Investigation on the biosynthesis of polyketides in

two Penicillium strains

Untersuchung zur Biosynthese von Polyketiden in

zwei Penicillium-Stammen

Dissertation

zur Erlangung des Doktorgrades
der Naturwissenschaften

(Dr. rer. nat.)

dem Fachbereich Pharmazie

der Philipps-Universitat Marburg

vorgelegt von

Pan Xiang

aus Taoyuan, China

Marburg/Lahn 2022



Erstgutachter: Prof. Dr. Shu-Ming Li

Zweitgutachter: Prof. Dr. Michael Keusgen

Eingereicht am 14. Oktober 2022

Tag der mundlichen Prifung am 25. November 2022

Hochschulkennziffer: 1180



Dedicated to my family






TABLE OF CONTENTS

Table of contents

LIS o o 0] o e 1 o) o 1= 1]
ADDIreVIatioNS .......ccciiiii i ——————— Vi
85T 1] 1413 - N 1
A =T Ty T 0 1= - EoT=T U 3T 3
T INTrOAUCTION . 5
1.1 Filamentous fungi as sources of natural products............ccccccminiiiinnnisnin e 5
1.2 The fungal genus PeniCillium ... s s 8
1.2.1 Penicillium crustosum and its secondary metabolites..........ccccccrrrrrrerccmrrirscccsceeneennnnes 8
1.2.2 Penicillium roqueforti and its secondary metabolites............ccccriiiiriniiinincscnncsennnene 9

1.3 Biosynthesis of natural products in fungi.........cccccoriiiircrerc e 10
1.3.1 Genome mining for fungal natural product discovery...........ccccocrirricminnicnnnsssnninsenns 1
1.3.2 Heterologous @XPreSSiON ........ccveriierresserrrrrrsssssnrrrrrssssssnnreeressssssnsseseesssssnnseeseesssssnnesseesssen 13
1.3.2.1 Hosts for heterologous gene exXpression..........ccccimnneininnsssniss s 14
1.3.2.2 Promoters for heterologous gene exXpression.........cccccccerrrsmrrissssssssssrsssssssesssssssesaas 16

1.4 Polyketide SyNthases..........c.iiiiiiceie e 17
1.4.1 Type | polyketide Synthases ..........ccccccvmmmiminiiiimn e 18
1.4.2 Type Il polyketide Synthases .........ccccccmimiiiiinin s 21
1.4.3 Type lll polyketide SyNthases ........ccccviriiiminiininc s 21

1.5 TAIlOriNG ENZYMES......oiiiiiceiri e an e s e e n e e e n s 22

2 AiMs Of this thesSis ... ——————————— 25
3 Results and diSCUSSION.......cciiiiiiiiiiriinir s s e 29

3.2 Formation of 3-orsellinoxypropanoic acid in Penicillium crustosum................cccccccuuuee.... 32

3.3 Biosynthesis of annullatin D in Penicillium roqueforti requires a BBE-like enzyme for
the five-member lactone ring formation..........cco i ———— 37

0] o] 1= 1 4 L Y o 1 43

4.1 Isocoumarin formation by heterologous gene expression and modification by host
L= 41 0 1= 43



TABLE OF CONTENTS

4.2 Formation of 3-orsellinoxypropanoic acid in Penicillium crustosum is catalyzed by a
bifunctional nonreducing polyketide synthase............cccccecmiiniiiniicc 59

4.3 Biosynthesis of annullatin D in Penicillium roqueforti implies oxidative lactonization

between two hydroxyl groups catalyzed by a BBE-like enzyme............ccooiiiiiiiiiiciiinciinnnnnnenees 91
5 Conclusions and future ProSPecCtS ..........ciiiiiiiiiiiiiiiiessss s sssssss s e e e e s e e s snnnan 171
6 REFEIENCES ... .o e 173
Statutory Declaration..........ccciiiiiinir s 189
X2 14 T o3V = Lo = o 0T 41 191
CUITICUIUM VItAE ..ottt e s s e e e s p e 193



LIST OF PUBLICATIONS

List of publications

1. Pan Xiang, Lena Ludwig-Radtke, Wen-Bing Yin, and Shu-Ming Li (2020). Isocoumarin
formation by heterologous gene expression and modification by host enzymes. Organic and
Biomolecular Chemistry, 18, 4946—4948, DOI: 10.1039/D0OB00989J.

2. Pan Xiang and Shu-Ming Li (2022). Formation of 3-orsellinoxypropanoic acid in Penicillium
crustosum is catalyzed by a bifunctional nonreducing polyketide synthase. Organic Letters,
24 (1), 462—-466, DOI: 10.1021/acs.orglett.1c04189.

3. Pan Xiang,* Bastian Kemmerich,* Li Yang, and Shu-Ming Li (2022). Biosynthesis of
annullatin D in Penicillium roqueforti implies oxidative lactonization between two hydroxyl
groups catalyzed by a BBE-like enzyme. Organic Letters, 24 (32), 6072—-6077, DOI:
10.1021/acs.orglett.2c02438. (*equal contribution)






ERKLARUNG ZUM EIGENANTEIL

Erklarung zum Eigenanteil

Titel der Publikation Autoren geschiatzter Bitte
und Journal incl. Jahr, Heft, Seitzahl + doi Eigenanteil angeben:
H 0,

O: Originalarbeit in % Iaque:?erpcr:fn
U: Ubersichtartikel/Review ingerel
Isocoumarin formation by heterologous Pan Xiang, 65 angenommen
gene expression and modification by host Lena Ludwig-Radtke,
enzvmes Wen-Bing Yin,

ymes.. , and Shu-Ming Li
Organic and Biomolecular Chemistry, 2020,
18, 4946-4948
DOI: 10.1039/D00OB00989J.
Originalarbeit
Formation of 3-orsellinoxypropanoic acid in Pan Xiang and 75 angenommen
Penicillium crustosum is catalyzed by a Shu-Ming Li
bifunctional nonreducing polyketide
synthase.
Organic Letters, 2022, 24 (1), 462—-466
DOI: 10.1021/acs.orglett.1c04189.
Originalarbeit
Biosynthesis of annullatin D in Penicillium Pan Xiang,* 35 angenommen
roqueforti implies oxidative lactonization Bastian Kemmerich,*
between two hydroxyl groups catalyzed by a Li Yang,

BBE-like enzyme.

Organic Letters, 2022, 24 (32), 6072—6077
DOI: 10.1021/acs.orglett.2c02438
Originalarbeit

and Shu-Ming Li

*: These authors contributed equally to this work.

Kandidat(in)

Unterschrift Betreuer(in)






ABBREVIATIONS

Abbreviations

The international system of units and units derived thereof have been used.

