETHEUFTE Db DD, URIOERN G, EHIROLFE TiX 2-4 7338
HICLDMLGT 26 ~EAEMEINDE Z ENDbh>TNDS, KEAZF—/LTORETIT
BN EL R EHAICH DT, AEFRTIT AO-bcABAT % AV 7= (R)-2-2 DM
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DR — N RELTHI ET(R)-2-4 ZH45 L 72 (1.9 mg from 4.6 mg of 2-2), (R)-2-4
T N T A A ORE R . AO-bcABA2 Tl 2-5 ~DEHOZ BB S, DT AT LA
v —2-7T [T S e o7z, —J5. AO-WT, AO-bcABAT Tl 2-6 ~DZAHNBLI S iz
(1% 2-6-2 B), BFAERKIZIVTE 2-4 106 2-6 ~OEALISAEIT L2 2 & 26 133+
v MeEW & TR E =M, Cercosporarosicola THE'E ST\ 5 XL 912 [33]. 2-6 © C6
A CORLIENETT 2 [ REE BB X b, £ 2T, 2-6 BNAEGRTREIETH 2 0 FH~
%572, AO-bcABA124 ~DF BRI AT 72, £ DOHRER. ABA ~DZHNRBIH S 72 -
7oteh, 2-4 ORLSOGNZ K > THERK L7z 2-6 IZAES T RIETIX v Z EB 60T -
72 (X12-6-2 C), 2-4 75 2-6 ODEALEIGIE, WIEMEDEERIC L RIS TH D EEZ HIL
%o AU LD Z2BIRIGOF & LTlX, paxiline FAEAEPERF DK% [34]. solanapyrorne
FLFRA PERF OIS [35)72 E RIS ST\ (X 2-6-3),

O
CH,OH

a-ionylideneethane (2-2) a-ionylideneethanol (2-3)

chABA1
iji\/H BCABA4 /ij:\)\ BCABA2 N
-~ -—
CO,H CO,H Co2

ABA (2-1) dihydro-ABA (2-5) a-ionylideneacetic acid (2-4)

lA. oryzae

HOW CO,H o CO,H
2-7

deoxy-ABA (2-6)

2-6-1. ABA A& BRI



A) 25 2-6 2-4
24 5 I
J‘I , ,"} ,"'.2'7 ,|‘|. " ,|L standards
. AOWT+2
A | AO-bcABAT +2
I © AO-bCABA2 +2
|
: ,”, X  AO-bcABA124 + 2
22 24 26 28 30 32 [min]
C) 2-6
!(|
I
,I l‘. 6 standard
|
I AO-bcABA124 + 6
2-1)
f
N AO-bCABA1234
22 24 26 28 3.0 [min]
2-6-2.

B) 25 2.6 2|.'4
| < I
LR, JL standards
: : A
e JLAO-WT + 4

I
H
|_AO-bcABAT + 4

|
—

AO-bcABA2 + 4

e I N

| AO-bcABA124 + 4

-— JAL —

— N

24 26 28 3.0 32 [min]

TE Al S TR 7 O BEREREHT DR R

A) AO-bcABA1, AO-bcABA2, AO-bcABA124 |Z%F L T 2-2 2 5- L7254 @ UPLC 4347

(1 =260-280 nm).

B) AO-bcABA1, AO-bcABA2, AO-bcABA124 |2kt L T 2-4 Z$¢ 5 L 72355 @ UPLC 54T

(1 =260-280 nm) .

C) AO-bcABA124 IZxF LT 2-6 &5 L7 %er
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A. oryzae =
N | % % ?
o~ O
A. oryzael
OCH3
= | OH
0o NF %
OH

solanapyrone C

2-6-3. FHIAR A L A. oryzae (Z L HREIFUGDOH] 5 A) paxiline, B) solanapyrone

LI EOFEBRFEF S BcABAT (X 2-2 DX A FVIEICKT 5 3 BeBE OFR (LSS % fil
L. BCABA2 (X 2-4 D 6 EIR LRI DLE~D 2 BePE ORIV G 2 STAREIR I il
52 BSOSO THER T & 12, YHFZER O/ X 5 JeATHFZE & OFE AL, P2 #
W BB OIEMEEIC B 503, AO-becABA2 12 X % 2-4 DFRLIISICHE BT 5 &, JefTiF%E
L bl U OB EA  LCUND 2 & vbh o 72 () 50%=100%. ISR : 6 B,
T Linh, BeABA2 IH(R)-2-4 HERMICERT D D LA RIET S T LR TE,
Fio, AT BB S LT 2 2-6 134G RIETIEZRW 2 & 2 EBRIICEE LT
(4 2-6-1) [36].

—EHOBFFETH &2 L7z B. cinerea \Z331F 5 ABA DAL IR IL, fEikFEBRIZL - C
BH & 2> & 7= Cercospora J& %K HE TO ABA SRR L 13872 5, Bz, C. rosicola
Tl. B. cinerea TIFAEARKTHUATIEZA 2-6 NFEATH Y [33]. C. cruenta Tl y -
ionylideneethane N AAFF A TH 2 LHEE SN TV D [12] (X 2-6-4), Z DR DI
1%, ABA AR OTEMENLIC BT 2 b T nIc L s b LHfEEs D, 4%, C.
rosicola <> C. cruenta T? ABA £ & kISR OREREMAT M THOIL T, Z DOIRMEEAL OIS %
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BT E, AERREOENR 720 SNTERRICOWCEEMAR MR E2S5 Z &N TE
HEFEZTWND,

Cercospora rosicola

A X XN
%i(\)\/\opp . % . M . g@%
CO,H CO.H
¢ 2 ¢ 2
FPP

a-ionylideneethane (2-2) deoxy-ABA (2-6) ABA (2-1)

Cercospora cruenta

N N SN S
= | OPP — » N — > e — iji)%
CO,H o CO.H
HO
FPP

y-ionylideneethane  dihydroxy-y-ionylideneacetic acid ABA (2-1)

4 2-6-4. Cercospora JE|Z351F 5 ABA O TAEA A R

2-7. £&9

SKIRENCBIT DWW HRNVE LT 72 VRO AR BMSE TIL, B il RO RN A
A ATER IR DY AR EROFER NS | EERBIS T2 7 22— LOVES R P RIA D HE
ESN TV, £7o, YAFREICIT 5 0eTHIE Tl [EER B TR BB 2 A 7o HE
TE A DTE A ERRIZ L | 3 FEOEMERE OMEER L OIS T DIEFH 582 S
NI LA EDORRIZ L0 BASHEELEER ORIED ABA BRI T A REOME L 72 o7,

RETIX, EEREBIE TV 7 A X —HOBRERAIEIS T bcABA3 25 HEME D &\ ELFE S
BLFIEIC L > THEREMRNT 21T\ . BCABA3 MERD T L~ B LIS & I3 RIPED 22 T
BT~ bEEE L LT, ABA EAKICEIT 2 BKEEAH S Z L 2N LT,
bCABA3 X JeATHFZE DI AR TR EFRIC £ > T ABA B RA~DO B 53 R STz as,
ZIVE CREBEREAT STz EORER & L EITW W abID, R RERET AN S ST
Rinote, Fin, ARETOREREMAT ORE R, ABA EERROAR S /7 LECHI L ABA FEA PERK
DOEHNIR DT IR > TNDZ N0 ZORSIOEO DRI 2 1 Tz &
Ezbhb,

WNT, HAKEIER FPP & 58 & L7z in vitro ISR SUGFEER . bcABA3 HBLKIGHE ~D
PEFRARD in vivo ZEHAFEERIZ X 0 . BCABA3 23 ilid 2 R B 2R BR LR 2 B & M LTz,
FRICHE X AW THITZ IS L2 FBRR ThH 0 | BERINCH S 22\ W HI PRy 7 & 28 A C
THEWVWOKMAE LD, ZOFEIT, LS FORBEER R I LTV S aristolochene
synthase (H4:43 - : germacrene) @ X 9 7 ER{LEESE O SOGHEIE OFENTICB W T H AR T
&5,

F7-. 251D BcABA3 ZEAKD R ED DHTIT Lo T, T /L BRALEESR DIEIERD
AEDOHEEIZ R E) L 7=, AlphaFold2 (2 L 2 TRIFEED & | HEETEMEEAL D2 Y A R STz,
EORDLMICEY I LOERBEATT —7 & LTHEIET 5 2 & T, HiiT A~ Bkl
FRFHLT NV A ROFEBWFEIND,
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ULbE, REOFEERTIL, ABA AEARIZBW TR KOG TH o 7o B HAEGIEER O FLIZHK
L. Z OISR OIRECIEM N OHEE 2 R LT, £72, 4 BIn F2BEICEAT S
Z & T, ABA O BFEAFEIZ & k) Lz, BEIZH & 202 STV A T ABA EE1KIE 12
RPN TH D L LT 5 L, AGHICEET DBEROEN D72 <. ABA DEFEA
PETR E~DIGH b IR CTE D, F7o, BEMBESR & HHFEPED 22 WHTHLT L~ U BRAVEESR % %6 L
L7=Z L2k » T, BCABA3 ARE 1 7 DEERICE DI RKARMOEIE 2 E1Co7n 5 &
I,
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31. #%E
311, RREBEERR) 7814 FXRY

RUTE2A4 FRRAMERKEONY T YT NEYDEET IRAMO—HETH D, £KK
BHEDR)SE2 A4 KREMIZEBT 5 E. Aspergillus terreus K Y BB S -2 L X 50O
— JUIE T HIT &5 lovastatin [1]. Fusarium solani h o B S GEIHEHIFIE LTHWLS L
T3 cyclosporin A[2]D & 5 HEZEHZ ., T-toxin [3]. aflatoxin [4]. fumonisin [5]D & 3 %
=25, RAMEDIREMRKEEET 5 fusarisetin LEAMONT NS, 25 LESELEY
EEE. NMEEVEN L OZSHBEEBEICERALTWS, RUT 2 A4 RREAWIE. 24
EERBECEYEENCEHLEELIBE T AEKREVRAYHTH D,

5 < O N_ " _N

S _ O j/

H O ¢ Q\N HN o
aflatoxin B1 \ Oﬁ)\

. - OH NH
lovastatin carclonogenic activity T
choresterol-lowering reagent X : 0 I
SN0 N
: N
(¢}

~0
HO i

Cl
o ONF

cyclosporin A
immunosuppressive drugs

radicicol
HSP90 inhibitor

fusarisetin A
acinar morphogenesis inhibitor

OOYOHO
OWOH OH OH OH OH O O OH O
) OWOH NH, 0 O OH O O OH 0
OO OHO
fumonisin B2 T-toxin Band-1
sphingosin acyltransferase inhibitor phytotoxin

3-1-1. RREERRIV 7424 FRRAY EEWEYS

31-2. RY744 FEHER

RUT 24 FRRAYVDORFBIEIT IEHBOESH & EHk. 72 FI/L CoA (FAtAELSL) .
YO )L CoA (EHELL) &LV -Bffk1 = FH Claisen flEEICK YB-T FFAIRXTIL
ANEEENTR, BT FUITHT AEMRIE (B, K, T/ MIER) HETTS
CETHEEREIND, CORIGEMET IBERER 724 FERESR (PKS) LS, K
BRI TNTNORICEAMET DHEEHER (FAS V) DOBRINIERBETH S,
UTFIZ. 6 DD RASDEFEHEEEFT LD D,
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KS (ketosynthase) : HEEMDBRREE . THIZESI VM4 € UBE T lE

AT (ACP transacylase) : fE# 1% ACP LIZA—F3 5%

DH (dehydratase) : KR IZ&k > THE LT=p-E FAF 4 b o DK IS % filbE

ER (enoylreductase) : DH IZ&k > THE L fzo,B-FEFM NI R ZIILDETRIEG & fliE

KR (B-ketoreductase) : KS IZ& > THE L1=Bhir b > DETRIG ZfiRE

ACP (acyl carrier protein) : R 24 REEEFAIRATILEHEE L. & FA A VIZERK

KS. AT. ACP (Zf5iiEE &SRB 3R (FAS). PKS DRFHEBERICETAR/NERKTHY .
WMERAA U THD, —ATESHRISZAET S KR, DH, ER [X. FAS [CEW\TIEFR/INE
i & FARICRFBEBEROBRICHTHEET 5DICxt L. PKS TIXEEICHEET 516, KR
a4 FEEICKBECZEHENEIND [6], £z, PKSIZIE C-AFILL KT S
MT (methyl transferase) K A 4 UNFEET HHLHMENTEY . RUTE A4 FEHEICAFIL
ENBASNBLGEENHD,

The architecture of mFAS The architecture of HR-PKS

D ™+ WENGKIB D) -+ PENDD
- o S e S A

‘s | l@ ‘L @

Iy

Enz Enz Enz Enz Enz Enz
S S S S
S S S
o) ER) o DH o 0 ER) o DH o
- /) - Ry < /) Ry < R,
HO HO
R4 1 R4 R, R, R
(0] o}
p— FGMS-Enz — RqWS—EnZ
el —
fatty acids partially or highly

reduced polyketides

3-1-2. RFRHEBEKE
E) FASDEDVa—ILERIGHEIE. B) HR-PKSDEY 21—/l & RICHEE

PKS I, EiRLfzFA AL D DEEZEIZ, KEL Type IL 1L 11 D 3 DITHITFHHRATLY
%, Type | D PKS [ERFHEDHBRICEADEIETDO FAS DB 1RKDRYRTFRELTHE
HETAHDIZHL. Type I TIEE R AL U1 DDRYRTFRELTHRILTEY. Type
D PKS[E1 DD RAf UHBHMLHEEERYEBET, AARTEIDSE, ELORKE
R34 FOEERKIZEST S Type | PKS [TiFHE L 1=,
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Type | PKS (&, BEELZEDHBAICHONDITILFED AT —BELRKBALREICHFET
BB LBICHFETE D, VILFED2AT—HOPKS [E. 1 YAV IILDMEE LG BHHKX
g 2 LM U BEE A A UD OB EINDED 12— EHE LI-EXBERTH D,
—fBIZ, YILFED2IS5—RPKS TlE, =20 KA A VIF—EILMEN W=D, EDa
—IDIEBETNEERT D FA M VOBEEICE LR 724 FENEESIND [7]
(X 3-1-3),

Module 4
Loading Module 1 Module 2 Module 3 Module 5 Module 6
module I I ﬁ:! E E
S S S S S S S
0 o o o
O HO!
HO'» o}
HO HO"
~ 7 HO HO'
mMCoA
N 4 HO
mMCoA ~
mMCoA

6-dEB

3-1-3. NI TFTYVTFDORILFED 25—8 PKS HiliE 3 B HiH B REE

FREDRYBELE PKS [, 1 DOED 1 —ILDHE>THEREIH, BE—DFAS Y
PEYBRLFIASNTRY 724 FEHEBET S, T £EHINEKRI 754 FEDE
FTTDHEIZ K 2T, nonreducing PKS (NR-PKS). partial-reducing PKS (PR-PKS). highly
reducing PKS (HR-PKS)& & L [THIMN K 7 4EE 5 [8], FTH HR-PKS [d. EARMICZ FAS
CHBPLIERASUICE>THEEESh, LB LBEDOEHRICEEI BT RAANVEEHT
%, LML, FAS TIIRFEHEREBRERICEVLT, 1EORFHBEY AV ILOHTTRTD
FA A UDRFIBASNAMEHEERKT 2DIZx L. HR-PKS TIHEBRBIETERT 55
BANUBOREEZZITTICROBES A VILOBRBELE LTIHAIND I EPL. MT FAA
VNIZEBDAFIENEINDZ ETHILRZIIL Dol PRLLICEREZELE DRI 24 K
AR END, Fl=. FASEDIEREL T, 1) EDa—ILADER R AL VAR
9. T LI-EER (rans-ER)DNBRIBECEES T HI5EM1HDH L. 2) RREOERIS
DFFEERBICEODDNE—UDHE L EZEITHIIENTES RBICDVTILFAS T
(¥ C RIKIZHIET 5 TE (thioesterase) KA 4 VIZ &k > TRFENBRMNSUIYH SN ZH,
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HR-PKS TIIMIILT= TE FAA UHRIET 5550, PKS ERME LRV —LERK
R (NRPS)WNT7 S /EEEDBARICKYRY T4 A REEZBRISUVETEENH S,

3-1-3. HR-PKS O3 {hECE H|1H

HR-PKS Tl&. FEOEHRBRICEVTRRHEBRBEIIES T HEMBAENLARF Y TE
N3z, BEMIZEHEDO ORFHRONE AR 2A FEERT S [8,9], LiiLfz&
SIZ1 DD RALSUHKRYRLFIASND Z DD, TOBRERRFEBREELMHEHET
R, FBRICHRIEDON TS, — A ER LR 724 FEIZIERIEDBIETEA
SNLHEREICHRT IEHROARIFTRONHZICEMMDOLT . FRALUNET IR
EDIMAEREICOVTIE, FEAEBRINTIHD o1z, BRAERE L -RIBRADERS
. MR NV BEZEZAW invitro DERRIGIZE Y . 8420 HR-PKS O LK #E#E
NRESNTLDEDOD [10]. FADEBRYICEWNT, #EEMN - EERMICEET 57K
THRA FOBEZEES HR-PKS OEFMLEHBTHIITHON TGS, HR-PKS DIk
HEBIZ OVTH—MNLBERIZIEZE>TLVEL, Ff. RAVOREEEN 5> HR-PKS &
RALDDIKRBIREZRIRTDHIEBHLL, ThiE. HNKR RAAS VICK>TEASH
LZKBEDIIK LR EIRREBRBIETEDN, BHfiGR) TUo0EBRED DG EFIAE
AN T oNBHIHEENZ LY. 2) PKS DRGEZICITHONSBIERICTHERRAERENEAS
nNa-6H. RAYOBEN SBRRTFOHEKERET D ENRETHS. 3)1 DOKR K
A UDNERBIIAKEBDKBEEE5ZDH5ENHI-HOTHD (K 3-1-4),

OH OH o
A A
tij:
=

HO

wortmanamide A chaetoviridin H AKML A
TwnB CazF AkmIA
OH O =
o) : HZN/\f OMe
o) © \Q ‘.
A 0 0 1 T | HO '
" TOH
: Cl OPNNF
preshimalactone radicicol restricticin
ShmA Rdc5 Rstn3
OH o OH O
HO. ~_0 HO. N0
Ho., 07 on
0 X - =
H o ) ¢}
“'OH HO OH
- brefeldin A hypothemycin
aspergillide D Bref-PKS Hpms

B 3-1-4. #IKE HR-PKS WEET 2 XAYDHEIE & 5T %5 HR-PKS
7 RECEDKERE. #k: SEED/KEKE, & EHEBRICIYBEASh-BRERE
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AETIE. DD FAAMUHBRYRLFIASNTLSHSIE, HR-PKS D& FA A VI
KO TEASNSIEBREICHRT ML ABREEIFRLTHD] EVSRENDT.&ERAA
COEDIKRBREICEB L THRET oz LR LI-MESAZZEE L. EROFFF LN
771£9 % phialotide A (3-1) [11]%> phomenoic acid (3-2) [12]. ACR-toxin (3-3) [13]%2 ED7R
JERFOXFIRUTEA4 FEABRRMRE L., UTOHRICH > THEZEDT,

1) EHRTHEAZRHEIHIZ, PKS [T TAHMT SR E FOFIEHREE DX
KMITER Lz, BED HR-PKS D#EEMRAMN oRAZBHL., A—2FRIZEAS
NTLWHIERE ITBVWTFEN GV EETRT, (3-2-1~3-4-1)

2) RGBT HR-PKS #04EL. BHED T IL—TOHIZHRAIICRT H#EEZEFD HR-
PKS Bz 2 & &#RT, (3-4-2~3-4-3)

3) VI—TEMALTRIE L-RAICRT DHEEENHTE SN TS HR-PKS R DI,
ZTOWEENABNLE IS —(CK o> TR > TEEHINBETHIZLETL. TDH
MROEEMZIERT 5. (3-4-3)

4) NAKLEIS—%2RKEKRE L HR-PKS ORG24 5<% <{&EH,. HR-PKS &
ARELTHHRAUICFELBENI L ETRT, (3-4-4)

5) ZICEAGRAICHLBANDEFET M. flsEEZ 5N S HR-PKS ODEMICHDE
BEDIABEELXTLR L. FNDEIY PTG EHEL REMTHEZ LETRT,
(3-4-5)

OH OH OH OH OH O

N OH

OH ORs OR, OR, o}

phialotide A (3-1) ACR-toxin (3-3)
R4, Ry = D-rhamnose, R3 = D-mannose

B 3-1-5. RETEMELERYVEFAXFIRY 784 FOBE

3-2. phialotide A RIZI31T 5 HR-PKS 0 37 A il
3-2-1. phialotide A& RBETF7 T A ¥ —DRHK

BEH#HARY e Fax R r 24 R, Bl L7z 34 X° 3-2 DI1EA°2, cubensic acid [14]%°
TMC-171C [15)72 E N HEE R G ST\ D, b, KBIESR E-F L7 2 A F L
FRRY & A4 R EICHRIICEE S 2 B e 2 ffo, 2095, 3-21220 T
FAEARMENRESNTEY, BIGFIA LU v ZERICE > T, 3-24E8KICEDS
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EHEE SN D HR-PKS (PKS2)3FIE S 7z (X 3-2-1) [16], ARFETIL, AT D KA &
K D720 PKS2 % phomA &4 LTz, phomA OJENIZIX trans-ER (phomB),
k27 v & P450 (phomE), FERERFNE{L T (phomD), BREIK -0 4 FEXIIE L TWD, &
EIIRE PCR ERIC L 2B T 0 7 7 A VEHTIZ L > T, phomBDE DHHL/ 5 — )3
FAG IR BAL T phomA OFEBL & — 2 EFEEIL Tz 728, phomABDE 75 3-2 LA 1%
BT 52 LR s, (LAWY 3-2 & 31 OEEELIEEBET D L. 31 AARE
fa+2 A% — (BGC)IZIE phom Bln+ 7 T A X — DB HHERIEHE BRI L OMEHEES
BAR T EHEFEMEZ OB OMAGDOEDMMFEINTWD EE X T,

B
o

[~}
o

0.14

o
o

(=2}
o
|

0.01 4

Phomenoic acid (pmol/mg mycelia)
& @
o o

Gene expression relative to actin

)
o
M

0.001 0 —
Wild type PKS2sil7 Wild type PKSZsil7

3-2-1. Ein VA Ly 7 EERIZ K D phomenoic acid 4 A % HR-PKS D[R] E
F2) SRR & PKS2 KB TOT 7 F il in 1 O R BB LR
) phomenoic acid A £ O LKL [16]L 0 51 H

UL bEomAARE x| 31 EGHGRIE T2 ER%E LT, 3-1 AEFER CTd 5 Pseudophialophora
sp.[1M]D47 ) ADNAZHIH L, RT 7 NP Ly —r v A EfTo0z, o7 — X2t
LT, 3-2 £&8ICBI 59 % HR-PKS Th D phomA % et L L, Local Blast 52 % 47>
Too TOFER, phomA & & HIEME %774 HR-PKS (phiaA: 59% identity) & & Toid s+~ 7
AL —NIDOMo T2, phiaA JELOBMLRTOBREEZ ., FIRR L7727 2 BB O R fEK %
Pfam TEHT4 % Web 7 — L 2ndFind (http://biosyn.nih.go.jp/2ndfind/) THEHT L 7=, & D
R. BLIZIE phom EERGEBIR 7 T AX —TH A LIVD +-ER (phiaB: 63%), > K7 1 A
P450 (phiaE: 46%). HEBEREIEIS T (phiaD: 48%) ML L Tz, A2z T, NRPS
FEBESR (ST (phiaC)FAE L= (X 3-2-2), NRPS k(R {n 130/ TAFZE CHEH &
WR o 7228, Stagonospora nodorum <° Metharhizium acridum (27 &1 5 (R 72 BGC T
BRIFINTWD [16], LAES ., ARBFZETIE phiaA-E 73 3-1 EARRICE T M TH D
EEZT
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\dentity/ Homoelogous plpho
Gene bp Typical homology [organism] Accsssion St Y( " enzyme genes
i (identity/similality (%))

hypothetical protein GGTG_02434

phiaA 1833 [Gaeumannomyces tritici R3-111a-1] XP_009218470.1 70/81 phomA (59/75)
. uncharacterized protein K452DRAFT_292610
phiaB 1010 [Aplosporella prunicola CBS 121167] XP_033391914.1 69/81 phomB (63/78)
. uncharacterized protein K452DRAFT_280347
hiaE 1206 0 P XP_033391913.1 46/58
P [Aplosporella prunicola CBS 121167] - phomE (35/49)
phiaD 2374 hypothetical protein GGTG_14235 XP_009230426.1  48/60
[Gaeumannomyces tritici R3-111a-1] phoD (42/55)
phiaC 2722 I ae] (R DI (HTk RYP42033.1 43/58 phoC (39/53)

[Monosporascus sp. MG133]

%] 3-2-2. phialotide 4= & hiiE T~ T A % — (phia BGC)

