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AThe ear t hsttisgenearheambfdightb eas i f t here were some speci al S
But for us, it's different. Consider again that dot. That's here. That's home. That's us. On it everyone you love, everyone
you know, everyone you ever heard efery human being who ever was, lived out their lives. The aggregate of our

joy and suffering, thousands of confident religions, ideologies, and economic doctrines, every hunter and forager, every
hero and coward, every creator and destroyer of civilizaévery king and peasant, every young couple in love, every
mother and father, hopeful child, inventor and explorer, every teacher of morals, every corrupt politician, every
"superstar,” every "supreme leader," every saint and sinner in the histanysgfezies lived theiieon a mote of dust
suspended in a sunbeam. The Earth is a very small stage in a vast cosmic arena. Think of the endless cruelties visited
by the inhabitants of one corner of this pixel on the scarcely distinguishable inhabitaataeobther corner, how

frequent their misunderstandings, how eager they are to kill one another, how fervent their hatreds. Think of the rivers
of blood spilled by all those generals and emperors so that, in glory and triumph, they could become therynomenta
masters of a fraction of a d@ur posturings, our imagined sétfiportance, the delusion that we have some privileged
position in the Universe, are challenged by this point of pale light. Our planet is a lonely speck in the great enveloping
cosmic dak. In our obscurity, in all this vastness, there is no hint that help will come from elsewhere to save us from
ourselves] é] To me, it underscores our responsibility to
cherish the pale blue dot,tbenl v home we've ever known. O

Carl Sagan: Pale blue dot, 1994
Picture: NASA/JRCaltech
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Zusammenfassung

Mikroorganismen, die lange vor den Menschen existierten und wohl noch lange danach existieren
werden, haben seit jeher unser Leben gepragt und nachhaltig beeinflusst. Wéahrend ihres
Lebenszyklus produzieren Mikroorganismen eine Vielzahl an Metabotiienhaufig auch als
Naturprodukte (NP) bezeichnet werdddarunter fallen merseits Primarmetabolite, didie
Organismerzum Leben und zur Reproduktion benétigen und andererseits &ekuatabolite

(SM), die ihnen z.B. im Uberlebenskampf mit Konkurrenten Vorteile verschaffen. Letateden

haufig auf eine bestimmte pharmakologische Wirkenadggeschneideund stellen daher wichtige
Ausgangpunktefur die Entdeckungind Entwicklung neuer Arzneistoffe ddRund die Halfte der

von der FDA zugelassenen Arzneimittel sind entwé&terdie direktangewendetverden oder sie

stellen Derivate oder Mimetika derselben dar. Da in den letzten Jahren jedoch immer weniger neue
Arzneisbffe aus NP stammen, ist es umso wichtiger, diesem Trendchdu~orschung
entgegenzuwirken.

Dies kann durch unterschiedliche Ansétze erreicht werden. Zum einen kénnen bisher unerforschte
Gene untersucht werden, ddgentuellfir die ProduktiomneuerSubstamen verantwortlictsind

und zum anderen k°nnen bereits bekannte Strul
Prinzip gezielt modifiziert werden, so dass nc¢
Arbeit wurden beide Anséatze verfalgt

Im ersten Projekt wurde die Funktion eines Genclustass T

dem marinen SchimmelpiRenicillium crustosunPRB-2, KSQDH 5 ™

das unter Labosuingungen nicht aktiv ist, aufgeklart E., EH — f]:l\/\
Di eses Ast ummehier aleih Clustes

bezeichnet, besteht aus drei Genen die fur die 4

PolyketidsynthaséPKS) XilA, einen Transkriptionsfaktor

(TF) XilB und ein Cytochrom P45@P450) Enzym XilC

kodieren. Zunachstonnte durch gezielte genetisdanipulation des WirtXil B aktiviert werden
und die Produktion von Xylariolide Dsowie dessen Vetufg das nichthydroxylierte
Prexylariolide D, in den rekombinanten Stammen detektiert weRketetzteres allerdings nur in
sehr geringeMenge produziert wurde, wur@aschlieRendie PKSselbst Giberexprimiert, so dass
deutlich mehr Rydukt akkumulierte und eine Strukturaufklarung mittels NMR maoglich war.
Um die Biosynthese dieser beiden Polyketide aufzuklaren, wliedBKSzunachsheterolog in
Aspergillus nidulansexprimiert. Auch in diesen Transformanten konnte Ereduktionvon
Prexylariolide D beobachtet werderZusatzlich wurde mit Xylariolid G eine neue Substanz
entdeckt, die sich in der Position der Hydroxygruppe von Xylaedidunterscheidet und als

o xylariolide D
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Artefakt im heterologen Wirt angesehen werden kann. Um zu bestatigerRrdagkariolide D

durch dasP450 XilC in Xylariolide D umgewandelt wird, wurdgilC ebenfalls heterolog in
Aspergillus nidulangxprimiert. Nach Zufutterung von PrexylariolideKdonnte die Umsetzung

zum Endprodukt de Clusters bewiesen werden. Da die verzweigte Struktur von Xylariolide D
nicht, wie ublich, aus einer linearen Kohlenstoffkette stammen kann, wurde eine Kultur des
rekombinanterPenicillium crustosunStammsmit Uberxpression der PK&it 13C markiertem

Acetat versetzt. So konnte bewiesen werden, dass die verzweigte Struktur komplett aus
Acetateinheiten biosynthetisiert wird. Dementsprechend muss wéahrend der Biosynthese durch die
PKS eine untbliche Verzweigung der sonstdie® Kohlenstoffkette erfolgen.

Das zweite Projekt, das in Kooperation mit D ' ey
Lauritz Harken durchgefuhrt wurde, basierte a. ’._‘Nﬁ _ \
dem erst kiirzlich entdecktegtm Gencluster aus Lyt - Wl
Streptomyces cinnamone@@sgtmCluster besteht _ va ¥

aus funf Genen, die flr vier Enzyme kodiereimer rf'z“ ;
Cyclodipeptidynthase ¢DPS GtmA, einer
Cyclodipeptidoxidase (CDO) GtmBC, einem P4t
GtmD und einer Fe'/2-Oxoglutarat abhangige
(F€'/20G) Oxidase GtmBN&ahrend GtmAcyclo-L-
TryptophanL-Methionin synthetisiert, wird jeweils eine Doppelbindung von GtmBC und GtmE

am 2,5Diketopiperazinring eingefuihrt und GtmD Ubertragt ein Guanin auf den Tryptophanrest.
Um eine grol3ere strukturelle Vielfalt an Cyclodipeptiden (CDPs) mit einerDiRggopiperazin
(DKP)-Grundgertistzuerhaltem,o |l | t en v er schi e dMixaedM& D BPEr&Eip nac h
mit den modifizierenden Enzymen dgisn Clusters kombiniert werden. Um mogliche Kandidaten
ausfindig zu machen, wurden die modifizierenden Enzymegte€Iusters GtmB1 E) zun&chst
heterolog inStreptomyces albu$1074(S. albu$ exprimiert. Den Kulturen des rekombinanten
Stammes wurden verschiedene CDPs zugefittert und die Umsetzung deatSuatistiels LEMS
ausgewertetFur die anschlieBende genetische Kombination wujdea CDPSs ausgewabhilt,
deren Produkt umgesetzt wurde. Dementsprecheadien finf CDPSs aus verschiedenen
StreptomyceStammerausgewahlt undid entsprechenden Gene wurden zusammieigtmBi

E in S. albus exprimiert Die LC-MS Analyse der Kulturen zeigte, dass acht der zuvor zehn
detektierten Derivate erhalten werden konntéach Kultivierung im grof3eren Mal3stalurden

diese isoliert undleren Struktur mittels NMR und M8ufgeklart.Somit konnte gezeigerden,

dass das rationale Kombinieren von Gensare einfache und schnelle Methade gezielterin

vivo Produktion vorteils neuen und hoch modifiziert®erivatendarstellt.

+ gtmD gtmE > gtmBC

genetic engineering:
exchange of CDPS

€



1. Introduction

1.1 Microorganisms

1.1.1 Their immense impact on (human) life

Singlecelled mcroorganismsrepresenthe earliest fornof life on earth andhe existence of
Bacteria and Archaezan be traced back toughly3.5 billion years'' 2 For the next 2 billion years,
Bacteria and Archaea adapted to the most hostile surroundings and still dominate in terms of
biomassowadayg Nearly 1.5 billion years aga, rare endosymbiotignionbetweeranArchaean

and a proteobacteriuted to theformation of mitochondria and themergenceof eukaryotic
cells¥7 Data suggests that thjgrocessoccurred only oncealuring evolution - and that all
eukaryotic cellghereforeshare mitochondriariginatingfrom a commonancestor This unique
event pavedhe way forthe evolution of more complex cells and multicellular organisthgir
presences even written irour genomes, withnestimated 65% diumangenesoriginating from
microbest Without these tiny organisms that are invisible to the naked byeans would not
existtoday andnicroorganismsire thought to exist well beyond any extinction event in the fture
During the last decades, many different theories emengad attempto classify all cellular life

on earth.The first aproach towed a classification was the separation into prokaryotes (bacteria)
and eukaryotes (organisms with nucleated celbjch dates back as early as 1837

Currently, he most widelyused classification systemas established by Woese, Kandler and
Wheelis in 1993° Basedon their 16S ribosomal RNAomologiesthe authorslivided all living
organismsinto three main groupsermeddomains, as the highest taxonomic levgdcteria,
Archaea and Eucary@his was the first time thaArchaeaweresplit from Bacteria

A

Archaea Eucarya Archaea

1

Loki

Eucarya -

Bacteria
Bacteria

1: Crenarchaeota

2: Euryarchaeota

3: Proteoarchaeota

Figure 1. Tree of life A Threedomain system according to Woese, where Archaea are described
for the first time and separated from BacteBaRecently discussed twaomain system in which

eukaryotes emerge from Archadaguremodified from Keenleysidé!



and described as an own, new domain. Very recently, the discoveokiafchaeota anédsgard

Archaea challenges Woeses thdeenain systensincedata from phylogenomic analyses affiliate

thetwo phylawith eukaryoteg?Therefore, a twalomain system solely consisting of the domains

Bactera andArchaea in which eukaryotes emergdrom the latter one, is discuss€dThe
schematic model oftbee genet i ¢ rel ationships between spe
| i fnel the two different systems described aboealapicted irFigure1.114

1.1.2 Theirimportance in modern life

Microorganisms (derived from tt@@reekwordsmikrosfor "small* andorganismés or " or gani s |
also referred to amicrobe$ are extremely diverse and can be found in all domains of the tree of

life. They includesinglec el | ed or gani s ms | i ke most bacter
multicellular organismse.g. filamentous fungiand Streptomycebacteria Although viruses are

also considered as microorganisms, they are no cellular entities and need living cells for
propagation. They are usually not considered living organisms and due to their divergent biology

and characteristics, they are not discussed in this cofitéxt.

When we think about microorganisms in our daily live, we often associate thosegdanisms

with negativeeffects for our health probably becauseathogens accounted for many deaths
throughout human historffhe Grarmnegative bacteriunyersinia pestisaused three episodes of

the plaque, including the TN@%afcal Eubbpearts wére i n  w
killed.1”*® Further examples of pathogens includee Actinobacterium Mycobacterium
tuberculosis the cause of tuberculosisjelicobacter pylori causing chronic gastroduodenal
diseases or pathogens of flasmodiungroup which cause malaria through infected Anopheles
mosquitoes¥?! Molds are notoriously known fofood spoilage and the production of toxic
mycotoxins?? For example lte consumption of grains infected with the fun@leviceps purpurea

can lead to ergotism, a disease cduseergot poisoning which manifests itself in spasms, nausea,
gangrene and eventually death.

But many nicroorganisms contributeositivelyto modern life in many different aspects. They are,

for example, used to clean wastewater or for the production of bidfuels.

Microbes have traditionally played crucial roles in the preparation of food and beverages for
thousands of years,g.species of the ascomycete yedatcharomyceare used for the production

of beer, cider and wine. Yeast harvested as fiw
for bread baking® In the process of cheese nirak bacteria ferment lactose in mammal milk to

lactic acid and fungi are used to further ripen and flavor the cheese. Brie and Camembert, for
example, are salted during the fermentation process and the halotolerant filamentous fungus



Penicillium camembeirforms the typical white rind and tasfeln Asia, soybeans and wheat are
inoculated withAspergillusmolds for the production of soy sauce and a complex community of
yeas$ and bacteria is involved in cacao fermentattaviodern biotechnological applications of
microorganisms include the industrial puation of vitamins, organic acids andigs?®

Their ability to produce compounds that can be used as drugsnmst importanaspect for this
work and it will be discussed in more detail belowo understandhow those compounds are
biosynthesized and how we can systematidaijger their production or rationally design new
drugs a closer look athe naturalhabitats the biology andthe metabolismof microorganismss
needed.

1.1.3 Microbial habitats

As menticmed above, mrobesvirtually inhabit our whole planet and are perfectly adapted to
variousenvironmentabndecologicalniches, where they cdive andthrive evenunderthe most
extreme condition®?’ Th e s e i e x t promisediyyé mitrabisl diversity, which is yet
largelyunexplored due to difficulties in their cultivation under laboratory condifibRslophiles

for example,adapted to high salt concentration in their environmentdophiles to acid,
psychrophiles to low and thermophileshigh temperature A prominent representative of the
latter groupis the bacteriunThermus aquaticydelonging to the phylurbeinococcotawhich is

the source of the heatsistantTaq DNA polymerase enzyme. Another bacterium from the same
phylum,Deinocacus radioduransss ai d tthoe bweo riil d' s t sincejiteuevivds b a ct e
high levels of ionizing radiatioff?°

Microorganisms have many functions in nature. Although marine phytoplankton accounts for only
about 1% of global plant biomass, it performs half of the global €&Quesation and oxygen
productionby photosynthesi$In addition, marine bacteria and archaea contribute tofi@&ion

in deep ocean watand they profoundly contribute to our food chinis estimated that the water
column of the ocean contains up té bacterial cells/m2° In aterrestriakenvironmentfungifrom

the subkingdom Dikarydincluding ascomycetes and basidiomycetas§l bacteria(mainy
actinomycetesarethe most important decompars of organisubstratesg.g. wood, leaf litter, or
dung®32Mycorrhizal fungi form symbioses with over 90% of all plant species and up to 80% of
the plantodés mineral nutr i e mirobialgartoerstSemeplantss ar e
nearlycompletely rely ormicrobes e.g.someorchids, which must enter symbiotic relationships
with fungi to germinatebecauséheir seeds lack endperm??

But microorganisms do not only occur our environmenthumans and other animatan be
viewed asmicrobial 6 mo t h e. Meemunber f bacterialels in the human microbiome is



estimated atL00 trillion.3**®> Most of them are foundon the skin andn the gut, where they
contribue e.g. to metabolism,trophic functions and immune stimulatiomaking humans
essentiallysymbiotic organism#* The loss of microbial diversity in the gut is associated with

di seases | ike Cr olitdsestimated that at écasadne fifte of allosmallt i s
molecules found in our blood are produced by micrdbes

In this work, the focus lies on the filamentous funBesicillium crustosunPRB-2 andbacterial
Streptomgesstrains.In the following partthe characteristics and biology of the highenked
phylaare introduced, followed by a more detailed description of the respective genus and strains

1.1.4 Ascomycota

The kingdom €ingiis estimated at 1.5 to 5.1 milliaifferentspecies®?’ Ascomycotarepreserd

the largestfungal phylum with more than64,000 known species and an even higher number of
undescribed one¥'4° Among others, it includes filamentous fungi, yeasts and fungal species that
live in a symbiosis with alga@nd cyanobacteri@rming lichenor mycorrhizal relationships with
vascular plantg?3® Well known representatives incleanorels, truffles (the fruiting bodies of
species fromthe gendisibena s we |l | a sSadrlmiomyces sereyis@madshe penicillin
producer Penicillium rubens Yeasts areoften single cells whereas other ascomycetes form
multicellular mycelium ad fruiting bodiegseeFigure 2 for examplesy.*' Therefore, Ascomycota

is considered one of the most diverse eukaryotic phyla that can be found in practically all habitats
around the globeAscomycotaare eukaryotes and thus possess cells with a distinct nucleus and
other membrandound organelles. Inontrast to prokaryotic cells, eukaryotic cells are far more
complex and structurally organiz&t*?

Their unfying and name givingharacteristic is a specialized, sexual reproductive structure called
ascus (Figure 3A3 4! It typically contains eight ascospores, which are formed by the fusion of
nuclei and subsequent meiodlé! In contrast to the sexual ascospores, ascoteyoean also
reproduce asexually by the formation of asexual sporesaltm conidia or mitosporés.

In fact, many ascomycetes lack a sexual stage and are teeredeto as anamorghNuclei in
conidia result from mitotic divisioand are formed on conidiophores, which were widely used for
the identification of species in the past due to their morphological differences (Figufé 3B).
Conidia are as different as fungi themselves:entban one hundred terms are used to distinguish
between the different types (Figures 3C and¥heir main function, however, remains the same:

to carry the DNA ofthe parent strain through air or water into new surroundings. Conidia are
mainly formed when fungi run short of nutrients and the evasiardifferent habitat is indicatéd

Thes e Osur vi v a kvoleedtp endureengstile chnditioes with thickened cell walls and
nutrient reservesnaking them perfectly suitable for long time storage in the laborétory.



When a spore starts to germinate, a young hypha (germ tube) emerges, followed by elongation and
branching. Around network of mycelium is formed, resulting in a cirauteew colony*? The
mycelium of filamentous fungi consists of septate hyphae, in which the different compartments are
connected with one central pdféigure 3E)*

a

Figure 2. Diversity in the phylum of AscomycotA The moreMorchella esculentaPicture taken
from Raman et d&* B Saccharomyces cerevisiaBicture taken from Bernstein et“alC A
mycorrhizalfungus colonizing the roots of a tree. Picture takem Adhikart*® D The lichen
Xanthoria parietinagrowing on a branclte A ladybug infected wititHesperomyces virescerts.
Fruiting bodies ofNeolecta vitellinePicturesD i F taken from Naranj®rtiz et al*®

These connections allow organelles to flow towards the growing tips or in older compartments.
The movement is clearly visible undercanventional light microsco® Organelles like the
Woronin bodies(microbodies with a dense protein coseeFigure 3E), which seal septal pores
afterhyphaldamage tstop cytoplasmic leakage, are only found in filamentous ascomyéétes
Another feature of fungi is the aboveentioned cell wall, which is built on the $ace of the

plasma membranemaking the cells rigid and resistant to hydrostatic or mechanical sess
flexible and porous for nutrient&igure3F).*>#7 The outer cell wall consists of diverse polymers
and glycosyl ated proteins and is attached to
glucans*’ The generation of the cell wall is highly regulated and roughlysixta of all fungal

genes are involved in this procéé3he exact composition die fungal cell wall is adapted to a



changing environment and is highly variable between fungal sgécié®s shape of &ungusis
solely determined by the cell waRemovalof the cell wall of conida, e.g. by enzymatic digestion
leads to uniformlyshapedspherical protoplas{seeFigure3G).’

outer cell
wall

inner cell
wall

membrane E

D

Figure 3. Biology of AscomycotaA Ascus and ascospores $€lerotinia sclerotiorumimage
taken from Njamvere et &® B Conidiophores with conidia oAspergillus spp (left) and
Penicilliumspp (right). Picture taken from Maey.*® C Starshaped conidium dBrachiosphaera
tropicalis. Picture taken fronMoney*3 D Conidia ofAlternaria senecionicolaPicture taken from
Woudenberget al*® E Woronin bodies (arrows) iAspergillus nidulansThe septate hyphae are
connected by a central pore (asterisk). Picture modified from MoMdnhgell wall of Candida
albicans Picture adapted from Gow et®aiG Protoplasts oAspergillis nidulans.O8030.



1.1.5 Penicillium crustosurRRB2 in the context of its genus

Penicillium crustosun(P. crustosum PRB-2 is a filamentous fungus belonging to the genus
Penicillium The genus was firgliscoveredoy the German botanist Link in 1809, who described
t he dbrkwesh c o n iPenictliyprhcandi@éus) Pemi€illium glaucumand Penicillium
expansun(seeFigure 3B, right)®>?> He chose the generic narite reference to thé&atin word
penicillus meaning brushToday, more than 350 different species are known wRkimicillium>3

In nature, their main purpose is the decomposition of organic materials. While this function is of
major importance for the recycling of nutrientsinflicts immense economical losses caused by
postharvest infection of fruits, vegetables and grzfiffenicilliumis among the main causes for
food spoilage and during the growth oégk filamentous fungi, mycotoxins harmful for animals
and humans are produceth?

P. crustosumexhibits a grayishgreen phenotype and siaeen isolated from sources around the
globe, rangig from glacial ice and sea water of the Arctic to tempesatbtropical andropical
regions all way down to the Antarcfie®® However, as a foetiorne speciest is most frequently
found on proteinich sources such as tsy meat,cheese or fruit® Laboratory growth ofP.
crustosumwas observed at temperatures from 5 to 35 °C with an optiroatigtemperaturat
around 25°C’ A comparative analysis of secondary metabolite profiles between 121 different
strains ofP. crustosumincluding 83 Arctic isolates and 38 néuctic isolates revealed that all
strains produce penitrems, roquefortinand viridicatol. All but one strain produdedrestric acid,
and 81 of the Arctic isolates additionally produced andrastih Pheir structures are given in
Figure 4. Penitrem A isa toxin which causes neurological disorders such as trgnshile
roquefortine C represends2,5 diketopiperazine derivativetivmild neurotoxic properties.
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Figure 4. Secondary metabolites isolated fr@®anicillium crustosum

The strainP. crustosunPRB-2 was isolated from a degeasludgeat a depth of 526 m belosea

level near the Prydz Bayntarctica(Figure 5.5 After cultivation and subsequent isolation of
secondary metaflites, two novelmetabolitespenilactones A and B, were reportéd.ater, their
biosynthetic pathway involving two separate biosynthetic gene clusters heislaged®®
Formation of penilactones apéniphenones requires two precursor molecules: 1. Clavatol, which
is biosynthesized by the n@aducingpolyketide synthas€laF and camfter oxidation by ClaD



spontaneously be dehydrated to the highly reactitte-quinone methide, and 2. Crustosicdici

a previously unknown metabolite, which is converted to terrestric acid by the nonhé2@&e
dependentoxidase TraH and the flavircontaining oxidoreductase TraP® Heterologous
expression of another needucing polyketide synthasegene led to the formation of
orsellinoylpropanoic acidand 4-hydroxy-6-(4-hydroxyphenyBU-pyrone was obtained upon
expression of aonribosomal peptide synthetapelyketide synthaskybrid (Figure 5)°62:63

Besides its potential in the production of secondary metabdhtesiustosunPRB-2 was also
optimized as a platform for secondary metabolite gene expressionlabotetory. In analogy to
the model organism\spergillus niduland.0O8030, which is widely used for the heterologous
expression of genes in igA locus 6eed.1.5 for detas), the genetic locus of the pigment forming
polyketide synthase Pcr4401 was choses an integration site to clearly distinguish between
correct and ectopically integrated transformants by their phendiypeerefore, a recombinant
strain with a white phenotype, where fie4401gene was replaced by thpdApromoterand the
hygromycin gene for selection, was created. Asaof of principle, three genes from different
ascomycetes were heterologously express&d enustosumeach replacingcr4401 As a result,
production of their respective metabolites was obseé¥@a allow selection with uridine and
uracil, the homolog of thpyrG gene inP. crustosumpcr637Q was deleted, resulting in stra
crustosunFK15.54 To improve gengargeting efficiency during transformation using homologous
recombination, this strain was further modified by the deletion oktf7® ortholog pcr4870°%°
Ku70 is part of the Ku70/Ku80 heterodimer that repairs destoéndbreak by norhomologous
DNA endjoining (NHEJ)®¢ NHEJ is the predominant repair mechanism throughout the cell cycle
and results in ectopic integration ofetimtroduced DNA constructs. The resulting recombinant
strain lackingocr6370andpcr487Q P. crustosundZ02%° was used as parent strain for all genetic
manipulation experiments described in this work.
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Figure 5. P. crustosunPRB-2: Its Antarctic origin,>® phenotype on a PDA platnd secondary
metabolitesMap visualizedwith Google Earth.