[M+H]* molecular ion plus proton
[M-H]~ molecular ion minus proton
[M+Na]* molecular ion plus sodium
x g gravitational acceleration
2-0G 2-oxoglutarate

6-MSA 6-methylsalicylic acid

aa amino acid

A domain adenylation domain

ACP domain acyl carrier protein domain
anu cluster annullatin cluster

AT domain acyltransferase domain

A. fumigatus Aspergillus fumigatus

A. glaucus Aspergillus glaucus

A. nidulans Aspergillus nidulans

A. niger Aspergillus niger

A. oryzae Aspergillus oryzae

A. ruber Aspergillus ruber

A. terreus Aspergillus terreus

bp base pair

br broad (NMR signal)

BGC biosynthetic gene cluster
C domain condensation domain
CDs0OD deuterated methanol
CDCl3 deuterated chloroform
CDP cyclic dipeptide

cDNA copy deoxyribonucleic acid
CoA coenzyme A

COSsYy correlation spectroscopy
d doublet

D20 deuterium oxide

VI



ABBREVIATIONS

Da

dd

DEBS
DH domain
DMA
DMAPP
DMATS
DMSO-ds
DNA

dt

DTT

E. coli

E domain
e.g.

EIC

ER domain
ESI
EtOAc
FAD

fog cluster
FPP
gDNA
GGPP
GMM
GPP

HE

Hise
HMBC
HPLC
HR-MS
HRPKS
HSQC

dalton

double doublet
6-deoxyerythronolide B synthase
dehydratase domain

dimethylallyl

dimethylallyl diphosphate
dimethylallyltryptophan synthase
deuterated dimethyl sulfoxide
deoxyribonucleic acid

double triplet

dithiothreitol

Escherichia coli

epimerization domain

exempli gratia

extracted ion chromatogram

enoyl reductase domain
electrospray ionization

ethyl acetate

flavin adenine dinucleotide
flavoglaucin cluster

farnesyl diphosphate

genomic deoxyribonucleic acid
geranylgeranyl diphosphate
glucose minimal medium

geranyl diphosphate

heterologous expression
hexahistidine

heteronuclear multiple bond correlation
high performance liquid chromatography
high resolution-mass spectrometry
highly reducing polyketide synthase

heteronuclear single quantum coherence

Vil



ABBREVIATIONS

Hz

ie.

IPP

J

kbp

Keat

kDa

Kw

KR domain
KS domain
LCMS

m

m/z

mAU

Mbp
MeOH
MeT domain
MHz
mRNA
MS

multi
NADH
NADPH
NMR

NP
NRPKS
NRPS
OSMAC
P450

P. camemberti

P. crustosum

P. roqueforti

hertz

id est

isopentenyl diphosphate
coupling constant

kilo base pairs

turnover number

kilodalton

Michaelis-Menten constant
ketoreductase domain
ketosynthase domain

liquid chromatography mass spectrometry
multiplet

mass-to-charge ratio
milliabsorbance unit

mega base pairs

methanol

methyltransferase domain

mega hertz

messenger ribonucleic acid
mass spectroscopy

multiplicity

nicotinamide adenine dinucleotide (reduced form)
nicotinamide adenine dinucleotide phosphate (reduced form)
nuclear magnetic resonance
natural product

nonreducing polyketide synthase
nonribosomal peptide synthetase
one strain many compounds
cytochrome P450

Penicillium camemberti
Penicillium crustosum

Penicillium roqueforti



ABBREVIATIONS

P. rubens
PCP domain
PCR

PD

PDB

PEG

PKS
PKS-NRPS
PPi

ppm
PRPKS

PT

PT domain
q

R domain
RNA

rpm

s

SAM

SAT domain
S. cerevisiae
SDS-PAGE
SM

t

TC

T domain
TB

td

TE domain
Tris

uv

v/v

Penicillium rubens

peptidyl carrier protein domain
polymerase chain reaction

potato dextrose

potato dextrose broth

polyethylene glycol

polyketide synthase

polyketide synthase-nonribosomal peptide synthetase
pyrophosphate

parts per million

partially reducing polyketide synthase
prenyltransferase

product template domain

quartet

reductase domain

ribonucleic acid

revolutions per minute

singlet

S-adenosyl-L-methionine

starter unit acyltransferase domain
Saccharomyces cerevisiae
sodium dodecyl sulfate polyacrylamide gel electrophoresis
secondary metabolite

triplet

terpene cyclase

thiolation domain

terrific broth

triple doublet

thioesterase domain
tris(hydroxymethyl)aminomethane
ultraviolet

volume per volume



ABBREVIATIONS

w/v
WT
oc
OH

weight per volume
wild-type
chemical shift of 13C

chemical shift of "H

Xl






SUMMARY

Summary

Secondary metabolites, a special class of natural products, generally display significant biological
activities in organisms, especially those from plants, bacteria, and fungi. For example, diverse natural
products with remarkable structures have been found in fungi. Most of these compounds can be further
categorized into four main classes based on their biosynthetic origins: polyketides, peptides, alkaloids,
and terpenoids. Polyketide natural products have revolutionized medicine and drastically improved
our lives by providing such important active substances as drugs to fight cancer, pathogens, and
autoimmune diseases. Advances in sequencing technologies and bioinformatic analysis have
facilitated the elucidation of the biosynthesis of these natural products. Their structural divergence
begins with the formation of the initial skeletons by different backbone enzymes using fundamental
metabolic building blocks derived from primary metabolism. For example, the carbon backbone for
polyketides is derived from acyl-CoA and constructed by the core enzymes polyketide synthases
(PKSs), which belong to one of the most studied enzyme classes in the last decades. The fungal
aromatic polyketides are mainly synthesized by nonreducing polyketide synthases (NRPKSs), in which
no reduction is employed during the elongation of the polyketide chain. Subsequent modifications of
the backbone structures are catalyzed by tailoring enzymes, such as transferases and
oxidoreductases, to form diverse and complex pathway products.

In this thesis, two NRPKS genes were identified in Penicillium crustosum and functionally confirmed
by heterologous expression, domain deletion and recombination, as well as by feeding experiments.
Expression of the NRPKS gene pcr9304 in the established and frequently used host Aspergillus
nidulans led to the accumulation of three isocoumarins, proving its function as an isocoumarin
synthase. Precursor feeding experiments revealed that the endogenous enzymes from A. nidulans
can modify the initial PKS product by hydroxylation and methylation. These results provided one
additional example that unexpected further modifications can take place in a heterologous host.
Heterologous expression of another NRPKS gene, oesA from P. crustosum, led to the identification of
3-orsellinoxypropanoic acid. Domain deletion and recombination demonstrated that OesA with a
domain structure of SAT-KS-AT-PT-ACP1-ACP2-TE catalyzed not only the formation of orsellinic acid,
but also its transfer to 3-hydroxypropanoic acid, proving its role as a bifunctional enzyme, i.e. orsellinic
acid synthase and transferase. Both ACP domains contribute independently and complementarily to
the product formation. Isotopic labelling experiments proved that only the orsellinyl residue of 3-
orsellinoxypropanoic acid is derived from acetate.