3-2-2. phialotide A&RERET 7 3x5~®£ﬁ;¥éﬁ
HR-PKS D AGERM: 2 BRfiE3 25 72 9121%, HR-PKS DEHRIRERY CTH DR 74

A FHEHAZHBET 20BN H D, T, rftﬂiﬂ’ﬁ]lj\i&b\ IBHERTHDIZHL D BT, HR-
PKS OREIZIG UToR Y 7 2 A NEHAAEFET H B BB BANIRN TH H, £ T,
ATEN 3-2-1 THEE L 7= phia s+ % 35 CORMRE TR U, 5 LIZ B EiEREko
REEY) 2 BB - iEERET D LI LTz, R ¥ A NEOAFEICEST 5 & TSR
T B AR F 38 n 1 phiaA. B2z, phom &laf 7 7 AKX —ehtn VBIG 7 7 A
2 —TRFENTWD phiaC, D %##EE Y ARy b/ v oA X7 %—pDP801,
pDP201 |[ZZNZFHEA LT=, ¥ b7 1 . P450 & 1{n1 phiaE 1. ‘FE % ORRILS S %
fikliid~2% Z LN TR IND T2, RBFE TIREABE FOBEMN HERW Tz, ME L2 T X
I R&EF R FF T A R -PEG IEIC THIEICHE A L B E (& AO-phiaABCD., AO-phiaABC.,
AO-phiaAB AO-phiaAC %157,

GONTEEH A Z . MPY R TR UAGEEY 2 i U 72, MahH% % LC-MS

Hf L7-& = %, AO-phiaABCD c’m\@réﬁi (WTICIE R B2V ET- A —2 3-4
Z)WEE STz, (LB A BEEL . HR-MS 73471C 771 A& CooHs006 & IR IE L72, 43 72X
L0 KMEEWIRENIA DT 7Y 2 Z%‘Héﬁfé EHERI S 72, H, BC-NMR 227 k
NWh 3 DAY MLV EHIE LT Z A, DNVHR=VRFE (6c: 171.9), V7 471
hy (6u: 6.78,5.38,5.33,5.33), A% AFL 71k (54: 3.80,3.70,3.20, 3.20).
TIUNLDATF T~y (6n: 1.85,1.68,1.68,1.68)ICHYTH 7 BEL —HL
TUW 7z, HMBC, HSQC fi##rn e 31 LRI LRFFHZA L TWAH Z ERDnh . O
g2 E LTz, F£72. MS?, MS3 T CTlx., m/z403,305,207 /-7 77 A A F
v—7 BNERl SN, 2Bk T END, TIUAMITHINI SN 7T 7 A AU Y
— 7 EHER S, IR URSE AR LT, BLED Z E D MSMIET I, ISR
LEHK 35 R EDHBMBERECREIZANTHLZ ERnbrole, £, G LT
prophialotideA (3-4)i% 3-1 X b DT X TOMBEEREIEE A TFNVELHZ T2l &b, Z
O DEHSLIT PhiaA & PhiaB Ik > TEASND Z ENboT-,
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fh O HRHR O S IZ >V TH LC-MS izt L= & Z 4, trans-ER Th 5
phiaB % E A L T\ 720y AO-phiaAC Tl 3-4 DX VD IZ CogHasOs D53 1% /m #7272
v —7 3-5 PR I ATo, ZAUE 3-4 L0 KFBIRFD 2 [H 0+ K TH Y | trans-ER

N _HEAOBITMISZMEEST 50 2L 2BET DL, FEfEEN 1 D2 VEET
D EPHEEINT, THINMR A7 ML i U7k 5, ik Lz =8 v 7 s 3-
4 LV —EERL W, £, KA TFALTa hrDOY T (u: 0.95)03 %KL,
Rbvictr 7o 7a by (6HB30), TUYALMLDOATF LT by (6w: 1.70,1.70)IC
METDH T FARBRIES N2 &, C18-19 (LI ARfAFfE A K- s CThH Z &
Winolz, 720 2D-NMRIZEW TS, HEEHIE ISR Sz, 3-6 125V TH MS2, MS?
FENT 24T o T AR, 3-4 LIARRICHR D IR UBEN IS NVIZ 7 T 7 A v M A B — 27 DM
HShiz, MSSENTClX m/z 1071 OBE&EZRT 77 7 A ME—7 R8s hzZ &
5. AFILRMED THFEAN 34 LHBLT—oZ W I ERKEESNT, 20X ) ITEES
Briz & o T, R OMEEERE15D Z EBARETH 0 | By & AW fiiEfeE & LT
B THDHZ EBNRENTZ, ZDLAMIE, dehydroprophialotide A (3-5) & fiv 4 L7z, £7=.
AO-phiaABC Tl 3-4 M S =728, AO-phiaAB Tl 3-4 NS o iz, ZOfkE
%ct 0 HEBERFE S phiaD 1%, 3-4 DAEFEICVIE TRV & NRPS Hl#3# s+ phiaC

34 EARICHMATHDL Z ENBZ BT,

prophialotide A (3-4) dehydroprophialotide A (3-5)

34

I|'| 3_4 AO'phIaABC

I"‘.J:\ AO-phiaABCD ) (HAxxxDG)

2 I ; \,

35 . | AO-phiaABC

}‘\L 1 AO-phiaAC 3 (AHxxxDG)
| AO-phiaABC

)i AO-phiaAB 3 (AAxxxDG)

e '
i) AO-WT Iy | Ao-phianBC
2.0 25 3.0 35 [min] 2.0 2.5 3.0 35 [min]

%] 3-2-3. BAEETEE AR L 0 fillt U 72 AREHPER © UPLC-MS 234 & (ESIY, m/z 515, 517)
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OH OR; OR, OR, o

phialotide A (3-1)
R4, Ry, = D-rhamnose, Rz = D-mannose

3-4 (methanol-d4) 3-5 (methanol-d) 3-1 (methanol-d4)
Sc S (multiplicity, J in Hz) 8¢ & (multiplicity, J in Hz) 8c 81 (multiplicity, J in Hz)
1 171.9 - 1 1713 - 1 171.7 -
2 128.9 - 2 129.0 - 2 129.2 -
3 147.6 6,78 (d, 9.8) 3 1477 6.76 (d, 9.7) 3 147.3 6.65 (dd, 9.8, 1.5)
4 38.0 2.75 (m) 4 385 2.8 (m) 4 37.0 2.81 (m)
5 839 3.8 (d, 8.6) 5 820 4,04 (d, 10.1) 5 874 3.78 (d, 9.1)
6 1371 - 6 1340 - 6 1321 -
7 133.6 5.33(d, 9.3) 7 135.0 5.3 (m) 7 139.2 5.36 (dd, 9.2, 1.0)
g8 370 2.65 (m) g8 380 2.75 (m) 8 354 2.75 (m)
9 843 3.7 (d, 6.7) 9 842 3.81(d, 8.8) 9 883 3.73(d, 9.7)
10 1374 - 10 134.0 - 10 1324 -
11 134.0 5.33(d, 9.3) 11 135.0 5.30 (m) 11 1391 5.26 (dd, 9.7, 1.0)
12 36.7 2.65 (m) 12 37.0 2.65 (m) 12 354 2.75 (m)
13 84.1 3.20 (m) 13 845 3.72 (d, 8.6) 13 904 3.75 (d, 9.7)
14 137.7 - 14 134.0 - 14 1331 -
15 1329 5.38 (d, 9.7) 15 138.0 5.30 (m) 15 1366 5.46 (dd, 9.9, 1.0)
16 36.6 2.65 (m) 16 37.0 2.65 (m) 16 36.6 2.70 (m)
17 794 3.20 (m) 17 845 3.67 (d, 5.7) 17 79.4 3.24 (t,5.3)
18 383 1.52 (m) 18 123.0 - 18 39.4 1.44 (m)
19 278 1.28 (m), 1.48 (m) 19 134.0 5.30 (m) 19 27.3 1.46 (m), 1.18 (m)
20 12 0.95 (t,7.8) 20 120 1.70 (d, 7.2) 20 11.9 0.92 (t, 7.6)
2-Me 12.8 1.85 (s) 2-Me 12.8 1.90 (s) 2-Me 128 1.86 (d, 1.5)
4-Me 16.8 0.85 (d, 6.6) 4-Me 14.5 0.86 (m) 4-Me 16.8 0.87 (d, 7.1)
6-Me 11.2 1.68 (s) 6-Me 11.5 1.66 (s) 6-Me 108 1.63 (d, 1.0)
8-Me 17.8 0.82 (m) 8-Me 17.5 0.81 (m) 8-Me 17.8 0.81 (d, 6.9)
10-Me 114 1.68 (s) 10-Me 11.5 1.62 (s) 10-Me 11.0 1.60 (d, 1.0)
12-Me 17.7 0.8 (m) 12-Me 17.5 0.81 m) 12-Me 174 0.78 (d, 7.2)
14-Me 11.6 1.68 (s) 14-Me 13.5 1.65 (s) 14-Me 10.8 1.62 (d, 1.0)
16-Me 18 0.95(d, 7.8) 16-Me 14.5 0.92 (d, 7.0) 16-Me 18.3 0.98 (d, 7.1)
18-Me 13.5 0.95 (d, 7.8) 18-Me 12.0 1.70 (s) 18-Me 145 0.95 (d, 6.7)

3-2-4. prophialotide A (3-4). dehydroprophialotide A (3-5). phialotide A (3-1)?® 'H, '3C-
NMR A7 kb
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2071

-€---7

HO HO

305.2

----

HO

R

MS spectrum of 3-4

3-4

Data_No._Sample name; 20210129_201564_sample_pos Inst name; LTQ Orbitrap XL Source Voltage (kV);
Operator name; oka seiko Time stamp; 01/29/21 09:48:26 Capillary Voltage (V);
Comment. Tube Lens Voltage (V)
Instrumental Analysis Div.. Global F acility Center, Creative Research Institution. Hokkaido University FlowRate:
20210129_201084_sample_pcs #150 RT. 429 AV: 1 NL 2.17E8
F: FTMS = p ESI Full ms [140.00-1200.00] 517.3508
z=1
1004
03
3 271.1883
. z=1
I
g o3
3
; 3 £34.3851
£ = z=1
K @
% 23 2082505 5913878
FRE) z=1 2=t
203 =
\ W22 g, XD
103 157008 "TRE teTosu 21812 222848 /2011811 2E2125 a7z B2 Wa2WT® sz 2ees T =1 =1 5::37 57582
R . =2 = =1 =1 2= | N | L =
R L o e S
% 10 10 140 10 18 20 20 20 20 2 W A0 w0 40 @80 50 =0 0 S0 W0 6w
mz
MS2 spectrum (precursor ion: m/z 517)
20210129_201084_sample_pcs #34-37 RT. 0.87-096 AV: &4 NL 1945
F: FTMS * p ESI Full ms 2 517.25@cid40.00 [140.00-1200.00] 315.1935
. CygHx0Na 499.3401
CyoHss0:Na
EE 29H1805
e
o 703
H
£ 0]
5
< 203
£ o 5350
2 o3 € HiaOsNa
4813288
e w20 153188
CuaHiO:Na CasHuOrNe Crta o
10 l
i
e s e R L e N L SN S o e e s
E 1 20 @ 2 0 0 =20 0
mz
MS?3 spectrum (precursor ion: m/z 305)
b RT:280301 A5 NIBSIES
E 2180043
10
£
=
Sa
a
2
£ ¥
= 287.9%
= Coh0208
B nanE
Crats O:Na
L B e o o L NI B e L N S 2 e R ]
80 W e @ 10 A M A0 X0 @M W u % [ T R R N £ s 60
MS?2 spectrum (precursor ion: m/z 403) ar
00
o] 369.2769
3 208.1438 CaaHzaONa
. CyiHz10,Na
a
2
£ ¥
=
&
% 05 a . - .
? 2068950 uoZ1 87388 2
5874 146819 1B4ETI0 18208 Akl g 41NN 719386 319208 Cutx0 3% 028412 CaHaOzhe 1RBMT 3018132 CakaOste 5526452 S762701
o e B I 0 o e L e e e e T T
8 100 120 " 10 180 m w A pid 20 30 n K B0 o a0 W 460 L 20 i 360 i €00
nz

3-2-5. prophialotide A (3-4)7> MS2, MS3 f##fT i F
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107.

-

MS spectrum of 3-5

1 2051 3032

- -

HO

HO |

515.3
[M+NaJ*

401.3

-y

HO |

Data_No. Sample name; C:\Xcaliburl..120210422_M210011_FTpos Inst name; LTQ Orbitrap XL Source Volrtage (kV),
‘Operator name; oka seiko Time stamp; 04/22/21 16:13:23 Capillary Voltage (V);
Comment; Tube Lens Voltage (V) ;
Instrumental Analysis Div., Global Facility Center, Creative Research nstituion, Hokkaido Universif Flow Rate;
20210422 M210011_FTpos #114-117 RT 3.30-334 AV. 4 NL: 284E5
F. FTMS + p ESI Full ms [100.00-800 00]
515.3351
100
90-
80
» 7O
&
£ 6o
25
£ 40 5163385
& 3 N
5191897
20- z=1
5173412 529.3507
10 s ooc o745 4983906 SOVEET 503305 gon gy 5072046 5103844 5123255 5142457 2ot M 315 s sz ey g 534 3380
2=7 =1 1;1 1 z=1 2=1 2=1 2=1 =2 227 | 2=1 2=2 27 L | 2=1
T T T e
510 512 514 516 518
MS2 spectrum (precursor ion: m/z 515)
20210422 M210011_FTpos #63 RT: 179 AV 1 NL 171ES
F. FTMS + p ESI Full ms2 515 34gcida5 00 140 00-600.00) -
100-
B
o T
§
E
g 401,266
2
a2 z=1
& ! 4312772 4533044
Il =1 =1
2 305 2561 4793138
2051203 55 2058 A 2=t
1 1731358 1911044 1 219.1358 2631260 207 1808 =7 2786 427.3186 | 435.3237 5452503 5753600 569 2817
227 2=7 » 2=? =7 2=t L | =7 1 z=1 =1 ‘ | 27 - 2=7
T T e e e e P P e Y e L P Y o "M e e
. miz
MS? spectrum (precursor ion: m/z 303)
20210422 M210011_FTpos #2327 RT 053068 AV 5 NL 817E3
F: FTMS *+ p ESI Full ms3 515 34@cia45 00 303 19@cid45 00 [80.00-600 00]
02
2 Na
100
i
g 7
B
3
3
S
4
u 4
4
" g
) 2851628
2191358 CirHm Oz Na
1 CizHz OzNa 4324170 471.2013 530 (248
97 3076 7232 152592 106 3000 252 5968 msamJ 325 7002 366 7868 409.3538 CeHza O« CasHnOs  soggero CaHinOnNa 5627393 597 7238
W 4o W0 0 mo zo 20 0 | 2w W0 3@ M0 80 0 A0 4B 40 40 40 0 =0 S0 w0 50 el
miz
MS? spectrum (precursor ion: m/z 205)
2210422 W00 _Mpos#B-15 RT: 003010 AV-11 NL 4476
F: THS + pES Full mod 513.250¢idd5.00 303 00eiad53.00 205.00@eid45.00 [33.00600.00)
10
)
S i i
-
a 4
- L) j¢!]
0 |
YT T T T T T T T T T T AT TN N[ T T T T T T[T T T [ T T T T [T T [T T T T[T T T [ TT T[T [T T T[T T[T T T[T I T [ TTT[TTT [ TTT[TTITTTTT]|
0 WoOow oW m MW oW oW W B W W 6 @ W M W W B &0
m:
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3-2-3. RY & A FHOMEHE

Ll -7 PKS 1%, AR L7 BHAEGLOMIRA T HOR Y 7 % A REHOMKI R
REBRFFED D oT=, —MRIZ, RV T Z A ROMENBROLEAK TIX, BRF D ACP RAA
RS Ule & FIRFHME DM S 4L, C REMIIALE TS5 TE KA A A Ko TR Sy
RSO ST, RN OLRY 72 A RBEI0 HEhbd, LivL, 34 EFRICENWT
PhiaA WHTIZIZ TE KA A U MFAE L7220, HR-PKS ETAERK L7=ARY 7 &% 4 REHOM
KRN TBIOBESE « RAA UNBIET 5 Z L AVRB N7z, NRPS #li%5% PhiaC =& %
IR EIRER BN T 3-4 BB SN -T2 L 2EET 5 L. PhiaC 23K iR
592 L&z bz, KEERIL, il C)RAAL T T =1k (A)RAL D250 K
AA IPORER SIS, BIFIELT IV BERWEGTNT 7 h AT X RiEE TR
EORIEEMET D5 RAAL U ThD, D TNIZHDKBIEONRDVIZKDFRIET D &
WETHE, C RAA AIMKGIREIOEZMBET 2 2 ENARETH D &5 2 IEHEEAL
HHxxxDG & F—7|Z%H LT EBEREZIT-7- [17],

BpAR phiaC #7 7 L— k& L7z PCR (X~ T, 3 FDOZE K (phiaC_AAxxxDG,
phiaC_HAxxxDG, phiaC_AHxxxDG)#Z {ERL L | JElZ & & [FIERIC phiaA. B & ILICHIEEIZE A
L7z, 28 BRI A findafh 3 L OV AO-phiaABC % %12 MPY B ThE# L CHREPED
ZHhH UCHHE % LC-MS THtr L7, T OfEF. AO-phiaABC, AO-phiaABC_HAxxxDG
Tl 3-4 B S NT=25, AO-phiaABC_AAxxxDG. AO-phiaABC_AHxxxDG T3l &
NWixhole, ZOFREREID, C RAALUBRY XA RED PKS 726 DANKIRIZ L 58]
DI LAMIE L TWD Z ENbho T,

C RAA UL, 7 2 NESA DL, Pictet-Spengler )i, ~7 t B LU 72 & DERETR K
S il 9 D% T D [18], PKS-NRPS TiE, HEHOUIY H LKIG%E C K Cr R A
A VBT 2 L ONMLNTND, 2D Cr RAA X, B NRPS [2452£ < | 60-90%
D NRPS 28 Cr RAA U ZFf > TWD, Cr RAAL UPIET HRIGIE~ 7 7T 7 & LMER
T THDHM, 72 ML Dieckmann #fiEa. trans-= 274k, 77 F AL b #HE STV
%o FETo. MK EREOG 2 filflid % C N A A > 1%, Crocacin B 3 X O} D-tryptophan A&
THE SN TWS, MHEEHIZ, NRPSDOT RAAL V EICHDHT I 7N C RIITALE
T5 Cr RAAL L OERIZE T, BEEENDBUIY SN D[19], b 06| & PhiaC & DFH
E AU, PhiaC CIiE N KHHIINLE T2 C KA A VBRI FRS % k92 M CTh 5, [F
ROFNIHE SN TELT, BOTB LWL x5, £/, Bor4EETIL, 31 &
thermolide & DAA MBI IZE H L CHFEZ D 5 Z & T, thermolide A& kIZ B
TAKT 2 FEEAZIEAT 5 NRPS (ThmB)D C R A A 73, 7 2/ BEIEAFE(E K TlZ PhiaC
D C FAA LRk MK IREOGZ filiid 2 Z & 2B 5T L72[20], BLEOFERNG
NRPS ® T-R KA A VA& L7 PhiaC & ThmB (ZI3dELr 2 BEENR S D L& 2 T
Do
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A) biosynthesis of crocacin B CroK

B) biosynthesis of D-tryptophan lvoA

O sem O on (eXaXTHe)
“NH, @ “NH,
A\ _— A\
N N
H H

C) biosynthesis of thermolide

ThmA (HR-PKS) ThmB (NRPS)
OH OH OH OH OH O o
(kjan) on @ ERBac)  (HANTHE
@ OH QH QX ™ P non-enzymatic OH OH OH OH OH Q
Hydrolysis -CO,
(T domain mutant)
@ OH OH OH OH OH O O - @
+Ala : H

[ 3-2-7. C KA A 2 HllEd~ 2 MK MR L D Ik S5 S AR B B
A) crocacin B A=A 5%, B) D-tryptophan E/E.\EJZ\ C) thermolide 4= &%

P EOEBREE R L HEE SND 31 DA AR %K 3-2-8 1% L 7=, HR-PKS (PhiaA).
trans-ER (PhiaB)7' acetyl-CoA, malonyl-CoA, SAM % JiUE & L CiRFEMHAEMHET D, 1[EH
DR TIL MT/KR/DH (212 PhiaB |2 L 5=/ A Vi ST I TT 5, PARRIZE LR ¢
1T MT/KR, a8 Tid MT/KR/DH 2MERiSUS Z AT %, BREHIRER. NRPS #RiEHR
PhiaC (Z L » THK RSO DM E X dv, R Y 77 X A REHDS PhiaA > 58]0 S 4, 3-4 3
B END, EEMITIRY & Fux i fbdWmTh o0, FEH TR~ X I, RIREBR
HR-PKS %< AR Y = AfbBdWa 525 Z & LI TH D, 7o, KW 3-1 13ACHE
KTHLN, BB T AL =PI R EE TR LRW2D 7 T A Z —SMTAL
B L@ E NV EGRICEE LTS EEZLND 1],
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— repeated cycle

acetyl-CoA Ph!aA -
malonyl-CoA PhiaB Enz Enz Enz
saeests ur ol | Twr ol wr o
KR KR KR y
DH HO DH
+
t-ER HO
PhiaC
PhiaA
PhiaC

3-2-8. prophialotide A  (3-4) #EiE /A RIS

3-2-4. prophialotide A D%} S AE &

VT, HR-PKS DOSZARHIEIERE 2 ] 2T 5728, 3-4 ORI ARELE 2 3R 7E LTz,
AALEWIX, W72 HRE T EME AP AET D720, Y U oIl Lo TH LD AR
e AR E DAY MVEIERT HZ LT, — RIS ARRLEAZRETE L LE
Z 72. AO-phiaABCD X 0 i L7z 3-4 DAY b L ONETTIZ K - T 2 FO gLk
(3-6. 3-T)ZHE L7, hVUA—/L 3-7 1%, NaBHs COBTORITAEL S 2OUT 25 L
F~—iREWE L TR, 2D O REYITEY 28R 21T o 7ot fbFEa R L
72 3-6, 3-7 OIS LT 2 2 & T, MRLARBLE - A SIARBLE 2 NI R E LTz,

OH OH OH OH o) ;) 83BH OH OH OH OH
a
“ “ “ Ao ) 4 W + HOW
34 3-6 3-7

%] 3-2-9. prophialotide A (3-4)D 4>/ L 43 R S

[3-6 DAk & NIREL & DR E]

£79°, 3-6a =z L7-, Tilk® methyl (S)-3-hydroxy-2-methylpropanoate 7> & SCHRREA!
DHFEZEY, 39a 25 LT [21], LT 39a 13T A7 LA ~—3-9d & DIEREY)
(3-92:3-9d = 6:4) TIF 5 7= 7=, AR L - T 3-9a %437-. 3-9a 2>\ T, Pd/C %
fil it & U 7= BefdiB ot 247\, fVC TBAF T TBDPS A # R\ T, HIY?D 3-6a & 72% DY
RBTHAM LT, V7 A7 LA~—3-6b-d |X, 3-9b-d 05 Eil L7z AF— LI~ TERK L
7=
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1) Hy, Pd/C

O OH OH OTBDPS OH OH
[21] 2) TBAF
MeO p = : :
E 4 steps H H
methytl h(si)-s-hydro>t<y-2- 3-9a 3-6a
methylpropanoate (3-9a:3-9d = 6:4) 72% yield

3-2-10. 3 fE/Epizih 3-6a DAL

AR L7z 3-6a-d Tl 3MAKED(LFEY 7 PR RE L Eip> Tz (a:3.50 ppm, b: 3.37
ppm, c: 3.52 ppm, d: 3.52 ppm), K~V 7 XA K34 )nDHiEE 7= 3-6 TliL, 3-6a £[F L
3.50 ppm (2> ZFANBR SN Z s, T OMMELE &2 RE LT,

<'"H-NMR analysis>

OH OH

4

3 T
3-6a: (2S,3R,4S)
3-6b: (2S,3R,4R)
3-6¢: (2S,3S,4S)
3-6d: (2S,3S,4R)

NMM ol
LY TR

3-2-11. 3-6, 3-6a-d ® "H-NMR 43 H7ifs 5

WNT, ORI SLARBLE Z IR ET 5729, 3-6a ([COWTHF T LEKIC L 23 E M b 21T-
720 AWFFETIE, 3-6a 2% LT SIERIKDF T NAKAIEFA S, 3-6a-S & 3-6a-R =5
Lz, 20955, 36a-R1%3-6a’-S D) L FF~—ThHs=d, Z7u~ 77 ETH
U A RT. © ORI IUE, 3-6a(2S,3R 4S)D = F o F 4~ —3-6a’ (2R,3S,4R)
EET D L SFREY OMERELE 2R E T E D,