1.1.6 Actinobactera

The phylum of ActinobacterigActinomycetota) is represented by Graositive bacteria that are
typically found interrestrial ecosystemblany representatives shdiamentous growttand the
production of sporedor which reasorhese bacteriagspeciallythe oneselonging to the order
Actinomycetaleswere initially considerea transitional form betweengi and bacterid”%8 As
prokaryotes, however, Actinobacteria possesisick peptidoglycan cell wall and thegenetic
information which shares high G+C content of 70%is organized in a prokaryotic nucledid

The saprophytic organisms are mainly found in soil, where they degrade organic r¥zt&Hete,
10°to 1@ cells per gram of soiere reported, the broad majoritytbém 95%) belonging to the
genus Streptomyce%’ Most Actinobacteria adapted to an aerobic lifestyle amar tgrowth
optimum lies at 25 35°C, but several thermophilic representatives adapted to tetaps at
around 60°C” An important characteristic to distinguish among Actinobacteria is the formation
of spores(Figure 6). Micromonospora for example, directly produce spores on the substrate
mycelium Streptomyceform aerial hyphae and the sporesiatinoplanesare motile®’
FurthermoreActinobacteria exhibit a wide variety of morphologiemging fromcoccoidforms

to fragmenting lphal forms Nocardig and highly dferentiated branched myceliag.g.
StregomycesandFrankia(seeFigure6).5”

But typica soifidwellers’® are far more diverse than assumed on the first glance. Marine
Actinobacteria with a very low G€ontent of only around 30% rank among the smallest free living
cells® Some Actinomycetes are pathogens, Rrgpionibacterium acnes rod shaped, anaerobic
representative linked to the déwmement of acneor the above mentionetMycobacterium
tuberculosig'®’ The genusBifidobacteriumis well known for its probioticfeatures and
exemplifies one exception from the characteristic biology of other Actinobacteria as they-are non
filamentous and do not produce spdie$he onlynitrogenfixing actinobacteria belong to the
genusFrankia andform close symbioticelationship with angiosperms, enabling #wtinorhizal
plantsto grow in nitrogerdeficient environment':8

Filamentous Actinomycetes, especialipm the genusStreptomycesare best known fothar
production of antibioticstheyprovide64% of the known NP antibiotic clas$®and over 90% of
clinically usedantibiotics’
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Catellatospora Micromonospora  Planomonospora Streptomyces

Figure 6. Schematiarawing of thegrowth (A T D) and characteristic spoahains (E)of some
ActinobacteriaA ThermomonosporB Frankia C ActinoplanedD MycobacteriumPictures Al
D modified from Li et al'? E Picture adapted from Barka et®al.

1.1.7 The genustreptomyces

Streptomycess the most studied and perhaps the best understood genus Antmudpacteria
with more than 600 specié$’*The aerobic, Grarpositive bacteria with a high G+C content of
around 70% are estimated to be BM million years old®"When the first genomic sequence
of the model organisrtreptomyces coelicoldf. coelicolor) A3(2) was published in 2002, its
predicted7,825genes wer e r &gestrndnebdr ofagenesiisb farediscovered in a
bacteriund ’> Compared to a typical bacterial genome on a circular chromosome with an average
size ofaround5 Mbp and~5000encodedroteins the genomes @treptomycestrains are indeed
larger: they are usually arouedl2 Mbpin size and organizeas linear chromosongeencoding
5,300 to 11,000 protein$:’® Streptomycesalbus G. albug J1074, which was used as a
heterologous host in this wortarriesone of the smallest genomes among sequesiregtomyces
species’’ A tendency for spontaneolsrge deletions andmplificationshas been described for
Streptomycesperhaps linked to the linear chromosoffi&treptomycesccur abundarly in the
environment and anghylogenetically widelyspread.” 67”7378
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Their filamentous growtland theproduction of sporefacilitate their survival in soil, where they
produce many extracellular enzymes to decompose insoluble organic materials originating from
plants, animals and funéfi Most ofthe time Streptomycesxist as inactive, sertiormant spores.

Their complex life cycleRigure 7A)starts when the unigenomic spore receives a germination
trigger from the environmeng.g.the availability of water. The spores darken and due to constant
water influx, they swell®8°A germ tubeemerges at one or two ends of the spore and grows by tip
extension andranch formatiort”-’88 Subsequently, vegetative hyphae form a mycelium in the
substrate. With thdepletion of nutrientghe substrate myceliumasitolytically degradetb regain
nutrients for the formationf@ second mass of mycelium: the aerial hygti&@lt is assumed that
antibiotic production peaks when the substrate mycelium is degraded to defend the released
nutrients against other motile mmganismg$’ The aerial hyphae grow vertically in the air and
start to formspiral chains which are separated by multiple septa and the change gbesha
thickening of the cell wall, and accumation of pigments finally leado the formation of
sporeg’/881 Extraction of viable Streptomycescultures from 70 year old soil samples
demonstrates the resistance andvivability of spores’® The cellular structure of a germinatisg
coelicolorspore is given irigure 7B. Therighter areas include the genomic DNA, which is not
separated from the cytoplasm by a nuclear envelope.

A g O B

R ey
spore maturation

dense cell wall

germination

mesosomes

DNA

vegetative hyphae forming vacuoles

mycelium in substrate

degradation of substrate mycelium
formation of aerial hyphae

Figure 7. Streptomycekfe cycle and cellular organizatioA Life cycle of Streptomyceadapted
from Kieser et al® B Electron micrograpbf a germinating.coelicolorspore showing its cellular
organization. Picture taken from Hopwodd
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After depletion of storage compounds, vacuoles remain in the germinatind Spoeanesosomes
shown inFigure 7Bare not part of the cellular structure but are artifacts resulting from the
prefixation step when samples of Grpwsitive bacteria are prepared foicroscopy??

As mentionedabove,Streptomycess not only the source of a broad majority of antibiotics used
today but also many other therapeutically important donggnatedfrom this genus. Therefore,

its representatives are describediadat ur e 6s most % thefiegptoevetr holuesmi <
secondar y .Sheid sugposédithatetrse @cological nighlays a role in the number of
BGCencoded?

In this work, genesfrom different Streptomycestrains,i.e. S. monomyciniNRRL B-24309,S.
varsoviensilNRRL B-3589,S sp. NRRL F5053, andS. sp. NRRL $1868andS. cinnamoneus
DSM 40646 were investigatedll strains were ordered from the respective culture collections.

1.2 Natural products

1.2.1 Historyof natural product discoverfrom microorganisms

Based on a trial and error concept, humans have used plants for amlentp cure various
disease8*®But it was not until morphine was isolated from poppy in 1806 that the specific search

for active compounds begdnin the next few years, different NPs were isolated from medicinal
plants, including quinine, caffeine, nicotine or atrogine

More than one hundred years later, a story began which may be among the most famous ones
throughout medicinal historgnd is certainly the most important one in the fight against bacteria:
the 6accidental 6 discovery of penicillin. Al
the bacteriostatic properties ofMicrococcusstrain) was already described in 1880t was

Alexander Fleming in 1928 who noticed that an unwdnfungal contamination on his
Staphylococcus aureuplate led to the inhibition of bacterial growtfFigure 8A).8” He
subsequently cultivated the fungal strain, which was identi#fsfenicillium rubengand not, as

widely assumedPenicillium chrysogenuray whole genome sequencing in 2iffand referred

to the filtrated c*Buttituvasenotumtiol®3® whers ErnstpChainiandi | | i r
Howard Florey started to work on the isolation of the actual antibacterial metabolitahd

obtained a pure compound in 1942, which was later termed penicifiig&re 8B)°*°Industrial

scal e producti on an dlackam ardilbdoticded © @ significant ihcreasg int o t
human life spa? This milestone in medical research won Fleming, Florey and Chain the Nobel

Prize in Medicine and Physiology in 192N hile the discovery of penicillin was randomhet

antibiotics were discovered when rationally applying similar methods during the 1940s and 1950s,
e.g. streptomycin, chloramphenicol, and erythromytin
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Figure 8. A Flemings plate.[1] Fungal contamination, [2] lysing and [3] normally growing
Staphylococcus aurewsloniesPi ct ure taken from FPF8®iuctugeds or i
of penicillin F.

1.2.2 Importance of natural product®r modern medicine

During the growthand life of micoorganismsabroad variety of compounds greoduced. These
molecules can generally be referred to as natural products (NPs). The term NP is not limited to
microbial compounds but applies to all substances produced by living orgdhigmasa
consequence of this broad definition, SN\édmprise many different compound classes with an
immense variety in chemical structures, functions and propefiesy mainly differ from
conventional synthetic compounds by a higher molecular mass, arargeer of oxygen atoms

and a reduced number lbdlogen atom& NPs include gmary metaboliteshatare essential for

the growth, developmentand reproduction of an organisng.g. amino acidsfats, or
carbohydrate& 2 In contrast, secondary metabolitg&Ms sometimes also termed specialized
metaboliteyare not necessarily needed for the survival of the producer, but prowitiespecific
advantage® For instanceSMs can be produced in the competition with other microorganisms or

as a reaction tstimuli from the environment, such aghanging pH value, temperature or nutrient
depletion®*% With only a few exceptionsthese compounds usually hasedative molecular
masses less than 1500 Da and their structural diversity ranges from very simple molecules, e.qg.
itaconic acidCsHeOs) to highly complex toxins, e.g. palytoxin {§H223N30s4).%6°7

Cragg and Neman postulatedithat essentially all natural products have some recéptding
activity; the problem is to find wfich recept
Indeed, speciallySMsproduced in competition with othericroorganism$&iavebeen trimmed by
evolution for a specific pharmacolicgl target making them precious sourcesnefw drugs olead
compoundsor servingas starting points for the synthesis and modification of novel dfugs
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Starting in 1997, Newman and Craggote a series of reviews coveringPs as sources of new
drugswith the last update published in 20%@uring the nearly 39 years analyzadheir reviews

a total number of 188drugs were approved by the FDA amebrlyone fourthof themconstitute

NPs ortheir derivatives(Figure9A). Additionally considering all synthetic drugs that mimic NPs

or are based on a NP pharmacophore, this number rises up 8 B0gtout doubt, hese numbers
underlinethe enormous impact of NPs, including SMs,the discovery and development of new
drugs.Nevertheless, the authors halepicteda worrying trend during the last years: the amount
of NPs and derivatives thereof gradually declifEdjure 9B).84% On top, several therapeutic
classes remain withub a single approved drug originating from natural sources, e.g. antihistamines,
diuretics, and hypnotic$:%
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Figure 9. NPs in drug discoveryB: biological macromoleculeN: unaltered natural prodydiB:
botanical drugND: natural producterivative S: synthetic drugS*: synthetic drug With NP
pharmacophoieV: vaccing /NM: mimic of natural produci Pie chart of all 1881 FDA approved
drugs from January 1981 September @19 and their respective origiB. N, NB, ND, and S*
approved byhe FDA during 1981 2019. Both chrts were taken from Newman and Crdgg
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1.2.3 Bioactive mtural products from fungised as drugs

Besideghe b-lactampenicillin, variousother antibiotic compounds were isolated from fuegg,
fusidic acid angleuromutilin The two terpenemterfere with bacterial ribosomeBusidic acid
preventshe translocation of the elongation factom@ereas pleuromutilin binds to the peptidyl
transferase of the 50S subunit of ribosoniBEsey are thereforepotent inhibiors of protein
biosynthesig?1%1 Both compoundsare usedor thetopical treatment of Grarpositive bacterial
infections?219%10%n contrastthe peptideephalosporin C is not used as a drug itselSentedas

a lead compoundof the development obther cephalosporin®.g.cefuroxime, eftriaxone or
cefpodoximet®Griseofulvinis directly used as an antifungal agehereapneumocandin Band
the structurally relatedchinocandin Bveretemplates fothe antifungaldrugscapsofungin and
anidulafungin, respectiveRF193 % Griseo f u | mddendd action has been under discussiom for
long timeand it has been shown to bind to nucleic acids as well as interfere with the mitotic
machinery:® At higherconcentrations, it alsmhibits mitosis by bindig to tubulin and therefore
preventing its polymerizatioff:}®This effect, however, is still under debat2.

Statins areanotherflagship of fungal SMs that arevidely used asholesterclowering drugsn

the fight against cardiovascular diseas€bey inhibit the 3hydroxy-3-methylglutarytCoA
(HMG-CoA) reductasean enzyme whiclmeduces HMGCOoA to mevalonate, a precursor in the
biosynhesis of terpenes and steroids, leadindetcreased levels of LDL cholesterol in the blood.
In 1976, two groups isolated mevastatimitially referred to as compactin and M36B,
respectivelyfrom culture broths oPenicillium brevicompactunand Penicillium citrinium,06:107
Due to severe side effects observed insddgvas not used as a drug. Several years later, lovastatin
(mevinolin) was isolated fromnaAspergillus terreusulture andwas approved by the FDA in
1987108

Other examples of fungaBMs that are used as drugsclude the immunosuppressants
mycophenolic acid andclosporin Aor the ergot alkimids ergotamine and ergometringhich are
produced by the previously mention€daviceps purpureand areused as treatment of acute
migraine attacks and postpartum haemorrhage, respectively.

Structures of the above mentioned compounds are given in Figure 10.
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1.2.4 Bioactive mtural products from bacteriased as drugs

Roughly at the same time &emings ground breakindiscovery, Waksman observed that
Actinomycetes kill other bacteria when growing in s8il.Starting in 1939, he conducted
systematic screenings® Wa k s ma n  pektimatddl®,000 strains @ffdifferent microbes
order to find more antibacteriahetabolites® Soon, four new compound were identified:
actinomycin, streptothricin, fumigacin and clavacin, which were all toxic to animals and therefore
not used aantibioticdrugs’>*° It was four years latavhen theaminoglycosidetreptomycinwas
isolated froma Streptomyces grisewsdrain®’:"*In 1949, the Waksman lab discoverezbmycin
(from Streptomyces fradia€ and in the meantime, several other drugs viestated in other
laboratories, e.g. chloramphaicol from Streptomyces venezuelaerythromycin from
Saccharopolyspora erythraeand dlortetracyclinefrom Streptomyces aureofacieffs’* This

0 Go | d e nantbiotiasthadats peak in the mid®50s andjave rise tanany important classes
that are still widely used todd$

Actinomycin D, which was identified as an ant
the first antibiotic that also exhibited artancer activity and is stilisedfor the treatment of
various types of cancét’ Other examples of blockbuster anéincer drugs that were isolated from
bacteria include e.g. bleomysifrom Streptomyes verticillus doxorubicinfrom Streptomyces
peucetiusandthe semisynthetic ixabepilone, an amide analog of epothilone B fé@mangium
cellulosumt®

Antifungal agentsfrom bacteriainclude amphotericin B(Streptomyces nodogugpentamycin
(Streptomyces pentatioysand natamycinStreptomycespp), whereas rapamycin (sirolimus,
Streptomyces hygroscopigusnd tacrolimus $treptomyces tsukubernsigpresent exaptes of
bacterial immunosuppressantsStructures are given iRigure11.
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Figure 11. Bacterial SMs that are used as drugs or drug leads.

1.2.5 Bioactive gclodipeptideswith a 2,5diketopiperazine scaffold

CDPswith a 2,5diketopiperazineKP) scaffold are a class dfPsthat haverecently attracted
significant attention due to their unique properties and diverse range of applicBtiepwepresent
the smallest possible cyclic peptides since thelely consist of twoJ-amino acidsthat are
condensedtby two amide bonds'2 The DKP scaffold imparts several impanmt properties

In contrast to theiacyclic counterparts, CDPs exhibit an increased stability against proteédfysis
Furthermore, the DKP ringonfersstructural rigidity to the molecule, making it less flexible than
linear peptidesNeverthelessthe sixmembered ng canboth adopt dlat conformation or a
slightly folded oabform (as shown for bicyclomycin iRigure12).11213The stereochemistry of
the constituent amino acids and the DKP ring itself, which poss2kkkend acceptor angH-
donor sitescan gratly influence the molecule's interactions with biological targets, e.g. receptors
or enzymes?!? These characteristics endow CDPs wélDKP scaffold withvarious biological
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activities They are mainlyfound in nature as secondary metabolites produmgdrarious
microaganismsin particular fungi and bacterta®*3

Many biologically active CDPs with a DKP scaffold are based on tryptophan aosktuent
amino acidandthuscontain an indole moietfxamples includérevianamide= (cyclo-L-Trp-L-
Pro, cWP) which was isolatd from both fungi and bacteria, e.gspergillus fumigats and
Streptomycesp. strain TN58andexhibits antibacterial asell as antifungal activity*411® Other
fungal modified cWPderivatives include the mydoxin verruculogen, fumitremorgsnthe cell
cycle inhibitor spirotryprostatin Band related tryprostatinswhich have been isolated from
different Penicillium and Aspergillusspecies'”1® A joint biosynthetic pathwajn Aspergillus
fumigatusbasedon lrevianamide F is discussed for spirotryprostatins, with fumitremorgins and
tryprostatins as precursor€.The antitumoiindole alkaloids stephacidin A and B as wellthe
structurally reléed avrainvillamiderepresent further important examptésMore tryptophan
containing CDPs with another amino aeie: the above mentioned toxin roquefortineaCyclo
L-Trp-L-His derivative and the bacterial metabolites thaxtamiand naseseazinesNASS).
Thaxtomirs arephytotoxinsconsisting of a-nitrotrytophan and phenylalanirseaffold that are
mainlyproduced by&treptomycescabiesandcause potato scaf1??NASs are a set ofgptophan
containing CDP analogs and some of them, HAS-10, 11, 12, and27, show potent activity
against glutamate induced damagel therefore neuroprotective properties which could be used
in the treatment®f Al zhei meros disease.
The structurally unique bicyclomycin fro® cinnamoneu$earsa cyclo L-LeuwL-lle backbong
which issubject to multiple hydroxylations and an intramolecular ring closuexhibits activity
against a broad spectrum Gfamnegative bacteriand is used as an antibiotic dit#fy The
epipolythiodioopiperazinanycotoxingliotoxin, comprising the amino acidsPhe and -Ser, was
originally isolated fromGliocladium fimbriatumandis one of the most abundantly produced
metabolites in human invasiveergillosis, where it mediates immunosuppressivigigct?®

Based on the impressive wealth of bioactive CDPs with a DKP scaffold, several synthetic drugs

harboring a DKP scaffoldwere designed. The most w&lhown one might be the
phosphodiesterase typeihibitor tadalafil. The FDAapprove drug is usedto treaterectile
dysfunction, benign prostatic hyperplasia, and pulmonary arterial hypertéffsti&irheoxytocin
receptor antagonigetosibanis used tgorevent preterm labour and premature bwthereashe
small moleculeplinabulin, initially registered as antitumor drugagainst norsmall cell lung
cancer, is nown clinical trial for the reduction of chemotherafryduced neutropenig¥ 13!
Structures of the above mentioned compounds are giviéigune12.
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1.3 Biosynthetic gene clusters and thé&inctional elucidation

1.3.1 Biosynthetic gene clustergenome miningand bioinformatics

How do microorganisms produce thesedicallyimportant molecules? This questionsied many
scientistsand a first approach tgain at least indirect insightgs given with biomimetic synthesis
where NPs were synthesizeadhemically These in vitro reactions were thought to mirror
biosynthesis in natuf® When!“C labeled precursotsecame broadly available, isotopic tracing
was first applied to primary metabolism and later to secondary metabolism starting i#¥ k950.
the following years, the broad outline of SM biogyatis was laid. Later, mutatianpstly nduced

by UV light or chemicalswas applied to further investigate the molecular mechanism behind
primaryand secondary metabolisth

David Hopwood, a pioneer istreptomycegenetics was among the first researchersgain
insightsinto the underlying moleculanechanismsor the production of SMduring his work on
the biosynthesis of theed-pigmented antibiotic actinorhodin fro®treptomyces coelicolphe
used UV light to create mutants lacking the ability to poedtie antibiotic,easily observed by
means ot h e ¢ ocblar. e SMapping of the induced mutatiomsd comparison to the
wildtype strainshowed that they were all cluster&ithin a small section of the genomic DNA.
Subsequent cloning of the 21 kb loBINA fragmentfrom the originalS. coelicolorstrain and
introduction into the nonproducing mutants restored the production of the pigmktadre
importantly, transformation ofStreptomyces parvulusith the endogenous DNA fragmeailso
initiated actinorhodinproduction in the heterologous hdst132133These experimentproved two
major findings: 1. hat geneinvolved in the biosynthesis of SMs seem to be located next to each
other in a sméakection of the genome and 2hat DNA from one organism can be introduced into
a heterologous host, which can bepmsely manipulated to produckesired compoursd Ever

since biosynthesis of SMs has been the subject of intense research and with the first genomes

sequenced at the beginning of the century, a new ageradmicsdriven NP discoverywas
heralded.

Genes encoding the enzymes required for the production of microbial SMs are csuedjylated
andfound in close proximity to each othir so-called biosynthetic gene clusters (BGE&Y*
Usually, BGCs consist d core gene (backbone gertbat determingthe class of the produced
metabolite and one or more genes encoding tailoring enzylfhedatter ones further modify the
scaffold synthesized by the core enzyme(s) to form a final pathway prodiget.mixed pathways
involving two distinct core enzymes are observdd. addition, pathwa/-specific transcription
factors (TFs), transporters or other genes with unknown functemsoding hypothetical proteins
can be found in BGCS*It is noteworthy that mre than half o&ll fungal BGCs contain a putative
regulatory gené3>13¢
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Figure 13. Organization of genes in BGCs.

Although the structural diversity of SMs is immense, their biosynthetic principles and their genetic
signatures, especially those of core enzymes, are usually highly consén#&to predict BGCs,

this similarity has been exploited amalyzesequenced genomesd screethemagainst profiles

of known enzymes involved in the biosynthesis of SR#& drawback of this approach is the
possibility that novel pathways lacking known signatures may not be uncovéred

Using bioinformatic tools to mine the genome of an organism in search of BGCs involved in the
bi osynthesis of SMs is wusual |l y'%twepmesentsavesyd i n
powerful and versatile approach which has significantly accelerated the discovery of novel
bioactive compounds and expanded our understanding of the genetic potential of various
organisms.

