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SUMMARY

Summary
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natur al product s wer et benduwategldhiec dderiaapvnbnagc kt oi s ob
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tur stoHRsflest ri kit beschr2nkt auf sw&iusaifmee hvoehteab o
rukturelle Vielfalt und Kompl exit?at auf darunt
rpenoi de mi t i hren einzigartigen phar makol ogi sc¢
rksame Antibiotika wurden haeleaii lta@eipehr a laoussp adreinu

per guisiW.usenbaem@isge weurden i mmer mehr Naturproduk
r Dereplikation f¢ghrten. Der Nachteil l i egt auf
t¢rlichen Ressour cemgekanderdeme dA nzfi onri dsecrhue n Behan
chnischer Barriemend ehfdgar aAusheyréichen Orga
rden. sBiubsltentztek ompl exen Strukturen, z. B. funk
ntren und instabile Molek¢le mit Umlagerung sind
hritte und geringer Ausbeute schwer zu synthetis
I Il fabriken zu einer Methode, um d-a o @bpnttiwgi ec KH eurnagu s
n Biosynthesewegen zu bew2l tigen. Zur Aufkl 2run
rtschrittliche Bioinformatik, bi ol ogi sche Techno
dkodi erenden Gene zZu untersuchen, die normal erw
ncluster (BGC) amgaebahtweoartmaslierdve i B&C R¢ickgratenzyr
r¢st der NPs zMesd?® hdka@t & D nddieeniepeditend e edlersg eSrk el et t s
st2a2ndig sind. Enzy mevrelromd & i ev[2tr s i R @Satkridiekotnueni@ n enor
Cerdem treten bePFisgdbeg&nt diuadiyn zayormaht Nnsicchhet Reakt i o

di eser Arbeit wurde i n Zusammenarbeit mi t Zhan
nicil |l i umufpgaelkilt2arnts, und in Zusammenarbei't mi t
l dungsmechani smus eindspSeggqgliduecmpesina@isdopaasmar ki
rchgef¢hrit . Zur Un tBd roswyoh uifegs eoddriPrminleaklitoei d3. 1 uno
rden zunMsihdsdntdiifeDiSe eKd | tR.vipeariunntgm@BeHhi um bei 25 A
r 15 Tage -MSAchaldy®e L€rgaben edas Wom hamndédestens
taboliten. Darunter ypaurdlen( dii reb)diludnad aliydc@d o@y @lzm n «
CPA) als dominante P8 odulst Nebrdh pSpaeukdi deB Wi | d
schlieCend wur de mittels bi oinfor mat iAsncal eyrs e An al
rchgef ¢hrt-odbr e-PRKBEBRPSel ei t et e Al kal oi de, die Am

rden aufgrund des enzymati schen Potenzials in il



ZUSAMMENFASSUNG

deMetHhydr oxyl i erung an einem monosulbmutitt hiyvemtoexn | Be
Te thryafruor an weiterGenomeabuys@deandel eti on und heterol
féehrten zur I dentifizierudgmvear a wewdod @Gledpdate daré emi tC | vui
Genen f¢r die Bildung dess glcd sotpeern i mistk efl sgent ft sGeunnedn df
des GRAI dt¢ttd.erungsexperi ment e bewiPAsS®EN zyha /sobDas
den Schl ¢sselschritt bei de2) WUmwZLryadl) wrk@habgpgCgct oy
ei ne weniger unter s Melthhedr emyy matrt usghean einem m
Benzol rimsgt rdieemmot . Durch heterologe Expression (HE)
der -Glpester f¢r die Bildung v7imn 2CRAe ruanndt wsoeritnl einc hD eirs
zeigte sich, Myudrsoadsapse extffa®)k dur ch medmnmeyemani sdhe
Oxi dasymtnheti siieegde wAlrtdatiet Bk osynt heekn@8par &drndi £a:
und veranschaulicht Zwe i Hydroxyl Ferundger ¢ aletnit o rf é rz
des katalytischen Mechani smus 3vdn) SeogEwi twd rp erse v of
Genomanalyse durchzuf¢hren und dann die Funktion d
mi t rekombinant em Protein und | sotopenmar ki erur
Sequenzanalyse dAs Gépbamsevanor I dentifizierung ei
putativen Terpenzykl asM,dSdibeziemchokeggemwdend. aHE i m |
Aspergil |l uwsO8Wi3dulwaursde zum Nachweis der Genfunkti ol
Met abol it wur éMéS miatctheglesvi Le n und anschleiien@esnd a
Transformanten isoliert-DatDére, Aeis wEdNMRhEEMREHN NMR

'H.cOSY, HSQC, HMBGTOESBY, ergab, dass es sich bei de
die neue Wealbfiinldaupnoghabdél t . Um zu bewei sen, dass M
von Mal filanol D verantwortl i ch -Diisth,oswtrade¢ (eFriPbP, ECz
dem rekombinanten Protein durchgef¢hrtC-AcPanagber

Mar ki erungsexperi menSesnqueéet repacPapleagel Ifussr udsiteus
Bi osynthese der weniger unt eSessuqgcuhitteenr pBeincey crht aq I5g elw il
1,-RIl kyl verschhebtiagb Al Il yl kati ons féehrmg,zuunedi néer |
sukzessHydrild®@2r an-&fba rsp-Rddregs cCh |l us s und die Abscheid

|l iefern das Endprodukt Malfilanol D.

Die drei Falle, in denenNRPRFROdukte TAuauNRBEBSEN RBREKE
Penicilliumndpapéetgnbl ust eursstuucsht wur den, zeigen,

vielversprechender Pool féer die Nutzung bioaktiver

i hre komplette Biosynthese aufgeklart wird.
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I NTRODUCTI ON

1 I ntroduction

Natur al produgeé¢éser@NMPMsydedr ento two major cl asses:
met aboPriesary metabolites are essential to the sur
Secondary met aibmld¢amrtsr sStMsgagr e organic mol ecul es th
functioaf Mencgbhhgr organi sms oufThiedprofduiclee sprrcacudber
organi s ms, such as fungi, bea.BtMesx ri ea , n ptl aend sse n tainai I matl

butadaptation to tbmpenvironmeabdmmunicati on, def en

—

ransmi ssi ohherfefshbgm@Ms .with charakbaeei bednbdeael o7
s commercialdrpmfgaduictdlathdrédeal ndoa’t"#hies thesis mai
i scusseabil gacNRsaad heir cor hagskdmdiengenzy mes and

nzymnpeisghl i ghting the i mportance of biosynthetic el

< O©O a D

aluabl e NPs
1. Importance of natur al product s
1. 1Mill estonesupordddsicand synthetic biology

Since Geman 9danar gawcelddahe aat kamwmor ghfimanhe seed of
Papaver soimmi IB&G&@mafsenatur al substanceshas Imeemncin
advocat ed. I't remarked the primarynsd atgek eFfermap ai.r a
e x ampd lek ab s @d s,éer. ;gggu i n’icrod ,c hli’ahnde®deli'wmere successive
di scovered from 1820 to 1850. mdtdeapmipruil mr ( anat ynaga
acid) was modNPs &ldtTihe.ms e¢hendi pi tous discovery an
success of peni wiskPdrinciflrioimum bogh rEdiseogyi endgip mi onm plt9e2d9 a

| arsgceal e search for microor gainn fsendPidivimea ta d,ohii ¢ fhiovnem o d

by collecting samples from soil and water, strept
Streptomycess d¥#b2pdismac ttesainaot her i mportant source
NPs. Unmii-# Otcheat ur vy, several l argentclfgas eagheidtr NPs
contribotpebnhplvedsncl udi ng t erapeonesn,oidtser viidsa,mi ns, f

al kalBiiassy.nt haectciocradilnyg t o thehesdamocececlaéd owdre cl

nonri bosomal peptides (NRPs) ,etpioHeg&elty dess udiPKs ) of
paved the way for synthetic organic chemistry, whi
based on the novel skeleton of NPs. The isolatio

15

superstar!®pad| anaxelal ari a'®fdramg @lraretms sposhed the
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telucidate the biosynfhuettihermoekwvag sEe6bDhERSchi a co
and yeast, were set up to produclé tPogsfrif1NP to re

An early milestone in the history of syndfpenéc bio
expression regidOmlty oa fiew 1WsSdp ar tl iedneryame 59 @ f)at can
doubkslte anded DNA at specific recognition sites (knoc
Arber LaméThese enzymes, call ed restrictisommf enzyn
combinant DNA technol ogy. One of the most <celeb
rsgceapreoducti on of i nBwbodin & yc eelnfwi fodyalteagrey .o pment of
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1. Biosynthesis el ucnatauri aoln sprf o d wentg al

Since the 1960syearf teol>GechehaNgPe di18@covery has faced
A |l arge number of known compoundsomlaweu dlicamge tir leipre e
chromatography (TL@nabwyti cnawl moldehmimgshk m fy o rsmuacnhc ea sl i g
chromatogr aparyal J¥RIBQ)I t i onal t meotwhnosdusnaimdgemos+t |l y | ow
t hr ougWiptuht adkhaniceequencing technology anrd olmi adihref or
1990sa | arge amount of genomdi vesyunemed i dBgFa)sen d | pis!

accumul at ed i n pATalkiec fdiamtga b aasse se x, ®amlhe sf,u ngean e rgael nl oy
cont aiimMg) BGCs, whi tdéd Mmeasnynt het o cnbplog ® nkiimds fofr NP
Di verse backbone enobymedosiomal i petpdn de, psoyl nytkheetti adsee s
synt b@BKSt heir ,hyabnedr pene dYshasesesponsible for th
NPs in fungi. The skeletons arteaiflwrrtimegr emadinfeise d
oxidoreductases and transferases, whi dfhi gaurf@ elnc o d e
Besi des, t hey canenazlysmoatu rcd erregace annsormisge ment s, hydr o
di meri rpatabn,

