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Chapter 1. I ntroducti on

1-1. Fungal secondary metabolites

Fungriown in di ff eremntucenwiarrd mmentésBbdMpndarynget abo
l'ife time. Most of these f ungkanlowsnMse xeaxnnpi lbei ti sb i poeanc
i solatldnifecwimeicums as' tBesadesbipetnicil |l in, ther

i mportant compoundtsh isenaftiedi dIr obmi d aatgirlv)iwi i es t o\
Lovasitsadliant Adp efrrgoinh was tuesmrmdeuwss i nhibito% of chol
Aphidicolin was i sCelpatad d sfproo manst laap htf edthrgaocsyac | i ¢ di
antibitati speci fic inhibitor of AfAPteeaomDNAIliapl iad
diterpenoid antibiPltewrsgt uvsatsmuinsioeluaastcetde df rwin h t h e
peptidyl trtamsifehialsiet cemdatesi N synthesis in bactel
On the other hand, some fungal metabolites can a
def i meeccomsdary metabolites produced by fungi t hat
in humans armrd dameusamdixm@anpdvehniscsh ai s produced in
strainAspeaectgi mklspelr gv Uk ulst pvaapsd g icttahiteewdbseiant h of mor
t han 100t uurhkodupssandas fed on fuwm@§és contaminated f
Studies on biosynthesis of these fungal secondar
usef ul compounds but also to have a deeper knowl

effects.
OH
W/OH

Ph/}o(:;’(k /\I)kg

CO,H

penicillin G lovastatin aphidicolin
antibiotic cholesterol biosynthesis inhibitor antiviral agent

pleuromutillin Aflatoxin B1
bacterial protein synthesis inhibitor cancer-causing toxin
FigafLeFungal secondary metabolites



1-2Gene cluster for fungal secondary metabolite

Al t hough natur al products have great structure v
gener al pat hways. The key enzymersst mucetaicchn cionmtnou
nomi bosomal peptide synthetases (NRPS), polyketi
SO on. To further modi fy the core structure and
enzymes i n t he | at orat swage o@chbi @asy mmixh @taise s,

transcription regulators and traaspbrt dred.i nkdbiaa
physically c¢clustered group of two or more genes
bi osynthayi ¢ opatihw production of a specialized
var i‘amatnsyy gene clusters have beefhumihppaalcawirnesdi
Aspergil & FifgRpieg®nus he ot her hand, | arge number :
have no information of their BGCs, and many f u

bioinformatics are faiting to be characterized

Aspergillus fumigatus
1 kb
fgaOx3  fgaP450-1  fgaDH fgaAT fgaPT2 fgaMT —
fgaFS fgaPT1  fgaP450-2 fgCat fgaOx1
OH ‘ 0 OH ‘ ° OH
NH, _FOaPT2 NH, 9aMT NHCH; TZ,
N\ A -
N N

fumigaclavine C

Fi gu2ex &mpolfe bi osynt hetic gene cAsuwsetregri |dfusf dnuing agcaltauvsi nes i

Traditionally, the biosynthetic gene clusters wer
After elucidating the |l ocation of the core enzym

was difficult to sequencre @afnda fB@GA Itdreg ero mph &n e2

4



the devel opment of whole genome sequencing techn
publicly! aviai babbmes easy to access genomic dat:
Furthermore, usbioncga | BLAAdTg n(mBandi cSearch Tool) to s
studied enzymes, researchers may find many mor e
reactions. Together wi*?h 2ontdhFeienndp i'6 A & hs psoclesas o
enzymeamaltydi s, functional prediction and BCG i de

sequence information has been greatly facilitate

1-3Approaches to characterize the functions of

There are several atphper ofawcrhetsi otnos cohf&a’r kaictd Ay retetee t i ¢
examples are |isted here: 1)sgpeceéfdicstupnisaemi p2)
3) heterologous expression. Specifically:

(1) Gene disruption is ondédeoffunicei ocamméngeag (6
The traditional method is through homol ogous r ec«
sequence flanking the target gel'ffRedesntrlieyguisroentde inne
techni guBNAqueh fas éao@l (RiNAied Regularly I ntersp
Repeats @CRI YYPR)at |y expanding the application of
menti oned above should go through trikléadclkhadi ferro
the production yield is too |low to observe any ¢
2) For some silent biosynthetic gene clusters, n
of a spétiThe BG&duction of secondar ydimeetcabdoyl i t e
associated with the expredséonobrediehatodd ctorraresor
bi osynthetic genes are sometimes conspektli édcby t
regul ators or gl obal regiul genes bbgondonhheoBGE&E ¢
environmental cues, such as car blovw@émexpnéessiogeno
del eafB@@ peci ficmaygutliamwlrate the expressicen aof w
correspondi ntgeThhae upiad n eperoidnugec vBeerbka swa sa ne tBpear rgtmeach nb
wheuccessefdulsiilndmutp amértwlatyp & ingii d bduddesd t o t he di scov

of NoVvV-BERP®KISri d maetpholAdbaaneds B by overexpressin



transcri?ftion factor

3) Heterologous expression is to express some Ofr
suchlE.asxoydast®>anQncseo aonhost strain for heterolog
target compounthe diesgrRpbeskbdedoin the transforrt
genes under mandatory expression. Heterol ogous e
the fungal bi osynthetic studies due to its ©big

d scussded i n 1

14 Het erol ogous expression of biosynthetic gene

Heterologous expression requires a suitable hete
culture conditions and gi VéB. aadtiimidaasdt ,naftarr ad x a
have been | ong been established as heterologous
eukar¥otBesi des them, new hosts have been develo
more appropriangalxgperessi onnfb996u Funpknowmoup i
pol yketide synt haastdXr ¥KpSe)r tegrdrrieam&mpree d i | 'us ni dul
genome. The transformant -mpetoldwlceal isdawlniid i xa@ind, ad
thatattXbee emdmetdbylaali cy(MBEARELrTHIi synshabe first
filamentous fungal bi osynthetic gene was transfe
product was produced. lkgylodHatchohlsowi ggotulpe i 14 me
synt hawmed8gednenoyl rleodvu@ & @ sreis Hlelmeen r ansf or mant prc
di hydromonacolin L and the iterative PKS/tranER
char acitne Afizvead

Foll owing these pioneering works, more and mor e
i A. niand.amhgrvaebee’?r Omert@dng to be noted is t
the biosynthetic genes fwerme oirn gfe.mtadida fuidmagas | host
orymwmaeéehout considering exon orE.dmétirdony e assstu,e st h eC
introduced genes from filamentous fungi-should ¢
|l ess fungalnggefnreosm bcyD NeA &8nfi Tduis g i i Im pelootis dy etacs t
heterologous expression of bi osynt metdindl.agesnes i |

oryizsepreferred for the genome mining of fungal
6



15Aspergi |l heatsemolyag@g@®us expression system

Dr. Eiji Il chishi ma ofA.Tmhkoigd eYnuarnvgtunsa t tignn etdhlef e d g u |
journal of the Brewing Sociepyodiicldampiasefbsarase
s &Lle , and a range of other traditional elgpanese

annual meeflTimeg mnxet M@t i ve emmzywe spraqyutchesdk by

yield of which can be as heghThssghaghl amgl asa [
ability was attributed to the strong promoter Pa
starch were found to actil¥YaTkeki PasnyBoagdpgbmaebse
i n various vpaltaes nihdes dtoownascttrieam t arget genes after

A. oryzae.

To i nttrhoed uPcaemy B and At angegplagemieds nwiot h various m:
appl iAk.abdeyzaens were dEvel Ohedp T Mmeaxsd rtenled send rdl y

exampAe bbyansf dr nGaatriroyni ng t he aragigB nteh e i nasryknetrh, e
the plasmid wAs oavgidectcoAdampuofaoot creening the

integrated strains.

MCS
< ‘ amylase promoter (PamyB)
pTAex3 mmm amylase terminator (TamyB)
roB :> marker
MCS | MCS | MCS |

pUARA2 pAdeA2
ArgB adeA
MCS II MCS Il CS i

FiguB&xpressi ofnorn elcdtoersol og oAlLs ocerxypzaeessi on i n
7



Anot her plasmid pPTRI carryipgr Avmaes plyatierhmi denv ale
makitnhge spontaneous expression of multiple bios
reconstituted the abifasymtl h emeEycoit pgtplefmeoy @ohz aa

involvingd Togewmweoup also used theesadame Sunghég)
bi osynthetic multigeneA.clauesgdkaacihcioentead nti neg t4o tgeeln

of télneTdienable multipAe @NBA&RE dst i aitmoduthi dnn
deficdemBgy,s@dediwvaald devel oped by Kit gmgdAo group.

plasmids with different marker? gBmemalkani thef umtt h
coll alGomat gwadup ipdd stnftedsont ain 2 multiple cutting
pUSAR2AdeA2), enabling us to introduce multiple ge¢
our grasegdhawo pUARA2 plasmidA.t orninp tae odiurcel e4

transfor matiddn (Scheme 1

A. oryzae NSAR1 genomic DNA

A. oryzae NSAR1 genomic DNA

NN LD

gene 1 gene 3 gene 1 gene 3
i g £ ene 4
I;a:‘n;;onr;axcim 2 geng 4 Transformation ‘2 g
of 4 genes with
the same vector \ different vectors \ /
the same marker different markers
\ Transformant genomic DNA
PO\ QDI DD
gene 1 gene 2
O\ \ AP ANDINLIOLHD
gene 3 gene 4
Schemk. 1l ntroduction Af mulytziapl e genes into

Fl exi ble uses of these plaAmidesppgeeptéysi hetensk
genes, and more and more successfuA. exfagpdes of

been a power f ul and reliable system for the bios
8



the reconstitutfiuongadf nbaitousryant hpe soidsk cfs, lbethaedmacoé

B (Sch2enke) ,1 didymell-amClleaBd(fSeheme¥EM A (Scheme 1

A) )\/\OPP

GGDP

IbP synthease OPP  cyclase monooxygenase
- 00 . - - - >
PbP450-1
PbGGS PbACS
HMOPP PbP450-2
3
FDP aphidicolin
1 Acetyl-CoA
(B); Malonyl-CoA  Bet1/3 Bet2/4
5 S-adenosyl! _—
methionine
Hl H  OH
°© o
betaenone B
( C) AsolSC
PKS-NRPS
malonyl-CoA AsolA
+C1-unit from L-Met
+L-Tyr
OPO,2%
(D) HO,
“ 6 genes
OH o
N\ +FPP
N
H
6 genes 5 genes
—_— —_—
penitrem A
Schem2. 1Reconstitution of biosynthesis olfetfailenmgaane nBt(uC)al prod

didymell amide B (D) penitrem A
Among them,t g BGOQesf omeni trem A hafhidbaE@inso nt r od L
now the | argest record of geAk.e aruyntheemssi dheertienrgo | noog

fungal BGCs cont &@jAnosr ylaeases rtoH aorg olus Eefpawis siitoh sy s

9



great potential to study the biosynthetic pathwa

Hol ding such a powerful heterologous expression
bi functional t eA.p eonaey zsayestchraeseensi nugs isrygst em of funct
On my second Aandowgahsiaréd rtsotpiyc,used to heterol ogous:¢

a relatively new family of natural pr3ducts with

10



ChapteGenome monmsiersg efter ppeoeg hasengl ogous

expression system

221Bi functional terpene synthases

Terpenes are biosynthetically derived from isopr
ieprene units, the final products can be classif
diterpene (C20), sesterterpene ( C255c,hetrirei t2er pene
gave an outline of biosyrtamet #a xméot hfwaanyo utso calfifnoirc

t o mareamidacancers respectively.

/)\A
OPP 2. IPP X S
OPP

_ =

1. DMAPP

prenyltransferases 3. GPP
2 2
— N N N N
— X X N~"0opp oPP
prenyltransferases 4. FPP prenyltransferases 5. GGPP
\ OPP- \ OPP-
cyclization cyclization
. diterpene
sesquiterpene
taxa-4(5), 11(12)-
amorpha-4,11-diene diene
w tailoring enzymes
tailoring enzymes i l o)

O""NH o
artemisinin R o taxol
v o TH:\O
M HO & 02
< > \< (o}
O
Schemk. 20verall bi osynthetic scheme of terpenoids. C5 i soj

Di met hyl all yiIDMAPPophodppephiaéryl pyPBphasphathe comr
precursors of basically all t he htreorupgehn & woi gsayt rhtwha
meval onat VAp & hwamgCiet gt yt hphosphate (MEP) pat |

( Sche2me. 2
11



( A ) Acetoacetyl-

HMG-CoA
0 CoA thiolase i i synthase HO,’CHSO
H,C” ~SCoA CoAS (H3 CHs H,C~ ~C” “SCoA
2 2
acetyl-CoA o COOH
y 0 HSCoA | HSCoA
H3;C” ~SCoA
H3C SCoA H,0
4
. CHj IPP CHg
5 1 isomerase ~
g HZC)?,\C?OPP H,e” Sc” > oPP
H, H
isopentenyl PP dimethylallyl PP
(IPP) (DMAPP)
( B)
o)
H3CJ\COOH
pyruvic acid DXP synthase OH (l':iz IspC ~ H3C  OH CH:2
- op — ~oP
OH ™ co, CH, OH OH OH
o)
H,C
OP H \
IPP
D-glyceraldehyde 3-P CHz isomerase
“OPP C.
OPP

dimethylallyl PP
(DMAPP)

Schem2. 2Bi osynt Aapedi PMAPPI PRrough

isopentenyl PP
(IPP)

Meval onate pathway.

B) MEP pat hway

Mo s t bacteria utilize the

and some bacteri al
DMAPP ar e

of the products. On the

ot her

met hyl
hand,

gl yceralPdelwydée I8 hericupmetehsysembl ed i nto

this difference, th€ 1abeied
example) is a reliable
unto s

The chain

(natural Trhulsbarn)versity is

sequenti al

stereochemistry of the

met hod to

|l eogde i bpfegatiusapt gnoi ds

condensation of

chai

|l PP and

groups
MEP- pat hway

det er mi

S AddvbgodS
attributed to
allylic

The

and

acet

MEPapaahlwagukbAriyebpsen
utdin i MgAa tt hwa me@adpbamade BPpanth wa

as s eOwbA ,e dwibtyh atcheetiyrl ncor

C4

e -‘Blrmicireghearnt®s eu $ ah g (

whet h

t he

from C

pren

di pho
n elohgasishmepdr aduct s

in Fi-g.urteha&#n(sepr enyl transferas(eloadndencmes ohPP awid!



or2-pfrenyl transf er @sceosn fci ognudreant sieosn .wi t h

Medium-chain (E)-PT /L/\/L/\/W

Long -chain (E)-P ~ ~ ~

OPP
Short-chain (E)-PT

5-7
~ ~
)\/\OPP _— WOPP

Medium-chain (Z)-PT
PT: prenyltransferase

OPP
7-8

FigufL®r2nyl chain elongation reactions catalyzed by pr
As the precursor of diterpenes, GGPP is synthesi
synthase. The mechanism involves the dephosphory

and stereospecific3)epGGRPNayn teehmaigadkahmaygmelo ®s bact
human conserve the DDxxD moti f!i GFPRefur phéeémary
condenses angéePBnyhf ar te(s@HP/R)i pihno sapnh aathneal ogous ma

\ \ N"opp
FPP
E1 J
VR
N N &2 Hc” 3 opp
HrR Hs
electrophilic addition
giving tertiary cation

W%@

E1 J stereospecific
loss of proton

OPP  GGPP
£ l E1: GGPP synthase
’/-HZC < opp E2: GFPP synthase
HR  Hs
S NS S S S oPP GFPP
Schem@&Re&acti on mechaanGmPPfs \GrGtPlPases. Acetate unit is shown
Diterpencatcaytch mesetsereospeci fic cyclization of | i

13



di veofsidaycl i zed diterptoescr MaedMi i hanclamss iBfeiad &t i
cyclases: Class | <cyclization is initiated by th
cyclization is initi adtoeudblbey btohned porfot@®@@PaPt.i on of 1
Both cl asses red@uiurteadnattlee rda cpha mbdadatss i ncybéiaseact
the DDxxD motif whitcth <toabidliinae et weé t BGMB der i ved
them, casbene synthase -icraittail yytzeeds d el idzgthiosmp htoa ye
(FigRrAa)2 Class 11l cyclase retains DxDD motif an
for protonation of GGPP doué hceo pbao nyd. dA sp haons pehxaat nep
synthases containing DxDD motoi fafadritPdl { ¢ @ utr lee 2pr
2 B). Notably, pbACS catallgapogséebsesobmbhi DrxDDf

DDxxD moti fs ansdt eppr ochoontveedr sat itowno: l)sy@P&s anldl cycl
2) class | cycl ini®dbob{BngBo€PRve aphidicoli

DDxxD
(A)

Casbene synthase
(Class | cyclase)

casbene
DxDD
ent-copalyl diphosphate synthases v
|
B (Class Il cyclase)
| S
| = @V
NG — (i —
S\H
ent-CPP
(C) DXDD DExxE
PbACS V v

(Class I/1l cyclase)

OPP-

syn-CPP
aphidicolan-16 g-ol

Figue®ePpresentative diterpene cyclases and endeipralrydacti on mec
di phosphat @8)s htalsasdaals bceyncel assyent hase; C) Class |1 /11 cycl ase; PbA©(

D(E) rich motifs.