FINRIEKE LTL, 40, By Ty —iETHDILD MTPA ZHWe, LU b,
HERDEE Lo T2 FRIARER T v a— L OB ERET X T LRI TH D

59



MaNP acid % v 7= [22], 3-6a (2(S)-MaNP acid / (R)-MaNP acid % £/ &+, 3-6a-S, 3-
6a-R # & L1z, &% L7- 3-6a-SIR % UPLC-MS /3 #ricfit L7z & Z A, Wb &MWL BAFIC
SEE LT, FENT 34 L VLT 3-6 12OV T(S)-MaNP acid Z1E/H &4, 3-6-S &k
L7z, LC-MS T/H#r L7=fE %, 3-6-S I% 3-6a-S L AFFIF N~ L2 L2 b, 3-6 Dt
RISIARELE 2 (2S,3R,4S) B LTz,

o)
OMe
OH 07 R
Y Q0 ws L

3-6a-S

(2S,3R,4S) \
o 3-6a-S ;
pMe OMe
OH 0 3-6a-S
/\/\‘) /Y'\) 3-6a-R
adeolinsdes _J\

3-6a'-S
(2R,3S,4R)

45 (min)

4] 3-2-12. 3-6-S, 3-6a-S/rac ® UPLC-MS 4347k 5

[3-7 DAk &SRB E DO E]

WNTT, 3-Ta Z &k L7z, i® methyl (S)-3-hydroxy-2-methylpropanoate 7> & SCHREE
HOBEHIZL Y, 310 28 L7 [23], L7 42 310 1225\ T, Uy h—fkic k- T
3-11alb Z Ak L7z (3-11a:3-11b = 1:1), 3-11alb Z /3R L, =21 12%, 1% DL
KTHG L7z, VT, 3-11a OV R=/LH% NaBHs (2 K- T k7 /L 2—)L 3-12a
~ZEHA LUT-% ., TBAF T TBDPS M4 frETHZ LT, HIOD 3-Ta & 54%DILETHEL L
oo VT AT LA~—3-Tb (L, 3-11b 15 Lk L7z A F—AIThE-> TARK Lz,

6 OH 23 OH OTBDPS OH OTBDPS OH OTBDPS
[23] P4Cl,, CuCl, :
MeO ; E— - . + O
: 4 steps | : 0y, H,0 : :
methyl (S)-3-hydroxy- 3-10 3-11a 3-11b
2-methylpropanoate 12% yield 11% yield
Ph
OH OTBDPS OH OTBDPS OH OH 070
OW NaBH, HOW TBAF W PhCH(OMe);, CSA  HO. ¢
3-11a 3-12a 3-7a 3-8a
(# major isomer) 54% vyield (major:minor = 2:1) (# major isomer)

(# major isomer)

3-2-13. AR 3-Ta DB
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A L7z 3-Talb (X LC-MS TOMRMHMN TE R -T2/, 1,3-V A — VEfLIic VU T
VTR L=V EnTT 3-8alb ~EHLT-, NPT T H— L 3-8alb 1%, WY  Sft:
REEITH Z & THBELTZ, RWT, 3-4 L VFFE L7 3-8 2 UPLC 43#Ti Ji@btﬁ*ﬁ‘é 3-
8a LRFFIFMNA—H L7z &b, 37 OMEXEELA ] LI TE T,

WIZ, 3-8a IOV T, Jeik L7z 3-6 & [AIHEIZ(S)-MaNP acid, (R)-MaNP acid % {Ef &+,
3-8a-SIR # &Rk L=, ML, UPLC CTRAFICHBELT-, fERME VFFE LT 3-8 1
DWTH, (S)-MaNP acid % {Ef & 3-8-S ~ZH#t L7-% . LC-MS p#ricfli L7, =ik
. 3-8-S (% 3-8a-S LIRFFRFMIN —E L= Z & D, 3-7T O AAKEE % (2S,3S) & RTE
L7z

VI EDORERI D, 3-4 DM SLIRELE % (4S,5S,8S,9S,13S,16S,17R,18S) & P 7E L 7=,

A) relative configurtion of 3-7 B) absolute configurtion of 3-7
SO
T/K) \’//_/_ O/ko
MeO—! OW i
: ; iy
"0 : 3 \/ 3-8-S
3-8a: (25,3S) b

O

]
W / ;J \\ 3-8a-R
35

3-8a-R

3-8a-S
Ph 1 \ A
"o ‘ g o P
: MeO'A__O ‘
- 0o

2.0 2.5 (min) 4.0 (min)

3-2-14. 73 fRERA 3-T DHERISLIRBLE DR E

3-3. phomenoic acid + ACR-toxin A£G FKIZH1T 5 HR-PKS O 7 &AfH{#H
3-3-1. phomenoic acid £GKEBETF 7 T A ¥ —DEBERE

Prophialotide A (3-4)® %415 TR BL & M CARELE QR BRI L2 Enn . FEWT
phom B DEMRE ATV, 3-2 A£G HTHIARO B - &R EZ RS-, A 3-2-2
IZBWTC, NUZZ A RERERICKVE: phiaABC & &\ HEM 275 L7 phomABC %
pDP801, pDP201 |[ZZNENEA LT, #E LT T AI K&7a F 77 X M-PEG JEIC
THEIEA L, JBEEHIA AO-phomABC, AO-phomAB, AO-phomAC %#157=, 5517
TEEAHARZ . MPY RS CTHE 28 L (UIPEM 2 Al U 7=, M 4 LC-MS Tgtr L
72 & Z A, AO-phomABC (2B W TEAERE (WTITIZ R B2 W HiTz e e — 2 3-13 23k
iz, \baWmEHEEL, HR-MS AT LV 4317 % CasHseOs & E LTz, D51
5. AMEAMIIRRW E LT HHEESH TU% phomenolactone @ C20 75 4 F LK Th
% EHER &7z, "TH-NMR A2 kL% phomenoic acid methyl ester [12]& il L7 & =
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4. AL 4 Fr by (6u: 580,565, 563, 552, 548, 5.00), 4% AFTm bk
(8n: 4.10, 4.05, 4.05, 3.65). 7 UMD AF LT by (dn: 1T2ICHYST ST 7 F
WINBEW—8EZ R LTz, £/, 2000 Radx v A FVEEICHEKT L 7T (du: 4.09,
422V K L, F7lZ T U AMLD A F NI YT 57T (dn: 172038 S 7=
b, HEEMIED 2SN SR Sz, AHE 2D-NMR fi#tfr e & i HERIC 2 O i
&% LT, prophomenolactone (3-13)i% 3-2 N EF O T R COMBEEREIL L A FLEE L
DI LMD, INHOE#ILIZ PhomA & PhomB IZ X > TEASND Z EnbiroTz,

32 [THINR B TH LN, IWEIEHRL D HEEL 72 313 I VAR U EETIERS T 7 B
Y Thotlo, FilL7z 34 LAROBETHRY 7 ¥ 4 RN ERIND EB 257061
phom Bs+DOEFRELTEH | NRPS BREEFE T X 0 il X4 2 KRBT K - TR
ERE LTAENRESND LHEETE D, EBE, WHIBRKORERM 22 hGalc. &
VR VBRI ST 50 FEEZ b OE— 7 RBIHISN TS, L LR D, RSMFTHEEL
Th, Hiff - FROWBETH AR CBITEIE L TIA3OARELNT, 77 b UFEET
R E LTHHBESTND Z &0 b Al ARBLE OWREIL 343 D Z Lt Lz,

Fo, REHFHRIERICIBWT, RN T 7 AL 28V H L bEESNTZ, %
Z T. NRPS kEfi#3£ &5+ phomC % [\ 7= AO-phomAB DA EY % /54T L7275, 3-13 1%
B snleotz, Flo, EOEREITERAY | trans-ER Z R\ 72 AO-phomAC TiL, K
U CEAE A DR AL AEMITBII S N o T, iR L7z 3-4 DA TYH phiaB % R
BRI AEEERNE LS BD LI 2B ET DL, NMRORISZMEEST 2 FA A 2

FEREEOAMEZRFHL TN D Z LRI E Tz, HR-PKS OAGRIZIWT trans-ER 2377
TEET, = A VBT SR WIGEIC, R & B DENE LN HE 00D
DR STV 5, lovastatin A KIZEB W T, trans-ER (LovC)FETE(ESA: T D HR-PKS
(LovB)D ST, ~FHhrF Reu AT 5F Rea s RAEESILD [24], aspyridone
AA R TIL, trans-ER (ApdC)FETELE FIZH W TR & 5 AL Tt NRPS ICZ A &
Npni=Hica-t'a & LTHY Hjéﬂé [25],

313
AO-phomABC
AO-WT
2.0 25 ' 3.0 35 ‘ [mi;1]

3-3-1. BRI EAHUA 1 0 i L 7= RBIE® 0 UPLC-MS it (ESI+ m/z 583)
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OH OH OH OH OH O

X OMe
HO
prophomenolactone (3-13) phomenoic acid methyl ester
3-13 (methanol-d4) phomenoic acid methyl ester (CDCls)
3c SH (multiplicity, J in Hz) 3¢ SH (multiplicity, J in Hz)#
1 173.8 - 1 172.9 -
2 43.3 2.43(dd, 15.1, 8.2), 2.51 (dd, 15.1, 5.4) 2 42.0 2.56 (d, 14.5),2.40 (dd, 14.5, 8.0)
3 67.4 4.10 (m) 3 67.4 4.27 (m)
1.58 (ddd, 14.0, 8.5, 4.5),
4 44.9 1.60 (m), 1.71 (m) 4 426 178(ddd 145 85 45)
5 7.7 4.21(q, 7.0) 5 724 4.05-4.15 (m)
6 136.3 5.48 (m) 6 136.1 5.43*
7 129.1 5.65 (m) 7 129.8 5.56 (dt, 15.5,7.0)
8 41.5 2.25(m) 8 40.5 2.20 (m)
9 73.6 4.05(m) 9 728 4.05-4.15 (m)

10 136.3 5.52 (m) 10 135.5 5.45*

11 128.7 5.65 (m) 11 129.4 5.50 (dt, 15.5,7.0)

12 413 2.25(m) 12 401 2.20 (m)

13 73.3 4.05(m) 13 72.4 4.05-4.15 (m)

14 134.1 5.52 (m) 14 134.3 5.42 (dd, 15.5, 7.0)

15 135.9 5.63 (m) 15 136.0 5.70 (dd, 15.5, 6.0)

16 415 2.32(m) 16 409 2.31(ddq, 7.0, 8.0, 6.5)

17 83.7 3.65(d, 8.7) 17 82.7 3.69 (d, 7.0)

18 136.6 - 18 139.4 -

19 132.9 5.80 (s) 19 129.6 5.84 (s)

20 132.0 - 20 133.9 -

21 137.7 5.0 (d, 9.6) 21 137.9 5.06 (d, 10.0)

22 31.3 2.58 (m) 22 30.1 2.62 (m)

23 46.7 0.95 (m), 1.20 (m) 23 45.2 0.77-0.88 (m)

24 29.4 1.50 (m) 24 28.3 0.77-0.88 (m)

25 46.5 1.02 (m), 1.28 (m) 25 455 0.77-0.88 (m)

26 32.8 1.41 (m) 26 31.6 0.77-0.88 (m)

27 30.5 1.08 (m), 1.32 (m) 27 294 0.77-0.88 (m)

28 1.6 0.85(m) 28 1.3 0.77-0.88 (m)
16-Me 17.8 0.87 (m) 16-Me 201 coalescence
18-Me 13.0 1.72 (s) 18-Me 11.9 1.68 (s)

20-
20-Me 174 1.72 (s) CH20H 60.5 4.09 (d, 11.0), 4.22 (d, 11.0)
22-Me 223 0.93(d, 8.5) 22-Me 225 0.77-0.88 (m)
24-Me 207 0.85(m) 24-Me 19.8 0.77-0.88 (m)
26-Me  20.1 0.82 (d, 6.6) 26-Me 176 0.77-0.88 (m)

#: 1H-NMR spectrum of per(dimethyl-t-butylsilyl)phomenoic acid
methyl ester
*: exchangeable

3-3-2. prophomenolactone (3-13) & phomenoic acid methyl ester ® 'H-NMR A7 |1

3-3-2. prophomenolactone DO#&x}SLAELE

prophomenolactone (3-13)IZ 2\ T % 3-4 & [FAIEED TREIZ X o Tt S AREL B 2 8 L
720 1Z U, AO-phomABC LV BifG L7z 313 (ICoWTA Y VIR bR L ONETL 21TV, 4y
AR (3T, 314, 3-15. 3-16)% 4k L= KT, XHET 218044 L. LC-MS 4
HHIZ I B PRFFIRF I O Ll IC &> T FERISTARELE « fash SCREC E 2 Be I b 72,
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OH

1) 04
OH OH OH
2) NaBH
NN N N ) A 4
3-13
OH
OH OH
WOH + HO + OH OH +
HO o
H o o
3-14 3-7 3-15 3-16

3-3-3. prophomenolactone (3-13)D 4" o J3fif it

[3-7 DERL & KB E OWRE]
SYTRPERD 3-T OREXISLARLE L, LR L7ZFIETITH 2 & T (25,38)TH D LIRE LT,

[3-15 DAL & AL DR E]

3-15 %, 3-7 L [FAERDOFIE THEEE 2R DTz, T7ebb, filkd 3415a 2PV 7 v
7' & — 317a ~ & EHit% . MaNP acid Z#EH =&, 317a-SIR &Rk L1z, RV 7 & A
K313 ) HiFE L7z 3-17-S & 3-17a-SIR % LC-MS T/#r L 745 5. 3-17-S |3 3-17a-S &
RFFRFIN —B LT, ZORERED | 351X SHETH L Z L bh o7,

A) relative configuration of 3-7 B) absolute configuration of 3-7 C) absolute configuration of 3-15
Ph Ph Ph Ph
Ph Ph
o oo o o BN 5y
HO HO.__~ SO RO o0 o” 0
: : : : so A ro L)
3-8a (2S,3S) 3-8b (2S,3R) 3-8a-S 3-8a-R 3-17a-S 3-17a-R

FJ\_J\_;’ M\ s s

3
| 3-8b ’
S 3-8a-R 3-17a-R
S

2.0 25 (min) 3.5 40  (min) 35 40 (min)

3-3-4. yfRA R & A RS O UPLC-MS 34Tl R
A) 3-7 DFIARBLIE, B) 3-7 O SZAARCE ., C) 3-15 D AN &
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[3-14 DAk & STARELE O TE]

314 2OV T 4 FEO X 7 VK 3-14a-d & T (K 3-14e =&k LT, & 7 /LK 3-14a-
d i, EFEIFEETT> TS ALK Tao Ye ZdZIZ Ak L TV =72, 78 2K 3-14e
I%, TR 2-methylbutylaldehyde 7> & SCEREEFI D FIEIZ LV ARk L7 318 726 4 TFET
AR LT [26], T72bb, 3418 (2% LT, AZADOL (2L > TT7 /T b RAZEH L=t
Wittigh 3R ZEf &8, = 2T /L 3419 % 27% DR TEK L=, i\ T, 3-19 % DIBAL
WX TT v a— L~ L%, PAIC Zfilift Lt Lizgfiiscic kv, BO 3-14e %
33%DIHETHK L7z,

1) AZADOL 1) DIBALH

[26] lodobenzene Diacetate 2) Hp, Pd/IC
2 st
H Sieps Ph P;\CO Et o
2-methylbutylaldehyde 3-18 Ny z 3'19 3'14_e
27% vyield 33% yield

3-3-5. fRERAIE L 3-14e DE K

&k L7z 3-14a-e DX T /L GC-MS 7T OFER:, T AT LA ~—nNpishTtns Z &
NWbnote, WU A A K313 LVFE L7 3-14 1T (2S,4S,6S)DHE L 3-14a &[] UFHr
Rl Ch otz Z & D, 314 OEXIELE 2 RE L7, Hil T, 3-14a (2 MaNP acid % {EH
&4 3-14a-SIR # & L7-, UPLC-MS #7123\ T, 3-14a-SIR 1T/ n~ F 75 L LETH
BEL . AR X0 R L7 3-14-S 1% 3-14a-S & {RERIE A — L-, L=~ T, 3-
14 ORI NLRBLE % (2S,4S,6S) L RTE LTz, £72, RIAT72F /L HPLCIZ L > TT &
2K 3-14e B3 BET DS oY | Sy RA R 3-14 73 3-14a L ARFHIFRI S K L= 2
DD Z O NIRELE S SR S LT,

A) relative configuration of 3-14 B) absolute configuration of 3-14

k 3-14
3-14a
N 3-14a 3-14a-S 3-14a-R

6 ~4 ~2 3-14b
WOH | i\ 3-14b

3-14a ; (25,4S,68) JL | 3-14-S
3-14b : (2S,4R,6S) : 3-14c |
3-14c : (2R,4S,6S) A 3-14d \
3-14d : (2R,4R,6S) | 3-14d | 3-14a-S
3-14e : rac V ‘

' /vLa- 3-14a-rac

T
9.5 10.0 10.5

(min) 35 40 45 (min)

3-3-6. 3-14 DOFHRINLARBLIE  Hleh SLAHLE OIRGE
A) 3-14 & 3-14a-e DF 7 /L GC-MS 4347, B) 3-14-S, 3-14a-S/rac ©> UPLC-MS 431
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[3-16 DAk & STREL E DY TE]

77 b2 316 IZHOWTC, 2 OTT AT LA ~— (3-16alb)% 3-14a-d & [AIERIZ L [FEAF
Ze AR LT 7, Ak L 7= 3-16alb 12(S)-MaNP acid % {E/ =& . 3-16alb-S %4
L. UPLC-MS Zp#ricfit L7=& = A, 3-16a/b-S N pHE L THRH IS Z & 2R LT,
WNT, R4 & 0 R L7z 3-16-S % UPLC-MS T/t 3 % &, 3-16a-S & FrREFIRFH
M= LT2Z &b, 316 OFRRREE ZRE LTz, £, MXZARREZRET 572
HIZ, 3-16-S & 3-16a-S/IR & DIRFFIFH A i3 % & | 3-16-S & 3-16a-S D LRFFRFH 2358

W —H LTz, LEORERENG, 3-16 Oifxt SRR E % (3R 5S8) L RE LT,

UL b o> SRR T B U 72 4% 43 i A2 A D e sef ST AR (B 3-13 D%t L AREL & A
(3R,5S,9S,13S,16S,17S,22S,24S,26S) L R E L T=,

A) relative configuration of 3-16 B) absolute configuration of 3-16

OH
3-16-S \/l\/k/\L [\ 3-16-S
\/l(i \_,_/\/;, SO 1~0"%0

316a-S 3-16a-S
(3R,5S) : (3R,59)
| 3-16a-S 3-16a-S

OH ! OH
SO\/lfolo 3-16b-S RO\/EOK/\LO Msb'R
H H
3-16b-s 27 30  (min) L Y - — .
(3S,5R) (3R,5S) 27 3.0 (min)

3-3-7. HyfRAM & B RUE M D UPLC-MS 24T R A) FHXISZARBLIE., B) #id SZARALE

3-3-3. ACR-toxin £ & En 7D REHREL

HR-PKS OIZEKFIFNZ DWW T, S 675 R 21525 72912 ACRTS2 D BRI A ML=
DINEPT T2 [27], ARda LTk~ 2 SEARRLE AR 2 PRAE 2 EC 6 EE A ERFER C
HHT, FEICRERT D,

ACRTS2 1%, #5612k v . ACR-toxin (3-3)DAAKIZB G4 5l s+ & LT, Bin1ig
BgERRT L 0 FE S 7. HR-PKS Th % [28]. ACRTS2 1%, ik L7- PhiaA (55% identity)
X° PhomA (68%) & HFIE DR Z T2 s, U LIEEEZ > &2 b, 2
DOHEE 1L, ACR-toxin 73, phialotide <> phomenoic acid & [FlkE, RY b R /bE¥WTH
HZ bl E—#T%, 7272 L. phialotide <° phomenoicacid & %720 | 3-3 TlX _&EEA
DBILINTICZEDEEER - TNDHZ Ennh, ZEHEAOETLKGCZH O trans-ER (34
TEA REOBEIIHLELRWE TEINT, £2 T, ACRTS2 BT DA% pDP801 ~&
AUTz, EELIT 7 A REBE~EAL, EERSA AO-ACRTS2 #457-, JEE i
K% MPY JIREHICREZE U, ML & LC-MS T L7=fs S, BFAERRIC A S
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Tolp e —7 3-20 BER STz, HEFEEREOF R, NMR 77— L et RPEHR O T —
ZLEIL—H LT enb, KMEEWITAEER TS 3-3 OIUKIEEY & LTS Tn
% compoundA(3-20)Tdh D Z L nbir-o7z [13], LLEDHER L Y . phiaABClphomABC
BRERBNG PHREINTZL 912, ACRTS2 OHMBEIIZ L v | oM EEEETH 3-
20 % Huf5 L 72[27], ACR-toxin DIk LR IT A A EARICL VAL MCShTnH 2 L
225, ACRTS2 DNIAREIRME A fRim C& DRI & 7o 72 [29], 7235, 3-3 025 320 ~DJfit
RSN 3-3-9 D L HICE R DN D,

AQ-ACRTS2

AO-WT

R . - B

3-3-8. AO-ACRTS2 X v filit L 7=fC#PEM  UPLC-MS 4347k 5 (ESI*, m/z 293)

OH "
OH OH OH +H,0 OH A OH OH OH O
N N 0o N

3-3

OH OH OH O

3-3-9. ACR-toxin (3-3) D IR AL R FR LS K & 3-20 DL RpEH

3-4. SLAECE IR
3-4-1. MAELE R DIRE

HR-PKS O RARBUZ LY B L7z 3 (LAY O ST AEE A G TE &
MH, & RAAL U OSREIRMEA fin T & DRI & 2R o 7o, R LFRSCTIE, LR b7 B
ThHEM LT D720, RY 72 A REOMEFAICHER L, TEEICALE T 5 tho E
FOMERALE Z BB LRV ORPS BT VA MT-ICER LTz, ZOERI LN >T, 3HD
{EEMITEAN SN BRI DM SLARELE 23w 5. KR RAA UIZ Ko THEAI DK
LT, TRTCOMEMITB VT ORENE TH 72, MTIER RAA LI K-> THAIND A
FVEET, B O ARSI L0 BIRRICXBICE 5, BT D IRFBIKBENTFET D54,
MT RAA THIISGEAINIZ A TV LW TE | Z O AR E T2 TOHREICE
WCOREBLETH D, — . BT DRFE LITKBENSTELRWEA, ER KA A OfE
MEZTIZATFNAVETH D LW CTE ., EOMKISIARLE L °S BliE Th > 7,
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ZOFFR % HR-PKS ORNCH TiTd 5 & BEREMATIZAE) L7 3 FED HR-PKS (23
YD VARERIREZ RO X O IZHHTE S (M 3-4-2), T7bb, KS RAA K DHHEE
IZE > TIntADBTERK L7218, MT KA A VN RELED A FILIEAZE AT 5 L Int-B 2345k
ENb, WNT, KR AL 2L 5T Int-B 282 IC S 4. °R BEE OKEER:Z & Int-C 73
AT 5, 2O FafddFAT XTI DH RA A COEMIZL Y., syn-BilEA il <
E-ALV7 4% B0 Int-D BNERSND, Z Da-keto-a-Me-F A4 27 L &EEH LT E-A4 L
T A NCEDL SHO SO SIREERE, v VT 'Y 27— PKS ICB T A e L [ T
Thbd, vVFEY2T7—HPKS TliE, SEBOKBENEAINL T —AbHDLNR, £
DA S syn BHESEIT T 5720, AT 5 “HEFEORMEMEIT Z KL 0D, 2k
D TEEA ORI, Int-C OPALLRHE DM STARRLE & BHEICEH L T\ Z &b
D, BT, trans-ER 78 E-A L7 o A NLRIRIRYIZIETC L, OSELED A FVEA H O
Int-E 34T 5, PhiaA, PhomA, ACRTS2 & [RIERDLARIEIRIEN . squalestatin ZE A % C
BT % HR-PKS (SQTKS)IZE W THHE STV DA [10]. HERERVICRIEMED & 5 HR-
PKS 3R % HEFRANZ T L 7= DIZAWFFERN 0] DB TH 5 [30],

OH OH OH OH OH O
N . X SN X oH
HO )
phomenoic acid (3-2)
OH
OH OR3 OR; OR; 0 OH OH OH X
: : on h : h : Ho ©
phialotide A (3-1) ACR-toxin (3-3)

R4, Ry = D-rhamnose, R3 = D-mannose

3-4-1. RETHL M L7z 31, 3-2 Ot CARRLE & 3-3 DOk STARRL

O O @ 0] o
R1)J\/U\S-Enz R1)J\S-Enz R1/YJ\S-Enz

R2 °Sgg
Int-A Int-E
@) \ DH skip ER skip i
MT skip
(@] O @ OH O (6]
DH
R1MS-Enz — RK‘\Q)J\S-Enz — R1/\)J\S-Enz
R R °R Rz syn-
mT KR elimination
Int-B Int-C Int-D