Tailoring enzymes Backbone enzyme

amn) ) ) @G
Figuf3e MAn illustration of f

1. 2Stlr ategy of Dbiosynthesis

To identify the plausible BGCs and their -pamyuct s
compounds) has been wutilized for Hiremowmecrogr gaei
under | abor atTohlriys compdricadomsi.s fully d@scrilkeaed wiotuh c
pH, and redox )stmphwsi od| mMepaghametempefaturp, - aod st
cultivation (with bacteri @ Threiyiulhgéndce agdeathleyi the
of SMs which are i nvoltvipadt h wbsdsaflflieyw,e,n tPMbdPots,a h b h e
Dextros@CzapekabDox hpbmodi fi ed media aredusedof oeahesrcr
abundant nutr iAdrntersacwrldda vati on, the SMs were isol
LH20 and ident({figdi dychroodBast ogp @ @ tamnadhMR(mruwc)l ear

magnetic J es@enaonnceg tmiamisncg i pti onal remdl heber @Ixepd @
expressimavbee BHBE) devel oped for novel metabolite disc
I n ouAspearbgi | | thsa sn ibmenedndaors be a successful host to b
production. Through the relationship of structures
HE oftarmhgetnhe in theehgAst nsitdhudsamisec ome hosptopul ar
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view of the distr iTbhuetdoenl loefd icsaortboopno meetresm wi | | prod
splitting signall @ danégh esntdaitneg oofn itthse di r et®A sienghdbor <
peak emerges iif the neighbakdlnly Acdobbhett pmakakeaamel
one neighboringl achealblomMmhat simzé sof the doubl et split
group of the neighboring carbon atloankedlllf at doubéiegh
doubl ets may degenwlretthee idnotudb | @&t t rsippli @ tte nmsgisv ea r set uedq

c
(7]

ed this techniqgue fobedbawsegni hesissiaevicdiusati¢geatt i aoany
f or mantei conna noi fsstnr u ct®UFe © u e 1

1. 2ERucidation of biosRaniheitlilci ywpmt mavlaiyt d@ ms

Theéungi ki nrgadprmesibspt dd5 to 5.1 million €&8Itti mased
investigated mo st among eukaryotes from aspects
protedMisco.mycoha iahgésim of the wiitnhg édvdeorBu maime d

and a vast number o fé°®Tuhnebleefsicfr & btewdr es pefci €lsiis fungal
fasciusa microscopic sexual structure in which nonmo
The phiynoadmndnowhridchocomaceae andhiAkbee gbéénceseabkect
to be industriallyaedphoet abhlwaadayganmnisemds to produc
i nterest or to degrade chemical s, even someti mes r

humaasd anfi’mal s

Peni ciilsl faunmpromi singr éTmngalocoénoe pe SdMswii mly pot ent
bi ol ogical activities. | ehwerveefsarieg,aPeeadi dsialcriuasienta no a | it th
anamorph species ofPefnuincgwlsli idtmmwear e igeanlust ed from che
per mafdrepotss %1 e col oeineiscidfl i NN\RRh20OBBams the exper
materi al grown on PDA ( PoGvat ei 1% xmm o(s4d mmaFQ ) at 25

2730 mm (dd4dmetar, usually Ilightly radially sulcat
to moder at edegr ydedeepnse, with surface texture mealy &
visible only at the margins; conidia usually produ
exudate occasionally abundant with colorless drop.

l'tos report ed’tahat Gtwteinno Pfainmd B,umi gédaleaei nsoMhat ed a
i dentfifoPad pal i tSame of secondauygasBhbabrokt| aesne

alkalfow®se only detectevlerpept TbOGTaeygdMBEreutdi vi ded i n
PKs, and i ndoHiegsulrfseh own his studyCPAioisginta@alesnhsadnd
compounds were i sol attheed tahnRle dduebstcsrti dbredd Din®onwebkef ons
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detected detected isolated

Figufhe T he structures of SMs Piemndlcatldd uanr
reasbor |esaywdof t hwass stthraati nit has been previously
wi tPreni ci |l | i unorPceonmineuiniel i .uR® sealichems di stinguished
production of SMs, col ony dharmwacst ecroonPdugleina & ehrad | F
a distinct spéci™e genofAne 1Ip@wINRIRANSs2033 was sequenc
Bi oMar ker (Beijing, Cheaarmg | ywsiisn go fNamiopoymetahset i c g
carried out ushintgp :a/n/td rIStMASSHa s(h . s e § 9 n daa r syaonfett vaebrod i p ie

achieving very high accuJfSMsy einnc adiiensgt kgns taemot aé s o)
Mo st Similar Known Cluster (10 ®d ivin pewt aplaogsee sa f caonmtipic
from the Mi BITHG rdt&teanbearsep e cul albeedprtooduced by NRRL2O03
t h outghhe ¢ o mpeaxwcredopst fumi bavkemddmei sCol at atheumptrievi ocow.
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studies in our group reported thatPpalei NBRRIsS21003i3d f u
(sym.commuMRRL2033) coanelbgpde prenyltransferfaoen prot

Aspergil |l usi ntomifguani wélt i da iulvéeatcCt. & 120 f gene <clusters
analyzed and i ntheiropsryenttehde sfi @ 2 HNMWR EriScardri(intgo s o ma | pept
synt het,asledls PKSMRP S HKIGr i ds, 7 TSs, (amdpengptsygmh dmae
Among these, nidulanin A, peni geagrug npo o dsuientish aao fa n d

NRP8ont aB&@Gsn;g Neosartoerin, fusarielimrkd, PK&ur ospor
cont aB@GCo@WPA phyll ostictiaree Ame taanbdoH 8NlRE&Broimif ai ni ng
BGCs ; Squal esttatxameoahyicht Ryl Sceocht a B@CsFEg mi gacl avine |
i an ndbobypeoduct . -tOnIrydhBEB€s wi t hf kkmootdieanmosn st h &t e

pal iNRRIs203%3 a pr omifoégrnmi migotrr &ei ISMs and interesting e
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Figufme MWBnalysis B.f BOIGRREBM3I3 according
Known Cluster (Overview page of anti SMAS

1. 2Ba&Bckbone enmzymesqgi
1. 2.NBo.nlr i bosomal pept(iNdRBP synt het ase

Nonri bosomal peptide synthetassesr | NRPISal)| yascembl >
NPsvith a wide r an,gee ,gorit ibb aopaecetiricvieiltliienss andt cephal o
antifungal ethheocmmdnaosappr esstdannd csyicdled dppifrsir neess

are short Jormemranachyed igcpoulcihd apepeptedes, gl ycope|
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depsi pep@riidgisnati ng from fungi -baansde db adRsed & aiove the s e
not only theLa2ni noanaocniidcsa, l-pbat eiam e @e miomh eatnei rnooc yacd ii dcs

rings, sugar s, and fatty acids, generating tremend

Fungal NRPSs are multifunctional, modul ar megaenz
sequenti al condens g taimymd ohfy da mixrya aa sbous yi Idiicn §% il d ¢ k
El ongat iués Mtmyppically comprise ansaeldeoays$atndnadbmas
i ncoming buialndii ncgo nWlemslkati on domain (C) that for ms
bet ween t heaaocarcthydartoexdycar boxylic acid substrate an
the preceding modul e; andalasda hkmdwn i asa dbeapep(ild
doma(fPCPwhose -ctomitali ni ng phosphopantetheiam@aandrm t ef
shuttles the growing NRPS imddunlmemdiddttda ohotohdahB i
domains (A, T, andprC bdacbmaypnhjaovred RP 89 mamems mesuczhataon
d oma(i EN-me t hy |dactmadi MMT oandM)ot hers to modify the pept
a similar condensation (CT) domain ifnrdnimeagd&dRPSRPS

module as a |linear or a cyclic?®NRP through hydroly

Al t hough NRPs are marked by structur al diversity, |
into three categories, bi osyntihteesriast i ovfe, NRRs nooan i ;ma
as showingulrieThe | { TepdNRAR)Ssuch asf arhotstee bi ddyent hesi
mar ket ed drugs cycl osporine and echinocandins U S
sequentially and only once duG-A-Thgast hteh e i exstyennt shieadn c
and the assiemdn yt hreespurladucti on of | iLhe@&rar NRIRPsomrr
mainly synthesize8®Tbhg humbars NRPSsmodul es deter min
peptODde. of the r eptryepsee nAt aNNR PvSe SpLrlGedni ontosa-os poytl i ny |

Dvaline. ACMCY) a synthetic precursor of the antibio
i sol at et hryemg@epmal osporins addiednoff@iuen structure
ACVWhowg ai sripeptide f or mewdanbyn oadn disAdsPAaptciyvadt o0 h e

andvalilneis biosynthesi tddobygmatttimde mleTdsuRk PeS n(sM1lo)n A
modul éAsT C M2) -Aal+Ed (®13)f, i malldemsdckul eNoGTabhami no aci ds

ar e i bhc drhfei g utrhadisino nt,h at modul e for ami no abi ds w h
configuration in the final product, an additional
Therefore, t his case offeirmvhiachr epocduslems atcione aienxiar

domai nshiaghslmer ease t heNRIPs&ket sexgmplfeot ent antifun

ant i eichti inocammddme e Bgidl®il saccyecalei-ti mmsno ma | heoahare pt i de
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are the be(@ueveuvi eriviai® B:cy Bl wist h anti tumor, antibio
insecticidal, and %%anntdh etl mé n & remina&Bait iRV Begyc) es

di splaying insecticidal, phytotoxic, anthef’mintic,
Currently, these cyclooligomer depsi peptide synthe

engineering of fungal NRP assembl ¥Theé nee n(ltTiynpgea ro d u ¢
C)NRPS hasoptihewmaiul ®s and the -ToA dies mdt Eheltessary.
i ntraceildauriapghore ferricnAEHON-4 ceMplidrecaxrymon ot &0 e) i
combinat i-®er wand Gly, and is prifAddihpalsliifdeuopdhofes
essenti al for the survival and virulence of many

opportuni stA turmpiagarogstnhe r i c Malglnaptorfthhregws yzae

1. 2.Pl3¥ketide-nsgnit hasemal pept(PKENRP)SAhhktunge

Anot her i mportant backbone enz-MRESrbByhted. tAs NRE® IS
above, the NRPS module selects and tahcrtdAvgaioensai @ami n c
which | oads the aminoacyl residue onto the T domai

the fusion of PK cahgailne atdoi ntgh et oa ctthiev almierdleadichee i aitl we e
PK substliructhue ecourse of biosynthesi s, al | hybrids
common for fungal highl ys ualdiuiceé o @ s yPadSh anshgi | carrier
proteChhacyl tr adahFTletraseddgt,asdeehydr atase (DH), and
(ER) domains. A prominent feature of hybrids is tfF
modulPKSNRPS hybrids can bi oswint hefainzei mmppcoaaomxi nisnf
tetrami cswaach dasf fdEmaai’dQUPE r Peani cianldispmr Jitlelned | i n
frBmauveria’®bhaavi pualAsper girlolmibet. €omfvipecsalsad st

t hreel eas eo fryplurfiedssmefdundggyP K c hai naavi ®rhe amoute needs a |
domai n ( R) simi-thai nt odehhyedr olgemtase/ reductase ( SDF
al dehlydeanot hteer miorudle, desmaiespoOob)si bl e for ethppe rel ea
tetrami cbywmwecdkdmann cyclTteeatfiiorns t( PhkyShye. s di dgemtei f i ed i n
The encodi nQUSetmz y e svhas est abl i shendyctodt oxa tna lfyuzsea r t
produdusanise €omposed of a tetramet hylhadneods elre pntea.k e
I n this fcoarsnea,t s twmes torffat e prefusarin C dAdd emotami eégu
bond fobmawieemwKahteaei n aanad ttthe R domain is believed
aldehyde ready to undergo an intramolecul ar al dol
prefusarin C. Although théimrde ngn odeo mafi na ma nidn ttahcet f N,

supportsereeletise,| oadaing ddfyf an intramol ecul ar c
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excl d&CePA. draws the most attention amonrgi stkh ef ohoydb,r i d
such as mai z e whnide lepsastceu tfso,od s afTehtey hiyshsrueds . CpaS
nonfunctional domai ns (KR, ER, prDoHLbuc aisdih sMdrjat pr o
cycl oacetoacetchkATrtpr)y pwiotpht atue t@rsasneimeb | ed by tryptoph:
whi chreillased t h*®8BwbgsheqDkKk@tthey subdeasgbhee prenyl atio
cycl i,aamtdi corxi dati o-2 paosinidon et®c®faf% toe e ICIPIAn A wi t h
tetramic acid can be pradududceédonalreattrtgacstpagit Rt o
tenC otherwise, the hybniddpéan®kptadieees mpet ea DKC
of the terminal ddoormaaimend 1 at kb dr(Fitedh eer@es R1