In cooperation with Bastian Kemmerich, the biosynthetic pathway of annullatins in Penicillium
roqueforti was elucidated. An eleven-gene anu cluster was identified in P. roqueforti by genome mining.
The involvement of the anu cluster in the biosynthesis of annullatin D with a fused dihydrobenzofuran
lactone ring system and its derivatives was confirmed by heterologous expression of the whole cluster
in A. nidulans. A combinational approach of in vitro enzymatic studies and heterologous expression
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was used to understand the formation of the five-member lactone ring in annullatin D. The aromatic
backbone is assembled by a cooperation of the highly reducing polyketide synthase AnuA, together
with two additional enzymes AnuBC. Then, the polyketide core structure is consecutively modified by
hydroxylation at the Cs alkyl chain with the cytochrome P450 AnuE. The prenyltransferase AnuH
subsequently installs one isoprenyl group at the benzene ring. Afterward, enzymatic or non-enzymatic
dihydrobenzofuran ring formation between the prenyl and the phenolic hydroxyl groups in the
prenylated product results in two diastereomers. Among them, the (2S, 9S)-configured isomer is
converted to annullatin D by the BBE-like enzyme AnuG for the five-member lactone ring formation.
The (2R, 9S)-isomer is likely very instable and immediately oxidized by the short-chain
dehydrogenase/reductase AnuF to annullatin F. This study demonstrated a highly programmed and
efficient biosynthetic pathway for annullatins. Despite the intriguing structural features and biological
activities, biosynthetic studies on annullatins, especially on the formation of the lactone ring in
annullatin D have not been reported prior to our study. Furthermore, we identified a new BBE-like
enzyme for oxidative lactonization between two hydroxyl groups.



ZUSAMMENFASSUNG

Zusammenfassung

Sekundarmetabolite, eine spezielle Gruppe von Naturstoffen, besitzen wichtige biologische Aktivitaten
in Organismen, besonders jene aus Pflanzen, Bakterien und Pilzen. Bisher wurden verschiedenste
Naturstoffe mit auBergewohnlichen Strukturen aus Pilzen isoliert. Diese meisten dieser Substanzen
kénnen anhand ihrer biosynthetischen Herkunften in vier Hauptklassen unterteilt werden: Polyketide,
Peptide, Alkaloide und Terpenoide. Polyketide haben nicht nur die Medizin revolutioniert, sondern
auch unser Leben drastisch verbessert, da aus dieser Klasse wichtige Arzneistoffe gegen Krebs,
pathogene Organismen und Autoimmunerkrankungen hervorgingen.  Fortschritte  bei
Sequenzierungstechnologien und der Bioinformatik haben die Aufklarung von Biosynthesewegen in
Pilzen ermdglicht. Die strukturelle Vielfalt der Naturstoffe beginnt mit der Bildung der jeweiligen
GrundgerUste, die durch verschiedene sogenannte Backbone-Enzyme unter Verwendung von
Bausteinen aus dem Primarmetabolismus hergestellt werden. Das Kohlenstoff-Grundgerist der
Polyketide wird beispielsweise von Polyketid-Synthasen (PKSs) aus Acetyl-Coenzym A aufgebaut. Bei
der Biosynthese der Grundgeriste folgen PKSs einer einfachen Abfolge und stellen eine der am
meisten untersuchten Enzymklassen der letzten Jahrzehnte dar. Pilzliche aromatische Polyketide
werden hauptsachlich von nicht-reduzierenden Polyketid-Synthasen (NRPKSs) gebildet, die keine
reduktiven Domédnen besitzen. Nachfolgende Verdnderungen der Grundstrukturen werden von
modifizierenden Enzymen, z.B. Transferasen oder Oxidoreduktasen katalysiert, was zu stark
unterschiedlichen und komplexen Endprodukten flhrt.

In der vorliegenden Arbeit wurden zwei NRPKS-Gene aus Penicillium crustosum identifiziert und
deren Funktion mittels heterologer Expression, Deletion, Austausch von Domanen in Enzymen und
Futterungsversuche aufgeklart. Expression des NRPKS-Gens pcr9304 in dem etablierten und haufig
verwendeten Stamm Aspergillus nidulans fiihrte zur Produktion von drei Isocumarin-Analoga, welches
dessen Funktion als Isocumarin-Synthase bewies. Durch Zufltterung von Vorstufen konnte
nachgewiesen werden, dass endogene Enzyme aus A. nidulans das PK-Grundgerust weiter mittels
Hydroxylierung und Methylierung modifizieren. Diese Beobachtungen bestatigten, dass
unvorhergesehene Modifikationen durch den heterologen Expressionsstamm auftreten kdnnen.

Heterologe Expression des zweiten NRPKS-Gens oesA aus P. crustosum fihrte zur Identifizierung
von 3-Orsellinoxypropansaure. Deletion und Rekombination von Domanen bestatigten, dass OesA,
mit einer SAT-KS-AT-ACP1-ACP2-TE Domanstruktur, nicht nur die Entstehung von Orsellinsaure,
sondern auch den Transfer der 3-Hydroxypropansaure katalysiert. Dies bewies dessen Rolle als ein
bi-funktionelles Enzym, ndmlich als Orsellinsaure-Synthase und -Transferase. Beide ACP-Doménen
tragen unabhangig voneinander und komplementdr zur Produktsynthese bei. Durch
Isotopenmarkierung konnte bewiesen werden, dass nur der Orsellinyl-Rest der 3-
Orsellinoxypropansaure aus Acetat stammt.
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In Kooperation mit Bastian Kemmerich wurde die Biosynthese der Annullatine in Penicillium roqueforti
aufgeklart. Das anu Cluster mit elf Genen wurde durch genome mining in P. roqueforti identifiziert. Die
Beteiligung des anu Clusters an der Biosynthese von Annullatin D, welches ein Dihydrobenzofuran-
Lacton Grundgerist besitzt, sowie dessen Derivaten wurde durch heterologe Expression des
kompletten Clusters in A. nidulans bestatigt. Eine Kombination aus enzymatischen Untersuchungen
in vitro und heterologer Expression wurde durchgefiihrt, um die Entstehung des flinfgliedrigen
Lactonrings in Annullatin D aufzuklaren. Das aromatische Grundgertst wird durch die vollstandig
reduzierende Polyketid-Synthase AnuA unter Beteiligung von zwei weiteren Enzymen, AnuBC,
gebildet. Danach wird das Polyketid durch das Cytochrom P450 AnuE an der Cs-Alkylkette hydroxyliert.
Die Prenyltransferase AnuH installiet anschlieRend eine Isoprenyl-Gruppe am Benzolring.
Enzymatischer oder nicht-enzymatischer Dihydrobenzofuran-Ringschluss zwischen der Prenyl- und
der phenolischen Hydroxylgruppe fiihrt zu zwei Diastereomeren. Das (2S, 9S)-Isomer wird im
Anschluss daran durch das BBE-ahnliche Enzym AnuG zu Annullatin D umgewandelt, welches den
Ringschluss des fiinfgliedrigen Lactonrings katalysiert. Das (2R, 9S)-Isomer ist héchstwahrscheinlich
instabil und wird vermutlich direkt durch die kurzkettige Dehydrogenase/Reduktase AnuF zu Annullatin
F oxidiert. Diese Arbeit zeigt somit einen hoch effizienten und programmierten Biosyntheseweg fir die
Annullatine. Trotz der faszinierenden Strukturen und den biologischen Aktivitdten wurden bisher keine
biosynthetischen Studien zu Annullatinen, vor allem im Hinblick auf die Entstehung des Lactonrings
des Annullatin D, berichtet. Darliber hinaus wurde ein neues, BBE-ahnliches Enzym identifiziert,
welches die oxidative Lactonbildung zwischen zwei Hydroxylgruppen katalysiert.