Many software tools were developed fioe detection oBGCs e.g.SMURF, BAGEL, ClustScan,
CLUSEAN or antiSMASH="140 AntiSMASH (antibiotics and secondary metabolite analysis
shell)is among the most widely used, comprehensive and accurate platforms notadéysn
submitting a genome for analysis, it is possible to distinguish between bacterial, fungal and plant
genomes, making the predictioegenmore preciseEstablished in 2011, antiSMASHkhs been
updated regularly anits latest vesion (7.0, as of 2023)ifferentiatesbetween 81 cluster typé€

1.3.2 Elucidation of cryptic biosynthetic pathways

While many compounds were isolated from microorganisms in the last century, we only began to
understand the true wealth of SMs that could possibly be produced by microorganisms when the
first wholegenomesequences of actinobacteria and fungi were available at the beginning of this
century'#? Although the genome sequences can easily be analyzed and scanned fah&GC
programs cannot (yet?) predict expression levels of biosynthetic.iféMisst genes involved in

the production of SMs are not expressed under laboratory conditions, mainly because the stimuli
needed for their production, e.g. competition with other microbes, are not represented in this sterile
set up'#?144146 Therefore, the amount of predicted BEE microorganisms is far greater than the



one ofisolated compound$?4°Gene clusters that are inactiveder laboratory conditions are

also referred to asilenor &crypticdand their vast numbers mirror antapped SM treasure chest

of often novel compounds*#?143148 Only considering fungal BGCseller estimated that their
numbers filie over sevet#all dmiulnldied¥s ¢lacidamedhe omtoi a
function of cryptic gene clusters, different methods have been employed, established, and
exhaustively applied. T@se approaches can either be specific for a given biosynthetic pathway or
pleiotropic, inducing global changes and tlfiere altering the expression of several different genes

at the same tim&? In the following part, some of é€se methods are introduced in more detail.
Independent from the chosen approach, the metabolite profitdtered and unaltered straime
compared and newly produced compounds can be isolated and their structure elugiiated.
pleiotropic approactseresult in the production of an interestingmpound, genome miningan

help to identify the respectiBGCsinvolved and the pathway can be probéidure14 provides

an overview of a possible workflow for the discovery of SMs.
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Figure 14. Possible wrkflow for the discovery and elucidation of crypbmsyntheic pathways.
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1.3.3 Pleiotropic activation of BGCs

The most simple and inexpensive methods to compensate missing triggers from the environment
include cecultivation of microorganisms or the cultivation okimgle organism under different
conditions. The last strategyasestablisheca s t he A OS MAI®GIany Campounfs) r ai n
approach by B d“dand fecusesaoh variatioof fermentation conditions, wheutfferent
culture mediatype of culture vesselsemperaturg pH values, light sources aeration rateare
chosent#4147149 Advanced OSMAC approaches weagelr developed and include the addition of
low-concentratia antibiotics, signal moleculediistone deacetylasehibitors or rare earth
elements to culture medté&14

Genetic manipulation oflgbal transcription regulatorsan alterthe SM profile, both by upand
downregulation of different pathway¥ Among many others, only a fekmown global regulators
arediscussedbelow.

LaeA, known as Lael in most fungis a nuclear protein found in mamyspergillusstrains.
Together with VEA and VelB it forms the Velvet complex, which is a powerful transcrigtion
complex in the global regulation of SM biosynthesis in fudtifter deletion oflaeAhomologs
someknown and previously producethetabolitescould not be detectemh the mutant strains
anymorege.g. sterigmatocystin and penicillin Aspergillus nidulangA. nidulang or gliotoxin in
Aspergillusfumigatus'“® Upon overexpression, increased levels of penicillin and lovastatie
observedn theA. nidulansandAspergillusterreusOE::laeAmutants Additionally, production of
terrequinone Awas induced inA. nidulans a compound which vganot detected in this strain
before!*® McrA seems to negatively regulate BGCsAspergillusand Penicillium specieg®*
Similar pleiotropic global regulatory genegésRandafsS,were reported foB. coelicolorA3(2).1%°

In GramnegativeBurkholderiabacteria, the global regulatencoded byscmRwas shown to
suppress secondary metaboliSh

In eukayotes, modification of histoneg.g. acetylation or methylationalters the chromatin
landscape, resulting in better accessibility of DNA for the transcriptional machinery and
transcription factors and therefore influencgene transcriptin.!4® For example, deletion @fclA
involved in histone methylation iA. nidulansresulted in the detection of six additional aromatic
compounds®?

Pleiotropic activation of secondary metabolisftenresulsin the activation of differerBGCsat

the same time and is therefore a fast approach for the discovery of several (new) contpoeinds.
to its unspecific naturehe function of the respective gene clusters mugirbeenseparatelyo
verify its function
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1.3.4 Gene @pression in a heterologous host

Perhaps the mogtrevalent powerfuland effectivanethod for the elucidation of cryptic BGCs is

the expressionf@eres in a heterologous hd$t:>3This approach isased on the assumption that

the underlying biochemical mechanisms between a native and a heterologous host are similar or
same

Classically, the single target genes or the whole B&Gare cloned into an expression vector,
which is subsequently used to introduce the foreign DNA into the heterologous host using different
transformation method3he expression construct can either be integrated into the genohee of t
heterologous host or remain extrachromosolttaf:® Although the cloning processmay be time
consumingespecially whenvorking with largeBGC9, heterologous expression of gehesbors

several advantages: newly observed products can directly be linked to the expresseds
product formation can be accelerated in comparison to slowly growing native hosts and gene
clustes from uncultivable organisn{s.g.obligatesymbionts that cannot grow without their host)

can be investigatel®148154.155

Choosing the optimal heterologous host for gene expression is a critical factor limiting the success
of this approachTherefore, many model organisms have been extensively studied, genetically
optimized and protocols for the genetic manipulation have bstblished. Depending on the
native organism, the heterologous host should be chosen accofdirgggt resultse.g.a bacterial

strain for the expression of bacterial BGCs or a fungal strain for fungal ones.

A plethora of bacterial heterologous Ies$tas been described in literature, perhaps the most
important ones being strains B&cherichia coli(E. coli) andStreptomyces.e. S. coelicoloy S.

lividans, andS. albus™* In general, prokaryotes are easier to work with because they are better
understood and theyffer many attractive advantages, such as shorter growth times, easy genetic
manipulation protocols using inexpensive equipment and matandllighproductivity.

Eukaryotic cells, especially yeasts and filamentous fungi, can be used as an alt&oatteeheir
complex biology Ascomycetesre far more challenging to manipulate but repregastit suited

hosts, especiallfor the expression of furad genes. Filamentous fungn, particularA. nidulans
Aspergillus niger (A. nigel) and Aspergillus oryzadgA. oryzag, have broadly been used as
heterologous host§® As eukaryotes, fungio not only process introns more accurately but also
harbor endogenous PPTases ensuring correcttiaosiational modifications. More practical
advances are displayed in cheap cultivation media using for example cellulose as a carbon source
and t meeirraliGe Recogni zed™™A Safedo (GRAS) statu
Promotes are another crucial factor that should be considered \wheas are expressed in
heterologous host$o ensurénigh production of SMs, strong promoters should be included in the
expression construct. Constitutive promotdke the fungalgpdA(A. nidulang, adhA(A. nige)),

pki (Trichoderma reesgior the bacteriabrmEp (Saccharopolyspora erythrgasp44(S. albu},
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p21(S. albuy permanentlypoosttranscription of downstream DNR>158161 Inducible promoters

can be activated chemically or physically and examples includethieol, maltose, thiamine

or starchdependent promoteedcA (A. nidulang, amyB(A. oryzag, thiA (A. oryzag, orglaA (A.

niger), respectively or vvd (Neurospora crassarespondingto light®%162 To achieve full
functionality of heterologously expressed BGCs, Moore and colleagues demonstrated that four
strong, constitutive promoters were required for the activation the cryptic streptophenazine cluster
expressed i$. coelicoloMM11461>°

However, many genes or BGCs remain sikditér expression in a wedlstablishe@dnd validated
expression system and no heterologous production of SMs is detéttabiérhe flexible
applicatiors and yet limiting aspects of heterologous expression is best demonstyaserne
examplesAlthough belonging to different phylaD3enes from the basidiomycete fu@igjtopilus
pseudepinsitusandStereum hirsuturwere expressed iA. oryzaeresulting in product formation

in 15 cases. In the other cases, no product was obtaine®d dhueptrectly spliced RNAIn 14
cases, howevecorrect splicing and subsequent product formation was observed after manually
predicting and eliminating intron sequences in expression constructs b{?P@mther example
where incorrect splicing hampered product formation was reported bs @2dx Here it was
observed that one out of three introns frbfagnaporthe oryzagenes inA. oryzaewere not
processed correctly, resulting in a frameshift and premature stop codon. Expressese oivth
genes in the host itself, on the othand, did notause anyproblems'®3

Anotherfactor influencing successful heterologous expression of gsrtles inability to recruit
essential building blocks for biosynthesespecially when uncommosubstrates are uséd.
Addition of precursors, on the other hand, whewn to increase product yield in a heterologous
host: Whenpara-hydroxybenzoic acidvas added to culture medium Af nidulansexpressing a
nonribosomal peptide synthetapelyketide synthasgene responsible for the productiondef
hydroxy-6-(4-hydroxyphenyl}U-pyrone the amount of product obtained significantly incredSed.

In this work, two heterologous hosts were usdte Grampositive bacteriun®s. albusJ1074and
the filamentous fungu#\. nidulans LO8030. The strains, detailed genetic features amelr
utilization in this work are described in more detaithe resultsection (4.15 and 4.25).

1.3.5 Genetic manipulation of the native host

As exemplified forMagnaporthe oryza@bove, manipulation of the native host represents an
elegant alternative to heterologous expression of genes. This strategy can be employed to strains
amenable tgenetic manipulationand isespeciallyfast to executevhen protocoldor the host

have aleady been establishedlhuge benefit is the correptocessing offenese.g.RNA splicing
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and usage of codons, which is not necessarily given when expressing genes in a heterologous

host153:163

As mentoned above many biosyntheit gene clusters harbor pathwsgecific transcription
regulators® Usually, TFs regulate the expression of genes involved in the biosynthesis of one
compoundeither positively or negatively (repressoas)d hencénfluence transcriptiofh*? They

can be manipulated in different wagsg. bythe deletion of negative regulators or eegpression

of positive regulator$*?147:147.148156The TEs can either de replaced by or fused with strong
promotes 1* Activation, e.g. by replacement of the endogenous regulatory element or insertion of
a stronger exogenousromoter often leads to expression of genes and subsequent product
formation148162

The smaller size of classically employed transforamatonstructs, which usually only consist of

up- and downstream regions for targeting, a selection marker and, if needed, a promoter,

additionallyeasehis approach.

1.4 Biosynthesi®f secondary metabolites

1.4.1 Classes of SMmdtheir biosynthesis

Core eazymes involved in the biosynthesis wiicrobial SMs mainly use building blocks from
central metabolic pathways, eagetyl coenzyme AacetytCoA), which usually enters the citric
acid cycleor amino acidse.g.used for protein biosynthesi¥ In his review, Bentley accurately
summari zed: ASecondary metabol i s mavaiable framz e s
primary met abol PPgmseismall uiding blocksy asprmectedduring SM
biosynthesis by the respective core enzyste form the scaffold of a metabolit€his way, the
coreenzyme also defines the chemical class of the produced SM: Polyketide synthasg¢afBKSs
terpene synthase$$s) or terpenecyclaseqTCs) utilize acyl building blocksto form polyketides
(PKs)or terpenes, respectivegndnonribosomal peptide synthetases (NRPSs) or cyclodipeptide
synthases (CDPSs) synthesimenribosomal peptides (NRPs) from free amino acidsand
aminoacyitRNAs, respectivelyFigure15).13*Mixed pathways employing two distinimiliesof

core enzymes result in the production of hybrid prodigased on their biosynthetic origimet

main classes of SMs that can be found in microorganisms, especially bacteria and fungi, are PKs,

terpenes anblRPs They are depicted iRigure15and shortly introduced in the following part.

a
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Figure 15. Overview ofmicrobialSM classegorangebased on their biosynthetic origiuilding
blocksfrom primary metabolismare depicted iblue Adapted according tieller 20193*

Terpenes
With over 80,000 known compounds, terpenes constitute the largest class. %% Phey are

biosynthesized by only two building blocks: dimethylallyl pyrophosphate (DMAPP) and its isomer
isopentenyl diphosphate (IPP), which can be derived either &cetydCoA in the mevalonate
pathwayas depicted in Figure 18r from 2C-methytD-erythritol 4-phosphate (MEP)n the
correspondingathway'®41%¢ Although terpenes are mainly produced by plants, where they are
responsible for their typical fragrancdastes and pigmenthat servee.g.as an attractant or
repellent, they can also be found in bactdtiagi andanimalst®>*¢Examples include thieingal
mycotoxinaristolochenetfie precursor oPRtoxin), the abovenentioned antibiotics fusidic acid

and pleuromutilinor geosmin which is responsible for the earthy smell after rainfall or in the
forest?22.101,134,167
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Polyketides
PKsareadiverse goup of NPs and prolific source of new drugt®®%°Their structural diversity
ranges from simple molecules suchéas me t hy | s al i c wrlits derivativeorsellinic 6

acidto more complestructures likeheabove mentionedctinorhodinor maitotoxin, a toxin with
the chemical formula {g4H2s606s52Na and 32 fused rings° The typical 1,2substituton pattern
of PKs can easily baecognized and stems from their biosynthetic pathWfay/? Their
biosynthesis is discussed in detail in 1.4.2.

Peptides
Peptides are short amino acids chgoised togetheby peptide bonds. NRPRand ribosomally

synthesized and posttranslationally modifiegbtides (RiPPsaretwo distinct classes of peptide
SMs synthesized in living organism&>'’4In analogy to ribosomal peptides formed in primary
metabolism, RiPPare synthesized on ribosomé3!’®1"°RiPPs undergo additional modification
steps after the initial translation, esiportening of the peptid chaiagddition of methyl groups or
sugars, cyclization reactions, or rearrangem&ft€>NRPs on the other hand, are synthesized
independently of ribosomé$’1’8They are produced by NRPSs: large, multifunctionalyemes

MS A)

that incorporate specific amino acids into the growing peptide chain in a predetermined order based

on the enzyme's structure and mecharti€h! Among others, wbstrates oNRPSs include both
proteinogenic and neproteinogenic amino acids, aking them structurally diversé®179.182
Examples of NRPs include the above mentiopedicillins, pneumocandinoBandciclosporine
A. The biosynthesis of CDPs is discussed in detail in 1.4.3.

Although the SM profile of bacteria and fungi can be diverse and spspeasfic, the basic
biosynthetic pathways artle resultingchemicalclasse®f SMsapply to both. Some metabolites
have been isolated frofangi as well as bacteria. One example is the tergeoesminfirst isolated
from Streptomyces grised®’ Because it8GC is conserved in virtually aBtreptomycestrains,

it is a trademark of this bacterial genus; however, geosmin was also isolateshysohacteria,
cyanobacteriaascomycete and basidiomycete fyragnoebaginsects and plantg.g. beetroot,
where it causes the earthy fla6f183184Horizontal gene transfer, at least between bacterial
strains, is a likelyxplanation for the widspread distribution dhe geosminBGC.184
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1.4.2 Polyletide biosynthesis

PK biosynthesis has been subject of intense research during the last decades and an immense
amount of original research papers, books, and review articles on this topic was published.

Although the basic molecular mechanism of PKSs wagady established at the beginning of this
century and our knowledge seemsxtricable with many review articles covering several dozen

pages, most of them only dedicated specifically to fungal or bacterial PK biosynthesis; e.g. the 86

pages long review article drans-AT systems by Helfrich and Pi&® PK biosynthesigontinues

to reveal unexpected secrets. Here, only details required for the understanding of this work are

represented.

PKsdisplay a structurally g@erse group of SMthat are produced by PKSEhese usually large,
multi-domain enzymes condense simple acyl building blocksgatitivedecarboxylative Claisen
condensations to form-C bonds and generate a linear carbon cHait(>18>18PK biosynthesis
is closely relatedo fatty acid biosynthesiemployng fatty acid synthase@ASs). The man
differencebetween the two pathways tise optional full reduction of théK backboneandthe
selection of substraté®>!® Due to their biosynthetic origin,PKs display the typicall,2-
substitution patternAdditionally, and also in contrast to FASthe growing PK chain can be
mehylated!®® PKSsarefound in bacteria, fungi, and plaraadcontain different domains, each
performing a specifidaskduring PK biosynthesisTypical domains of PKSand theirrole during
biosynthesis are listed iFable1 anddescribed in more detail belo\# 172186188

Despite their biological differences, the molecular mechanisfKobiosynthesis in fungi and

bacteria are very similaandthe successful heterologous expression of bacterial PKSs in a fungal

hostwas reported®

Table 1.Domainsin PKSsl71:172186 188

Domain Abbr.  Function

Keto synthase KS Selection of starter unit and condensation

Acyl transferase AT Selection of extender unit

Acyl carrier protein  ACP  Carriage of the nascent PK chain

Keto reductase KR Reduction of ketone

Dehydratase DH Water elimination: conversion @falcoholto b-doublebond

Enoyl reductase ER Reduction ofC-C double bond
Methyltransferase  MT Methylationa t  tpdsition U

Product template PT Cyclization of polyketone intermediate
Thioesterase TE Release of the PK from the enzyme
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Figure 16. Types of PKSs found in microorganisms and plahte different domains are given
in Table 1.Picture modified from Shel¥?

PKSscan be classified into three distinct groups, types I, 1l, and lll PKSs (Figure 16) In

analogy to the nomenclature of fatty acid biosynthesis, type | describes linearly arranged and
covalently fused catalytic domains within one enzyfeType Il PKSs represent dissable
complexes of discretenzymeshat use CoA as an anchor for chain extension and not the ACP
domain. Up to date, type Il systems remain unique for bactarid the above mentioned
actinorhodin is one example of a PK biosynthesized by a type 1I'P¥E Type 1l PKSs, also

known as chalcone synthase like PK&® homodimersf subunits based oS domainsIn

contrast to type | and Il systems, they directly act on acly CoA substrates and do not need an ACP
domain They are found in plants, fungi, and bactéffa8818The focus will only lie on type |

PKSs in the following section sincesie enzymes were examinedhe first project othis work.

Type | PKSs represent the most prevalent enzymes for PK biosyrgimesthey can abundantly

be found in bacteria and fungiype | PKSs can either bmodularor iterative (Figure 16372188
Modular ype | PKSs(mPKSs) are organized as modules, where each module harbors different
domains that are only usedicein the order of theigppearanceuring biosynthesi¥®'%?As a
consequence f t hi s 0 as s e mbhrhPKSslaidhoge énzymes5'8’Vhe mdieeutai s
mass of the @leoxyerythronolide B synthasem Saccharopolysora erythraeaperhapone of

the most wellstudied nPKS, exceeds 2 MDY? These megasynthases can mainly be found in
bacteria In contrastjterative type | PKSs (iPKSgre considered a trademark of fualjhough

some representativedave recently been discovered in bactetf#!®’ iPKSs usethe distinct
domains repeatedly in a cyclic fashion, making the enzynues smallerSince not every domain

is used in each round of elongation and the exact programming of iPKSs is not fully understood, it
is almost impossible to predict product formatéfé6.188
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The minimal domain structure of i@KS includes KSAT, and ACPdomains(Figure 17A) To
initiate PK synthesidhyoth starter unitusually acetylCoA and extender unig.g.malonytCoA,

are loaded onto the PKShe starter unit is selected by the KS domaid e externder unit
which is loaded onto the ACP domain, chobgrthe AT domainSubsequentlyboth substrates
arecondensed by th€S domainin adecarboxylative Claisen condensatiburing this reaction,

a GC bond is formed between the starter unit und the extender unit and @&®@ased, resulting

in thef or mat i eetothiogster intermediatietheredto the ACP domairand a free KS
domainl?l,lBS

The ACP domainshuffles thebackbone chaibetween the active centersather domains, e.g.
DH, ER, KR etc To do so, it utilizeghe 4 -plhosphopantetheinyl (Ppargjosthetic grougrom
CoA, whichis transferedto the ACP domain by Ppant transfera&e$’and is often referred to
asdhe flexible arndof the ACP domaif®:187:19219Fh e _pdgition of the PK chain can beofified
stepwiseafter the condensation reactidfigure 17B: Reduction of the ketone to a secondary
alcohol is performed by MADPH-dependenkR domain'’*'8The DH domain furthealtersthe

b-p osi t i o n-unsaturated rihiolesteh arttie flavin mononucleotide KMN)-containing
NADPH-dependenER domain catalyzes the formation of a fudturated thiolestef1:185186.193
Other tailoring reactionsf the growing PK chaimcludemethylatiornby a MTthatuses the methyl
group fromS-adenosyl methionine (SAM) to produaa Umethytb-ketothiolestet’*:172.186.19%y
cyclization byPT domainswhich specificallycatalyze CRC7, C4 C9 and C6C11cyclizationof

the nascenPK chain'’1172

Subsequent to &eoptionalmodificationreactions, the growing PK chais shuffledto the KS
domain and the AT domain catalyzes the loading of another extender unit onto the ACP. domain
Then,anotherelongation and modification cycle can take plakethe end of thd°K assembly,
release of the Pkhaincan beachieved by various mechams,which are eithecatalyzed by PKS
domains itselfor by distinct enzymesAT (like) domains areknown to beinvolved in off
loading®*°*and in othecasesC-terminal TE domairs cleavethe PK from the enzymeisually

by hydrolysis or macrocyclizatio¥”1°* Since nany PKSs do not harbor integral domathat
catalyze product release, the PK chain remainsredhe the ACRifter the final extension. Eae
systems completely rely on other enzymes for product relesseh as hydrolasesr
oxygenases8194

T h e d e gketereduaidn ddpends on the presendbefeductive domain&KR, DH and ER
domain$ and their involvement in each cycle. According to their reductive behavior, fungal iPKSs
can be further subdivided into highigducing (HR), partially reducing (PR and norreducing
(NR-) PKSs169:171.172,186,1884R.PKSs, responsible for the production of highly reduced PKs,
usually harbr all three reductive domaingie ER domain, however, is not necessarily present in
HR PKSs!69185186.19%hey gre closely related to type | fatty acid synthases, which rely on the same
reaction mechanism to generate fully reduced alkyl ctt&ins
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' A PK biosynthesis
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Figure 17. Polyketide biosynthesixemplified for a iPKSncluding optional tailoring reactions.
Domains involved irthe respectivetes are given on top of each arrov.Detailed mechanism
of PK biosynthesis involving a minimal set of KS, AT and ACP domains in an iPKS, -&xmyl
as a starter unit and malor@bA as an extender unB.Op t i o a a ttailding reactions of
the growingPK chain catalyzed by KR, DH, ER and MT domains.

NR-PKSs, on the other handlack all reductive domains and formrimarily aromatic
ompounds’+8The PT domain is unique for NRKSs'’*

This &6textbook modesctibédabdve iFsknplified and lyas expeecntaay
exceptions and expansions during the last yE€t8°> One example includes a more detailed
knowledgeon AT domainsin mPKSsand NR-PKSs, aSAT (starter unit ACP transacylase
starter unit acyl transferasdomain closely relagéd tothe AT domain, is responsible for the
selection of the starter unit, allowing broader substrate flexibility and product V&fiétyA
malonytCoA specificAT domainsolely using malonyl as an extender unit, on the other hsind,
sometimeslsoreferred to as MAT (malonyAT or malonytspecific AT),171172186.19%yhich must
not be confused with the duspecific MAT fromFASs!’ PKSs with the involvement of a free
standing AT domain, that is not part of the enzyme itself but encoded separately in the, gemome
calledtransAT systems-® More than one third of bacterial mMPKSs represemis-AT PKSs. h
this context, AT domains within the PKS ardl@a cis-AT domains'®® The HRPKS CalA, for
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example, employs botinansER andiransMT for calbistrin A biosynthesis despiteharboring a
fully functional MT domainof its own'® In several cases, it has been observeddbiatainsare
not used at all during the biosynthesis of PKsdvastill part of the enzymerlhese norcatalytic

domains are often call ed 0 pGreekldeotét edo n,i nes. ga.n c
QKR71
Recentl vy, Pielb6s team discovered a PKS core c

growing PK chain in &ransAT PKS form the bactewim Serratia plymuthica®®

Progress has also been made consideringathety of starterand extender unitsncoveredn PK
biosynthesis.PropionytCoA, succinfdCoA, intermediates from FASp-nitrobenzoic acid or
modified amino acids were observed as substfatethe initial priming of the PKSStructural
diversity of ectender units seems to be more limited and inclémesxamplemethylmalonylCoA,
chloroethylmalonyiCoA, allylmalonytCoA, or hexylmalonylCoA 18719

1.4.3 Cyclodipeptide biosynthses

As mentionedn 1.2.5,CDPs with eDKP scaffoldconsist ofa six-membered ring with two amide
bonds and represent the smallest cyclic pe@si’® In microorganisms they are usually
biosynthesized byhe condensation of two-U-amino acidsareactionthat iscatalyzedoy three
distinct enzyme families either by NRPSs, argininecontaining cyclodipeptide synthases
(RCDPSs)r CDPS. While NRPSs also produce largdRPs consisting of several amino acids
CDPSssolelyproducethe small dimerghence thename).These three enzyme families and their
main differences argescribedelow.