14



Of wvarious diterpene cyclases, an unusual diterp
bifunctional “ditéenpgemetaBynhbapeenyl transferase (
and cyclase domai n3)a.t MNhe eRTmidamai(nFiagfurRRaRS cont e

domain as observed in other prenyltransferases,
domai n i ndiec at icH@sist It@aycl ase.

DDxxD DDxxD
s

Diterpene cyclase Prenyltransferase
domain domain

Fi guBe Primary structure of PaFS. Pink regifbe: tcyahgbes domatat

the D(E) rich motifs.

PaFS catalyzed the formatisens af8bhigilieceoyddddcdi sryestwe
(Schednet 2was hypot hesized that the homologues of
uni gue diterpenes. Based oAh. tdhhagzgpaediction, Oik
expression/screening Pk ekm bofugehomeami hengeat
identified the first s%stAecrQSe rfpermnse |syy nstyhna shee sn azneed
unit GFPP throu8h twhiicyclai asniigug Sompound ophi ob
(Schedme. 2Thsbubuergampl e showed genome mining of t

promi sing strategy to discover novel terpene syn

PaFS
R=H or ‘
NN PaFsS ) .
opp —————— fusicoccadiene
or AcOS
3
AcOS
FPP GGPP or GFPP —
1,5-H-shift
oH ophiobolin
Schem&Cyclization mechani sms of bifunctional terpene synt

15



2-2 . Het erol ogous expression of varA.ouosr ybziafeunc't

host .

221. Selection of bifunctional terpene synthase:«
The MWin&lr cyclase domain of AcOS was used as a Q!
synthases were identified Asper diilvleAsspenpigd d luasds f |
flavus, Aspergillus oryzae, ) Neabodr ttchfeymddoPRagFSher i |,
Pafsnd Ab®8e been previously characterized as bif
phyl ogenetic analysi-4)ofudfectadi dhaest i&E&ygaoaoel @
clades (A~E). One t hi ange ntto obnee dn ofyceudrh aksregwhrfad | It hien t
clade B, while the other <c¢clades have never been
ter pemaoweden ifsrodlmbedrtorayndispbeshgerbuggestyizmag t he
terpene synthasamayini ¢t heexsper etswsoe ds puencdieers nor mal cul
encouraged us toNchbasMedomenaas hér bmr st round of
NFI A _4INFB1(NFI ANSI)SQ0and NFNADNSZBW®EmM {ischer i

AOR_1 _ 12A®CODFY¥A( oryzae

—— NfSS (NFIA_55500)*
| L— ANID_02611 L clade A
TS (P. betae)
AFL2G_05865
’7 PaFS

) ABFS - Clade B
AcOS

L—— PaPS
— AOR_1_1216074*
r L AFL2G_7832 L
o Clade C

NFIA_41470*
ANID_11984
NFIA_62390* | Clade D
TS (P. simplicissimum) Clade E
L ACLA_71620
Figu#dAe Phylogenetic analysisbofunetpenalcyelpeaedemat haebs. *
synt hases which have mutation in DDxxD motif.

16



2-2-2 Pl acsommisdt r ucti on
To introduce the oAe bOapHEg®bhat nc theneoirmtesespondi

usually a mont h-5)s needed (Scheme 2

plasmid
construction

transformation

to growth

4~5 days

waiting for colonies}

culturing in

: metabolite analysis
inducing medium

and screening

2~3 days

A single set of transformation

Schem®@Process and time of tramnmsf omrmataieon and screening

Tanake the scmeeri,ngmpredcfascss ent transformati on me
candidate genes was requiredUARANZT Au/tdhhadrS3c on st
pPpUARAN2 TS2/ A9iTi®d i nfusion-6inet hood (i $d neorbau cskidn gtl ee m

transfoamaeimby -73Scheme 2

NfTS1 NfTS1
infusion_ infusion
_—
NfTS3
pUARA2 pUARA2-NfTS1 pUARA2-NfTS1/NfTS3
AoTS1 AoTS1
infusion Q o //'
. infusion
—_—
NfTS2
pUARA2 pUARA2-A0TS1 pUARA2-A0TS1/NfTS2

Schemé. 2€struct i oncoonft apilnaisnnygi dds candi date genes
17



A. oryzae NSAR1

| AO-NfTSIN/TS3 |

double
pUARA2-NfTS1/NfTS3 transformant
pUARA2-4O0TS1/NfTS2 |AO--AOTS1/NfTSZ |

quadruple

AO--NfTS1/NfTS3/AOTS1/NfTS2 transformant

Schem®Tandem transformation of 4 candidate genes

I nmandem transformation method, two plaAmids are

ory,zagi ving double and quadruple transformants.

223 .ralinsf ormants harvest and metabolites anal ysi
Af ter tr anAs.f coowigatwieo ip | afs mi e u c on ¢ @ pgaanrdedssi,yr nt teheans e

colonies were obtained and cultured in rice med
transforanal gz&d3 BYF iGEu.r-d6QRQshowed them/ix&B8, peak wi
suggesting that | tTa snaar rsoews tdeavine rgnred es pad cciofhyo It. h e
produced thiA.neowymated o Imatned,s conttaé ngemge L NBe roe
al so constructed using -@)h,e anvditl meb | ree U latsani vdesr € Ss
221. -M6X analysis of these transformant Nfa&ISI2owed t |

t hat produced the new metabolite.

(A

AO- AOTS1/NFTS2

AO-NfTS1/NfTS3/NfTS2/A0TS1

AO-AOTS1

CC

T
100 1.0 120 130 4.0
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(B)

100
g1 95 390

55

75] 125 137
163

504
5 : 175 203 283 3110 358

i W 2 e || |
0 A by 1 P A P T | ) 1Ll Il I

| 1%
50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0 250.0 275.0 300.0 325.0 350.0 375.0 400.0

Fi gub &GRS profiles of metdabfofleirtaenss fporromanctesd byA) -MShr oReadt ogr aph o

arrow points to new peak (B) MS spectrum of new pe

Tab2lProduction screening of each transformant

Trnaf or man Phasmi d| Tot al cl Col oni es
obtain 1
AQ pUARA?2 13 9
Nf TS1/ Nf TS3/ Nf TS1/ Nf
pUARA?2
AOTS1/ Nf
AONf TS1/ Nf pUARA?2 5 0
Nf TS1/ Nf
AOCAOTS1/ Nf pUARA2 5 3
AOTS1/ Nf
AONf TS1 pUARAN2 TS 5 0
AGCAOTS1 pUARAXDTS 5 0

T hree scuwlntf itrhmad t d rhpNSfrele@ esoydnuced t he new metabolite.
Among the colonies that produced the new metabol.
|l arge scale rice fermentation. LaXxge scale incub
The -MBanal yig[i dm/o3f58 .)32i4B8di cat edr mbhé amigibtbel £€r f o

NMR &8dNMR dat & )( Bihppuwveed 2 he presence of one doub
and one oxygenated quaternary carbon (78.5 ppm)

degree of unsaturattbhtotbhe autkRor aspeciutasedte
However, only 21 identi fli€aWNMR,siigqrddlcsatwenrge tdhase rs
signals (later deter mi sevden ol Ibye ICrlgada8ni Cgt., Ei2mMi)

reported in NMR analysis of ciguamembear acd enshh erh
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ring were “&l SThhumi ¢shiengaut hor specul atseidz etdh a't t h
unsaturatedmirgmtg bsd rtulte ucause of carbon signal I
supported by thwaobsleowlay i 3dwhoetnhadtizsesdo Itvoed i n hex
exposefdonr oa awe e k. 1vEiphelxh Idaart d penr oy benz®iinsdaeci d qui
than 1 miSc hadryed 2

I n ¥he&NMR spe3at fum@5o0fcarbons were observed. Extens
the author to deterlminBle the planer structure of

w | |
| L M J JH
J.J__J\'L— J \.)l_
5 0 6.0 6.0 8.5 8.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
£1 (pom)
Ly
JWMW' W ol lnkm
145 140 135 130 125 120 115 110 105 100 95 90 83 80 78 70 65 60 8h a0 45 40 35 30 25 20 15 10

1 (ppm)



Figabe HANMR and NMBRL of

sesterfisherol (1) 3

Schem@. Epoxi dat ilamdr eoet3dpam dafc t
NOBYanalofd4prsovi ded data for alllamBexoceptatti ve CoOn
stereochemi-7s tA)y. (On Guertca r2r @t @t dofon peaks -can be ot
H1,H2-2113 H13 Ld4terderilobht avesadtir @m
224y ave a significant ndorHeée, amabnndeCWweer!| #R2ilvea
clarified B)Figure 2

B~

H Me[) H

Me Me | H _H [ me Me H
6/ 17 21
Me
H O 1

H OH H
M

Fi gu7.&OE correldandosB)of A)

The absolute3dwasfdgueami nedobwoPketr s Mesndg ahe d

functional theory (DFT) <calculation combined wit
49 From the DFT calculation, five confomers with
model s, and -aweliagdB8dl VYCMhasimectra were in good agt

spectrum &3 FcogfpeliRe five conformers indicated tF
ofBwa3R, 3S, 6S, 7R, 18y 8.RL 1iRs tvha2)R,, tlhES/asstlrSuRct ur e
determi ned 3dsirn o elddp d x iodne

This novellwzompamaed as sesterfisherol. I'ts struc

fromGelnantanéfixa emixtiitdiied i on st at ei aiNFYytAh &6 5GM0st er ¢
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(Nf HT®@®2hcoded enzyme thatiprwidsaéadt eesiconf/i $ medolb)

experiments, MHndf wecsheaihe & haes ol synt hase (NfSS).
| VCD i
experimental
002
T 0
_O
=S
8 calculated 002
T T ] T T
IR
expetimental 100
50
E
© 0
=3
w 100 |- i
calculated
50 |

0 1 I I
1600 1500 1400 1300 1200 1100

wavenumber [cm ']

FiguB®iBrational circular di dmeaissmedn@ani €DCA2 e, spexcti@0 ofmm)

calculated by B3LYP/ TZVP with the paelarized continuum m

2-2-4 . l dentification of a biosgoitthetic gene <cl ust
When examining Ntf 85 tlle e &€ sgsecnloansee, tao cyt ochr ome p450
deposited as NFI A 55490 N#aSsS Efxccrerpd dmrt e , upshterr e
modi fication enzynmd gfeennee s( &hidd Jarceelnt was tthyepot hesi :
p450 enzyme woul d modi fy sesterfisherol t o an
transf omNmRAtALSB o MNfBHSAAO not give any new product.
the amino acNFd AdSPu amade fwfwat this deposited sequ
transmembrane region pPtediontsedebyngMHMMgakr pdis 0 :
transmembrane regionndaopl| alsontiacmemdt in@uwl, utnb h ¢ h a u tel

specul ated that NFtA43® nads swrqaraglcy armndeteadt,ed i n
22



154 bp upstNFRlaAd @& oont dt hset art codon, a nOw start
B)T.he MFRIWA4BG named NfP#&4BOmMcaoant ahgdrapNobic transrt
(FigwreC)2 and was tr-MinSS Anamkedsiisnt of A@e+ abolite
Nf SS/ NefnPa4b510e d t he aut ho2f Fti g-tfRie nF& baen-MiBRa ((piM o du c t
—Hfm/ %87 .)29%19 itxulmol dor mul a Watkddedd€e¢ i MRo be
spectrz2Zumsever al C signals were missingldue to s
epoxidaali bowed us to deé€eNMRnshbwedstar scgmmaée: at
indicating the presentdeNbBR showedyldicappedrigmgu
bel ongi ndTthesk23 eismul t gsnett &y ¢ algeadsu gohxaitrd i2z3ed t o car |

acid gZowhicilhs waamad sester flilssheric acid (Figure

Ankyrin
( A) p450 NISS repeat protein
glycosyl hypothetical
hydrolase protein
(B) Nf-P450 |MDAQHLMTMSGISLEQVAIMGCSLGTGLLV#MIIYNYFFHPLARVPGPCTGAIFPFWSMS
NFIA 55490 -----—-—-———-——mm - MIIYNYFFHPLARVPGPCTGAIFPFWSMS

RS RS SR EE R EEREEEEREEEEEEEESEEE]

Nf-P450 SLYRRRLNPDLAELHKKYGQILSLLSGYGGLLMCPRNTGPIVRVGPNQLSFATVEAQKMI

NFIA 55490 SLYRRRLNPDLAELHKKYGQILSLLSGYGGLLMCPRNTGPIVRVGPNQLSFATVEAQKMI

EEE R R E R R R R R EE R EER R R R R R R R R R R R R R R R R

(€)

TMHMM posterior probabilities for WEBSEQUENCE

probability

T P I I I -

100 200 300 400 500

transmernbrane inside outside

FiguBe NfASaSSnd genes cl| os.e ftigseimteman (B8 N ter minal amino acid seqg
and original NFI A_55490. Amino acid sequencebi edichgseedgbgnred

(C) Membirmdieng region of NfP450. The prediction was examine
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(htp:// www. cbs.dtu.dk/ services/ TMHMM/ ) .