Fungal KS AT DH MT KR ACP C A T RD
PKSNRPS
0 ER
HN
#
OH

Tetramic acid

FUSS KS AT DH MT KR ACP C A T RD
acetyl-CoA
6 malonyl-CoA
0 4 SAM o o o
‘l{ i -~ P . IIN’{ |L - -~
HO HN N T . HO N R o
N TTUTT) TN FT
L-Homoser
Prefusarin C Fusarin C
Cpas K'S AT DH MT JKR pACPRC A T D
acetyl-CoA
- malonyl-Cof
o
HN)L “‘,-'; l“OH
KN
X
NH
L-Trp
CAATIP Cyclopiazonic
acid
Tens KS AT DH MT PR PpACP BE A T D
yl-CoA
:Clilz;lm'u;jl-CUA ER
2 SAM
O I
HO HO, |~ \ HO OH O ~
T:L/}/L . PP
~0 T ! [
H . N7
T OH
Pretenellin A Tenellin

FiguBe The representative mycot oNRPS hiybs:
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1. 2. TerpeyesleaTC) in fungi
Terpenoids constitute the | arges
They possess a variety of biolo
infl ammatory, and dhHowavasjtide

structures, al |

(IPP) and

Whereas plants

for the

pat hway JS9°fihd ungo
synt hase, resul ti
such as geranyl

di phosphateg) (G&6&RE,

cyclayesi ze t hese

k%S

Koraiol

? Ffsc4

use

bot h

precur sor s

ng i t he

ar e

n

diig h o sfpahrantees y { GPdR, p1h®© s pdheart &ny(l RR ,a 1
Biuplseguleattd vy ( GE K
i vaai oosmp&ken &d oihmts @alchceogr ddcianng b e

HOH

Longiborneol

t

CLIVH

f ormati on

g€ranyl farneswy).

t and most

gi cal

spctevitthieesl.ar ge

terpeaoy dbp rae cdu rdseorrisv:e di sforpoemn ttewnoy |
di methylall yNapyrepbmppbaset OMApAREHIways
precurtsiomesval onatand¢ M2&8met hyl erythritol

condensed

of I

°diver se

activities,

phosphate
MVA ando nME/P upsat howeey so,f
bi osynthesis ' ®%1t%%sBPrandi OMAPBEcdesowved

x N @
D°/' IH OH
P
% =
Cubebol
14 1 11 closure 1,11 clnsure
5 1,10 closure
L 7
8 N DS
0 6 ionization isomerization reionization 6
10 5= —_— 1D +( —_— x OPP ——» 1
| 4 recombination k( | 0
o \
l 1,10 closure 16c|osure¢ 1,7 closure
[0)
&)
Z~ \ifg
j“/ﬂ@ \
E
Daucene
STCS ll STC3
:: i:m"'lf
(-)-guaia-6,10(14)-diene (+)-eremophilene a-barbatene
Figume Cyclization mechani sms of sesquite

ustration
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to the number ofefiisnoepdr eanse nuomnjoit sesrepseqrue st 2(f @ e@intesr [ €n e ¢
(€)sesterteepentesi t(&reotemes (C

SesquiterpeneSTCgghaBRRB f or med by one IDAVRAFIPntaond t v
hydcraor bon skeslueit bys possessing one or mor.éAf fesed r
initidathipeneonédted allylic kiasi oanaér piocmtcanhelrnocéde
react i®lwi €Cf§ C7 C10aqrC11 ocated on th'd* dowkclhe ebend urt
cycl i,satcihonas ring closure, methyf°Toi gdraattei,o nmo raen dt |
150erpene cyclases with this kind of awndloir7z@at i on |
di fferent sesquilfydrnpcdued i 8§ e lbeitcoyrcsl o decameé cydliayc
undecd@hed®id spirbd°8dheec amyec| i zati on cascadteriigngetriead e ¢
ionization oftr BBl yloi d od ant iab na n)y, 0 evdhmecdhi acteen (di r ect |
bot hiCCD an€lTlbond for mat EBae rtma cyriaediterngphiuemainy I
carbocation inter me(i gtue-®, Dilc &s ed atdilvnevieys.t i gat ed t
uncharac3eCSTzed and STC3 from the Fluasari pmtHaoageékiu
STC5S and STC3 conveéirdgdydl oFBP3(i)Ontde abhbh-@léehe and

bi cyclo[4. 4.+t demophel ener abnbsma b g h carbocatiTbhe int e
stereospecific cour se eeflepcryoctlioimzaattiiotny €l r iudieh e isdpo f t <
mechani sms were st d8-iaendiH-lwali vl Iveadr i BRR Tihs @tEgho mer s .
germacr adirdmylati on SThEEsmné &f abm|, Mk & 8ckaBt9a | FyPzPe st o

yi eélhdeiQC20/iC8 Dbi cycleilzeawngnmme rotf ri @ §c Pd°u.n@ e ¢wahni ¢ h

is then gquencheof bwaoa froorlnmt’Rwlireai ol

However, mor e © aare si qm-ioeceetendb nRrneaitd minz ati on pat hway |
intermedi ate nerolidyl @ i-gslhloystpih@a t @ a t( INdiP 9)D, it thve hfinoertdm &
can undd€g,o0liqiICIiCl0and TCLbond formation to generat
cyclohefgEgeaymacr adi &€& Umubkagmikdbocati on intermedi at es
(Figuelrhle i nt evimahdei gptreopi€3ceydc IGlhasi nat been ii.dent i fi
I n common, 1,11 <closure | eads t o undecdrmesahil e
carbocation intermediates can undergo further cyc
met hyl mi grati omx parnjsaigpdnct osttroecg ¢ mar at e a diver se
sesquiterpene cd@loh ftsakedl ed toinsgui shaddher dwencghlaeni s m
scaffoldrbacaasgeamewnd waillt e process of cydlhiezati or
rearrangwmert sinvestigated intensively by i sotopi
bi osynthesis ofLosnes dunithedrodceynceldgjusn.dde.cOsri0es gphbhas e
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CLM1 fFrucsmarium grgenmerceatresm the biosynthetic precur

phytotoxi’aod!l momigm ant®Tlhen giefyolreenaer.r angement under

is Hy®Bride shift, investi gatoe o poimer BR bAdfioinogn tchfe t h
STCésnvol vihlggetr macr add relnoydat i on interme&dhabphorCopu
put eawas reported t o be responsiobfl e c ufboerb olt hewi t

tricyclldidde.eda.s0k et'dth@en mechani sm proceeds 1,3 hydrid
1,-Rydride transfer,iChndcyan i sausoal fE@Rl owed by hyd
cubebdriheycl oheptenyl carbonecati oO@mpchaalad tywse d o Ibeya r(
undeagglg-Rydride transfer and depcobpbatliaiicd®’®ancebt a
OmpWwasal so f®Ounddliemwhdasrmh cat abtyep-mawbdyl shifts thr
bi sabol yl cat iroinng of cetxm@adcdbotsiue e .

1. 2Pdsmodi fi dant itchre Dbti ipsmay Miwka g

Pognodi f iicradli wchi ng met hyl ati on, preayt an ¢ eome notwseddr o x
by at &l yoshc k beomzy pdsays a cirnucd alHdiewalrnsge structures o
expandihregr bi oeesei vietaice s onFhcaredbat e@c-2 pmg tmotni ¢ .

Hydroxyl ati ¢ hmad st oinmp oorft ant r ¢yaatoixyns ghreoaugpwssearke c
encountered functional groups in marketed drugs, e

data set contain attiaelmsgtidounpe hydroxyl func

1. 2 . BEnzly manteidd at ed hydroxyl ati on

Hydroxyl ati on describes a chemical prioeless ntbat@ani
organic compound, and the degree ofiOMgdoaipnglati on
mol eclutl ei.. s the most common oxidation reaction in
compounds into hydhephebtongmpbdbrgyhadbesygatbhesis
as a-tpoasntsl madiomiatdhesenenznycaieusdo at al oyxxyeglenases, such
cytochrome 1'% PA5x0osg | u-d apanaéent o® § gfelnadsdepse,n d e n t

oxidoredidandsdisydronx yi%ahsee §t en uiOi Icien¢ eFs t hHat conv
(orfiHN bonddOH nt@®HGN gr oups. The mechanism starts w
atofnmom the | ipophilic subsrtadiccea!| gaennde raan P)nrgd na nh yod 1
the next reabhoeunrdaddtcead,  @Ht aeksett heoFafford an al col
bound to FeDassaciagaond. of the alcohol from the me

(Fi gut-m) The mechani sm carnepekhpyeddrionx ymahy omheexampl
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hydr oxyraasndsy catalyze the f Chydr exNahgyeda foory I, s ughrsotuipt
| eaditnlge tddaagagee e p O%tiidnagt i eoxip?d nbémt e@anr r a n.g?é me n' t
R*

_H
O

[
Ilzelv (P*) \
_H SR
R

0 ot
FeIV (P-) |I:e||| (PZ-)
R

|
SR
o, \%o
e@: |I:e||| (PZ-)
% SR

R. _H
6]

Fi guflddStleps axiygmenn reboundtmatharpbmins n
catalyzed hydratxgrhadah otnrsactH on, oxygen rebound,
decompl exati on