NRPSsare mainly found in fungiand bacteriaand use different domains to synthesize the
respective productdn analogy to FASand PKSsa type |, Il and Il nomenclaturevas also
established for NRPS$’ Similar totype | PKSstype | NRPS are megasynthases trehploy
essentialdomains the condensation (C) domaimwhich forms the peptide bond between two
substrates, théhiolation (T, or peptidyl carrier proteinHCH) domainand the adenylation (A)
domain, responsible for selection and activation of amino acids. Fapgtienaldomainsnvolved

in the propagation of the gramg peptidearg for examplegpimerisation (E)formylation (F), N
methyltransferaséN-MT) or cyclization (§/) domains A C-terminalthioesterase (TE) domain
cleavesthe mature peptide from the enzyé!®182piffering from bacterial TE domains, fungal
NRPSs for DKP synthesis instead posseseuplet of acondensatiotike (Cr) anda terminal
thiolation (Tc) domain,which catalyze peptide releas¥’ 1%

In contrast to the ribosomal peptide synthesis and to CDPSs, NRIiZeéghe A domain tactivate
substrates themselves and are therefore independent of amitiRidéy(aatRNA). It is also the
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A domain that allows a broad scope of substrates for NRP syntleexigg to extreme product
diversity. Examplesof utilized substrates include-, - 6 r -amino acids,methylated or
glycosylated residuesy fatty acids'’8-179.182

CDPSsare mainly found in bacterkaut have also beedentified infungi, protozoa, and animatg’
Their size ranges somewhere in between POBOO amino acids, making them much smaller
(approximately 1/10 in sizéhan NRPS$or CDP synthesi$®’?°°CDPSs utilize already activated
aatRNAs designated for protein biosynthesis of the ribosomal mackitfdriye first CDPSAIbC
from the albonoursin clusteof Streptomyces nourseivas discovered in 2@0and initially
designated as &cyclic dipeptide oxidase’® Later, the term CDPS was used tbe novel
enzyme&? and s$nce, a whole faily with more than 120 membersas of 2020 was
characterized® Notably, their sequence identity is less than 10% in some ¢&&&hke strictly
conserved residues Ser37 , Tyrl78 and Glul82 (AIbC numbering) are part of the catalytic center
of CDPSsY’

Each CDPS possesses two pockets located close to eachethecket 1 (P1) and pocket 2 (P2).
During CDP biosynthesis, the aminoacyl moiety of a firsttR&NA is transferred and covalently
bound to P1°7200Sybsequently, the tRNA is released and a second amino acid fromitRNA
transferred to P2, again accompaniedh@yreleasef the corresponding tRNA. After peptidend
formation between the two amino acids, @i2Pis cleavedfrom the @zyme (Figure 18).

Channeling of W
loaded tRNAs into — .

secondary metabolism

Interaction with

mRNA

1stloaded tRNA

aal
Peptide bond “
formations 222
cbpP

Ser ’@

Interaction with Peptidyl-enzyme
2nd loaded tRNA intermediate

Figure 18.Biosynthesis of CDPs by CDPSs. Picture taken from Giesser%t al.
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Arginine-containing cyclodipeptide synthadesve only been described vepscently?®* The first
RCDPS was discovered in an unknown BGC withuaknown metaboliteategory,so called
funknown unknowns, in the filamentous funguaspergillus thermomutatu3 he core genankA
encodes a 581 amino acids long enzyme thasybithesizescyclo-L-Arg-L-Tyr (cRY).2%
Heterologous expression @&nkA homologs fromother fungi resulted in the production of
different argininecontaining CDPs, e.g. cRW, cRE, cRD, cRRodBemical studiedurther
revealed that #se enzymeareaminoacyitRNA dependent®*

1.5 Tailoring enzymes

The chemical scaffold of compounds produced by core enzymes can further be meadified
diversifiedby distinct tailoring enzymes, which are usually encoded within the B&& They
catalyze a specific step in the biosynthesis of SMs, and often their substrate specificity is adapted
to the structure of the respective pathway produotshe following partthe tailoring enzymes
relevant to thisvork are introduced.

1.5.1 Cytochrome B50 enzymes

~

P450s fAnatureds most v e r co@stitutel aelargb supdrfamiyi of leeine ¢ at a
containing oxidases that angdely distributed through akingdoms of live?®

Their name is derived from the discovery as a pigment (Ratidiver microsomesand the
characteristiGSoret maximum at 450 nin the absorption spectrum of treluced=€' complexed

with CO (Figure DB).206208

In public database more than 370,00450 sequences were identified, which are classified based
on the degree of sequence identitgmilies must share at least 40% and subfamilies 55% identity
on the amino acid levé?"2%° Famiies are designated with numbefCYP1, CYR, etc.) and
subfamilies with letters (A, B, et¢.yvhich are further differentied by numbers for the isoform,
e.g.CPY1A2.206:207.210|n pacteria and fungi, more than 602 and 8&Finct P450families have
been establishedespectively?®®

Humans possess 57 different P460s 18 distinct families, where 12 families are responsible for
the botransformation of xenobiotics. Other functions incltitie synthesis of fatty acids, vitamins

or steroid€®-21The number of P450s in other animals is usually higheritaisdsignificantly
more variablein microorganisms. In the genome Bf coli, for example, no homolegwere
identified andS. cerevisiaés known to possess only thred50s(CYP51, CYP56 and CYP6.1)
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Streptomyces coelicolok3(2) and Streptomyces avermitilisarbor 18 and 33 genes enawgli
P450s, respectivelgndA. nidulansl11.206:207.209.212.21p|ants in contrasthave hundreds of P450s
encoded in their genomesonstituting ~1% of the geme e.g. ice (Oryza sativawith a total of
356 P45@.206’207’214

In microorganisms, P450sediatecrucial steps in SM biosynthesighere theycatalyzea plethora
of reactionsusing numerous different substratédthough hydroxylation of unactivated-B
remains therademark of P450®therreactions include epoxidatio@;C bond cleavagé&;-C and
C-O phenol coupling, rearrangement reactiand many otherg?7208218217 gome P450satalyze
multiple reactions on different substratesg. PikC fromStreptomyces venezuefd@

Thegeneralkatalytic cycleof P450sfor hydroxylation reactionkas been investigated extensively
and isdescribed in the next part as #widely accepted todafFigure 19\) 200 208.210,211,219.22R ogt
P450s use molecular oxygen to introduce one atom into the substrate and reduce the other one to
water?'® The components of P450 sgsis usually comprise the P450 enzymes and redox
partner(s), which can be separate enzymes or fused to the P450s and tedasporis from
electron donorspften NAD(P)H to the center of the P450 enzyme.

The active site of P450s is located deep inside of the enzyme, with cannels aHe@jisgbstrates
and Q to flow through the proteift®??!In its catalytic center,ticontainsa hemeiron center
(Figure BC) consisting of derric ion (F&'") in low spin which is coordinated ta porphyrin ligand

in its four equatorial positiongnd a moleule ofH>O and ahighly conserveaysteineresiduein
the axial positiong””?*® Upon substrate binding, tHé-O molecule is releasednd the iron is
converted to a fiweoordinate higkspin complex(step 1). Due to its higher redox potential,
electron transfer from the redox partner is initiated, leading to the reduction of thetireriednous
Fd' (step 2) Subsequent binding of molecular @en leads to the formation ofpeeroxyferric
(FE"-O,) compkx (step 3)and transfer of a second electand protonatioteads to the formation
of aferric-hydroperoxide Fe"i OOH, also known as compound$tep 4) Another protonation of
compound 0 is accompanibg H-0O elimination and the highly reactiwetermediate, an oxterryl
cationic porplyrin radical (F&=0*} referred to as compounid is generatedstep 5Y22 It
abstracts one hydrogen atom from the substrate, resultamgF@" hydroxide(compound Il)and

a radical gbstrate residuéstep 6) Binding of a hydroxyl radicalo the carbon radical of the
substrate leads to hydroxylation of the substrateisadompanied by reduction of Feto Fé'"
(step 7)In thelast step, the product is released an@® ki recoordinatedd the iron torestore the
resting state of the P4%6tep 8)°08 208.210,211,217,219,220
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Figure 19. A Catalytic cycle of P450 enzymes catalyzing hydroxylation and structdine 6450
PikC from StreptomycesenezuelaeRicture of PikC taken from Sherman e£%IB Shift of the
absorption maximum after complexation with G© Schematic representation of the heinos

center.

The main difference between P450 systems lies in #ieatron transfer systems, displayed by
distinct redox partnerand electron donorsAccording to the method by which electrons are
delivered to the catalytic sit€450s can be further classifiédere, only the twanain classeso
which most bacterial @heukaryotic P450 belongre described.

Class | systems, to which most soluble bacterial P450s counthnegecomponents including
ferredoxin(Fdx) and ferredoxin reductag€dR, Figure 20.21%21"The NAD(P)Hdependent and
FAD-containing FdR transfers electrons to Fdx, which then transfers tiaketo the P450he
general electron transfehain is NAD(P)H A FAD A FeS clusterA heme?'9217 Bacterial
P450s usually utilize NADH and [2R2S] type Fd¥'° but other redox systems have also been
reportecf®®

In the twacomponent class Il systems, which mainly consists of eukaryotic P450s from the
endoplasmatic reticulum, the membrane bound R&b@llyrelies on electrons transferred by a
NAD(P)H-dependent FAD and FMNcontaining cytochnme P450 reductase (CPRigure
20).206:207.210.211 some cases, an additiongtachromebs reductase is employegf207.220

Most P450s can be categorized in either class | or class 1l P450s; howevercempgtnent
systems of fused proteins and ssifficient systems hawasobeen describetf®-207:216.217
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As mentioned above, bacterial P450s usually belong to clasgyimesemploying the three
component system. Therefoidentifying their native FAR and Fdx partners carchlenging.
Luckily, bacteria,in particular Streptomycesare flexible and often accept electrons from
heterologous redox systems, e.g. from otBgeptomycestrains or even from eukaryotes, e.g.
spinach ferredoxin reductase and ferredotirBacterial P450s are soluble enzymes, facilitating
biochemical examination of the purified enzyme it$&£%220Fungal P45§ on the other hand,

are usually membradgound enzymes belonging to class Il systems, making enzymatic
investigation more complex. Here, expression of P450 genes in a heterologoarsdhogcursor
feedingis well suited to uncover their role in biosynthetic pathwdys

Class | Class |l
prokaryotic eukaryotic NAD(P)H
R-H + O,
NAD(P)H -
NAD(P)*
R-OH
+ H,0 R-OH
NAD(P)* +H20

-s

Figure 20. Prokaryotic class | and eukaryotic clas®450s Picture adapted frol®@henet al?1°

1.5.2 Fé'/2-oxoglutaratedependent oxidases

Fé!/2-oxoglutaratedependent (F¢20 G) oxi dases, -ketogumratlepemdemt a s
monooxygenasesre a major family of neheme proteins thatarborFé' in the active sitend

utilize 2-oxoglutarate (20G) asosubstratdo catalyze oxidativédiotransformations, including
hydroxylation, desaturation, halogenatjodemethylationor epoxidatiorf?¥??’ Besides their
tailoring functions in biosynthetic pathways for SMs bacteria, fungi ath plants F€/20G
oxidases are involved in many fundamental genetic processesammals e.g. chromatin
modification, control of transcriptiorand translation RNA splicing and postranslational
modifications of proteing4 228
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Figure 21. Reactions catalyzed #§€'/20G oxidases. Picturadaptedrom Martinezet al??’

Theiron atom is coordinated to the enzyme via a#Aisp/GluHis,mot i f, al so <c al
t r i.2824d'8°°The best understood reaction mechanism &G oxidases is the hydroxylation

of unactivated CH bondsas shown in Figure 21n its resting state, the molecules of D are
bound tothe octahedral Beof the F&/20G oxidasegA). Binding of 20G replaces two (B)

and the third one ieleasedipon binding of the substrate next to the active site (C) and replaced
by molecular oxyger(D). Subsequently20G is attacked by the distal oxygen atdmilding a
bicyclic intermediatéE). Oxidative decarboxylation of 20G leads to the formatioandfée" -oxo
speciegF), which abstracts a hydrogen from the subs{@)eGeneration of a radical ahan Fé'-
hydroxide followed by hydroxyl radical rebountdesult in hydroxylation of the substratend
reduction to F&(H). In the last step, product release andaerdination of three ¥D restores the
resting state of the enzyn(id).?24225227229

e (
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1.5.3 Cyclodipeptide oxidases

Cyclodipeptide oxidases (CDOs) amzymeghat catalyze the oxidative dehydrogenation of CDPs
into U , -debydro derivativesThe enzymaticayl catalyzed reaction fromyclo-L-PheL-Leu (cFL)

to its double dehydrogenated derivative albonoursin was first reported fromfieeeeadiktract of
Streptanycessp. KO-23882%° The purified enzymeAlbA/B was isolatedtwo years latefrom
Streptomyces noursand subsequentlgharacterizedshowing conversion not only ofL, but
alsoof several othe€DPs indicatingits broad substratélexibility .2°1>*1CDPs with an aromatic
side chainseem to bewvell acceptedby CDOsin generaf312%2CDOs were the first enzymes
discoveredn CDPSdependent pathways and are commonly involved in the modification of CDPs.
They consist of two subunjtarhich areencoded by two genassually overlapping by 20 30
nucleotidesandform a single transcriptional urf'-223The subunits withan approximate size of
21 and 11 kDassemble a much biggaultimeric enzyme comple¥! This CDO compleXurther
consists ofa flavinic cofactorandhas a molecular weight of approximately 4,000 k&av/ery
recently, Andreas andsiessen reported the structural characterization of the AIbA/B enybee

a megadalton heterooligomeric enzyme filammamsisting of dernating dimers of AlA and B
(Figure 22) Filament formation is proposed to be crucial for enzyme acti¥ity.

CDOs use molecular oxygen teta@yze dehydrogenain of CDP<s3! Often, the presnce of E
and Zisomers is observed after single dehydrogen&fidfExamplesinclude the antibiotic
albonoursin,nocazine E, the guaninylated cWY derivative guanitrypmycin2Aénhd XR3344.
Their structures are given Figure22.

OH
albonoursin guanitrypmycin A2-2/
purincyclamide
G0 (As), o) 1)
O O
NH ~ X NH ~
HN N HN ™
nocazine E XR334

Figure 22. A Crystal structure of the AlbA/Bubunitsand thehelical structure of th€DO filament
formed by alternating AIbA/B subunit®ictures taken from Andreas and Gies§érB CDP
derivatives which were modified by CB@highighted in red).
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2. Aimsof this thesis

The overall aim of this thesis was to broaden the speatfisacondary metabolitagilizing the
biosynthetic potential of microorganismbo achieve this objectivehe hidden treasure chest
encoded in microbial genaa was exploited for the elucidation of unknown B@@a the rational
design of novel, engineered dexiwes of known natural product scaffalds

In contrast taraditional screening of natural sourdessed on bioactivitythe genomicsdriven
methods described in this work are all based on gdeetic information of the respective
microorganisms Computational mining of theigenomesequence enabledthe prediction of
hypothetical BGCs involved in the production of secondary metabolism andeddigrther
biochemical inveggations

Due to its promising metabolite profilég marine ascomycele crustosunfPRB-2 collected from

a deepsea sedimenin Antarctica was selected for further biochemical investigations in our
laboratory?® Many secondary metabolites were isolaad linked to their respective gene clusters,
e.g. penipheones, penilactones, terrestric and crustosic acid®&té!¢4

The remaining gene clusters involved in secondary metabolism, which were detected by
antiSMASH analysis and which could not be linked to a producdcdhown compound, were
subjects of further examination

In this work, differentmethodswvere chosen to elucidate the function of cryptic BGCs with a core
PKS gene inP. crustosumPRB-2. Since our laboratory already established protofmighe
polyethylene glycol (PEGnediated protoplast transformatiofithis marine ascomycetgenetic
manipulation in the native host itself displayed the most promising apptb&crherefore, two
methods were chosen, in whialtonstitutive promotor was cloned in front of the coding regions
of 1) transcription factors of the gene clusters and Il) the respective PKS coseldessvay, gene
transcription and hence the productioncompounds by cluster enzymes should be increased.
Simultaneouslythe respective core gene was heterologously expreséedinulango determine

the scaffold produced by the PKSs.

The above mentioneapproacheked to the discovery of xylariolide D #se product of oneryptic
gene clusterTheseresults are presented4nl: Xylariolide D biosynthesis iPenicilliumstrains
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To increase the structural scope of secondary metabolitesnpletely different conceman be
appliedfor the generation of novefi u n n a haturalgptoductshat possess unique properties.
Here, known biosynthetic pathways are rationally engineered to produce derivatives with desired
structural features Combinatorial biosynthesis is especialguited b aeate regie and
stereospecificomplex molecules which are difficult smcesdy classical synthetic chemistiy.

this work, tryptophascontaining CDPs with a DKP scaffold were chosen for further diversification

by rationally engineering their biosyrethic pathways.

Prior to this project, different CDP&pendent pathways were elucidated in vargiusptomyces
strains in our laboratory:

The foundation was laid when the function mhe CDPSsfor the formation of tryptophan
containing CDPd$rom eight Streptomycestrains was investigated by heterologous expression in
E. coli. Subsequenisolation and structure elucidation of produotsealed the production of
different CDPs, e.gcWY, cWF, cWL, cWA or cWP=® Later, the function ofa BGC from S.
cinnamoneu®SM40646containing the cWM synthase GtmA and four tailoring enzymes, i.e. the
CDO GtmBC, the P450 GtmD and the""R©G oxdase GtmE, waslecoded and revealed
intriguing tailoring reactions. Tse included in particular the coupling of the CBd the
nucleobase ganine by GtmD, which was only reported for very few enzymes until then and a
novel reaction catalyzed by GtmE, i.e. a second dehydrogenation of the DKP s¢afalsed on
these tvo preceding result&nzymes from both projects were combined in the second part of this
work to enable the production of novel derivatives based on known scaffolds. Therefore, the
genomic sequences encoding the cWY, cWF, cWL, cWA, and cWP synthasdwe dadoring
enzymesGtmB 1 E were eactheterologouslygo-expressedh S. albusand lead to the production

of CDP derivatives with different modification stagés.detailed description is givem 4.2
Engineering of cyclodipeptide derivativesStreptomges
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3. Materials and methods

3.1 Bioinformaticsand software

For the prediction of secondary metabolite BGCs of sequenced genomes, AntiSMASH 4.0 and
later versions were usétf23723 The Basic local Alignment Search To¢gBLAST) provided by

the National Center for Biotechnology Iinfoation was used to search for homolog genes/proteins.
Other software tools used were MIB{@inimum Information about a Biosynthetic Gene cluster
https://mibig.secondarymetabolites.grg/and  2dFind  (https://biosyn.nih.go.jp/2ndfinyi#4°
SnapGend.2.1 (DotmaticstSL Biotech LLC) was used for plasmid design and visualization of
BGCs. ChemDraw 20.1.1, Microsoft Office programs (Word, PowerPoint, Excel), and GIMP
2.10.8 were used for the preparation of manuscriptgigacks.

Data obtained from L@®IS measurementswere analyzed usingDataAnalysis 4.2 or
MetaboliteDetect 2.0 (Bruker Daltonik GmbH) and GraphPad Prism 5 (GraphPad Software, Inc.)
was used to visualize chromatogralVR spectra were analyzed usiMpestReNova 12.0.0
(Mestrelab Research).

3.2 Chemicals and egpment

3.2.1 Chemicals and consumables

Unless stated otherwise, all chemicals and consumables used in this work were purchased either
from AppliChem (Darmstadt), Merck (Darmstadt), Carl Roth (Karlsruhe), Sarstedt (Nimbrecht),
SigmaAldrich (Steinheim), ThermoFischer Scientific Dreieich or VWR International
(Darmstadt). They were stored and used accordi
The cyclodipeptides cWF, cWL, and cWY were purchased from Bachem AG (Bubendorf,
Switzerland). c(WA, cWP, and cWM were iated in our laboratory during previous studies and

verified by LC-MS and NMR analysis.
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3.2.2 Equipment

Table 2. EQuipment used in this wark

Device Name Manufacturer
Autoclave VX-150 Systec
Centrifuges Heraeud-resco 17 Centrifuge, Refrigerater ThermoScientific

Electrophoresis
equipment
Freeze dryer

HPLC systenand
columrs

Incubators

LC-MS systenmand
colum

Magnetic stirrer
Microscope
Microwave
NMR

pH meter

HeraeusMultifuge X1R
Sorvall RC 6 Plus Superspeed
Horizontal gel electrophoresis tank GH30:

PowerPacHC HigiCurrent Power Supply

Alpha 1-2 LDplus

Therno Scientific
Therno Scientific
Biostep

Bio-Rad

Martin Christ

Agilent HPLC 1260 series system with Agilent Technologies

photo diode array detector aad

GmbH,

VDSpher PUR 100 C18E HPLC column VDS optilab GmbH

(250 x 1 Oformenerse fihaser m)
MultoHigh 1005 SI column(250 x 10 mmy
for normal phasehromatography

Orbital incubator

Multitron shaking incubator
Ecotron shaking incubator

Jouan EB280 static incubator

CSChromotographie
Service GmbH

Gallenkamp
INFORS HT
INFORS HT

Therno Scientific

Agilent HPLC 1260 series system with Agilent Technologies

photo diode array detector, a Bruker mic
TOF QIll mass spectrometer and a VDSp

GmbH,
Bruker Daltonics

PUR 100 C18M-SE column (150 x 2 mm, VDS optilab GmbH

€m)

RCT Basic
B1-252SP
NN-SD452W
ECA-500

pH 211 Microprocessor

IKA Labortechnik
Motic Europe
Panasonic

JEOL

Hanna Instruments
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Device

Name

Manufacturer

Pipets

Rotary evaporator

Pumping system

Safety cabine{S2)

Scales

Spectrophotometer

Speedvac

Thermomixer
Thermocycler
Ultrasonic bath

UV transilluminator

UV visible
spectrophotometer

Vortex mixerand
homogenizer

Discovery Comfort (0.2 uL; 220 uL, 206

200 pL, 1061000 pL)
RotovapofR

BrandTech VACUUBRAND PC3001
VARIO Pro

ScanLaf Mars

Pioneer® PrecisioBalance PA4102C
Explorer® EX124
NanoDrop

LLC-uniSPEC2

RVC 2-18 CPlus

Univapo 100H

AccuBlock Digital Dry Bath
T100TM Thermal Cycler
Sonorex Super RK 510 H
FAS-Digi PRO

Ultraspec 1000

Vortex-Genie 2

MiniLys Homogenizer

Corning HTL SA

Bichi

Thermo Scientific

LaboGene

Ohaus

Ohaus

Thermo Scientific
LLG Labware
Martin Christ
UniEquip

Labnet International
Bio-Rad

Bandelin

NIPPON Genetics

Pharmacia Biotech

ScientificIndustries

Bertin
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3.3 Oligonucteotide primers, plasmids and vectors

3.3.1 Plasmids and vectors usetthis work

Table 3. Plasmidsand vectors used in this work.