INTRODUCTION

1 Introduction

1.1 Filamentous fungi as sources of natural products

Secondary metabolites (SMs), or natural products (NPs), refer to specialized low-molecule-weight
compounds derived from a natural source. NPs have been evolutionarily crafted over millions of years
to possess merits of structural diversity, steric complexity, multiple chiral centers and modes of action.
Some of the NPs have been served as excellent drugs/drug leads, or molecular probes to influence
processes across the biomedical spectrum, especially in the therapeutic treatment of infectious
diseases and cancers.'* Infectious diseases like COVID-19 have suddenly spread all over the world
since 2020, which caused huge economic losses and even millions of deaths. Discovering potential
effective drugs is an important solution for humans to fight against the virus.

Plants, insects, and microorganisms including ascomycetes and actinobacteria are major sources of
biologically active NPs.>7 Among them, filamentous fungi are prolific producers of diverse NPs. Fungi
are widely spread in nature and are capable of surviving in diverse environments. Filamentous fungi
reproduce either by the formation of conidia, which are borne on specialized stalks known as
conidiophores, or by the formation of ascospores, which are produced in specialized tube- or sac-like
cells termed asci.® ® Aspergillus, Penicillium, and Fusarium are typical members of filamentous fungi
growing in a polar fashion, extending in one direction, by elongation at the apex of the hypha, the so-
called mycelium.' Fungi can interact human life in many aspects. In a negative way, fungi can spoil
our foods and food grains, blight cultivated plants and cause health hazards. However, we also have
taken benefits from fungi by applying them in food and enzyme production, as well as in chemical and
pharmaceutical industries.® % " The development of synthetic biology, genetics, bioinformatics, and
NP chemistry has greatly enhanced our ability to efficiently mine their genomes for the discovery of
novel molecules.'"-4

Since the discovery of the first broad-spectrum antibiotic penicillin G in 1928, most of the bioactive
SMs derived from ascomycetes have intrigued chemists and biochemists.® Tremendous progress has
been achieved in isolation and chemical characterization of a multitude of fungal SMs over the past
decades.”®"7 Up to the year 2022, over 328,000 natural products were listed in the Dictionary of
Natural Products (http://dnp.chemnetbase.com). Among them, about 45 % of microbial metabolites
are produced by various fungi.> Based on the primary metabolism, the majority of so far discovered
fungal NPs belongs to four categories: polyketides, peptides, terpenoids, and alkaloids (Figure 1).
Furthermore, hybrid products of two or more main classes have also been found in fungi, such as
hybrid polyketide-nonribosomal peptides and hybrid polyketide-terpenes.'®

Polyketides constitute a large class of NPs with widely varying structures and biological functions.
These compounds are usually biosynthesized by successive Claisen condensations between an acyl
starter and a malonate derivative.’® Representatives of polyketides are shown in Figure 1. Among
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them, patulin is a well-studied mycotoxin produced by a variety of molds and induces immunological,
neurological, and gastrointestinal effects.? 2! The biosynthetic precursor of patulin is 6-methylsalicylic
acid (6-MSA), a well-characterized polyketide mainly found in Penicillium species.??> Orsellinic acid is
also an acetate-derived tetraketide similar to 6-MSA, but it harbors an additional hydroxyl group.
Citrinin is a potent mycotoxin with nephrotoxic activity and was firstly isolated from a culture of
Penicillium citrinum.?3 24 Interestingly, sepedonin shares similar biosynthetic precursors with citrinin,
but different subsequent modifications lead to the distinct structures.?® Other prominent
representatives are lovastatin, produced by Aspergillus terreus, which is used as a cholesterol-
lowering drug,?® and aflatoxin B+,?”- 28 isolated from Aspergillus flavus and Aspergillus parasiticus,
exhibiting highly hepatotoxic activity. In addition, griseofulvin as an antifungal drug was isolated from
Penicillium species?® and zearalenone is an anabolic agent from Fusarium species.

Another important group of fungal NPs belongs to nonribosomal peptides with large structural and
functional diversities (Figure 1). Similar to polyketides, many nonribosomal peptides have also been
used as clinical drugs. The characteristics of nonribosomal peptides are amino acids instead of acyl-
CoA as building blocks and elongation by C-N rather than C-C bond formation during their
biosynthesis.*>® The representative B-lactam antibiotic penicillin G from Penicillium species is applied
to the treatment of bacterial infections. Diverse penicillin derivatives have significantly expanded the
spectrum of antibiotics.3" 32 Cephalosporin C is another pB-lactam antibiotic isolated from
Cephalosporium  acremonium.®®  Gliotoxin  from  Aspergillus  fumigatus  belonging to
epipolythiodioxopiperazines contains a characteristic internal sulfur bridge.>* 3% The well-known
antifungal agent echinocandin B from Aspergillus nidulans is a cyclic hexapeptide with a linoleoyl side
chain®® and the immunosuppressant drug cyclosporin A from Tolypocladium inflatum is a cyclic peptide
which consists of eleven amino acids.?”

The third major group of fungal metabolites are undoubtedly terpenoids, also known as isoprenoids
(Figure 1). Despite the structural diversity, terpenoids are biosynthesized from two Cs units:
dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP), via elongation by head-to-tail
and occasionally tail-to-tail condensations. The subsequent products can be classified as
monoterpenes (C1), sesquiterpenes (Cis), diterpenes (Cz), and triterpenes (Cs30).3% 3% (+)-
Aristolochene is a bicyclic sesquiterpene produced by Penicillium roqueforti and provides a
biosynthetic scaffold for a number of toxins.*® Gibberellin A3 as a typical example of oxygenated
tetracyclic diterpenoids is a plant growth hormone with positive effects on plant development.*! The
typical fungal ftriterpenoid fusidic acid isolated from Fusidium coccineum acts as an oral
antistaphylococcal antibiotic by preventing the turnover of elongation factor G from the ribosome.*?
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Figure 1. Representatives of fungal natural products.