A A. ory (NfSS, Nfp450)
M A "I W - A

| - PR
A A "L,ﬁ A. ory (NfSS)

o i A. ory (WT)

T T T T T T T T T T T T T T
o wn an 1 o a0 (] w L 0 no no L1 no o 1o

Figu-Lie HPLC profile of mé&f &I5dINiftPd580&nal ysis of AO

Sesterfisheric acid showkedl east e(ndydtt yae snigetri nsshto wmr) g ¢
accumul ati on of wahtihcehr oi 38F haesrsbosco sactteidv iwtiyt hof sester
unknown. Bioactive fungal metabolites @afrfeorded b
commonly obse-d02ldl )(,Scfhoermee x2a mp | e, a diterpenoid |

Penicilliumpamtyentopiimauce?® of conidiogenesi s

Fi gurlel .2 Sest éahdsihesoderivati ves.
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223. Sesterfisherol synthase cyclization mechan

2311 n Vabel ing experi ments

The-CA® car bon Xirsamewaernk i afltl yi nt hGeF PsPa mé nad utdiiang t
of the branching methyl groupsli M\haolsvesnphoelzsadhla
rearrangements but does a series of hydride shi
structur al |ds ,colmpl[ebdkgdewddtidnt e provi ded i mportant
hydri ®é Jheteswsepopic | abeljd@HBEperamenwer avi tt e
conduct ed.f e[th®?Hspauctehtoart e he sesterfisher-NfilS$Produci i
and i sollCatatidl | talseels¢ @ rrTo sdeosiod NMR signal missing,
again conducte® tBRelbdalmeIni ngabepdtetder n was the satl
bi osyntthhersoiuzgehd meval onat® pPat hawasyo (dSecshcdrimebe? i n

povi cilrecar evidence that no carbon rearrangement

pattern could b& MMRI|I gypedt bhymtdfe | abeliedd produc
substituted for thoy di€hodg@ime lagd posri b ot <ihen alps i el
could bel!®bMdMR vepglect rrlu2m (T bglua le@ wosC 3t h antu mtblee o f

upfisd@lidted Cs7i g(ndal,s CA)1, ( 3,) ,C1C71 3( ()10 a & el EQ HI8i)f 3 e d
signals, while no upshifted signals were observe

on C2, C6 and Cl10 was | ost probably through hydr|

was al soaprobpoerded in cycl i za*{iScrn efiBpc Rani sm of
(A)
O
A
—
OH
OPP
(B)
A, s wrss
H ) 1,*‘15 1—> T
) C1-C15 1,5-H shift C6-C10
Hbp  2)C14-C18 (C12to C19) cyclization
GFPP
1) 1,2-H shift 1) 1,2-H shift
(C6 to C7) (C2to C3)

2) 1,2-H shift
(C10 to C6)
—_—

2) 1,2-H shift
(C12to C2)
—_

3) C2-C12
cyclization

Schem@(A) Summary of Feedi AG?HEApetrBonedtisi wéd hi fdi cate acetate u
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circles and whi t e -1s3q uaanrde sd esuhtoew icuant bactnoms, ca@slpercs i vedm. wAsBthbri s

deuterium | alf 8)s PvepesledstCycli zati on Mechani sm Catalyzed

T
3 3z khl 30 29 28 27 26 25 24
T T T T T T T T T T T T T T
80 -] T [ 50 85 50 45 40 ko 30 25 20 15 u
P -

Figatel¥t NMRTofatdid | ab3el ed

Tabl-2120MR da3mr egared f#dom | abel ed

Carbon atom c Enrichment Isotope shift (ppm)
1 42.83 * 0
2 42.41
3 32.4 * 0.093, 0.176,0.255
4 35.22
5 24.96 * 0
6 42.35
7 36.17 * 0.081, 0.160, 0.240
8 26.79
9 32.45 * 0
10 79.22
11 67.8 * 0.052, 0.090, 0.134
12 75.61
13 36.69 * 0.099
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14 4351

15 41.61 * 0.076, 0.158, 0.241
16 41.17

17 28.43 * 0.134

18 47.09

19 31.6 * 0.087, 0.165, 0.250
20 23.33

21 15.07

22 16.51

23 18.71

24 22.66

25 24.16

2321 n Miatbhred | i ng experi ments

To study the hydriicad 4hi mtondmlmc®l D,hewes NAGSr ec ombi
expregsedailinial trial of expressing His tagged N

with maltose binding protein wasl3btained as sol

(kDa)
150
100 S qmm NfSS
75
-
- Fi gu-i3e 3PBPSGE analysis of recombinant NfSS
Generally, bifunctionaPaFfende®Rutsynrzbkasveas i sush :

di phosphat e sGPPDMAPP and GGPP) coasncsutbarttiem wrfi tNf S
GGPP and | RgA eg apweearkea s p d,ipdiorvg ng t hat INfhSDugyhnt hes
intermedi ate GFPP. Thus, NHJSSGGRP adyd et PPethot @b f
| abédl eldt s epoxi di 3)e dwapsr osduibdy Ryl eadbTeD GAY( Riegury si s

2214h)n HhEMR spectrum, doubl et signal Sbetathd, 25 n
two singl &tsimnaidatbiengdone deuterium was |l ocated
shift from Cl12. TOCSY speonrumheael sorseppmoi otead pteh
H25 and H24 di sappetameds ame |l wdye, etdhe presence of

determined at C2 since t hae alnQC SH3 coirg &eBmd d roend bien
27



indicating deuterium was shifted from C2 to Cl2.

IPP (Cs)
[8, 8-H°] GGPP ?H labeled 3 unlabeled 3
Hi-a H25H24 (ppm) H1-aH25H24 (o)
T W ; i I Pl i
1 L \ i g
l' i!i"-4 \ j‘::\l -1.4
H3 -9 L , | H3 S e il
H19 -~ r f!'- | | H19----F4h- 3350
; Ak L IR
H1-b - <R H- S 18 ' |H1-b -~ Lo |16
v i " | | '
H : { \ |
L s | : v
[ J1 /) | H H
H" ‘;5’ 18 \ | e i, ! |re
HIZ == “‘;" ?i | mz e 1
PR W | ~.
\/ 120 | 120
|
0.9 0.8 (ppm) 09 08 (ppm)
Fi gu-L T QCSY spectra of (A, left) dmlbaeAelded and (B, right

Combining resulktstmenciychedpbhbpasendicbami sm Schen
29.Reaction was initiated by the elimination of d
bet we€id5Can@l8&ldave a hi Ngekxlti® kydiiiodhe shift fror
f mlWwled by another c@k0ifzant meod thleeave®ine CBOSsS Ol Tanhi C
underwent two 1, 2 hydride shifts (C6 to C7, cClo0
Cl2foom tetr 8Ayscsluibseqatinohydurda ahi@Id €&Hd 62 t o C
gavde ®Oatwhinch was quenfhdoed biyn&lAt pogdober, Nf S S

catalyzed fi,ve nkty dirddafeg tdidef Hsddirfi tdceasr bfGrhd2mna tt h e s a me
224 Unified kRistgenesipe nefs s

Previous studies on cycl?%3%znadt ioopnh {flroebcold @ nieshkm t difat f u $
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cyclization formed a common HiOc yBc)l:i cd etlBatlbieol nl aidn tee
(C20) or its C25 couwaserfpamrme d TFdnlyesfGdlhnetialthmeld\ at e
cyclization of GGPP or GFPP. The author classif
cyclization. Diterpenoi &8 s$sushcascmehnhh®pl pbhemeps
as man’pamncgpho dbol in A are all formed by type B cyc
B di/sesterterpenoids. Alter-abéef-obeyNVni W tbhiaftbd
fusapr-b®ilf ecragn on can bel OprAQ p o sTehck (akidsheoma tnlaemrend o
cyclization as type A cyclization. Similar cycl
fusapré(bfeychic)d (tuwdrciycdlianagl s es, tasrtfell®slhaetrooll (

(tetracaymdl iigePpeataciydl i c) (ad rbdSoeviiatrliadndilstitinod r s ,

YW35%48 and %W3699

Type B [5-11 ring system]

@

R = H; GGPP (C20) R=H;

GFPP fusaproliferan-19-yl dolabelladien- )
cation R= M GFPP (C25) 5.yl cation (C20) R =isopentenyl

Diterpenes (C20) Sesterterpenes
Sesterterpenes ° v (C25)
(C25) . i

HHZ

CO,Me "
" OH methyl phomopsenonate
SH OAc
variculanol (11) Homog}ﬂ
H
AN HO O \
HO,C HoS 3 OAc
Hm E
H OH

astellatol (12) retigeranic acid (13) OMe

fusicoccin A

Scheme0® assification of Di/ Sestei berTpyéprhed sA RaysceGir zoanpildmi tainadl Cy c
sesterte(rBgmei ds cyc|Grodtpids esncerterpenoi ds

Based noenc htahnee sm, a uni fied biosynthesScheme group

21)y. Starti,ngt fpeonmMfGHPtPowBdhbgnilde shilof tgifvreeam C12

commoat i on i @Gtferoqeenahed by water, the fusaprolif
29



is formed. bwaganbahteher ovuyel i zed7Hldthwee em a®g i aomrke r
offay which is the precursor of vaTg cail @irlgdbr atna t e
would be a precursor to tetracycl!l NfcSSlceautraoldy zsecda |
reactions gave ®BawpddSey eiflet anthedioatmes t he tetracy

thus serves as a model enzyme for studying the b

astellatol (12)

HO,C

e rsced]

retigeranic acid (13)

o T
‘ 1) -H4 H H ;¢
aleurodiscal (14)
SchemklRPZX oposed Cyclization of Group | SesiterXeapBhnegcl (&) Cycl

Catiband (B) Cycl i zatlidontl 4Mie7achani sm of
One interesting thengype ofotcgel i zattihman catal yz:
syt hases seems reflect the clade of those enzyme
to the clade A, and it catalyzed type A cyclizat]
belong to the clade B, anAd tththedys csataagley,z ed tiysp er eB
a hypothesis that the phyl ogenetic classificati ol

cyclizatCBnVmodlei€l¥YThe connection between amino a
30



cycl i z artrnmmogbhetpleaipned miywot hmeci d resi dueshmahy t he cyc
guide the |inear GFPPReéememnt | dy'$tfige eapt comfocmadi o
specific genome mining using fmprugp aresttiear)e.r peme
strongly supported this hypothesi $. sTthued yb iwoosuyl ndt h
pl ay an i mport anste srtoelrgteenropneentemi giun dile dvolmlk phyl ogen

anal ysi s.

Concl usi on

I n t heessctruidbyedd i n chapter 2, the author employed
Achi evement s:

1) Based on the -E) abygi theatpihyn ogehadeé cAanal ysi s
terpene synthases on the pdiblthemdamnabaséerteme alb
heterol ogous exprhles soroyztaeef atuli e deomued itrhat one
generated a novel metabolite sesterfisherol, anoc
Nf P45 ®| deidskersiterdci d.

2) To elucidate cyclization mechanism of tetracy
the author peirf oximina va tsnesrfioersmaotfi ons with [ abel ed
to a proposed meccyhcalniizsart iodn tvhirae ebisadyel i ¢, tricycl
intermedi ates accompanied with five hydride shif
3) Based on cyclization mechanisms of Nf SS (cl a
classified known fungoal t wWloo / gestpst erAi,er menabdki
fusaproliferin, varicul anol , astellatol and ret
phomopsenonate, fusicoccin A, mangicol A, ophiob

closed rel adedlt eaytch é ziaald éofird Imedl dvens /1) & f{BGKE 1Cil h

V) .

Al though these results are promising, many unsol
1. Among four <candidate terpene synhhkgmes,toonly
produce sesterfisherol. The plausible reasons ex
as following. -mRN#ast, ofhe hpr emdteur e¢e er pene synt ha
correctly processed into fmatmproer tnaRINA sr.e sS edcuoensd ,t hna
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synthases inactive might happen during the mol ec
2. As proposed by this thesis, the phylogenet.
di / sesterterpene dret haansienso. akad wle vseerg u ehnocwe s of t h
cyclization mode 'g elmak eleyd ssaomeyshey yamilno acid r e
GFPP into specific confirmations and determine t
terpemeesyntocated at different clades are neede
binding in the active site. At the same time, mut

wi || provide deeper insight into this interestin

Experament

GeneAlall :reagents commercially supplied were used
on JAS2CH®OP digit&ol ponhacihmemat ography was carri el
(Kanto Chemicals), and PTLC cwdkgaep'€mNiMRr mepde cdam aPLC
were recorded500 Bpescero-B&X600or NMEO&Epectra wer e
in GOZ€®.8 atom % enriched, Kanto). Mals0sO GOpVect r a
( EI mode) oTFl@O0LUMEOLE MSERcohdeen)i.c a l shif dsalweee repoa
based on izi7fel2Balpp@pDPCh& caherneifcearle nschei.®val were rep
based on chloroform (77.1 ppm) as a reference.
multipligley, (d = dbobl et , t = triplet, g = quar
constant (Hz),-M&ndniahtyesgsatwieore2 CB@ dufhienda dva u)h, ME
a BBMS capillary column (0.32 mm x 30 MmheOs2mplum
was injected into the col umnmian 19dt°KCer malt hkreolsgp | a
the ctoémmar ature wae€ imhomr°2d 8 evdindialh i1got her mal hol
2 6°8C. The f | omw craartrei earf6 GhaestLiwvuld i @ onucl eot i des f or
chain reaction (PCR) were purchased from Hokkaid
dealt with an uROOBRsOmMOMYdEErKPt efFTolJRo, Japan). /£
during proaceionpwasfpepdloyamedyluamindge SPsSI el ectro
proteins were vVvisualized by wusing coomassie bri

determined by the bradford method with bovine se
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Strain and Culture Conditions

E.coliHSTO8andE.coliDH5a wer e used for c¢cloning, following
techniques. E. coli BL21-Gold(DE3) was used for protein expression. A fungal host strain used in

this study was A. oryzae NSAR1, a quadruple auxotrophic mutant (niaD-, sC-, argB, adeA") for

fungal expression.

Genomic DNA preparation

Genomi ¢c NBNMA aaft o rJyMaC 1f7i4s0c hwearsi ext racted according t
the mycelia of fungus was coahecdededyusihgrpape
The dried mycelia were frozemiliin (Taokik @n)n.i tTo gtem
powder was added extraldCli ohpbud feéy, (300 mW of Na

ethylenediaminetetdr d&c efi sodciudh BEDEA)Yylasul fat e)

kept at room temperature for 5 min. To the suspe
the mixture was vortexed for 2 sec. After incuba
cengedfat 12000 rpm for 5 min. The supernatant v
min. To the reaction mixture was then added phen

2 sec, the mixture was centriAhugwdsatr aaeodoerrpo f
centrifugextubhetaddtwece with phenol:chloroform
the final super-inadtpamop avglCIONa @ésdClidli dn and genomi
recovered by cenpmifogatdomi mt TROOPel | et was t he
solution and dried for 15 min. Finally, the isol

Tr-HEI (pH 8.0) and 1mM 0°fC EDoTrA)f warntdh esrt or seed. a't

Preparation baskEBkgdsession P

The NFI A 0OP2B50DNfSSf NFIA 062390, and AOR_1 12160
genomic DNA with a TmhildmemRrostgmeaasshowai nnreactic
performed wPiiled hé TEODBO) . Each PCRntpor odhuet wa
appropriate restriction site (site 1Fuasnidonor sit

Advantage PCR cloning kit (Clontech Laboratories
33



Tab230ligonucl eotides usAed ofreyxzpaconsitomcpli @saimiod s .