Cytochr ome P450 enzymes (P450tshi,ol at e Wped rofnagmintsy |
monooxygePaarsteiscul arly, they exhibit crucial'?%ataly!
The represenmadi attedP4bYdr oxyl ati on showed t he su
benzenei nriitbboa,t @idr ect el ectron transfer or electroptl
P>During the biosyntBhéesdOsViofEtwas hokadaghyyedrn ay!l t o
group onto the phenobhndebstmabhedn bwpiewdal s &r feedi
experiment namdhtztybmat i c Theastiudy. on t h as pbiirooscyhnl tohrei snie
revedlhed f undtwioorPsi bdkhaer omati ¢ hAdlirioeigpassi OHe f or (
bond foeamdt koahtal yzes a hyHeoxrytabgeni eeompbpet aei
coreThe uncommdRPPKSroduct viridintbei ¢raostowmant e
tdorcmustosttualcéadphi lic addition of the hydroxyl ¢
side chain and subsequeynd! idfgditygdort¥t ilon resul t in

Ot her hydrexyymaéeswohgudecohlt avaamd e 2ogl utdeppmearnrdent

oxygen&saslependent monooxygenases (FMOs) use fl av

flavin adenine dinucleotide (FAD) as ataeaafatyoe, e
the incorporation ofz2i an o ubhsptefia daléosh? éfarsoamm G x amp | e
a mechani sm t hatth ewabsi ossiymnithhaers iisa doofTeeabkaboands. i nit

by the for maoatah paor opg-EAdh>xeytChe product of Flred oxida
oxygen donor, foll owed by eit hbfeorempatxiiadmtafont mag itnri
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Thent er meadrieattelslagpt ure by t he amige fGinNh bsbudbdhequent
for matC-dmydorfoxyl at ed Lyrtradlyizeeidn-eegp eanddnatvi saynt hase
roguefortine C undergoes hydr oAyploatsipdit édway d olrime v e
gl andi cforlomer o Aguéebsothirmegll dehydration of the key
followed by hydroxyl at?%odndi a mn @ rFhaylelayorsp® @ eyrpa mots.t at i n
formdamonhenmédkegl|l udapaneéent wcxaygéryaee hwidtrloxtyhet i
assistandeée ganhdXOrohot?fFe gurd 1

1. 2.NMon2enzymatic hydroxyl ation

While a | arge portion of thegallfanafopmaduchs bi ongygl
bencodedgéemoméde a noteworthy r aotnieo oorf nmmoorlee cnud reesn ziy
reacsti®ipncl hdidnmoxyl aeaobpnangement, dienducedtirrmact aol
bi osynt2fetéyl dsr. o x B aptrioocne istah ei sabst r aicni bhe ea@ i irdh otrh eH
med, apromoted by pH vaflruden rggrio mighhd | p & b dileemdtusbe/ d
natur a'l®t ¢ o gthrt i. bduetteosx itfd cat i on famrd nicireiaes tessolr whainli istmys
and structurfeolr dompl BXAE isttpgrea g, it could be an appr
f ofrungal e aSsMshigrtewoases were sel etchrewméhnzy makheost nase
in NP bioGOyatbhkesibkBe represent atmode fexampbles cdskahe
paxi.Al inmemenzymatic reaction was observed with the
of6/ 5/ 5/ 6/ 6/ 6kberadiprd ltea t he formma8ti6dm/ &f pannacell
di oxXx,08&co detd'Vtae i péausi bpeocreesasct waby!'fd maben | ed
experi.maémtces i vao x iod amaikatni abegdFMN in its oxidized fo
two electrons from the reactant, ,tarhescsdiehan bwotl
oxygen atoms to the substrate. Therefore, the two
originate@ ifnrsoorealdnofhe&® process, the oxidized for
successive oxidations otfh eaamion e mé ot i oofrn dishdewon irsg
expanslihdmls. case shows wus the ring expansiohnmay nc(
addi ti ono,r maheon of aptanghdogi ns ,was proven to b e
spontaneous nonentlymasiubkt s pmaew iidms.i ght i ntop-the bic

terphenyl derivatives in fungi and Bi e oluran fo
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P450-catalysed hydroxylation

Proposed biosynthesis of trichoxide in 2019 Proposed biosynthesis of aspirochlorine in 2018
o
OH ! HO s OH
OH VIrE oH % AcIL \
/ & CsHyq CsHyy \%_b sds
Virensol B Virensol A Deoxy-diphenylaspirochlorine Diphenylaspirochlorine

Proposed biosynthesis of terrestric acid in 2021

OH OH [o}
o TraB o
HoOC HooC o)
Hooc 2 _ 5 N /A -
o — + 1/2 o, o k N o
o o HO o
(5S)-viridicatic acid (5S, 5'S)-crustosic acid

R R
N__N_O N__N_O
Flavin-dependent oxygenase-catalysed hydroxylations :@[ :E'(\K' :@: j;(\nfn
N N/
H g S
FAD o

FAD o
Proposed biosynthesis of glandicoline in 2016 Proposed biosynthesis of protubonine in 2023
o o O R o
\ OxaD \
NH HN—\ NH HN\ N HO NH
N\")WN N\[M/N N o PboD 1 M
Y, A\ —_—
NHo N+ o N NHo
H
Rouqufortine C Rougqufortine L cyclo-L-Trp-L-Leu Protubonine D
o o
2-oxoglutarate-dependent oxygenase-catalysed hydroxylation Ho)l\n/\/lLOH
o
Proposed biosynthesis of tryprostatin B in 2018 2-oxoglutarate

EAW25734 l 7(’“\/>
—_— X
H
Fe!
Tryprostatin B Isotryprostatin B

Nonenzymatic hydroxylation

Proposed mechanism of flavin-catalyzed oxidation ring expansion in 2023

Paxilline 2, 18-Dioxo-2, 18-seco-paxilline

FigufleTAenzymat inonamaymatic hydroxyl
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Al MS OF THI S THESI S

Ai ms of this thesis

1

t hi s t hessonies stulteessr eh aarree been addressed:

Jwhy fodwsngah ur al product biosynthesis?

From the introdduaonpioan,anlt inlaltwgtarlatpedduct s and t h

b
p

c o S5

c S5 S o

p

2

ei nighsey are cl osel ys ermrepimagmidssit og uant i bifortiiecnsd | ye nv

estitadhess mycotoxins, antioxidantst hteormadc o $ matil

(7))

ol appopohaacsh maj or d$oauvmoems uipomg easds!| efs6i endl vy
c hnollhdlgeyda t oi ne fsfca cteini enlgf he st st ep Diogc awerliirc@an

tur al products meets chall engesa,ntloiwk ggUpehHtalo r e a

L @ D

tegenetic tools wildl i mprosyembhe empbctantyyof
t oprfoimidsn nygmes t hat can catalfyasreggnit hee i €s tcihregni ¢
d compl et e Bhaisoesdy hoenhesider st anding obi B&¢Cet hati e
vestigation fafncftumagia, wotswes emaematiom eébreact eri zed
ncgoiul d pbol syupbpiloaompeeaends for moderfhhiosgaheéesi st

Q

ve a systemaecondarudymetfabol ites iahednitchdiln uini

al i.t aQusi nol ones and CPA derivatives were isolate

JYWhy focuenaegmebein th?» biosynthesis

Asis widely ackenmaw nreeasgemplossess thegbharmnaal gti zatif

a

e

—

>

ndrepeci dloorr-eydpeact i tlosvé e @d,mp o upnodsss e LDIMPY te K

..0.he skelehionalwi ¢ &iretaarrdssrnagrmdct are di fficult to be
ue to Il engthy and jumbTrldr eft®erpes, athlde | @omwz wried df r o
habove probl ems. The backbone enzymes as well
xtremedryove the structur al dibeosynyhethivdlPmai but
nd -ptayt hway compl exAmoegc ttiheennp e ne sc ya®dbDes wer e

ntensively investigated because they talreeeanver sat
e appburetlkderc onbpidoentehesi s. I n tddon thesienzymest o ou
ndarridaheothtydroxyl ated abrkatrtyaogpeRdbddfiscammand t h
ovel terpene cycl ase.

21



RESULTS AND DI SCUSSI ON

3 Results and discussi on

3. Biosynt htelse salofial odiddanio¢ci i ni um palitans

Theecondamey abeplriof@efPepsal i NRREO 3Berscr eeinredr i madi a
(Tabl-8®i Bcl CDMPHmModi fi ed CzHp,e kMBEDR,x PD, YMG,, rice,
undeirf ferent cul tii.yaHtiiomee,mpeadat dobdhar, ment atsitamdmet hc
or shhlke best mODHMi méedinym at 2m:pAE. Was dasSedafysr fur
i nvest.iLgElEi analFy giusled( 3r ev e apreeds etnhcee of at | dast S
T6wi todndas dominant produdating egTaosteyagihd iafrgreméet at i on,
on a silica gel col umn, and further pruersiofliucta toi no n
el ectrospray H oNf\MRz aatniaol ny saensd ¢ o rkfniorwme ¢ otmpgmintdmse b e |
Mi2%cycl opdhdi2nyc( op8&p,t3dehydr ocycd) ipwiprtii chis)@4aind (
virdigafhlkei ¢ structurré g BalBel hehewmriemt wanalwogbes
and wi trheothdy daoxy li .,gdracmu®pa s webhbhnd&sThis iisntveerreysti ng
becaurs ee mzgyantea | gzeztday dr oxyl ati on at a monoal kyl ated

in natur e.

Tabl-8. 3Medi a used for screening.