In addition, alkaloids represent one of the largest classes of nitrogen-containing SMs in fungi (Figure
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1).43. 44 Ergotamine, the first isolated alkaloid from the cereal crop-related fungus Claviceps purpurea
was responsible for the clinical effects in the treatment of migraines and cluster headaches.*®
Fumigaclavine C produced by Aspergillus fumigatus has significant anti-inflammatory activity and
shows substantial inhibition of colitis.*®: 4" The hexacyclic peptidyl alkaloid ardeemin from Aspergillus
fischeri exhibits antitumor activity.*3

Overall, filamentous fungi are notable for producing plentiful SMs including clinically used drugs.
Although a wide variety of NPs have been isolated and identified from fungi to date, there is still a
large part of the NP treasure to be discovered. Advances in microbiology, biochemistry, sequencing
technologies and bioinformatics provide greater possibilities to continue the discovery of new NPs and
expand our knowledge of chemical logic and enzymatic machinery of NP biosynthesis, which benefits
the mankind in all aspects.

1.2 The fungal genus Penicillium

As aforementioned, filamentous fungi produce a variety of SMs. Since the discovery of penicillin
produced in Penicillium notatum,*® the genus Penicillium has been extensively studied for its capacity
to produce a wide range of NPs with biotechnological and pharmaceutical applications.5% %' Penicillium
is a genus of ascomycete fungi belonging to the class Eurotiomycetes, family Aspergillaceae, and
occurs in a diverse range of habitats, from soil to vegetation to air, indoor environments and various
food products.5? Some Penicillium species have been used for centuries in certain aspects. These
include Penicillium camemberti and Penicillium roqueforti for cheese production,®® % Penicillium
citrinum for the production of the cholesterol-lowering drug mevastatin.5® On the other hand, most
species of Penicillium are regarded as spoilage and mycotoxin-producing organisms. For example,
Penicillium expansum, Penicillium digitatum, and Penicillium italicum are postharvest pathogens in
citrus fruits, stored grains, and other cereal crops.%6-58

Penicillium species are known to produce SMs of various classes of chemical compounds, e.g., ergot
alkaloids, diketopiperazines, benzodiazepines, quinolines, quinazolines, and polyketides.?' So far,
genome sequences of 298 Penicillium species are available in the public databases, e.g., NCBI
database (https://www.ncbi.nim.nih.gov/data-hub/taxonomy/5073/). Since the large biosynthetic
potential in this genus has not been fully explored yet, it is of great significance to use Penicillium as
research objective for NP discovery.

1.2.1 Penicillium crustosum and its secondary metabolites

Penicillium crustosum occurs on feed and on recycled food used as animal feed.>® The conidia of P.
crustosum are globose to subglobose, usually 3 — 4 uym, with dull green to grey green or blue green at
the colony margin.5? Phylogenetic analysis shows that P. crustosum is close to Penicillium expansum,
Penicillium commune, and Penicillium palitans.5? P. crustosum is a promising source of bioactive
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compounds with diverse structures.5! A wide range of SMs have been isolated and identified from P.
crustosum including penitrem A — F,%0 alkaloids,®' diketopiperazines,®? and polyketides.53-65

The strain Penicillium crustosum PRB-2 was isolated from a deep-sea sediment collected in Prydz
Bay (-526 m) and is able to produce abundant SMs, especially some novel polyketides including
penilactones A and B, peniphenone D, and crustosumin A (Figure 2).53. 66
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Figure 2. Penicillium crustosum and its known secondary metabolites.

In 2019, this strain was sequenced and a total of 31.3 Mbp length scaffolds were assembled.%”
Bioinformatic analysis revealed the presence of more than 56 BGCs for SMs. Twenty-two of these
BGCs contain genes coding for PKSs. Previous biosynthetic studies reported investigations on three
BGCs and a melanin pigment gene in P. crustosum PRB-2.57- %8 |n this thesis, this PhD candidate
mainly focused on the PKSs in P. crustosum PRB-2 and elucidated the biosynthetic pathways of two
polyketides.

1.2.2 Penicillium roqueforti and its secondary metabolites

Penicillium roqueforti is a saprophytic fungus that is commonly found in nature and can be isolated
from soil or from decaying organic matter. As indicated above, P. roqueforti predominates in the fungal
biota of traditional blue-veined cheeses such as Gorgonzola, Roquefort, and Stilton.8% 7° P. roqueforti
belongs to the Roquefortorum section that also includes P. carneum, P. paneum, P. psychrosexualis,
and P. mediterraneum.®®

P. roqueforti is a rapidly growing fungus and produces low and velutinous dark green colonies, which
can reach 40 — 70 mm in diameter on malt extract agar media. These colonies are characterized by
moderate to heavy conidial production with a typical blue-green or dull green color.?? 7° P. roqueforti
appears to have the lowest oxygen requirements for growth of any Penicillium species and can grow
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in the pH range of 3 — 10. Moreover, P. roqueforti is a psychrophile and grows vigorously at
temperatures between 4 — 35 °C. This tolerance makes the fungus a common cause of spoilage in
cool-stored preserved commercial and domestic foods.®®7! P. roquefortiis also well known for its ability
to produce a wide range of SMs including roquefortine C, PR-toxin, andrastin A, mycophenolic acid,
eremefortin C, and citreoisocoumarin (Figure 3).7> 73 So far, several BGCs were identified including
those for roquefortine C, mycophenolic acid, andrastin A, and PR-toxin.5% 74
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Figure 3. Penicillium roqueforti and its known secondary metabolites.

The whole genome sequence of Penicillium roqueforti FM164 used in this thesis was first published
in 2013 (GenBank assembly accession: GCA_000513255.1), which assembled a total of 26.9 Mbp
length scaffolds.”® Bioinformatic analysis revealed the presence of 33 BGCs of SMs and 12 of them
contain genes coding for PKSs. Although such BGCs have been identified in P. roqueforti FM164,
there is still limited information on the biosynthesis of SMs in P. roqueforti. In this thesis, this PhD
candidate mainly focused on the investigation of a cryptic BGC and elucidated SMs encoded by the
biosynthetic pathway.

1.3 Biosynthesis of natural products in fungi

NPs from fungi represent an important source of biologically active metabolites notably for therapeutic
agent development.?® 76 Importantly, as mentioned in section 1.1, some of these fungal NPs have
been developed into drugs and are used widely for human health.”” The structural diversity of NPs
arises from their biosynthetic classification. It has been demonstrated that the genes coding for
enzymes of a given biosynthetic pathway are often co-regulated and located adjacent in the fungal
genome, forming so-called biosynthetic gene clusters (BGCs).78-8°
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Figure 4. Schematic representation of fungal biosynthetic gene clusters.