Name Description Used a#or Source

pYH-wA- E. coliS. cerevisiashuttle vector Template for PCR amplificatioof 24!

pyrG for heterologous expression (HI AfpyrG (cloning of pSSt05)
in A. nidulans

(o]

pJNO17 E. coliS. cerevisiasshuttle vetor Template for PCR amplification ¢ %

for HE in A. nidulans gpdA amp/URA3andwA flanking
regions ¢loning of pSStOL

pPWW50A E. coli/Streptomyceshuttle vector Vector for the expression i

for HE in Streptomyces Streptomyces albukl074
pLH23 pPWWS50A harboring the whol Positive control for the cultivatior 23¢
gtmcluster gtmAgtmEp of recombinanBtreptomyces

pLH30 pPWWS50A harboringnly thegtm Positive control for feeding CDP this
tailoring genesdtmB-gtmE) to recombinant Streptomyces work
expression vector for differer
other CDPSs

pLH32 Expression of CDPSgutfeszoe Isolation of cWF and derivatives this
together withgtm tailoring genes work
(gtmB-gtmB) in S. albus)1074

pLH33 Expression of CDPS gutAgsgg Isolation of cWF and cWY anc this
together withgtm tailoring genes derivatives work
(gtmB-gtmB) in S. albus)1074

pLH34 Expression of CDP8wlisltogether Isolation of cWL and derivatives this
with gtm tailoring genes dtmB- work
gtmB in S. albus)1074

pHY106  Expression of CDPShasA in S. Template for PCR amplification ¢ 2%
albusJ1074 nasA(cloning of pSSt45)

pHY107  Expression of CDPSaspA in S. Template for PCR amplification ¢ 2%
albusJ1074 aspA(cloning of pSSt46)
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3.3.2 Plasmids, vectors and primers designed in this work

All oligonucleotide primersvere ordered from Microsynth AG. They were designed with Snap&e@rie containing overhangs of 30 bp
for cloning via homologous recombinationSn cerevisia®r E. coli. Overlappng sequences are underlined able4.

US = upstream

Table 4. Plasmidsyectors angbrimers created in this work.

Primer

: o Amplified fragment
Primer sequencé¢ 53060 ) (+ overhang to)

pSSt02 activation of TF pcr4474 (WGM49241.) from P. crustosunPRB-2 with gpdAin P. crustosundZ02

amp/URAf*
amp/URATr*
SStll
SSt12
pyrG-f
pyrG-r
SSt07
SSt08
SSt13
SSt14

SSt27
SSt28
SSt29

CAGGGGATAACGCAGG

ACACAGGAAACAGCTATGAC AMP/URA3

CGTAATCATGGTCATAGCTGITTCCTGTGTGTCCCAATCTCTAGTTTGGGCAG 1500 bp US okilB

ACATATTTCGTCAGACACAGAATAACTCTCGGTGAAGGTGCGAATGGTTG (amp/URA3, Afpyr(

GAGAGTTATTCTGTGTCTG

ATTCTGTCTGAGAGGAG AfpyrG

CACGCATCAGTGCCTCCTCTAGACAGAAT CCGATAGCTCTGCAAAGGGC gpdA

GGTGATGTCTGCTCAAGCGG (AfpyrG)

AACAGCTACCCCGCTTGAGAGACATCACCATGCAGGGCCGAAAACG first 1500 bp okilB

CTCACATGTTCTTTCCTGCATATCCCCTGTCTGGGTGGGCTATAGCGA/G (gpdA ampURA3
Verification of correct gene integration fh crustosunsSt02

CAGGAGAATGGCAGGCTCAA

AATCACCGGCAGTAAGCGAA

CGCGTGTAAAAATTGCGTGC

AGCCGATGCGTCGAAAGTAT

SSt30
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Table 4. Continued.

Primer

Amplified fragment

Primer sequenc¢ 53060 ) (+ overhang to)

pSSt05 vector for the heterologous expressadrgenes in th&vA PKS locus ofA. nidulans

amp/URA(f*
amp/URATr*
SSt31
SSt32
SSt33
SSt34
pyrG-f*
pyrG-r*
SSt35
SSt36

CAGGGGATAACGCAGG

ACACAGGAAACAGCTATGAC amp/URA3
CGTAATCATGGTCATAGCTGITTCCTGTGTCTCTGGAACAGTCTCGCCGT wA-promoter
CATTGTGCAACGCCCTTTG@AGAGCTATCGGGATCAGGAGAAGGAGAGTCAAGTCC (amp/URA3gpdA
CCGATAGCTCTGCAAAGGGC gpdA
CATATTTCGTCAGACACAGAATAACTCTCGGCGCCGGTGATGTCTGCTBAGCGG (AfpyrQ)
GAGAGTTATTCTGTGTCTG

ATTCTGTCTGAGAGGAG AfpyrG
CACGCATCAGTGCCTCCTCTAGACAGAAT CATGACGCGAATCACTTTACTATGAC wAPKSdown
CTCACATGTTCTTTCCTGCATATCCCCTGTGCTGTCAGTACGCGAAGATCTC (AfpyrG, amp/URAR

Verification of correct gene integration A nidulansSSt01

SSt81
SSth4

GCGAGCCTTCCATAGTTACG
GAAGTAGCCGAGCAATGAGG

pSSt04 expression of PK$cr4475(WGM49240.) from P. crustosunPRB-2 in A. nidulansusing pSSt05 as the expression vectc

SSt39
SSto4
SSt03
SSt40

AACAGCTACCCCGCTTGAGRAGACATCACCGGCATGACTGCACCATTGCE XilA
GCTCAGTCACTTCACCGACA (gpdA
CCAGTGTCCAGCTTCCGATT A
CATATTTCGTCAGACACAGAATAACTCTCGGCATCCAGTCCATACATCAATGC ( Aﬁlayre)

TG

Verification of correct gene integration A nidulansSSt04

SSt81
SSt83

GCGAGCCTTCCATAGTTACG
CAGCATTCTCGAAGGCCTC




Table 4. Continued.

Primer

Primer sequenc¢ 53060 )

Amplified fragment
(+ overhang to)

pSSt12 activation ofPKSpcrd4 from P. crustosuniPRB-2 with gpdAin P. crustosundZ02

amp/URA(f*
amp/URATr*
SSt94
SSt95
pyrG-f*
pyrG-r*
SSt07
SSt08
SSt96
SSt97

CAGGGGATAACGCAGG

ACACAGGAAACAGCTATGAC
CGTAATCATGGTCATAGCTGITTCCTGTGTGAGGCATTGTTTAGCTGTGATC
ACATATTTCGTCAGACACAGAATAACTCTCGTTGCCAATTTGTCAAAGGTGC
GAGAGTTATTCTGTGTCTG

ATTCTGTCTGAGAGGAG
CACGCATCAGTGCCTCCTCTAGACAGAATCCGATAGCTCTGCAAAGGGC
GGTGATGTCTGCTCAAGCGG
AACAGCTACCCCGCTTGAGAGACATCACCATGACTGCACCATTGCCC
CTCACATGTTCTTTCCTGCATATCCCCTACGTTTTGTCCATTCAGTCGA

Verification of correct gene integration fh crustosungSt12

SSt110
SSt56
SSt57
SStl114

pSSt26 expression of PK$c16g04890rom P. rubensWisconsin 541255in A. nidulansusing pSSt05 as the expression vecto

SSt137
SSt138
SSt139
SSt140

CTGCTCGACATGCAGAGC

TCGGGTTGTCGTCACATCAG
GTTGACAAGGTCGTTGCGTC
GAGTGCTGGTGGATGACTTG

AGCTACCCCGCTTGAGCAGAATCACCGGATGACTGCACCATGGCCC
CTCCAACGTTCTCTTGGCAAC

GGTCTCATGGCCTGCAAC
TATTTCGTCAGACACAGAATAACTCTCGGCGTCTGGGGASTGGACAGAAG

Amp/URA3

1500 bpUS of xilA
(Amp/URA3, Afpyr

AfpyrG
gpdA
(AfpyrG)

first 1500 bp ofilA
(gpdA amp/URA}®

pcl6g04890
(9pdA
pcl6g04890
(AfpyrGQ)

50



Table 4. Continued.

Amplified fragment

Primer Primer sequenc¢ 53060 ) (+ overhang to)

Verification of correct gene integration A nidulansSSt26

SSt81 GCGAGCCTTCCATAGTTACG
SSt83 CAGCATTCTCGAAGGCCTC

pSSt28 expression of P450cr4473(WGM49242.) from P. crustosuniPRB-2 in A. nidulansusing pSSt05 as the expression vect

SSt147 CAGCTACCCCGCTTGAGCAGCATCACCGGCATGTCGAGGCTTGAGATAGCC xilC
SSt148 TATTTCGTCAGACACAGAATAACTCTCGGCCTATCCCATGACCACCTGTCC (gpdA AfpyrG
Verification of correct gene integration A nidulansSSt28

SSt81 GCGAGCCTTCCATAGTTACG

SSt67 TCTCGGGCATTTCCAACGTO

pSSt45 expression of CDPBasAfrom Streptomycesp. NRRL $1868in S. albusausing pLH0 as vector

nasAf CACAGCAGCGGCCATATCGAGGTCGTCATATGGCCACACACGCCTCC nasA
nasAtr CCGCAGGGGGGAGAGTCGCEBGTGGGTCATTCACTGCTGCGTCACGTGG (PPWWS50A, gtmD)

pSSH#6: expression of CDP&spA from Streptomycesp. NRRL $1868in S. albuausing pLH® as vector

aspAf CACAGCAGCGGCCATATCGAGGTCGTCATATGAACACTTCCCTCGCTGC aspA
aspAr CCGCAGGGGGGAGAGTCGCBGTGGGTCATTCAGCGTTCGGCCGCCC (PPWWS50A, gtmD)

*Theseprimers weralesigned and provided by Dr. Jonas Nies.
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3.4.1 Organisms used in this study

Table 5.Bacterial strains

Bacterium Genotype Source
5 F endAl ginV44 thil recAlrelAl gyrA96 deoR Thermo
Escherichia colDH5U nupGu 8 0adZpM 1 5 lacg(AargF)U169, o
L Scientific
hsdR17(k mk*) ,i @&
I TetadmcrA) 183 crCBhsdSMRmMrr)173endAl

(E;(lzgerlchla COIXL10- supE44thi-1 recA1gyrA96 relAllac Hte [F" proAB Agilent
| acl q 2edMTIef) Tnd (Karl) Amy]

Escherichia coli dam13::Tn9, dcm6, hsdMCmIR, carryingthe non- 78,242

ET12567/pUZ8002 transmissiblgpUZ8002

Streptomyces albus , i - 243,244 77

31074 wildtype; Sal deficient (RM")

Table 6.Fungal strains

Fungus Genotype Source

Saccharomyces - . 245

cerevisiaHOD11428 MATU -BRaBi sa&m2 | eu?

Aspergillus nidulans pyroA4 riboB2, pyrG89 nkuA:argB

LO8030 deletion of BGCs: (AN780A N7 8 25) m, - (
AN2549) g, -ANAN203®, -( ANL1 .4
AN10021) op-ANS8ASNS05)1g2, - ( AN
ANS8 38ANIPIGAN9 259) p,- ( AN7
AN7915) p,-ANBANGQAD

Penicillium crustosum wildtvoe 56

PRB-2 yp

Penicillium crustosum 65

3702 qpcrd87@mpcr6370

Penicillium rubens wildtype DSMZ*

Wisconsin 541255

*DSMZ: German Collection of Microorganisms and Cell Cultures GmbH.
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3.4.2 Organisms created in this study

Following strains were created in the course of this work.

Table 7. Bacterial strains

Bacterium Genotype Parent strain
Streptomyces albus harboring pSSt48heterologous expression of

J1074pSSt45 nasA) S. albus]1074
Streptomyces albus harboring pSSt46heterologous expression of

J1074pSSt46 aspA S. albus)1074
Table 8.Fungal strains

Fungus Genotype Parent strain

Aspergillus nidulans
SSt01

Aspergillus nidulans
SSt04

Aspergillus nidulans
SSt26

Aspergillus nidulans
SSt28

Penicillium crustosum
SSt02

Penicillium crustosum
SSt12

WA-PKS:gpdA(p}AfpyrGin A. nidulans

LO8030
WA-PKS:gpdA(p}xilA +
in A. nidulansLO8030

WA-PKS::gpdA(p) Pc16g0489G-

9 9 9 b p-AfB/EGL

501bp

AfpyrGin A. nidulansLO8030

WA-PKS::gpdA(p) xilC +
in A. nidulansLO8030

501b pABIG!

AfpyrG::gpdA(p)::xilBin P. crustosundZ02

AfpyrG::gpdA(p)::xilAin P. crustosundZ02

A. nidulans
LO8030

A. nidulans
LO8030

A. nidulans
LO8030

A. nidulans
LO8030

P. crustosum
JZ02

P. crustosum
JZ02

3.5 Cultivation of microorganisms

Microorganisms were cultivated as described below. All media and solwtiemgs prepared using
doubledistilled water dHO), autoclaved and stored at room temperature if not stated otherwise.
Selection markers were added to the media shortly before usage.
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3.5.1 Cultivation ofE. colstrains

E. coli strains were cultivated at 37°C for 1&0 hours orLysogeny broth (LBagar plates under
static conditions or in LBshaking at 230 rpnfTable 9). If necessary, antibiotics were used for
selection ¢ee 3.5.5 andlable 1§.

Table 9.LB.
Trypton 10.0g/L
NaCl 10.0g/L
Yeast extract 5.0g/L

Foragarplates, 20 g/L agar was added.

3.5.2 Cultivation ofStreptomycestrains

Streptomycestrains were cultivatedt 28°Con mannitol soy flour (MSplates(Table10) for 57 7
days. Liquid cultures were prepared in baffled flasks using modifjedi R5 medium(Table 11)
and incubatedt 28°Cshaking at.80 rpm.If necessaryselectiormarkerswere used{able 1§. Both
media were adapted frolieser et af®

Table 10.MS agar plates

Mannitol 20.0g/L
Soy flour 20.0g/L
Agar 15.09/L

Table 11.Modified liquid R5 medium

Sucrose 103.0 g/L
MOPS 21.0g/L
MgCI-A 6 ,OH 12.0 g/L
Glucose 10.0g/L
Yeast extract 5.0g/L
K2SOQy 0.25g/L
Tryptone/peptone ex casein 0.10g/L
Trace element solution (Tahl®) 2.0mL/L

pH was adjusted to 7.2 using NaOH. After autoclaving, 2 mL/L sterile trace element s
was added.
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Table 12.Trace element solution.

ZnSQA 7 ,0H 0.1g/L
FeSQA 7 ,0H 0.1 g/L
MnCI2A 4 ,OH 0.1 g/L
CaClbA 6.0 0.1 g/L
NacCl 0.1 g/L

Trace element solution was filter sterilized and stored at 4°C.

3.5.3 Cultivation ofSaccharomyces cerevisiae

YPD medium(Table13) was used for the cultivation &accharomyces cerevisia#®®D1142B and
synthetic complete medium lacking urac8GUra, Table 14 for recombinant straingarrying
plasmids. Agar plates were incubated fdr 2 days and liquid cultures were shaken at 280 for
167 20 hours both at 30°C.

Table 13 YPD medium

Yeast extract 10.0g/L
Peptone 20.0g/L
Glucose 20.0g/L

For agar plates, 15 g/L agar was added.

Table 14. SG-Ura medium

Yeast nitrogen bassgith ammonium sulfate  6.70 g/L

CSM-His-Leu-Ura (MP Biomedicals) 0.65 g/L
L-Histidine 20 mg/L
L-Leucine 60 mg/L

For agar plates, 18g/L agar was addedhe volume was adjusted to 900 mL dfd mL sterile
20% (w/v) glucose solution was addaéter autoclaving

3.5.4 Cultivation offilamentous fungi

Liquid glucose minimal medium (GMIMTI'ablel5), potato dextrose bro{f?BD) or CzapekDox (CD)
mediumwere used for the cultivation oPenicillium strains?*’ Yeast extract was added for faster
growth if desired. FoP. crustosundZ02, uridine and uracil were added to the medijsee 3.5.5)
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Penicilliumstrains were cultivated at 25°C under static conditiGMM agar pates were incubated
for 51 7 days and tjuid cultures for up to 21 days.

Aspergillus niduland. 08030 was cultivatedusing GMM agar platessupplemented with uracil,
uridine, riboflavin, pyridoxineand yeast extraett 37°C for 2I 3 days For recombinanA. nidulans
strains, GMMagar plates wereonly supplemented with riboflavin and pyridoxi(@5.5) Liquid
cultures consisted of GMM or CD mediwupplemented with theespective selection markers and
were kept at 25°@nder static condition®r up to 21 days.

Table 15.GMM.

Nitrate salts (20x, see Tahlé) 50.0 mL/L
Glucose 10.0g/L
Trace element solutidisee Tabld7) 1.0mL/L
Yeast extractdptiona) 1.0g/L

For agar plates, 18g/L agar was added

Table 16.Nitrate salts, 20x

NaNOs 1200 g/L
KClI 10.4 g/L
MgSQA 7 .OH 10.4 g/L
KH2POy 30.4 g/L

Table 17.Trace element solution (100 mL)

ZnSQA 7 ,0H 22g
H3BO3 1l1g
MnCI,A 4 ,0H 05¢g
FeSQA 7 ,0H 160 mg
CoCLkA 5 ,0H 160 mg
CuSQA 5 ,0H 160 mg
(NH4)sM07024A 7 ,OH 110 mg
EDTA 5.0¢

80 mL ofddH0O was filled in a beaker and above listed salts were added in the given ord
final volume was adjusted to 100 mL, the solution was filter sterilized and stored at 4°C.
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3.5.5 Antibiotics and auxotropic markers used for selection

Depending on theelection genes @lasmid and resistance oficrobialstrains, followingantibiotics
(Table 18)or selection marker@able 19)were used fotheir cultivation:

E. coli DH5Udoes not display antibiotic resistance itself and therefore, transformants were selected
according to selection maeks of the respective plasmidse.iapramycinfor plasmids based on
pPWWS50A and ampicillin for all ther plasmids used in this workor he preparation of competent

E. coli XL10-Gold, chloramphenicol antetracyclinewere supplemented in cultivation media to
minimize contamination risk. For subsequent plasmid propagation, only ampicillin waskuset.
ET12567/pUZ8002s resistant to kaamycin and chloramphenicaihich were additionally used for

this strain. Hence, recombinalat coli ET12567/pUZ8002 carryinglasmids based opPWW50A

were selected with apramycikanamycin and chloramphenicdlrimethoprimand apramycin were
usedafterplasmid conjugation t&treptomyces albukl074.

Table 18.Antibiotics used fotheselection of bacteriatrains

Antibiotic Stock solution Solvent Working concentration
[mg/mL] [Hg/mL]

Ampicillin 100 ddH20 100
Apramycin 50 ddH20 50
Chloramphenicol 50 ddH20 12.5
Kanamycin 50 ddH20 50
Tetracycline 50 ethanol 12.5
Trimethoprim 50 DMSO 10

S. cerevisiagHOD1142B transformants were selected with media lacking ur&ailxotrophic
markes used dr the cultivation oPenicilliumandAspergillusstrains, see 3.5.4

Table 19. Auxotrophic makers used for selection of fungal strains

Auxotrophic marker Amount

Pyridoxine 0.5mg/L
Riboflavin 2.5 mg/L
Uracil 1.0g/L

Uridine 1.2 g/L
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3.6 General nolecular biological methods

3.6.1 Isolation of genomic DN#om fungi

Genomic DNA(gDNA) was used as a template for PCR amplification. Fungal strains were cultivated
in 5 mL liquid GMM at 25°C for 2 4 days depending on their growth. The mycelium was collected
using a sterile tip, dried on filter paper and tfangd to a 1.5 mL tube containing glass be208Y

T 3,45 mm and 0,26 0,5 mn). 800 pL of LETS buffe(Table 20 were added and the mycelium was
crusted using a Minilys Homogenizat 5000 rpm for 3 minutes. 700 uL were transferred to a new
1.5 mL tubethe same volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added and mixed
thoroughly. After centrifugatio at 13,000 rpm for 10 minute8Q0 pL of the aqueous phase was
transferred to a new tube, washed with 700 pL chloroform/isoamyl alcohdl) @dd centrifugedt
13,000 rpm for 10 minute$he aqueous phase was transferred to a new tube and mixed with 900 uL
ice-cold absolute ethandGenomic DNA was obtaineaks a pelleafter centrifugation at 13,000 rpm

for 30 minutes at 4°C and washed with% ethanol. The pellet was dried;digsolved in 200 pL
ddHO and the DNA concentration was measured using a NanoDrop spectrophotometer. For
subsequent PCR amplification, the gDNA was diluted to a concentratiohQtfrg/pL.

Table 20.LETS buffer.

LiCl 01M
EDTA 20 mM
Tris-HCI 10 mM
SDS 0.5 % (w/v)

3.6.2 PCR amplification

PCR amplification was carried out usiRipusion® HighFidelity DNA Polymerasdrom NEB in

Phusion HF Buffeor GC Buffer A gradient PCR with an annealing temperature ranfyomg 651

52°C was carried out to determine best temperature for binding of primersreRCtonswere
prepared in a volume of 10 OL a(Tables2lcdnd®PyFot o t h
cloning of plasmids, severaD L reactions wer@oded at the end of the PCR and further purified

if needed.

Primers for PCR were designed using Snap&@e2d and ordered from MicrosynthG.
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Table 21. PCR setup

Volume Components Final concentration
2.0ul 5x Phusion GC buffer 1x

0.2ul 10 MM dNTPs* 200 puM

0.5ul 10 pM forward primer 0.5 uM

0.5ul 10 pM reverse primer 0.5 pM

0.67 1.0l Template DNA ~607 100ng/10 ¢ L
0.3ul DMSO 3% (viv)

0.1ul Phusion DNA polymerase 0.5 units/D pl PCR
tol0 e L Nucleasefree water

*10 mM of eachldATP, dCTP, dGTP, and dTTP.

Table 22. Thermocyclingconditions

Step Temperature Time [seconds] Cycles
1. Initial denaturation 98°C 30 1
2. Amplification
Denaturation 98°C 15
Annealing 52°Ci 70°C 30 30-40
Elongation 72°C 30/1000bp
3. Final elongation 72°C 300 1
4. Storage 4°C b

3.6.3 Preparation of chemically competekt colicells

The E. coli strainsDH5U, XL10-gold and ET12567/pUZ800%ere cultivated on LB agar plates
supplemented with respective antibiotics for seleqtsae 3.5.5)A single colony was picked and an
overnight culture of 5 mL LB was inoculated and cultivated for 16 hd®&.mL of SOC medium

(Table 23) were inoculated at a density of Gl = 0.1 and growrat 37°C and 230 rprantil an

ODeoo of 0.471 0.5was reachedrlhe culture was transferred to sterile 50 mL tubes and cooled on ice
for 10 minutes. Cells were harvested by centrifugation (5,000 rpm, 10 minutes, 4°C), the supernatant
was discarded, the cells were resuspend&dbimL CM solution (Tablé4) and poold. After another

15 minutesof incubation on ice, bacteria were centrifuged (5,000 rpm, 10 minutes, 4°C) and
resuspended in 3.6 mL CM solution. Subsequently, the bacteria were incubated on ice for 5 minutes,
followed by two steps each including the additiof 125 pL of DMSO and another 5 minutes of
incubation on ice. The competent cells waikeded into 200 uL aliquots and transferred to-po®led

1.5 mL tubes, which were frozen in liquid nitrogen and store80aC until used.
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Table 23.SOC medium

Tryptone 2.0g/L
Yeast extract 0.59g/L
NacCl 10 mM
KCI 2.5 mM
MgCl. 10 mM
MgSQy 10 mM
Glucose 20 mM

The solution was autoclaved and sterile 20% glucose solution was added prior to usage

Table 24.CM solution

CaCb 50 mM
MgCl> 50mM
Glycerol 100 g/L

The CM solution was filter sterilized and stored at 4°C.