Insert Restri Seque+ce 5’ Size
ction Vector
site
NFIA_41470 Kpnl | F: CGGAATTCGAGCTCGATGGAGCGACAGCAAGATC 2.6 kb
R: ACTACAGATCCCCGGTCAGACCTTCAATCTTTGCA pUARA2
NfSS Nhel F: ATCGATTTGAGCTAGATGGAGGTCTGGGAGCAT 2.5kb
R: TAGTGCGGCCGCTAGTTAATTCTCCTTCACACTCAG pUARA2
NFIA_62390 Nhel F: ATCGATTTGAGCTAGATGGAAGGACAGAGGCGC 2.4 kb
R: TAGTGCGGCCGCTAGTCAATTCATCGACCTCCAAG pUARA2
AOR_1_ Kpnl | F: CGGAATTCGAGCTCGATGGAACAGACAATCTCGAA 2.6 kb
1216074 R: ACTACAGATCCCCGGTTAAACTCGCAGTCGTGTC pUARA2
NFIA_55490 Nhel F: ATCGATTTGAGCTAGATGATCATCTATAACTACTTTTT 1.8 kb
R: TAGTGCGGCCGCTAGCTAAGTCAGGCGCTCTTG pUSA2
NfP450 Nhel F: ATCGATTTGAGCTAGATGGACGCACAGCACCTC 2.0 kb
R: TAGTGCGGCCGCTAGCTAAGTCAGGCGCTCTTG pUSA2

Transfor dMapieongi 6f us oryzae

A spore sAspoedhNgARG of transétermantwéneOi xodol at e
( dexptorliynp g etacsrnie extract : 2% dextrin, 1% polypept
medium supplemented with dppcolpaicabd,e nayucteBl Diean tvsa s
collected by fitthrwdt em. ahlrdo twaslhadt iwig was perfor
5.0 my mh Solution 1 (0.8 MM ofH Na@),f at0 2MM .o f
Protoplasts were centrifuged at 2,000 rpm (Beckm
of NaGlonsolTwte n, pdg tetdp | 250k wedPmL by adding Sol u
M of NacCl, 340 1ImM nmvW ®OBadpHH s8. 0) and Solution 3 (4
50 mM of Sl ChWMHO®If, TpH s8.0) in 4/ 1 wtolsuanleutriadn o( 20
L) was added appgdpriTheeapl gamidwad3incubated ol
Solution 3 (1 mL) added to the aliquot. After 20
mL) added to the mastoeepsrahdgéetdeami 21 008 wpm ( B¢
5 min. The transformation mi-Raxr ¢ 3 wa%) paagaredpl

supplemented with 0.8 M of NaCl and dapppr apmrairat e |
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(1.2 M of5% oorfb iDin®lp,eR3 .6 %hef pagar)s. wer@ fiTmrcudat ed
days.

To construct transformant s harboring t-erpene S
Nf TM$fLIT,S 3p UANRFATZSE@T,S1land pPAWABA®Rere used for the tran
transfor Na®tas wiftur t her transNfoP4®»@ cwoA®Bhr ugWSA2

Nf SS/ Nf P450.

Extraction of Metabolites
MycelA.a otfyaasef or mants were inoculated into a so

(100 g) and adenirnlee n(mMeldy enmrg )f lians kbs0.0 Bralc lE cul t ur e v

2 weeks. After extraction with ethyl acetate, tt
residues were extracted with ethyl acetate (100

wi bhine, diSSGedandecoMaentrated in vacuo to affor
Analysis of the Metabolites

After partial purification of the eM3IIdwi telxta act s
DBl MS capillary columniM0t®Hh2 ckmex s3 0 JBE Bc2 2 nmm

with a ZORBWWX cxOBumn (50 mm x 2.1 mm) at the foll
GC conditions tolanakbyackr samplee fwadheirmjlaadt ed i nt
the splitlesnd nmode.t hefrtmarl d& o3tde ngpte rlat Qu r°eC ,watsh @ ncca
at°C4mti @ 268 a° @,miwmi tilsot he€maThéof dowtr 268 of hel
was O0.66 mL min

LC conditions to amral yZewsaecdteo i tarhialte af cairt odv ¢ a't

mL/ min with 210 nm detection.

Sesterfisherol (1)
|l solation yield: 52. 5 &g 48CcB.n6 ,1;3) GKHHEBIGMS ra ncael ynseids u
(posimzcabydHi@r[*MpP8. 3230, f &Hu MNdVMRI'BHMR242t a ar e

summar iTaéXei n
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Tabl-42. 2NMR specdexatl edfd) shdmdledpoxysest 8rfisherol (

sesterfisherol (1) 9,10-epoxysesterfisherol (3)
c n (multiplicity, J in Hz) c n (multiplicity, J in Hz)
1 = * 42.83 1.68 (m)
* 0.99 (m)
4497  1.40 (m) 42.41 1.49 (m)
* * 324 1.5(m)
4 = * 35.22 1.30 (m)
* 1.28 (m)
5 2642 141 (m) 24.96 1.41 (m)
1.00 (m) 1.1 (m)
43.93  3.66 (bs) 42.35 2.48 (m)
3859 212 (m) 36.17 2.37 (m)
29.25 1.68 (m) 26.79 1.85 (m)
1.27 (m) 1.25 (m)
9 3209 233(m) 32.45 2.05 (m)
2.16 (m) 1.45 (m)
10 14315 - 79.22 -
11 133 - 67.8 -
12 78.53 - 75.61 -
13 3937 213 (m) 36.69 1.98 (m)
1.57 (m) 1.62 (m)
14 441 1.89 (m) 43,51 1.94 (m)
15 4164 - 41.61 -
16 4129  1.44(m) 41.17 1.44 (m)
1.13 (m) 1.14 (m)
17 2856 1.83(m) 28.43 1.82 (m)
1.54 (m) 1.53 (m)
18 4734  1.65(m) 47.09 1.67 (m)
19 3166 1.58(m) 31.6 1.57 (m)
20 * 0.87 (Me, d, 7.2) 23.33 0.87 (Me, d, 6.6)
21 15.28 0.94 (Me, d, 6.6) 15.07 0.95 (Me, d, 7.2)
22 17.99  1.70 (Me, s) 16.51 1.38 (Mg, s)
23 1875  0.80 (Me,5s) 18.71 0.79 (Me, s)
24 2275 0.83(Me,d, 6.0) 22.66 0.83 (Me, d, 6.0)
25 2417  0.90 (Me, d, 6.0) 24.16 0.9 (Me, d, 6.6)

Sesterfisheric Acid (2)

|l solation yield: 20. 0 ofify 1fl(c@.m3Ht) &g MSr aoal yjmed b u
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(negatzcae c b HfBIrMHI387. 290umd 387 NMRE&NNMR dat a

are summhiabtzee d2 i n

Epoxi doaft iSoenst erterpene

To a sol(wbt.ibtomgaf 14CO0( Inm® | mL) meECBlAagdded mg, 28. 4 1
foor 4.0 mg, 223a2 OmbC, famd the mixture was stir
a saiS@s dhution, t hevarse aecxttiroanc t midx twirten Et OAc . The
extracts were washeddiwidt bveldadnrihgddC@®uns edd rat ed i
The Z@poXxlysestdgrf(dsb8émogwas{ odn rectly wused for NMR
procedureedvasorapphie XHRoxi damgj ono. df mmo-l ) t o af
epoxysestedfi(sh.eqd 2mg afcri am (

10, Elploxysesterfisherol ( 3)

[ @)1 . 20 .(4, 3)CH@EHIR MS anal yagrize al(gpd skl O.f WMeC)++ H]
375.3258, f &HNMR FABAINMRO2ata ar abkMemari zed in
10, Elploxysesterfisheric Acid (4)

[ )0 . 20 .(4, 3)CHEHR MS anal ysnmz all e gkl O WeQH:T

403.2854, f &Hu MAVMRAIBIhNMRO 21at a ar Eabkbenmari zed i n

Tabl-22. 2NMR specd e xatl edfait &) @b ipodixdicz ed (sestedfy fi sheric acid (

Sesterfi&heri 9,10-epoxyse st er f i sdher
c 1 (multiplicity, J in Hz) c 1 (multiplicity, J in Hz)
1 * * 38.27 2.27 (m)
1.16 (m)
46.33 1.41 (m) 43.52 1.51 (m)
* * 324 1.51 (m)
35.01 1.28 (m)
1.28 (m)
5 26.20 1.4 (m) 24.94 1.4 (m)
1.03 (m) 1.09 (m)
44.12 3.59 (bs) 42.27 2.45 (m)
38.75 2.12 (m) 36.17 2.37 (m)
29.23 1.68 (m) 26.73 1.85 (m)
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1.29 (m) 1.24 (m)
9 32.18 2.32 (m) 324 2.01 (m)
2.16 (m) 1.42 (m)
10 143.20 - 79.26 -
11 133.0 - 67.81 -
12 78.33 - 75.34 -
13 39.74 2.92 (t, 13.5) 36.85 2.78 (t, 13.5)
1.56 m 1.62 (m)
14 44.60 2.21 44.49 2.17 (m)
15 53.77 - 53.3 -
16 37.92 2.19 (m) 37.83 2.2 (m)
1.27 (m) 1.24 (m)
17 29.98 1.92 (m) 29.57 1.9 (m)
1.44 (m) 1.44 (m)
18 47.08 1.7 (m) 46.82 1.7 (m)
19 30.99 1.77m 30.81 1.68 (m)
20 * 0.88 (Me, d, 7.5) 23.27 0.89 (Me, bd)
21 15.32 0.95 (Me, d, 6.0) 15.06 0.95 (Me, d, 6.5)
22 17.96 1.67 (Me, s) 16.4 1.35 (Me, s)
23 182.18 - 182.77 -
24 22.66 0.78 ((Me, d, 6.5) 22.47 0.78 (Me, d, 6.0)
25 23.81 0.93 (Me, d, 5.5) 23.79 0.92 (Me, d, 5.5)
Spectral Measur ement s
This experimeby was cbhodabteédlt RMaaandd VCD spectra
measured on a-2BX oaTto oal sr eGhoitluuattieorn aonib icean.t 8t ecrmp er a't
and 13504 scansampéspwasi destgod Teandc entCDLl i on of
the solution was ptaekked ANl aspddt rmamt Claalt a wer e
spectrum obtained under identical experimental c
Computational det ail s.
Thi s ex paesr icnoenndtucw ed Dy éatutri |ca€ oveénbdoimat oonal searc
carried out by means of the Conflex software at |
and OR calcul ations were per froarymegde onmetthr yt hwea sG aoupsts
at B3LYP/ TZVP level |l anhi omsuwemadp ©ORf crarheceds wi t h
(B3LYP, BH&HLYP, PBEO) and TZVP basis set in vac
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reoptimizations and VCD calcul ations were carrie
model faswhi CECdfalrcudRati ons B3LYP, BH&HLYP and PBE(
basis set with PCMwacl apmptl imaddelVCDos pd€Ira wer e

of Gaussi amnbalwéitdhhtl Owicdnt h.-SEBamgut Rdd¥CB® were sca

factO.r975. Boltzmann distributions were -estimated
energy conformers. The MOLEKEL3 software package
Feeding Experiments with |Isotopically Labeled Ac

Mycel i &d.obeylmaeasf or mant were i noculqadleyp€ mttoneMPY
yeast extract; 3% maltose, 1% polypeptone, O0.5%
mg ofE%Hslacetate in 500 mL Erl enmeyer fAfatsekrs (t wo
extraction with acetone, the extract was then co
with ethyl acetate (100 mL x 2). The combined org
in vacuo, and mpheaxand ognrednih@dGGlween ayer was puri fi
gel chromatographsypr @0LOY dl)ohtex 4(gy3k. N2 H Gllga)b.e| Edoxi dat

offlgade3. 0 mg) .

NfSS Cloning aBd &a@apression in
To generate the ovaf NSpH&es siafoimé dc ounssitorgu dtthiefzeerd d o n

synt hetic ADNAotoyfaaslfi®@r mant using the-F®B11 owing

GATGACGATGABRBGAAGTTTGGGAACRATAG characters i ndi
compl ementary sequen€teaesi omor r etalteR o rflhEn Nf SS
AGGARCCGAATTTCTEBGTTTTCTTTAABGEBOILCAG characters indi
compl ement ary sFeuggu eomc e efaccrt itome .| nThe PCR product s

t hkeplidi gest ed pMALc 4E t oNf § 8 npeMahl fc84SEsp MAleAE at el y
i ntr oidnEcoe @lb2dol d( DE3) for overexpression. The tr;
at agpofO. 6 in a 500 mL fl ask. After tBld-e  cul t ur e
thiogalactopyranoside (0.1 mM) wals, adlde dc e¢lol § twe
harvested by centrifugation at 4000 rpm. The har

(50 mMACdlri(spH 7.5), 200 mM NacCl) and disrupted b
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supernatant was appiloepgurtiof ant menyéogreesoeédmpr ot e

Nf SS Assay

Typical conditions are s off $ICkowsf fARArr dapdt i7o0/m) Mi X
GGPP (M)20 | RUM) ( 6 I5CImM) , DTT (2 pM)) ,waasn di nN\cfuShSa t(eldo
30 °C fored&8cthionfThwas quenched pLy ,t haen da dtdhiet i roens uol
mi xture was vortexed and centrifuged at 12000 r |

analyzeMSbwi GE the same GC tonditions used to an
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Chaptkungal Ri PP ustiloxin B biosynthesis ¢

31 . Background of Ri PPs biosynthesis.

Ribosomal |l y s yposttreasnisdead i @amep tl iydRenddlg f i bdve been w
di scoveredt?i mrédlamd @ eiuvd aragmd at hei rptorexrn ®Inastiivonal
modi fications involving double bond formation,
peptides of significant struc&®FF¥eSedvievrearls ietxya napnl de s
are shown -I.n BaghR®wi ad83amRiy such as l ant hipepti
thiopeptides are characterisbiesioeriyhemrcyldetee my

or threonyalmarne stiichueissol ated from mushroom is feat

acsddechains. Macrocyclizations are frequently o
peptidases or to decrea’$e their conformational f
o\:/

patellamide A o-amanitin S N O
antineoplastic inhibitor of RNA polymerase Il and Il 0. / Z
(Cyanobactin family) (Amanita genus of mushrooms) N -

labyrinthopeptin A2

(Lanthipeptide family) thiopeptide-1161
antibacterial activity
(Thiopeptide family)

Figufle MBS Pstructures

The biosynthesis of RiPPs U(Usahklye.f 81He wsr e chuer scc
peptide organized with three regions (|l eader pe
synthesized by ribosome. The |MNtadremi mpeelp,t i deer wiergg

recognition siztyenesf omdtlir aynisipg rdkiegesst ed at certain
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in the fffhidnallheprcoodectpepti de region is the part t
postansl ational modi fications. Sdmreatmi mad frelgli ome
involved in the "€ycTheapli enumsorexge 3tiioche undergo
oxi dahoomhompytwetiobomati on catalyzed by relevant bi

novel enzymes thr duaqh’3fifsprecedent ed mec

Leader peptide Core peptide Follower peptide

Post-translational modifications ¢
HS

oooooooq QQAOOO

X  20,,0"N0

Internal cycllzatlon

OO0OCCOF ?ocﬁ&qtoooooo

Head-to-tail © Leader/follwer peptide
macrocyclization \hydroly3|s

C{OOCP’A* N

£ Gradimo-
ol ] |

X=S,NorO

Schemk. 3General scheme for bacteri al Ri PPs biosynth

42



Al thoughtiwibhetahaebs astyhéehesis of many bacteri al Ri
detail, Rt PPsfbhngalynthetic gene clusters have rar
fungal example whose precursor peptéideRegemd |was

Ume mwrtaralported the biosynthet Aspgegieeluclisngt eav do
MI DDMS an algorithm that predicts secondary met
based on the concurrent expression of contiguous
presence of core gdamams pfrordusdd omd até§Julcihe tatsb dPtKiSe o r
first example of Ri PPssUSBGCI dxiomm Bi wWasmeotogsnéluh
Ustil agi nonplbesas pwisreesnts ant i’ Mint dthiics adtuisvtietry a pr ec
prote®ti A d&ncodes a protein with repeated YAI G moti
ustiloxin-2BSi(niFdeggut bBi s3 breakthrough, t he BGCs f |
phomdpsias p2ebfainglpin c h | dfércoym | fi inl a me n tsoou sb efennn gid ema vi & i
bel ongingFtg8RERBRhsough ri bosomal origins of preci
several traesl atpiosnal modi fications in fungal R