Medi a |l ngredients/ L

CcD 35Cgapek, [hox@st extract

mCDH 30 g saccharose, 2. 1g gN,aWNd&a s Q,lekk 8
Mg S4& HO, 0. 014 O FeSO

ME P 30mgalt extract, 3 g peptone

Y MG 4g yeast egxtmadctt ,egxlt@rl auccto,s e4

HA 4 g yeast emal t aexg rdl@uaqo sde pH 5.5

P D 24 g Potato Dextrose Broth

Ri ce 100g rice

Whe at 100g whea

Litersadareh revthel ed r-t {l pad &ktailwoitddbsaBa-2-4ui nol i ne skele
possess various biobhoguo@Pandaafiaminridesmd -huiedal
acti vittniderse, wi dely di stioPbeuoiedahnldis pmh eipfelctidggst3% 140
Thbiosynthetic patfhivpw22ewf3 i r ndotl@iemmaedNR RSB Tyap e
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B)har bor iNaMgT adno mai n, was proposed fpemfPlemownl! lgiemm
t hy milcBoll asaghdIlsqfAsper gi | | FSGSICi. " R®dl*dhs

Genome niend ntgo t he i dputaBiGe@dd omorofviiaP.ipdil d atamls

NRR2Z03Bhe candi dat ec ogneemae ndlnwssthearue s gkeingk sequence i
5379%n wHevel with t has¢d greltdsl wsfd aahbgpRra 50 (bel ow
27%Fi gwBrlg.The enzyme ®450udbgdpéemas®d®ae to hydroxyl a
achieved by different enzyme ci'29se0g!| sdapamde rctyt o
oxygenldbes, fdeapwédmdent oxi dor eduac thmyspest hiensirsatwarse ,pr
that P450 (VdoD) cothmee thay dmr eoxpidmadriiibodbecoastgimnt he s i s

A 2
4%10% Asgs
=)
<
E
2 2x102-4
7
c
]
i}
0- 1
10.0 40.0
B

(o] / [0}
B sai—N ) 13 d
2 10
aa’y 9]
97H 0 H

o

10N 0
H
Cyclopenol (1) R = OH Cyclopeptin (3) Dehydrocyclopeptin (4) Viridicatin (5) R = H
Cyclopenin (2)R =H Viridicatol (6) R = OH
C

P. thymicola BT 5891 _-_ _—_

52, T% 79. 2% 53 3%
P. palitans NRRLZ(ISS—-—_— +

54, 3% 55. 5% e 72 4% 26 9%

A. nidulans FGSC A4 _«— _—_«_

I NRPS I Hemocyanin-like
N P450 Fe'"/20G monooxygenase

Fi gwle HPLC analysis ofP.apaldAdsoasptiracs af

il 1 ust rTahtee ds t(rAu)titéy rBeco mpfar i s ovnd od fu sttHea piawi BB o s
clustemi dnhapwgenonl ustPetrhy mi.collhae sequence ideil
acid | evel areCyiven as percent (
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Tabl-2. 3The plasmids and strains used in these
Pl asmi ds Strains Reference
Genotype Genotype
pJNO17 BKOG6 119
URA3BWA f | ankAfnrgi,Ammp WAPKSg p.d Af ri molL O¢
gpd#h)
PpYHpdAyr G PYWApPYTr G 142
URA3WA f | ankAfnpy, AGp WAPKSg p:d AT pyirnG
gpdAd) LO8030
pzzZo1 ZLO1 Project 3
vdoABICD pJNO17 WAP K Sg p:d Av) d o ABASDr i

in LO8030
pzZzZ02 ZLO02 Project 3
vdoABR pJNO17 WAPKSgp.d Av)d o A-BETr i o

LO8030
pzZL19 ZL19 Project 3
vdobDn pJNO17, wi t wWAPKSgpdAvdachAf ri bo
regi omdoddf LO8030
pzzZ03 ZLO3 Project 3

vdoiDn mYHPy L Gwith wWAPKSgpdAvdchf py i €
upstream wdeogD on of LO8030

pzzo0o4 ZLO04 Proj €ct 3
speABGCME pJNO17 wAP K Sg p: d A speABC

Af rii hboLO8030
pzZL22 ZL22 Proj €ct 3
speibn pJNO17 WAPKSgpdAs)pef ri bo

LO8030
pzZL24 ZL24 Proj &ct 3
spebmlB pJINO17 WAPKSgp:dAs)pefAHE r iibr

LO8030
pMPO10 MPO 4 Proj 8ct 3
mf diSn pJI NO17 WAPKSgpd Anp #ASf ri b o

LO8030
pER8al( +) E. ®&dl2il ( DE3) Mer c k, KG¢

Kan, T7(p), T@xMHesmi M FomphsSk(er, sigal dcin®In Dar mstadt ,

pMPO26 Overproducti olB. of Proj8ct 3
Kan, T7(p).dBdxHAesmind BL21 ( DE3)

Pl asmi ds pZZxxedwebrye tphriesp @&theén cxain BZ ldarmge;ds pZLx x
wer e pr ephbReheld chbayndh alrag leRli admi ds pMPxx and str aitnm:
PhD canMardlait es Peter
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o) AsgK 0} /
HO 0 PenN N
CL> - Qe =
+ —_—
NH; NH N
2 N
Anthralinic acid L-Phenylalanine Cyclopeptin (3)
AsqJ o) / AsqJ o) / Asql
PenM N PenM N PenL
VdoC _ VdoC VdoA
—_— —_— —_ OH
X
s 60 ®
H N o
H
Dehydrocyclopeptin (4) Cyclopenin (2) Viridicatin (5)
lVdoD
OH
0 Asql O
N/ OH PenL
VdoA
s UL
0) Spont I
” 5 pontaneously N o
H
Cyclopenol (1) Viridicatol (6)

Fi gw2ePr oposed biosynthetic

Thegene cwasdemntbiyhéeedr ol ogous

failure of

was clwinBdmol ogous
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p®Rt hwaVi D&

fe.x pmiedhlBaOMAsO € ¢ h e
gene .AeDMA i xengmentwi d fd apmpreo x ividatABIC\D 1 8
r e ctoaph iars apiJiddOnX Dir n

t he

k

expressi

Sa
pr

C

charomyces

topl ast

ceselikhage in

traAsf ori Mu® Bh&0

t h T adbd A2} tFAEWGN e d i paZ Z20d1

iahod selection wi t h ril

uhnt b d

strai

re
Th

tranAs.f omimdmlDelos d uc taendo t thye r

n ZL01 was subsequently

P h DZ caamglh aia t lei

cultivated i n

mC

secondary metabolite pr oduSt(Fiogu3ga&Go mpoarrietdo rweidt hb yt
ative c¢cdAnt rnaldBudaidisi In
strdRRL 2033 ZL'0 bchdty e &JtVi Azsm g5 heoxwtnr a
i i g u3rdec o mpo u 8 4, abwdi t htohude tthay dr o x y | group det
transfor mamdodpeintthodtwi t hme thay dr ox y | group
me thayeddr oMdyd a s as i

at t

ne of t helis@ixs oplraotdeudc e fyrpoem

were detected in

wer e

coul d not

even wi t h edetact efcdresenresul ts an

bi osynt ies@danadfal so h e

| i k Bfegyr md ttdea n

suggested hydroxylation

very of
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Toconfihen hydroxyl ati on

constructedvdboynd!l onmisngt538

step
b p

catalyzed by VdoD, t

upsdwresatnr eeanmd slebdbu ebrmpe e ¢

t he

vecOedpAywrY&Hc r é amtgh e

sA.r arn indZulQa3n B e eadXi pnegr i me t wi th

reveal ed a toomverosmypoincrhdf wa schoenrf i a soeycc | oAdédyoHRMS
andd NMR anavliyddsal d .ofTh3i0s% resulVNtioProsedespansi bl e
conver Ritdrmnaf cat al y me $haytdhreo xkyelyat i on step in the vi
pat hway.
ZL01 ZL02 BKO06
i 50+ 20+ 20+
£
Ase %‘ 5 6 34
; A \‘ J h 2 M\,_/z\/\NLL’“ /\J«L—A—
£ o.J\_.__J\.«-«._J \-JV\"/\__.—_ 04 04
8.0710° 5.0%1034 5.0:1034
z 1
EiCof1 2 ﬂ\
£ I
= [N 0 0
1.5x104 5.0x10% 5.0x10°4
z 5 2
EIC of 2 é A. }k
B 0 0 [ A s
6.0x105 6.0%1054 5.0x10°1
z. 3
] 3
EIC of 3 'f_, j\ K
0 0 o-*mwkﬂ—kl—mm#«i#u
8.0x10%+ 8.0x10% 5.0x1034
4 4
z \ \
EIC of 4 % ‘\‘. I\
= \ |\
= A ol _ I A\ W T
5.0:103 5.0%1034 5  5.0x103
EIC of 5 % 5
= D-M—A—/\—MJMJ\M-‘« 0 P31 TPV TRTI AN T WORTIRMTVRT IR "R
1.0>1044 5.0%103+ 5.0%103
z
EICof6 & 6
i 0 — /\,“‘ : ' 0 ——i—ft /\‘ . ' 0 e ey 1
6.0 7.0 8.0 9.0 10.0 6.0 7.0 8.0 9.0 10.0 6.0 7.0 8.0 9.0 10.0
t/imin t/min t/imin
Fi gwB3eLCMS anal ysi s of A.heniedditlr@ahcsthsa rdwiba A BIC
ZL02 harwooABP@and the control strain BKOG6
EICs refeée€iohM wi Hh a tol erance r anglei 6onfer |
traced on 311.103, 295.108, 281.128, 279.113, 238
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20+

Azeg
ZL03 +2

AZBB
Control+ 2

AZBE
ZL19+2

AZBE
BKO06+ 2

AZBG
ZL19+3

Azeg
BKO06+ 3

Intensity/mAU

AZBB
ZL19+4

Azgg
BKO06+ 4

A2BB
ZL19+5

AZBG
BKO06+ 5

T —T —
4.0 5.0 6.0 7.0 8.0 9.0 10.0

t/min
Fi gwde HPLC andl yai sdaublathisr es after feedin
Absorptions at 296 nm are illustvatedrsThe cotl

Afterward, the converismporno vydidenledws pny Id WlBapsD cwoansst r uct e
byZhanghvaiical bnvidnogDi r ect | ygpadpAtr emot ke in pJIJNO17 without
458 bp upstream sequence. The increased VdoD acti.i
ot her prec3ud saeonsl Abi BHowmurienBo di fference between t
ZL19 and the control strain 3BK0@hwade wlettievca teido na ffta
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days. These results proved thwi Bhghconbsusaboa, spggc
(1) and vi6)i avi hénthayldr(oxyl group at téhebenzdewearveaitny e s
i solfaterd a cPul tpularNeR Rdafa 8 3 3 . Genome mining | ed to the
cluster wi th high Ssiperaadistgp | utsat et e f@&nown ri di ca
met hoxyviridicatin biosynthesis. Het er ovlidoogAoBuGsD e x pr
are responsi bl e froirdit@eet & hoer ncaytti oonhrodmev iP450 enzyme
the key step in the @ontvercy dlpacpdredly b/ operdnng exp
demonstrating a | esnsetlay dido >ey!| atnizoymémaai ca monoal kyl
(Fi guse 3

