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SUMMARY

Summary

Fil amentous fanmul tpirsoedchecnedoafr y nweittanbod¢ci st eisal eco
funct iemmsatrfeoi r devel opment, survival, ahllesempet
c o mp o uenxdhsiab ihti gh st r ucatnugrlaay danv eirmpdrytta at oowfet ¢ i n
novelt aadr uevel opmendtri ven by var i ohues nfeaecd off ar, &
antimicrobdual targevwiersg t h-reat sovoandr mglcr otohrigsa nriesgnasr
nat urpeo'tsentgradvawiede vapi etbyd wvfler s &t ioll ®gi cal act.i
encoursuagiesntto stesarch for aredv tco mp otdheedisrt amidosynt h

f ormati on

I n recent decades, advanaopsnmdehw bpioosisrifdoi rannaat | i gczse |
enomi cofdat aous oTharivemo prieemquencing technol og

omput attaoa alresvle r etvleal pdt ent i al oif navli wdiomg gfainl & me

- 0O «@

untge produce a varMesy of mbeabobetemdardwcmet ab
obolyketidensryinhhacmasl peptide synthet aseswveldr ats
tailoring enzymes such asanodxipmlroeg reylutcT lsags efse soars emnse
codi ng fbdrostymasheeti ¢ enzymes are uswndl thedclrusoemr
andgut atfiuneti on can ulse agpedprcitade thd mEBsMetrimat i c
engi neneertihnbgpas e theea@l oped with the obj ecitdanna of er
diversity of bungaebondhty metabel it egsat iabsh enoefl | a

bi osynt hesi s.

Genome nifAspgrgill3us3904gt dsd to the identificat
bi osynthetic gehlen cdacper st (BGCwith Haowen Wang,
no-ni bosomal pept(i MRP Ss)y ng ehred askust er suggested i
bi osynt hesi s of t he previously i sol ated di ke

Het erol ogous expression oAsgeéeireg iwhloucse nrgiiednueleadnl|stuls it
hypotlCembsnattiuon her gene del et i on edxupce rdiame notns oaf r
intermedi ates all owed the elucidati ohhe ff-Itahwei npr
dependent monooxygenase PboD wasarndiaeane&btflkeed as
hydroxyl aB8i oonf atheC i ndol e moi ety foll owlehde by p

stereospecific reaat exXtprewd smetnédsi fweedmbynant enzy

I n a subseaqiune ncto oppreorjaetciton wi t h Meiti ng e\Wwe,ndtemda pr
monooxygenase sPwerD totuspaoophaadnkergopi periazatnieves

was nvest |l ga tvaesdsradyesmo n s ttrhaatte dPboD exhi bits high ¢
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towards various i ndes$ee diilkbéstgo pwiptelr aai sesaoand aro
Product drmsellwciidathieom ocfiemoen sttehaek p @ cstteed eospeci fi
hydroxyl ation and pnyr rtdleirdeibrnye rreivrega | n egma ttMoc o$ t F
FeedioMdg f fendote di ket ophlaspreearagiilnlesss amisd wlranasrt bea
atruncated protubonphed®dmgdkntewax | aucsdtey| twiatshslIf tee c sien
t hteormati on of amdgde bxlyrhdadewdddhpp se findings provid
understanding of the formation of hydroxyl ated |
studies on the pr omewspcousistiyofiadfhceRbesDenpgmani ¢ synt

of poy mdaode mievaetdyprraolduct s

I n a thiirnd cporlojaebc@irdaitn gonZhvau,h gefoma 3miB@ikeddg t o

the identi NRP8idkeme oddsmmt @ausi ble cabdosdswpnethésrst
pt erphenyl deri vat itBleeva sToa cpthiyvvaeteetdhri ¢l o g oiurs expr
A. ni doOBdBHWhi ch rescolt medi oepdtketpphhenyl s usterphe
and B as well as u#fsandi dbhei eshrcrAtdepeoB ecandxger i n
i solation of the pathway icrmotndtilmenidi apheicpsweietegh ec o n d
The data ineénezygmadcidab@arndehydrati ame terphenyl g
atromeapi saekéeywistteligmi osynt hetThkirpsiihwapne formati
of daphenyl benzeneonhaenmaedi at &« enwhiadh breempreenxe nrti
characteristic structSuladedneeadtitfriecadt tohemnpPphenntk b
met hyl ati on, hydr oxyl aatrieo nc a teaal Oyl zgerdie miyyl ehz p mes w
bi osynt het i cl epaad htewoafy o amatt ieo p hafraysleldi osn. our f i ndi
| ast step in the biosymtnhasing ngf #tshheadhdiply eadmdr ft L5r a
Bwas provemspbot Areeewnsz,y maamn d ateiawcda i oank en t oget her
stugryovndwsi nismtghhttshe pr evipetuesrlipyh eunnye x polifoarsegii t h e s i



ZUSAMMENFASSUNG

Zusammenfassung

Fil ament®se Pilze produzieren eine Vielza-hl von
|l ogi schen Funktionen, die ihre Entwicklung, i hr
¥kosystem sicherstell en. Diese Verbindungen wei s
spielen eine wichtige Rolle beiDideerEnBmidcekcl kuunngg
Arzneimitteln wird durch ver scwiiee dfeeies pkl askitsoweei ns
Bedar f an neuen antimikrobiell en BMdrkeshwhfdg ecuraw
arzneimittelresistbas ePdMti &modDioalgachers mdaat. ur, ei ne
vielseitigen biologischen Aktivit2aten hervorzubr
neuen Verbindungen zu suchen und i hre biologisch
I n den |l etzten Jahrzehnten haben die Fortschritt
die Analyse von Genomdaten verschiedener -Organi
guenzierungstechnol ogien und computergest<stzten
organi smen, ei nschPi le g éPRjircobduurfleit linaeme nMiCeslezra h | von M
of fengeDegt mei sten dieser Sekund?r metaboliten si
ni echitbosomal en Peptidsynthetasen odeEnZgmpenwyetrfF
Oxi doredukt asenunadeRr eMgtliylansf erasen. Di-e Gene,
thetischen Enzyme kodieren, sind in der Regel ir
mutete Funktion kann mit Hilfe geeigneter Dbioinf
Gentechneslktdhéem™ wurden mit dem ZamhdewWiwi-Claékt b
gisch aktiver sekund?rer Stoffwechselprodukte Vv
zu untersuchen.

Das GeiMome ndsyvyengi l 3 ud3owstfugshrte zur I dentifizie
el l er biosynthetischer Gencluster (BGCs). I n Zus
detaillierte Analyse ei-mielsosGemaclleunst Re gt iedisnyenrt hme
durchgef ¢hrt, die auf eine Beteil i guentgo pinp-areaz iBn
Derivats Protubonin B hindeutet. Die heterologe
Aspergill beesnifdulgars di ese Hypot Veséinoddngr m? gl w
Gendel etionsexperimenten und der Struktur-aufkIl 2r
selung des-BRrostymh direisre weges. Die flavinabh?2ngige
als das Schl ¢sselenzym identi 8i diesrtt hdoas-edilas Hy
schlieCende Bildung des Pyrrolidinrings katalys
durlcti Ex@eri mente mit dem rekombinanten Enzym ve



ZUSAMMENFASSUNG

I'n edaemuff ol gendedAu®Pammekar beit mit Meiting Wu
der Fdlmhwdmgi gen Monooxygenase PboD gegbalbbegewmer
Di ket opiDeen aaiten lumi Assagylst zei gten, dass -PboD e
sche Effizienz gegen¢DbDieketvepisgdi @diemem d4dwfdwei st ,
n
d

gen¢gber solchen mit einer zweiten aromati schen

un die Aufkl&@rung i hrer Str uktiurcehre zHeyidgtoexny Idiieer u
Pyrrolidi nwabnegibeiil dvuonng ,i eReoadaksenieedentifiknert we
einer KulAsuprergiin e sifsr amisd wlr an@ s € @ewne r kdpe?z toetiudb oni n

Gencl ustpebroDmdt zwei AcetGelnmer ahgtf erdgdrte die F¢
verschi edebieknetlompd @ler azi nen zur Bildung wvon hy
Produbt ese Ergebnisse tragen zu einem besseren V
Py

PboD neue M° d l¢irc hkiee t ethemoenzymati sche Synt hes

roloindolinal kal oide in Pilzen bei. Zudem er?®

=

Naturstoffen.

I'n einem dritten Proj ®kXi ngn Zhuosuwa nfryehredlii dn édnags wGodnn o
A. us3t. BOY 04 zur l dentifPhnérochegen eiGeas | WNRPe&r s a
Kandi daten fg¢r dipdeBpbegpnttesievatoan. Um dies zu
Gencluster durch hetAer oli dghd8HEBDp raekstsiivoine ritn, was z
neanp-Ter phenyl e Usterphenyllin A und B sowie der
ersten Projekt wurden Gendeletionsekekpechmehtwi sa
produkte dur chgwedrmubtied suyrm tdheerseen zu best @ti-gen. Di
rauf hin, dass die enzymatische Reduktion und
Atromentin einen SchlesBsesgohhesewaeaqamnedansbeldl t
Bildung ei nes -ZDnuipshcehneynlpbreondzuokit s, das einen zentra

somit ein charakteristisches Struktur mer k-mal VOor
fizierungsreaktionen, einschlieClich Methylierur
von TaEhaymeg innerhalb des Biosynthesewegs kat a
Usterphenyl |l inen. Unsere Ergebni sski aseyigteme s ed adkse

di benzofuranhal tisgamd&Ech dhprwomdd kB eeiUnengyomat a se hen
oxdiati ve Reaktion ist. I nsgesamt bietet diese St

p-Ter phRingdynt hese in Pilzen.
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1.l ntroducti on

1. INat uRraolduc DsuBinscovery

Natural prodsmabl ( MBkyFdateasif molms,anpl annts oor gani s
Due togrtebaetr uctur al NBsvewibhddymdnde ol ogiscwmdh aag i vi
ancdancanitnfectawmd car deifof véacsficsud raea iN®P sheg vl a yaend

i mporrtodrmethe tr eatamedoitussodisrecse a n c ia@ il vbee cnoangee y
tadrug di soownemer ous t h,eersappeecuitailtclhyea rilea.$8t weindur y
examinisputbes | gafppnewedi nd euogdsetc a dheasv e found t he
approxiz2ndad fe ldglulgspr obveetdwdanuhryBand SepBOMbEY
ardPs or NP dedvafi sgathmdtmN&(dFriwgauds e 1)

synthetic drug biological
(mimic of NP) macromolecule
22% 18%

natural product

4%
. \ botanical drug
vaccine —— 1%
8%
: \ NP derivative
synthetic drug 19%

28%

FiguwrCverview odpprldv edd ufgrsom 1/1/1981 to 9/30/2019.