3-4-2. HR-PKS (23T 2 SEAREC & ] # 2
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3-4-2. RV FeXx R Fr&A ROSE

HR-PKS D4+ %t 247 9 & . PMA (PhiaA, PhomA, ACRTS2), TML (ThmA., ValA).,
PSL (AkmIA, CimIA)ZxfI&T % 3 2OMfEZe 7 L— RS EM S 47z, Rk U7z 325k Clne
fig BT L7z PhiaA 72 &%, £ CPMA 7 L— RIZES LTz, &7 L— RIZBW T, FEREMIT
SNTZHRPKS B2 2RV &4 FEIZ. 2T AV RexT R ¥ 1 RThoTo,
F72. PMA 7 L— RIZEE N7 HR-PKS OEN B 2 BE L& 2 A, ik L=k
Gy fR % il 2 NRPS SR IBE 03 M < RSN TUW e, ZORER KD | 1) BERefiEdTIC
By L7z PhiaA, PhomA. ACRTS2 23 R2#tFAICBIEE 27~ 3 2 & 2) ME s+ 5 K
R DAL RIS 5 HR-PKS 3R/ Fk ECiltlkd 7 L— RIS NS Z ENbho
720 % 7 N—70O HR-PKS IZHR SN DRV 75 A4 REOREEICOWT U TFICE DD,

PMA 7' L — :

Phialotide (3-1)%° 3-2 D X 5 2 W VAR VA Kbl b OB Y 7 2 A4 KR IhD,
ZDORY I H A REOMERNZIX, N2 U CTHERET 5 trans-ER 2 L35, 31 X° 3-
2 DRV 7 H A REOMKIRREEINE NRPS BREERIC K- TRt S D, £, Reikiafl
ELT, 3B3DEITHTNIGIZ L - TR 7 A REBREET D720, 810 LR
RER2HDBIEET D,

TML 71— ;

Thermolide IZXFEEnb~7ra 737 2 L7 7 IV —DORV ¥ A4 RTHDH[B31], 2DV
— 721X, metacridamide [32]. georatusin [33]. valactamide [34]3& £ 5, T B
RV RFaFoRUr2 A4 ReET I JBIOHEESN TS, PMA Zv—7 L3872 0 |
PKS ZH#§pk9 5 ER RAA VNEHRITHY | R rZ A4 NEOMERICICEET 5, Z
DI N—THER 72~ 7 v T 7 Z DENLE, fat. 77 =k, FA—fb, Ko
AL U725 NRPS IZE > TS LD,

PSL 71— :

Phaenospelide A IZfXFEShb~7nZ 7 b7 7 IV —0R ) r¥ A KTHDH[35], it
DI N—T L B2 C-ATFNALEMEET 2 MT KA A U ZFF-> T, ORI R
AA UHERIE, AT V—T IS D decarestrictine C1 [36]5° AKML A, CIML A [37]43
G A FIVEE R T 72 MEFHEE DR L b — 8T D, £72. PMATML 70— & (372
V. ML L7z TE I X o TR e~ 7 e BRALBUS Mt S 5,
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A) PMA group

Stereochemical

Reported structure The PK backbone structure

methanolysis

X-ray
methanolysis

TMC-151C [Clonostachys rosea]

determination
oH OMan  ORha  ORha O :
This study
phialotide A [Psudophialophora sp.]
PhiaA+PhiaB
OH OH oH OH oM O | OH OH OH OH OH O
N N § § on NN X X X S-Enz This study
HO' ) ; :
phomenoic acid [Leptosphaeria maculans]
PhomA+PhomB ! :
! oH OH OH OH O O i NMR, CD, X-ray
: “ | Asymmetric
A 0 c S-Enz ! synthesis
ACR-toxin [Alternaria alternata]
ACRTS2
OR OH OH o OH OH : OH OH OH o) ;
H : : X-ray

B) TML group

Stereochemical

The PK backbone structure .
determination

Reported structure

This study
(macrolactam moiety)

thermolide (reported structure)
[Talaromyces thermophilus NRRL 2155]
ThmA

(proposed by synthetic study)

X-ray

metacridamide A [Metarhizium acridum]
MetA (putative)
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C) PSL group

Reported structure : The PK backbone structure | Stereochemlcal
: : determination

HO,,, N x
H OH OH OH OH OH OH OH o !
OH OH OH OH 0._0O ' H : Degradation
HO! : * X X X A S-Enz ! Mosher's method
NN : | vecD

phaenospelide A [Arthrinium phaeospermum]
ApmIA

o : 3

o : OH OH 0O !
: /‘V\A\/M : X-ray

—""OH : S-Enz 3

decarestrictine C1
[Cordyceps fumosorosea ARSEF 2679]

DcsA
OH OH o
X "o
H oH oH oH 0 ; Derivatization
X X N"Ns.Enz ! Mosher's method
_ .
AKML A [Aspergillus kawachii]
AkmlIA
OH o |
o X H |
' OH OH o !
? | /‘V\/\N\/\/\A\/‘V\A 3 Derivatization
S-Enz : Mosher's method

CIML A [Colletotrichum incanum]
CimlA

3-4-3. RV b FuFxI R rZ A REFIST DRI & A FEOHE
A)PMA 7 )v—7 B)TML 7 /v—7 C)PSL Z /L —7

The architecture of PMA clade TML clade PSL clade
MT ER° MT Y
HR-PKS DH KR HR-PKS DH KR HR-PKS Dl:i KR
oV @ KSAD  ACP KSAT)  ACP
_ & L
t-ER NRPS NRPS TE

t+ER  (C)A) cADGS -
X 3-4-4. AUt Faxi Ry A Reamd b HR-PKS ORFHIENT. A A AR

3-4-3. RV b FuXIRY 7 & A ROLEEEHEICOVT

AR L7723 7V —7 DRV b FaxRY 72 A FIZONWT, RETRE L7 LKA E
R (°Rwt. °Rkr. °Ser)23i FH AIBEAMRGE L72, & ORRAEICIE, X Bk dhi i i o2 Ak
72 8 ABFEMED O FE TR STARBLE 2SR I O GV TV Db E & H Tz, 2 OFE SR,
Z< DRV e Fax RY 7& A4 FTHAIE =BT 2 ikRELFFOZ LRl bhoTe, £
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7o, MRFEO AR CHIFR & 1 X —8 L2 W R & o, FHEL PR TFE L T L OARKIC
IV, HESNTOIHEEOMELIERT D 2 LICRE Uiz, ZOREEN D SEARELE HI
RIS KR DR TR0 E SN TV A EEO YRGS RIH CE 52 L 2R 2 &R
T&72, LUF, &7 N—F 2o TEMAKFIZ R,

A.PMA 7 V—=F

PMA 7 v—7 DRV 724 FEHIE, Ak L7z 3-4, 3-13, 3-3 ® X 9 23# L T °Rur.
°Rkr. °Ser FLE D /KEEILI L ONA F/LHED HR-PKS / trans-ER IC L > TEA XD, X
ol SR AT I X > THESE STARIR E 23 £ - TV D REEHRRRIA TMC-171C (2 dH 5 EHAIEIZ
SWTH, HADL PRl S DM AR EZ > [15], £/, Bk L7 R#figth <
%, PMA 7 L — RIC Xylaria fi75> 5 A O DRERIN D HR-PKS 23S NS, b D
HR-PKS %% Xylaria f&7> & i ST 5 3-2 OREESERK IR TH % cubensic acid > malaysic
acid, berteric acid, cameronic acid DAEEAICE 532 EIET D &, 1BE LIz LA iE
fIHNZEHR T 52 & T Zh b O AR EZ T TE 2 [14,38], ZHIZE D,
cubensic acid Tix, #2152 1024 i@ Y OFEEM: (REHLN 10 DT 572 D)DH DD |
BERMICHEE SN A E 7272 —DICKR VAT 2 L N TE 7o, AERO FIEIL, HHARI b
MT&%, 29 LIALFHEEOHETEIL, 2EHKIC L > TS IAELE 2 kD S BHCH I TH
HEEZBND,
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Reported structure The proposed PK backbone structure

OH OH OH OH O

OH OH OH OH O

AN X S AN OH

HO
cubensic acid [Xylaria cubensis]

OH OH OH OH O

Me Me
SN N N N oH
“'OH

sporminarin A [Sporormilla minimoides]

OH OH OH OH O
N N X X oH
HO
malaysic acid [Xylaria sp.]
OH OH OH OH OH O
A A ~ ~ OH

berteric acid [Xylaria berterii]

OH OH OH OH O

AN S X X oH

cameronic acid [Xylaria sp.]

OMan OH OH o OH
X X A '7 OH
OH OH
roselipin 1A [Glicladium catenulatum)]

OH o

valactamide A [Aspergillus terreus]

X| 3-4-5. SEARECEHIFEHRNC X > TPFEINDERY r & A REOM SRR E

B.TML - PSL 7 v —7

PMA 7 )L— 7" THEE U 7= S ARECE HE HI 2 TML-PSL 7 L— 7128 W T HiEH TE 55
FRDID, M NRBLE DR E o T D RI OSLIRBLE 2 0 ~72, Z ORER, X Bk
B AR ERRATIZ & o THES N ARELE 237 D 531 TV % metacridamide (TML)X° decarestrictine
C1(PSL). BRI L T v o v —IEIT K o> T RELE 230 5T % AKMLA (PSL)
R CIML A (PSL) T H 42 LAl L 8+ 5 KR EE2 A L TVADZ L Bbinois
[32,36,37], L7=3~»> T, ZOHAMFAI & Fax R rZ A4 NIZBWTHEHATXSZ &
DIRENT,

—J7 T, thermolide ¥ TlZ. BRWIZH D 5 DD R KK FEJR 1 D% 2 AR EL &
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(2S,85,9R, 11R,12S) L A SN TWAMR, 2D 9 5 9,11,12 (LD SRR E RS L 7= AN
—E L7\ [31], ZOSARELE D 24P % | 1) FHRAFITFE, 2) 7 /UEEHOERKIC
Ko THEET 2 Z &IC LTz, BIEIE, JARTRY: MR B#dR. %E TR RT: Tao Ye #i%
L DILFIFE Th 5, BmAFIRIL, ~ 7 v B EOMKISLAREE 4 Fiat T 2 72010, g%
A Y7 EVIETHMAL L7 T UEEWIz oW T, BEEFEE (DFT)EIC XL 5 13C-NMR
¥y 7 Nt ZITo 7o, THIREEDNEFE (%) TR S5 DP4 T OfE R, 16 DT
AT VAT —D9b WESNIHRRERE E2 S OET MEEY B 2307752 0.3% Th -
To DR L BB L= BN — BT 2 BT MEAW AR 87.2% & mVMEA R LTZZ & inb
HANZRE S TSI RERE DS L VD LN Z Enboo T,

ZOHEMEEZIT T, Ye BRDO I NV—FTliE, TTFMEEWMA AR LTz, Bk LZ
TT LAY A DEENERFED BC-NMR L5 7 M, @ CIcHiEShTuns 18-0-Ac-
PTML @ BC-NMR b7 Ml : K< —H L THEY . FREOBIT H{LFT 7 b OFEHIfE
LG ENTEDOEITD T 0.7 ppm Thol-, ZOFEE LV, thermolide D~ 7 1 B
5y DREIEIL, AL THRET 2 LA HIERI D HHEE SN DMER Y TH D 2 & AR
AR E T, ZAUT, SCARELEBIERIAS, #d ST D RIRY O 2 24 P & MEET 5
ETHEMTHD Z L ERTERI L IR o T,

18-O-Ac-pTML (reported) model A (proposed) model B (reported)
(mismatched) (matched) (mismatched)
Deviation of '3C NMR chemical shifts and Deviation of *C NMR chemical shifts
DP4 probability analysis of calculated model of synthetic model A

100%

[ppm) | oo [ppm]

10.0 calculated model A 100 synthetic model A
DP4: 87.2% \ oo
%
1.0 — 1.0 ———
-1.0 L 1.0

124567 8910111213141516
The calculation data was provided by Prof. Hashimoto

™ The 3C-NMR data was provided by Prof. Tao Ye

g

10.0 calculated model B %
DP4: 0.3%

1245678 9101112141516

3-4-6. CAAECEHIERC LS 72 thermolide DS 2 Y VERGE A) 278 S -tkid &
TG OREE B)DFT 3HRICE 2T MEAE AB @ BC-NMR A7 L EE S
TAEDZE, DP4 fRNTOFER C) Allidh A @D BC-NMR 227 hL L #itE S ED#
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3-4-4. STPRECEHIHE R O A O RREE
A. HEXIARELE RN BE SN TWBARY 7 ¥ A4 RRARY

SIRE HR-PKS WAERET AR 7 # A RREWIZIE, AU b Faxo KU 7 &4 KLS
\Z %, squalestatin (SQTKS)<°. lovastatin (LovB/LovF). radicicol (Rdc5)7s &%k tiiE %
EoboRMmbN TS, 2D 95, HR-PKS (2 & » TE A SN 5 @& Hakk DR LKL E A3
HOEMNZENTWAILAEY., T7bb, 1) HR-PKS OfEREftr M Thh TR, KU X
A REOICFEAEE D S22 > T D, 2) EERRSC X B EmiTic k- C, XU 7
2 A REOMERISARELES R E > TWD, IS T AW Z X 3-4-T I2F LT, Kig
B ATFNVEOBEBR L IAFRFZRFICERT L& T OMEEITIRE L 72K BI(CRwr.
°Rkr. °Ser)Z A L7=b D & —9 25 Z L n¥boo7z, ZiH D HR-PKS (35 1AM
BT, PMATML/IPSL 7 L— REIT8RRD 7 L— REZE L, BIAL 54 LT\,
PMA/TML/PSL 7 L — R L [AEEIC, RIL 27 L— RIZHHEE N5 PKS 236 USEAGEIR M TR
S E g 5 O ChIVUE, F2E L2 HRIDSRIRE R HR-PKS (2%} L CIAL @A T& % A
REMEDS R S 7, SEEE. HR-PKS IX[FIE STV Wb D D | $EXE STARBLE 23K 5410 C
WDSRIREAR U 7 2 A ROMiEZE LD & (X 3-4-8), HilEIHI & —Fd Dt @ 2 > T
DT Empnd, HHEHRNE FJET HSRELE 2 RO RMIZ OV T, Bikd 5,
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Reported structure The PK backbone structure

Stereochemical

wortmanamide A [Talaromyces wortmanii]

determination
3 o) i
: A i Asymmetric
S-Enz synthesis
w Asymmetric
. S-Enz ' synthesis
chaetoviridin H [Chaetomium globosum]
CazF |
[24,41] ! o
/ﬁ)kS-Enz i
Asymmetric
; ; synthesis
3 OH OH O |
3 N \ S-Enz :
lovastatin [Aspergillus terreus]
LovF+LovB :
N HN/\/\/ [42] 3 3
N N ; ;
) ; T i OH O :
o o _0_O | ! .
07 "NH Ho9 :/r WS-Enz ' Asymmetlnc
&\{N\)LN . ' : synthesis
N :OH ! ;
AL e | :
emericellamide A [Aspergillus nidulans]
EasB
[43] |
3 o |
: : Asymmetric
S-Enz synthesis
pneumocandin B0 [Glarea lozoyensis] GLPKS4
o '
HNTY QM (4] | |
N "1 Asymmetric
NS ¢~ “S-Enz synthesis
restricticin [Scopulariopsis sp.] :
Rstn3 |
Asymmetric
: : synthesis
preshimalactone [Emericella variecolor GF10]
ShmA ' 3
OH O H [46]
oH Q Asymmetric
' MS_EHZ synthesis
radicicol [Monosporium bonorden) :
Rdch 3 ;
/?HV\/\/\AA/\)OL 7 OH o
N N : ;
NH 1 A s~ ; Mosher's
3 S-Enz } method

TwnB

3-4-7. HoRISZARBLE S IREIZ IR O H VTV D RIRW) & kTG T 2 IRFBH OIS - HR-PKS
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Stereochemical

The PK backbone structure S
determination

Reported structure

i 48]

OH OH o

xylariolide A
[Xylaria sp. NCY2]

A~~~ AN Asymmetric
gamahonolide A S-Enz 3 synthesis
[Epichloe typhina)] !
0 [49] | 3
i [e] '
o ; :
: WS-EnZ } Asymmetric
xylarinic acid A synthesis
[Xylaria polymorphal) '
Q [50] !
OH (@) 3 :
“/OH ; OH OH OH O )
. ' Asymmetric
: S-Enz ' i
penicitide A ' 3 synthesis
[Penicillium chrysogenum QEN-24S] !
rysog
o 3
[51] 3 OH o] :
| ..
Asymmetric
] synthesis
: OH OH o }
: N S-Enz :
colletol : ;
[Colletotrichum capsici]
2e] | |
} OH OH O :
* Sk Asymmetric
: : A synthesis

3-4-8. HEXISLARBLE SRR D HIL TV D RIRY) & IRFEHOMEE (HR-PKS KFE)
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- AfoG, CazF, LovF, AzaB, SQTKS

PhiA, TstA, ZopA, bfPKS1

i (No chiral center)
- Alt5, PKSF, EpnA

-FRdc5, Hpm8, Dhe3, TInA, Men1

| PhiaA, PhomA, ACRTS2

| ThmA, MetA, ValA

. CimlA, AkmlIA, Bref-PKS, ApmlA,
| Fma-PKS

- GLPKS4, Fum1p, PspA, AtnH

| ShmA, LovB, TwnB, ApdA, Bet1,
TenS, Pyr2, DmbS,

3-4-9. HR-PKS D451 #itst, B - AN —, KA R BLE O A FIVEEEZE AT D
ER RAA VEEHT D, Ko : AFI/VRBITHA & —F LW R E 2 ¢ o

B. KR F A A D&

TG U 7o HE Al D 2 4 4 2 B O S B FRFET << KR R A A OREBRRICEH L7c A~
TH=T 47 AN AT T, N7 T UTHED PKS IZBWTIE, KR RAAL 2K 5E
TR DSIAREIRMEZ ST 27 X BN RE STV, 77205, SELE OKEEH
H 25 Atype DKR KA A U TIE, EF—7HEK2IC N 7 R 7 7 UMAMFESNLTEY
R ELE DOKERFEE 5 % % B-type D KR R A A > TlE, ©F— 751K 112 LDD &F — 7 2%
FENTNAB2, ZOMRE L &2, KKE HR-PKS 2517 % KR R A A v DEF— 7 fif
MrzdT -7z, EORER, WFIAD FAS 12Nz T, PMA, TML, PSL 7 L-— K® HR-PKS 23
B-type ® KR IZH O DRI ET — 7 2 FFHZ L inbnro 7o, £72, SQTKS X° CazF,
LovB, LovF, GLPKS4, EasB ™ & 9 2ftFEM 7 HR-PKS 28 R A& D/KEEE 52 % B-
type T 5 Z Lotz (K3-4-10), ZHHOFERIL, %< O HRPKS BHE Y 72 4 |
PHOMFIRFE T, RELEDKBEATK T HZ L 2R LTS, ERLZ L5, REE
DKEEIEZFFOPREN BT E-A V7 4 Y BERT 203, Z OB EMITRIGT 2 KR
W20 D ZHEAEA ORMEME L L —BT 5, EEE. Cox HlX, SQTKS @ DH KA A M3
Rkr B R XU F AT AT N0 syn-Miffzfitlii U, E-A V7 4 AR L TWDZ &% in
vitro EBRIZ K > TR L TW5 [10],
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KRtype Product Fingerprint
A oH O 1: No LDD
S-Enz 2: W
B oH O 1:LDD
S-Enz 2:No W
1: LDD motif

A ery2 uvsuucnussmuumucm:--qcnwmwmmmuunmmnzwn
Bacterial ;o0 ARVTFAACDVADRSAVATLLEQLDA--GGPOVSAVFHAGGI EPHAPLAATSMEDLAEVVS
Atype KR ;" ips ARVTIAACDVADPHAMRTLLDAT PA==ETPL=TAVVHTAGAFGGDPLOVTGPEDIARILG
B avel THLTITTCOTSNEDOLOOLLNTI FE- ~QHPL-TTVIHTACELODATLINLTETOLNNVLR
mﬂ;a B_aveT AEVRIVACDVGERREVVRLLEGVPA~--GCPL-TGVVHAAGYLODATTASLTPERLGTVFA
BE_aved AEVRIVACDVGERREVVRLLEGVPA--GCPL-TGVVHAAGULDDATIASLTPERLGTVFA
B_mFAS_rat IHVLVSTSNVSSLEGARALTARATK - - - LGPVGGVENLAMVLRDAMLENQTPELFQDVNE
FAS B_mFAS_pig VOVLVSTSNASSLDGARSLITEATO---LGPVGGVENLAMVLROAVLENQTEEFFODVSK
B 2VZIE mFAS VOVLVSTSHASSLDGARSLITEATQ---LGPVGGVFNLANVLRDAVLENQTPEFFQDVEK
B Phiad VTIRAPFCDVGSRDSLVAALESY-K--DLEPVRGVIHSALMLSOSTFENATFEDWET VME
B_ACRTS2 VEVRAVACHVGDRDELQMALEST -K- -DLPAIRGVVHSALLLSDXLFVNASYEDWVINTT
B_KILT1667.1 VCVEAFACKVGYRNEVVNVVEST -n--anwmwusmLsnhLLMEMI ITT
E_Phomh VCVKIFSCNVGHRDELAEVVEAI-K--DLPPVRGVVHSALELSDKLFVNSTLEDWEI ITT
B EFQBET457.1 VCVEIFSCNVGHRNELAE IVEAT -K--DLPPVRGVVHSALLSDXLEVNSTLODWET ITT
PMAClags B ALF31875.1 ITVRALACDVGRRDELAGALEDI -A-=-DLPPVRGVVHSALELSDXLFENATYQDWLTITR
linear Pk B_TMC_PKS VTVRAYACDVGSKSDLLQVVESI ~K~~DLPPVKGVIHGALVLSDKLLENATYEDWKIVTG
B_Cubeh IRVRAMACDVGSREALANVLDNI -K--DLPPVRGVIHGALLLNDKIFENAVYDDWETITR
BE_RZR69500.1 VTVRALACDVGSREQVVNVVDS T -Q--DLPP IRGVVHSALLLSDITLFENASY TOWETVMG
B_APX43987.1 VCVRALACDVGSKEELSQVLNS I -R--DLPPVRGVVHSALILSDXLFENATFEDWE T I TR
B_THY13897.1 VHVEAFACDVGSPEQLQDIVDVIGK--DLPPVRGVIHSALELSOKLFELATYEDHQI ITG
B_THE43815.1 VHVEAFACDVGSPEQLQDIVDVIGK--DLPPVRGVIHSALILSDXLFELATYEDWQI ITG
B_THW23325.1 VHVEAFACDVGSPEQLQDIVDVIGK--DLPPVRGVIHSALLLSOXLFELATYEDWOI ITG
B_ThmA VSIRAIACDVGKREDVVNALQAI -Q--DLPPVGGVIHSALWLRDRLLENTTFEDWHNITT
B_DO7E15837.1 AQMRAISCDVGSRAELQRALDS I -R--DLPPVRGVVHGALELRDALFVNANYEDWNNITO
TML Clade B KIDEGODO.1 VOMRAISCDVGSRAELQRALDSI- Q--DLPRWHmﬁmemnzmmm
macrolactam  p pepgg594.1 IOVRAVTCDVGSRESLSSALDYVI- x--nLPPmcv:umnimn&‘.umﬂfqunmn
B_Valh IQVRAIACDVVSRVSLSTALHAV-K--DLPPVRGVIHGSLELROSLFMNATFEDWRKISG
B_TVY¥55645.1 IHVRAIACDVASREDLGAALDTI -N--DLPLVRGVIHGSLELRDSMFMNATFDDWOR IKG
B_AkmlA CH‘JD{]WGDITSLED‘JRMTT--A—-—SLP\FIG'JIDGAH\ELHDBHFS!{HTPDBFRDPIT
B_CimlA CNVEFSQGDLTNISDVRRAFSH--A---5LEVVGVIQGAMVLRDRMPGTMTAQEFREP IA
B_ApmlA COIDLLRGDITKVEDVRRVEAE==T==-TVPVAGI IQGAMVULRORPFANMTVEEY HARAR
B _GAPEE8IL.1 CAVYPVQGDVACTEDVORAFTV=-~5==--GVPVRGVI QGAMVLCDR I PSSMTLDEYHEVLS
B _RDA93594.1 CHADLIRGDVSSLEDVRRAFRE- - A--~TKPI1GGVIHGAMVLRPAPFDS ISHDDYLAVIQ
PSLClage D-RAQ60072.1 CHIHVCRGDVSRILOVOQAFKQ- - A---PVP TKGVIQGVMILRDRPYELMTTKEFHES TE
lact B_KABBOT6222.1 CEVHVCRGDVSRILDVRRAFMR~ ~A~~~PAP IGGIVQGVMELRDRP!’ ELMTIDEYHQSIE
B_SMD52978.1 TRVVLVOGDVARY TDVGRCLKA- - A---GSPIRGIVHAAMVLRDRVFASMTNOEY HOALR
B _KUME1888.1 CEIDLLEGDVSIEDDVEKAFRQ-=T==-TVPIAGIVQGAMVLRDRTFSSMSVDEYHGALA
B _Bref-PES CTITLGOGDVSKADDVRRVIK] - -5-— - PVP IGGVIQGAMVLRDRVETIMS TEEYHAAVD
B_KXX83260.1 AXVDLVRGDVSVLEDVRRTFES--A---5VPIGGVIQGAMVLRDKVFASHOTEEYHGAVA
B_PQE04373.1 CTVIEAKGDAGDLDFVRSVFRSA-R---PKRIAGVIQGAMVLRDKPYEMMTHSDYHTATH
B DcsA CEIVEAKGDVADETFVRKIFQE--A---SPAISGVIQGAMILRDKPYEIMTHEEYHAATH
B _MpmlA CXVYEARGDVANLADVEKAFARA-P---GVPVGGI IQGSMLRDKPYEANTVKEYHDCIA
B _RDL42230.1 COIQEAKADVSNVSDVORAFKE=-A---AVE IGGVLOGAMVLRDKPPEVMTVEEYHTTIS
B_LovB GRVTVLSMDVTSONSVEAGLAKL-EDLHLEPVGGIAFGELELODY ML NHMELEMMEM VLY
B _CazF CRVVAISCDVASEQSLTRALDRCKNEEGLPPIRGVIQGAMVLKDS ILEQMTLODWOTAIR
B_afoG CRVAAISCDVADRADLDRAIAA~- MRMFPHWWIQWFIIBQHSIWMIK
B_SQTKS CVVSVVDCDISNKTQVESTHLALKE--EKLP IRGIVHAGMULODS VFEHMTLEDYNTATR
B_LovF CTVSVOACDVADESQLEAALOOCRAE-EMPPTRGVIQGAMVLEDALVSQMTADGFHARLR
Other Clade 5 prprsl ATVAVYSCDVSKSEQLAELVEESS(--IMPPTRGVVOGAMVLRDVLLEKMTLADYRAVTC
B_RdcS TRVWYLGWEDEASPRGMEQCSR--BLPFWGVIQW\ELRDE-"-’FBKHIWDWI‘TGLR
B_DHC3 AVVKAYQADIANEDAFLSAMQOCAA--DLPP IAGVLQMAMLLRDY LFEKMSYEDWTGPTR
B Cla2 LDFRVYRGDVSNEESFLDAMKLCSS--DLEFIKGVIQMAMVLKDT I FEKNTHEQWTIFLR
B_Hpm8 TOVKAYRGDTASEASFLOAMEQCS(Q--DLEPVEGV I QMAMULRDY VPEKMSY DEWTVEVG
B_Fumlp CTH}M’RGWLNL&D\FELWSAFP---GKFIRG‘-"LQHSMRD!EPFADHSLED‘ND‘I‘AVK
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L.
AKAGGAVHLDEL~C~~~SD-~AELFLLFSSGAGUWESARQGAYAAGNAFLDAFARHRRGR