Typical fungal BGCs share a common set-up, usually consisting of one or more genes for backbone
enzymes, which catalyze the synthesis of the skeleton of the metabolite. Examples for backbone
enzymes include polyketide synthases (PKSs), nonribosomal peptide synthetases (NRPSs), terpene
synthases, and hybrid polyketide synthase-nonribosomal peptides synthetases (hybrid PKS-NRPSs).
The surrounding genes usually code for tailoring enzymes, such as oxidoreductases and transferases,
which modify the backbone scaffold in multiple biosynthetic steps to produce the final product. In
addition, genes for regulation of the whole gene cluster or transporters for secretion of the products or
uptake of special substrates can also be included in the BGCs (Figure 4).8% 8! Therefore, SMs often
feature more chiral centers and increased steric complexity than synthetic molecules. For instance,
lovastatin was biosynthesized in Aspergillus terreus by an 18-gene BGC containing two multifunctional
PKSs (LovB and LovF) and several decoration enzymes.'? 82

1.3.1 Genome mining for fungal natural product discovery

Genome mining refers to the utilization of genomic information for novel processes, target, and product
discovery. It includes bioinformatic analysis and identification of unknown BGCs in the target genomes,
sequence analysis of the genes, and the experimental identification of the products synthesized by
these BGCs. Currently, around 120,000 species of fungi have been described?® and over 1,000 fungal
genome sequences are available through the JGI 1000 Fungal Genomes Project. Traditionally, NPs
were identified through screening fungal cultural extracts for biologically active compounds. Genome
mining has the potential to increase the chance to find novel molecules and biosynthetic pathways.
With increasing technological improvements in genome sequencing, a range of computational
approaches has been developed to automatically identify the sets of genes that code for specialized
metabolic enzymes across genome sequences.® The specialized softwares for the prediction of
fungal BGCs include Antibiotics and Secondary Metabolite Analysis Shell (antiSMASH), Secondary
Metabolite Unknown Regions Finder (SMURF), and the annotated database Minimum Information
about a Biosynthetic Gene cluster (MIBiG). Prediction with these tools revealed that most filamentous
fungi contain dozens of BGCs in their genomes, revealing their potential ability to produce many
SMS_BS, 86
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Figure 5. Genome mining approach for natural product discovery in fungi.

It is worth noting that a large number of BGCs identified in one particular fungal genome far exceeds
the SMs that have been detected under standard laboratory culture conditions.8 8" This indicates the
presence of a large number of cryptic BGCs in fungi. For the vast majority of these BGCs, external
and/or internal signals that trigger their expression remain largely unknown. In the post-genomic era,
numerous efforts have been done for development of strategies for activating these silent gene
clusters or for fungi that are difficult to be cultivated.? 8% The strategies for engineering fungal NP
biosynthesis®! can be divided into four broad categories as shown in Figure 5: (i) optimization of the
cultivation conditions, also known as OSMAC (One Strain, Many Compounds) approach, e.g., media
composition, cultivation time or temperature, pH values, and co-cultivation. 29 (ii) Induction of global
transcriptional changes, e.g., through epigenetic modifications®-®" or overexpression of global
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transcriptional regulators,-1% can effectively ‘awaken’ the biosynthetic machinery, but often affects
multiple pathways resulting in the production of a variety of NPs, which is unpredictable and difficult to
control. (iii) Manipulating of specific biosynthetic pathways either in the native host or in a heterologous
host'%6-19 js more targeted and enabled thorough understanding of the function of each gene and may
lead to the discovery of unprecedented enzyme classes/ functions, but it is often substantially more
labor intensive. (iv) Specific engineering of enzymes to synthesize novel NPs in vivo or in vitro, which
may be adapted as biocatalysts or used in chemoenzymatic synthesis. The subsequent work flow to
explore SMs from fungi includes extraction of the cultures by using solvents with different polarities,
separation of the crude extracts by using column chromatography, as well as structural elucidation of
the purified compounds by NMR and LCMS analyses (Figure 5).

Advances in the identification and engineering of fungal BGCs provide a toolbox of methods for the
discovery and improved production of numerous novel NPs. In the last ten years, the CRISPR-Cas9
(Clustered regularly interspaced short palindromic repeats-CRISPR-associated protein) technologies
with a broad host range has been developed as a novel approach to efficiently manipulate genes in a
complex microbiome."'® Considering the efficiency and breadth of new strategies for genome mining
and the increased extent of resources available for mining, it should be noted that the most suitable
strategies depend on the research objective. Taken together, many new sources, enzymes, and
metabolites are expected to be discovered in the coming years.

1.3.2 Heterologous expression

In order to activate cryptic SM production, heterologous expression strategy can be applied, especially
for clusters of interest from strains that are difficult to be manipulated genetically.85 1. 112 The typical
workflow of heterologous expression usually includes steps as shown in Figure 6: identification of
targeted SM biosynthetic gene or BGC from the sequenced genomes using bioinformatic tools;
selection of an appropriate heterologous host; cloning the gene or BGC into a suitable vector with
appropriate promoter, transferring it into the heterologous hosts, and product characterization.
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Figure 6. Workflow for heterologous expression of gene or gene clusters.
1.3.2.1 Hosts for heterologous gene expression

Selecting a suitable host is the first thing to be considered for heterologous expression. This choice
depends on several factors, such as convenience, the chemical background and the toxicity of the
compound, as well as the availability of genetic manipulation tools for the host. Generally, the more
phylogenetically close to the native producer, the higher efficient expression can be expected, because
of the functionality of native transcriptional elements of the gene cluster with high similarity.
Transcriptional elements or parameters include promoters, regulatory elements, codon bias, ribosome
binding sites, and RNA maturation including intron splicing.85 '3 Different organisms have been
developed and utilized as heterologous hosts, such as Escherichia coli,''* actinomycetes,''3 yeast,'"s
filamentous fungi,''® plants''” and animal cells.''®

E. coliis widely used as a prokaryotic host due to a number of advantages including strong engineering
toolbox, easy cultivation, fast and robust growth, and a well-understood primary metabolism."® An
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early successful example is the expression the 6-methylsalicylic acid synthase (6-MSAS) gene from
Penicillium patulum in E. coli, which thereby produced 6-methylsalicylic acid (6-MSA)."? In a more
recent study, pks4 from Gibberella fujikuroi was expressed in E. coli, and its product was verified as
SMA76a.'?" Similarly, eleven sesquiterpene synthetase genes from Omphalotus olearus were
expressed in E. coli and the products were identified directly.’?? In addition, E. coli is widely and
continuously used as a protein overproduction host for in vitro functional characterization of accessory
enzymes in fungal BGCs. Zabala et al. purified an FAD-dependent monooxygenase AzaH and verified
its function in azaphilone biosynthesis via in vitro protein assays.'?® In spite of its widespread use in
fungal BGC enzyme characterization, E. coli has apparent limitations as a heterologous host for the
reconstitution of full pathways of fungal NPs.