Succed®dedi ved dr udg heeksondehw!l f ofs ptrheea d aas ts ecnesnet
ent husi arsemmcahnedd it s p ef@lkh @ rno wdhrepmah®9 0 o.r new dr ug
developments in the pharmaceuotwczhdéd micadlstyr pymahe
drupased on NP dcaftal ighiaadivrafnocrensat i ¢ s, combinat

higthroughput scneemdlngoulaaard model ing. These met!l
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| arge compound |librariés faddihdi og, | dNEasnedesipomemyt .
source for the produbbabsobeeh | hhaipgeha ecdousbfiysccad Ist i e s
harvesting startingimal anipalins f asf a waepdr o daekcot ws n
overwalel dasnd ¢ ayirafctuipc admong ot’Heomwefvastpatie decl i ni
interest from the phar madeutiisgpafinosriabtdhess t d gy e IN® g ma
new dflungsccontrast agpemiysitchhe £iknéicdhethi c al ,ndaitweresi ty
provadwsde range of biologcompthemi valsco@®pimooldd
of tahemtirerwise inaccessible by sole chemical synthetic approaches.” I’h ki gh degr ee
ofchemi cal bditvealdeadiyned st emeddleminsalreyc valraer rig
signifioBhtpeawoei ot ei n i°nlthelreaccd wrnse ,thé& svolotupae:
werneat uselldcyt ed o pt iexbhzobldotgi € asss @a mp & tr itetsipvaenos e

ot her orgrh oy espnfsot g cteisam ta mtgi mi no rcoybti oathocxt iildAist y .
demonst rRaitgedldt di @@ maj os mamd loefa@yalpel oved drugs from t
yeaarse dderdiireectl|ly or indirebukytbabmenabhemadi perc
of MNRgd t heiactniawiutryat r aht eorsymeept ors anidnionic

i vinthedyelimanlyeneifn tasddrseéesnsilmag phar maceutittal tar

Wi tt lhfeo caurs mi cr o o rhgmanjiosrnish, piitmfd i weamsoytee en expl or ed
proviatugeg poftoerntniaatlur al prodewti deg,s&ifEeleat shigm g

genemainci pul ati oh® techniques
1. 2Natur al Rrrokiulca ment ous Fungi

Accordi ndNat or dlhePr odautca lsmeAetel aBb a ANDFsi s o | &t e th
mi cr oor ghhanvi s mpaiebd i shhehddci anti fi ¢ad iMae c2hOt2u4f)e
Approxi na%eloy these compounds are of fungal or

filamentotubefgdgeeaaginBleos c.ty | i um

Mo sfti eamous(cbmmgall yowknas bwlladsg t ooft hRs goMupot a
Ascomycaeneschar actthea i zZ @ dmaetyi cosnpiosfalsi mei osporangi a
(as@d3sgospares pr addiudteldeg sexual repwhohidalct twegihey cl e
pl asmofamy oweuds iboyn of ( keyoo greitflyfl)tee r  naesicoossipaorree s
formed by céHdwediewi,sirogipf oddameiisonascoinysealkby
asexuawéd ami di olprhaom edsi n g f r o na nhibyepahnageo ni di a 'flsnpor es)
additionchar atchteeirpihotl iog yrmre@m d ducf i bamentxins biftung
saprophyticulgpir pwiathgusareduce numerous ¢(&8Mb°hpdary
SMd n fungi are fammddecad othgrliemxe ¢ U salf@amraag s ute s
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al $ancagoprcufenrpi,gnmedndiranleidn @oosmeti comeoul et al
chel 2t or s

non-ribosomal peptides |

H

H H,N,, N S

j;rs m

0 J< 0 :|/:N _AN_O

N 07 >OH o)

" T
5/ oH 07 “OH

penicillin G cephalosporin C

terpenes

H O

e
HO A

o

HO
pleuromutilin

fusidic acid
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EXPLOITATION

Culture optimization:
* OSMAC approach
= Co-cultivation

MINING DIVERSIFICATION
Genetic engineering: Synthetic strategies:
* In silico genome analysis * Feeding of natural or
« Epigenetic modifications synthetic precursors

« Functional gene analysis « Chemoenzymatic

* Promoter or regulator synthesis
activation » Chemical synthesis/
+ BGC expression modifications
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bi osynt hesi prtendetbcntcoftbo m sy ngéhreaas dt hdinrt er &€Tthieons .
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Selection and Sequencing

ASelection of species
AGenome sequencing

In silico identification of biosynthetic gene clusters

AComparison with known BGCs in database
ACluster prediction and gene annotation
AAssessing similarity

Functional gene analysis

ADomain and substrate prediction
APrediction of enzyme function in biosynthetic pathway
ALink to compound

Experimental SM Identification
AOSMAC approach, Co-cultivation
AGenetic manipulation: activation of silent gene clusters
Alsolation of SMs and structure elucidation

Fi g uwrPer oc e sesn confie gnfionri ntghe i denti fication.of new second

Basically, t here arfetrimroe ddicftfi eorfemetf fnBo@&i€esl.smo d e | d
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priorhtagmbaed$ i dpernecdei cbhtuitmanyy i elldw novel ty ofl ikesul t
anti SMANSH gnudttelpd @r t b h mekendoiwent tByGCelsa d¢ ther i a, fungi
pl a%®The tool figeheheatoguodebeasc k b o nen de ntzhyentme sanal y z
t hssurrounding r-egi ansdAoen 88C modetiemakmdwn types
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i de ngrii fl ipewdi ttohh hreuc |l eot i de osre qauneifAddedaaciilded i nsi ght
bi osynthetic pathways and associated reaction me

with protein domain prediction and comparison wi
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nor nalbor at or y°2Reroenddiiatfti haednsi.s t er f U tpsrtoidounc hasntgwi | |
prioritize crybpBasedesn mthaeas tkennoswn B G Qse sapnedc ttihveei r
met abotl hoevsedfp yssi bl e amdo d lhetis noadi $bueg g e.AB @ d
menti egmedi,dhelrev aarrigoaitshdds acsi Ygeakees or whole g
cl usdferisnt elrheesste met podsoi ec | edaechtainygaetgir oTlFet er ol og
(over)exprwewhmayresult pirmdubeconr essfpmeptdibbgPites
Ul ti mestod layt,i ohemindal eslturcuicddutrita m al products and
al lcomar act ertihzdsiitrd ssgnntch pa&t hway

1. 4Bi osynt hNastiusPrad@uct s
1. 4ANdw i bos Penmtl iSget het ases

Beside the fundalmmematadd rs yomotshoersils of peptides a
created other possibilities for the -fiobmaadmaln
peptide synthetases (NRRPSdUI areemomymesomhan aada
independent formation of struct u®Tahle yb iaonsdy nftuhnecstii
no-ni bosomal(Fpgplsé des s with the activation of the
(AJomain of NRPSs, -dwelpiecndeing amaATPon involving
ami nocANMBPIFor the selection of building blocks, nc
as precursors, but hundreds of di f faecrcesrptt esdu lbsyt rt &
A domain, i-pcbudinggenonc amino acids and derived
aci de&hydr ox y°®Teheei dds .domai n al so coaft atlhyez easmotnhbeh atcriadr
thiolation (Khowopneapstni,dydl scoarrier $romtitforimPlCe)
this domain is -pnoas ph @paenatitetthrdd edMjnser ved saeri ne |
phosphopantet hei®hyansframcthicy @ased taomitntne aRGCR do ma
i ncl udtehsi oil st ii om 1 eas ulhtes r/eNMRaase f@ofr man i ami mdacyl
thioé®eptide bond formation is catalyzed by the

ami noacyl thioester andbotumel mebtst upseregygmePE&Pn
peptide which is used as substrate f!08%hea htehmet
essenti al core domains represent coonnepleelnobrmg aetdi o n

further modification domains such as epimeri zat
Usuall vy, a final thioesterase (TE) domain pr o

macrocycl®t zati on.
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Condensation NH,

Fi gwrNeRPS assembly | ine responsible for adenyl ation,
acids and peptide formati on.

1. 4N i boseenatlil dd&yent het ases

Asmenti oned he pr evt lo@osn dseencstaitono,n d PSSO eENnt i al f o
ami dtend foamatiedrongapiepni dé Hbwgeaomeal ysi s of
di f fer enstu cshiheagsiea gjil aMBP er gi | LasAt emireawvliserhad ed
existence sofnpbppgedlRE®Ei €z ystheac ka n@ doALDamai n
struatnad ¢ sveadalhedi stoeflnwdi s tcilnacssMBP-5i &mzymes t hat
catadiykferentt®reactions

The first tINRPHiakiezlhmewnsi st-ETHIfomai A ar aehbascture
been proven to cat aluy ne nteh e rdf edr i nvaitiiolowsmeeso £ y me s
havael @ efnoutmal ustnern he wietntomgenes coding for tailc
as oxidoreductases arad pPpmhengkt rodnstferrasgsi none
nNi dut®Briosynt NBPEs kef products has 'Bkeabelnngssigdi
as well as c havraarcifoeursiga &t iacrN RIFf&d tker ieahlPATyynpei sc.a |
substsoaNRPSi ke enztywesi damoimddaibt o ,awbids derive fi
t h&er omami oo acids tyropiheeayl| &Pamé oREadpmain cat a
CCbond formati eandyDiCdakmamncondensatlinonc arseeacdfi C
terphenyl gumasoynmeemet ri calC-laandc&fs bie codeaspaemadir
substyiae¢e@ddiahy dlr,dbeyn zo qucionfen g A)rreFur anoobesaaning
butenobfsdeech as asphdwe npeepdsed to be formed ir
roove@i gury.8he fpatshtway itheal deasiinvgeeniong gbhenone

i nter mececisautl g i ffgorimat t bien toefr naahn densatwe rl @ rcit.lp e
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inter meathhhamdenfgor dieemar b o xwlaxcttiiom to forh®the f
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| aceafoorr maif®Howeverd fedent substitution ,patctheranss f
butyrolactone ,iomndrdiafermrgamogimoBhei r biwhiyeh hesi s

completely.lWnderstood

NRPS-like

R
HO deammatlon HO adenylatlon

o) ’/NHz dimerization
2H0 2 NH, 2ATP 2AMP+2PPi 2 |
L-tyrosine 4-HPP 0.°s O

R = §OOH R S

H,0 0 oxidative ring
HO R contraction
H,O + CO,
R OH
0 [0] R
atromentin 0
(0]
SH 0] —
(0] HO R
o , OH O._OH R ,
[Q] aspulvinone E
(0] R H,0
RmH
R H,O CO, OH