A_ery2
Bacterial A_soré GKVQGARHLHDL~L~~~GSRPLDAFVLFSSGAVUWGGGQQGGYAAANAFLDALAEQRRSL
AtypeKR A piks AKTSGAEVLDDL~-L~-~-RGTPLDAFVLYSSNAGYWGESGSQGVYAAANAHLDALAARRRAR
B_avel THLTITTCDTSNPDQLQOLLNTIPP~~QHPL-TTVIHTAGILDDATLTNLTPTQLNNVLR
Bacterial B_ave? AEVRIVACDVGERREVVRLLEGVPA-~-GCPL-TGVVHAAGVLDDATIASLTPERLGTVFA
BtypeKR 5" aves AEVRIVACDVGERREVVRLLEGVPA-~GCPL~-TGVVHAAGVLDDATIASLTPERLGTVFA
B_mFAS_rat PKYNGTLNLDRA-T-REACPELDYFVAFSSVSCGRGNAGOSNYGFANSTMERICEQRRHED
FAS B_mFAS_pig PKYSGTANLDRV-T-REACPELDYFVIFSSVSCGRGNAGQANYGFANSAMERICEKRRHD
B_2VZ8_mFAS PKYSGTANLDRV-T-REACPELDYFVIFSSVSCGRGNAGQANYGFANSAMER ICEKRRHD
B_PhiaA PRVDAAWYLHEL-~~~~LPKNLDFFVGLGSFLGDSGNGGQAIYAGTAVWYHDWAKWRSAT
B_ACRTS2 PRVAGAWNLDDL~~~~~LPTDLDFFVALSSFNGDTGHTGQAI YAGTAGFYNAFSQYRNNR
B_K2ZL71667.1 PRVKGAWNLHEL~ ==~ ~MPADLDFFVALSSFNGDTGNMGOAI YAGTA === = m mm = HRNSL
B_PhomA PRVKGAWNLHEL~~~~~MPDNLDFFVALSSFNGDTGNLGQAIYAGTAGFYNAFSQYRNSR
B_EPQ87497.1 PRVKGAWNLHEL~-~~~~MPNDLDFFVALS SFNGDTGNLGQAI YAGTAGFYNAFSKYRNVR
PMA B_ALP31875.1 PRVQGAWNLDAL~-~~~~LPKDMDFFVALGSFLGDTGNGGQAI YAGTAAFYDAFTQYRLAK
" c'“‘m B_TMC_PKS PRIQGAWNLNDL=~=~~LP~DLDFFIGLSSFLGDTGNIGQSIYGGTAAFYESFARYRNAR
B_CubeA PRIQGAWNLHEL~~~~~LPNDLDFFILLGSFLGDTGNAGQAIYATTAVFFDAFTQYRNAR
B_RZR69500.1 PRVQGAWNLDEL~~~~~MPDDLDFFIALGSFLGDTGNGGQAI YAGTAAFYDAFAQYRNAR
B_APX43987.1 PRVQGAWNLDDL~~~~~MPGDLDFFILLSSFLGDTGNEGQGIYAGTAVFYDAFTRYRNAK
B_THY13897.1 PRVRGAWNLDHC = ===~ FPEGLDFFINLSSFLGDTGNVGQAIYAGTAAFYDGFTQYRNAR
B_THZ43815.1 PRVRGAWNLDHC === == FPEGLDFFINLSSFLGDTGNVGQAIYAGTAAFYDGFTQYRNAR
B_THW23325.1 PRVRGAWNLDHC === =~ FPEGLDFFINLSSFLGDTGNVGQAIYAGTAAFYDGFTQYRNAR
B_ThmA PRIKGAWNLHEL~~~~-LPDNLDFFVLLSTFLAGSGNIGQSIYSATASFYDSFAEYRNAR
B_007815837.1 PRAQGAWNLHHL-~~~~LPE-LDFFVILSSLLGDMGNIGQAIYAGTATFFDAFARYRMAR
TMLClade B_KIDB6000.1 PRAQGAWNLHDL ===~ ~LPD-LDFFVILSSLLGDTGNIGQAIYAGTATFFDAFARYRMAR
macrolactam  p pGpe6594.1 PKINAAWNIHHL-----1PN-LDFFVALASGANVVGNVGQSIYCQTSSFLDAFAQWRSSK
B_ValA PKIDAAWHIHEL~~~~-LPG-LDFFVALSSGIGIVGNVGQSIYGGSSTFLDAFAQYRARQ
B_TVY55645.1 PKIDAAWHLHEL~~~-~~LPT-LDFFVALASGTGVVGNIGQSIYSGTSTFLDAFVQYRTRQ
B_AkmlA PKVAGTWNLHHA-S-LELSTSLDFFTLLSSVSGLVGOLGQANYAAGNTFLDSFAAYRLOQ
B_CimlA PKYDGTWNLHNV-S-LEQQQOPLDFFVLLSSISGLVGQLGOANYAAGNTFLDAFAAYRLQK
B_ApmlA CKIQGTWNLHNC-A-QEAQAPLDFFTILSSISSVLGNPAQGNYASGCSFQDAFSSYRQEL
B_GAP86891.1 AKVEGTWNLHHV-S-LEQNLDLDFFTPLSSISGLCGTKGQANYAAANTFLDAFASYRQNM
B_RDA93594.1 PKVAGTWNLHNV-A-LEMRRELDFFTMLSSLIGFAGHNAMANYAAANAFLDGFAYYRRGL
B_RAQ60072.1 GKVQGTWNLHNV-S-IESRSELDFFLLLSSISSVVGTPGQANYAAANSFLDSFAAHRRSM
PSLClade & xaBE076222.1 GKVQGTWNLHHV-S-VEKGLPLDFFLLLSSISSVVGSPGOANYAAANSFLDSFAAYRRSM
macrolactone 5 $M052978.1 SKVQGAWNLHRA-A-EELGISLDFFTLFSSISGLIGQKGQANYAAGNAFLDALAEHRKAR
B_KUM61888.1 CKVQGTWNLHNA-A~ENLGLQLDFFTMLSSISGVVGQKGQVNYAAGNAFLDSFASYRRRL
B_Bref-PKS CKVAGTWNIHNA~-L~-IEENMKVEFFTMLS SVSGVVGQKGQANYAAANAFLDAFAI YRHNL
B_KXX83260.1 CKVPGTWNLHNV-A-QEEGLQLSFFTMLS SVSGVVGOKGOANYAAANAFLDSFAAYRQSL
B_PQE04373.1 AKIAGTWNLHNVAQ-LEQSQPLDFFTMLSSISGVVGNKGQANYAAANTFLDSFATYRQGL
B_DcsA AKIQGTWALHRA-S-LDQPKNLDFFTLLSSISGIVGKKGQSNYSAANTFLDSFAYYRQSV
B_MpmlA CKVAGTWNLHKA-S~LALTQPLDFFTLLSSISGVVGNKGQANYAAANTFLDAFAAYRRAQ
B_RDL42230.1 NKVQGTWNLHKA-A-IEHNLHLDFFTLLSSISGVVGQKGQANYAAANAFLDAFARYRQRL
B_LovB PKVEGVRILHEKFSDPTSSNPLDFFVMFSSIVAVMGNPGOANYSAANCY LOALAQQRVAS
B_CazP PKVAGSWNLHSN-~~FTQRGSLDFFVMLSSLSCILGLASQANYAAGGSYQDALARWRQAS
B_afoG PKVAGTRNLHDR~~~FSQRNSLDFFVMLSSLSATLGWASQASYAAGGTYQDALARWRCSK
B_SQTKS PKVRGSWNLHSA---LSD-CDLDFFIMLSSLAGVSGSASQANYTAGGAYQDALATYRRSR
B_LovF PKVQGSWNLHRI ~~~AS=---DVDFFVMLSSLVGVMGGAGQANYAAAGAFQDALAEHRMAH
Other Clade B bfpxsl PKIQGTWNLHNH-~~LP~~KDLDFFIMLSSVSGI IGNASQAAYAAGNAFPMDAFAAYRNSL
B_RdcS PKVQGTWNLHTF - ~~FDKDRPLDFMIFFSSIAGVFGNPSQAQYAAGNTYQDSLAKYRRDR
B_DHC3 PKIQGTLSLHRY~~-~FSATRPLDFFLICSSISGIFGYAGQTAYAAANTFQDALAQHRRNQ
B_Cla2 PKIQGTWNIHQY~~-~FDESRPLDFMVFCSSTSGIHGYPSQSQYAAGNTYQDTLAAYRRAH
B_Hpm8 PKVQGSWNLHKY~~~FSHERPLDFMVICSSSSGIYGYPSQAQYAAGNTYQDALAHYRRSQ
B_Fumlp PKVHGTWNLHLA=~~~~APKDLDFFFATGSISGSFGTPGQANYAAGNTYLTALFEHRRAL

3-4-10 vV FEV 27 —HPKS, FAS, HR-PKS N, KR RAAL DT T A A MER
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C.ER FAA v DERME

E-AV7 4 v EERTED L HITMT, KR, DH KA A > OSTARERRME: DS e | il S
TW2Z & LT BIIIC, ER RA A A2 K 2R ICRIGIE. MT/KR/DH &3Sz L CTHER
L2 ENMBNTND, ik LTEBE KRR OREZ 75 &, ERITIX SEEED A F L%
H.225H D032\ 05, fumonisinB1 <° betaenone. scyphostatin @ X 512 RELE D A F /LK
P ELORAMENHILTWD (K 3-4-11), ZOHAD L ST, & TOMIRELE DT
L7225 HR-PKS 13, Rkl & L TARETH 9, ER FA A N2 K DB ITTRUG OFRIRIED
EWE, MFAS ORI T U T O LTFEY 27 —HPKSIZH R b, R 7 &4 REOHE
EERMEZ AN T 2B RO —2 L 725 TV 5, WEEZHRIEICIR UTe 2R e EWIETE S s
SNTWVDLZEEBET D&, AWML, SHEMEMEICTF ST 22 8T 28 TRFL
TEEbEZLND,

Stereochemical

Reported structure : The PK backbone structure S
' determination
o OYOHO [53]
OWOH OH OH
R Asymmetric
T Y o ! synthesis
° [e] OHO :
fumonisin B1 [Fusarium verticillioides Nirenberg]
Fum1p !
HO '
} [54] |
o=, B o o
H % H : Asymmetric
' synthesis

| OHl H Ol-i/
(]

betaenone B [Phoma betae Fr.] :
Bet1+Bet3 : :
o ool |
MeO © 3
OH 3 Asymmetric
& NN W : Y PTT -Enz | synthesis

g PE N ;

scyphostatin

[Trichopeziza mollissima SANK 13892]
[56] !
X-ray
H
Sch210972 [Hapsidospora irregularis)
TasS+TasC
Ho OH O 57 |
‘ N N : X-ray
N0
OH
Tenellin [Beauveria bassiana CBS110.25]
TenS+TenC

3-4-11.ER RAA NZEY RELED A FIVENEANINDR Y 7r # A KRR OFiE
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3-4-5. SCABECE IR DFIS
Seak U7 SEARBCE S FEICIR E > TV DR U 7 ¥ A KRR TIL, IRENTH DN
$EME U 72 BN L ARLE S — B L 22 WBIS W O ootz 2 2 THIbR L2 KERMIE,
UL PR T WD 7 — R 23549 5,
1) —ODRFEEH FIZFR—OBEBRIENSEAINTEY . ZTHICL > TE LT ARFREDOH
RISTARBLE S — 5872 5,
2) —ODRFEE FIZ RELEDKBEENGAKT D E-A L7 > b SEEEDOKEEH N E
ASNTND,

A. KR R XA o DR M

Phaenospelide A I PSL % A 7ORY r & A4 R TH LN, AFNAREOKEERD BRI
WK LT SEETHD, EOVOTXTOKBEN REBCTHLIZLEEZEZDLE, NI T
A REBGHROENDOZ 7 FIZBWTOABANZ—H LARWKIEHAEE TWnWDHEE X B
%, [AAE O FEBIE, resorcylic acid lactone <°## & 112 FH L L 7= hypothemycin |
dehydrocurvularin, monecerin TH A 5415 (X 3-4-12 A),

B.DH R A A OB

Fusarin ZEARRICE T 5 HR-PKS (Fus1)?® DH R A A iE A F VRIS E-4A V7 4 v %
5220, RIUDH RAAL T ERDT T2 2815 [63] (K 3-4-12 B), —#%IC.
RY &4 FEGHRFIZ S BEDOKBEZAT LS ReX v F AT AT L ORBKKISD
syn-HiBEIC L > TH#ITTH L T Z- AL 7 4 o BNERENDZ L2 E 2D L, fusarin IR
BN ATFIVEKIGD Z-A L7 4 1, KR RAAL L > TEAINT: S Bl DK
MLTHEAREND EEbD [63], REED Z-F L7 4 VBRI, 73 7 7 U bEmk
DAEFGHTHHE SN TND [64],

C.ER FAA v DERME

Atpenin <X° aspyridone D/EGIZEIT 5 trans-ER X, RV 7 ¥ A REBKROEA DT v
¥ FTREED A FNIZ RS D03, ROAT v 7 TIE SELED A FNVIEE AR L T
% (¥ 3-4-12 C),

Bk L2 Tid, BHANCR T 2 RE P OIE A FVRIGICALE LTV 5, £, Blstag7mkee
ZHD ApmlA X° Hpm8 72 B3R #Hik ECTRIEDZ L— RORIZB L TWDH Z Lo
2o L= T, BIARR OS> TWBELO Y L— RIZET % HR-PKS NAFET 5K Y
7B A REOSARRLE IZEE UL, RETERB LZHANL, SRREAR Y 7 2 4 KRR D
MR SLARBLE O TN A HAFRE TH D B2 Hivd,
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A) exception of KR domain

Stereochemical

The PK backbone structure S
determination

Reported structure

OH OH OH OH OH OH OH (o} Degradation
f Mosher's method
* s S-Enz : VCD
phaenospelide A [Arthrinium phaenospermum]
ApmIA
[46,58] ! 3
; OH OH o} :
i * X X S-Enz 3 X-ray
hypothemycin [Hypomyces trichothecoides] ; :
Hpm8 :
o : '
59] :
MeO. (5] ! :
o : oH QH © : Asymmetric
MeO : * S-Enz | synthesis
OMe O j :
monocerin [Dreschlera monoceras]
[60] ;
1 OH oH o Asymmetric
WS,EnZ : synthesis
cladosporin [Cladosporium cladosporiodes] ! :
Cla2
[61]
| OH o | A .
: S NP symmetric
' * S-Enz synthesis
brefeldin A 1 3
[Eupenicillium brefeldianum ATCC 58665] :
Bref-PKS j :
oy ° [62] !
' OH o] :
HO : W ! Asymmetric
\ 1 * S-Enz ! synthesis
OH O 3 3
dehydrocurvularin [Alternaria zinniae] ! :
Dhc3 ; :

B) exception of DH domain

Stereochemical

The PK backbone structure L
determination

Reported structure

NMR

o CO,CH3 DFT calculation

(0] o]
S/YWS-EM

fusarin C [Fusarium verticillioides]
Fus1

Iz

HO
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C) exception of ER domain

Stereochemical
determination

3 o o ;
(69] * Asymmetric
: : S-Enz ! synthesis

Reported structure : The PK backbone structure

HO N OMe

atpenin B [Penicillium sp. FO-125]
ApnA+ApnE

25, 66] o o :
WS-EHZ X-ray

aspyridone A [Asperglllus nidulans]
ApdA+ApdC

3-4-12 . A FIVREHZ B W THIEANC — B L2 W RBLE N R DN E R ) 7 2 A R RER
%@%mAﬂmrd4/wwsmﬁ®mM%%%ﬂﬁém\)DH%%%x#Zﬁv74
a5 2 56, C)ER KA A M ORELED A F LIk A E AT 54

35 £

AR TIE, AU 7 XA FEMEISONARERMEIC O\ TR T 572, a) BEEHA Y
t RaXx R Y r¥ A4 Reh5 2% HR-PKS O BAEREL, b) HEEL =AY b Rax R o
H A R ORERESLARELE OREITFEDS < SEERBLE R OFEE, ) BIRAV e Faxv Ry
B A RICBT HHERIOMEE, d) #1488 o I OfL K &V 5 BRG] - T, Bf%e%
HDT,

B & L7231, 3-2, 33D LI REHAY & RaX R ¥4 Rk, KBS A F L
B, ZEMODZEAFAET D720 SEERRERIEIC OV TR Z52 LT, RBOIFESSR T
bDHEEZT, o, TROLOEAWIE, RV 724 R I G038 B 72 kS Ol E
ENDTD, AV VR K o TREFLOD 72N fRA R % S U, & AR S & O s
2K o TS AR E AR D HiLD B R T, ZILHDRY 7 Z A FEHOREITIT, B REE
# HR-PKS (2% T, ZEAE G ORITR % 5 trans-ER & MK 2 5 NRPS 4%
FBERNMETH - 7208, BHFIEE TS /) AREE AW BRRER R EM - 2 & T,
3 fED PKS OREREZ HHAR] CHEAT C& 72, Z O\ T, YYD HATH > 72 HR-PKS DT
PR (B I EE RS O MBI 2. T, N K C KA A Ve 2K RIZ K R Y 7 &2 A
REHOEID I LAEZFO THLNITH I ENTET,

F7o, BRI R OIS, HR-PKS D0y 1Rt . £F — 7 r7z 806 | #2198 L 721l
BRNE, SRRE SRR Y 72 A FEICHET 285 CTH D 2 L 2 BN Uiz, ARHIEBN
REIE D I DIRE o T D RIRW) Ot SEARBLIE DR E IO, #il 21X, cubensic acid
21X 10 ORFFLBEEL, Ail 1024 80 OSRELEN S 2 b b8, HAlZHWD &
1 T OSSR BENERO TP HIT D 2 LN T, BARKIC L > T TARRELE 2 3 5 54512,
1FREAELE L TEXDLIENTED, £2, KBESZHMGARNHLLAITIE, Ty iy
—IERA Y U RIC K o T AR SARBLE OIREIIH S TH LN, AU 7 A NE E
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\ZIST U CHFEET D A FILERICOWTIE, ORI SLIRERE 2RO D Z Lid# Ly, 295 L
et fHEANS X2 SRR EO FRNIA R R FIETH L LE2 NS, £, BANCKT
HEBEA AT 5 HR-PKS & 05723, 24D D HR-PKS IFFFED 7 L— R L UYL E
WZRREMINC A LN DFIFNTH D Z L nbroT,

Pk, 83 FETIE, BEICEY 3FMOKRY & Fax R 7r¥ A4 ROBRBEAEFEEZITV,
Mo STARCE Z R E L, bl d 5 2 & T HR-PKS (Z551) 5 SEARRCLE HIE o8 Bl 2 #2098 L
Tz AU oD F#DH 2 B PRI AREE L 7S R, SRR HR-PKS IZ38 W CILHRYICE ] T &
B ENbinolz,

2 3CHk
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FAE ERE

4-1. Chapter 2

4-1-1. General

All reagents commercially supplied were used as received. Column chromatography was
carried out on 60 N silica gel (Kanto Chemicals). Optical rotations were recorded on JASCO
P-2200 digital polarimeter. "H- and 2H-NMR spectra were recorded on Bruker DRX-500 or
Bruker AMX-500 spectrometer (500 MHz for '"H-NMR). NMR spectra were recorded in CDCl3
(99.8 atom% enriched, Kanto), CDsOD (99.8 atom% enriched, TCI), or CHCI; (Kanto). 'H
chemical shifts were reported in & value based on residual chloroform (7.26 ppm) and
methanol (3.34 ppm) as a reference. GC-MS and UPLC analyses were conducted with an
MS-2010 (Shimadzu) and a Waters ACQUITY UPLC, respectively.

Oligonucleotides for polymerase chain reactions (PCRs) were purchased from Hokkaido
System Science Co., Ltd. PCRs were performed with a BioRad S1000 thermal cycler.
Analysis of the samples during protein purification was performed using SDS-polyacrylamide
gel electrophoresis, 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.

Compound 2-2, 2-3, 2-4 were synthesized according to the literature procedures [1, 2].

4-1-2. Strain

Escherichia coli HST08 was used for cloning and following standard recombinant DNA
techniques. E. coli BL21-Gold (DE3) was used for protein expression. Botrytis cinerea MAFF
306914 (NARO genebank, Japan) was used for extraction of genomic DNA. Sequences of
bcABA1, bcABA2, bcABA3 and bcABA4 from MAFF 306914 are nearly identical to those of
strain B05.10. A fungal host strain used in this study was A. oryzae NSAR1, a quadruple

auxotrophic mutant (niaD-, sC-, AargB, adeA-), for fungal expression.

4-1-3. Genomic DNA preparation.

Genomic DNA of B. cinerea MAFF 306914 was extracted according to the following method ;
the mycelia of fungus were collected and dried using paper towel. The dried mycelia were
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 12000 rpm for 5 min. The supernatant
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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
12000 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 12000 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 1mM of EDTA) and stored at -20 °C for further use.

4-1-4. Construction of E. coli expression plasmids.

Previous mRNA analysis showed that the bcABA3 has no intron. Therefore, it was amplified
from genomic DNA of B. cinerea MAFF 306914 with primer set as shown in Supplemental
Table S1. PCR reactions were performed with the KOD-Plus-Neo (TOYOBO). Each PCR
product was inserted into Ndel site of pColdl using In-Fusion Advantage PCR cloning kit
(Clontech Laboratories) to construct expression plasmid pColdl-bcABA3. The sequence
bcABA3 from MAFF 306914 was identical to that of B05.10. This plasmid was introduced
into E. coli BL21-Gold (DE3) for overexpression. The transformant was grown at 37 °C at an
ODeoo of ~0.6 in 500 mL flask. After cooling at 4 °C, isopropyl B-D-thiogalactopyranoside (0.1
mM) was added to the culture. After incubation at 16 °C for 17 h, the cells were harvested by
centrifugation at 4000 rpm. Harvested cells were resuspended in disruption buffer (25 mM
Tris-HCI (pH 8.0), 150 mM NaCl, 5 mM imidazole, 5 mM MgCl>) and disrupted by sonication.
After centrifugation, the supernatant was applied to a Ni-NTA column to purify the BcCABA3.