3. For matoiftohne al kal oi di Beeiraidi heum palitans

This was also a cooperation project]!l mwiftihgsaonjoetchte,r F
viridicat ol waenrde ciydiedmotpiefintoedsluper-daglact c wlPt apdl50f ans
NRRL2033. The mycelia of this culture wereiused i
HO vivl: 1ycl €pi az (CrPiIAG)aadidder i vapdrveed B)rwa thrieyedr ox y |

gr ouapnsh-CPA9) wer e i sol atedi mndui(Hdieqasred)iBBadcsed on t hei |
strucshowskFi gurrbeB 3it can be §pecukbatad @hGdAmecur sor
under gnud ¢ i pl e o0 x iCdPaAt, i oann -t sethedpasme c acid with a 6/5/
skel eton, was fFernsitciilsloiluafs waygflPospe )ffifl 8fiadn i s known
to have toxicol 6®imwahbhddaiitginord i tanpe2oxaCWi)amrcd oxi nd
sper ad(ilhe tAhe highly HHy d&/r oaxcytliavtee dgiptetwtaidh nad di t i onal
ket al ring F fused with rings C, D, andsphehgs!| bluso
oryzRenicilliumn@emmoneé] i um*e aPmeenvbieorutsi st udi es dema
that the foxm&AMOA. obrigszaceat al yzed by fopal estzgmes
(Fi gurbe(Q, i3.,¢ . he -RRBS hybriPd°’ait&A,prenyl tr ah’tflrea ase
oxidocycl a%%ndCptatDe cyt ochr ome PHoWewrryme h€Epdldr mat
highly hydpexgd@nedBi ns uAllktnhomumgly mati ¢ hydroxyl ati
nature are usuabkygeasaamdigheds bygyt oé®B-or mgl urtdadbrOast, e
dependent mo n $'Pxayngde n d-d easvtiani mx indjor ed'dcs psesaneous

nonenzymatic oxidation/ hydroxylation occurs occasi
proddiiitser ef beeformation of the hi ghlow !l axoygehn attoe d
be investigated
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A > 2x103- 7+9 Azgs
3
% 1x103
- 1 6/8
c
— o
T T 1
10.0 20.0 30.0 40.0
t/mi n
B
o} OH
o
"3
o 0
)
N
H
B-CPA (9)
0O OH
e
HN
0
A
2-0x0CPA (10) Speradine A (11) cAATIp (12)
e KAEB167847 4 9 05, &
A. tamarii CBS 117626
ao:% so:% m?% 96."" 7:'.% s:év.
CpaA D, O JH T\
A. oryzae RIB 40 :
soE% 6i% s3%  80% 57% 76%
Spea B} 0 ‘o e f
P. palitans NRRL 2033
94% 9:%% odI% 99':% u".v. 99"%
CRL28241 4 44 45 46 47,
P. camemberti FM 013
® MFS o MT ® P450 —

Oxidoreductase @ PKS-NRPS ®PT &Reb

Figusthe -BME anal ysis of aPcr pdlAbesxatrspatcito nosf at

il lustrahedst(rAét L2 BLompari soqnpeolfusttReer pianwi t ans
cpal ustAhgperngi |l l aad ooybhaere Adpesrtgirlsl dand é aimai i i
camemberTthie sequence identities on theC)amin

Bl ast gseimrgdt ei msaQpuagF eveal ed t heahpmod ogpalsatt er

i .camembreMt 0®"®ne homol ogous <cluster was also iden
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sequenPe pdlsiytnansP. ) oNRBbh®b¥y33using anti SMASH as a
t ob’lfhed wo cl usP.ercarheanimi.r tppak hbaeaxtsr emel y ihelsghhi dent
the kopainustAer oiroynz aeed ee (leil gu H&. VW8 scr ¢ daree dt fhaer eCP A

and spempadidue Pi opaNRRaA&NEB33cameMmRRLEL t &85 e(ni ci |l |l ium
bifogfm&M 1233, and FM.0 1L mdsS Meel2ilmCaDddre di um at 25 AC
LGMS analysi-dagfdulhteurleds revealed the presence of ¢
with [*MorstBB87. 156 &NoOr ®9pBondim@P A7)d( nt housneg a | extrac
P. paNRRBN2RP.33cameMmRRL t8 8 P,caamednbEIML288MS anal ysi s
ofNRRL 885 anddiDBEMi@t3t3Hdeea de cttd on o f8) wipeh pMildp Bt

415. N520..00Bherefore, PwepdliRIRER2DNSt utbhje for mati on

speradine F.

For our biosyntéophomolsaguadussc!l dshtewas i aan dllRRAdeed @3 3 ,
ternepdkor speradine Isipedwrsttleegsico.nsT B¢ sirsqpfe FsTihxkeygen e
share high sequence identities between 50 cgpmd 80 %
clustek. fardhhz gers5e). Basedproenviregosftay. orayrmed.e t amdrti i

can be expectief8pdamthaar e Spedsponsi bl e dmper adhfedebiAosyn
(Figufe &8nd the major facilitator supeFifagmibdly3 prote
Surprisingly, no additional c alhtd@wad ef gemde (isn tfloe
of thelgshhears.her ef ore specul ated tDliatdPmtipeatD4aihd®senzy
be responsi bl estfeop dried atoil gregBe@fdod we ver , it cannot |

thateamversion is a spont%®®neous oxidation event.

I n andloogtyhe fiheterpaloggeaus expres.sA.ondwldamWsconduc
harbopiza@ 4 consgmdad MBOQ@EbI|I ) Wa s successfully const |
subsequent !l y Pdunetdii want efdori n3, 7, and 10 days, and
monitoreMSBE{§guwZerTogether with tRéeé9itdhaoleadt eod ofduaems NF
2033, one addildwinahl tphreodsiame r dtweanst i went etcitmeal asn
transfor mamtdl2veoosnpoudentciyfcdeod t mad e tyyplt o pAhAaTr p ) by

omparison of its UV spectrum and MS data with thc
o the domi hianmn tt hper oodruicgtd, 8) a lalngsl e oddeutceecrt,ed as maj or me
in ZLO04 after cul ti watgiugrieTher gidandidn diréesadsaefds dur i ng
cultivation. These results suppeoepteifstpleies hyeopbesi I

for the formation of both CPA and speradine F.
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1x acetyl CoA 0

1x malonyl CoA \%\
\ CpaA CpaD

2N OH SpeA
@ cAATrp (12) B-CPA (9)

L-tryptophan

nonenzymatic
monohydroxylated —— »
speradine A*

2-0xoCPA (10) Speradine A (11) Speradine F (8)

* The compound was only detected by LC-MS. Due to its low quantity and instability, the
intermediate could not be isolated for the identification by spectroscopic analysis.

Fi gumePrloposedte of formati onP.f opalsiptea ma:

As specul ated above, the P450 enzyme SpeD coul d
conversion of 1 pearpediante 8(A&Toi( denthief ypr oposed bi osyn
i nter methindt econfirm the f wnaotaimmes dfL22peb,nttawmi ng p
speD zZL24 containingpednd&pebhamntot hagcontr ol strain
an empt Tavklcdw8d8r e cultivat@éudndemgettthersaidée hcondi ti on
As sholing Uik 7®%as stable under the cultivation condi
detectded icothereocnf. Al espé&wa®dconverted by SpeD in
compl etleOs garnriong the samexMEPdat d swi-dadrg ldch d ulotnur7e
ZL22 after i Toub at qsoeap avi athi ve HPHCNBKMB a&etll HREI SMS
analyses tonbe-oxnme@Pshroving the hydroxylFaitgiuorne o3f CF
7N.ln tchaegl7d cul ture of7wals24c,omphetaeddedconv(@}t®®d to
proving SphkiEetfloyl athdeodmi gur7g FBrt her nmofnhé omehgbol it
profile | ed da®inhaelL ddetefcttdaroncul ti watcioumuwdggetdo 1®r awe s

if SpeD is also respomfslt 8l e for the conversion

We thereforlelt supplciuédure of ZL22, and deaktered ir
cultivationFif gu¥r88)03 doywse vier , l1aubaatbhlomnkofPD medi u

cultivation in the contr ol 8wsittrhaicno napl asroa blleed ctoon vtehres |
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appr oxi2a%a(lgw ¥8B) .3 This proved that SpeD catalyzes
to-o20CHM a(s reported forl°EpdHspeeadionsel 7, undergoes

mu ksttiep hydroxyl ations to speradine F. This concl uc

intermedi at e's owist at[ @88.H]60 N 0. 005,
speradi*Bpenrad@mwasF stabl e t he

corresponding

under c uflutritovmaeird Nt c o n

was det ectdayglidn caulltOur e. We s p eBomalsa ttehde tfh enrad f oprreo dtu
spontaneous oxidations. To prove the infllwasce of
incubated at 25 AC in PD media at pH 4.0, -MS1, 6.5
revealed slightly idédtr&adgeaedmcdmyv arosi2ens, owfnder bas
addition of mild oxirdamihE 8eGefveéssiteoe yvyioaves of 3
were detected for the ovelrwmiitghthRean@hoonbami per smuktare
H202, respectively. Under t hé Iwsaassmec ocnovndd inteidohne o coonnl tyr ¢

experi ment

Az96

ElI C70

El C 80

El C 90

El Cle

Fig
t he
ran

—

wi t hout

additives.

3daypld culture 7-dapl d culture ledapl d cul ture

> 8+12
5 1x10%4 1%10°+ 1%10%+
< 8+12 7
£
o 5x1024 12 7+9 5x1024 7+9 5%1024
5 b
= 0 0 ]
‘»  2%10%4 2x105+ 2x106-
) 7 7
T 1x10%4 1%1064 1x106
> ’ JL L
~ 0 ~ 0 0
= 5x104 5%104+ 5%104+
o
f~ 2.5%1044 2.5%104 s 2.5%10% 8
> 0- 0- 0-
—  2x105+ 2x105- 2x105+
< 9
£ 1x105 9 1%105 J 1x105 i
> 0 K 0 0 N
I 2x10 2x10%+ 2%106+
c 12 12
@ 1105 12 1%105 1%105 1

10.0 20.0 30.0 40.0 10.0 20.0 30.0 40.0 10.0 20.0 30.0

t/mi n t/mi n t/mi n
u+7eL GBS anal ysi s of At.heiddil€eaast soogklCband
control strain BKO6 hBRIr@rrn enfgeirnomesM awhghhy

ge of N O0.005771 ®nCls2vnef ept o868 & 0,466 .,389 .,1

and712. 107Tespectively.
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Based on the results obtained in thNRBRPStOpgA uUusece
one acetyl CoA, one Lmalygprnylp h@mA ,mod redcc oA @ rfpo,r wvalsiscehmt
is then prenylated by the prenmCIPtAr ainss f eogrmaser t $pde Bt
pentacyclic indole tetramic acid CPA by the oxida
SpeE to speradine A, as demonst rldt ewn deelr gwes.s Hriunl at |
nonenzymatic hydroxylI8aFigu®et® speradine F (

A B Az96

A Z12 Aspe)D 14 8 11
296

EI C & f
ZR2 Aspe)D 7+ 10

7-da-pl d cul tur 7
El C 1loif

11

ZR2 4spebspekE 7+ 11
7da-pl d cuIturR 7 BK 6+11 8

11 ElI C 8 f 11
Z124spebspekET7+ 8 1

lodapl d cul tulfe 7
El C 1loif

PDBr11 8
1
ElI C 8 f

L

7
PDBr7 '\ L
7dapl d cul ture El C 1loif H

6.0 9.0 12.0 15.0 6.0 9.0 12.0 15.0
t/mi n t/mi n

B KO 6+ 7
7dapl d cul ture
v —_—A

Fi gurBe J A) HPLC Apr ofiidwédainefes and contro
wi t7h ( BMSL&nal YAsi ;i @d@ud latnsr es and control s
1 or 10EWHGsBamfilr ef er t'om/ M5+ 18P and 367. 16
range of N 0.005, respectively. The contr
The medium PD was used to cultivate the |
il lustrated.