Therefore, the autkeoel pei datmeag $hedbéeosgmthletic

Ustiloxin B biosynthetic gene cluster
ustF1 C A Ya Yb D F2 Q@ M

u-\PfPZ H T R

7/

MELILTLLVSGLCALAAPAAKRD

UstA
(253 aa)
R Kex2 . iloxi
NTVEDYATGIDKR (protease) Other peptidases ustiloxin B T I
NSVEDYAIGIDKR
NTVEDYATGTDKR o N b com
NSVEDYATGIDKR Y 0% HN—/ G
NSVEDYATGIDER hydroxylation i
GGSVEDYAIGIDKR X-(Tyr-Ala-lle-Gly)-Y 2 jro
NSVEDYAIGIDKR cyclization HO*® N7
NSVEDYATGIDKR NH, H A
GSVEDYAIGIDKKR
GTVEDYATGIDKR N-desmethylustiloxin F
GGSVEDYAIGIDKR
HGGH
Figu2d®&8i 8synthetic gene cluster of wustilxin B and proposed
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o)
E o 2, % j;(\n COLH
B P 2
VN/\COZH cl 0 N N \[
$ J © CO,H
O\\S (0] OHN o 2
HO,C f
“ N HO N (
NH, OH _NH NTRL phomopsin A
Me Me” yye—lle
@72 AN
ustiloxin B (1) W Pro
HO  OH /
o Phe Tyr—Thr
H y
° 0 2 NP .
OH HN NH T
o) o) H o] o Asn
N N NH 79 .
HO H ﬁ”ﬁ( HO™ N Oo:S 4 HN epichloecyclin D
© © on © N p7 ToHTy
N
OH N YON©
HN Yo O 0
asperipin-2a a-amanitin
FiguB®edPpresentati vehbeergalteRuUPPesr peptides have been i den
32 . Prediction of wustiloxin B biosynthetic pat
Umemwerta dentified the biosynthetic gene clusters
to characterize the funct ifdmlvafsi eadumuMMEsaet en t he

Au st Buls,t F2Au sawigdr e

constructed, andy ztelde iy nmeCt abol i

(Fig#ne Five ust i2looveire deciuwmatiavtes in the mutar
characuvwsmpiesttiramb) Fi gure 3
(A) AustM (C) AustF1
2 4
|
/\
N mzastver L mzSsA MY
(B) AustC (D) AustF2
3 P\S
| \
H "7”7.7"(17/2465 [M-H] L m/z 600 [M-H]
(E) AustD 6 1.0 2.0 3.0 4.0 5.0 (min)
|
|‘I
) | m/z 557 [M-HI
10 20 30 40 s0 (min)
Figu#Ae -ME profiles of the 2Ziprnaddwxad t GBI altuic eesst:iCyd @))

producedsthFylopy oduc euds thF26E) 0o0d uc eucs t Dy
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(A) desmethylustiloxin F (2) (B) ustiloxin F (3)

| [ |

|
|
|
|
|
|
|
! ) I 280
l |

|

|

225 00 400 2% 300 400 (nmj)

(C) deoxyustiloxin H (4) (D) ustiloxin H (5) (E) ustiloxin C (6)

253

260 202
| 282
202
205 300 400 225 300 A00 225 300 o 400 [nm)
Fi gub.e BY spectra of wustiloxin derivatives
From t-Mg ddHRt a, t he mol ecul ar formul abe2of t hese

CoH2 NaOg, 3: Co HiNaOg, 4: C: Hs NsO1 & 5: C: HsNsO. S, @@ H:N.O:S.Compoudnds
anglwere determined to be wustiloxin F &%hd wustil o:
CompoZgnadve SH nNMRarspectrum3siemktaptNOldsihgmalkfof
obser 8 ed niddwaadtdiersgnet hyl Bet i ¢ omfmanbirddsat a provi ded
Umemur a-wamd&deo s contained small amount of i mpur.i
aut hor 4anfirfoimled he extracts of | ardehecwad ea fkXInen
mass unom tsiBatftdoffrresponding to addition of a cysH
prot 8dwasi hdpstreveal i ng that 4d heyrysitreé blza 9 ma taidd er
simil ar'HNMR asnglect r um4 wiStihg ntahl oss ecG dift thaenSEtyds t ei ne
3.43, 3.06183.(1G6H 3.2%81 weCH thse blpawmadhdE. 14, 7.27;
5:07.63) VndRchitsi ntgh et hsautl f okCamp ded,dwerta vifeurotfher
anal yZ€NMRYyHHCOSY, HSQ&nd HMBEi r structures were
together with the predicted genel)f,unzthiomsyrbtyhett

pat hway was propose2d as shown in Scheme 3
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Tabl-@&. 3n&ke funrcdliootnesd in deletion experi ments.

Gene || Gene 11 PredictedAccumu
NCBI COompo.y
AFLA 09 ust F FIl aavomt ai 4
MONOOXY(JE§
AFLA_09 ust C| Cytochr on 3

AFLA_@® ust A Precpepoi -
protein
AFLA_ 0® usty Uncharact -
protein
AFLAS502 ush vy Uncharact -
protein

AFLA_09 ust Dl Cysteine 6
AFLA_09 ust F Fl avomt ai 5
MONOOXYG(§
AFLA_ 6® ust Q Tyrosi na -
AFLA_(0® ust T MFS mul t 2
transpo
AFLA_09 u Mt SAMepend 2

met hyl tr a

X<NSVED-YAIG-IDKR j— Y
1

UstA UstQ
UstYa
Kex2 UstYb

Oxidase

s
HOZC\)HO“‘

NH, _NH
Me

S-deoxyustiloxin H (4)

ustiloxin C (6)
PLP
enzyme UstD
HO,C
NH, OH
ustiloxin B (1)
Schem2. 3Proposed biosynthetic pathway of wustiloxin B based
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33. Het erol ogous expression Af arswZzde xi n B bio

The macrocycdommenherobsemgved mnn pfhompealsi Ri RIRS i wat
and askPeri pAi nhough oxidative <cyclization(s) i s
characterization of sUbhbretaceij onbhehfamrtrheeteindmep s |
of2whi ch Wag stlke medi at el n ot bee gesmod ad eldet i on expe
di scovered that del etu tnA @nfa Yabn yt addfo | thhsehshiee nft o wrf  cae
ustiloxin derivativesredur sairggreesdteiddd Q dtahedy etsh rdeees
necess a&r yxfiadrattive cyclization.

Bi oi nf mmmdsyisggest gd osUsazdzy be r & shpyodirso xbylleat i on o
tyrosine ®Usm¥aiandidgt Yb are hoemwmtegudsenshbwihg
ot heconsdomaiuumknfdwmc tbDWAM) (3328. To characterize t
A. ohgteeol ogous expression of them was examined
3-3-1PI| aspmi ap araantdi dmr a n sdof iog tméaa Y boQ

As shown i-3n, Spclhaesmei d3s p UARA2 wantoYugs Aakrd AlR2o tcho nwearn en i r
constructed by i nf us-uo@uwianse tchoonds.t rPu catsend sdti spuloStAi2a nr a

met hod call ed®3Gi bson assembly

ustYa ustYa

M infusion
"
ustYb

pUARA2-ustYa
pUARA2 pUARA2-ustYaYb

infusion .
- >
pUARA2-ustYb

ustA
_~ spacer UStA

— gibson assembly X
> _—
ustQ ustQ

pUSA2 pUSA2-ustAQ
. —-—) —-— i
infusion O . PamyB TamyB !
S : !
| ArgB__Sc____ade !
pAdeA2 pAdeA2-ustYb

Schem2. 3Pl asmid cass AQ¥atv¥bon for
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Transfor mati osi roAfortyhkk&eeR 1p Ilwvaassmicdkonduct ed-4accor di ng
Four ki nds oAQutsrtadGYaerr MDWHe t AQY¥aABust AQYa+Yhb

were obtained.

ustYb

- —)
pUARA2-ustYb o
pUSA2-ustAQ ustA ustQ

/ B = >
\ ustYa

A. oryzae NSAR1 —). v
pUARA2-ustYa ustA ustQ
pUSA2-ustAQ N

PUARA2-ustYaYb -

pUSA2-ustAQ

L pAdeA2-ustYb

A 4

A 4

|
c
128
>
c
a
3]

i
|

Scheme 3-4. A. oryzae transformation of ustAQYaYb

332. Analysis of metabolites from ustiloxin gene
After the transfor mati &n w,e r feododbad sahi agprBir mansf or man

Tabl-Z2Traansf ormati on resuilrtodafctiuoinAQYaYhb

Trnaf or mal| Tot@allorm| Col oni es
obtain 2
AQust AQY4q 7 4
AOCust AQY 10 0
AQust AQY 10 0
AQust AQYa 6 5
Eadh ansformant 2@wag cuteumedi um and the metabol it
acetone water solution. After removingM3 he acetoc

(Fig6)le EBompared-uso AQitpabdreorA@ant prodrbecved a new
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met abwas tiesobhht edataadincluding various ANMR spect
This was the first example of the ochrdlhzedew | AQous p
ust AQQryald©t AQiYd not2, ptoduséor mantudteiro svtedhdt or om i n
AOust Adivyad Q. c eTdhese results gave solid evidence th
enzymes UstQYaYb are indispensabl2Altoh@@helduce th
Ust YaYb % hsoewgu3eOnce i demttiheyi rt of uenaccthi oont hi s not r ed
material, Ust A was proposed to be ditgdasdteecd by K
/tetradecdpemptei deust her hydN odrnydz e@ tter mmienalappeegdtiid
be cl epeptdi baysesy Hoawmver, there is no informatio

their timing of cleavage.

X~NSVED-YAIG-IDKRY Y

UstA UstQ
Kex2 Ustya
peptidases UstYb
N
NH,
N-desmethylustiloxin F (2)
EIC m/z 453
1 (A) . (D)
WT ] AO-ustAQYaYb
B :
G 1 ®
1 AO-ustAQYa 1 AO-ustAQYa+Yb
1 © 0 05 10 15 (min)
AO-ustAQYb
0 0.5 1.0 1.5 (min)

Figub&G8S profiles of extragtTfsomatnah®BYCHOMOIND AD
ust AQYacYoh ansf or maB) i du®)t,AQYpastb¢ pwi se incorporation).

The afudahtoher constr ueutseaddw phreammifdr prade ARYaYDbAO

(Figdye Bs expest AQYmrYdhdducAed a new peak correspon

. However, B8was pmotdueftfiiomi eorft wi t h2r im@n infeidc an't

Sinmeadcumil aty)ed T, a put agowteulbpataanpporveet hewas od
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of¥4 I ndeed,

three ti mes.

production

milg hptr o Inlhéi ebffi at b & bhoen gcse It o

afudg ot AQdawMDus by gaveldbiymproved

Given the fact ttutbhatl i ospidll ymies i Ear ie

MFS mul tidrug

closely related to extrusi?&%n Baafs etdo xoinc tshweb srteasrnud & ss
above, it was postulated that UstTheraesportdhucy
all ows the heterol 3dgous host to produce more
X=NSVED-YAIG-IDKRy— Y
UstA 6
UstQ
Kex2 UstYa
peptidase UstYb
N-desmethylustiloxin F (2) ustiloxin F (3)
(A) AO-ustAQYaYb (B) AO-ustAQYaYbM
1.1€° 1.1¢%
3
m/z 467 [M+H]" wl[M;H]:\
OI T T T LI L L L LB L | 0Illllllllllllllllllllllllllll||
L1ef 2 1.1¢S 2
]\ m/z 453 [M+H]* 1 f\ m/z 453 [M+H]"
O Time 0 P Time
0.0 0.5 1.0 1.5 (min) 0.0 0.5 1.0 1.5 (min)
(C) AO-ustAQYaYbMT
1.1€° 3
AJL m/z 467 [M+H]"
L e
1.1¢ 2
m/z 453 [M+H]"
! , , = Time
Figu7e - profiles of extractsusf AQMmaY¥Ybansformant s: (A)
(B) -us@ AQYaYbBusAAQYa.YbMT
333. Proposed mechanism for oxidative cyclizatic
From I inear ¥ZAIltGhrtee coxildateidon ar ehayatrioxkryd aari eo ni mvt o
the aromati cpodintgi orf dfyrl loe. (2) a hydroxylation
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oxidative cyclizationni wWen psopboebd anr Sabeimen 3me

N
E coo-y N coo-Y AN coo-Y

OH HN OH H [}‘ HN- OH H HN

WA OH on 7#

o UstQ HN 0 UstYa or Yb HN 0
0 - o] o 0
tyrosinase B o

N N N7

X—NH H H H
X-NH X—NH

UstYb or Ya

X=NH
X=NH

N-desmethylustiloxin F (2)

Schem®. 3Proposed cyclization mechanism of UstYaYb
Sequence analysis revealed that UstQ is a putati\
of a phenol , as i n thtea-xQaP8% Sif miolxa rdliyz,i ngs tt@ riorsti
hydroxy group on the tyrosine lhmydormagerc frriomg.t yWrsd
residue, leaving a radi‘cabouamadétoayagimendhedebipen
hydroxy gt auwop.ox$8darthom @ft i sol eucine followed by
hydroxyl gNdepmef hgtdstilYd Yximormol ogues conserved
5 cysteines in their dgdquwéhnads made der iimed | avte ds é ;m
cofactors. Usuall H édmnnymée®nabhtabyzongr €quires m
radiSadeylomet hi oniheomemaycmeame niomo A?2 emhhwsnebst Y
homol ogues are postul ated here as met&H binding
functionalization.
The heterolog@Quibd. popopgonatmi emcofupgaigntngf rsamrwhingh |
numbers of RiPPs hidden in the fugal genomes mig

A. oeBxypzraeessi on system
341 n wintzryanati ¢ assays of tyrosine residue side

Besides the oxidative cyclization, the tyrosine

i nvolve unique chemical tr aftsof drhnehrtHsxayl $1i nfyd om cvy
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norval i neltrherseied ueen zoyfmes Ust &dF2® lwer enpokded acc
gene deletion experiments. Ust F1F2 with a 50% se
flavoprotein fmaomiocloxkygemades ng 8% Usdstalvi belassngsoft
Ami notr ansVfeamisley cpyeacgudiorxiad g PhBy phafBacsteod on t hes
i nformati on, wel ndeeiteegds ttoo croemadaurcstt i tute the fi n:

bi osynthetic pathway.

34-1. Functional analysis of UstF2.

Ust F1F2 were BvefPakpfebdsdeBBP2 showed yellow col o

absorption at8)4,50 nndm c(aFtiignug et Bat fl avin 88as stil]l
( A) (kDa) (kDa)

150
100

e =— UstF1 100' -~ UstF2

(B) =

UstF1 UstF2

0.30 | 0.30

0.10 0

/\/’\ : T ’_\

-0.10 4 - - . -0.10 . . . . .
300 350 450 550 (nm) 300 350 450 550 (nm)

FiguBe 3(APAGHDSanal ysEZ. ofB)dstiMms pE&E2Ust
MBRUst F1 was puri fiiend vamdtdcds adimbiftee i zessult showe

Ust F1 catalyzed the 508%cHa@ne oaBg rteoce itnlge wd u lhf otxhied eg e

experiment ., COH

CO,H

UstF1

NADPH

s
HOZC\)HO\\\

NH NH
2 Me/

S-deoxyustiloxin H (4) ustiloxin H (5)

Sche®sw@. S oxidation catalyzed by UstF1
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To char acttéiradizeen dy ma&t2i, cc oansdsuacyt emda susi ng ustil oxin
and NADPH as the cofactor.