4-1-5. BcABA3 Assays (in vitro).

Typical conditions are as follows; a reaction mixture (100 pL of Tris-HCI buffer (pH 7.4))
containing 130 uM of FPP, 0.5 mM of EDTA, 5 uM of MgClz, 2 mM of DTT, 2 ug (0.4 uM) of
BcABA3 was incubated at 30 °C for 1 hr. The reaction was quenched by the addition of
Hexane (50 pL) and the resultant mixture was vortexed. The supernatant was directly
analyzed by a GC-MS QP2010 apparatus (Shimadzu, Kyoto, Japan) with a HP-5 MS
capillary column (0.32 mm x 30 m, 0.25 um film thickness: J&W Scientific, Folsom, CA).
Each sample was injected onto the column at 100 °C in the split less mode. After isothermal
hold at 100°C for 3 min, the column temperature was increased by 14°C min-1 to 268°C. The

flow rate of the helium carrier gas was 0.66 mLmin".

4-1-6. Construction of A. oryzae expression plasmids.
The bcABA1-bcABA4 were amplified from genomic DNA of B. cinerea MAFF 306914 with
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primer set as shown in Supplemental Table 4-1-1. PCR reactions were performed with the
KOD-Plus-Neo (TOYOBO). Each PCR product was inserted into appropriate restriction site
of pTAex3 [3], pUSAZ2 [4], or pAdeA2 [5] using In-Fusion Advantage PCR cloning kit (Clontech
Laboratories) or NEBuilder HiFi DNA Assembly cloning kit (NEW ENGLAND BiolLabs) to
construct expression plasmids pAdeA2-bcABA3. Other plasmids, pTAex3-bcABA1, pTAex3-
bcABA2 and pUSA2-bcABA24 were constructed in our previous study [6].

4-1-7. Transformation of Aspergillus oryzae

Transformation of A. oryzae NSAR1 (1.0 x 108 cells) was performed by the protoplast-
polyethylene glycol method reported previously to construct following transformants [6]; AO-
bcABA1 (plasmids used in the transformation; pTAex3-bcABAT), AO-bcABA2 (pTAex3-
bcABA2), AO-bcABA124 (pTAex3-bcABA1 and pUSA2-bcABA24) and AO-bcABA1234
(pTAex3-bcABA1, pUSA2-bcABA24 and pAdeA2-bcABA3). AO is an abbreviation of

Aspergillus oryzae and AO-bcABAx means a transformant harboring bcABAXx gene.

4-1-8. Analysis of the metabolites.

Mycelia of AO-bcABA1234 was inoculated into MPY (maltose-peptone-yeast extract: 3%
maltose, 1% polypeptone, 0.5% yeast extract) medium containing appropriate nutrients
(0.925% (NH4)2S04, 0,15% methionine, 0.01% adenine, 0.06% arginine) medium (2 mL) in
10 mL test tube. Each culture was incubated at 30 °C for 2 days. The fermentation broth was
soaked in acetone (2.5 mL) for 12 hr. After filtration, the filtrate was concentrated in vacuo.
The residual water was adjusted to pH 1.0 and then extracted with EtOAc, and the organic
layers were concentrated in vacuo. These crude extracts were directly analyzed by a UPLC-
MS equipped with a ACQUITY UPLC BEH C10 (92,1 x 50 mm) at the following conditions
(condition 1: flow rate; 0.7 mL/min, solvent system; acetonitrile in H2O containing 0.1% of
formic acid, 0-1 min: 10%; 1-3 min: a linear gradient 10%-95%; 3-5 min: 95 %)

4-1-9. Biotransformations

Mycelia of the transformant (AO-bcABA1, AO-bcABA2, or AO-bcABA124) were inoculated
into 5 mL of MPY medium in 20 mL Erlenmeyer flask. After 2 d incubation at 30°C, substrate
(100 pg, methanol solution) was then administered to the culture broth. After an additional 6
h incubation at 30 °C, the mycelia were collected by filtration and soaked in acetone (10 mL).
The organic layer was then concentrated in vacuo. The residual water was adjusted to pH
1.0 and then extracted with EtOAc, and the organic layers were concentrated in vacuo. The

crude extracts were directly analyzed by a UPLC-MS apparatus according to condition 1.
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4-1-10. Isolation of biosynthetic intermediates

a-ionylideneethane (2-2); Mycelia of AO-bcABA3 were inoculated into a solid medium
containing polished rice (20 g) in 500 mL Erlenmeyer flasks. Each culture was incubated at
30°C for 7 days. After extraction with hexane, the organic layers were washed with brine,
dried over anhydrous Na>SO4 and concentrated in vacuo. Purification of the residue by silica
gel column chromatography (hexane) gave 2-2 (4.0 mg from 0.2 kg of rice medium). [a]o +
254.6° (c 0.50, CHCIs); FIHR-MS: calcd. for C1sH24 [M]*: 204.1878, found: 204.1884. The 'H-
NMR data are in good agreement with the reported data [1].

o—ionylideneacetic acid (2-3); The crude extracts of the biotransformation experiment of 2-
2 (4.6 mg) using AO-bcABA1 were purified with silica gel column chromatography
(hexane/ethyl acetate = 1/5) followed by further purification utilizing HPLC equipped with
Wakosil-Il 5C18 (p4.6 mm x 250 mm) at the following conditions (A = 210 nm, flow rate; 1.0
mL/min, solvent system; acetonitrile in H>O containing 0.1% of trifluoroacetic acid, 0—1 min:
a linear gradient 90%-100%; 10—-20 min: 100%) to afford 2-3 (1.9 mg). [a]o + 179.7° (c 0.16,
EtOH). [lit. [a]p + 450.3° (c 0.6, EtOH)] [7]. ESI-HR-MS: calcd. for C1sH2102 [M-H]™: 233.1547,
found: 233.1549. The 'H-NMR data are in good agreement with the reported data [2].

4-1-11. Synthesis of allofarnesene (2-9)

PhsP*C,HsBr
N 3 215 N
= | o) NaHMDS = | X

-78°Cto 0 °C
pseudoionone (2Z, 4E)-allofarnesene (2-9)

To a suspension of ethyltriphenylphosphonium bromide (446 mg, 1.3 mmol) in 10 mL of dry
THF was added potassium tert-butoxide (1.0 M solution in THF, 1.06 mL, 1.12 mmol) at -
78°C. After stirring for 1 h, to the solution was added pseudo-ionone (154 mg, 0.8 mmol) at -
78°C and the mixture was stirred at 0°C for 1 h. The mixture was quenched with sat. NH4Cl
(3 mL) and then extracted with Et.O. The combined organic layers were washed with brine,
dried over Na>SOQg4, and concentrated in vacuo. The crude residue was purified by silica gel
column chromatography (hexane) to afford isomeric mixtures of 2-9 (46.3 mg, 30%). This

method was previously described [1].

4-1-12. BcABA3 Assays (in vivo).
The transformant EC-bcABA3 was grown at 37 °C at an ODego of ~0.6 in 500 mL flask in the
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presence of fosmidomycin (5.5 uM). After cooling at 4 °C, isopropyl p-D-
thiogalactopyranoside (0.1 mM) was added to the culture. After incubation at 16 °C for 17 h,
the cells were harvested by centrifugation at 4000 rpm. Harvested cells were resuspended
in 100 mM of phosphate buffer (pH 7.4). To the cell suspension was added B-farnesene or
allofarnesene (1 pg) at 16 °C for 30 min. During those periods, the volatile organic
compounds were extracted by a SPME fiber (50/30um DVB/CAR/PDMS. Stableflex, 24Ga,
Manual Holder), which was conditioned by inserting it into the GC injector to prevent
contamination. After extraction, the fiber was pulled into the needle sheath and the SPME
device was removed from the vial and then inserted into the injection port to analyze the

sample.

4-1-13. Kinetics assay of BCABA3.

Kinetics assay of BCABA3 was performed by the procedure previously described [8].

The enzymatic activity was assayed in 25 mM HEPES buffer (pH 8.0) containing 20 mM
MgCl> and FPP in a total volume of 100 uL. The concentration of FPP was varied at 2.25,
4,5, 9, 18, 36, 72, 108, 144 uM. The reaction was initiated by adding 0.5 ug (0.1 uM) of
BcABA3 and incubated at 30°C for 5 min. The reaction mixture was extracted with 50 pL of
hexane and 2 uL of the crude sample was used for GC-MS analysis. Km-constants were
determined from Lineweaver-Burk plots and kcat-values were estimated from the protein

concentration.

4-1-14. Enzymatic synthesis of deuterium labeled a-ionylideneethane (2-2)

Labeling of the unit 3 (or unit 2 and 3)

Typical conditions are as follows; a reaction mixture (100 ul of Tris-HCI buffer (pH 7.4))
containing 5 (10) ug of labeled-IPP, 5 mM of MgCl,, 0.5 mM of EDTA, 2 mM of DTT, 5 ug of
GPP (DMAPP), 2 ug of FPP synthase and 2 ug of BcCABA3 was incubated at 30 °C. After 1 h,

the reaction mixture was extracted with hexane (50 pL) and the crude extract was directly

used for the analysis with MS-2010 (Shimadzu, Kyoto, Japan), using a HP-5 MS capillary
column (0.32 mm x 30 m, 0.25 um film thickness: J&W Scientific, Folsom, CA, USA).

Each sample was injected onto the column at 100 °C in the split less mode. After isothermal
hold at 100°C for 3 min, the column temperature was increased by 14°C min-1 to 268°C. The

flow rate of the helium carrier gas was 0.66 mLmin".

Labeling of the unit 2

Typical conditions are as follows; A reaction mixture (100 ul of Tris-HCI buffer (pH 7.4))
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containing 5 pg of labeled-IPP, 5 mM of MgClz, 0.5 mM of EDTA, 2 mM of DTT, 5 ug of DMAPP,
and 2 ug of GPP synthase was incubated at 30 °C. After 1 h, the reaction mixture was filtrated
by utilizing the Amicon Ultra centrifugal filter (Merck Millipore, Billerica, MA, USA). To the
filtrate was added 5 ug of non-labeled IPP, 2 ug of FPP synthase, and 2 ug of BCABA3 and
the reaction mixture was incubated at 30 °C. The reaction mixture was extracted with hexane
and the crude extract was directly used for the analysis with MS-2010 (Shimadzu, Kyoto,
Japan) according to the same procedure described above. These procedures were

previously described [9].

4-1-15. BcABA3 (mutant) cloning and analysis of metabolites.

Mutations were introduced into pCold-bcABA3 by PCR using the respective primers
described in the Table 4-1-2, according to the manufacture's protocol for the Prime STAR
Mutagenesis Basal Kit (Takara). The following plasmids were constructed in this study;
pColdl-bcABA3_W198A, F199A, R200A, R202A, D203A, D205A, R209A, F210A, Y242A,
D243A, F247A, Y248A, K249A, H250A, R251A, E253A, E255A, R311A, R312A, Y313A,
R314A, F315A, E317A, E318A, N319A

These plasmids were separately introduced into E. coli BL21-Gold (DE3) for overexpression.
The transformant was grown at 37 °C at an ODego of ~0.6 in 100 mL flask. After cooling at
4 °C, isopropyl B-D-thiogalactopyranoside (0.1 mM) was added to the culture. After
incubation at 16 °C for 17 h, the volatile organic compounds were extracted by a SPME fiber
(50/30um DVB/CAR/PDMS. Stableflex, 24Ga, Manual Holder), which was conditioned by
inserting it into the GC injector to prevent contamination. After extraction, the fiber was pulled
into the needle sheath and the SPME device was removed from the vial and then inserted

into the injection port to analyze the sample.

Table 4-1-1.  Oligonucleotides used for construction of expression plasmids.

Insert Sequence 5'-3' Size
Vector
bcABA1 F: CAAGCTCCGGAATTCATGTCTAATTCTATATTG 1769 bp
R: TACCGAGCTCGAATTCCTATTTGTATTCTGTTC pTAex3
bcABA2 F: AATTCGAGCTCGGTACATGCTGCTTAGCATTAAAG 1810 bp
R: CTACTACAGATCCCCGGCTATCTAGGAACCTCTTTTAAC pUSA2
linker F: AGAGGTTCCTAGATAGCCGGGGATCTGTAGTAGCTC 860 bp
R: ATGGTTGAGAGGACATTGCGGCCGCTAGCTCAAATC pUSA2

94




bcABA4 F: TGAGCTAGCGGCCGCAATGTCCTCTCAACCATTC 840 bp
R: CTACCCGGGTCACTAGCTAACATCTCCATCCGCC pUSA2

bcABA3-AO | F: ATCGATTTGAGCTAGCATGCAGCAAGTTATTACTCAA 1323 bp
R: TAGTGCGGCCGCTAGCTCAAACTGGAACCTCAAAATG pAdeA2

bcABA3-EC | F: ATATCGAAGGTAGGCATATGCAGCAAGTTATTAC 1323 bp
R: GGGTACCGAGCTCCATATGTCAAACTGGAACCTCAAAATG pColdl

Table 4-1-2. Oligonucleotides used for mutation of BCABA3

Mutant Sequence 5'-3'
W198A F: AGACACGCGTTCCGCATGCGGGATTGT
R: GCGGAACGCGTGTCTCGGTGATTGCGC
F199A F: CACTGGGCGCGCATGCGGGATTGTGA
R: CATGCGCGCCCAGTGTCTCGGTGATT
R200A F: TGGTTCGCGATGCGGGATTGTGATGCA
R: CCGCATCGCGAACCAGTGTCTCGGTGA
R202A F: CGCATGGCGGATTGTGATGCACTGGCC
R: ACAATCCGCCATGCGGAACCAGTGTCT
D203A F: ATGCGGGCGTGTGATGCACTGGCCAGA
R: ATCACACGCCCGCATGCGGAACCAGTG
D205A F: GATTGTGCGGCACTGGCCAGATTCACG
R: CAGTGCCGCACAATCCCGCATGCGGAA
R209A F: CTGGCCGCGTTCACGATTGCCTCGGCT
R: CGTGAACGCGGCCAGTGCATCACAATC
F210A F: GCCAGAGCGACGATTGCCTCGGCTCT
R: AATCGTCGCTCTGGCCAGTGCATCAC
Y242A F: ACTCTGGCGGATGCAGTGGCTTTCTA
R: TGCATCCGCCAGAGTGTCTCCAATTT
D243A F: CTGTATGCGGCAGTGGCTTTCTACAAA
R: CACTGCCGCATACAGAGTGTCTCCAAT
F247A F: GTGGCTGCGTACAAACATCGTGCTGA
R: TTTGTACGCAGCCACTGCATCATACA
Y248A F: GCTTTCGCGAAACATCGTGCTGAAGG
R: ATGTTTCGCGAAAGCCACTGCATCAT
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K249A

F: TTCTACGCGCATCGTGCTGAAGGTGAG

R: ACGATGCGCGTAGAAAGCCACTGCATC

H250A F: TACAAAGCGCGTGCTGAAGGTGAGACA
R: AGCACGCGCTTTGTAGAAAGCCACTGC
R251A F: AAACATGCGGCTGAAGGTGAGACAAAC
R: TTCAGCCGCATGTTTGTAGAAAGCCAC
E253A F: CGTGCTGCGGGTGAGACAAACAGCACA
R: CTCACCCGCAGCACGATGTTTGTAGAA
E255A F: GAAGGTGCGACAAACAGCACATTTGCC
R: GTTTGTCGCACCTTCAGCACGATGTTT
R311A F: ATGATGGCGCGTTACCGATTCGTTGAA
R: GTAACGCGCCATCATCATGTGTATAGG
R312A F: ATGCGCGCGTACCGATTCGTTGAAGAG
R: TCGGTACGCGCGCATCATCATGTGTAT
Y313A F: CGCCGTGCGCGATTCGTTGAAGAGAA
R: GAATCGCGCACGGCGCATCATCATGT
R314A F: CGTTACGCGTTCGTTGAAGAGAATTTG
R: AACGAACGCGTAACGGCGCATCATCAT
F315A F: TACCGAGCGGTTGAAGAGAATTTGAC
R: TTCAACCGCTCGGTAACGGCGCATCA
E317A F: TTCGTTGCGGAGAATTTGACAATTGGC
R: ATTCTCCGCAACGAACCGGTAACGGCG
E318A F: GTTGAAGCGAATTTGACAATTGGCAAG
R: CAAATTCGCTTCAACGAACCGGTAACG
N319A F: GAAGAGGCGTTGACAATTGGCAAGTC

R: TGTCAACGCCTCTTCAACGAATCGGT
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4-2. Chapter 3 [Synthetic study on standards]

4-2-1. General.

All reactions were conducted in flame-dried or oven-dried glassware under an atmosphere
of dry nitrogen or argon. Oxygen and/or moisture sensitive solids and liquids were transferred
appropriately. Concentration of solutions in vacuo was accomplished using a rotary
evaporator fitted with a water aspirator. All reaction solvents were purified before use:
Tetrahydrofuran was distilled from sodium. Toluene was distilled over molten sodium metal.
Dichloromethane, dimethylformamide, diethylamine, triethylamine and diisoproylethylamine
were distilled from CaH,. Methanol was distilled from Mg/l2. Flash column chromatography
was performed using the indicated solvents on E. Qingdao silica gel 60 (230 — 400 mesh
ASTM). TLC was carried out using pre-coated sheets (Qingdao silica gel 60-F250, 0.2 mm).
Compounds were visualized with UV light, iodine, p-anisaldehyde stain, ceric ammonium
molybdate stain, or phosphomolybdic acid in EtOH. '"H NMR spectra were recorded on
Bruker Avance 300, Avance 400, Avance 500, or DRX-500 spectrometers. Chemical shifts
were reported in parts per million (ppm), relative to either a tetramethylsilane (TMS) internal
standard or the signals due to the solvent. The following abbreviations are used to describe
spin multiplicity: s = singlet, d = doublet, t = triplet, q = quartet, gn = quintet, m = multiplet, br
= broad, dd = doublet of doublets, dt = doublet of triplets, dq = doublet of quartets, ddd =
doublet of doublet of doublets; other combinations are derived from those listed above.
Coupling constants (J) are reported in Hertz (Hz) for corresponding solutions, and chemical
shifts are reported as parts per million (ppm) relative to residual CHCI3 &+ (7.26 ppm). *C
Nuclear magnetic resonance spectra were recorded using a 75 MHz, a 100 MHz or a 125
MHz spectrometer for corresponding solutions, and chemical shifts are reported as parts per
million (ppm) relative to residual CDCIz &¢ (77.16 ppm). High resolution mass spectra were
measured on ABI Q-star Elite. Optical rotations were recorded on a Rudolph AutoPol-|
polarimeter or a JASCO P-2200 polarimeter. Data were reported as follow: optical rotation (c
(g/100 mL), solvent).

4-2-2. Synthesis of fragments, 3-6a-3-6d

OH OTBDPS 1) H,, Pd/C OH OH
2) TBAF
7 v B
3-9a 3-6a

3-9a was synthesized according to the literature procedure [10]. 3-9a:[a]p?* = +2.3 (c 1.0,
CHCI3); 'TH NMR (500 MHz, CDCl3) & 7.66 — 7.70 (m, 4H), 7.37 — 7.46 (m, 6H), 5.85 (m, 1H),
4.98 —5.02 (m, 2H), 3.82 (dd, J = 9.9, 4.8 Hz, 1H), 3.64 (dd, J = 10.4, 6.1 Hz, 1H), 3.49 (m,
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1H), 3.40 (d, J = 4.3 Hz, 1H), 2.33 (m, 1H), 1.83 (m, 1H), 1.06 (d, J = 6.5 HZ, 1H), 1.05 (s,
9H), 0.90 (d, J = 6.6 Hz, 3H). '*C NMR (100 MHz, Acetone-d6) d 142.5, 135.8, 135.7, 130.0,
129.9, 127.9, 127.9, 114.2, 79.2, 68.6, 41.2, 37.1, 27.0, 19.3, 14.3, 13.3. To a solution of 3-
9a (7.3 mg, 0.02 mmol) in ethyl acetate (1 mL) was added Pd/C (1 mg) and the reaction
mixture was stirred at room temperature for 4 h under H> atmosphere. The mixture was
filtrated through Celite and washed with ethyl acetate. The filtrate was concentrated in vacuo.
The crude sample directly used for the following reaction. To a solution of the crude sample
in THF (1 mL) was added 1M THF solution of TBAF (60 uL, 0.06 mmol) at room temperature
for 1 h. The reaction mixture was directly concentrated in vacuo. The crude sample was
purified by silica gel column chromatography (hexane/ethyl acetate = 1/10) to afford 3-6a
(2.0 mg, 0.014 mmol, 72%). 3-6a: [a]p?? = +7.92 (c 0.20, CH2Cl);"H NMR (500 MHz, CDCls)
0 3.73 (dd, J =10.7, 3.7 Hz, 1H), 3.66 (dd, J = 7.8, 10.7 Hz, 1H), 3.50 (dd, J = 8.9, 2.8 Hz,
1H), 1.86 (m, 1H), 1.53 (m, 1H), 1.40 (m, 1H), 1.30 (m, 1H), 0.94 (t, J = 7.5 Hz, 3H), 0.88 (d,
J =6.7 Hz, 3H), 0.82 (d, J = 6.9 Hz, 3H). '3C NMR (125 MHz, CDCls) & 80.24, 69.00, 37.57,
37.14, 26.88, 13.73, 12.05, 12.05. FIMS (m/z): calculated for CgH1902 [M+H]* : 147.1385,
found 147.1378.

OH OTBDPS OH OTBDPS 1) Hy, Pd/C OH OH OH OH
NN NN _ATAE * '

3-9b 3-9¢ 3-6b 3-6¢

OH OTBDPS OH OTBDPS 1) H,, Pd/IC OH OH OH OH
NN + 7 : _ATEAE ' +

3-9d 3-9a 3-6d 3-6a

A mixture of 3-9b and 3-9¢ and 3-9d and 3-9a were synthesized according to the literature
procedures [10]. Diastereomeric alcohols, 3-9b and 3-9¢ were synthesized as a mixture via
the similar procedures described above from a mixture of 3-9b and 3-9c. Similarly, 3-9d was
synthesized as a mixture of 3-9d and 3-9a. 3-9b and 3-9¢ (3-9b:3-9c = 1:2): [a]p?® = +1.60
(c 1.33, CH2Cl2); FIMS (m/z): calculated for CgH1902 [M+H]* : 147.1385, found 147.1388.3-
9b: '"H NMR (500 MHz, CDCIs) 5 3.78 (dd, J = 10.8, 3.6 Hz, 1H), 3.63 (dd, J = 10.8, 6.8 Hz,
1H), 3.37 (dd, J = 7.3, 4.3 Hz, 1H), 1.88 (m, 1H), 1.73 (m, 1H), 1.59 (m, 1H), 1.14 (m, 1H),
0.92-0.94 (m, 6H), 0.90 (d, J = 7.1 Hz, 3H). '3C NMR (125 MHz, CDCls) & 75.2, 67.9, 37.6,
36.9, 22.6, 16.2, 14.4, 11.9.
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OH OTBDPS 1) H,, Pd/C OH OH
: 2) TBAF :

= - _—

3-9¢ 3-6¢

3-9c¢: [a]p?%2 = -1.33 (¢ 2.62, CH2Cl»); "H NMR (500 MHz, CDCl3) 6 3.73 (dd, J = 10.6, 4.1 Hz,
1H), 3.67 (dd, J = 10.6, 5.6 Hz, 1H), 3.52 (dd, J = 9.3, 2.1 Hz, 1H), 1.82 (m, 1H), 1.73 (m,
1H), 1.46 (m, 1H), 1.14 (m, 1H), 0.92 (d, J = 7.1 Hz, 3H), 0.90 (t, J = 7.5 Hz, 3H), 0.80 (d, J
= 6.8 Hz, 3H). '*C NMR (125 MHz, CDCls) & 77.9, 68.0, 37.9, 36.2, 25.3, 15.0, 11.0, 8.9.
FIMS (m/z): calculated for CgH1902 [M+H]* : 147.1385, found 147.1388.

OH OTBDPS 1) Hy, PdiC OH OH
: 2) TBAF :

3-9d 3-6d

3-9d and 3-9a (3-9d:3-9a = 1:2): [a]p?® = +8.19 (c 0.26, CHCly); FIMS (m/z): calculated for
CsH1902 [M+H]* : 147.1385, found 147.1381.3-9d: 'H NMR (500 MHz, CDCl3) & 3.64-3.74
(m, 2H), 3.52 (dd, J = 7.9, 3.2 Hz, 1H), 1.23-1.65 (m, 3H), 1.10 (m, 1H), 0.98 (d, J = 6.6 Hz,
3H), 0.97 (d, J = 7.1 Hz, 3H), 0.90 (t, J = 7.4 Hz, 3H). *C NMR (125 MHz, CDCl3) d 78.3,
68.2, 38.0, 36.9, 26.0, 15.1, 11.5, 10.2.