3.6.4 Transformation ofS. cerevisiatr plasmid construction

S. cerevisia¢lOD 1142B was used for plasmid cloning via homologous recombinaitsothescribed
previously?*8249The strairwas grown on PD plates for 3 4 days at 30°C. A preculture BfmL

liquid YPD was inoculategvith a single colony and grown over night at 30°C and 230 EfimmL

YPD in 250 mL flasks were inoculated with the preculturesoon@= 0.5 and grown untinid log

phase growth was reachex ¢ | | densi t ysoonal0i 0.5. Cellawere Iharvested by
centrifugation $,000 rpm, 3 minutesh a50 mL falcon tube, washed with 25 mL sterile ddHO,
subsequently resuspeed in1 mL of 0.1 M LiOAc and transferred to a new 1.5 mL tube. After
centrifugation (13.000 rpm, 30 seconds), the supernatant was discarded, the cell pellet suspended in
400 L of 0.1 M LIOAc and 50 pL were aliquoted in new 1.5 mL tubes. Tubes that ne¢resed
immediately were stored at +4°C fgp tooneweek. After centrifugation (1800 rpm, 30 seconds),

the supernatant was removed by pipetting and the cell pellet was resuspended in a mixpre of 5
carrierDNA from fish sperm (10 mg/mL, purchasiedm Roche Diagnosticgind the DNA fragments
used for plasmid constructigeach <500 ngn max. 30 pL of sterile dd¢D). After the adition of

240 pL 50% PEG 4000 solution and 36 pL 1 M LiOAc, the mixture was carefully vortexed to
homogeneity and incubed at 30°C for 30 minutes and 42°C for another 30 min@eks were
pooled by centrifugation (600 rpm, 2 minutes), the supernatant was removed by pipetting and the
cells were resuspended in 50 pLstérileH>0 and spread evenly on S@a platesTable 14. Plates

were incubated at 30°C fori23 days until small colonies were visible.
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3.6.5 Plasmid recovery fror8. cerevisiae

The transformationrmethoddescribed in 3.6.4isually resulted in more than 100 colonies each
transformation mixtureTherefae, the colonies were pooled by washing off thelB€ plates using

1 mL of sterileddH.O. 50 pL were used to inoculafemL of liquid SGUra medium which was
incubated at 30°C, 230 rpm for 16 hours. It was transferred to a 15 mL tube, spun down 6,000 rp
3 minutes) and washed with 5 mL stedigH;O. The cell pellet was resuspended in 500 L Buffer |
(Table 25, transferred to a 1.5 mL tube and 5 pL 1dithiothreitol (DTT) and 15 puL zymolyase
(12.5 mg/mLin ddHO, purchased from Carl Rotlere addedAfter 4 hours of incubation at 37°C,
800 rpm on a thermal block,257 0,5 mm glass bead€&rl Roth) were added and cells were
mechanically disruptedsing MiniLys at full speed for 120 secon880uL were transferred to a new
tube anccarefullymixedwith 300 L ofBuffer Il (Table 26) After 5 minutes of incubation, 300 pL

of Buffer Il (Table 27 were added, rxed and spun at 4°C, 13,000 rpm for 10 minufEse
supernatant was transferred to a fresh 1.5 mL tube and spun down for another five. Matugds

of the supernatarweretransferred to a new 1.5 mL tube and mixed with 1 volume of isopropanol.
After centrifugation for 30 minutes, the supernatant was poured off and the DNA pellet was washed
with 400 pL of ice cold 70% ethanol and spun downSaninutes, 13,000 rpm at 4°C. Again, the
supernatant was poured off and the dry DNA pellet was dissolved in 10 pL sterile Wegtevhole

10 pL were subsequently used for the transformation of chemically competenit

Table 25.Buffer | for plasmd isolation

Tris-HCI 50 mM
EDTA 10 mM
RNase | 10 pgml

A RNase | stock solution (10 mg/mL in delB)) was prepared and stored20°C. RNase | was
added to Buffer | directly before use.

Table 26.Buffer Il for plasmid isolation

NaOH 02M
SDS 1 % (wiv)

Table 27.Buffer Il for plasmid isolation

Potassium acetate 3M
Glacial acetic acid 2 M
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3.6.6 Transformation of competenE. colicellswith plasmid DNA

Chemically competer. coliDH5Uand XL1GGold cells were used for furthptasmid propagatian

E. coliDH5Uwas used for plasmids up to ~ 15,000 bp and XGbd for larger construct&. coli
ET12567/pUZ8002vas used for plasmid transfer$treptomycesl uL of purified plasmid DNA10

pL of plasmid DNAfreshlyisolated fron. cerevisiadsee3.6.5 or 100 ng of linearized empty vector

and insertwere used for the transformation. 100 pL of competent cells were defrosted on ice and
carefully mixed with plasmid DNA. After incubation for 2030 minutes on ice, the tubes were
transferred to a thermal block preheated to 4BCGI5 seconds. After incubation on ice for another 5
minutes, 800 L of sterile LB (sé@@ble 9 was added to the tubes and they were incubated at 37°C,
230 rpm for 1 hourAfter centrifugation (5,000 rpm, 2inutes), the supernatant was poured off and
the cells were resuspended in the remaining liquid and spread evenly on LB plates supplemented with
the respective antibiotics for selectisee 3.5.5)Plates were incubated for approximately 16 hours

at 37°C.

3.6.7 Isolation of plasmid DNA frofa. coli

SingleE. coli colonies from plates obtained after transformation (seé)3agre pickedand usedo
inoculate 3.5 mL of liquid LB supplemented with the respective antiki(gee 3.5.5nd Table 18

and incubated overnight (~ 16 hours) at 37°C and 230 2pnmL were transferred to a tube and
centrifuged for 2ninutes at 10,000 rpm. The liquid was discharged and the cells resuspended in 250
uL of Buffer | (Table 25. 250 uL of Buffer Il Table 2§ wereadded and carefully mixed by pipetting.
After 5 minutes, 250 pL of Buffer Il {able 27 wereadded, carefully mixed and centrifuged for 10
minutes at 13,000 rpm and 4°C. The supernatant was transferred to a nesntifeged5 minutes,

13,000 rpm 4°C),andthe supernatant waggain transferred to a new tube. To achieve precipitation

of plasmid DNA, the same volume of isopropanol was added, mixed and the mixture was centrifuged
at 13,000 rpm for 30 minutes. The supernatant was discarded, the &NAvpashed with ice cold

70% ethanglcentrifuged for 5 minutes at 13,000 rpmd subsequently drie@ihe plasmid DNA was
dissolved in 2QuL of sterileddHO.

If larger amounts of plasmid DNA were needed, 5 mL of LB medium was inoculated in the @est pla
and the tube was refilled with 2.0 mL after the first centrifugation Jitkee.isolated plasmid DNA

was later dissolved in 40 pL of sterdedH.O. If needed, a second washing step with ZB&nol was
performed.
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3.6.8 Verificationof plasmid integrity

Most dasmids were digested using restriction enzymes either purchased from Jena Bioscience, New
England Biolabs or Thermo Fischer Scientifim analytical restriction digestion was prepared in a
total volume of 10 pL according tbable28. All components werearefully mixed and the reaction
mixture was collected at the bottom of the tube by a sipimt The mixture was incubated according

to the manuf ac.Whan &amger amounts ®ftDNAI wetein@eded). for subsequent
transformation of fungithe reaction mixture was scaled up accordingly. For the linearization of
plasmids, the incubation time was extended to ~ 16 hours (overmtignids harboring only a short

insert of up to 2000 hp.e. pSSt45 and pSSt4évere sequenced bylicrosynth Secgb GmbH
Samples were prepared as described by the company.

Table 28. Restrictiondigestion setup

Component Volume
Plasmid DNA 1.0 puL
10x restriction buffer 1.0 uL
Restriction enzyme 0.5 puL
ddH.O to 100 uL

3.6.9 Preparation of fungal spore suspensi@ml glycerol stocks

Two agar plates were inoculated with fungal spores and incubated as descBilsed i® mL of 0.1

% (v/iv) TWEEN® 20solutionwas used to scrape off the mycelium from the plates using a bent sterile
pipet tip. The mycelial suspensiwas transferred to a 50 mL tube contairsteyileglass bead(85

T 3,45 mn) and vortexed thoroughly. The solution was filtered by pouring it into a sterile syringe
containing cotton to retain the mycelium and the spores were centrifuged subse&u@d@ygm, 5
minutes). The supernatant was discarded, the pellet was washed with sterile water and centrifuged
again. After omitting the water, the spores were either used for subsequent transformation as described
in 3.6.11or resuspended in 1 mL of 20(v/v) glycerol solution and transferrednew tubes for long

time storage ai80°C.
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3.6.10 Preparation of spore glycerol stocks fireptomyces

Streptomycestrains werecultivated on MS agar plate3dble 10)for 51 7 days, depending on
sporulation A sterile toothpick or a pipet tip was used to scrape off the spores from the plates and
spores werg¢ransferredo 1.5 mL tubes containing 500 uL of 20% (v/v) glycerol in water. The tubes
were closed, thoroughly mixed by vortexing and store8GftC.

3.6.11 PEGmedated protoplast tansformation offilamentous fungi

Genetic modification ofA. nidulanswas carried out using polyethylene glycol (PEGinediated
protoplast transformatioprotocol according toYin et al?*! For P. crustosunPRB-2, the protocol
wasadapted slightly? The media used arevgin inTables 29 33, he different conditions for each
strain are given iffable34 and the enzymes used are listed in Table 35.

The spore suspension from tw@MM plates was used to inoculateO5ml of liquid GMM
supplemented with the respective selecti@rkers and yeast extract in 2028l Erlenmeyer flaskt
was incubated at 37°@30 rpm until thdreshly germinated hyphaeached 2 3x the length of the
spore diameteiThe germlingswere centrifuged at 5000 rpm for 5 mitesand washed with 30 ml
sterile water. The germlings were resuspended in 10ofrireshly preparedsmotic mediun{Table

29) andan enzymatic mixturéTable35) was addedThe @ll wall was digested at 37°With shaking

at 90 rpm for approximately 2.5 durs and te formation of protoplasts wasionitoredusing a
microscope After cell wall digestion, the protoplasivere constantly kept on ice. The protoplast
suspension wasansferred to a 50 mL tube and carefudtywered with 10 mtold trapping buffer
(Table 30). Centrifugation withdecreaseacceleration and deceleration ad@ rpm 4°C for 15
minutesaccumulatedhe protoplastgas a white cloud ithe interphase between trapping buffer and
osmotic mediumThe protoplasts were transferred to a 15 ml reactionusioga cutoff pipettetip

to avoid shearingndone volume otold STC buffer Table31) was addedAfter centrifugation at
5,000 rpm 4°C for 5 minutes the supernatant was discarded and phmetoplasts werearefully
resuspended id mL cold STC buffer andcentrifuged again. After decantinge supernatant, the
protoplasts were resuspendedh 1 8TC budfdr for each transformation reaction and an additional
100 pL for the negative controlhe linearized plasmids used for transformationensstded to the
100 pL of protoplasts in a new 15 mL tube aftédragentle mixing, the protoplaBINA mixturewas
incubated on ice for 50 mires 1.25 ml of PEGsolution Table32) was added and mixed by gently
rolling the tubeThe transformation mixtur@as incubated for 20 30 minutesat room temperature,
mixed withl ml STC buffer angoured ontastabilizedminimal medium(SMM) bottom agar plates
(Table 33. 5 mL of handwarm SMM top agar was gently poured on top of the protoplast mixture
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and mixed byotating the plates. They were incubated at the appropriate tempéathle 34 )until
protoplasts regenerated asmall single colonies were visible.

Table 29. Osmotic medium

MgSQu 1.2 M
Sodium phosphatbuffer 10 mM
pH was adjusted to 518ing NaHPQs. Osmotic mediunwas filter sterilized and stored at 4°C.

Table 30. Trapping buffer

Sorbitol 0.6 M
Tris-HCI, pH 7.0 0.1 M
Trapping buffer was stored at 4°C after autoclaving.

Table 31. STC buffer

Sorbitol 12 M
CaCb 10 mM
Tris-HCI, pH 7.5 10 mM

STC buffer was stored at 4°C after autoclavin

Table 32. PEG solution

PEG 4000 60 % (w/v)
CaCb 50 mM
Tris-HCI, pH 7.5 50 mM
Table 33. SMM.

Nitrate salts (20x, Tabl&6) 50 ml/L
Glucose 10 g/L
Sorbitol 1.2M
Trace elementflable17) 1 mi/L

pH was adjusted to 6.5 + 0.1 and selection markers were added freshly prior to use. For Sh
bottom, 16 g/L and for SMM top, 7.5 g/L agar were added.
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Table 34. Conditions used fathe transformation oA. nidulansandP. crustosum

Step A. nidulansLO8030 P. crustosuniPRB-2
Conidiation 37°C, 23 days 25°C, 57 days
Germination 37°C, 230 rpm, 8 hours 25°C, 230 rpm, 142 hours
Protoplastation 37°C, 90 rpm, 2.5 hours 37°C, 90 rpm, 2.5 hours
Regeneration 37°C, 23 days 25°C, 57 days

Table 35. Enzymatic mixture used for protoplastation in 10 mL osmotic medium

Enzyme Quantity Purchased from

Cellulase 200 pL ASA Spezialenzyme GmbH
Chitinase 40 uL ASA Spezialenzyme GmbH
Protease 10 pL ASA Spezialenzyme GmbH
Yatalase 20 mg Takara Bio

3.6.12 Plasmid conjugation t&treptomyces albus

SingleE. coliET12567/fJZ8002colonies obtained after transformation with the respective plasmid
(36.6) were used to inoculatb mL LB supplemented withkanamycin, apramycin and
chloramphenicoleach at 75% of normal working concentratiog,37.5ug/mL, 37.5ug/mL and 9.4
pg/mL. They were incubated overnight at 37°C, 230 rpm and three tubes each containing 5 mL LB
with the abovenentionedantibioticswere inoculated with 500 uL of the overnight culture and kept
at 37°C, 230 rpm until an Qfyof 0.8 was reached. The cells were pooled in a 50 mL falcon tube and
centrifuged at 4,000 rpm, 4°C fa0 mirutes.E. coli ET12567/pUZ800Zells were vashed twice
using 20 mL pure LB and theyere resuspended in 500 pL of pure LB. In the meantgtyegerol
stocks of Streptomycealbussporeq3.6.10) were thawed on icandcentrifuged at 4,000 rpm, 4°C

for 10 mirutes. Glycerol was removed by pipetting anddékswere resuspended in 200 pL of pure
LB. To initiate germination, they werendubated at 50°C for 10 minutes. Both coli
ET12567/pUZ8002e¢lls andStreptomyces albuspores were combinexhd incubated for 5 minutes

at room temperaturd.he mixture was spad evenlyon a MS plate Table 10) containing 20 mM
MgCl; and the plate was left open until all liquid was drigfier incubationat 28°C for 21 hours],

mL of ddHO supplemented with 25 pL of eachramycinand timethoprimstock solution were
spread orthe plate fotheselection of transformants. Plates were incubated at 28°C for aBatier
days until first colonies dbtreptomycesansformant were visible.
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3.6.13 Verification of recombinant strains

After transformation of fungal strains G31L1) or Streptomyceé3.6.12), single colonies were picked

as soon as they were visible and streaked onto new GMM or MS agar plates, respectively, maintaining
selection pressure. Again, a freshly grown single colony was picked and spread evenly onto a new
selectiao plate for preparation of a spore suspensi®@ 9 and3.6.10).

Fungal colonies werg@multaneously used to inoculate liqdM for gDNA extraction 8.6.1). The
isolatedgDNA served as a template farPCRamplification proving thecorrectintegrationof the
transformation construcBince fungal strainsere manipulated on a genomic le\sslection pressure

was not maintained after this pofot verified transformantdRecombinanStreptomycesn the other

hand, carrying extrachromosomal plasmid DNA, were exposed to antibiotic selection the whole time.

3.6.14 Preparation oLGMSsamples

Genetically modified strains and their respective parent strains were cultivated as des@ibed in

50 mL ofliquid medium.1 mL sampleswere taken after different time poingsg.7, 10, 14, and 21

days. They were extracted with the same volume of ethyl acetate (EtOAc) twice, the organic phases
werecombined and evaporated to dryness using a speed vac. Dependne amount, thremaining

crude extract waslissolved in 35 300 pL of 95% methanol, med thoroughly and spun down
(13,000 rpm, 20 minutes, 4°C) bk were used for LEMS analysis

3.6.15 Incorporationof 13C labeled precursors

The recombinan®. crustosm strain SSt12 wasultivated as described section 3. Liquid GMM
was chosen as a culture medium for this purpose due to tmaifoberof other metabolites produced.
13C labeled precursors, i.f2-13C] and [1,2'°C] acetate were purchased frof@ambridge Isotope
Laboratories|nc. They weredissolved in a small amount of GMM aadpplemented to the medium
in afinal concentration of 300 mgAo threedayold aultures.

3.6.16 Feeding with pexylariolide D

Three independent transformants/Af nidulansSSt28 and their parent strain LO8030 were each
cultivated in 10 mL of GMM in a 50 mL flask at 25°C. Prexylariolide D was dissolved in MeOH and
added to théhreedayold cultures in a final concentration of 0.5 mM. After another 3, 7 and 10 days
of cultivaton, 0.5 mL samples for L&MS analysis were taken and extracted with the same volume
of EtOAC twice.
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3.7 Bxraction and isolation of metabolitef®r structure elucidation

3.7.1 Extraction oimetabolites

Microorganisms wereultivated in a larger scale (37 L) in liquid medium as described section

3.5. Fungal cultures were filtered using MiraCloth and bacterial cultures were pooled and spun down
(3,500 rpm, 20 minutes) to obtain a clear culture broth free of mycelia/cells. It was extracted two times
with the same volume of EtOAc usisgparating funnels. The phases were mixed by vigorous shaking
and after phase separation, the EtOAc phases were combined and evaporated at reduced pressure (18
mbar) and 35°CThe dried crude dract was stored aR0°C if ne@ssary

EtOAc phases containing the volatile metabolites xylariolide D and its derivatives were filtered using
NaSQs to remove any remaining water. In this case, the EtOAc phases were carefully evaporated at
room temperature tkeeploss adow as possitd. For'*C labeled precursors, the culture broth was
extracted withdichloromethaneCM) instead of EtOAc to further minimize lesin this case, the

DCM phasewas evaporated at room temperature at 600 mbar.

3.7.2 Silica gel columohromatography

Thedry crudeextract wasveightedandredissolved in @mall amount of suited solverg.g.10 mL

MeOH. A small sample (~ 100 pL) was used for thin layer chromatography (TLC) with different
solvent mixtures to determine the best mobile phase for separation. The remaining crude extract was
mixed witha small amount afilica gel (60 0.040.063 mm, 230400 mek, Carl Roth GmbHand
thesolvent was evaporated.nécessarya mortar was lined with siliaggeland the silica/crude extract
mixture was further homogenized by mixing with a pe&ikcagelwasmixed with the mobile phase

and poured intoraemptyvertical glass column. To evenly settle the silgal and to remove any
bubbles, the glass column was tapped with a cork ring and pressure was applied to pack the column
tighter. The crude extract was added on top and covered with ~ (QqGarzsand A reservoir was

filled with the mobile phase and the column was started by applying pressure. Fractions were collected
either in small glass tubes (~ 20 mL) pearshapedflasks (200 mL) The elution of secondary
metabolites was monitored by TLC and the geatliof the mobile phase was changed accordingly.
Similar fractions were combined and the solvent was evaporated. Dried fractions were sBix¥cl. at



3.7.3 Final purification with serfpreparative HPLC

To estimate the purity, the fractions of interest oladifitom the silicgelcolumn were first measured
using LCMS (see 3.6). If necessary, further purification was achiewtda semipreparative HPLC
system Agilent 1260 series

The volatile xylariolide D and its derivatives were isolated on a normaseplsystem using
MultoHigh 1065 Sl column 250 x 10 mm{CS-Chromotographie Service GmpHDCM/MeOH 982
as a mobile phase withflaw rate of2.0 mL/minand a detectiona = 3.00 nm
Cyclodipeptides were isolated using a reverse pWasgpher PURLOO C18SE HPLC column250
mmx1 0 mm, (VO5S optiled Chromatographietechnik Gmjhith 35% acetonitrile in wateat
af l ow rate of 2.0 mL/Gmmn and a detection at @&
During isolation, all flasks were kept on ice and after evaporation of ilensahe flasks were stored
at -20°C. Isolated cyclodipeptides were dried by evaporatiomadtonitrile freezing of the water
phase and sublimation in a freeze dryer.

3.8 Analytical methods

3.8.1 Agarose gel electrophoredisr the detection of DNA

For the detction of DNA, 1% (w/v) agarosé@arose NEEO Ultr&ualitat Carl Roth) waslispersed

in 1x TAE buffer Table36) andheatedn a microwave untithe powdemwas dissolved completely.
Invitrogen SYBR® Safe DNA Gel Stain (Thermo Scient)fiavas added according to the
manufacturero6s i nstruct iaocastanda coimrwasaddeditod createawellsa s
for samples. The set gel was transferred to a horizeftatrophoresichamber and completely
submerged in 1x TAE bufferaples were prepared usingiTrack DNA Loading Dye (Thermo
Scientific) and pipetted into the wells. As a size reference, GeneRMArLadder Mix (Thermo
Scientific) was used. The chamber was closed anskegp@ration of DNA was conducted at 125 V for

2571 30 minutes. The gel was removed and an UV illuminator was used for the detection of DNA
bandsat312 nm
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Table 36.50x TAE (Tris,acetic acid and EDTbuffer.

Tris 2M
Acetic acid 1M
EDTA 50 mM

The pH value was adjusted to pH = 8.0 véttetic acid.
49:1 dilution with ddHO results in 1x TAE buffer containingD) mM Tris, 20 mM acetic acic
and 1 mM EDTA

3.8.2 LCMS analysis

Secondary metabolite production was monitored on an Agilent HPLC 1260 series system with a photo
diode array detector and a Bruker micro TOF QIll mass spectrometer. Samples were separated on a
VDSpher PURLOO C18M-SE column (150 x 2.0 mm, &8n, VDS optildb Chromatographietechnik

GmbH, Berlin,Germany). A linear gradient fromi5100 % acetonitrile in water, containing 0.1 %
formic acid, in 30 min at a flow rate of 0.3 mL/min was used. The parameters of the MS device were
set as electrospray positive ion deofor ionization, capillary voltage of 4.5 kV and collision energy

of 8.0 eV. Data obtained were analyzed using DataAnalysis 4.2 or MetaboliteDetect 2.0 (Bruker
Daltonik GmbH) and GraphPad Prism 5 (GraphPad Software, Inc.) was used to visualize
chromatogams.

3.8.3 NMRanalysis

NMR spectra were recorded on BCA-500 spectrometer (JEQland processed using MestReNova
9.0.0 andL2.0.0 (Mestrelab Resear8fl.). Xylariolide D and its derivatives were dissolveddDClz

and the bemical shifts were referenceditch o s e of t he nwsdé26pmmahdsirgnal s
ppm.All CDPs were dissolved in DMS@s and the chemical shifts were referenced to those of the
sol vent =i ®2n &Hl0s 38 whmili

3.8.4 Electronic ocular dichroisnspectroscopic analysis

The ECD spectrum of xylariolide D waseasuredvith a }J815 CD spectrometer (Jasco Deutschland
GmbH). The sample was dissolved in Me@H7 mg/mL)and measured in the range of 20000
nm with a 1 mm path length quartz cuvetielfma GmbH & Co. KG.