Thassay result showed tHhhawads heomplbestt elay ec rsg U e &
and a new peak9gappéadédgrRimgsrceal 2 enzymatic reac

product

O\\S, Ar
HOZC\) UstF2
d —_—
sNH
HO NADPH

hydroxyl amine

ustiloxin H (5)

oxime (7)
(A)30s
7
5
10
(B)45 s
7
5
10
(C)60's .
5
10
(D) 120's
7
0.0 1.0 2.0 (min)

FiguPem&icourse analysis of the UstF2 reaction mixt

The mol ecultalmi § owansud dhe D r MmE:NeQd &S t by-MBRaOW aFdby si s .
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t h'd NMRFi gd0Qé&hs8i gnals of -Ht odli cypaptpeiam e d . Il nstead,
i someric oxime methine ggmaioonse/@d!Baild ow d&8gomevr): ap
698 Al so the ortho aromatic pr Btminxt(urid.l eTdh uvasr rtoh

product of UstF2 reacE/ibmntwase 7et eorxminmeed t o be t

e
%u
1 ]
) N
“ l‘l r'ﬁ'l '
arh
v WWJW\M

| f
- u,JLJﬂt;J~W.- _»)MJ kwﬂwu w»w w'\»JLJ w‘k\w«

T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 13 Lo 0.

Figu-Lé& BMR spectrum of E/Z m xXtThe prfotusn idiogmal ® xwimteh (hol |l ow

oxi me methine protons, Bndi thbseawbmhtficl bedharpowsons.

Next the Umé€Ranoabfstoatl wstiEsSEdon® ncour se Ust F2 reacti on
short inte®hahbnd( F Hdwanse wodbpseeanka6eldBI+if]t L 6 mass unit
|l arger tH(@mn60 gM+aH) .oflt di sappeared in 2 min with

suggestliGnags Nithlmet ohydr oxyl ami ne intermediate of Us!|

Taken the results in consideration, pthpogedictio

(Scheme.tFWLs firstMNlyydcraotxayllyazteidon f apamnadgf unt ke med
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oxidati Ndihgdmeay intermediate which quickly wund
to form oSi miel ar oxime formation catalyzed by F
bi osynthesis ®?f Tchaee rwrdiognyen ens sA o f Ust F2 compared
points: 1) UstF2 catalyzed dehydration was accon
need flavin reductase to reducralFA®nzymhacthat ¢ at
both amino group oxidati e8nl.mnar &ADIi me,duxltti aou ghs
Ust F2 possesses 50% ergdencegidenhtetgnttheyenoat

cysteine residue.

B:—
Ho
¢ -CO,

HO,C _Ar UstF2, HO,C Ar _Ar -H,0 SAr
Y™ Naoen NS G o R I
NH, O ———————= HN_ O N__ O N O

OH HO™ OH HO
5 0, 10 N 7
CrmH, OH
N NADPH N H20 —N _
\ 7/ flavin reductase N\ / N\ / }\l /
NH =N..
OH

Schem2d Proposed mechanism of (A) decar boaryd a(tB)veodierhe dfr art matni acr

catalyzed oxime formation

R Ry
|
N.N_O o N__N._O
R Y —— I
N NH N NH
NAD(P)+
H,O
70 H o

UstF2 Ili reduced flavin UstF2
4a-hydroperoxyflavin

R
N/N\fo NAD(P)H
R-OH n%w
\ N
o
H,O
Schemg@US8tF2 is a bifunctional enzyme that catalyzes oxygena!

I n the process ofusHPILgC spoulrviefnitc astyisothe mo fcont ai ni ng
that the oetxiomé ywzonverted nt da haen catch edr sbddAgp.o vomds  (
The TFA tTviemtlnemngerofscal e e ®.abINeMR tahnea | ayusti hso rs htoow ei

t hsei gnal s of oomdimeapneddrn enck, instead, a geminal d
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observed at 5:148) p p me ¢B®waapsu ngge nB maatl di ol , t he hyc
aldehyde. The dominant formation of geminal di ol

bonalt Ween hydroxy proton and sul foxide oxygen.

oxime (7) geminal diol (9) aldehyde (8)

(A)  LC-MS profiles SIR: m/z 572, 575

7 geminal diol proten
/ TFA hydrolysis
9 0.5h
\ F

AR BEAes sy s Laa s sas Ry V'\L " | H NMR of 9

9 N TFA hydrolysis

8h
0.6 1.0 min JJU l

ALV savosertt®  THNMR of 7

80 75 7.0 6.5 6.0 55 5.0 ppm

Fi gu-ileCoBnversiontof geniimenl TdFiAolk ol uMS opnrso.f iAl)e LBC) Sk INMRed region

oPand

In ttheNMR an&kbwn®i sweofnot i cperdottohnats itghneals o owhg C2
di mini shed and totally disappeadisedveth.ean(ghihggwree co
312 A, bl ack arrows poi Weedethsopeppothads strgnami o
and aldehyde has enough acidity for D/ H exchange

7i mmedi ately nrn@cOrielrkrdBn)iTcbbmsbowed 2 mass unit in.
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(A) (B)

|
| -labeled 7
'H NMR of 7 taken / fon-labele

overnight \ |

1l 1 | ‘ \
It It \Ilu‘ ,
1| vl TN |
1 \‘Wﬁ; v M s

" {
\ ! '\ L B N B B B B L B
fro) NM*HWWNmeWWMV; T T T T T T T T T T miz

. deuterium-labeled 7
FI'NMR of 7 taken in 1 h ‘\ ulertum-ta

‘ 574.3
|

|
by '|
I Iul. | “I ‘\| I 5733\\_ 5752

|
”l Jwi‘;

I
M"u‘ [ i y‘;u
{ \ v
e W HaltHl st , : : S———
. 560 570 580 590
( 4.5 44 43 42 4.1 4.0 3.9 3.8 3.7 3.6 3.5 (ppm)
D
0-D o
.o D/ ‘D
)
H_ H HH H
H%S}& o — H%Sf’& — H S:LLL
N O v O GaH O
OH S+ s
H\qu HO HG
7
miz 572 [M+H]+
\
O-D
0 (o.
) DD
o P D D. D
H%S}& H e
P — (‘NH o = H%SI"& Pa— ‘ st
N (o
HO' (Z»SNH o N
HO OH

Deuterium labeled 7
m/z 574 [M+H]*

FigufLe. 3(A) sel eidtNeMdR/reefyg:i otnakoefn in 24 h. down; taken in 1 h. (E
| abe’Zlammdd down: -ldelud/leddDgOmt r eat ment . ( C) pr o peoxscehda nngeec banni sm of H
protons of oxi me

As has been shown waehbaocatei ,0 nUsatffedhrn ¢adhd coxil e be fur

hydrolyzed in%t oAbtmoongh Hobh of them were not
experiments, they shed the I|light on the exact p:
Firstly, wustiloxin C accumulated in UstD deletio

9by unknown A.edfulcalesdeese di,n after @endsoédteddgweimi
NaBH ustiloxin C wdsS)pr gdwded) (MEiregureevi dence ust

product in this pathway.
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NaBH,

_ >

Or reductase
from fungi

geminal diol (9) ustiloxin C (6)

LC-MS profiles SIR: m/z 575, 586

Figufiada &S profil gerseddctdiadBti dfhe production of wustiloxin C
Seco®wbhyg, speculated to be the substr 8teitofi ddstD.

predicted to be condensed with a C3 wunit to give

34-2 . Functional analysis of UstD.

Ustiba PLP dependent enzyme <catalyzingotrhe fi nal
reasons imedadhiydmred9evafsomnmed as siunb svtigadoei dm.r Ust D
Anot her point we coul del mmtgCadt gadarr o nwawsn ivihse r ®o niehs
Considering reported examples in cond@nksomd amin:
for md%,i°Ginspewas|l ated the C3 unit comes from amino
Ustilh awaissmags were conducted with UstD, -1RIDRP, gemin
LGMS analysis showed that a new peak correspondir
of asparnatejnbtthe case of alanine. Exogenous PL

a relatively tight binding with purified UstD.
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_0
X OH
\
N/
. PLP
Aldehyde =~ =—— gem-diol ustiloxin B
ustiloxin B
\ gem-diol
em-diol ; /
g UstD+gem-diol UstD+gem-diol
+aspartate [ R=COOH +alanine
0 1 2 (min) 0 1 2 (min)
Fi guflde WMS profiles of enzymatic reaction of UstD

I n the conversion from aspartate to C3 nucleophi

dependent decarboxylase has | onYt bSecehr@)mee pdor t ed w

HO.C aspartate HO,.C
2 \;/\COOH f-decarboxylase 2 \/
NH, NH,
o
aspartic acid co alanine
OH 2
PO A
PLP |
\v >
N
/’PLP
PLP
BZ\‘ H+
OH
O _N NI:\
HO |
OP
| \S | OP
N) N
(- H -
H+
enamine

Schem@& 3Mechanism of PLP enzyme catalyzed decarboxyl ati
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I n order tcoaanpradwse UWsattal yze de ower bcooxndlvaddtSemdn of a s
with Ustspaiamdtike absence of geminal di ol . Dansyl

were anal-M8edF ibyau)L&€ 3

Asp-Dns
Q UstD
HON - SO,Cl
<~ “OH
O NH, PLP EtNH, Decarboxylated
product
Ala-Dns
LC-MS profile SIR: m/z 323, 367
Asp-Dns
standard Asp-Dns
- ” p
Asp-Dns ‘ Decarboxylated  dansylation of UstD
ok g * product reaction products
. Ala-Dns
standard Ala-Dns
15 2.0 min
Fi gu-i5e S profiles of UstD catalyzed decarboxyl ati on
Results sAhddwed wtalsatdet ected in reaction mixtur e,
occurred. As sh@®wn deéoarShconeymeastfi dstrleagt ves an
intermedi ate. In the absence of wustiloxin aldehy
alanine. On the other hand, when ustiloxin aldeh

woul d readil yopsheirlvee taos aa trawdkl @ h)e. aT hdiesh yldieg HI1Syc he
decarboxyl ative condensation r eacltni otnhicsatvad y,z ewe

succedbsbeslyihyhesiizedviutstdl oxi n B
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O NHy
PLP N NH, OH e VH
e ustiloxin B
/' PLP
B:\‘
0
HO '
OH OH
O _N N;\

H* enamine

SchemkO3Proposed mechani sm of UstD catalyzed decarboxyl ati
Concl usi on

Through gene deAotriylhreéex peé migmelrsti sv,x pernesysmaan cand

assays, the author wunveiled the whole biosynthet
cluster was the first example of a RiPP from fil
1. Based on the gene dealtdAtQWailbeshe winmdrot sh,e 4 ngea
oxidative cyotldezamei gl @9t Heomr ol 8gous eAxpression
orysaecessful2layndprpoadwead t hat Ust QYaYb are essen
cyclized i nter meedi atoen.t al snti Yh gh oDoFl o3g3ud & wedrveo f i r st
be a family of novel oxidative cyclases.

2. Ust F2 and UstiDemimesccurihauacerzymes catalyzing

the tyrosine residue sideetdaitrwo HRAD nddesp eonfd emytd rlbs
amino group followed by decarboxylative dehydr at
decarbox@lbaandvef «C mati on itno vpirtordouce ustiloxin B

Al t hough the author el uci dathed utshda |fown ont iBaGCs, d fh e
many unsolved questions:

1. How are the peptides on tihe ffewoatniadrs off &AL IG

YAl G needs only Ust A and three enzymes UstQYaYhb,
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wereuirreqd to digest UstA and rel eas¥AkI@KRYAI G or
repeating motif. However, to elucidate the ti min
l' inear or cyclized intermedi atas WAr@. i kol at edlt ic
in phosmopase, the core skeletonYWaKIRYYEePRPlkeRtdagi v
moti f. It is likely that the double bonds on t h
hydrolyzing those residues.

2. How riexointsti oute ithheRlidstW¥vé&nzhyomo!|l ogues showed
activity of oxidative cyclization, probably invo
trial to obtain Esolcuwhlhne dUotuX d&mz yonee cihml | engi ng.
information is avail abl e ifnr ovnie tcserqgsuteintcuet iaonna | dyisfi fsi,
effort is needed to search for suinambdewmedwmd t

t hceandi dates of cofactor s.

Bi oinformatics have revealed that many potenti al
and UstY homol ogues!%exTihdts ishufdghn pawegewemés | t oo
expression of gieoepntrlkeponsobl eumgal bRi PPs, and

with their BGCs would be discovered by genome mi

Experi ment al

Gener &Alll reagents commercially supplied were use
on JASCHDOP dimgi maéd-a pdINMR spectra were recorded o
500 spectromet500.0rNMR ukpeac tDrRa0 WeX%. I eactoornd el einnr il
ClI'.chemical shi dvasl uve rree Iraetbiodre7eddopipma erDat a ar e
asoll ows: chemical shift, multiplicity (s = singl
br = broad), coupling constant (Hz), and integra
S QTof (Wat erB)0 ®muP.J ECOLl Waywh ¢ hwasnad argri ed out on
(Wako 3mM)~500ligonucl eotides for polymerase chain
Hokkai do System Science Co., Ltd. Cel 20d0iPsrupti o

(TOMY SEI KO, Tro&lyysi dapfant)he Asamples during prot e
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usi ngpoSiDysacryl ami de gel electrophoresis, and the
brilliant blue staining. Protein concenheation w

serum al bumin as a standard.

Straiaulatadn i t&Esocnhse.r i BT @8E»mM@dAdbSwer e used for cl on
foll owing standard r econBbbiPB@laht ( DE3) twabnugeeéds for
expression. Aspergillus flavus del eAspar gnultlamg s 1
or yl8ARAR1, a quadruplmei aDs&t gBp)hadwasutusnagd (f or t he

expression.

|l solatioatil oxinAderfimawtasvtes from
My celA.a fdfalvaitsi ome matiamasul ated into a solid medi.!
(30 g) and wuraci/l (30 mg) eierk .500 emlf ulbrglad n mMme/ycer i fe

extrachedO0%w aqueous acetone (200 mL) for overnig
the acetone, the water | ayer was washed with eth
column chromatography eluted withO89)emwitde 0grléodi
TFA. The fraction containing ustiloxins was sep
equi pped with \WakcoopaukmnNa(vii0 18250 mm, A |linear g
CH3CN with 0.1% TFA in water w3tGN Owilt% TOREAL % vieRA 1
10 min; flow rate of 3 mL/ min). Further HPLC pur
with Wakopeadk chdwimnCl (80 x 250 mm): 5 to 10% CH3CN
for 10 min, flow rate 3wmH/min) gave compounds a
N-desmet hyl us[t]dg®}708x.i8n (FOYR. )R MH anal ysis (negative
Co b2 N4aOg[ MH]: 451.1834, found: 451.18293 The NMR dat
ustil oxHRESFME3 pnal ysi s ( piybliOd[iM+e)]; 4 &€7a.l 1d3 6 ,f ofro un
467.2180.