4-2-3. Synthesis of fragments 3-7a and 3-7b

OH oTBDPs 1)cat, PdCl, OH OTBDPS OH OTBDPS
cat. CuCl, o o R
+

O,

-_ > B

2) separation

3-10 3-11a 3-11b

3-10 was synthesized as a diastereomixture (d.r. = 1:1) according to the literature procedure
[11].3-10: [0]p?® = +4.1 (c 0.1, CHCIs); "H NMR (500 MHz, CDCl3) & 7.68-7.70 (m, 8H), 7.39-
7.48 (m, 12H), 5.84 — 5.96 (m, 2H), 5.30 — 5.37 (m, 2H), 5.18 — 5.22 (m, 1H), 4.37 — 4.39 (m,
1H), 4.13 (t, J = 6.8 Hz, 1H), 3.82 (dd, J = 10.2, 4.1 Hz, 1H), 3.69 — 3.70 (m, 2H), 3.63 (m,
1h), 1.95 -2.03 (m, 1H), 1.80-1.90 (m, 1H), 1.08 (s, 9H), 0.87 (d, J = 7.1 Hz, 3H), 0.86 (d, J
=6.9 HZ, 3H). '3C NMR (125 MHz, CDCl3) 8 139.5, 138.7, 135.6, 135.6, 135.6, 135.5, 132.9,
132.8, 132.7, 129.8, 127.7, 115.7, 115.1, 77.7, 75.3, 68.4, 67.6, 39.9, 39.8, 26.8, 26.8, 19.0,
13.3, 11.0.

We basically follow the previous procedure in Wacker oxidation [12]. Briefly, PdClI, (25.0 mg,
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0.14 mmol, 0.1 equiv.) and CuClI2 (139.6 mg, 1.41 mmol, 1.0 equiv.) were dissolved in 1 mL
ofa7:1 (v/v) solution of DMF: H20. The suspension was stirred for 1 hr under O2 atmosphere.
To the suspension was added 3-10 (500 mg, 1.41 mmol) at room temperature. The reaction
mixture was stirred for 24 hr under O2 atmosphere. The reaction was quenched by 1M HCI
solution and extracted with ethyl acetate. The combined organic layer was washed with brine,
dried over Na>SO4, and concentrated in vacuo. The residue was purified by column
chromatography (hexane/ethyl acetate = 25) to afford 3-11a (62.0 mg, 0.167 mmol, 12%)
and 3-11b (54.0 mg, 0.146 mmol, 11%).3-11a (anti) : [a]p?* = +17.28 (c 0.77, CHCl3); "H NMR
(500 MHz, CDCI3) & 7.62-7.64 (m, 4H), 7.38-7.44 (m, 6H), 3.84 (d, J =4.0 Hz, 1H), 3.60 (dd,
J =10.3, 9.5 Hz, 1H), 3.39 (dd, J = 10.3, 4.6 Hz, 1H), 2.28 (s, 3H), 1.01 (s, 9H). *C NMR
(125 MHz, CDCl3) 6 209.31, 135.77, 135.66, 133.34, 133.01, 129.91, 129.86, 127.87, 127.85,
79.73, 64.38, 39.21, 26.87, 25.93, 19.15, 15.05.3-11b (syn): [0]p?® = -9.31 (c 0.89, CHCIs);
"H NMR (500 MHz, CDCl3) 6 7.69-7.74 (m, 4H), 7.37-7.46 (m, 6H), 3.76 (dd, J = 9.9, 8.7 Hz,
1H), 3.63 (dd, J = 9.9, 5.6 Hz, 1H), 3.41 (d, J = 4.8 Hz, 1H), 2.19 (s, 3H), 1.09 (s, 9H). "3C
NMR (125 MHz, CDCIs3) & 210.65, 135.76, 135.68, 133.84, 133.58, 129.88, 129.87, 127.87,
127.86, 76.96, 66.07, 38.67, 27.03, 25.51, 19.40, 9.18.

OH OTBDPS OH OH
1) NaBH
O 4 HO
2) TBAF
3-11a 3-7a

To a solution of 3-11a (54.9 mg, 0.148 mmol) in MeOH (5 mL) was added NaBH4 (56.0 mg)
at 0 °C. The reaction mixture was stirred for 2 hr at 0 °C. After addition of H>O, the mixture
was directly concentrated in vacuo. The residues were extracted with CH2Clz, and the
combined organic layer was washed with brine, dried over Na>SO4, and concentrated in
vacuo. The crude sample was directly used for the following reaction. To a solution of the
crude sample in THF (2 mL) was added 1M THF solution of TBAF (346 pL, 0.346 mmol) at
room temperature. The reaction mixture was stirred for 30 min. The mixture was directly
concentrated in vacuo. The crude sample was purified by silica gel column chromatography
(hexane/ethyl acetate = 2/1) to afford 3-7a (9.7 mg, 0.072 mmol, 54%, major: minor = 2:1).
We basically used this mixture 3-7a for further derivatization leading to 3-8a. 3-7a: [a]p?® = -
1.21 (c 7.31, MeOH); FIMS (m/z): calculated for CeH1503 [M+H]* : 135.1021, found 135.1017.
3-7a (major isomer): '"H NMR (500 MHz, CDCls) 5 3.89 (dq, J = 3.1, 6.2 Hz, 1H), 3.77 (dd, J
=3.7,10.7 Hz, 1H), 3.68 (dd, J = 3.7, 10.7 Hz, 1H), 3.33 (dd, J = 3.0, 5.6 Hz, 1H), 1.88 (m,
1H), 1.24 (d, J = 7.0, 3H), 0.97 (d, J = 7.0 Hz, 3H). ®C NMR (125 MHz, CDCls) d 80.07,
68.49, 66.18, 37.57, 20.41, 14.87. 3-7Ta (minor isomer): '"H NMR (500 MHz, CDCls) & 3.93
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(dq, J =4.1,6.2 Hz, 1H), 3.67 (t, J = 7.4 Hz, 1H), 3.59 (dd, J = 3.7, 7.3 Hz, 1H), 1.90 (m, 1H),
1.20 (d, J = 7.0, 3H), 0.86 (d, J = 7.0 Hz, 3H). 3C NMR (125 MHz, CDCls) 5 79.36, 68.87,
66.99, 36.55, 16.69, 13.84.

OH OTBDPS 1) NaBH, 7Lo OTBDPS
o) o
: 2) 2,2-dimethoxypropane :
: PPTS :
3-11a S$3-12a

To determine the configuration at C4 position, the crude sample of NaBH4 reduction was
separately subjected to derivatization using 2,2-dimethoxypropane. To a solution of the crude
sample (10.8 mg, 0.081 mmol) in dimethoxypropane (200 pL) was added pyridinium p-
toluenesulfonate (PPTS, 0.5 mg) and the reaction mixture was stirred at room temperature
for 1 hr. The reaction was quenched by sat. NaHCO3 aqg. and extracted with ethyl acetate.
The combined organic layer was washed with brine, dried over Na>SQ4, and concentrated in
vacuo. The crude sample (8.0 mg) was directly analyzed by NMR. Based on the NOE
analysis, the major isomer was determined to be R. $3-12a (major isomer): '"H NMR (500
MHz, CDCl3) 6 7.66-7.70 (m, 4H), 7.36-7.44 (m, 6H), 3.95 (dq, J = 8.0, 6.0 Hz, 1H), 3.75 (dd,
J=9.9, 4.7 Hz, 1H), 3.66 (dd, J = 9.9, 5.9 Hz, 1H), 3.57 (dd, J = 8.0, 7.5 Hz, 1H), 1.86 (m,
1H), 1.30 (d, J =6.0 Hz, 3H), 1.05 (s, 9H), 1.0 (d, J = 7.0 Hz, 3H). "*C NMR (125 MHz, CDCls)
0 135.8, 129.7, 129.7, 127.8, 127.7, 107.6, 83.7, 75.3, 66.0, 39.0, 27.4, 19.5, 19.5, 13.7.

Ph Ph Ph

HOW CSA HO HOW Ho,,,H\)
3-7a 3-8a 3-8a-up 3-8a-dn

To a solution of 3-7a (7.2 mg, 0.054 mmol) in CH2Cl» (400 pL) was added PhCH(OMe)2 (12.3
mg, 0.08 mmol) and CSA (0.6 mg, 0.003 mmol) and the reaction mixture was stirred at room
temperature for 2 hr. The reaction was quenched by sat. NaHCO3 aq. and extracted with
ethyl acetate. The combined organic layer was washed with brine, dried over Na>SO., and
concentrated in vacuo. The crude sample was purified by silica gel column chromatography
(hexane/ethyl acetate = 5/1) to afford 3-8a (4.5 mg, 0.020 mmol, 37%). We basically used
this mixture for further derivatization leading to 3-8a-S. However, for structure determination,
we purified the major isomer 3-8a-up by careful silica gel column chromatography and
confirmed that 3-8a-up has an 2,3-anti configuration.3-8a-up: [a]p?® = -0.65 (c 0.15, CHCls);
FIMS (m/z): calculated for C13H1303 [M]*: 222.1256, found 222.1255. 3-8a-up (major isomer):
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[a]o?® =-0.65 (c 0.15, CHCI3); "TH NMR (500 MHz, CDCl3) d 7.48-7.50 (m, 2H), 7.34-7.42 (m
3H), 5.54 (s, 1H), 4.17 (dd, J = 11.4, 5.0 Hz, 1H), 3.95 (brt, J = 6.8 Hz, 1H), 3.53 (t, J=11.4
Hz, 1H), 3.32 (dd, J = 10.1, 1.7 Hz, 1H), 2.28 (m, 1H), 1.33 (d, J = 6.5 Hz, 3H), 0.85 (d, J =
6.7 Hz, 3H). '3C NMR (125 MHz, CDCls) 5 138.6, 129.0, 128.4, 126.1, 101.1, 85.9, 73.0,
66.4, 29.9, 20.6, 12.3. 3-8a-dn (minor isomer): '"H NMR (500 MHz, CDCl3) & 7.48-7.50 (m
2H), 7.34-7.42 (m, 3H), 5.51 (s, 1H), 4.11 (dd, J = 11.1, 4.7 Hz, 1H), 3.98 (m, 1H), 3.65 (dd,
J=10.3, 2.8 Hz, 1H), 3.52 (t, J = 11.1 Hz, 1H), 1.92 (m, 1H), 1.28 (d, J = 6.6 Hz, 3H), 0.82
(d, J = 6.8 Hz, 3H). '*C NMR (125 MHz, CDCl3) 5 138.6, 129.1, 128.5, 126.4, 101.6, 86.0,
73.1,67.5,30.9,17.2, 12.0.

Ph
OH OTBDPS e
o = 1) NaBH,4 PhCH(OMe); o =
Y\;) _2)TBAF W CSA ;
3-11b 3-8b

Diastereomeric alcohol 3-8b was prepared from 3-11b via the similar procedures described
above. 3-8b (4:1 mixture of two diastereomers): [a]p?® = +8.19 (c 0.35, MeOH); FIMS (m/z):
calculated for C13H1303 [M]*: 222.1256, found 222.1248. 3-8b (major): '"H NMR (500 MHz,
CDCI3) 6 7.48-7.50 (m, 2H), 7.34-7.42 (m, 3H), 5.53 (s, 1H), 4.10 (dd, J = 11.1, 2.3 Hz, 1H),
4.06 (dd, J = 11.1, 1.5 Hz, 1H), 3.74 (d, J = 7.1 Hz, 1H), 3.71 (d, J = 7.1 Hz, 1H), 1.91 (m

H), 1.25 (d, J = 7.0 Hz, 3H), 1.23 (d, J = 7.0 Hz, 3H). 3-8b (minor): "H NMR (500 MHz,
CDCl3) 8. 7.48-7.50 (m, 2H), 7.34-7.42 (m, 3H), 5.52 (s, 1H), 4.30 (dd, J = 11.9, 4.6 Hz, 1H),
4.16 (dd, J = 11.9, 5.8 Hz, 1H), 3.83 (m, 1H), 3.65 (dd, J = 8.2, 2.4 Hz,1H), 1.91 (m, 1H), 1.31
(d, J=7.0 Hz, 3H), 1.27 (d, J = 7.0 Hz, 3H).

4-2-4. Synthesis of fragments, 3-14e

1) AZADOL 1) DIBALH
lodobenzene Diacetate 2) H,, Pd/C
= OH N OEt —— OH
2)
O
PhsP CO,Et
3-18 3-19 3-14e

To a solution of 3-18 (709.2 mg, 55.3 mmol) [13] in CH2Cl> (14 mL) was added 2-hydroxy-2-
azaadamantane (AZDOL, 58.9 mg, 0.39 mmol) and iodobenzene diacetate (2.3 g, 7.3 mmol).
The reaction was stirred at room temperature for 2 h. To the reaction mixture was added sat.
NaHCO3; and 20% Na2SO4 aq. and the mixture was stirred at r.t. for 20 min. The aqueous

layer was then extracted with CH2Cl.. The combined extracts were concentrated in vacuo to
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afford crude extracts. This crude extracts passed through silica gel to afford partially purified
sample, which was directly used for the following reaction. To a solution of the crude sample
in CH2Cl> (11 mL) was added ethyl 2-(triphenylphosphoranylidene)propionate (1.9 g, 1.5 eq.).
The reaction was stirred at 40 °C for 12 h. The reaction mixture was diluted with hexane (10
mL) and the resultant precipitate was filtrated. The filtrate was concentrated in vacuo to afford
crude extracts. The residue was purified by column chromatography (EtOAc/hexane =20:1)
to give 3-19 (297.8 mg, 14.2 mmol, 27%). 3-19: '"H NMR (500 MHz, CDCl3) & 7.11 (s, 1H),
5.37 (d, J =9.7 Hz, 1H), 4.20 (q, J = 7.3 Hz, 2H), 2.38 (m, 1H), 2.00 (d, J = 1.3 Hz, 3H), 1.83
(d, d =1.2 Hz, 3H), 1.24 — 1.42 (m, 2H), 1.30 (t, J = 7.3 Hz, 3H), 0.97 (d, J = 6.6 Hz, 3H),
0.86 (t, J = 7.4 Hz, 3H). '3C NMR (125 MHz, CDCls) 5 169.4, 143.3, 142.9, 130.9, 125.3,
60.7, 34.7, 30.3, 20.5, 16.6, 14.5, 14.1, 12.1.

To a solution of 3-19 (297.8 mg, 14.2 mmol) in CH2Cl, (4.7 mL) was added DIBALH (1M
solution in toluene, 4.25 mL). The reaction was stirred at -78 °C for 30 min and then the
temperature was gradually increased to r.t.. To the reaction mixture was then added methanol
(2 mL) and sat. potassium sodium tartrate (10 mL) and the mixture was stirred for 3 hr. The
organic layer was concentrated in vacuo to afford crude extracts. To a solution of the crude
sample in MeOH (2 mL) was added Pd/C and the mixture was stirred under H> atmosphere
at room tempearture for 12 hr. The mixture was filtrated and the filtrate was concentrated in
vacuo to afford a mixture of 3-14e (83.5 mg, 4.7 mmol, 33%). The 'H and 3C NMR data are

in good agreement with the combined data of 3-14a-3-14d.

4-2-5. Synthesis of fragments, 3-17a

X

OH OH Phcg(sc,lMe)z e
o X _J ————— Ho N _J
3-15a 3-17a

3-17a was prepared from commercially available 3-15a via the similar procedures described
above. 3-17a: 'H NMR (400 MHz, CDCl3) d 7.49-7.51 (m, 2H), 7.34-7.40 (m, 3H), 5.55 (s,
1H), 4.30 (ddd, J =11.5, 5.2, 1.1 Hz, 1H), 3.95-4.03 (m, 2H), 3.67 (m, 1H), 1.92 (m, 1H), 1.45
(m, 1H). 3C NMR (100 MHz, CDCls) d 138.5, 129.1, 128.4, 126.2, 101.4, 77.7, 66.7, 65.8,
26.9.
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4-2-6. Esterification of alcohols with MaNP acid

Ph
o0 o (S)-MaNP acid
DCC, DMAP
Ho\/'\) — >
3-17a 3-17a-S

To a solution of 3-17a (8.8 mg) in CH2Cl> (200 pL) was added (S)-2-methoxy-2-(1-
naphthyl)propionic acid (MaNP acid) (16.7 mg, 0.073 mmol), DCC (32.7 mg, 0.159 mmol)
and DMAP (33.2 mg, 0.272 mmol) and the reaction mixture was stirred at room temperature
for 6 hr. The reaction mixture was concentrated in vacuo and the crude products were purified
by silica gel column chromatopraphy (hexane/ethyl acetate = 6/1) to give 3-17a-S (16.2 mg,
0.040 mmol, 88%). In a similar manner, alcohols 3-6, 3-8, 3-14, 3-17, and 3-16 were
converted into the (S)-MaNP esters 3-6-S, 3-8-S, 3-14-S, 3-17-S, 3-16-S and the (R)-MaNP
esters 3-6-R, 3-8-R, 3-14-R, 3-17-R, 3-16-R.

4-2-7. Analytical conditions
3-6 (GC-MS, chiral column): Column: Beta DEXTM 120 fused silica capillary column (0.25
mm x 30 m, 0.25 mm film thickness; SUPELCO) Conditions: 60°C for 1 min, 60 — 160°C

(rate: 25°C/min), 160°C for 10 min at a flow rate of 0.59 mL/min (helium carrier gas).

3-6-S/R (UPLC-MS, non-chiral column): Column: ACQUITY UPLC® BEH C18 column (130A,
1.7 ym, 2.1 mm x 50 mm; Waters) Conditions: 0 — 0.5 min = 20% B, 0.5 — 2.5 min = 20% —
50% B, 2.5 - 4.5 min =50% B, 4.5 — 5.0 min =50% - 100% B (A: H20+0.1% of formic acid,
B: CH3CN+0.1% of formic acid) at a flow rate of 0.7 mL/min.

3-8 (UPLC-MS, non-chiral column):

Column: ACQUITY UPLC® BEH C18 column (130A, 1.7 ym, 2.1 mm x 50 mm; Waters)
Conditions: 0 — 0.5 min = 20% B, 0.5 — 2.5 min = 20% — 30% B, 2.5 — 4.5 min = 30% B, 4.5
—5.0 min = 30% — 100% B (A: H.0+0.1% of formic acid, B: CH3CN+0.1% of formic acid) at
a flow rate of 0.7 mL/min.

3-8-S/R (UPLC-MS, non-chiral column):

Column: ACQUITY UPLC® BEH C18 column (130A, 1.7 uym, 2.1 mm x 50 mm; Waters)
Conditions: 0 — 0.5 min = 20% B, 0.5 — 2.5 min = 20% — 60% B, 2.5 — 4.5 min = 60% B, 4.5
—5.0 min =60% — 100% B (A: H20+0.1% of formic acid, B: CH3CN+0.1% of formic acid) at
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a flow rate of 0.7 mL/min.

3-14 (GC-MS, chiral column):

Column: Beta DEXTM 120 fused silica capillary column (0.25 mm x 30 m, 0.25 mm film
thickness; SUPELCO) Conditions: 60°C for 1 min, 60 — 130°C (rate: 25°C/min), 130°C for 10

min at a flow rate of 0.59 mL/min (helium carrier gas).

3-14-S/R (UPLC-MS, non-chiral column):

Column: ACQUITY UPLC® BEH C18 column (130A, 1.7 um, 2.1 mm x 50 mm; Waters)
Conditions: 0 — 0.5 min =20% B, 0.5-1.5min=20% -75%B, 1.5-4.5min=75% B, 4.5
—5.0 min =75% — 100% B (A: H.O+0.1% of formic acid, B: CH3CN+0.1% of formic acid) at

a flow rate of 0.7 mL/min.

3-17-S/R ((UPLC-MS, non-chiral column):

Column: ACQUITY UPLC® BEH C18 column (130A, 1.7 ym, 2.1 mm x 50 mm; Waters)
Conditions: 0 — 0.5 min = 20% B, 0.5 — 2.5 min = 20% — 50% B, 2.5 — 4.5 min = 50% B, 4.5
— 5.0 min =50% — 100% B (A: H20+0.1% of formic acid, B: CH3CN+0.1% of formic acid) at

a flow rate of 0.7 mL/min.

3-16-S/R (UPLC-MS, non-chiral column):

Column: ACQUITY UPLC® BEH C18 column (130A, 1.7 ym, 2.1 mm x 50 mm; Waters)
Conditions: 0 — 0.5 min = 20% B, 0.5 — 2.5 min = 20% — 30% B, 2.5 — 4.5 min = 30% B, 4.5
—5.0 min = 30% — 100% B (A: H.0+0.1% of formic acid, B: CH3CN+0.1% of formic acid) at

a flow rate of 0.7 mL/min.

4-3. Chapter 3 [Heterologous expression study]

4-3-1. 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-NMR spectra were recorded on Bruker DRX-500 or Bruker
AMX-500 spectrometer (500 MHz for 'TH-NMR). NMR spectra were recorded in CDCl3 (99.8
atom % enriched, Kanto) and CD30D (99.8 atom% enriched, Kanto). "H chemical shifts were
reported in & value based on residual CDCI3 (7.26 ppm) and methanol (3.31 ppm) as
references. 3C chemical shifts were reported in d value based on chloroform (77.16 ppm)
and methanol (49.0 ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet,

d = doublet, t = triplet, g = quartet, m = multiplet, br = broad), coupling constant (Hz), and
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integration. HPLC and UPLC analysis were conducted with a Shimadzu Prominence and a
Waters ACQUITY UPLC, respectively. Oligonucleotides for polymerase chain reactions
(PCRs) were purchased from Hokkaido System Science Co., Ltd. PCRs were performed with
a BioRad S1000 thermal cycler.

4-3-2. Strain and culture conditions.

Escherichia coli HST08 was used for cloning and following standard recombinant DNA
techniques. A fungal host strain used in this study was A. oryzae NSPID1 [14], a strain with
a highly efficient gene-targeting background (niaD-, sC, ApyrG, AligD) for expression.
Pseudophialophora sp. BF-0158, a phialotides producing strain, was used for genomic DNA

and total RNA extraction.

4-3-3. Genomic DNA preparation.

Genomic DNA was extracted according to the following method: the mycelia of fungus were
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 (AR015-24, 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 (AR015-24, 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.

4-3-4. Genome sequencing and analysis.

Genome sequencing of Pseudophialophora sp. BF-0158 were performed by Hokkaido
System Science Co., Ltd. (Hokkaido, Japan) with an lllumina HiSeq 2000 system. Sequence
assembly was performed with Velvet44 version 1.2.08

(http://www.ebi.ac.uk/~zerbino/velvet/). Gene prediction was then performed with
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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 the analysis of each contig.

4-3-5. Total RNA and cDNA preparation.

Pseudophialophora sp. BF-0158 was grown on Potato-Glucose (PG) medium for 3 days at
27 °C with agitation (170 rpm). Total RNA was extracted from each dried mycelia using
TRIzol® Reagent (Invitrogen) according to the manufacturer’s instructions and then treated
with DNase | (TaKaRa) for reverse transcription. Complementary DNA (cDNA) was
synthesized with PrimeScriptTM Il 1st strand cDNA synthesis kit (Takara) using the oligo (dT)
primer according to the manufacturer’s instructions. The cDNA was used as a template of

the PCR reactions for subcloning of each phia gene.

4-3-6. Construction of A. oryzae expression plasmids.

The phiaA, phiaB, phiaC, and phiaD were amplified from cDNA of Pseudophialophora sp.
BF-0158 with primer set as shown in Table S2. The phiaA (ca. 8 kbp) was divided into two
fragments (Fr1-Fr2) for the amplification. PCR reactions were performed with the KOD-FX-
Neo (TOYOBO). Each PCR product was inserted into appropriate restriction site of pDP801
[15], pDP201 [16], to construct the following expression plasmids; pDP801::phiaA,
pDP201::phiaBCD, pDP201::phiaBC, pDP201::phiaCD, and pDP201::phiaBD.

The phomA, phomB, and phomC were amplified from synthetic DNA (synthesized by JGI)
with primer set as shown in Table 4-3-1. The phomA (ca. 8 kbp) was divided into three
fragments (Fr1-Fr3) for the amplification. PCR reactions were performed with the KOD-FX-
Neo (TOYOBO). Each PCR product was inserted into appropriate restriction site of pDP801
and pDP201, to construct the following expression plasmids; pDP801::phomA, and
pDP201::phomBC.

The ACRTS2 were amplified from either genomic DNA of ACRTS2 producer or synthetic DNA
(JGI) with primer set as shown in Table 4-3-1. The ACRTS2 (ca. 8 kbp) was divided into two
fragments (Fr1-Fr2) for the amplification. PCR reactions were performed with the KOD-FX-
Neo (TOYOBO). Each PCR product was inserted into appropriate restriction site of pDP801
[15] to construct the following expression plasmids; pDP801::ACRTS2.

Mutations of phiaC were introduced into a plasmid pDP201::phiaBC by PCR using respective

primers described in Table 4-3-1 according to the manufacturer’s protocol for the PrimeSTAR
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Mutagenesis Basal Kit (Takara).