3. Biosynthesis of the sesquAgeempeginloli ds masg tfud a

Sesquiterpene cyclases wuse 1fjaransesygu bsdirpahtoes paarad e c g
different cyclization procediffbse tarlehmi avemyavany
bondi ng, hybridizati on, and stereochemi'sThegy due

release sesquiterpenaeg dasietgtofebi ekbgbtual activi

antiviral, -anfi ammgabryanand a%ti parasitic activit
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HcS
B —
1,11-closure
o
/e.‘\:’@\\ NPP B-Himachalene
&
E 1 1 methyl 1
X 2 2 ) migration 10 2
10 & 10
| E 1,11-closure
1
" OPP Humulane Bicyclo-humulane Precursor of
ochracenes
FPP
\?& HO
In this study

T h

Malfilanol D (13)

Fi gu@eTh3 specul ated mephaesesmativesrof ses
bicycl o[ 5. 4 .s0K]eul nedteocna.n e

I'n this study, a new §¢éesvasi i eopankRdmédbtbmhMiDall D
(Tabl-B)har boatienmrgpene dceyrcilvaesdes peoqi | lbytsheusRhBE candi da
Mar | i e sRePperteesrent ati ves of akeisgwudlterp.eh.o0 |dsn dnactahn e
6/ 7 fused JYarneghi smascthamene an@i 9o g a Geontehs o f whi ch
requihe -4, dd4ure to achiebveMatlliée | srkell etbonpossesses
bicyclo[5.4.0]J]undecane skel eton but di ffers in tt
(Fi gur9p TBé or mati on mecharcilsons uos fe-memeetkedl ring from
coul d not be V¥Wepecexlpatce cedp etclcgrcefi xrad i on and/ or al k
mechani smmé f i hbminbodynt hesi s 6feemui tser kanwn

Firstly, sequence anfadytdiuesd dfo tthhee g ememme fdfcati on o
putative ter penmf difgecrieaadfet,eerk.pl me d trhfed @eu nfcitrisotn torfi e
del ete tmhiaiSeseé,usut no del eti on mut anlth ewaest boebet,ai n e
heterologous expressiAon nii dwalsathesd n dourcgtaend ,s mgener atir
MPOBY aM| (Tabl-B.AFter cultivation for 9 days in rice
detected-MSy aHP L2688 mommari son to the control strain |
pJINOLIFi gurld. T® determine the structure of the accun
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1.5%10%,
> BKO06 BPC
B 1x10%
=
E Ex10°5
0_
1.5%108
> MPO4 BPC
E 1>10° malfilanol D
8 sx10% D/
=
0_
T | |
10 20 30
timin

FigurledD.3 HWE Cmet abol ite screening of the ¢
BKO6 and the transfor mant MPO4 after 9 day

tn

was cultivated in O0O.5chkigturee wasdiextrabeel dayh p
purified by silica gel column chromatogtHap\MR, | nt e
¥ NMBIH CO$HSBQC, HMB®8H aM@ESY r evstarl eat urhee of t hi s
product (mealrfmeljgreahi@h is a derivamaVéi bankhswA @B
with a methyl insteagdgroodi’fal!®®OOH or COOCH

To prowd dtShats solely responsible for the formati ol
with the recombinant Tghreo tceoidni nvga ssnécgaBmduccatmgodf.i f i ed f
compl ement ary DNA, i-h&ee(r#)e de xi pnrt eoswst ihden ppElqaieMicde f or
termi mhlagHi and tralbsf®alnedpe nftor nvead | @My b |-2. M3y

worfkocusmhdpur i fi adhtevenpoédduc,edf uprrtohteeri nenz yreedasngays .
expersweth®-l abel |l edt acex plraesarc meldani sm. Fi rtshtd y, |
expressiomsotMMbdSi twmogi eled of 0.6 .Mgepeubbtien obl Mi
with FPP was carr i etde sotuetd ucnodnedr-HCihoef pbHeism. )i st 25
presence of?*(F0gmMeAM8E). A conversion yield of appr oo
achieved after incubabiwas fioderdtOi mied Mal fhéasnole |
of uv, retenti on?ftriangeme nN&ité mmd widiSh t he iKsmleatieed ¢
parameters of FPP wer@g dpertetrevimredobfi@® rleacti on f
Mi c h aMeel nitse n equat Kvowmal wiet hata 0. 29 N 0.009 mM and a
kega© . ND . GI(Fi gusle€F). Bhe cat al ytkiadkvwedd i cdlenwclyatMed as 3

1
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Previrews acaracsh p rforvggise NMWAp at hway fFoRPm firRPPM and DMAPP.
Therefore, feedi nd- exemk la cneetnatitaegswditnbu2 t ures of t he
strain MP0O4 were carried out to support the expect

i hhtei osynomabsfisl.amesl sFowu+lign ¥ eedi A wiaclketfpte resul

A B
Temperature
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- o
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Figufldd .3 Linearity tests dotf erMhidrba triecarcto font h
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in strong intensity-3i,ncQ-2e@a4e€,-IT Crafdyg@ahs82zdsdid
enrich@entrespondingl y,2,tthCelG, 8,462 s4 &G ,- 1, and C
15vere enriché&®-fthdrds29af8 er -ftd e dricnRye avaietkha b[l 2y , coupl:i
C9 H&8ct34.6 wilt mtC 32.5)Jppnd4wdtHz awas O sNMR esipd ot rtuhme
of malfilanol D -4l eac FteagtdaeladgThvei toho o[pl ed s-ignal of
was slightisshi Oowdf iteol dO. 0191 ppm. Akias bemanslbel eetxo
rearrangeméetet t@bser e b-ltosnuwrte 1d ulrli ng the ring form
Fi gu#lguBder gdiemssge two original carbonyl carbons of
To verify this hypothesis and to provide deep insi
D, we carried out a f e nagc eetxapteer i amech t i nfF & i i elt, e2d
312'C NMR sdiogvmaflisve coupling. €ar-BpopBCE€£ai-5KLE, - C
7/-C4, ahldfl@. These paired carbons can be easily as
Signal 9 a@amdCCappear i ndeed as singilcarvonsuepranvtaigr
bet wed®n a@GHd0 Cand bei ngnti nwiatghr etehme pr opos e dFingeucrheani s
3-13

I'n summargharacterized in this study ascowmglces®sGui
fungAs usitrus t he bi osynt hesi s of t he | ess i nves
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ABSTRACT: Cyclopenol (1) and viridicatol (6) with m-hydroxyl °ml

groups were isolated from a culture of Penicillium palitans. Genome Ej); 9 :}rp 9 v on
mining and heterologous expression in Aspergillus nidulans led to VdoBC d ‘ d >s75

the identification of their biosynthetic gene cluster and the hin S i 5
cytochrome P450 enzyme VdoD responsible for the meta w#x ‘,0" Cyclopenin (2) Cyclopenol (1)

hydroxylation. Precursor feeding experiments into vdoD trans-

VdoA VdoA/spontaneously
formant proved the conversion of cyclopenin (2) to 1, which then <L e

undergoes a spontaneous or VdoA-catalyzed rearrangement to 6. A on
direct conversion of viridicatin (5) to 6 by VdoD was not detected. @
O N OH
N0
H
Viridicatin (5) Viridicatol (6)

he oxyfunctionalization of carbon—hydrogen (C—H) catalyzed by the hemocyanin-like enzyme Asql or PenL

bonds is one of the important reactions for increasing (Figure 1A). It has also been reported that 2 is derived from

the structural complexity of natural products and provides a anthranilic acid and 1-phenylalanine. Accordingly, 4'-methox-
directing group for further diversifications."”” In nature, yeyclopenin originates from anthranilic acid and 4'-methox-
hydroxylation can be achieved by different enzyme classes yltyrosine. r-Phenylalanine was not used by the NRPS PenN
such as cytochrome P450s,” 2-oxoglutarate-dependent oxy- for cyclodipeptide formation (Figure 1A).%'* On the basis of
genases,” and flavin-dependent oxidoreductases.” Hydroxyla- these results, it can be speculated that 6 with an additional m-
tion at a monoalkylated benzene ring usually takes places at the hydroxyl group in comparison to § could be the rearrangement
para or ortho position of the substituent.” > An enzyme- product of cyclopenol (1). Together with 6, 1 was also isolated
catalyzed meta hydroxylation rarely occurs in nature. from fungal strains such as Penicillium viridicatum and
The viridicatin-type alkaloids with a 4-aryl-2-quinoline Penicillium cyclopium."> This hypothesis raised the question
skeleton comprise only a few species and are widely distributed about the origin of the aryl residue in 6. It could also be
in the fungal genera of Penicillium and Aspergillus. For example, speculated, in analogy to 4'-methoxyviridicatin, that the
viridicatin (S) with a 4-phenyl residue and its meta- hydroxyl groups in 1 and 6 are from m-tyrosine (Figure 1A).