Sdeoxyusti HREXSINMSH a(nda)l ysi s (2Hebs@b&i jHEt) 45.82@13@d f or
found: 584. BMROdata ard8 shown on Tabl e

ustil oXdph>389.@©O5) 0O)Q -BBR,MH anal ysi € a(dleldO.Biove C

[ M+H] 602. 2127, found: 602.21232323 The NMR data are
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usti |l oHIRESCMS anal ysi s (keoldO®i VMrHPSEAL QO68f of o@n

559.2108.
Tabl-2NMR spectrzna45data of
N-desmethylustiloxin F (2) deoxyustiloxin H (4) ustiloxin H (5)
n (multiplicity, Jin n (multiplicity, J in n (multiplicity, J in

¢ Hz) ‘ Hz) ) Hz)
2 88.3 - 86.3 - 89.7 -
3 61.7 4.66 (s) 59.2 4.71 (s) 62.3  4.73(s)
5 175.1 - 1721 - 1745 -
6 52.3 4.33(q, 7.0) 49.6 4.43(q, 7.0) 521  4.48(q,7.0)
8 169.9 - 166.2 - 168.3 -
9 62.5 3.90 (d, 9.5) 64.6 4.65 (d, 7.0) 68.7  4.20(d, 10.3)
10 74.9 4.81 (d, 9.5) 73.8 4.98 (brs) 75.80 4.99 (d, 10.3)
11 133.3 - 129.1 - 130.6 -
12 1255 7.26 (dd, 8.5, 2.0) 129.3 - 139.1 -
13 121.1 7.06 (d, 8.5) 119.2 7.14 (s) 116.0 7.63s
14 153.3 - 151.2 - 1546 -
15 144.7 - 141.4 - 1485 -
16 126.5 7.41 brs 126.0 7.27 (brs) 126.4 7.43 brs
17 1735 - 170.3 - 1724 -
19a 44.0 4.08 (d, 17.8) 43.3 3.88 (d, 17.0) 46.2  3.84(d, 17.3)
19b - 4.00 (d, 17.8) - 3.83(d, 17.0) - 3.78 (d, 17.3)
20 175.7 - 175.6 - 1789 -
21 24.7 1.66 s 214 1.65s 242 173s
22 a 32.6 2.04 (dg 14.0, 7.5) 30.9 2.05 (dq 14.0, 5.5) 33.6  2.13(dq, 13.5,7.3)
22b - 1.72 (dq, 14.0, 7.0) - 1.73 (dg, 14.0, 5.5) - 1.70 (dg, 13.5, 7.3)
23 10.5 0.91 (t, 7.5) 7.7 0.98 (t, 7.5) 103  0.96(t, 7.3)
24 18.1 1.18 (d, 7.5) 15.1 1.23(d, 7.5) 178  1.18(d, 7.0)
N-CH; - - 321 2.78s 342 276s
2 a - - 35.2 3.61 (dd, 15.0, 6.5) 59.8  3.71(dd, 13.7, 7.5)
2 b - - - 3.43 (dd, 15.0, 6.0) - 3.16 (dd, 13.7, 7.0)
3 - - 53.6 3.95 (t, 6.0) 53.8  4.27(t, 7.3)
4 - - 172.7 - 1742 -

Genomic

Genomic

experiment al

Preparation of

DNA preparation

DNA Ja 9Ame xftOAalcdt seadc ¢ o rddd mg et htohde o f

secti

on.
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from genomAc DWARAviDSpri mer SablddasPERowraoOhi ons w
perfor med wiltdhe ot h(eT CKYGIB O) . Each PCR product was

restriction site (site 1 and/ or -Budgieornr) A dva nmnptUsAgRe
PCR cloning kit (CIl onteexcplr elsash corna tpd raisensi)d st.o0 const

Tab340ligonucl eotides usied ofrepzparednsitomucpli @asimiods

Restri Si z¢
Il ns ) SequéiBce
site vect
. Kol F: AATTCGAGCTCGGTACATGAAGCTTATT 770
us n
P R: TTAATGCCCTCCATGGCGCTTGTC pUSA
¢ N hi FATGGCCGTGGAATATTTCCAGGAAAAACTA 1350
us e
R: ACGACTACCCGGGTCACTAATACGTATA pUSA
) N hi FATCGATTTGAGCTAGATGGCAGAGCGCTC4 946
us e
R: TAGTGCGGCCGCTAGTTAATGAATCCCAPpPpUARA
) Kol FF CGGAATTCGAGCTCGATGTCGGATCTCT| 974
us n
P RACTACAGATCCCCGGCTAATTATGCTTAG(pUARA
¢ N hi FATCGATTTGAGCTAGATGGAAACAATCCTA 891
us e
R: TAGTGCGGCCGCTAGTCAAGCGCCCAGY| pAde/
¢ Kol FCGGAATTCGAGCTCGATGTCGGGCACCTC| 1791
us n
P R: ACTACAGATCCCCGGTCAATACGACCTITpUARA

Transfor Mapieongi 6f us oryzae

Transformat otNBA&E or transfor mant (1.0 x 108 <ce
prot eoemwllayxett hyl ene gl ycol met hod the same with chea
transformants harboring us tuislt AX iQn  -BpsU AYRaA 2Yhhag s e C
pUARAZtIWEBARAZt Yb, -upsAtd¥ebA 2-upsAtdYebA/2M, -up W ARN2r e used f
the transformation. The f ol 4us wiAQYedfbaannssffoorrmaat ni tosn )\
AOust AQYAGBt AQYAGBt AQYaYRpwi se i nasnt A@Yatydhdn ) , AO

ust AQYaYbMT

Extraction of met abol ites.
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MycelA.a otfyaasef or mants were inoculated into a so
(20 g) and adenine (10 mg). Each culture was inc
with 70% Cacwdromied Ht . Aft &r agerebruisf vagcee,t 0B @0 super
evaporated out of acetone and washed with an equ

sampl e.

Analysis of the metabolites.

An b aliquot of each Wyt dPLEX({Materwa®SCEsTYz L
system) equipped with a ACQUITY UPLG PBEHtCtBecol
size) at the following conditions: Flow rate; 0.

to 50% of HCOOH wietrh wii.t1h% OT.FlIA% i hCOv@H ov er 2 min.

| sol atdes met hMIFugR2i)A.d xiaotmy aas f or-unatnA QYaY b

Mycel i assafAQ& S bi nocul ated into a solid medium cor
(10 mg) in 500 mL Eerkl.e nTnmeey ef ru nfglaal s knsy cfed ri aa weer e t h
agueous acetone (200 mL) for overnight at room

water | ayer was washed with AcOEt and butanol and
The fr adtaiioon ngo 2 was separated by HPLC (Shi mazu
Wakopak ®Mawvwiol@inmh (10 x 250 mm, a |linear gradient
TFA in water with 0.1% TFA over 10 min, and 20%

o8B mL/ min). Further HPLC purification (Shimazu C|
ClB column (10 x 2&£MN Mmmy: 55mi ENEGBHBrCEA®D GHNn, f | ow

3 mL/ min) gave 2 (Yield: 3.5 mg/500 g rice).

MRNA preparation anAd cfBNA assynn tChAelddi s of
MRNA preparation aA.d fcdDaNvAissny nGQAhleds iveasofcul tured i1

(100 mL in 500 mL Erlenmeyer flask) for 2 days ai

eachedr mycelia wusing TRIzol ® Reagent 'flnvitrog
instructions. The tot al RNA treated with DNase
transcription. Compl ementary DNA (cDNA)d was synt
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cDNA synthesis kit (Takara) using thenasltirgetd Dngr

Overexpression of UsEFldanWWisuB2Flan€obdubted by N
ust F2 and ustD genes wer eA.P@RCuwalnp luisfiinegd pfrriome rtsh e(
35) . The PCR products were dircicgdgt eidh sppMAleadd4d B nt
generate -upWMAlc 4 EMAIFQR4 E-psMaD.c 4 Ehes e pl asmi ds wer
i ntroduced i-@dlod E(. DED)Ir ief sd®rli Ddiv.e rTehxep t ransf or mant s
at an OGO ionf a 500 mL flask. After fre cul tur
thiogalactopyranoside (0.1 mM) was added to it.

harvestedthyncearnt rdi0OfOga pm. The harvested cells w

(20 mMClr i(spH 7.4), 200 mM NacCl, EDTA 1 mM, DTT 1
After centrifugation, the supernatant swack appl ice
protein. The concentration of purified proteins
Tabl-%20I13i gonucl eoti des u<£ecdoedhbipmr esen itnr pd taisomn dof
I nseRestnnSequéiBce Si ze
on si vector
ust HBamH | F: 1515 by
ACCGGAATTCGGATCCATGACTGT|pMal c4
CG
R:
GCTTGACGGTGTAGAATTAATCCT
AGCT
ust HKpln F: 1428 by
GATGACGATGACAAGATGGCCAAT|pMal c4
R:
AGGATCCGAATTCCGCTACTTGTT
C
ust OKpln F: 13DdQ
GATGACGATGACAAGATGAAATCG|pMal c4
C
RAGGATCCGAATTCCGCTAGGTAT

Ust F1 and UBwFi2c Alssagrsdi ti ons are ds off¢¥lillrows; a

buffer (pH 8.M)of ctohnet as wnh sntgr a4t e, 2 MMoNADPHF15%
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or UstFAulwased at 30°C. The reaction was quench
and the resultant mixture was vortexed and centr
analyzed UPLC (Water sClAGQUISTYYsTtM mM)P LeG uHTMp ed wi t h
UPLC BEH C18 col umn r5®mamm «I2e 1simange) latr t he f ol |
rate; 0. 7 mL/ min, Solvent system: A |linear grad
in water with 0.1% HCOOH over 2 mtectAmMnACQUITY
Large scale reaction with UstF2

Large scalbg 2r. Daortgi)onwiafh( 1Us4t Freg ,yi72 .deedd) as an i sc
E/IZ 2/ 27 Rt&] 6 Q). -BESMBHMS &nal ysis ( pkaB:sDit&S ve); cal

[ M+¥p]72. 2021, found: 572.1988. NMR data is shown

Ust D Assays.

Typical conditions are ds off-bBlCrolweffarr épEtvoda) mi:
10M of the sMbWstrBMedaB@Pantic aci d .walshei nrceuabcatti eodn
was quenched by the lAddandonhhefremsthtaoi M50t ur e
centrifuged at 12,000 x g. The supernatant was

UPLGCHass system) equipped witdal amACQYO TMMM2 UPL Qr
1. %m particle size) at the following conditions:

gradient frosN5 wtidh5®0%104& HCHODOH in water with 0.1

ACQUI TY QDa MS was used for detection.

Tramsnfad i on of oxime into geminal di ol in acidic
To a sol W(tdi.o9n noglg | 91f. i5n water (10 ImL)O wa6 mmdled ar
the mixture was sitrred at room temperature for
Ssubj eoct4eDdC1t8 open col umn MeN@NX/6H BB) . 3TRBOfraction
9was concentrated in vacuo and further purified
with Wakop#&dk cdwimnCy80 x 250 mm, A | iMewirthgradie
0.1% TFA in water with 0.1% TFA over 10 min, and
rate of 3 mL/min; de( ®cB3i6&n mapt]®72 ®06)(ncs®)0 .. t1d8 Ra fH or d

ESIMS analysis (psdiofS veWsH16alRo0d8, f 6 oNIMRI: 575 . 2 (
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dat a i

s s h-6wn

in Tabl e 3

7 (E/Z mixture)

9

C

n (multiplicity, J in

1 (multiplicity, J in Hz)

Hz)

2 89.1 - 89.5 -
3 62.2 4.73 (s) 62.0 4.70 (s)
5 1745 - 1746 -
6 51.9 4.42 (g, 7.0) 52.1 4.44 (q, 7.0)
8 169.8 - 168.2 -
9 69.6 4.04 (d, 11.0) 68.6 4.19 (d, 10.0)
10 76.3 4.92 (d, 11.0) 75.8 4.96 (d, 10.0)
11 130.9 - 1304 -
12 136.8 (Major) - 1389 -

137.6 (Minor) - - -
13 117.2 (Major)  7.42,s 1165 7.60,s

116.6 (Minor)  7.53,s - -
14 154.3 - 1547 -
15 148.4 - 1481 -
16 126.6 7.35, brs 126.9  7.42,brs
17 172.5 - 173.0 -
19a 46.2 3.82 (d, 17.0) 45.6 3.95 (brs)
19b - 3.76 (d, 17.0) - -
20 178.9 - 176.6 -
21 24.1 1.74,s 24.4 1.73,s
22 a 33.7 2.11 @dqhb 3. 2.10 (@9,61
22b - 17q@dm3, )7 - 196dy4d., )6. E
23 10.3 0.99 (t, 7.0) 10.4 0.96 (t, 7.0)
24 17. 1.18 (d, 7.0) 179  1.19(d, 7.0)
N-CH; 34.7 2.66 (S) 34.3 2.75 (s)
2’ a 652 3.65 (dd, 12.0, 4.3) * *
2 b - 3.56 (dd, 12.0, 6.3) - *
3 146.0 (Major)  7.43 (s) 88.9 5.48 (s)

144.2 (Minor)  6.96 (s) - -

Tabl-ee. 3BNMR danmné of



Reduction of 9 to give wustiloxin C (6)

To a so9ud.ilonmg)f i h) wawbaer agedmflaBMg)8 After bein

stirred for 90 min at r.t., the I efakEA.i oTnh emimitxutruer
was concentrated in vacuo and purified by HPLC
Wakopak MSavcviol@n& (10 x fRi5datmimdn dHELLi piuoms: A | ir

5t 0 20% CHNfwiCHh O0.1% TFA in water with 0.1% TFA o0
0.1% TFA for 10 mi n; flow rate of 3 mL/ mi n; det ec

was i deunst iCferdd m st héH rNeMP I aetda
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Chaptrkundal Ri P-Paabpesypthesis study

4-1. AspZa igpnidn its biosynthetic gene cluster.

Ustiloxin B biosynthetic gene fcilluassmeenf % usntdhuentgdi r s
bi osynthetic pathway has beeB Orl udisdactleudsst@®s , deé &
characteriwsgbAc @einregg talree precursor pept ilde with r
anulst Yeanfchodi ng wevelcbaiseat

Based on the features of precursor pepe)deNpganei
et idenmniefaréed 2000 praenadd rdsadre sp  ptoidd ¢ Yaan ghad m ogl eongourreess
seawehe al so ¢ dmreduscatnedd ogomyo2l@ Asper déaldti Yadg errbo me s
homol ogues (242 UstYa and 19.1 TestiYde rmtoinfoyy otgluee s g e
including both UstYa homol ogue and Ri PPs precur st
the UstYa hemwkoguangémgeed. Results showed that

gene clusters were found.

UstA: PhomA
MKLILTLLVSGLCALAAPAAKR MRFTPAIVIAAFCSLAVA
DGVEDYATGIDKR APAAKATARSP
NSVEDYATGIDKR l SEAVEDYVIPIDKKR
NSVEDYATGIDKR GEAVEDYVIPIDKKR
NSVEDYAIGIDKR signal peptide GEAVEDYVIPFDKR
NSVEDYAIGIDKR GEAVEDYVIPIDKKR
NTVED YATGIDKR GEAVEDYVIPFDKR
NSVEDYAIGIDKR GEAVEDYVIPIDKKR
NTVED YAIGIDKR Kex2 GEAVEDYVIPFDKR
NSVEDYAIGIDKR——a»cmavagec“e GEAVEDYVIPIDK
NSVEDYAIGIDKR
GGSVEDYAIGIDKR

NSVEDYAIGIDKR

NSVEDYAIGIDKR

GSVED YATGIDKKR

GTVEDYAIGIDKR aromatic rich
GGSVEDYAIGIDKR region
HGGH

FigufLle BRrecursor pegpendespo®hé&mimAsand
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Among t hem, they f cocund hatsicnoplsyi sg erde odd pfrssfur gen«
( Ri PPs precursoapréyamdiodang denh&pr(feamoMb G ige) ,
trangpaaampde® nc osdoifnlgaviona) redown-dise Tabl e 4

Tab4-eHomol ogous genes and proposed-2g@geB&Cfunctions in the
R T Ya A

<)

Homol ggn

Gene n )
Gene 1| D ) ) | DA.nor]J]Propbeed
in thi
(sequencg
l sofl aV
AOR_1 _50
AFLA_ (00 ] aprR reduct ¢

(99 %)
rel ated

AOR_1_51

AFLA_04] a plr MFE$rans
(99 %)
AOR_1_51
AFLA_04] apry UstY hom
(99 %)
AOR_1 _ 51 Preur sor
AFLA_04] apr A )
(92%) protei

After confirmexpgprehesd ganhsother -2ian tthhee yp reorbu cotyie
geme |l ebfapmgmaprand found that the resultant mut an
aspeRapiihen they determined the unique bicyclic

that it has one of the cor2) pephéese degpreYsugg E¥ty

may catalyze two oxidative cyclizations of core
with ustiloxin B biosynthesis that requires four
aspeRdpiomynthesis isngathat ekmghejvendychtizatio

enzyme AprY may irradisimwgregonketiitatpepti des.
Based on these observations, the author decided t

2 a.
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(A) (B)

AprA

MHLSRYIAVLLSASSFVSALPLOND v v

VISDDGKPIDAIMATAMEHKVVNP o o

ENLDATPATPENPEDLDKR O‘@VOH

FYYTGYKRNAETPEDLDKR ,

FYYTGYKRNAETPEDLDKR zrt;;]t?nedF o Q Ho$

FYYTGYRRNAETPEDLDKR N N NJ\)LN/\WNH G

FYYTGYKRNAETPEDLDKR 0 H o H

FYYTGYKRNAETPDDLDKR OH

FYYTGYKRNAETPEDLDKR Y OH T

FYYTGYKRNAETPEDLDKR

FYYTGYKRTAETPEDLDK asperipin-2a

Figdke (A) primary amino acid sequence-2af AprA. Pl ana

42. Heterologous e2préesessgntbbetaspgenpinluster.

421 Construct i ont roafn spfloadma tddsh BHaAnRI

As ment édbnefdoum genes

tlhs the author started

were prompeyeR atp@noadugst i townt,

h etleprroA,o0 gYo, u ST oehixape eesisin ebinn go f

countsempast il oxin B BGC, so their afpuinR tumingu eveirre
aspeR2apBGC, and its fuwetfoangsfeodnyepde tNiSSARdwIsdt r ai
with plasmi-dss h®wishabdYea pdglene del eti oA. eXpanviument
conductedeby’dNagadot hey were-2anpobdedtaipgocmy¥yspbei A
transformant was constructed -rhioniemxaa mi net whes hemo
afford -2asrpemfdGaipm AYaansf or mant was constrsucted he
function.