71

4. Resultsand discussion

4.1 Xylariolide D biosynthesis Renicilliumstrains

As mentioned in the introductiponly a dozen compounds (e.g. peniphenones and penilactones as
well as their precursors) were isolafeam P. crustosunPRB-2 and linked to theirespective gene
clusters, leading to the assumption that the broad majority of the remaining BGC may not be expressed
under laboratory conditiorf8.%4 In this work different methods for the elucidation afyptic gene
clusters were applied for the investigationuoknownBGCscontaining a PKS core gen@enetic
manipulation of the native host itself represented the most promising apgioeetour laboratory
already established protocols for the transformatioR.ofrustosunPRB-2 and two recombinant
strains with increased targeting efficiency durinansformationwere availablé*®® One of tlese
strains,P. crustosumlZ02 lackingligD and pyrG, was used as a parent strain for further genetic
manipulatior?® Proposedpathway specific transcription factors tife BGCs were activated by
insertion of the strong, cotiwlitve gpdApromoter in front of the respective geialditionally, the

core PKS genes were overexpressed likewise to increase the production of theveeBgestaffold.

At the same timeheterologous expression obre genesn A. nidulansLO8030was intended to
identify the chemical scaffold produced twe PKSs These investigationked to the identification of
xylariolide D as the product of one clusteermedxil cluster in this study. The resultainedfor

thexil cluster are presented in the following sections.

4.1.1 Bioinformaticanalysis oP. crustosunPRB2 genomic sequence

Bioinformatic analysis using AntiSMASH 4.0 revealed tRatrustosuniPRB-2 harbors 58 putative
BGCs for secondary metabolite biosynthesishown irFigure23A.2%°

Cluster 44 was predicted to contéiie PKS core gengcr4475andseveralotherneighboring genes
e.g.the proposed transcription factocr4474and the cytochrome P45ier4473 Additional genes
included hypothetical onepdr4471 pcrd4472 and pcrd47Y, and transporterp€rd476andpcr4478
Figure23B).
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Figure 23. Analysis of P. crustosunPRB-2 genome using AntiSMASH 4.\ 58 putative gene
clusters were predicted for the biosynthesis of secondary metabbiitiesent colors indicate the
respective core genes detected). orange for PKSsB Genomic locus of theil cluster pcr4473
pcrd479 surrounded by genes encoding proteins of unknown funcpor471, pcr4472 and
pcrd477) or transporterspcr4476andpcrd47g.

In the course of thistudy, it was established that only three genes are part of the gene dlester,
those encodinghe PKS, the TF and the P450. Since pheduct of theclusterwas identified as
xylariolide D, it wastermedxil cluster and the gen@gere namedilA (pcrd4473, xilB (pcr4474, and

xilC (pcrd4473. These names are used interchangeably throughout thik. \BWwAST analysis
revealed similar gene clusters with high identities on the amino acid level in the referencesgenome
of P. crustosunG10, P. rubensWisconsin 541255 and Penicillium flavigenumIBT 14082 (Table

37). However, XilB was noannotatedn P. crustosun(G10.

Table 37. xil gene cluster oP. crustosuniPRB-2 and similar gene clusters®f crustosunz10
andP. rubensVisconsin 541255.

P. crustosum P. rubens P. flavigenum
P. CrustosunPRE-2 G10 Wisconsin 541255 BT 14082
Gene Length Putative Accession No. Accession No. Accession Md.
[aa] function  (length/identity) (Iengthlidentity) (lengthlidentity)
XA pcrdd75 2492 PKS KAF7517450.1 XP_002560839.1 OQE18781.1

(2492 a89.1%) (2464 a89.1%) (2513 ac#9.57%)
| XP_002560838.1  OQE18897.1
XilB pcraara 654 TF - (671 acB5.8%) (681 aaB9.81%)
KAF7517449.1  XP 002560837.1  OQE18783.1

XiIC  pcraars 572 P450 572 aa100%) (572 aa®3.0%) (572 a2.66%)
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Furthermore, similar gene clusters were predicted by AntiSMASH in the filamentous fungi
Stachybotrys chlorohalonatBBT 40285 Stachybotrys chartarunBT 7711, IBT 40293, andBT
40288 In this study, thexil cluster and its homolofrom P. rubensWisconsin54-1255 were
examined. BotiBGCsare given irFigure24. XilA, XilB, and XilC show hich sequence identities of
89.1, 85.8, and 93.0% to Pc16g04890, Pc16g04880, and Pc16g048R). frdmensrespectively.

XilA xilB xilC
PKS transcription cytochrome
factor P4?0
P. crustosum PRB-2 (73 —
(pcr44...) |
89.1% 85.8% 93.0%
P. rubens i
Wisconsin 54-1255 (70) =——
(pc169048...) .
~1kb
coding for KS - AT - DH - MT - ER - KR - ACP
AA identity 96.2% - 90.2% - 94.9% - 82.5% - 90.0% - 94.4% - 91.1%

Figure 24. xil cluster fromP. crustosuniPRB-2 and its orthologrom P. rubensVisconsin 541255.
Identityon the amino acid level of encoded proteins and predicted PKS domains encodedkig both
andpcl16g04890s given in percent.

Both PKSs XilA and Pc16g04890 share fagne domain structukeith sequence identities ranging
from 82% to 96% on the aminoiddevel Figure24). The MT domain of XilA was not predicted by
AntiSMASH, but was identified as a conserved domain upon BLAST seBighré 25A). XilA
shows a sequence identity of 52.2% to the-PHS Soll (D7UQ44.1) from thesolanapyrone
biosynthetic gee clusteiof Alternaria solani Upon heterologous expression of firesolanapyrone
synthas€PSS)encoded byol1, the 3methyk6-alkyl-U-pyrone derivativelesmethylprosolanapyrone
| was identified as its produ(Figure258B).2°°

AntiSMASH and BLASTp indicated th&ilB representsa fungal specifiZn(ll)2Cyss zinc cluster
transcription factor. This not surprising considerirtat around 90% of all TFs foundfumgalPKS
gene clusterbelong to the Zn cluster familj® BLASTp search revealed the presence of a regulatory
middle homology regiofMHR), but sequence analysis of XilB did not show the typ&dCXsCXs-
12CX2Cs.sC motif usually observed for Zn(Blyss zinc cluster TF$2! MIBIG analysisindicated a
sequence identity &7% on the nucletide level tosol4, a transcription factor from the solanapyrone
cluster ofAscochyta rabief® sol4was reported to encode a novel type of Zn(11)2Cys6 transcription
factor since the highly conservedtdrminal zinc cluster DNAinding domain with the typical motif
given above is missing?
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Figure 25. A Conserved domairsf XilA predicted by BLAST including the MT domain (greeB).
Domains of PSS (Soll) anbe biosynthesis oflesmethylprosolanapyrongwhich issubsequently
converted by otheBol enzymes to solanapyrones, e.g. solanapyrorigicdures taken and modified
from Kasaharat al?>°

XilC was annotated as a ”1by AntiSMASH and BLASTp. It shares an identity of 32% to Tril3
from the trichotheceneBGC of Fusarium graminearumwhich catalyzes the conversion of
deoxynivalenol to its successor nivalenol by hxdroxylatd{>*

Protein sequencemncoded bythe xil clusterwere deposited at NCBI and are available under the
accession numbeldGM49240.1(XilA), WGM49241.1(XilB), and WGM49242.1(XilC).

4.1.2 General pasmid desigmndgenetic elements used

As mentioned in3.3.2 plasmids for the genetic manipulation of fungal strains were designed to
containthesamegenetic elementse.theamp/URAZ assettegpdAandAfpyrG. They were amplified

by PCR once andsed for the cloning of different plasmids. The specific targe®gions for fungal
manipulation were adapted individually and contained overhangs to the above meglieomeatdo
enablecloning of plasmids via homologous recombinatiorSircerevisiag® For the empty vector
pSSt0xYusedfor the transformation oh. nidulansLO8030,the5 6 a n degibnk &f thé&/AHPKS
locus were usedfor genetictargeting The targeting regionsre referred to as upstream and
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downstream regions of the respective gene throughout this work an8l @®moter andvA down
for thewA locus ofA. nidulang(see below).

Theamp/URAZassett€3481 bp amplified from pJNO1)/enables the plasmid to be used as a shuttle
vector forS. cerevisia@andE. coli?*! It contains the ColE1 origiof replication (ori), the ampicillin
resistance genampRfrom the SuperCosl vect@®tratagene)a yeast centromere sequence (CEN),
an autonomously replicating sequence (ARS), thedauxotrophy marker gengRA32%! Plasmids
harboring the ColE1 ori are miedh copy number plasmids f&. coliresulting in257 30 copies per
cell.>® Although CEN/ARSbased vectors are leeopy plasmids irS. cerevisiad€l i 4 copies per
cell), the advantage of using the ARS is stable maintenance of larger plasmg20 kb)?41:2°7S,
cerevisiaewas used for the cloning of plasmids via homologous recombination. The protocol
described ir8.6.4represents a simple and yet fast, robust and highly efficient methbdugh yeast
takes longer to grow thda coli, plasmid recovery is more time consuming and the amount of plasmid
obtained is significantly reduced, this method still outperforms classical cloning approaches since
plasmids can be obtained from several (upigh? individual fragments in just one siegcloning
step?®® Due to the low amount of plasmid obtairfeoim S. cerevisiagfurther plasmid propagation
and amplification using. coliis necessary.

The URA3 geneencodes therotidine 5-phosphate (OMPJYlecarboxylasewhich catalyzes the
decarboxyldbn of orotidine monophosphate uridine monophosphaté®2*°Uridine, consisting of
aribofuranosering attached to the nucleobase uracigrisessential building block RNA synthesis
Strains lackinghe URA3gene and therelthe ability toproduce uridine themsedg are not able to
grow in mediawithout uridine>®

The gpdApromoter(1445 bp)used in this work is derived from plasnpdNO17and was originally
amplified fromA. nidulans® It is a strong, constitutive promoter that has been sucessfullynased
only for heterologougieneexpres®on in A. nidulansLO8030Q but alsofor gene deletion irP.
crustosunPRB-2 using thegpdAactivatedhygB(mediating hygromycin B resistancag a slection
marker®4260

SincebothA. niduland_08030andP. crustosundZ02lack therespectivdnomologs of thepyrG gene,
theAfpyrGgene (1668 bpydbm Aspergillus fumigatugias chosen as a nooxic auxotrophy selection
marker In analogy to URAS, itencodes théOMP decarboxylasecomplementingpyrG89 and
pcr637Q respectivelyand therefore restoring growth in the absence of uridine and.tfeéfit was
amplified from plasmid pYHVA-pyrG.24:

For easier handling and to ensure better comparability between results obtained from heterologously
expressed genes iA. nidulansand genetically modifie®. crustosunstrains, the expression vector
pSSt05 was designed based on pJNO017 (seesTralaled 4, respectively with the only difference
being thechange of the selection marker fréfriboB to AfpyrG. This enabled the use of the same
auxotrophic markers, i.e. uracil and uridine, for both fungal strains.
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4.1.3 Activation of the transcription factqocr4474in P. crustosum

The proposed transcription factecr4474was activated by cloning treonstitutivegpdA promoter
from Aspergillus nidulang front of its coding region For this purpose, plasmid pSSt02 was designed
(Table4). It was assembtkvia homologous recombination 8. cerevisiadiOD114-2B from five
different fragments, i.eheamp/URAZXassettethegpdApromote, AfpyrGas a selection markand

the respective flanking regions required for genomic targettfd’*The latter ones were chosen as
the 1500 bp upstream region p€r4474 and the first 1500 bp opcr4474 (referred to as the
downstream region of pSSt02, $egure26A).

A i PKS pcrd475 TF pcrd474 |

P. crustosum 1202 | upstream pSSt02 | downstream pSSt02 |

IScURA-CEN/ARS)

apdA promoter | downstream pSSt02 E. coll ori/ampR SCURA-CEN/ARS
Swal linearized pSSt02 l
2:2024 bp 1: 2449 bp

LSSBO SSt29 §St28 Sst27

PKS pcr4475
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Figure 26. A Genomic organization of parent strdn crusteumJZ02, recombinan®. crustosum

SSt02 and Swal linearizge5St02 transformation construBt Restriction digestion of pSSt02 with

Pstl (1), Dral (2) and Sall (3) to confirm sequence integrity. Left panel shows predicted bands on 1%
agarose gel (SnapGene), middle panel shows observed bands on 1% agarose gel and figtst panel
expected length dfagmentdor each restriction digestio@ PCR confirmation of correct integration

at the targeted gene locies four independer. crustosunsSt02 transformants usify crustosum

JZ02 as control. Primer pairs and the expected length of the ampl#ggdents are given in A

Gene Ruler DNA Ladder Mix (purchased frdermo Scientift) used as a size standard.
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All PCR fragments were used in an equimolar ratio for subsequent cloning as descalted and

the plasmid was isolated from yeast andher propagated using. coliD H5 3.6.%3.6.8). Its
sequence integrity was verified by digestion with thdééerent restriction enzymes, i.e. Rddral,

and Sall (see Figure B®. The recombinant strainP. crustosumJ Z 0 2AfpyrGuku70 was
transformed with the Swdihearizedplasmidandfour of theobtained transformants were screened
by PCR for correct integration of the transformation construct. For this purpose, two primer pairs were
designedwhich bind within and outside of th86 a3d d e of dhe transformation construct,
respectively figure26C). P. crustosundZ02 was used amnagativecontrol. Spores of the parent and
recombinant strains were used to inocul&t mL of liquid GMM and samples for LGBAS
measurementeretaken afterl4 days Compared to the strain JZQ#vo newpeakswere observed

in all culturesof the SSt02 straind: with a [M+H]" ion atm/z183.1019%nd a predicted molecular
formula of C10H1503 and2 with a [M+H]" ion atm/z167.1075and a predicted molecular formula of
C10H1502 (Figure 27). Due to its low quantity, the second compound was not detected in the UV
chromatograms but its mass was found inetkteacted ion chromatograr&IC) after analysis of the
data using MetaboliteDetect. The tyweedicted molecular formulas seemdontainthe same @
scaffold and only differ by one oxygen atonmc the core genes of this clustensist of a PKS and

a P450, the assumption was madée tha second compound may be the PKS product which is likely
hydroxylated by the P450 enzyme. To confirm tmypothesisand to elucidate the structure of the
two compounds, the PK8cr4475was subsequently expressedAn nidulansLO8030 for the
production of the PKscaffold Simultaneouslypcr4475was likewise activated iR. crustosunto
further boost production of both metabolites observed in cultures of the recombinant SSt02 strain.

A B

'?rﬁf\f_}f P. crustosum JZ02 '°{;:fj'lm P. crustosum JZ02 [M+H]* of 1
m/z 183.101

1.5x104 7551044
[M+H]* of 2
m/z 167.107

L - A
P. crustosum SS102 (AfpyrG::gpdA(p)::xilB in JZ02) P. crustosum SSt02 (AfoyrG::gpdA(p)::xilB in JZ02)

1.5x104 1 7.5x1044 1

% 2
A A ey L
5 10 15 20 25 5 10 15 20 25
time [minutes] time [minutes]

Figure 27. LC-MS analysis of fungal extracts froR. crustosunstrains JZ02 and SStOA. UV
chromatogram (290 310 nm)wherea new peakl) was detected in the recombinant strain SSt02
Due to its low amount, compoudvas not detected® EICs of compounds (green)and?2 (blue) in
the crude extracts d? crustosumJZ02 and SStQ2A tolerance range af 0.005 was used faon
detection
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4.1.4 Activation of the PKBcr4475in P. crustosum

To increase the yield of compounalsservedn culture broths oP. crustosungSt02, the PKS gene
pcr4475was activated as described for the transcription faaat474in 4.13. The plasmid pSSt12
with the respective flanking regions was cloned and transformatiBnatistosundZ02 resulted in

recombinant strairP. crustosumSSt12. Triple digestion of p&® and confirmation of correct
integration ofP. crustosun®St12 is given ifrigure28.

A ee TF pcrd474 PKS pcrd475

P. crustosum JZ02 . .
l + Swal linearized pSSt12

1: 2598 bp 2:2070 bp
Sst110 Sst57 Ssti14
,
P. crustosum SSt12 [ upstream psst12 | [ _downstream psst12 |

GeneRuler DNA Ladder Mix

bp ng/0.5 pg %

1: pSSt12 »
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1. 4916 bp 10000
2. 1756 bp Ittt 1202

3. 1692 bp 5 A

00 00 OO

3
- gg
4. 828bp > 3
e 5. 402bp a %ﬁg
2: pSSt12 60 120
[} e .- — 16 32
(e 1. 5929 bp - 1% gg
2. 1616 bp e 8 35
- - 3. 1151 I;p - ?(7) 524,0
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4. 163bp -

1% agarose

Figure 28. A Genomic organization of parent str&ncrustosundZ02 and recombinaRt crustosum
SSt12.B Restriction digestion of pSSt12 with Pstl (1), Sall (2) and Sstl (3) to confirm sequence
integrity. Left panel showsbserved bands on 1% agarose gel, middle panel shows predicted bands
on 1% agarose gel (SnapGene) and right panel lists expected lefrgthpnaénts for each restriction
digestion.C PCR confirmation of correct integration at the targeted gene logusciistosunsSt12
usingP. crustosundZ02 as control. Primer pairs and the expected length of the amplified fragments
are given in AD GeneRuler DNA Ladder Mix (purchased froifhermo Scientift) used as a size
standard.

Cultivationof P. crustosundZ02 and SStla@nd LGMS analysis of the extracts revealed that not only
production of compound4 and 2 could bereproducedbut alsothat their amount was indeed
significantly increased. For compouhgdan at least fold higher accumulation was observed for the
PKSpcrd4750verexpression strain SSt12 compared to the activation of transcriptiondectdi7 4



in strain SStO2Kigure29, Talde 43). The strainP. crustosunsSt12 was therefore used for a larger
scale cultivation and subsequent isolation of both compounds.

A B
Aseoa10 | P. crustosum JZ02 ion count | P. crustosum JZ02 [M+H]" of 1
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Figure 29. Analysis offungal extracts fronP. crustosunstrains JZ02, SSt02 and SSt¥.UV
chromatogram (290310 nm) illustrating the difference between activation of the transcription factor
pcr4474and the PKSocr4475 Compound?2 is clearly visible in the UV chromatogram of the
recombinant SSt12 straiB. EICs of compound4 (green) an (blue) in the crude asacts ofP.
crustosum)Z02, SSt02, and SStl1R tolerance range af 0.005 was used faon detection

4.1.5 Creation of the empty vector control straf nidulansSSt01

Based on its parent straf nidulansLO1362,A. nidulansLO8030 is a genetic dereplication strain

that was modified by deleting eight of the most highly expressed BGCs, i.e. sterigmatocystin,
emericellamides, asperfuranone, monodictyphenone, terrequinone, F9775A and B, asperthecin, and
austinol and dehydroaustil BGCs(genotype se&able6).246 As a result, its metabolite background

was demonstrated to be very low. Although more than 244,000 base pairs were deleteal) ttél st

proved genetic stability and the same fast graastlits parent strai#{® Due to the deletion of several

genes used for selectiopyfoA4 riboB2, pyrG89, A. nidulansLO8030 lacks the ability to grow in

media deficient of uracil/uridine, riboflavin, and pyridoxftéenabling the use of three different ron

toxic selection markers at the same time.
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To protect itself against damage caused by ultraviolet Wgimidulansproducea dark green pigment
in the cell wallsof its sporeg®® The production of thipigmentis encoded by the two genga and
wA. Disruption ofyA and wA leads to the formation of yellow and white spores, respecttfely
Heterologous expression of the PK®\ on the other handesulted in the formation of the
naphthopyrone YWAZlan intermediate in spore pigment producéitiThe gemmic locus of this
nonressential PKS iwidely used as an integration site for heterologously expressed genes. Using the
wA flanking regions for targeting, tiveA PKS is replaced by foreign DNA during transformation and
correct transformants can easily distinguished from those with ectopic integration by their white
phenoty (seeFigure32).

In analogy to constructs created RarcrustosundZ02( &fpyrGaku70, the empty expression vector
pSSt05 was created usiAfpyrGas a selection markgrSStOSurthermoreconsists of thamp/URA3
cassette, theA flanking regions, thé\. nidulansgpdApromoterand AfpyrG.

A WA promoter
oo ANIA_08210 ] WA PKS e ANIA 05205 JCED
A. nidulans LO8030 + o sdoen
<Swal> <Swal>
BN Py GCUNCRUGEE  E. coll ori/ampR  ScURA-CEN/ARS
WA promoter l Swal linearized pSSt05
3078 bp l

|ANIA_08210 ISStSl SSt54

- [ wA pomoter |IGPAAIBFOmBtery | ‘PW
A. nidulans SSt01

B C GeneRuler DNA Ladder Mix D

A. nidulans bp_ng/0.5 pg %

SSt01 108030

- . : by _5\ '
= ke &
- 5 s g
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Figure 30. A Creation of the empty vector control strédinnidulansSSt01 using the parent strain
nidulans LO8030 and Swal linearized pSSt05. Homologous recombination wihinidulans
LO8030 leads to genomic integration tbke gpdA promoterand AfpyrG in the wA locus.B PCR
confirmation of correct integration at th@A locus for two independentA. nidulans SSt01
transformantsausing A. nidulans LO803(s control. Primer pair and the expected length of the
amplified fragment is given in AT Gene Ruler DNA Ladder Mix (purchased fr@iermo Scientift)
used as a size standaf.Plasmid map of pSSt05 created with SnapGene. |Gtetion of the
restriction sitegor single cutters Swal and Sfol are indicated in green.
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For the integration of genes into the vector, a Sfol restriction site was created bgpsiédeand
AfpyrG. As a consquence, expressed genes are not only under influence of thew&tiwemoter

of A. nidulans but also under influence of the stronggydA promoter ensuring even higher
transcription of the expressed geh&€ he sequence integrity of pSSt05 was verifigdsequencing.

It was linearized with Swal (cutting within théRA3gene) and the linear DNA fragment was used to
transformA. nidulansLO8030. PEGmediated protoplast transformation (3.6.11) was utilized to
introduce plasmid DNA into the fungal host. Titenking regionsj.e. wA promoter andvA down,

were used for genetic targeting and facilitated the integration @idjlaeenDNA fragments, in this
casegpdAandAfpyrG, via homologous recombination. The obtained recombinant transformants were
namedA. nidulansSSt01. Integration of the transformation construct at the correct genomic locus was
proven by their white phenotype and PCR amplification using the primer pailSSt84 (3078 bp,

see Figure 3B).

Since no gereencoding proteins involved ihé biosynthesis of SMs were expresseA. nidulans
SSt01] it was expected that the SM prefitasnot altereccompared t&\. niduland.0803Q This was
proven by cultivation of botlstrainsin different media and subsequent-MS analysis of crude
extracs. 1 mL samples for LEMS analysis wer@repared as described ir634 Due to the low
metabolite profile ofA. nidulansLO8030, they were only resuspended in 30 pL MeOH and 10 pL
were used foL.C-MS analysis.The results obtained for the cultivation iDPRis given inFigure31.

The UV chromatogram in a rangeld0i 400nmwasused to ensurénoroughmetabolite detection.