4-3-7. Transformation of Aspergillus oryzae (genome-editing method).

A spore suspension of A. oryzae NSPID1 (1.0 x 108 cells) was inoculated into CD (0.3% of
NaNOs, 0.2% of KCI, 0.1% of K2HPOa, 0.05% of MgSO4+7H20, 2% of dextrin, 0.002% of
FeS04+7H20, 0.15% of methionine, 0.9% of (NH4)2SO4, 0.488% of uracil, 0.2% of uridine,
100 mL, pH 5.5) medium supplemented with appropriate nutrients. After 2 days incubation at
30 °C (200 rpm), mycelia was collected by filtration and washed with water. Protoplasting
was performed using Yatalase (Takara; 5.0 mg mL™") in Solution 1 (0.8 mM of NaCl, 10 mM
of NaH2PO4, pH 6.0) at 30 °C for 2 h. Protoplasts were centrifuged at 800 g for 5 min and
washed with 0.8 M of NaCl solution. Then, protoplasts were adjusted to 2.0 x 108 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 CaCly, 50 mM of Tris-HCI, pH 8.0) in 4/1 volume ratio.
To the protoplast solution (200 pL) was added a cas9 plasmid (3 ug) and a donor plasmid (3
Mg). 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 1,500 g for 5 min. After decantation, the residue
was diluted with Solution 2 (500 pL) and the mixture (100 pL) was poured onto the CD agar
plate (1.5%) supplemented with 4.65% of NaCl and then overlaid with the soft-top CD agar
(0.61%) containing 21.75% of sorbitol. The plates were incubated at 30 °C for 3-7 days. The
transformants constructed in this study is summarized as follows; AO-phiaABCD, AO-
phiaABC, AO-phiaAB, AO-phiaAC, AO-phomABC, and AO-ACRTS2.

4-3-8. Extraction of metabolites.

Mycelia of A. oryzae transformants were inoculated into either a MPY medium or 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 3 days. After extraction with acetone, the extract was
concentrated in vacuo to afford crude extracts. The residues were extracted with ethyl
acetate. The combined organic layer was washed with brine, dried over Na>SOs, and

concentrated in vacuo.

4-3-9. Analysis of the metabolites.

The crude extracts were analyzed by a UPLC-MS apparatus (Waters) as follows; Column:
ACQUITY UPLC® BEH C18 column (130A, 1.7 im, 2.1 mm x 50 mm; waters) Conditions: 0
— 0.5 min = 20% B, 0.5 — 3.5 min = 20% — 100% B (A: H,0+0.1% of formic acid, B:
CH3CN+0.1% of formic acid) at a flow rate of 0.7 mL/min.
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4-3-10. Isolation of metabolites.

3-4; The crude extracts (528.9 mg) from AO-phiaABCD (1.0 L of MPY medium, 30 °C, 4 days)
were purified by silica gel column chromatography (ethyl acetate / methanol = 10/1) a
followed by MPLC equipped with ODS column (condition is shown below) to give 3-4 (25.1
mg). MPLC condition: A: H2O + 0.1% TFA, B: MeOH + 0.1% TFA, 0-3 min B; 80%, 3-18 min
B; 80-100% [a]p?% = +4.0 (c 0.22, MeOH); HRMS (m/z): calculated for C29Hs0OsNa [M+Na] *:
517.3505, found 517.3508. The NMR data are summarized in Table 4-3-2.

3-5; The crude extracts (438.4 mg) from AO-phiaACD (1.0 L of MPY medium, 30 °C, 4 days)
were purified by silica gel column chromatography (ethyl acetate / methanol = 10/1) followed
by MPLC equipped with ODS column (condition is shown below) to give 3-5 (2.3 m). MPLC
condition: A: H2O + 0.1% TFA, B: MeOH + 0.1% TFA, 0-3 min B; 80%, 3-18 min B; 80-100%
[a]o?® = +18.7 (c 0.27, MeOH); HRMS (m/z): calculated for C29H4sOsNa [M+Na]*: 515.3349,
found 515.3351. The NMR data are summarized in Table 4-3-2.

3-13; The crude extracts (420.3 mg) from AO-phomABC (1.0 L of MPY medium, 30 °C, 4
days) were purified by silica gel column chromatography (ethyl acetate / methanol = 10/1)
followed by MPLC equipped with ODS column (condition is shown below) to give 3-13 (2.2
mg). MPLC condition: A: H.O + 0.1% TFA, B: MeOH + 0.1% TFA, 0-3 min B; 50%, 3-23 min
B; 50-100% [0]p?? = +16.9 (c 0.05, MeOH); HRMS (m/z): calculated for C34Hs60¢Na [M+Na]*:
583.3969, found 583.3974. The NMR data are summarized in Table 4-3-3.

3-20; The crude extracts (342 mg) from AO-ACRTS2 (120 g of rice medium, 30 °C, 12 days)
were purified by silica gel column chromatography (hexane/ethyl acetate = 1/10) followed by
further purification utilizing HPLC equipped with reverse phase column Wakopak navi (10
mm x 250 mm) to give 3-20 (5.9 mg). The NMR data are in good agreement with the reported
data [17]. [a]p?%2 =+58 (c 0.07, MeOH) [lit. [a]p?! +44 (c 0.22, MeOH)]; HRMS (m/z): calculated
for C18H3004Na [M+Na]*: 333.2036, found 333.2036.

4-3-11. Ozonolysis of 3-4 and 3-13

Ozone was bubbled through a solution of 3-4 (24.5 mg, 0.05 mmol) in methanol/CH2Cl>=1/2
(2.5 mL) at -78 °C for 30 min. The reaction mixture was then flushed with N> for 10 minutes
to remove the residual ozone and the solution was treated with NaBH4 (56.7 mg, 0.15 mmol).
After 1 hour, the reaction was quenched with water (2.5 mL). The reaction mixture was
concentrated in vacuo. The residues (about 2.5 mL water layer) was extracted with CH2Cl>
and the combined organic layer was washed with brine, dried over Na,SO4, and concentrated
in vacuo to afford crude extracts including fragment 3-6 (12.4 mg). This crude sample was

directly subjected to the "H-NMR and GC-MS analysis. The remaining water layer was
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concentrated in vacuo to afford crude extracts including fragment 3-7. The crude sample was

partially purified by silica gel column chromatopraphy (etheyl acetate) to afford fragment 3-7

(2.1 mg). These fragments were then subjected to derivatization as described above.

Ozonolysis of 3-13 was employed in a similar manner to afford four fragments, 3-7, 3-14, 3-

15, and 3-16. These fragments were then subjected to derivatization as described above.

Table 4-3-1. Oligonucleotides used for construction of expression plasmids.

Size
Insert Sequence 5-3’
(kbp)
F: GGAATTCGAGCTCGGTACCCATGTCGCCTAACGACACCCC
phiaA-Fr1 3.5
R: CCGAGTTCCTAAAGATGGGCCCGAAGCGTGTGGCTCTCTC
F: GAGAGAGCCACACGCTTCGGGCCCATCTTTAGGAACTCGG
phiaA-Fr2 4.3
R: ACGAGCTACTACAGATCCCCCTAAGAGGCCTCCTGCTTCT
F: GGAATTCGAGCTCGGTACCCATGCCCCACATTCTCACCAT
phiaB 1.0
R: TTCATCATCGGGTACGACCCCTAAATCTCAATCACAAGCT
F: CAGCTCGTCAAACCCATGTCGCCGGCATCCATCAC
phiaC 3.2
R: GGCTATCCTGTTACCTTAAGCCCTCAGCTGGGGTTGCTCTTCA
F: CTTGAGCAGACATCACCCCCATGCCAAACTGCTCTGGTAC
phiaD 1.3
R: ACGAGCTACTACAGATCCCCTCACGTCATGGCGGAGGGGT
F: GCTCCGGAATTCGAGCTCGGTACCCATGGCGCAGGAACCGCGCAT
phomA-Fr1 4.3
R: GGACCAGTTGTCGGGCACGGTGGCGGAGGG
F: CCCTCCGCCACCGTGCCCGACAACTGGTCC
phomA-Fr2 2.4
R: GGCTTCAGAGTCACATTCAAGGGCCGCAGGGC
F: GCCCTGCGGCCCTTGAATGTGACTCTGAAGCC
phomA-Fr3 14
R: CCTTCACGAGCTACTACAGATCCCCTCACTCTGCCTTTCTTTGTGATAA
F: TCCGGAATTCGAGCTCGGTACCCCTTAAGATGCCTTTTACCCTTACACT
phomB 1.0
R: CATCGGGTACGACCCCTTAAGCTAGATTTCGATAACCAGTTTTCC
F: CAGCTCGTCAAACCCGCTAGCATGAAACCCAACCTACCCACCCACT
phomC 3.2
R: GAGCTACTACAGATCCCCGCTAGCTTAGTTGTGGGGTTGACGGAGCCAC
F: GGAATTCGAGCTCGGTACCCATGTCGCCTAACGACACCCC
phiaA-Fr1 3.5
R: CCGAGTTCCTAAAGATGGGCCCGAAGCGTGTGGCTCTCTC
F: GAGAGAGCCACACGCTTCGGGCCCATCTTTAGGAACTCGG
phiaA-Fr2 4.3
R: ACGAGCTACTACAGATCCCCCTAAGAGGCCTCCTGCTTCT
phiaB F: GGAATTCGAGCTCGGTACCCATGCCCCACATTCTCACCAT 1.0
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R: TTCATCATCGGGTACGACCCCTAAATCTCAATCACAAGCT

F: CAGCTCGTCAAACCCATGTCGCCGGCATCCATCAC

phiaC 3.2
R: GGCTATCCTGTTACCTTAAGCCCTCAGCTGGGGTTGCTCTTCA
F: GCTCCGGAATTCGAGCTCGGTACCCATGGAAAAGGATACTCCAGTCGCTA
ACRTS2-Fr1 4.0
R: TGACTCCCATTCCGCAATGGGAGTAAACTGGTCATCGGAACCTCTCCCAA
F: TTGGGAGAGGTTCCGATGACCAGTTTACTCCCATTGCGGAATGGGAGTCA
ACRTS2-Fr2 4.0
R: CCTTCACGAGCTACTACAGATCCCCTTACCCTGCCTTCCTCTGGGCTAGA
phiaC- F: TTGGTCGTTAGTGCCGCTGCTGCCGTCACAGATTAT
3.2
AAxxxDG R: ATAATCTGTGACGGCAGCAGCGGCACTAACGACCAA
phiaC- F: TTGGTCGTTAGTGCCCACGCTGCCGTCACAGATTAT
3.2
HAxxxDG R: ATAATCTGTGACGGCAGCGTGGGCACTAACGACCAA
phiaC- F: TTGGTCGTTAGTGCCGCTCACGCCGTCACAGATTAT
3.2
AHxxxDG R: ATAATCTGTGACGGCGTGAGCGGCACTAACGACCAA
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Table 4-3-2. 'H-, '3C-NMR spectra of 3-4, 3-5 and 3-1 [18]

OH OH OH OH o]

OH ORj3 OR» OR, o]
Y OH
3-5 phialotide A (3-1)
R4, Ry, = D-rhamnose, Rz = D-mannose
3-4 (methanol-d4) 3-5 (methanol-d) 3-1 (methanol-d4)
Sc S (multiplicity, J in Hz) Sc & (multiplicity, J in Hz) 8c 81 (multiplicity, J in Hz)
1 171.9 - 1 1713 - 1 171.7 -
2 128.9 - 2 129.0 - 2 1292 -
3 1476 6,78 (d, 9.8) 3 1477 6.76 (d, 9.7) 3 1473 6.65(dd, 9.8, 1.5)
4 38.0 2.75 (m) 4 385 2.8 (m) 4 37.0 2.81 (m)
5 83.9 3.8 (d, 8.6) 5 820 4.04 (d, 10.1) 5 874 3.78 (d, 9.1)
6 1371 - 6 134.0 - 6 1321 -
7 1336 5.33(d, 9.3) 7 135.0 5.3 (m) 7 139.2 5.36(dd, 9.2, 1.0)
8 37.0 2.65 (m) 8 38.0 2.75 (m) 8 354 2.75 (m)
9 84.3 3.7 (d, 6.7) 9 842 3.81(d, 8.8) 9 88.3 3.73 (d, 9.7)
10 1374 - 10 134.0 - 10 1324 -
11 134.0 5.33(d, 9.3) 11 135.0 5.30 (m) 11 1391 5.26 (dd, 9.7, 1.0)
12 36.7 2.65 (m) 12 37.0 2.65 (m) 12 354 2.75 (m)
13 841 3.20 (m) 13 845 3.72 (d, 8.6) 13 904 3.75 (d,9.7)
14 137.7 - 14 134.0 - 14 1331 -
15 1329 5.38 (d, 9.7) 15 138.0 5.30 (m) 15 136.6 5.46 (dd, 9.9, 1.0)
16 36.6 2.65 (m) 16 37.0 2.65 (m) 16 36.6 2.70 (m)
17 794 3.20 (m) 17 845 3.67 (d, 5.7) 17 794 3.24 (t,5.3)
18 38.3 1.52 (m) 18 123.0 - 18 394 1.44 (m)
19 278 1.28 (m), 1.48 (m) 19 134.0 5.30 (m) 19 273  1.46 (m), 1.18 (m)
20 12 0.95 (t, 7.8) 20 12.0 1.70 (d, 7.2) 20 11.9 0.92 (t,7.6)
2-Me 128 1.85 (s) 2-Me 12.8 1.90 (s) 2-Me 129 1.86 (d, 1.5)
4-Me 16.8 0.85 (d, 6.6) 4-Me 14.5 0.86 (m) 4-Me 16.8 0.87 (d, 7.1)
6-Me 11.2 1.68 (s) 6-Me 11.5 1.66 (s) 6-Me 10.8 1.63 (d, 1.0)
8-Me 17.8 0.82 (m) 8-Me 17.5 0.81 (m) 8-Me 17.8 0.81 (d, 6.9)
10-Me 114 1.68 (s) 10-Me 11.5 1.62 (s) 10-Me 11.0 1.60 (d, 1.0)
12-Me 17.7 0.8 (m) 12-Me 17.5 0.81 m) 12-Me 174 0.78 (d, 7.2)
14-Me 11.6 1.68 (s) 14-Me 13.5 1.65 (s) 14-Me 10.8 1.62 (d, 1.0)
16-Me 18 0.95 (d, 7.8) 16-Me 14.5 0.92 (d, 7.0) 16-Me 18.3 0.98 (d, 7.1)
18-Me 13.5 0.95 (d, 7.8) 18-Me 12.0 1.70 (s) 18-Me 145 0.95 (d, 6.7)
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Table 4-3-3. 'H, "3C-NMR spectra of 3-13 and phomenoic acid methyl ester [19]

prophomenolactone (3-13)

3-13 (methanol-d4)

XX

HO

OH OH OH OH O

OMe

phomenoic acid methyl ester

phomenoic acid methyl ester (CDCls)

5u (multiplicity, J in Hz)

dc

5u (multiplicity, J in Hz)#

1 173.8 - 1 172.9 -
2 43.3 2.43(dd, 15.1,8.2), 2.51 (dd, 15.1, 5.4) 2 42.0 2.56 (d, 14.5),2.40 (dd, 14.5, 8.0)
S 67.4 4.10(m) S 67.4 4.27 (m)
1.58 (ddd, 14.0, 8.5, 4.5),
4 44.9 1.60 (m), 1.71 (m) 4 426 178 (ddd. 14.5. 8.5, 4.5)
5 "7 4.21(q, 7.0) 5 72.4 4.05-4.15 (m)
6 136.3 5.48 (m) 6 136.1 5.43*
7 129.1 5.65 (m) 7 129.8 5.56 (dt, 15.5,7.0)
8 415 2.25(m) 8 40.5 2.20 (m)
9 736 4.05 (m) 9 72.8 4.05-4.15 (m)

10 136.3 5.52 (m) 10 135.5 5.45*

11 128.7 5.65(m) 11 129.4 5.50 (dt, 15.5,7.0)

12 413 2.25(m) 12 40.1 2.20 (m)

13 33 4.05(m) 13 72.4 4.05-4.15 (m)

14 1341 5.52 (m) 14 134.3 5.42 (dd, 15.5, 7.0)

15 135.9 5.63 (m) 15 136.0 5.70(dd, 15.5, 6.0)

16 41.5 2.32 (m) 16 40.9 2.31(ddq, 7.0, 6.0, 6.5)

17 83.7 3.85(d, 8.7) 17 82.7 3.69(d, 7.0)

18 136.6 - 18 139.4 -

19 1329 5.80(s) 19 129.6 5.84 (s)

20 132.0 - 20 133.9 -

21 137.7 5.0 (d, 9.6) 21 137.9 5.06 (d, 10.0)

22 313 2.58 (m) 22 30.1 2.62 (m)

23 46.7 0.95 (m), 1.20 (m) 23 452 0.77-0.88 (m)

24 29.4 1.50 (m) 24 28.3 0.77-0.88 (m)

25 46.5 1.02 (m), 1.28 (m) 25 455 0.77-0.88 (m)

26 32.8 1.41 (m) 26 31.6 0.77-0.88 (m)

27 30.5 1.08 (m), 1.32 (m) 27 294 0.77-0.88 (m)

28 11.6 0.85(m) 28 11.3 0.77-0.88 (m)
16-Me 17.8 0.87 (m) 16-Me 20.1 coalescence
18-Me  13.0 1.72 (s) 18-Me 11.9 1.68 (s)

20-
20-Me 174 1.72 (s) CH20H 60.5 4.09 (d, 11.0), 4.22 (d, 11.0)
22-Me 223 0.93(d, 6.5) 22-Me 225 0.77-0.88 (m)
24-Me  20.7 0.85(m) 24-Me 19.8 0.77-0.88 (m)
26-Me 201 0.82 (d, 6.6) 26-Me 17.6 0.77-0.88 (m)

#: TH-NMR spectrum of per(dimethyl-t-butylsilyl)phomenoic acid
methyl ester
*: exchangeable
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130



200 180 160 140 120 100 a0 ED 40 20 1]

13C-NMR spectrum of mixture of 3-9b and 3-9¢ (in CDCls, 125 MHz)
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"H-NMR spectrum of mixture of 3-8a-up and 3-8a-dn
(3-8a-up:3-8a-dn = 3:1, in CDCl3, 500 MHz)
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13C-NMR spectrum of 3-7b (in CDCls, 125 MHz)
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AREITRARARICEMOEETH Y . ARARHLTE IR T 5 MG PEN T
AYTEEE S OBIREVMEE M E S S AFEL T0D, ZRHIX, TAXU R 7 ¥ A K,
RiPPs, 7V aA R EIZHETE LN, Wihd, Rk LR E L CRFEERK A
TERCT 2 A AR GEEERE & . B LT IR B~ B RE R A B AT DM B M 2 R TR S
ND, ZON, B ORISCED 2 BHBENE CTh 5T VU RIEERSRY 72 A4 NG
PSR 1T, BEHE7R 2 B M NG & B (S 2 2 & TH— DA & 52 5, B HEERSR
(2 K 2 B il B A O i B~y C ML A 2 B 5 % VT din vitro SO, BHREAL RO T,
AR A A2 W2 T L ERZ ERFIH STV AE R, 29 LI B EIN 7210 Cld g
TERWVIENE SN TV DONBRTH 5,

AT, RIGH - BE &6 3 & LI EEMEOmWERBBEBRZFA LT, RIRE KA
W DEG AT IS D RMFERBFBICID AT, ZORER, 1) IR LVEL T TP U BEOD
HEERUCED 2 T R BRAEBER DR E & ROCHEREDOIRI] (2 7)., 2) AREETTURY 7
2 A NE RS O BSARECE RIE RO (3 =) Lz,

2 ETIX, ABA EGH~OBEMER SN TW=b oo, ZhvE THREfMIT Sz Eo
BART & BHRMEZ b 72720 eI, HEH STV R0 T RERFEIS T bcABA3 %,
WHTEETH L KIGHE - BE CRMARBEI L7, ZiUZXL Y., BcABA3 728 ABA A£G KO H
WS A D FHLT VR UBREEERE CTh D Z & B 52 L ABA LG AR 2 fif B L 7= (X
5-1), S 512, BcABA3 FHELRIGH % 20> 7o 4310 in vivo BEFR SRR % Fi T2\ THENL
L. BHAKFEW FPP 2 3H & L7z invitro BE R SUS A G5 2 & T, Wik o Btk
bR 2 RSO 2 B LB 2 B D iz L7e (X1 5-2), AEBR TS L7z kT, FEBA
DHESLENTWD RKIGHEAE £ LERBLREZFH L T D720, §ECHEEIC, s+
ZRRET DRIEZ T CE D FIETH D, F72. T4 AV Mg L 1EkOT L~ U8R
{bBESE T ORI RIZEEDWTHERL L 72 25 FEOZ BAROREH#HT & AlphaFold2 Z 7o 32fk
MG TR 2B DY D 2 LT, T L2 BbiE# BcABA3 DIEMEEL 2 HEE LT,
ZZTHELBNIEMRIE, TN BILEER O T T — T O EICERND Z & NS
N5,

Terpene cyclase
7 | N-"opp BCcABA3 Eifrz*b/Lj BCABA1 Eifi:fk/Lﬁ
P450 COH

a-ionylideneacetic

FPP a-ionylideneethane (2-2) acid (2-4)
BCcABA2 NN BcABA4 AN
©OH CO,H ©OH CO5H
P450 HO 2 SDR o} 2
dihydro-ABA (2-5) ABA (2-1)

X 5-1. SRIREICEIT D ABA LA R
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FPP allofarnesene (2-9)
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Cc
A1* f 2-8 B1" ;
(E)-B-farnesene (2-8) a-ionylideneethane
l (2-2)
P =

(E)-a-farnesene (2-10)

5-2. BCABA3 DHEE Br AL Bt

3 B TIL. SKIRE K HR-PKS 0O N7 (KL & il (RS O iR 21T > 7=, HR-PKS | FAS &
FRILLIE RAL U CHER SN D EY 2 7 —RIERBEE CTH 5, FAS MBS 2 RFEHM R
Bt & OFESIT, [EEDO RAAL VRAX v TIN50, BAICEBBIENE T2 74
A FHEHEZEBRT 2 RPET oD, < OFEEIL. ZORIGHIENCED L 77 F v
THERE R IR L B O TR D TV D3, — T, % R AL UMl 5 I
S D SEARTRIRPEC OV TIIAFZEBI A R E TH 0 . 2w T& 2 RIUCE > T
eiote, ZOWRMEFET 720, AFETIE, AV e Faxv R r¥ A NEEZ 525
3 fid HR-PKS [Z7EH L, YHF0 CRIFE 2880 T & 72 5 B TR BLR & V7o iae
fENT 24T o 72 (X 5-3 A), LR OMEXISIARRLE 26D 5 Z & T, fRNTICAREI LTz 3 FED
HR-PKS (233 2 SEARBLE HIEH 2 B L7z (K 5-3 B), & 512, 1) BEAMRRH OREE
DR, 2) KR RAA L ODEF =N, 3) 55 RN 72 E 6 4208 U 72 STAREL [ il
RIS E R D HR-PKS (2B T 248 CTH D Z L Z2HH3 5 Z L ITpEh Lz, il

AN T DS DN S LTz thermolide 12 DWW T, DFT #HEICES %Y 7 ¢ F
{EJ&JET/MK/\%OD/\EM B, HIHEHNZRE > 7o g D242 R4 2 s R 2 157,

VLEOFRIZ LD | GEREDD 22D T 4R E HR-PKS (234517 2 YL SLAREL i il HI
R LT, ﬂ%lJﬁﬂElJ T DHREZ FFD PKS HIFET 203, b D PKS IR MFHIC
FFEDZ L— RIZHBEINTWAZ E LM LTE, 29 L7efisnd7e PKS Z@Euic®
T 52 LT, RIREDEEST LRI 7 & A RRRIRY ORI SLARBLE 2 T35 2 &7
T& %, ZOREETHNL, BEEZ SR LEE2AMICBW T, ESFoRE 2k 5 1
THLAENTHDHEBZEZBND,
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A) OH OH OH OH OH O
X . A A A

HO
phomenoic acid (3-2)

OH OR; OR, OR; o)

phialotide A (3-1) ACR-toxin (3-3)

R4, Ry = D-rhamnose, R; = D-mannose

B) o o d 0 0
R1)J\/U\S-Enz R1)J\S-Enz R1/\’)kS-Enz

Re °Sgp
Int-A Int-E
@l \ DH skip ER skip T ER

MT skip
o o ® OH O 0
DH
R1M3-Enz — R1MS-Enz — R1M3-Enz
= oR F_QZ OR R, syn-
mMT KR elimination

Int-B Int-C Int-D

5-3. IR E HR-PKS (Z351F 2 So KB SR A) FEEEm E LAY e Refxo Rl
2 A RO, B) HR-PKS Ofiti i iinds LU, SOAERM & 72 2t R oo ST AARD
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