Fi guir®i mpl ii foisgchtthesi s of the terphérmy INFRIPKSenermegy mepul \
either f ortmeatpihbenmydfqua none intermediate (atr.dmenti n)

pat hhwpyopesed based on feé@iabebydosi ment Shdapitded me i
from eGteidl 108

A s e ¢c otnyd pod NRPE®Bzymes | ackingomsiGtddmaliomaani n
struathdrae adtyhzear boxegd uw @tni odni f f er e,nts wscuhb sa g ad risn o
andg mal | plefhieckaani rdluct ase (cR)t adltymee chuct i on of t
thioester toanadmubaledmiegndiect Y’Teheec asledehyde iisnt er me
Ssubj efcur tnlmeln f i ceatgisonrsepor tNRIP-Hiokr@&ttahl byizoesdy nt hesi s

2 ,-bi hydr opdyerra pierde uicrhsper gi |l lars By agpsmeantktioarss
ment i orieldi flzlrd s wret'hesi s.
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1. 4F3 avdiepend®mioboxygenases

Oxi doreductases play an essenti al role in the m
products ttohei verseaseg of chemical stritéAmomgs and
t hem cayrteochr omex i RIOAF® d'é%Xkategl depeadent oXYygenas
and | advémendent mo n o(oxMQ@se)n e b at yze redox react.
iosynthesis of diver 5% FHWQsu ruasle pfrloadvui cnt ntol naosnsuecs! .
r flavin adenine dinucleoti ée w( dA&Dy)f aargpegcdoof act o

®© O T

nantioselective oxiymgenragaroat irermcdfi omrs d¥yygen at

nto the pr odidlchte mosloeacl uldexsa. & ih@eo na entyabdiesf er ent
oxidation st athfesr, ma thaadgmregpfct i ve oxygélifFatOsngarsepecii
commonly dlnaosisfiiXadgyai uprsd B oinreomimpdaearzty mehsa t

us BAD( Pasiinext er nal eltect g ®omehréatmaerd uc e wliFMIO&s v iorf

gr os.tCpFut i Ini zaed darteidaurnc&lla s e .

Duritme i ni ttih&IMQsd tegt yotfli er,e dtuncee d f | alvii mdahoel ceucl ualre
oxygteon f oCMmaémpher oper oxi de?Asntpoakrate d oaseoxi dati on 1
such as hydr oxWwillaltii openr, ®Bxaied/eetri on, sul foxidati on,
and oxygenations of, doriéd eoeypgemeas efommam stimiie aGc4 &)
hydroperoxyfl aviontihet esrurbesd ir att e, while the secon
water molecule and the oxi(Hig®&rdel cedftadctPpdcrimeirse reg
recently aitsecaomedaileedni sm i hoomateish@-oefy ga@mdtaevd n
inter méteahanstsudices on the reaction catialhezed b
di benzothiophene ccadt nafbiorl fheed fpart maatafylo aNG)@fx i d e
inter mefdti @t eoxy gferno nt rtahnes lisewtl otprer 6d&)-o @ e di ziedd? f | av
I n an alternative mechanhement arpo & MO WlhiciMigzma het i
fl aNB)axi de, which i spdooxmefdl dviom Wi(&d)water el i mi

the substhateby regenerati(Fgg®dher ioxh'tddi zedl € 1 avin

Wit hin NP bi osywerhe st s p ariatvebryard o u s reactions [
epoxidatbmatic hydroxyl,atamad, htidd’ &ifir zaestxi conmp | e,
formati omnibif tiutmmenll lkea lfouind qui nAafzrodAisper gi I | us f umi
i nvol vied& tah e | hyyzderdo x ylffautmiognu i rFdz/ o loixr ed at, iaddonu btlhee 2 6
bond of the i.RAshneaxaimpe 8atedVimh |dxgiedati on, t he FMC
was demonsctartagteilde tcoonver si on of a ikbehiegnh ® cihmatdt @sa n
E biosyithesis
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1. 5SNRP8nd NRP®eri WeduPradduct s

Nomi bospenatl iNNRBYane fobadtemchAatsi nobacter,i a, Fil
ProteobantC¢ganabacteri d dasmn(@ie Miscasny &°Sttajucturally
NRPare short peptides in | ii med mu,dipnrgatneci hneodg e noirc cayr
acids, -mydrkeexycacbdgsyl iaomd ami A?F na cli 9d6 33 n aTlactgusm e
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demonstratedndéeposdeart peptide ftohantat v @ecibd/i neb
bi osynwhesmai nt ai aaretdi Wiestpii ¢ red b e sporpoatpeciord 0.€°%t h o n

the following year s, further bi ocls®mi caarli noe saeca rc
activati on, binding, and pepti deéyeceuadatdn of the mat i on
chemical structures of several NRPs and characterization of their associated synthetases and
BGCs.®%2The selection and combination afi fdevense b
formations and modi fiabdtownédvode vheistgeofhdRPS
bi ol ogi cal®°Weltli v iktnioeasn ex ampmsh @s iAné&ryec | i c peptid
i mmunosugpmpthe edsmycin ABpt(ilden,eacytfoespcgah b t d n c haendd
pepti deun)dadhit i

Becaustheofmodul ar , nmancyhi ¢ téd wdedudssnge neteing i neamd ng
chemoenzymatic avopmrudeaec harsd doalali owbsdwappnnigesi s
engi neanrzegdaendd hfeor matdtornu tofu v &prespet wid éd potent bi ol
acti vi?ti es

NRPSi&mzydner i ved products were found in differen
exhibit significant?® ¥Fhoel o giea glh e natclt op uvié nindariees
demonstr at eanttiomiexrhd bbiial ef f eaactyd kkyrirnkeirbiptrion g i e

MStreptococcus!®*Bnteyurmmind daéeo n e ahtaivvee sb e e nt osfhooumn d

ignificyretmilty paoagdi wietlile sas ant ik arett searni oacl h r ofnfeencet,

(72}

sol atBEdsaromm, saec lvasi-casn ceenr aangteint by i nhibitio

and prevention ofThel bi ospnotiewitt-domh a ddd scompoun
has been shown steoiiesvolfvea edox and allylation st

and a reduction step NRP8I keedh®ymewo different

n additthieom ool ogi palodact s idtyRP¥He dcnree y rheasy e

een 1 e@founcddragc ur soo sipliogarhemao d u.t*Aisrer gi | 1l us ter
roduces the furanone aspubavisoms Bn(Fingereed)
i osynt hesi s otfmetlhaéglPipm gormoemttr Adssppe r @iplelei s have be

o T T T

bserved to form eiabyedr px ymeptftsaliemrsd ead.

[EEN

.5CY¥cl odi peptides

Amonmgo-ni bosomal f pemt,f doaygd|l od( @B Prsd pdreess e n't t he s m:
pepti des derived from two ami-d ok eatcd pdisg B K¢ g tnley
scaff*8&lhese complhagudist e broadi wéhedsd cmilt e t heir s
strugctthuuse exhibitindiomlwigieadheer obtdiaetrsial

19



I NTRODUCTI ON

based herl ectdiiovne rosfe a wiind & @ircdhsadamsdindaebVv er sat i | e

i nteractions with  baroilgd gilieapelz i ghea rgamctgenef s/ h mhéei on a
st abpgridtteyct f m@ mt memab o.l4Dee rcilveaa vi avgemss agprhea rumsaecce ut i ¢
and agriculturally i mportant ageinmmsu ndouseu ptpa etshse iv
anticancer and i ns$‘%ecPt eddami, i apmtglad® satriee sf or med by
bi modul arft*HNIRPISsefdsdi f ferent CDPs from fung.i were
Mo st h e $ceotmp o uanrdes pr o dAicedar goiylRleins cislpleicamd cont ain
t he amino aci dse,t raylpatnoi pnheg, h Ehei ps¢toi ipdéi enrey, | al ani ne, se
tyr os*tNoet.abkampWwiesh significanteishcbtildegelclal cyclte
progr eisrsh ishhirtyopr oanh édhiemmunos upparetsistauctiogry € o,t ox i n
botiwmol at Asipér gml | us afsu npidédednt yuhshh h iAst iuys twihsixclis bi t
cytotoxi c aenfdf dicitgsio 89md r

7
o
mf
XN NH
N'S-S N— HN _
OH
0 OH o}
tryprostatin A gliotoxin phenylahistin

Fi gwWrEexampl es of fungal CDPs with significant biologi:

Numerous tailiomnvaoighedo@BHié 9 sy nptahtehtssaacye r esponsi bl e
the modifi €CDPjrong.bfy rleedox reactions qortaaas¥ykbr

moi etdThdbi osynt hesis of gliotoxin, for instance,
steps, including hydroxylation (cytochroBe P450
transferase), formati ondepgemmdediits ud Xy gleen absred)d, g ea n(c

(methyltr®fFaufre hasmpk . €OPrI dati oncaeacthyyydadsr o me
PAas5ebnzymesepaorted, CiCmaanldo d ibtogfdor matni arhe bi osynt he
ditryptoapheeaéchienurleasnp.t&t1i°d ed d/d P¥ bdmz yt (delsavi n
dependent monbaxggaeahadedbéeéeencnt pleydtreadx pif atCD®FPs ,
e.,0 .hhreot oabadeékar a@®bnesynlt° hest s

1. 5pderphenyl s

Numer pier pheveyilesol at ead Viaroinet yanpifsenshi bdiitvienrgs ea
spectoflbmol ogi cali nad tuadn inigmiesr, obi al , anti &xidant |,
glucosidase i hpiToriploeryyled flicpsesy | bkalaath@iv re
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the central i Baurbzsdnd utiemdg wi th t woparmpdenyThegsseo ups
compousnnldesw versatile structure me.dghfyidclaaxtyjomrss at
pr eatyil,onanhde f or matdiian omfal Pimegestys algmsclalryri es
oxy@émdunctsiuochhshapdr oxy or metMoxye ¢ghepapRPl@enyl
derivatives have bbantis ohatsaddhm btod fifftredisodgc hosi de
Clf r Shrept csmpyeccehbses @l cdfictdsh | ament,eugefrpngini n anc
candi dusiAmpRrfgidhmuBi gapeti dafstc?