A190-400nm
[mAU] A. nidulans LO8030
- _W
A1g0-400nm A. nidulans SSt01
mAU] WAPKS::gpdA+AfpyrG
- _W
T T T
5 10 15

retention time [min]

Figure 31. HPLC analysis of fungal extract§he samples were measured as describedig ®ut
the method used for separatiwas shortened to 20 minutes.
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4.1.6 Heterologous expression &flAin A. niduland.O®30

For the heterologous expressionpaf4475 the empty vector pSSt05 was linearized using the blunt
end cutter SfolDue to its size off592 bp plugerminator regiorof 999 bp, the PKS gene was
amplified in two separate fragments using the primes[@5t39/SSt04 and SSt03/SSt40, generating
an overlapping region between the two fragmenitey werentegrated into pSSt05 by homologous
recombination irS. cerevisia@ndthe plasmid wadurther amplified usinde. coli. Integrity of the
obtained plasm pSSt04was confirmed byestrictiondigestion withPstl, Sstl, and EcoRFigure
32B).
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A. nidulans LO8030
ll + Swal linearized pSSt04

3087 bp

[SS(SI wA promoter SSt83

GeneRuler DNA Ladder Mix
v 1: pSsto4 ( g D E
Pstl A. nidulans bp ng/05 g %

1. 6077 bp
. 3177 bp LO8030 Sst04

2

3. 2971 bp 10000 18 36

Lt " SRR

5. 1158 bp

6. 987 bp R 5000 18 36

et = 2 BN
v 2: pssto4 =1 3000 60 120

Sstl ! - .. 2500 16 32 }

1. 6270 bp —— —2000 16 32 A. nidulans LO8030

2 3114 bp 1500 16 32

e - 1200 16 32

2. 1932bp . [— /‘9880 %’ }24'0 RS A

5. 1205 bp —800 17 34 A

6. 1042bp 700 17 34 A

7. 477bp 600 17 34

8. 163bp — \500 60 120 “ A

— N 40 ’ & 2
v 3: psstod - 300 20 40 ¥ #
EcoRI 200 40 y

1. 10,024 bp s 8 100 20 40 y

2. 3112bp 8

3. 2691 bp - 2

4. 867bp = )

21 498be 0.5 pg/lane, 8 cm length gel A. nidulans S5t04

1XTAE, 7 V/em, 45 min

Figure 32. A Heterologous expressiai PKSpcr4475from P. crustosunPRB-2 in thewA locus of

A. nidulansLO8030resulting in the strai. nidulansSSt04.B Restriction digestion of pSSt04 with

Pstl (1), Sstl (2) and EcoRI (3) to confirm sequence integrity. Left panel shows predicted bands on
1% agarose gel (SnapGene), middle panel slobssrved bands on 1% agarose gel and right panel
lists expected length of fragments for each restriction digestoRCR confirmation of correct
integration at thavA locus fortwo independenf. nidulansSStO4transformantsisingA. nidulans
LO8030as ontrol. Primer pair and the expected length of the amplified fragment is givenOn A.
Gene Ruler DNA Ladder Mix (purchased frarhermo Scientit) used as a size standaEdGreen
phenotype oA. niduland-.0O8030 with an intactvA PKS and white phenotypé tmansformants (using

A. nidulansSSt04 as an example). Both pictuaesfive-dayold cultures on GMM agar plates.
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Swal linearized pSSt04 was used for the transformatién ofdulansLO8030 (3.6.11Figure 32A
and two of the obtained transformamisre further confirmed by PCHrigQure 3Z). Their white
phenotypeand the green phenotype of the parent stkamdulans.O8030 are shown in Figure 32E.
The resultingA. nidulansSSt04 strainswWA-PKS::gpdA(p)pcrdd7549 9 9 b p -AfyrG)Tamdthe
empty vetor control strain SSt01 WA-PKS::gpdA(p)AfpyrG) were cultivated in liq GMM
supplemented with riboflavin and pyridoxirgxtracts of the culture broth were analyzed byMS
(Figure 33). In the UV chromatograms of the strains harboringcr4475 two new peés were
observed. Te first peakwith a [M+H]" ion at m/z 167.1069and a retention time of 19.1 min
corresponds very well toompound2 observed irP. crustosunstrainsSSt02 and SStl1Zhe other
newmetaboliteof A. nidulansSStO4was detected with [M+H]* ion atm/z183.10% and a retention
time of 13.5 minAlthough the mass of this metabolite corresponds well to compbdetected in
recombinanP. crustosunstrains, he different retention times of the twmeaks(12.5 min for 1 vs.
13.5min) indicatedthata different metabolit@ was detected iA. nidulansSSt04.

The strain wasubsequentlysed for a larger stacultivation an isolation d@ and3.

Aggozio | A. nidulans SStO1 (wA-PKS::gpdA(p)-AfoyrG)
[mAU] | empty vector control
[M+H]" of 2
1.5x104 m/z 167.107
X 9
[M+H]"* of 3
m/z 183.101
A. nidulans SSt04 (wA-PKS::godA(p)-pcr4475+999bp 3UTR-AfpyrG)
expression xilA
4
1.5x10 >
3
A ~ A_ﬁ‘ L
- 10 15 20 25

time [minutes]

Figure 33. HPLC analysis of fungal extractsCompared to the empty vector control SSt01,
compound® and3 were detected in extracts of the XilA overexpression s&kamdulansSSt04.
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4.1.7 Isolation of compounds and structure elucidation

To determine the structures of compouhd? and3, P. crustosunsSt12 and\. nidulansSStO4were
cultivated in 3 4 L of liqguid GMM and CDmedium

The culture broth was extracted with the same amount of EtOAc. t®idesequently, a silica gel
column usingpetroleum ether/EtOAc and a seimieparative reversphase HPLC setup using
ACN/water as solvents were used for purification as described.® Bfter drying of the sample in

a freeze dryer, only very littlef theoily compound wasleft (~ 1 mg).At this point it was assumed
that the compounds may belatile. To obtain larger amounts tbfe substancg the cultivation was
repeated anthe extraction and isolation waptimized: The cultures were extracted with EtOAc and
the organic phase was filtered using8ia to remove any remaining water. Caredubporation and
subsequent isolation using a silica gel colaslescribed abowand a sempreparative normal phase
HPLC with DCM/MeOH(98:2)yielded10 mg 6 mgand5 mgof compoundd, 2 and3, respectively
NMR spectra in CDGIlwere recorded for all isolated compounds. The structure of comwad
elucidated usings HSQCdata(Figure S9 and Table38) and theNMR-basedoolii S ma | | Mol ec
Accurate Reogni ti on Te c h navallablg gtlattp:/ngaNdcsd Edu/classicwhich
linked the structure t&-Butyl-6-methyt2H-pyran2-one (cosine score: 0.89%f Comparison of
NMR datawith those published confirmed that compouhé indeedthe U-pyrone predicted by
SMART.2%6

Table 38.NMR data @ prexylariolide D 2) in CDCk.

Pos. Uc s multi., J[HZ] HMBC

2 163.0

3 1133 614  d, 95 C2.5

4 1471 716  d,95 C2. 7

5 1155

6  158.3

7 2902 228 177  C4,56811 ¢

8 320 145 m C-5,7.9, 10

9 222 134 m C-10, 8 -
10 139 093  t7.3 C8, 9 prexylariolide D
11 172 222 s C5. 6

It was first isolated in 1998 by Schlingmann efram the culture brothL -11G219f an unidentified
filamentous fungus andashence referred to 44 -11G219)2% Using the data@f compound?, the
structures of compoundsand 3 were deduced as its hydroxylated derivativ@empoundl was
identified as the known xylariolide D (see belpwhereas compourglwas not described previously.
Since2 was detected iR. crustosun§St02, SSt12 and. nidulansSSt04,it wasassumed that this
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metabolitas the unmodified product of XilA, which teenhydroxylated toylariolide D in the native
pathway Therefore this compound wasamed prexylariolide Dits NMR data is given ifable 38
andits NMR spetra are given irFiguresS7 i S1Q Although compoundd and 2 were already
described in literature, their biosynthesis has not been elucidated.

The Upyrone xylariolide D 1) consist of a2H-pyran2-one scaffold that is substituted with a
hydroxybutyl residue &-5 and a methyl residue at@ It was first isolated fronXylaria sp. NCY2
and named xylariolide D ithat study?®’ Xylariolide D was also obtained from culture broths of
Dictyosporium digitatunrand Penicillium crustosunHDN153086,which wasisolated from a soil
sample collectedt Prydz Bay®®2%°In the latter study, 10 mg xylariolide D were isolated fitotal
volume of 120 liters of culture brof¥ Since NMR data reported were not complétg,**C, *H-H
COSY, HSQC and HMBC spectra were recorded. The NMR data is givEabie 39 andNMR
spectra are provided FiguresS1i S5.

The!H and'3C data corresponds well to those reported previdd&Khe position of the hydroxybutyl
residue aC-5 and the methyl residue &t6 of xylariolide D is confirmed by its HMBC spectrum
(FigureS5), where strong coupling is observed leswpositions 7 and 4, 7 and 6, as well as positions
11 and 5. The key HMBC correlations confirming the structure of xylariolide D are shown in the
structure provided in Table 39.

Table 39. NMR dataof xylariolide D @) in CDCls.

xylariolide D (1)

Pos. Uc UH multi., J[HZz] IH-1H COSY HMBC
2 162.4
3 114.0 6.21 d, 9.6 H-4 C-2,5
4 143.3 7.48 d, 9.6 H-3 C-2,6,7
5 118.3
6 158.3
7 68.3 4.64 t, 6.9 H-8 C4,5,6,8,9
8 39.4 1.74,1.53 m H-7 C-5,7,9, 10
9 188 1.39,1.28 m H-10 C8,1
10 13.9 0.95 t, 7.3 H-9 C-8,9
11 17.1 2.26 S C-3,4,5,6
12 not observec
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To determine the stereochemistry at positsi of xylariolide D, its ECD spectruntigure 34A)
was measured akescribed ir8.8.4. The spectrum fits well to the one recorded_hy et al.(Figure
34B), who deduced the stereochemisfigm calculations of d@runcated model compouras S
configuration?®®

100 100

50

Ag(Micm?)
Ag(M2tcm?)
\

-50 _ [/
-50 4 | y ‘ 1

-100 100 . . . . . v
200 250 300 350 400 200 222 244 267 289 n 333 356 378 400

wavelength [nm] wavelength [nm]

Figure 34. ECD spectra of xylariolide DA ECD spectrum of xylariolide D (MeOH; 0.7 mg/mIB.
Spectrum recorded for xylariolide D (black) and the calculated rgpecdf the truncated model
compound withS-configuration (blue) by Liu et &P

Compound3, which was only observed in the XilA expression strimidulansSSt04 has ot been
described previously andas named xylariolide G in thisugly. Its NRM data is givein Table40

and the NMR spectra are includedRimguresS11i S14. In comparisorto the spectra 02, where
signals for thenethyl group at the-pyrone ring were detected@t2 . 22 ( s ,c17Hpm and
these signals were not present in pectra oB. Instead, signals for a methylene group were observed
athdid 45 (s 59D ppmindicatohg tilie conversion of the methyl to a hydroxymethyl group.
These observations weiso confirmed by HSQC and HMBC analys&ylariolide G (3) can be
consideredan artifact inthe heterologous expression straifost likely an unknowrendogenous
enzyme fromA. nidulansaccepts the XilA product prexylariolide D and catalyzes its hydadoyi.
Compounds modified byA. nidulansupon expression of heterologous genes have been described
previously. For example, the expression es@oumarinsynthase fron. crustosuniPRB-2 led to

the production of one hydroxylated and one methylated desmyavhich were both not observed in

the native host’®



Table 40. NMR dataof xylariolide G @) in CDCls.

Pos. Uc UH multi., J[HZz] HMBC
2 161.8
3 115.7 6.27 d, 9.5 C-5
4 146.9 7.22 d, 9.5 C-2,6
5 1166
6 157.5 3
7 28.6 2.36 t, 7.7 C-4,5,6,8,¢ xylariolide G
8 32.5 1.47 m C-7
9 22.2 1.34 m C-7,8,10
10 13.9 0.93 t, 7.3 C-8,9
11 59.0 4.45 S C-5,6
12 not observe

4.1.8 Heterologous expression p€16g0489Gand structure elucidation

To elucidate the product &fc16g04890the XilA ortholog fromP. rubensWisconsin 541255was
expressed irA. nidulans Its genomic sequence was cloned into the Sfol linearized empty vector
pSSt05 and the resulting construct pSSt26 was used fomiteliated protoplast transformation of

A. nidulansLO8030 as described abov&gure35 shows triple digestion of pSSt26 as wadl PCR
resultsconfirming the correct integration p£16g04890nto thewA locus ofA. nidulans

The Pc16g04890 overexpression straimidulansSSt26 was cultivated and its metabolite profile
was compared tthe oneof A. nidulansSSt04expressing Xih and the empty vector control SSt01.
Analysis of the fungal extracts revealed that B#nd3 were produced in the recombinant strains
SSt04 and SSt26, indicating that Pc16g04890 and XilA both produtépyr®ne prexylariolide D

).
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|
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[CwhA down |
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ll + Swal linearized pSSt26
3087 bp
“v'f.lb] wA promoter _‘51\185
. “apdA(p) | pci6g04890 | p ANIA_08208
: ]
A. nidulans S5t26 o
5 ¢ GeneRuler DNA Ladder Mix
pSSt26
B 1 BamHI A. nidulans D
1. 8836 bp bp ng/0.5pg %
2. 4187 bp
focd 3. 2048 bp SSt26 LO8030 .

- “ 4. 1052 bp 38
5. 597 bp 38

w P e | 2: pS5t26 U %8

' ” . Ndel 35
1. 6115bp 4 X

= - cdgp o
] 9 bp 32

- 4. 2178 bp e 32
5. 1807t "

[ 6. 262bp — 34
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= Sstl
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2. 3086 bp N 1418
3. 2989 bp
4. 1932 bp e 40
5. 1205 bp i

1% agarose

6. 1042 bp
7. 163 bp

0.5 pg/lane, 8 cm length gel,
1XTAE, 7 V/em, 45 min

Figure 35. A Heterologous expression p£16g04890 from P. rubensWisconsin 541255in thewA

locus of A. nidulansLO8030 resulting in the straiA. nidulansSSt26.B Restriction digestion of

pSSt26 withBamHI (1), Nde (2) and Sstl (3) to confirm sequence integriteftLpanel shows
observed bands on 1% agarose gel, middle panel shows predicted bands on 1% agarose gel
(SnapGene) and right panel lists expected length of fragments for each restriction digGeBiR.
confirmation of correct integration at tiMA locus forA. nidulansSSt26 usingA. nidulans LO8030

as control. Primer pair and the expected length of the amplified fragment is giveireAo the

high sequence identity talA, the same primer pair used for PCR amplificatioA afidulansSSt04

could also be used f&k. nidulansSSt26.D Gene Ruler DNA Ladder Mix (purchased frarhermo
Scientific) used as a size standard.

To confirm that the product d?c16g04890wvas indeed prexylariolide DA. nidulansSSt26 was
cultivated in a larger scale acdmpound2 was isolated as described4rl.7 SubsequerntH NMR
analysis revealed that the isolated compound is indeed prexylariolide'® NtdR data corresponds
exactly to that of prexylariolide D isolated frdf crustosunandA. nidulansgiven in Tdle 38. Its
H NMR spectrum is given iRigureS6.



Azg0-310 A. nidulans SSt01 (wA-PKS::gpdA(p)-AfpyrG)

[mAU] empty vector control [M+H]* of 2

1.5x104 1 m/z 167.107
[M+H]* of 3

m/z 183.101

S A

A. nidulans SSt04 (wA-PKS::gpdA(p)-pcrd475+999bp 3UTR-AfpyrG)

expression xilA 2
1.5x104 1
3
A |
A. nidulans SSt26 (wA-PKS::gpdA(p)-pc 16904890+495bp 3'UTR-AfpyrG)
expression pc16g04890
1.5x104 1

time [minutes]

Figure 36. HPLC analysis of fungal extracts. Compared to the empty vector control SStO1,
compounds? and 3 were detected in extracts of both XilA and Pc16g04890 overexpression strains
SSt04 and SSt26, respectively.
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4.1.9 Biosynthesis of -pyrones in microorganisms

The unusual substitution pattern of xylariolide D and its derivatives raised questions about their
biosynthesis. As mentioned in the introduction, type | PKSs usually catalyze the formation of one
linear chain by consecutive Claisen condensation of acyl units. Cyclization of the carbon backbone to
Upyrones results in-@lkyl substituted compounds suasgibepyronesindphomeninsr polyendl

pyrones with a longmethylated polyene side chaire.g citreoviridin, aurovertin, asteltoxin,
alternapyrones or the above mentioned solanapyrone and its precursor desmethylprosolanapyrone
(see Figure37A for structuresy>®?71276 The latter compound is biosynthesized by the above
mentioned PKS Sol1 utilizing ac@oA building blocks and SAM to produce the PK scaffold, which

is methylated by the MT domain of the PKS (Figav8).2’%274

Feeding experiments indicated that formation of the branchexl 8,6 s t Fpyrané cerdllopyronin

A employs a free standingans-actingKS domain that catalyzes the condensatiawofindependent

PKS and NRPS/PKSlerived chaingsee Figure37A for structure?’’ This mechanism was later
proven for thephotopyrone synthase PpyS, which catalyzes the-teeadad condensation of tw
chains(Figure37C).2"® Similar compoundsas the above mentioned 3g@hd 6s u b s t ipyranese d U
were also reportefdr type 1l and type Il PKS system& The type Ill PKS AnPKS fromspergillus

oryzae for example, catalyzes the synthesis of divératkyl pyrones and the bacterial type 11l PKS

Gces fromStreptomyces coelicolattilizes different acyl building blek for the biosynthesis of 3,6
substituted germicidin /A.280.281

However, thentramolecular cyclization of a straight carbon chain observed for tfpBKS systems

cannot explain the branched structure of xylargdidnd condensation of two chains can be excluded
since the expression of one single type | PKS resulted in the formation of prexylarioliderBfore,

all of the above mentioned biosynthetic pathways are not applicable for the biosynthesis of »g/lariolid
D.

Further literature search was conducted to gain insights into possible biosynthetic pathways discussed
for 5-substituted Upyrones. The structurally closely related pyrenocine A was isolated from
Pyrenochaeta terrestri; 1979 (with its structure vesed in 1981) and also obtained from cultures of
Penicillium citreoviridein 1980,in this study referred to agtreopyrone(see Figure7D).282284

Due to he limited knowledge about the biosynthetic machinery at that timel(8eB, isotopic

tracing was used to explain the biosynthesis of these compounds and different theories were proposed
regarding their formatiof’® Enriched pyrenocine A wasolated after addition ofi[2-13C] acetateo

cultures ofPenicillium citreovirideand its origin from two separate carbon chains was propgdsed.
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Figure 37. Different U-pyrones isolated from miobial sourcesA 3,6- and 6substituted}pyrones.

B Biosynthesis of the -Gsubstituted}pyrone desmethylprosolanapyrone | from one linear chain by
Sol12%°C Biosynthesis of the 3;8ubstituted)}pyronephotopyrone D via heatb-head condensation

of two distinct chains by the bacterial PRf8D 5-substitutedpyrones. Their biosynthesis has not
been reported. Middle: Numberingaasfor theU-pyrone scaffold.

Turner et al. speculatedatpyrenocine A is biosynthesized from one single chain and the formation
of an aromatic intermediatés followed by oxidative cleavage of the benzene riagd its
rearrangemertt® The sane conclusion was drawn for macommeliR,é with a Salkyl-6-methyt
Upyrone scaffoljlafter feeding of labelled acetate and malonate precursors (BigDy&%®

In analogy to the discussiai pyrenocine A biosynthesis, it was excluded that xylariolide D and its
derivatives are biosynthesized from an aromatic intermediate that is rearranged to foyribree,

since no intermediates were detected in the recombinant strains created in this work. It was therefore
concluded that a branched polyketide chain is formed, which is released from the enzyme while the
Upyrone ring is formed via lactonizatiofio gain futher evidence and to prove the function of the
P450 XilC, more experiments were conducted.
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4.1.10 Heterologous expression gl Cand precursor feeding

Next, the function of the P450 XilC was investigated to prove its involvement in the biosynthesis of
xylariolide D. As mentioned in 5.1, eukaryotic P450s are membrane bound enzymes that require a
reductase for electron delivery. Since expresgi@nh colior S. cerevisiaand subsequent purification

can be challenging, the gene was overexpressididulansinsteadandits substratgrexylariolide

D (2) was added to culturesf therecombinant strain

For this purposehe P450 genpcr4473was cloned into the empty expression vector pS&tabthe
resulting construggSS28wasverified and used fahe transformation o&. niduland.0O8030 Figure

38A and B. Three independent transformants of the obtaxiktioverexpression straif. nidulans
SSe8were furtherscreened by PCR for correct integrati&ingre 38C).

A A promotes
L ANIA_08210 { I WA PKS > ANIA_08208 [

A. nidulans LO8030
ll + Swal linearized pSSt28

3010 bp
SSt81 SSt67 Terminator
L | N ‘_L
e {_wA promoter_| apdA(p) > paaar3 WS e il ANIA 08208 RS
.
A. nidulans SSt28 —
GeneRuler DNA Ladder Mix
B : pSSt28 C
1 Hm?m‘msa " A. nidulans bp ng/0.5 pg %
2. 2862 bp sst28 L08030 j000 18 38
= e o e R
4. 635bp i ( 9
- - & 5000 18 36
S - : diek = il
3 O
- 6. 133 bp 3000 ?g %270
. SS B i QUL s
- e = = RN
- 1. 5170 bp [ ;1588 g ;3,220
= Ay - -
. S bp ~ :
- 700 17 34
4. 828bp Nt N6 17 34
- pSSt28 — N30 & 120
5 — 400 20 4.0
- = @8
1. 4525b 5
5 2989bg e g 100 20 40
- |
- 3. 1932 bp £
- 4, 1205 bp &=
5. 163 bp 0.5 pg/lane, 8 cm length gel,

1XTAE, 7 V/cm, 45 min

Figure 38. A Heterologous expression of P45€r4473from P. crustosuniPRB-2 in thewA locus of

A. nidulansLO8030 resulting in the straily. nidulansSSt28.B Restriction digestion of pSSt28 with

Hindlll (1), Pstl (2) and Sstl (3) to confirm sequence integrity. Left panel sbbearved bands on

1% agarose gel, middle panel shows predicted bands on 1% agarose gel (SnapGene) and right pane
lists expected lengtlf fragments for each restriction digestidd.PCR confirmation of correct
integration at thevA locus forthree independem. nidulansSSt28transformantsisingA. nidulans
LO8030as control. Primer pair and the expected length of the amplified fragsngven in A.D

Gene Ruler DNA Ladder Mix (purchased frdrhermo Scientift) used as a size standard.
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Sporesof the strairs A. nidulans SSt28 and SSt01 were used to inoculate liquid GMM and
prexylariolide D was added to the cultures in a final conceotraf 0.5 mM (for details se&6.19.
LC-MS samples were taken to monitor conversion of prexylariolid® Bigure39). This experiment
was conducted with three independent transformant. ofidulansSSt28. Since all experiments
resulted in uniform results, only one chromatogram is givefignre 38. Analysis of the extracts
revealed tha® was almost completely converted to xylariolide I iq the strains expressing XilC.
These resultslearlyprove the conversion a2 to 1 by XilC. In the empty vector control SSt®was
converted to xylariolide G3J, againimplying that an unknown host enzyme acc@ms a substrate
and catalyzes the hydroxylation at posit@d.1.

Figure 39. LC-MS analysis 6 extracts after addition of prexylariolide @2, 0.5mM) to fungal
culturesPrexylariolide D @) is converted to xylariolide G3) inthe empty vector control strain SSt01
and toxylariolide D (1) in thexilC overexpression strain SSt28

4.1.11 Feeding of3C labeledprecursors

To gain further evidence for the biosynthesis of xylariolide D and to clarify whether the methyl residue
of theU-pyrone ring is derived from acetate or SANG-labeled precursors (i.e.f2C] and [1,2'%C]
acetate) were fed to culies of the PKS overexpression strRincrustosunSSt12 as described in
3.6.15 Since structurally similar -8ubstituted 2kpyran2-ones (e.g. gibepyrones isolated from
Fusarium fujikuroior 6-pentytU-pyrone fromTrichoderma asperellumyere reported agolatiles,

the cultures were extracted with DCM and further purified as described f’3%The 13C NMR
























































































































































































































































































