hydroxylated congener viridicatol (6) (Figure 1A) have been
isolated from Penicillium polonicum® and Penicillium sclerotio-
rum.” Together with its 4’-methoxylated derivative, viridicatin
was also identified in Aspergillus nidulans (A. nidulans).® These
compounds possess various biological activities such as
antitumor,9 a\nt:i»inﬂammatory,10 and antifungal activities."'
Genome mining led to the identification of a nonribosomal
peptide synthetase (NRPS) containing biosynthetic gene
cluster asq for § and its 4'-methoxylated derivative in A.
nidulans FGSC A4.° A very similar pen cluster from Penicillium
thymicola IBT 5891 is responsible for the biosynthesis of 4'- Received: November 18, 2021
methoxyviridicatin (Figure 1).'> Molecular biological and Published: December 20, 2021
biochemical investigations revealed that viridicatin and its 4'-
methoxylated derivative are rearrangement products of the aryl
benzodiazepinediones cyclopenin (2) and 4'-methoxycyclope-
nin, respectively (Figure 1A).>'* This conversion was

The formation of m-tyrosine catalyzed by a phenylalanine m-
hydroxylase was reported in Streptomyces coeruleorubidus.'*
However, a meta hydroxylation of cyclopenin to cyclopenol
was demonstrated in the later 1970s with a crude enzyme
extract from Penicillum cyclopium.'>'® This controversial
ambiguity encouraged us to investigate the biosynthesis of 6
and especially the hydroxylation step, because a meta
hydroxylation at a monoalkylated benzene ring has rarely

@ 2021 American Chemical Society https://doi.org/10.1021/acs.orglett.1c03932
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A L p without a m-hydroxyl group: i.e,, 1 and 2 as well as § and 6. An
Ig OCH, O ) interpret?tion of the '"H NMR spectrum of cyclopeptin (3)
HNT T o Asal (Figure $4) also revealed the presence of the two conformers

L-Tyrosine N PenL O o 3a and 3b in a ratio of 2:1, as reported previously.®

> — — b . %

AsqgKor  Asqlor N%° N~o For biosynthetic studies on 1 and 6, the genome of P.
PenN PO ey #-Methoxy- palitans NRRL 2033 was sequenced and the draft genome
<yclopentn viridicatin sequence was used for prediction of putative gene clusters by
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Figure 1. Viridicatin-type alkaloids and precursors (A) as well as the
corresponding biosynthetic gene clusters (B). The sequence identities
on the amino acid level are given in percent.

been reported previously. We chose Penicillum palitans (P.
palitans, syn Penicillium commune) NRRL 2033'77*° for our
study, because 1 and 6 were previously isolated from
Penicillium commune.”"**

Cultivation of P. palitans in modified Czapek—Dox
(mCDH) medium at 25 °C for 15 days and LC-MS analysis
(Figure 2 and Figure S1) revealed the presence of the two

4.0x102 A=296nm
1 6
2.0x102 2 3
0+ T Bty )
10.0 20.0 30.0 40.0
t/min

Figure 2. LC-MS analysis of a crude extract of P. palitans. Absorptions
at UV 296 nm are illustrated. See Figure S1 for extracted ion
chromatograms with the respective [M + H]" ions of 1—6.

dominant products 1 and 6 with respective [M + H]" ions at
m/z 311.1031 and 254.0815. These values correspond very
well to those of cyclopenol and viridicatol, respectively. To
confirm the integrity of 1 and 6, a large-scale fermentation was
performed. Fractionation of the crude extract on a silica gel
column and further purification by HPLC led to the isolation
and identification of six pathway-related metabolites 1—6
(Figure 2). High-resolution electrospray ionization (HRESI)
and '"H NMR (Tables S5—S7 and Figures S2—S7) analyses
confirmed them to be cyclopenol (1),”* cyclopenin (2),’
cyclopeptin (3),** dehydrocyclopeptin (4),”* viridicatin (5),”
and virdicatol (6).”° Among them are two pairs with and
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using AntiSMASH.”” Genome mining and a Blastp search
using enzymes from the asq and pen clusters (Table SI1 and
Figure 1B) led to the identification of a putative biosynthetic
gene cluster for viridicatol, termed the vdo cluster hereafter.

The candidate cluster shares high sequence identities of 53—
79% on the amino acid level with three genes of the
aforementioned asq and pen clusters (Table S1 and Figure
1B), coding for a hemocyanin-like protein (VdoA, homologue
of Asql/PenL), NRPS (VdoB, AsqK/PenN) and an Fe'/2-
oxoglutarate-dependent oxygenase (VdoC, AsqJ/PenM). As
illustrated in Figure 1A, these enzymes are responsible for the
formation of the viridicatin scaffold. In the vdo cluster, the gene
vdoD coding for a cytochrome P450 enzyme is located
downstream from vdoC and shares only 27% amino acid
sequence identity with the cytochrome P450 asqL in the asq
cluster, indicating different functions in the biosynthesis. The
function of AsqL was neither reported nor speculated. On the
basis of its high sequence identities with putative benzoate 4-
monooxygenases from different fungi, e.g. GAQ45310.1 from
Aspergillus niger (63%), PYH35076.1 from Aspergillus neoniger
(62%), and RAK89448.1 from Aspergillus costaricaensis (62%),
we speculated that VdoD could be responsible for the meta
hydroxylation in 1 and 6.

Attempts to prove the cluster function by gene deletion
failed, because P. palitans NRRL 2033 is difficult to genetically
manipulate. We therefore changed our strategy to heterologous
expression in A. nidulans LO8030, which was successfully used
for cluster identification.”* Fortunately, the native asq cluster
from A. nidulans is usually silent,” so that expression of the vdo
cluster can be achieved without the influence of the
endogenous viridicatin biosynthetic genes. For heterologous
expression, a DNA segment of approximate 18 kbp containing
vdoABCD, 500 bp upstream, and 200 bp downstream regions
was cloned via homologous recombination in Saccharomyces
cerevisiae™ into pJNO17, : resulting in the expression construct
pZZ01 (Tables S3 and S4 and Figure S8). PEG-mediated
protoplast transformation into A. nidulans LO8030 and
selection with riboflavin autotrophy resulted in the trans-
formant A. nidulans ZLO1 (Table S2 and Figure S9). The
correct integration of the cluster into the genome was verified
by PCR amplification with genomic DNA (Figure S9).

The strain ZLO1 was subsequently cultivated in mCDH
medium (pH 5.5) for 10 days, and the secondary metabolite
production was monitored by LC-MS (Figure 3). On
comparison with the negative control strain A. nidulans BK06
with the empty vector pJN017,** all of the six products 1—6
isolated from NRRL 2033 were detected in ZLO1 by UV and
extracted [M + H]" ions of the respective compounds. Their
integrity was verified by a comparison of their UV, MS, and
MS? data with those of the authentic compounds isolated in
this study. In comparison to the dominant products 1 and 6 in
the original producer, 1, 3, and 4 were accumulated as major
metabolites in ZLO01, indicating a different gene expression or
regulation in both strains. Nevertheless, this result provides
direct evidence that the enzymes coded by the four genes
vdoABCD are indeed responsible for the biosynthesis of

https://doi.org/10.1021/acs.orglett.1c03932
Org. Lett. 2022, 24, 262267
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Figure 3. LC-MS analysis of the extracts of A. nidulans ZLO1 harboring vdoABCD, ZL02 harboring vdoABC, and the control strain BK06 harboring
the empty vector. EICs refer to [M + H]" ions with a tolerance range of +0.005.

viridicatol, including the meta hydroxylation on the mono-
alkylated benzene ring.

As speculated above, the cytochrome P450 enzyme VdoD is
likely the assumed hydroxylase. We therefore constructed an
expression plasmid pZZ02 containing only three genes vdoABC
without vdoD (Tables S3 and S4 and Figure S8) and
transferred it into A. nidulans LO8030 to create the expression
strain A. nidulans ZL02 (Table S2 and Figure S9). Afterward,
7102 was cultivated under the same conditions as for ZL01. As
shown in Figure 3, 2—5 without a m-hydroxyl group were
detected. 1 and 6 with a m-hydroxyl group could not be
detected, even with extracted ions. These results proved
unequivocally VdoD to be a m-hydroxylase in the biosynthesis
of 1 and 6 and also suggested hydroxylation at the late stage of
the biosynthesis, very likely after the formation of 2.

To prove the hydroxylation step catalyzed by VdoD, we
constructed the expressed plasmid pZZ03 by cloning vdoD and
its 458 bp upstream and 156 bp downstream sequence into the
vector pYH-gpdA-pyrG (Tables S3 and S4 and Figure S8),
created the strain A. nidulans ZL03 (Table S2, Figure $9), and
carried out the feeding experiment with 2 (Figure 4 and Figure
S$10). 2 was converted with a yield of 30% to a compound with
the same retention time, UV spectrum, and MS data as those
of 1 after cultivation for 7 days, while no consumption of 2 was
observed in the control strain pYH-WA-pyrG with the empty
vector pYH-gpdA-pyrG.>> To confirm the structure of the
biotransformation product, 2 (S mg) was fed into ZL03. A 1.3
mg portion of the product was isolated on semipreparative
HPLC and subjected to '"H NMR and HREISMS analyses,
which confirmed it to be viridicatol 1. This result proved that
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VdoD is responsible for the conversion of 2 to 1 and catalyzes
the key meta hydroxylation step in the viridicatol biosynthetic
pathway. Our finding is also in agreement with the reported
cyclopenin meta hydroxylation activity of a crude protein
extract from Penicillum cyclopium.'>*¢

Afterward, we tried to increase the conversion yield by
VdoD and prepared the new expression construct pZL19
(Tables S3 and S4 and Figure S8) by cloning vdoD directly
after the gpdA promoter in pJN017 without the additional 458
bp upstream sequence. Feeding 2 into the obtained trans-
formant A. nidulans ZL19 (Table S2 and Figure S9) with the
expression plasmid pZL19 resulted in almost complete
conversion to 1 after cultivation for 5 days (Figure 4 and
Figure $10). In comparison, no consumption of 2 was detected
in the control strain BK06. The increased VdoD activity
allowed us to test its acceptance for other precursors such as
3—5. As shown in Figure 4, no difference between the
transformant ZL19 and the control strain BKO6 was detected
after feeding 3—5 and cultivation for S days. These results
proved the high substrate specificity of VdoD for its substrate
2. In the cultures with 4, both 4 and one additional peak 4%
with same UV and MS data were detected. The conversion was
also observed after incubation of 4 in mCDH medium (Figure
S11). We speculated that 4* could be the E isomer of 4.
However, due to the low quantity of 4, its structure could not
be elucidated in this study.

In conclusion, we isolated cyclopenol (1) and viridicatol (6)
with a m-hydroxyl group at a benzene ring and related
compounds from a culture of P. palitans NRRL 2033. Genome
mining led to the identification of a gene cluster with high

https://doi.org/10.1021/acs.orglett.1c03932
Org. Lett. 2022, 24, 262267
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