bacterial p-terphenyls fungal p-terphenyls

B candidusin B

echoside C

Fi gurOexampl es of bacpteer mHhermylds fungal

Biosyntpesirphefigl serpheapbhgei comedsensati ol of t wc
k et oawa sdlsr epardoyp obsypidv e k arn netl’!9%Be rfmat iadmr oanfent i n by
i ncorporatio-hydafoxytprMoeny! pyHRPR) ¢ uwsadctipsd o v(edn by

bi otransfexmati ment®Il aubseilnlged ar omat'i*Bi cacnthennoi cad i
i nvestigtate oesz yamec Ada dANBR-E adpenfer dimpi nel l a panuoi
provdad invol vfeawmemat ii mn tdifeArad Ir aytmenfert d A comycet e
Aspergil lhuess tealrsroe ubseeat asthipevep t @daitcrt 0 mé&Pitoif t hes e

st udi ewsdaesmon s ttrhatved i dékneti ccgatlé rdisv eadr d matmi ¢ ami no a
serveprasufsor$she ter phenyPYHauwe vweoenpfl cert ea teilounci dat
t he bi osynt het ipg e rpph,drnwalys | fuar n g ftfhoer meart 4 @ther i st i
di phenyl betheemedsajtet beponrted
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2. Aim of this Thesi s

Theveraalm of t hitshgtehneosnies #meassiemig i nvet heght bepnt hes
okecondary rmetoanb oul3ittBe8sh4 or der t odiivnecrrsePassyed atfh e
gaimsighte biosynthetic mechani smbeei hvabwsd uisn t
3.3Wr4ss howm et@rn oaowt IEMandduohdeéinffevketiwwmai amdns
was t her ef ofroer sbeiloelcotgeidc dlnvamsd iigia ¢arioro sllRbeviad ws vy.
Studieewseahad siotmBobfted metabolites can be assoc
by genome mincil mgi dgF oaxred i msAthdi- H°

Despihseuccesbficgi dat i oWMbd fo ssyent éhrea If c apnd tf wamd t us
strains and ¢t eltdatee dc osngse cdipeiosh Ie i ¢oir adti lsec oovfr oy e |

met aboFurntelsei moestofgQabhihessynamest améelanf emst he
formati oneammhdbatl meady kndwmimc omppowsfdismgtr esma st
there are many bidqyrdthatmetnh@iucsce ¢ mangaT huenrr eefsmrl ev e d
we aitnmkav edgpegnome dniamsienig a ptper xoppatnide scope and di ve
fundBERndga@deeper i nsirfgdrnt maRnotrontthh est Ipgeer npoocoske |,

A. u8t 8B%0ads s equenced and putative BitGEssluswdr easpr e
ant i SMASHocwasl ai WR®BS and-l NR@8el us,wki sh swereet ed
for det aiisl @dh Barnoail nyfsor malt leaw tptreeldds ct hen fafncti on a
put ati wébiroslyene mzy ribeass e de wanl u atsieaqnu em@t mo | oagn e s
simil wiiphiees oluad gct er i zlbsdi hdgragtpe iorasedf it thent i fi ed
NRP®i osyntheticwgdrnamkeldudteerbsi osymn dieisio sss logft etdh e
protuboAdaeopldt at i viei NRP&ene perloupdseerdbwa sinnv otl hvee d
bi osynt prtesni s e@riy |

To ptdvest,erhol ogousofexipnrdeisvsiidouad | eg egneeswaoehosear

as the prefesiad @ehtohsitdcahbAl.aeesni dWOIBDMEAD acttihwat e
si INRR$Si keene ¢l besxitperressilmaclobondwwragensi ttgr etdaci ng
itunder t het te® nddraadsntpidtp Wphi ot fAr.omi dluhlraonusgh anal ys
ofcultureoéxttrhaectgsener,faoleldo weodnployissod aamadnstruct ur ¢
elucidae i arn med toewldlyenmell ysgreaduacnd i nter medi at
Furthegmoee knockoutwee@pecethr@emalls lheeeconstrtultd i on o
proposed biosyhbhichatfiid mepatgkeway i on or der .

Thei obochemi cal charhkecbeyntzbhetiopmv @eha&sg desnt empl at ed
the objectifvier tofergaiimsiingght i Reyg t B alcnhveeoshtadhg astmso no
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t he promitgsewintzy nheys t etshtaiorgi vi tsyditfdwardmt wasibstr a
expectdeadoto ani nprnocd wecats e Cionsegiuenempenzymati c
appr oahcsghébeecnonsi detrtesmly nt hoefs imsov el natwirtahl pportocedud t:
bi ologicat ha® thtivmtdpoudsr ug .di scovery

The author of mtahinmdewtploensiisblwvasd or the genetic and
these projects. The cooperation partners were ir

elucidati on.
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3.Results and Discussi on

3. 1Bi osyntbafsosuboniMsepserign | | ncl wdHpds oxyl ati on ar
Pyrrol iF@rin mati on PbymithewFloawd enpe ndMommtooxygenase
PboD

Fungal t r-yprntogpihminng chel odgpeptiltiesgroupaofe i ndo
t he s whbnpwemdr staddues to their structur al charact e
bi ol ogicall*Staaodtadre sitbhieoss.y nth & erseivse alli & edmosdei f i chayt i ons
tailori ntAmomzgy md diidnraso | e wind ihetnryytphteo phadue was sho
tenable multipueh reasacbokbdat aomd,yicatrieomg!| a thieare,f or ¢
provialdamssgter uct ur &%’ diversity
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O
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t [min]

Fi gulrldéd GEMSanal ydiher ol e e xat7rdaaegtl dofr i c e Ac ulut8ur@e 0clf wi t h
detections dthl| @nkDISH][fROAO]LWI t h @af mé®7 0. 005 (red)

A prowdasti sbt eme d al todAseper gi | Bu 8 9alf dtseers d a yosf

i ncubaut®oequent efuct dabsytHo achtlu N&MR e x p ereiviear ted

it thog oheabol, ne MBydroxyl at edy a@akld-plde dereit WA itajt verade
1)JConcur,gemtolme misnanggi SMASH t o t he ofadceanntdiifdi actaet i ¢
BGCGC esponsible for the BBAednati edrefiephmidabemc e e
of Potwadenw@Pdbdpboli tthhiins «lowWs tnenyMNREEKI A7,58R)Bo A

wi Bhbi modltCtAal+C Alomai n ,widr acteurye s¢{ EhAaA7.PdbodBad

Kl A758 ahaccdf laadhemendent mo n(okolxA7g5e8RgEE d® g a4 & Ve
suggeshetgcUHTa-pLeus f obrymeRIbfooA,l owed by oxygenati on
PboD, andacetnyalldtyi onPbpyCPboB and
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g

pboA pboBpboCpboD
1 kb

—l

Fi gur2Put ati ve protubonine bAosy3th®@4.c gene cluster i

To cowhettleghboc|l udstsenrvol metthe pr ot ubonhientee rhoil msgyrutsh
expression of Abpewhol euUBDCOB®E | @aars.Fioedtduts purpo
the cluster sequence was A.mpu3ifdoeddd firnonf aure sgeegno
cl oniedt o pg%WB2 homol ogous (¢ EBRipmbiy@Pahieonexpr essi or
constwauwlcstedt hterransf ormat niodh OIBHDBOr esul ting in the
mut @nt chulDaImMs6 whviacslubsequently subjected twigenoty
PCR Cultivabhnonisoev dbadyds6f ol | tolhveaxd rbayct i -MM6 andl Y€i s
of ¢hede ¢éedr daot t he iademnptriefdiocra tniaonnvhogpfeh k was abse

t heontrol siksoaiani ®NO2and structure ploattuldani mea B.O

Thea eacaorn avwirt hin the biosynphet uboipmwmeéhsmBiygrweased by
del etion ekperidmépboesdBmg mdiChn t he expressidarhestra
BUTR arJlTR3I& egi ons we rcel ocanneptl hipfHilledd aanrod epc3tMo&isn g

t hley gr omByscpilni t smarrakte@fgy del pboDnhowfEvagments of t
TR andTR3b6wer e cl onwidtlbhbRAY et Aemp Rf pwrndR i n
Sacarlomyces cerfdsurscaegsfamilsf or Mat inoindbulldfflavi ¢ h t he
del etion ,cdotbsgtaidiedtdst i o nA . murtiadJdI8&m 9B DdgpOb7o Q

and DdgOWoere cultivamendt iomnedirceebtatse correspondi |
extrwetasnal yzed-MB8{Ftilgu3&ft er knpbk®&8uptr o@furc® s
accumul at el ewtpibb&ngbolDed to the pdeotdeBcattnisdon of
respecCompdryi sbMdS odata with those offeaedlbadt hent i
proddc¢eyclTa-pLe,u whesemnscture eluciadat ooy by N M|
compouan@(t er med pr &€t wmddnh oDnibtes3-h@dr oxyl ated pyrr
deri vawiitvhe sac eatt yOBd thihoea s e2. Dt emantii on of their ECLC

reveal ed t hat alslanper osdtuecrteso chhaevnei stthrey
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UV254 nm
15001
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>
£ = 1000+
5 <<
£ £ 5001
0- ) k L - 1
15000 10 20 30
(B) A. nidufans DJ06 (wA:.pboA-pboD:afribc in LO8030)
%‘5 1000 - 1
C < +
(o] [M + H]" of 1
= £ 501 m/z 400.1868
0-—)1— A A
500-0 10 20 30
(C) A. nidulans DJ08 (wWA::ApboB:hph in DJOB) .
. [M + HJ" of 2
=5 /z 358.1778
22 2501 3 2 me
SE M+ HJ' of 3
- _‘L L m/z 316.1674
D- Ll T L]
750_0 10 20 30
(D) A. nidulans DJO7 (wA::ApboC:hph in DJOB)
2 = 5004
22 3 [M + HJ* of 3
£ E 250- ﬂ m/z 316.1674
0- T e |1 1
750_0 10 20 30
(E) A. nidulans DJ09 (wA::ApboC:afpyro in DJOB)
= — 500+
22 4 .
S E 550 [M+H] of 4
= A m/z 300.1727
01 T — T L 1
0 10 20 30

t [min]

Fi gur3dé¢ GMS analysis of t he oriukdtdragixatsr aacfttsesoefcdays vati o
in medeumbsorptions at UV 254 nm are illustrated.