Yeast, in particular Saccharomyces cerevisiae, is a fast growing unicellular eukaryotic model
microorganism. It is widely used as heterologous expression host for polyketide- and nonribosomal
peptide-related genes.'" 124 Besides, versatile genetic manipulation tools have been developed in S.
cerevisiae to facilitate the BGC assembly and metabolic engineering. Homologous recombination is
very efficient in S. cerevisiae and has been frequently employed for in vivo BGC assembly.?5 126 |t is
worth mentioning that when yeast or E. coli are used as expression hosts for eukaryotic SM
biosynthetic genes, the introns in the target genes have to be removed first, and the 4-
phosphopantetheinyl transferase (PPTase) needs to be integrated into the yeast genome before,
especially for PKSs and NRPSs expression.'?” The above mentioned 6-MSAS from P. patulum was
also expressed in a S. cerevisiae strain with a heterologous PPTase, and successfully produced much
higher amount of 6-MSA than in both the native species and E. coli.'?® An engineered S. cerevisiae
strain with matB (malonyl-CoA synthetase) and npgA (a PPTase) was successfully used for expression
of a cassette of five PKSs and one NRPS.1%6

In addition to single synthase genes, whole gene clusters have also been expressed in S. cerevisiae.
For instance, three biosynthetic genes from Fusarium graminearum together with the heterologous
npgA gene from A. fumigatus were co-expressed and resulted in the production of rubrofusarin.’?8
Very recently, the Heterologous EXpression (HEXx) platform was developed in S. cerevisiae for fast
and scalable expression of fungal biosynthetic genes and their encoded metabolites.® Furthermore,
41 unique BGCs were selected and transformed in S. cerevisiae, and more than half (22/41) of these
BGCs produced different SMs. Similar to E. coli, using S. cerevisiae as a heterologous host displays
additional advantages including highly efficient homologous recombination, limited native secondary
metabolism, sufficient supply of building blocks and cofactors, and self-supported correct folding.'"?
Although yeast has been extensively used for heterologous expression of fungal BGCs, some issues
also need to be considered for NP biosynthesis, i.e. lack of endogenous secondary metabolism,
insufficient precursors and building blocks specific activation, and the toxicity of the produced
compounds.

15



INTRODUCTION

Apart from E. coli and yeast, filamentous fungi are efficient and preferred hosts for exploration and
production of fungal NPs.8® First of all, the genetic systems of fungi are generally compatible for correct
translation folding and post-translational modifying, thus fungal BGCs can be used without codon
optimization and introns-removal in advance. Secondly, filamentous fungi possess endogenous
PPTases for PKS and NRPS modification. Additionally, they can utilize relatively cheap non-food
biomass as carbon source to achieve a high level of gene expression. In addition to diverse
filamentous fungal hosts including Neurospora crassa, Penicillium and Fusarium species, Aspergillus
species, especially A. oryzae, A. nidulans, and A. niger have become the most widely used
heterologous hosts for NP production.8 129

A. nidulans, the well-known model organism used for the exploration of many fungal BGCs, possesses
the distinct advantage of easy genetic manipulation.''® 130. 131 Recently, an engineered strain A.
nidulans LO8030 with deletion of eight SM clusters has been used for the reconstitution of fungal
BGCs of unknown biosynthetic pathways and for studying the mechanisms of key biosynthetic
enzymes.'3? Besides, the lower SM background of LO8030 made it an excellent host for easy detection
of compounds produced by the genes or BGCs of interest.

A. oryzae is a filamentous fungus extensively used for the industrial production of enzymes and
traditional fermented food. Due to its clean SM background and well-developed genetic manipulation
tools, itis also frequently used as a heterologous host for the production and elucidation of biosynthetic
pathways of NPs.!"6. 133 Nowadays, several A. oryzae strains have been developed. For example, the
engineered A. oryzae NSAR1 strain with five expression vectors (pTAex3, pUSA, pAdeA, pPTR1,
pUNA) was used for reconstructing terpenoid biosynthetic pathway.’®* The NSAR1 strain was further
modified recently by deletion of the FAD-dependent oxidoreductase gene kojA controlling kojic acid
biosynthesis, thus making it as a more appropriate heterologous host.”®> Another widely used
Aspergillus host is A. niger, which has been applied in producing sake, miso, soy sauce, industrial
enzymes, and citric acid.®

1.3.2.2 Promoters for heterologous gene expression

The second aspect to be considered for heterologous expression is the promoter selection for the
expression construct. The heterologous host normally cannot use the endogenous promoters of the
genes in BGCs, unless their taxonomic relationship for transcription initiation and regulation is close
enough. 36 137 Therefore, the promoters need to be replaced for a genetically distant host. To achieve
concurrent high-yield production or to control the initial synthesis of NPs at the appropriate time, a
large set of efficient promoters are required for heterologous expression of BGCs. Generally,
constitutive promoters are believed to result in stable expression under varying conditions, whereas
inducible promoters induce dramatic changes in expression levels in response to environmental
stimuli.8® A diversity of constitutive promoters or inducible promoters are frequently used to activate
the expression of BGC genes for high-yield production of proteins in the existing heterologous
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expression systems.'3® Representative constitutive promoters include those for glyceraldehyde-3-
phosphate dehydrogenase (gpdA), 3-phosphoglycerate kinase (pgkA), and translation-elongation
factor EF-1 a (tef1). Examples of typical inducible promoters are alcohol dehydrogenase promoters
(adhA and alcA), amylase promoters (amyA and amyB), glucoamylase promoter (glaA), and xylose-
inducible promoter (xyIP). Although both constitutive and inducible promoters can directly affect the
transcription level, it is better to select inducible promoters when the expression system may produce
harmful products. In addition, the auto-inducible promoters (ADHZ2 and ADH2-like) are frequently used
for producing desired compounds with titers of up to 100-fold compared to those obtained using
constitutive promoters.'% Despite the above mentioned natural promoters, synthetic promoters were
also found to be useful for NP biosynthesis, such as the bacterial-fungal hybrid Tet-on promoter, which
can be used for the establishment of conditional overexpression mutants.'3?

Over the past decades, heterologous expression has long been used with significant successes as a
robust tool for activating cryptic or silent SM BGCs and elucidating biosynthetic pathways. Nowadays,
with the comprehensive development of functional characterizations, bioinformatics, and
biotechnological tools, heterologous expression is promising to produce diverse bioactive fungal NPs.