Al so0 ,f utnltd itorma rconG@arpgtrdtya 8 e It & e cha n n .

Tab4-2A. oryzae traoncfomesmpondi mgpdpl asmi ds

Transfor mat i
pUARADTIr AY
pAded@2r RT
pUARADTr AY

Aoryzdaransf

AQGapr AYRT

AQGaprRAY
pAded@2r R
UARA AY
AQGaprTAY P B
pAded@r T
AQGapr AY pUARADTIr AY
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4-2-2 . -MEX analysis of the metabolites produced by

Af toebrt at hengr an $ifeo rmma mtubreemi icre medotuet ahdt arch med
to screen the pr Adu @toitan odfst metcab oleidii @gn. gave a c
UPLC/ MS results werAea e h d¥parRoidru cFeidg wwroenred4vs peraki ng t
aspeRapinndicating that these four genes-are suff
2a. Asdaerwagpd nal so i sopgfda ROcér mendit hmm. ADhe yield is
5 times the amouwmA officatvhtastr e &°dHh @t pdr dd@ compound
subjected to extensive NMR analysis.

On the other2&@aapdodacipiceon pwasspn@fatodbsepa@ained hownAC
dramatically decreased in transformants | acking

observed. As -Isfh.ownwii nd eTtaypphea sgtetnhoemes ame gene cl ust «
identical enzyme sequenc’ssodanthaQRaollv S5aD@0FFe si on

apr Atfmdnsf ormant would resul-2ain trivial producti

LC-MS profiles

EIC: m/z 810
Wild type AO-aprAYT
g
TR0 200 250 240 180 200 220 240
AO-aprAYR AO-aprAYRT ﬂ
o |
T80 200 250 | 240 U180 200 220 - 240

Fi gu-2.e T4he LC/ M&ppemd itlreamdsf or mant s
Al though the function of AprR coul d croatl dbe tdédtlerbn
obtained from sequence HAR( KEHhdmotfi fAparRd ddnscar

homol adsgoyf Iltaovoné | FRyvcomaemyydr xyf ormononetin stere
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BRvest(iSomelnef 4Thus Ape®Ruiwased to have reductive

doubl e bond. Accordingly the pr@powad s$hewhi besyst

B)
o o o}
AprY o o oH
r
X—(FYYTGY-KR)—Y Kex2 P H H
8 N N NH
AorA peptidase H2N H H/ﬁf
pr. o} o} o}
OH
OH

o) i 0
6] 0]
AprY OH o OH
or unkown oxidase H [e) H (0]
HN N N N N/WNH s i N i NH
o H_ o OHH o /~ © I N I ﬁ”ﬁg
H20 OH

o
0o o
OH
AprR
HO N N
6! H oﬁ“ﬁo(

OH

OH

SchemeAY¥ Double bond reduction cataPyapdség Bpo®yhbmet bgupat FR;
asperiapin

Precursor peptide Apr A waspe@gitd agatslesd YITiGYs K¥a 2 and

homol ogue AprY catalyzed two rounds of oxidati ve

through =ether bonds. Ami no group begefi tthree pPAlpe Yy loal

unknown oxidase te®aidmilye behihydrwoylzeded to ketone.

the ketone into phodirtoixoyn.group at the



4-3. Absolute conf i2gaur ati on of asperipin

The absolute confiagumwdticdhn hafs a&smdénti wihn r al cent e
y e. Sinceaaspmperderiinned from pasptnelt’snpdt hepphidedntcte
determine its stereochemistry. However, the exi st
3phenyl | acttihce asceicdond andutbe Fbrrdhtgrosiasent ediy
aspeRapiwas initially conduct2e dvasT hduwess,i gtnheed ft ool ldoewi

absolute config@uration of asperipin

Q HO HO (0]
2 * OH OH
H o hydrogenolysis fo) o
! : N - . y N NH
Ho NW HO N N
“on © o H.oo H o
OH
asperipin-2a OH
OH
COOH OH
*
6N HCI + + \)\NHz * (go
Z NH
110 °C HO OH x NHy o :
0 COOH
3-phenyllactic acid Tyr Thr Gly

I J

NO, H (0]
NH,
chiral cotlymn O,N
separation E D/L-FDLA

advanced Marfey's
method

Schem2. 4Experi ment de2sai ganb sfoolrutaes pceornifpiignur ati on determinat
Si ncyedr ogenolyasids PrEsiirn afifddil d/ snot, t heyadoelepdror was

c h anfgretdimt ICOONHat al yzed °fays BEhBwhdB@ scheme 4

0]

o]
O HO HO o]

OH
o o}
H H HCO,NH
N N NH 24 0o
HO N N - - H v ©
o] H_o H o HO N N N N/WNH
OH 10% Pd-C, MeOH H H
OH
asperipin-2a
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Schemg&H¥drogenol ysi-2sa of asperipin

Purified |inear product Hwds fsoubiicdcehe de vt ap dchryadtrion gy ¢
HClI, the product mi xMSreqwappedawyZCHdRAYRPAWPR CoIl u
ZWI XX +)Th-iISL@Erofil-8) (Wagucem@gared wWR-tam@-3hat of al
phenyl | actaind-p &8 ehiregt | 3 arceti idau e a wif-d aa swaes i geneR mi ned t

configuration.

EIC m/z 165

(R-3phenyl | a

(8)-3- phenyllactic acid

reaction mixture after hydrolysis

Fiug43LGMS analysis of hydrolyzed produc®sand)ehaohi Bmkrcofumn f
phenyl lactic acid
Following the last step of scheme 4-2, the chiral derivatization of hydrolyzed products using L-FDLA
wasc o nd ulxereidv.at iczesd weredwanal yzed by UPL& .UV or MS
By compar isnygn twittahh dtatrles t yhosioménandesi dules are de
configuration. Based 4V tameal ysak, atbdae imol ehe aUPb

tyrosine and glycine was estimated to be-3 in the
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2a was completely |

configuration.

(A)
EIC m/z 414

L-FDLA-L-Thr

D-FDLA-L-Thr

L-FDLA derived

Time Feaction mixture

nearized after

(B)
EIC m/z 476

L-FDLA-L-Tyr

D-FDLA-L-Tyr

L-FDLA derived

— 1ime reaction mixture

-

940 250 260

D-FDLA-Gly

(0.3 nmol injection)

L-FDLA-L-Tyr

(1 nmol injection)

L-FDLA derived

reaction mixture

(C)
uv 340
2,‘25 2,."50 2,‘35 2,110 2,:15 5!

Figu#AécGMS and HPLC pradfirlieatofveBDIbA

for HDIKA B) Extracted ionTyghr o@RVORBIIhG@ msmaft og r BEhIyA faom dT DL A

at

Af tdeert er mi n atbismnd ud fe tsboBphenyldactic aeid andanmino acid residues, the

340 nm
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author moved to determine the stereochemistry of ether moieties at C2 and C16. NOESY correlations
observed in Figure 4-5A allowed to fix the confirmation of 14-membered para-cyclophane system A,
thus making the relative stereochemistry at C15 and C16 determined. Although determinative NOE
correlation was not observed at H2, the J value between H1 and H2 was nearly 0O, indicating their

dihedral angel was nearly 90° with the H2 facing upward (Figure 4-5).

(A)

(B)

Fi gubé ANOE correl(B)bsol and confi guaati on of asperipin

Taken together, the author determined the absolute configuration of asperipin-2a as shown in Figure
4-5B. Notably, the C-O bond formation in the sequential cyclization occurs from the same orientation,
suggesting that cyclase catalyzes stereospecific C-O bonding formation with the same mechanism. In
addition, the orientation of C1 hydroxy group which might be controlled by AprR, was the opposite

of that of amino group in the natural L-phenylalanine.
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As mentioned in section 3-3, UstYaYb were proposed to abstract hydrogen at  position of amino
acids and to form the ether ring through radical mechanism. In the case of asperipin-2a, AprY
abstracted hydrogen at  position of phenylalanine and the second tyrosine, the resultant radicals were
attacked by phenols from the same orientation in the active site of AprY (Scheme 4-4). Notably, a

single enzyme AprY catalyzed two rounds of oxidative cyclizations.

AprY
FYYTGY _—

N coo-Y N COo0-Y
YAIG OH H HN OH . HN

on 7/ OH
HN O UstYa or Yb HN O UstYb or Ya

(o] _— 0o —

o
8 y o
N7 o~ SN
H H N X—NH
X-NH X-NH
N-desmethylustiloxin F
Schemé&. 4Proposed mechanism of AprY and UstYaYb cyclizat]|
4-4 Di scussi on

In this thesis, the author demonstrated the reconstitution of two RiPPs core cyclic peptides essential
for the biosynthesis of ustiloxin B and asperipin-2a. While ustiloxin B had complex macrocyclic core
assembly system (1 protein and 3 enzymes) and modification reactions (5 enzymes), asperipin-2a had
very simple system (1 protein and 1 enzyme) and a simple modification (1 reductase). Recent

bioinformatics analysis revealed a significant number of RiPPs gene cluster in the various fungal
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genomes. In general, these clusters consisted of mainly precursor peptide and UstY homologue with
a few modification enzymes. This indicated that asperipin-2a type RiPPs are major group in this family
and elucidation of catalytic mechanism of AprY is very important to understand RiPPs biosynthesis.

Observation that a single DUF3328 protein AprY catalyzes two-step oxidative cyclization in the
biosynthesis of asperipin-2a suggested that AprY is suitable for in vitro study of macrocyclization
using various synthetic peptide.

The sequence alignment of AprY, UstYaYb and phomYb (which was the UstY homologue found in
the BGC of phomopsin®) was shown in Figure 4-6. The presence of HxxHC motif that is reminiscent

of non-heme iron oxidases suggests involvement of metal cofactors in the catalysis®.

AprY MEPF SKFFKSF-——————- RRYHRFHPLDSS-SASD-DELAGKYEEHLLMDERLKRET-
UstYb MSD-LYAHRESDEYLLKPEHFAEKK-
UstYa —MFSYFFRSRE IKMAERSSNGYKEVPV———- RHSEESTIAEEEKDTLLEDRSYSRRDR
phomYb MDGYSSKKPRSASPSRSSLTEVEEEERDTLLKTVSLEEEDK
*, N
Apry VIFKSRIWILLTITNLITLGITVSMIVTSHCQLYAGKN-—ADLRPISWWSPIL
UstYb ~  ———— NRPKRWDCLRP I TYTSLAFVGFIEILFFGIFFAQVTRKTPERLLGELNGLV
UstYa K————- RSCSKAVWFLIALLLLSNIGLLGGLIH-———- YFRKTH--HKEKDVPWLP-—P

phomYb SGENGPRKLRRSRFLYATGILMLSNIAFTAAFLT———— VFVQKRALEPARLPPWAP——P

AprY DAIEIPTYETTLNGTFFA-—KPEVSIAREEPGPENDADWEQYETIRTHIVSREDILRLG
UstYb GDFP————- ARRVIFRSDPLAASDHKTEESRNATMNNWL SYMPRGNGF TAVNQTERYT
UstYa KTTP——— TRKLF-VF———- QTLYGEPLNPEAEKAWDELMPIGRGFVNINNDTALP
phomYb ERYE————— SRVF—-KY-———- MDVYGGEPGPKSEEAWTNL IPKGKGWIKVHNETAIP

* .
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AprY
UstYb
UstYa
phomYb

AprY
UstYb
UstYa
phomYb

AprY
UstYb
UstYa
phomYb

AprY
UstYb
UstYa
phomYb

Al t ho

KDPDTVMRFDNDYWGFGDDAYMVQLDVMHQTHCLNMLRKAAFHDYPGYVPTGA-—H-——-

LPPPI-K-—————— QLGADTY--STAVFHQLHCLYAIMSVYDDLAAAKSAADLNAHHSRD
DQPGLDQ——————— SLPQQRA——MISVFHQLHGIYMTREGYYAAREG———————————
DMPGLDQ——————— SLPEQSA——LVSVFHQLHCLYMTRAGYFAARSG———————————
* ool ook kekIkk !
HxxHC motif

—————— TDANNTHASRWTHLGHCVDILLQNTQCNANTEVITLAWVEGRTQPW--PDFSVN
DTHSNEHPHEQVHVHSHDHVDHCFQYLRQSLLCCGDTA-——LEGQDPRTDNPGTDGTGAV
—————————— NLDQVNAAHLMHCWDYLRQAIMCHADTT——LEWIPAPPNDKGSTGWGVE
—————————— NLDEVNVVHVSHCWDYLRQAIMCHSDTT-—LEWLHAPPDNFGSTGWGYE

k1 okk ok ok ok |k *
HxxHC motif
RKGRDFEATYKWQLENSVDAGKFDRMP IPHDAYVWPAPWENRE SELGEKLGKHQKQEGVL

HICKDFEGILAWADSRRLVDAKHN

HTCGDFDATARWAEDNRLKTTYGIH
HQCRDYEAIFAFATEHRAGERQVIHG

Dok okIDoXk

GQAGHQHTKRHE

Fi gu6.e Mmi no aci ds sequenhcoemoalloiggunensent s of UstyY

ugh containing macrocyclic ether rings that

aspeRapponssesses the following uWl@Xce nft@d tnd maegs 4 !

aromati c tricnognst.ain)s uni gwes | bhizeydc Ibied weeteme rP hrei rbgesn z y

pheno

cycl

p homo

i ndi

t hei

c

0

r

| O; and Tyr2 benzylic C with Tyr3 phenol 0.
zationst haerree riesqunior endy.dca)xybaec¢i oad atnbestziyl ¢ x
psshead, the phenyl alanine amino group was
ate Rhabedopgsi piona novel kind of fungal RilcF
mpared biosynthetic genaend | astaerrtispgaft hiest iwi d

strugtyures (Figure 4
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