These results | ed to the conclusion that in the
PboA <catalyzes t chyecUtToapl ma(4),i om ololf owe d byanhdydr oxy
simultaneous pyrrolidine3Bobmaguent g edtyiDda tttidoenf
formati on of [Rraontdu bporna tnuéb)ohi (@ep 8ct t tafeil ryg & onthsi d re

catalyze@abgt ylhter b o, Cefr mlsleowed Nycet ydeactcamch by |
(Figud8i ocheaixcradct eri zat-deoememwmdenthemdnh @awxyngenase
carriwidt bpautr i fi ed recombinant protein to demonstrtr

for hydroxylation and pyrrolidine ring formation
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Fi gurdBi osynt [ippsriost wobfo nA.n eu 3Bt 89n0 4.

Bi oinformatic analysis phbforDeheabedomhe pegsence o
di srupted by two short introns with a size of 54
and cDNA synthesis, PCR amplifiddaticeos eqmbediemed
coding for a protein with 473 aminoThaeciamplainfdi eac
fragment was cloned i nto { thaen de xtprraensssfEosronmegde citnbtioa p
coBL21 for proteiAlf todvieo lextpir@rs sd rod . N reirfmicnaatl il oyn Ha f
tagpedtweith @af skdDER2i gaBreenzyme assays wiotnduRl el we
under differEngumdephhe tii @ens| t({(bat hpwesence of NADP
formati on3odnphe daltdee wed,c onv erfsoiuon®lbwdds i ncubatio
mi xtures with NADH ®©h eiswaacltidZfvaaktiicmigatpiddoeaelicnul at i on
of kineticwiptalm a@et®pih8ad é&v ©a lhead the PboD reacti
Mi c hawelnitseasimignKyav al ue a®. M1 04ahhd a t ur nokyaer numl
atlL. 00. R'3(Fi ga &p

The i odbochemi cal chaxpetr é menavwsée @ at t hd e pfelnawinn
monooxygRhaB eal one catalyzes t he sctyectt€aoyslpeeuci f i ¢
at-3Cand simultaneous pylrhreo AN B ec at algy Z ®3 mats iomi.
witthh@ not oami deThdaocn yeyftfhi ecoifeontoBa s kreeeprort ed t o be
145 "hsM, whihdhghiessr toPebrowWwi L&t MHLI7?
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Thbest acscuebpsttebiditre st he PboD enehhemenasesn@wesebstr a
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bi osynthetic pathway by gene deletion experiment
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the for matriroon oofndol iné/ &Y babordsgwiatylst @fm, t he pa
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descriin epb isotuusdP®Ho we vpare,r phenyl s with prenyl moi e
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20: R= &AVL 22:R= «RHA/K

21: R=H 23:R=H

Fi gwrdBi osynt hetic pathway for t (2ddahd2ia tainadn ucsfc aunsdti edrups
A2@ an2a3 B (

I n conclusi on, t he bi osynthetipteppthlewyy afer it ha
usterphemryl laintds) BAa§( wel | as kgc amdiJdBuwshisn sc oAn f(i r me
(FiguZde The key step i n this pat hway i s t he r

terphenyl quinone bydepbadenutt atdtetagdrNbAgDe nasae | c d B
enzymwed C, UcdD, and UcdE perform further methyl
to form ust errpehsewlytbtshhiants .t hTeh et &vre mdr tiiimam caafn di dusi ns
ian unexpected, =emanytmandéaocug,earcdrn on. These findin
the biosyptédephaenylf derivatives in fungi and di

product biosynthesis.

Pl ease refe4.f3vsg Sactihem details on this work.
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ABSTRACT: The hydroxylated and diacetylated cyclo-L-Trp-L-
Leu derivative (—)-protubonine B was isolated from a culture of
Aspergillus ustus 3.3904. Genome mining led to the identification of
a putative biosynthetic gene cluster coding for a bimodular
nonribosomal peptide synthetase, a flavin-dependent monooxyge-
nase, and two acetyltransferases. Heterologous expression of the
pbo cluster in Aspergillus nidulans showed that it is responsible for
the formation of the isolated metabolite. Gene deletion experi-
ments and structural elucidation of the isolated intermediates
confirmed the biosynthetic steps. In vitro experiments with the
recombinant protein proved that the flavin-dependent oxygenase is
responsible for stereospecific hydroxylation at the indole ring
accompanied by pyrrolidine ring formation.

F ungi are recognized as a wide resource for the discovery of
new natural products including peptide derivatives."
Within the nonribosomal peptides (NRPs), cyclodipeptides,
most possessing a 2,5-diketopiperazine scaffold, represent the
smallest peptides derived from two amino acids. These simple
molecules display diverse biological and pharmacological
activities.” In fungi, cyclodipeptides are mainly formed by
bimodular NRP synthetases (NRPSs). Numerous tailoring
enzymes in the NRP pathways are responsible for the
modification of the NRPS products, e.g., by redox reactions
or transfer of prenyl, methyl, or acetyl moieties.’” Many
cyclodipeptide derivatives isolated from the genera Aspergillus
and Penicillium belong to the group of indole alkaloids with a
diketopiperazine ring.6 These tryptophan-derived natural
products are of interest due to their structural characteristics
and biological activities such as antimicrobial, antiviral,
immunomodulatory, and anticancer effects.”

Several tryptophan-containing di- and tripeptides share a
common fused 6/5/5/6 ring system with a hydroxy group at
C-3 of the indoline ring, such as protubonine B from
Aspergillus sp. SE-5044,° notoamide D from Aspergillus sp.,’
okaramine G from Penicillium simplicissimum,'® and asperlicin
E from Aspergillus alliaceus.""

Oxidoreductases play an essential role in the modification of
backbone skeletons of natural products to increase diversity of
chemical structures and biological activities."” Like cytochrome
P450" and a-ketoglutarate-dependent oxygenases,'* flavin-
dependent monooxygenases catalyze redox reactions in the
biosynthesis of diverse natural product classes.'™'® The
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isoalloxazine ring system from the cofactor flavin adenine
dinucleotide (FAD) or flavin mononucleotide (FMN) allows
different oxidation states, leading to high reactivity and
formation of reactive oxygenating species.'® Flavin-dependent
monooxygenases (FMOs) are also involved in the biosynthesis
of notoamide D. The enzyme NotB uses a C-2-prenylated
derivative as substrate for the hydroxylation.'” Pyrrolidine ring
hydroxylation in the biosynthesis of the tripeptide derivative
asperlicin E is catalyzed by AspB.'*

In this article, we report the elucidation of the biosynthetic
pathway of the tryptophan-derived cyclodipeptide protubonine
B in Aspergillus ustus by heterologous expression in Aspergillus
nidulans and biochemical characterization of a recombinant
protein. The flavin-dependent monooxygenase PboD catalyzes
the key step, i.e., the hydroxylation at C-3 and the formation of
a fused 6/5/5/6 ring system. To the best of our knowledge,
direct hydroxylation of an unmodified tryptophan-containing
cyclodipeptide accompanied by pyrroloindoline ring formation
has not been reported prior to this study.
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Bl RESULTS AND DISCUSSION

Identification of a Biosynthetic Gene Cluster for
Protubonines. A hydroxylated and diacetylated cyclo-L-Trp-L-
Leu derivative (1) with [M + H]" at m/z 400.1868 was
isolated from a 7-day-old rice culture of A. ustus 3.3904.
Comparison of its 'H and '*C NMR data (Table S5, Figures
S3 and S4) and specific rotation with literature values revealed
the isolated metabolite 1 to be (—)-protubonine B (note: the
originally reported structure of protubonine B® was revised to
its C-11 epimer based on total synthesis of both the proposed
and revised structures'”). The relative configuration of 1 was
also confirmed by observed correlations between H-10a and
H-2 and between H-10b and H-11 in the NOESY spectrum
(Figure S5). Genome mining using AntiSMASH™ led to the
identification of a putative biosynthetic gene cluster for
(—)-protubonine B, termed the pbo cluster hereafter, in the
genome sequence of A. ustus 3.3904.°" The putative cluster
consists of four genes, pboA—pboD, encoding an NRPS, two
acetyltransferases, and one flavin-dependent monooxygenase
(Figure 1A). The NRPS PboA (KIA75848) with two A-T-C
modules (A: adenylation, T: thiolation, C: condensation)
shows 44% amino acid sequence identity to CirC for the
formation of cyclo-L-Trp-L-Ala.*> Sequence analysis of the first
A domain revealed 50% sequence identity with that for
tryptophan activation in CirC>* The two putative acetyl-
transferases PboB (KIA75847) and PboC (KIA75846) share
sequence identities of 37% with the N-acetyltransferase AnaAT
and 39% with the O-acetyltransferase AusP, respectively.”””*
The flavin-dependent oxygenase PboD (KIA75845) displays
low amino acid sequence identity to the known flavin-
dependent oxygenases NotB (31%) and AspB (39%) in the
biosynthesis of notoamide and asperlicin E, respectively.'”'®
This is consistent with the requirement for the biosynthesis of
(=)-protubonine B. It can be speculated that PboA assembles
the cyclodipeptide cyclo-L-Trp-L-Leu, which is then hydroxy-
lated by PboD and diacetylated by PboB and PboC. However,
the low sequence identities of PboD to NotB and AspB raised
the question about its function as a hydroxylase in the
biosynthesis of (—)-protubonine B.

To prove the involvement of PboA—PboD in the biosyn-
thesis of (—)-protubonine B, we PCR amplified a segment of
14.8 kbp containing their gene sequences in four fragments
from the genomic DNA of A. ustus 3.3904 and cloned these

A
pboA pboB pboC pboD

=i ~1kb

B (i) A. nidulans JNO2 (control)

0 10 20 30
t [min]
(i) A. nidulans DJO6 (wA::pboA-pboD:afribo in
LO8030) 1

M +H]* of 1
my/z 400.1868

L i "

0 1’0 20 3‘0
t [min]

(iii) A. nidulans DJO8 (WA::ApboB:hph in DJ0O6)
[M + H]*of 2
3 m/z 358.1778

[M +H]* of 3
m/z 316.1674

t [min]
(iv) A. nidulans DJO7 (wA::ApboC:hph in DJ06)
3

[M +H]" of 3
m/z 316.1666

0 10 20 30
t [min]
(v) A. nidulans DJ09 (wA::ApboD:afpyro in DI06)
4

[M+H]* ofa
m/z 300.1727

t [min]

Figure 1. (A) Putative protubonine biosynthetic gene cluster in A.
ustus 3.3904. (B) HPLC analysis of the crude extracts of A. nidulans
strains after cultivation for 7 days. Absorptions at UV 254 nm are
illustrated.

into the expression vector pYWB2®® by homologous
recombination in Saccharomyces cerevisiae.” The resulting
expression construct pDJ006 was linearized with the restriction
enzyme Swal and introduced into A. nidulans LO8030>" by
polyethylene glycol-mediated protoplast transformation for

https://doi.org/10.1021/acs.jnatprod.3c00274
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Scheme 1. Biosynthetic Pathway for (—)-Protubonine B
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integration at the wA genomic locus.”” After selection by
riboflavin autotrophy, the integration mutant A. nidulans DJ06
was verified via PCR and cultivated on rice at 25 °C for 7 days.
The culture was subsequently extracted with EtOAc and
analyzed with high-performance liquid chromatography
(HPLC). In comparison to the control strain JN02 with an
empty vector,” one additional large peak was detected in the
transformant carrying pboA—pboD (Figure 1B). Isolation and
structure elucidation confirmed it to be the expected product
1.

N-Acetylation as the Last Step in the Biosynthesis of
(—)-Protubonine B. To figure out the biosynthetic steps and
the reaction order, pboB, pboC, and pboD were sequentially
knocked out in the expression strain A. nidulans DJO6.
Approximately 1.5 kbp fragments of the 5’-UTR and 3’-UTR
regions of the genes pboB and pboC were amplified via PCR
from genomic DNA of A. ustus 3.3904 and cloned into pSHY
and p3YG for the split marker strategy with hygromycin B as a
selection marker.”” In the case of pboD deletion, the sequences
of the selection markers URA3, AmpR, and Afpyro were
amplified via PCR from pYWBI, an analog of pYWB2”* with a
pyridoxine selection marker, and assembled with the 1500 bp
fragments of the 5'-UTR and 3'-UTR of pboD in
Saccharomyces cerevisiae HOD114-2B via homologous recom-
bination. The resulting deletion constructs pDJ15 and pDJ16
for pboB, pDJ17 and pDJ18 for pboC, and pDJ24 for pboD
were used for transformation into A. nidulans DJ06, resulting in
transformants A. nidulans DJ08 (ApboB), DJ07 (ApboC), and
DJ09 (ApboD), respectively. All of the deletion mutants were
verified via PCR and cultivated on rice, followed by HPLC
analysis of the crude extracts (Figure 1B).

Deletion of pboB led to the detection of 2 and 3 as the
predominant peaks. Products 3 and 4 were accumulated in the
deletion mutants of pboC and pboD, respectively (Figure 1B).
Isolation and structure elucidation proved that both 2 and 3
are C-3-hydroxylated pyrrolidine derivatives of cyclo-L-Trp-L-
Leu and, therefore, termed protubonines C and D, respectively.
Protubonine C differs from protubonine D by the presence of
an additional acetyl group. The structure of protubonine D was
also confirmed by comparison of its NMR data (Table SS and
Figures S6—S8) with those of a synthetic sample.*”*" Analysis
of their circular dichroism spectra (Figure S9) confirmed that
all three metabolites 1, 2, and 3 share the same absolute
configuration as given in Scheme 1.
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This proved unequivocally that PboC catalyzes the first
acetylation at the hydroxy group and PboB the second one at
N-1 of the indoline ring. Compound 4 from the pboD deletion
mutant was identified as the NRPS product cyclo-L-Trp-L-Leu
by comparison with an authentic standard. These results
provide solid evidence for the proposed biosynthetic pathway
for (—)-protubonine B illustrated in Scheme 1. As speculated
in the introduction, the bimodular NRPS PboA assembles the
cyclodipeptide cyclo-L-Trp-L-Leu, which is then hydroxylated
by PboD accompanied by pyrrolidine ring formation. The O-
acetyltransferase PboC catalyzes the first acetylation, followed
by N-acetylation with PboB.

PboD Is Alone Responsible for the Hydroxylation
and Pyrrolidine Ring Formation. As described above, cyclo-
L-Trp-L-Leu accumulated in the pboD-deficient mutant. To
provide evidence that PboD is alone responsible for the
hydroxylation and the pyrrolidine ring formation, we carried
out biochemical investigations with a purified recombinant
protein. The genomic sequence of PboD consists of three
exons of 178, 599, and 645 bp, interrupted by two introns of
54 and 81 bp. The existence of these introns was confirmed by
sequencing of a PCR fragment amplified from cDNA. PboD
comprises 473 amino acids with a calculated molecular mass of
52.0 kDa.

In addition to NotB and AspB mentioned in the
introduction, PboD also shares sequence homology with
other flavin-dependent monooxygenases, such as FmqB from
Aspergillus fumigatus Af293 (41% identity on the amino acid
level) and NodY2 from Hypoxylon pulicicidum (38%).** For
biochemical characterization, the coding sequence of pboD was
amplified from <DNA of A. ustus and cloned into the
expression vector pET28a (+) for overexpression in Escherichia
coli BL21. The recombinant N-terminal Hise-tagged protein
with a size of 54.2 kDa and a slight yellow color was purified
on Ni-NTA agarose and cobalt resin to near homogeneity
(Figure 2A). Incubation of PboD with compound 4 in the
presence of NADPH resulted in the clear formation of 3,
which was not detected in the incubation mixtures with
NADH, with heat-inactivated PboD, or without NADPH
(Figure 2C). This demonstrated the strict requirement of the
active enzyme and the cofactor NADPH. Determination of the
kinetic parameters showed that the PboD reaction followed the
Michaelis—Menten equation with Ky; = 0.10 + 0.01 mM for 4
and a turnover number k, of 1.00 + 0.03 s (Figure 2B). The

cat
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Figure 2. Biochemical characterization of PboD. (A) SDS-PAGE
(12%) of the purified PboD (20 ng). (B) Determination of kinetic

parameters. (C) HPLC analysis of the PboD assays with detection at
UV 254 nm.

calculated catalytic efficiency (k./Ky) for PboD with 10
mM™! 57! is lower than that described for the flavin-dependent
monooxygenase NotB of 145 mM™' s™', which catalyzes a
similar reaction.
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It can be proposed that the PboD reaction includes the
formation of an indole epoxide or an indole-derived
hydroxyiminium intermediate (Figure S10). Both routes are
initiated by the formation of the C-4a-hydroperoxy-FAD as an
electrophilic oxygen donor, followed by either epoxidation at
the indole ring or formation of the iminium ion. Both
intermediates enable capture by the amide and subsequent C—
N bond formation to obtain the C-3-hydroxylated pyrrolidine
ring. Similar reaction mechanisms have also been proposed for
flavin-dependent monoox?fgenases involved in the biosynthesis
of other indole alkaloids.'""”

In summary, we identified a biosynthetic gene cluster for the
biosynthesis of (—)-protubonine B in A. ustus. Heterologous
expression and isolation of the accumulated products as well as
biochemical characterization revealed that the formation of
cyclo-1-Trp-L-Leu is catalyzed by the nonribosomal peptide
synthase PboA. The flavin-dependent monooxygenase PboD is
responsible for its hydroxylation at C-3 of the indole ring and
subsequent formation of the pyrrolidine ring. The resulting
product protubonine D is further diacetylated by two
acetyltransferases, PboB and PboC, to form the final product
protubonine B. These findings provide new insights into the
formation of 6/5/5/6-membered ring systems in indole
alkaloid biosynthesis. Although several FMOs have already
been described for catalysis of such reactions, most of the
reported oxidations of the indole moiety are catalyzed by other
oxygenases.” To the best of our knowledge, no FMO has been
characterized for the oxidation of unmodified indole
diketopiperazines prior to this study.

B EXPERIMENTAL SECTION

General Experimental Procedures. Jasco DIP-370 with the D-
line of the sodium lamp at 4 = 589.3 nm was employed to measure the
optical rotations of the isolated compounds. UV data were acquired
using a J-1500 CD spectrometer (Jasco Deutschland GmbH). CD
spectra were taken on a J-1500 CD spectrometer (Jasco Deutschland
GmbH) using a 1 mm path length quartz cuvette (Hellma Analytics).
NMR measurements were performed on a JEOL ECA-500
spectrometer. All spectra were processed with MestReNov.9.0.0
(Mestrelab Research). Chemical shifts are referenced to those of the
solvent signals, i.e., DMSO-dy at 2.50 ppm for 'H and 39.52 ppm for
1C and CDCl at 7.26 ppm for 'H and 77.16 ppm for *C. LC-MS
analysis was performed on an Agilent HPLC 1260 equipped with a
Bruker microTOF QIII mass spectrometer using a VDSpher PURI100
C18-M-SE column (3 pm, 150 X 2.0 mm, VDS Optilab
Chromatographietechnik GmbH). Separation was performed at a
flow rate of 0.3 mL/min with a 30 min linear gradient from 5% to
100% MeCN in H,0, both containing 0.1% (v/v) HCOOH. Data
collection and analysis were carried out with Compass DataAnalysis
4.2 software (Bruker Daltonik).

Analysis of the extracts was achieved on an Agilent HPLC 1200
with an Agilent Eclipse XDB-C18 column (5 ym, 4.6 X 150 mm) as
described previously.*“ The substances were eluted at a flow rate of
0.5 mL/min with a linear gradient from 5% to 100% MeCN in H,0,
both containing 0.1% (v/v) HCOOH, in 45 min. The column was
then washed with 100% MeCN for $ min and equilibrated with §%
MeCN in H,O for an additional 10 min. Detection was carried out on
a photodiode array detector, and absorptions at 254 nm are illustrated
in this study. For analysis of enzyme assays, a gradient in 20 min was
used.

Semipreparative HPLC was performed on the same equipment
with a Multospher 120 RP-18 column (5 gm, 10 X 250 mm, VDS
Optilab Chromatographie Technik GmbH) and the same solvents at
a flow rate of 2 mL/min. Separation was done with stepped gradient
elution in the range of 45—70% MeCN in H,O, containing 0.1% (v/
v) HCOOH, for 10—20 min.

https://doi.org/10.1021/acs.jnatprod.3c00274
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Sequence Analysis. Prediction of biosynthetic gene clusters was
carried out using AntiSMASH.™ For further analysis and prediction of
enzyme function, the web-based bioinformatic tools NCBI BLAST
(http://blast.nchinlm.nih.gov), FGENESH,* and 2nd Find (https://
biosyn.nih.go,jp/2ndfind/) were used.

Strains, Media, and Growth Conditions. Escherichia coli DHSa
and BL21(DE3) cells as well as Saccharomyces cerevisiaee HoD114-2B
cells were cultivated as mentioned in a previous protocol.**

Fungal strains used in this study are listed in Supplementary Table
§2. A. ustus 3.3904 was cultivated on rice medium (20 g of Alnatura
long-grain rice with 30 mL of H,O in a 250 mL flask) at 25 °C for
secondary metabolite production.

A. nidulans strains were grown at 37 °C on minimal medium for
sporulation with appropriate supplements as required (0.1% wuracil,
0.12% uridine, 5 X 107%% pyridoxine, and 2.5 X 10~*% riboflavin).
The medium was prepared as described before.** For checking the
production of secondary metabolites, A. nidulans strains were
cultivated on rice medium (15 g of royal tiger rice with 20 mL of
H,O in a 250 mL flask) at 25 °C.

Extraction of Genomic DNA, RNA, and ¢DNA Synthesis.
Mycelia of A. ustus and A. nidulans were cultivated in liquid minimal
medium and harvested after 2 or 3 days, dried on paper towels, and
transferred to 2 mL screw cap vials. Isolation of genomic DNA and
RNA and synthesis of complementary DNA were performed as
described before.*

PCR Amplification, Gene Cloning, and Plasmid Construc-
tion. Plasmids used in this study are listed in Tables S3. Primers in
Table S4 were synthesized by Seqlab GmbH. Phusion High-Fidelity
DNA polymerase from New England Biolabs (NEB) was used for
PCR amplification, conducted on a Labcycler from SensoQuest
according to the manufacturer’s manual for temperature profiles.

For cloning of pDJ006, the whole pbo biosynthetic gene cluster
containing the putative genes for KIA75844—KIA75848 and addi-
tional 500 bp at 5-UTR and 3’-UTR was amplified by PCR in four
fragments of approximately 4 kbp. The fragments were designed to
overlap by approximately 100 bp with each other and by 30 bp with
the BamHI linearized vector pYWB2. Assembly of the vector
backbone and the fragments was carried out by homologous
recombination in Saccharomyces cerevisise HoD114-2B.°° The
resulting plasmid was analyzed by restriction and linearized with
Swal prior to the transformation of A. nidulans.

Construction of the deletion constructs pDJ015, pDJ016, pDJ017,
and pDJ018 was performed according to a split marker strategy by
using hygromycin B as a selection marker.”” Hence, 1500 bp
fragments of 5-UTR and 3"-UTR of the genes for KIA75847 and
KIA75846 were PCR amplified from the genomic DNA of A. ustus
3.3904 individually and cloned into pSHY and p3YG via homologous
recombination in E. coli DH5a,* respectively. Correct cloning was
confirmed by restriction, and the resulting plasmids were linearized
with Dral for pDJ015 and pDJ018, Xbal for pDJ016, and Spel and
Nhel for pDJ017 prior to the transformation of A. nidulans.

For construction of the pboD deletion construct pDJ024, 1500 bp
fragments of 5-UTR and 3-UTR were amplified by PCR from A.
nidulans DJ06, the afpyro fragment was amplified by PCR from
pYWBI1, and the vector backbone containing ampR and URA3
elements amplified from pYWB2 were assembled by homologous
recombination in yeast. The resulting deletion construct was analyzed
by restriction and linearized with Dral prior to the transformation of
A. nidulans.

The expression plasmid pDJ033 was constructed by cloning the
coding sequence of pboD into pET28a (+) at the EcoRI restriction
site via homologous recombination in E. coli DHSa. The intron-free
coding sequence of pboD was amplified from A. ustus cDNA. To
prove the correct insertion, the plasmid pDJ033 was analyzed by
restriction and sequencing.

Genetic Manipulation in A. nidulans and Cultivation of
Mutants. For fungal transformation, germination and protoplast
formation as well as preparation of the required solutions, buffers, and
media were carried out according to a protocol described before.””
Different from that, protoplast preparation was performed by using
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200 uL of cellulase TXL, 40 uL of chitinase, 8 L of protease (ASA
spezial enzyme GmbH), and 20 mg of yatalase from Corynebacterium
sp. OZ-21 (OZEKI Co., Ltd.) in 10 mL of osmotic medium. The
obtained protoplasts were diluted in 3—5 mL of STC buffer to get a
protoplast concentration of (1—5) X 10° cells/mL.

For transformation, 100 pL of the protoplast suspension was
incubated with DNA samples (10—20 g, dissolved in STC-buffer) on
ice for 30—50 min. Then, 1.75 mL of polyethylene glycol solution was
added in three steps (250 uL, 500 pL, and 1 mL) with inverting in
between and incubated at room temperature for 20 min. An 8 mL
amount of STC buffer were added afterward, followed by
centrifugation at 3000g for 3 min. After removal of the supernatant,
the pellet was resuspended in 1 mL of STC buffer and spread on two
plates with SMM bottom medium. The plates were gently overlaid
with SMM top medium. Both bottom and top agar medium contained
the required supplements for selection. After cultivating at 37 °C for
2—4 days, the fungal colonies were transferred onto fresh minimal
medium agar plates for further selection. This step was repeated at
least twice to get genetically pure and stable mutants. The potential
transformants were verified via PCR amplification (Figure S2) and
cultivated on rice at 25 °C for 7 days. The EtOAc extracts were
dissolved in MeOH and analyzed on LC-MS.

Overproduction and Purification of PboD. The expression
plasmid pDJ033 was transferred to E. coli BL21(DE3). Terrific Broth
(TB) medium (2.4% yeast extract, 2.0% tryptone, 0.4% glycerol, 0.1
M phosphate buffer, pH 7.4) was used for cultivation. PboD
overproduction was induced with 1 mM IPTG at 16 °C for 20 h. The
recombinant His-tagged protein was purified by Ni-NTA affinity
chromatography (Qiagen), followed by an additional purification step
using cobalt resin (Thermo Fisher Scientific). The concentration of
the purified protein was determined using a Nanodrop 2000c
spectrophotometer (Thermo Scientific) and analyzed on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with
an acrylamide concentration of 12% (Figure 2A). The protein yield
was approximately 1 mg/L culture.

In Vitro Assays of PboD. To test the enzyme activity of PboD,
the reaction mixtures (10 uL) containing SO mM Tris-HCI (pH 7.5),
5 mM NADPH or NADH, 1 mM cyclo-L-Trp-L-Leu, and 5.4 uM
purified recombinant PboD were incubated at 30 °C for 1 h.
Incubations without protein or with heat-inactivated protein were
used as controls. The reactions were terminated by addition of 40 uL
of MeOH and monitored using LC-MS.

Determination of the Kinetic Parameters. Enzyme assays for
determination of the kinetic parameters for PboD (15 uL) contained
50 mM TrissHCl (pH 7.5), S mM NADPH, 2.7 uM purified
recombinant PboD, and cyclo-L-Trp-L-Leu at final concentrations from
0.02 to 2 mM. The samples were incubated at 30 °C for 30 min.
MeOH was added to the reaction mixtures, which were then analyzed
on HPLC. The assays were carried out in three independent
experiments. SEMs are given as =+ values. Kinetic parameters were
calculated by nonlinear regression and the Michaelis—Menten
equation using the software GraphPad Prism 6.0.

Large-Scale Fermentation, Extraction, and Isolation of the
Secondary Metabolites. For the isolation of (—)-protubonine B
(1) from A. ustus 3.3904, the fungus was cultivated on rice media at
25 °C for 10 days. After extraction with EtOAc, the crude extract was
fractionated on silica gel (230—400 mesh) with CH,Cl,/MeOH
(100:0—0:100) as the elution solvents. Semipreparative HPLC
purification with MeCN/H,O yielded 7.4 mg of (—)-protubonine B
(1) in high purity.

To isolate compounds 2 and 3 from A. nidulans DJ08 and 3 from A.
nidulans DJO7, the strains were cultivated for 7 days in 15 flasks each
containing 20 g of rice in 30 mL of H,0O supplemented with uracil,
uridine, and pyridoxine at concentrations mentioned above. The rice
cultures were extracted with an equal volume of EtOAc twice, and the
EtOAc extracts were concentrated under reduced pressure to afford
the crude extracts for further purification. Both extracts were
subjected separately to silica gel chromatography using a gradient of
CH,Cl,/MeOH (100:0—0:100). Further purification of targeted
compounds on a semipreparative HPLC (MeCN/H,0) yielded 7.8
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mg of protubonine C (2) and 7.6 mg of protubonine D (3) from
strain DJ08 and 6.2 mg of 3 from DJ07. Similarly, 1 mg of
(—)-protubonine B (1) was obtained from a five-flask culture of A.
nidulans DJO6.

Structural Elucidation. The structures of compounds 1 and 3
were elucidated by comparison of their "H NMR data (Table S5 and
Figures S3 and S8) with those of (—)-protubonine B" and an
intermediate in the chemical synthesis of protubonine A,
respectively.’”*' Optical rotation and circular dichroism spectra
confirmed the absolute configuration. The structure of the new
product 2 differs from those of 1 and 3 by one acetyl group, which is
easily deduced by the number of singlets in the range from 2.02 to
2.53 ppm. Additional spectroscopic analysis including 'H NMR, C
NMR, and CD spectra confirmed the structure of protubonine C as
given in Scheme 1.

(—)-Protubonine B (1): orange oil; [a]} = —152 (¢ 0.5, MeOH);
UV (MeOH) 1, (log £) 276 (4.18), 244 (4.87), 202 (5.33) nm;
ECD (0.75 mM, MeOH) 1, (Ae) 301 (—0.02), 284 (—1.27), 253
(+1.82), 215 (—13.37), 206 (—2.37) nm; 'H and '*C NMR data see
Table §5; HRESIMS m/z [M + H]" 400.1868 (calcd for C,,H,sN;O;,
400.1867).

Protubonine C (2): yellow oil; [a]} = =276 (¢ 0.5, MeQH); UV
(MeOH) A, (log £) 298 (4.28), 243 (4.87), 204 (5.47) nm; ECD
(0.84 mM, MeOH) A, (Ae) 334 (—0.12), 303 (-2.61), 268
(—0.48), 246 (—6.05), 218 (+2.37) nm; 'H and 3C NMR data see
Table SS; HRESIMS m/z [M + H]* 358.1778 (caled for C,oH,;N;O,,
358.1761).

Protubonine D (3): orange oil; [a]} = —174 (c 0.5, MeOH); UV
(MeOH) A, (log £) 298 (4.01), 245 (4.68), 205 (5.15) nm; ECD
(095 mM, MeOH) A, (Ag) 344 (—0.06), 308 (—2.49), 267
(—0.18), 246 (—3.55), 220 (+1.27) nm; "H NMR data see Table S5;
HRESIMS m/z [M + H]* 316.1666 (caled for C,.H,N;O,
316.1656).
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Table S1. Putative functions of the genes from pbo gene cluster.

- (-

pboA pboB pboC pboD
— ~1kb
Protein  Accession Size homologous protein, organism  Coverage Putative function
No. (aa) [identity

PboA KIA75848 2053 Nonribosomal peptide 99/44 Cyclodipeptide
synthetase CirC, Eurotium formation
cristatum NWAFU-1,

PboB KIA75847 483 N-acetyltransferase AnaAT, 97/37 Acetylation
Aspergillus fischeri NRRL 181

PboC KIA75846 470 O-acyltransferase AusP, 92/39 Acetylation
Penicillium brasilianum

PboD KIA75845 486 FAD-dependent 95/41 Oxygenation, ring

monooxygenase FmgB,
Aspergillus fumigatus Af293

formation
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Organism

Strains

Genotype

Apergillus ustus
Aspergillus nidulans

3.3904
LO8030

Dlo6
Dl07
DJ08
DJ09

wild type

pyroA4, riboB2, pyrG89, nkuA::argB
sterigmatocystin cluster (AN7804-AN7825)A,
emericellamide cluster (AN2545-AN2549)A,
asperfuranone cluster (AN1039-AN1029)A,
monodictyphenone cluster (AN10023-AN10021)A,
terrequinone cluster (AN8512-AN8520)4,
austinol cluster part 1 (AN8379-AN8384)4,
austinol cluster part 2 (AN9246-AN9259)4,
F9775 cluster (AN7906-AN7915)A,
asperthecin cluster (AN6000-AN6002)A
AwA::KIA75844-KIA75848:Afribo in LO8030
AwA::AKIA75846:hph in DJO6
AwWA::AKIA75847:hph in DJO6
AwA::AKIA75845:Afpyro in DIO6
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Table S3. Plasmids used and constructed in this study.

Plasmid Description Ref.

pYWB1 URA3, wA flanking, A. fumigatus pyroA (afpyro), ampR This study

pYWB2 URA3, wA flanking, A. fumigatus riboB (afribo), ampR !

p5SHY Two-third of the hph resistance gene at the 5 -end, originated from 2
the pUChph and inserted into pESC-URA

p3YG Two-third of the hph resistance gene at the 3" -end, originated from 2
the pUChph and inserted into pESC-URA

pDJ006 a 14817 bp sequence amplified via PCR in 4 fragments from genomic  This study
DNA of A. ustus 3.3904 containing pboA-pboE + 500 bp of 5’-UTR and
3’-UTR inserted in pYWB2

pDJO15 a 1470 bp 3’-UTR PCR fragment of pboC from genomic DNA of A. This study
ustus 3.3904 inserted in p3YG

pDJO16 a 1501 bp 5’-UTR PCR fragment of pboC from genomic DNA of A. This study
ustus 3.3904 inserted in p5SHY

pDJO17 a 1501 bp 3’-UTR PCR fragment of phoB from genomic DNA of A. This study
ustus 3.3904 inserted in p3YG

pDJO18 a 1529 bp 5’-UTR PCR fragment of pboB from genomic DNA of A. This study
ustus 3.3904 inserted in pSHY

pDJ024 ampR, URA3, 1487 bp 5’-UTR and 1415 bp 3’-UTR PCR fragment of This study
pboD, A. fumigatus pyroA (afpyro)

pDJ033 a 1422 bp fragment of pboD from cDNA of A. ustus 3.3904 inserted in  This study

pET28a(+)
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Table S4. Primers used in this study.

Primer Sequence 5’ 2> 3’ Use
HEwA-U_f gcgagcecttccatagttacg verification expression strain DJ06
HEpbo-U_r AGCCACTTGGCAACCAGC mutant (US)
HEwWA-D_r gcactctggaaacgaactee verification expression strain DJ06
HEpbo-D_f ACAGGACCTCAATTGCGTCG (D)
ATACGACTCACTATAGGGCCCGGGCGTCG | pboC DS fragment to construct
pboC-D_f ATTACTGTCTGGTAACACGTACCGG pDJ015
TTAGCTAGCCGCGGTACCAAGCTTACTCG
pboC-D_r ACATTTGGCGCCAGTTGCTC
GCGAAGAATTGTTAATTAAGAGCTCAGATC | pboC US fragment to construct
pboC-U_f TGGATCCTGTCAGCCGGG pDJ0O16
AGCTAATTCAACCCTCACTAAAGGGCGGC
pboC-U_r CATGATAGATAGGGACTACGGTGTCG
ATACGACTCACTATAGGGCCCGGGCGTCG | pboB DS fragment to construct
pboB-D_f AGAATGCCTACACGCCTCTTTCTC pDJ0O17
TTAGCTAGCCGCGGTACCAAGCTTACTCG
pboB-D_r ACGGAATTTGCAAGACCGACC
GCGAAGAATTGTTAATTAAGAGCTCAGATC | pboB US fragment to construct
pboB-U_f CGGGTGTAAAGTTTGAATACCACATC pDJ018
AGCTAATTCAACCCTCACTAAAGGGCGGC
pboB-U_r CGGTTTAGAGTCCGTCAGCATTG
ggacttgactctecttctectgatcggatcTGCCATTGGT | insert 1 to construct pDJ006
HEpbo-F1_f CCGTTGACCTTG
HEpbo-F1_r GAGACGTAGCAATATCTCGGGAC
HEpbo-F2_f GTGCTCGGAAAGTGAGCTTGATAG insert 2 to construct pDJ006
HEpbo-F2_r TCCATTGGAAGCTGGAAGTTTTCATC
HEpbo-F3_f CTACACGCCTCTTTCTCTTGAGAC insert 3 to construct pDJ006
HEpbo-F3_r GGCACCAAAGCCTGAACAAC
HEpbo-F4 f GGCACGCAATCCGACTAATATTGC insert 4 to construct pDJ006
CAACACCATATTTTAATCCCATGTGggatcC
HEpbo-F4_r GTATGTCTCTTGGTGGTGGATAGG
afpyro_f GTAATGTAAGGTCAGTTCGAGACCATC Afpyro fragment to construct
afpyro_r GATCGTAACTCCGTAGGATGTGTACC pDJ023, pDJ024
cgtaatcatggtcatagctgtttcctgtgtTCAGTCGGTAC | pboD US fragment to construct
pboD-U_f CCGAACATCATC pDJ024
TCAGATGGTCTCGAACTGACCTTACATTAC
pboD-U_r ATTTCTCTGGACTGTTGTGAGAAACG
TCAAGGTACACATCCTACGGAGTTACGAT pboD DS fragment to construct
pboD-D_f CGACTGGTTGAAATAGTCTAGCCGTG pDJ024
ctcacatgttctttcetgegttatcccctgAACCACGCGAG
pboD-D _r CAGC
verification ApboC and ApboB
pboCpboBdel-U_f CCAGGAGATGTTGCTGAAGTCG mutant US
pboCdel-U_r GACTGCGTCATCTGCAGTGAC verification ApboC mutant US
verification ApboC and ApboB
pboCpboBdel-D_f GCATAACAGCGGTCATTGACTG mutant DS
pboCdel-D r ATGGCCAATACGTGTCTGGAC verification ApboC mutant DS
pboBdel-U_r TGGACTGCGTGTGTGACG verification ApboB mutant US
pboBdel-D_r TCACCTCGTCGACGCTTG verification ApboB mutant DS
pboDdel-U_f CTTACGCGTAGGAAGCCAAGC verification ApboD mutant US
pboDdel-U_f CTACAACCGTCAGGAACAGCTG verification ApboD mutant US
pboDdel-D_r GTCTCCAGCCTGTCCCAC verification ApboD mutant DS
pboDdel-D_f CTGAGACCACTACCCAGTTGAC verification ApboD mutant DS
agcagceggectggtgecgegeggecagecatATGACGA | pboD  coding  sequence  to
ET-pboD_f TCGAAAGTTGTCCCG construct pDJ033
gacccatttgctgtccaccagtcatgctagccataCTAAGC
ET-pboD_r CGATGGAGGGGTATTTG

55




PUBLI CATI ONS

Table S5. *H and **C NMR spectroscopic data of compounds 1-3.

22 22
Compound
(-)-protubonine B (1) protubonine C (2) protubonine D (3)
solvents DMSO-dg CDCl; CDCly
Position B (multi., J) 8¢ s [ Sy (multi, J)
2 6.44, s 790 581,s 79.3  542,s
3 87.3 90.6  5.17, br. S (3-OH)
4 7.86,d, 7.9 1245 7.53,brd, 8.0 125.3 7.35,brd, 7.5
5 7.39, td, 8.0, 1.3 1245 7.21,brt, 8.0 120.2 7.21,td, 7.7, 1.2
6 7.20,td,7.5,1.3 1304 6.83,brt, 7.6 131.5 6.84,td,7.7,1.0
7 7.62,dd, 7.5, 0.9 118.2 6.67,brd, 7.8 10.7 665, brd, 8.0
8 144.2 150.6
9 128.6 126.5
10a 2.61,t 121 38.1 2.77,dd, 13.2, 114 39.3  269,dd 127, 11.6
10b 3.02, dd, 12.3, 5.9 3.37,dd, 13.2, 6.4 2.91,dd, 12.8,6.3
1 3.92, dd, 12.1, 5.9 57.1 4.12,dd, 11.4,6.4 58.0 4.04,ddd, 11.5,6.2,14
13 167.3 166.7
14 4.07,brt, 8.3 52.4  4.00,dd, 9.7, 4.3 53.6  3.96,ddd, 9.7, 3.6, 1.4
15 8.17,s 5.92,br.s 589, s
16 167.9 169.2
17 1.86, m 38.0 2.03,m 39.0 2.02,ddd, 14.4,9.7, 3.6
1.40, ddd, 13.4, 7.5, 5.7 1.58, ddd, 14.6, 9.7, 4.8 1.56, ddd, 14.4, 9.7, 4.9
18 1.76, m 23.8 1.73, m 246  1.71,m
19 0.83, dd, 6.5 21.0  093,d,6.7 212 0.93,d,65
20 0.86, dd, 6.5 22.8 1.00,d,6.7 234 1.00,d,66
21 169.2 169.8
22 1.99, s 217 202,s 21.5
23 170.8
24 2.53,s 23.4

-: Signals not detected.
The NMR data of compounds 1 and 3 correspond well to those published previously.>*
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Supplementary Figures

UV 254 nm 1

b AR

[M+H]" of 1 m/z 400.187 + 0.005

t/min

Figure S1. HPLC-MS analysis of a crude extract of A. ustus 3.3904 after 7-

day cultivation with detections at UV 254 nm and EIC for [M+H]" of (-)-
protubonine B (1).
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