1.4 Polyketide synthases

As aforementioned, polyketides constitute one of the major classes of NPs, which comprise an
enormous structural diversity and a wide range of biological activities. The formation of the carbon
backbone in polyketides is catalyzed by polyketide synthases (PKSs), which share similar logic and
enzyme machinery as fatty acid biosynthesis.": 140

The fundamental chemical aspect in the biosynthesis of polyketide backbone is achieved by the
utilization of different starter and extender units. The starter units include acetyl-CoA, malonyl-CoA,
methylmalonyl-CoA, propionyl-CoA, benzoyl-CoA, and 4-coumaroyl-CoA. Examples of common
extender units are malonyl-CoA, (2S)-methylmalonyl-CoA, (2S)-ethylmalonyl-CoA and
chloroethylmalonyl-CoA. "' 142 |t is worth mentioning that the isotopic building blocks such as [1-'3C]-,
[1,2-13C4]-, [1-"3C, '802]-acetate, and [2-'3C]-malonic acid have been commonly applied to confirm the
biosynthetic origin and to identify the enzymatic logic for the complicated synthetic mechanism.43. 144

Reaction meachanism of polyketide chain elongation
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Figure 7. Reaction mechanism of polyketide chain elongation.
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The biosynthesis of polyketides proceeds in three basic phases, i.e. starter unit loading, chain
elongation and reduction, and polyketide cyclization and release (Figure 7)." 145

Generally, polyketide elongation requires three basic domains including ketosynthase (KS),
acyltransferase (AT), and acyl carrier protein (ACP) domains. KS domain normally catalyzes the
decarboxylative Claisen condensation of the extender unit to an acyl starter substrate to extend the
polyketide chain. AT domain is responsible for recognizing the starter or extender unit and catalyzes
its transfer to the phosphopantetheine arm of ACP domain, which serves as a covalent binding site for
the intermediate formed during biosynthesis. In addition, the resulting moiety can be further processed
by accessory domains for polyketide chain modification. These include ketoreductase (KR) domain for
optional reduction of the B-keto group to a hydroxyl group, dehydratase (DH) domain catalyzing
dehydration to generate an aq,B-unsaturated thioester, enoylreductase (ER) domain that further
reduces the double bond to a saturated moiety, and methyl transferase (MeT) domain that catalyzes
the transfer of methyl groups from S-adenosylmethionine (SAM) to the B-carbon of the growing
polyketide chain, as well as product template (PT) domain.'#6. 147 The reductive step can be partly or
fully omitted before the next condensation step and leads to a complex functionalization pattern at the
B-position. Additionally, structural modifications, such as alkylations, hydroxylations, glycosylations,
and heterocyclizations, which are often crucial for the biological activities of the final polyketides, may
occur during chain elongation.'40. 148. 149 | astly, the elongated polyketide chain is released from the
PKS assembly line by the thioesterase (TE) domain, leading to the end product.'®®

Based on the architecture and mode of action of the enzymatic assembly lines, PKSs are generally
classified into three distinct types. Type | PKSs are multifunctional enzymes that are organized
structurally into modules."' Type Il PKSs consist of a dissociable complex of subunits such as KS,
chain-length factor, and ACP."%? Type Il PKSs are KS homodimers.'%?

1.4.1 Type | polyketide synthases

Type | PKSs have been discovered in both bacteria and fungi. They can be basically classified into
iterative type | PKSs and modular type | PKSs.'#'- 154 |n modular type | PKSs, which are commonly
found in bacteria, domains with defined functions are separated by short spacer regions and organized
into several modules. A single module is constituted of KS, AT, and ACP domains, as well as optional
B-keto processing domains, and generally catalyzes one step of condensation. The number of the
modules thus correlates with the number of extension cycles executed by the PKS. The presence of
KR, DH, and ER domains defines the degree of B-keto processing.'%® One of the best-studied example
of modular type | PKSs is the giant multimodular megasynthase 6-deoxyerythronolide synthase (DEBS)
from Saccharopolyspora erythraea, which assembles the macrolide scaffold 6-deoxyerythronolide B
in the biosynthesis of erythromycin A (Figure 8A)."%® Modular type | PKSs can be further divided into
cis-AT PKSs and trans-AT PKSs based on their AT architecture. Distinct to the standard cis-AT PKS,
the ACPs of the trans-AT PKS are loaded by stand-alone ATs. 5" 158
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In comparison, domains in iterative type | PKSs are clustered in a single module, which are used
repeatedly to catalyze multiple rounds of elongation for polyketide formation (Figure 8B).14% 151. 159 |n
most cases, fungal polyketides are products of iterative type | PKSs. According to the extent of B-keto
reduction, iterative type | PKSs can be functionally grouped into three major classes, i.e. nonreducing
PKSs (NRPKSs), partially reducing PKSs (PRPKSs), and highly reducing PKSs (HRPKSSs).

Fungal NRPKSs are usually responsible for the production of aromatic polyketides. In addition to the
minimal PKS domains (KS, AT, and ACP domains), there are functional domains that are unique to the
NRPKSs, e.g., the starter unit acyl transferase (SAT) domain, the product template (PT) domain, and
the C-terminus thioesterase/Claisen-like-cyclase (TE/CLC) domain.'®° In most cases, the SAT domain
is selective for acetyl-CoA, a fundamental metabolic building block.4? 6" However, in the biosynthetic
pathway of aflatoxin B1, the SAT domain of PksA accepts a hexanoyl starter unit.'6? Cyclizations are
generally catalyzed by the PT domain with a poly-B-ketone backbone as the substrate. For example,
the simplest NRPKS OrsA from Aspergillus nidulans utilizes acetyl-CoA as starter unit by the SAT
domain and elongates with three malonyl-CoA catalyzed by KS, AT, and ACP domains to form the
polyketide chain. Cyclization of the intermediate is catalyzed by the PT domain and the aromatic
intermediate is released by the TE domain to form the end product orsellinic acid (Figure 8B)."%3 In
some cases, NRPKSs contain a reductase (R) domain instead of the TE domain at the C-terminus as
the release domain, ' such as 3-methylorcinaldehyde synthase (MOS) with a SAT-KS-MAT-PT-ACP-
CMeT-R domain structure.'®* Notably, some PKSs do not carry such a releasing domain and have co-
evolved with other enzymes, like B-lactamases and hydrolases, to release the polyketide chain.'#8

In contrast to NRPKSs, the HRPKSs exhibit a much higher degree of complexity in their biosynthetic
programming. Besides the common domains that control chain extension and release, the HRPKSs
contain three B-keto processing domains (DH, ER, and KR domains) that could selectively catalyze
ketoreduction, dehydration and enoylreduction during each extension cycle.'5". 15 Thus, the HRPKS
can produce complex, highly reduced compounds such as lovastatin, T-toxin, fumonisin B1, and
squalestatin.'® In addition, many HRPKSs also possess a C-methyltransferase (CMeT) domain for
methylation of the a-carbon on the extended polyketide chain.'®® For instance, in the biosynthesis of
lovastatin, the elongation intermediate was methylated by the SAM-dependent CMeT domain and
subsequently reduced by the KR domain to form a hydroxyl group. Further reduction steps are
achieved by the DH domain and the NADPH-dependent frans-ER domain, consequently leading to a
fully saturated product (Figure 8B).166 167

Unlike the HRPKSs, product release of PRPKSs differ from the fully reduction mechanism due to the
absence of ER domain. In the biosynthesis of (R)-mellein, the KR domain selectively reduces the keto
groups. The pentaketide intermediate subsequently undergoes an aldol cyclization to furnish the
aromatic structure through dehydration, and the TH (thioester hydrolase) domain catalyzes the release
of (R)-mellein via a stereospecific cyclization process (Figure 8B)."%®
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1.4.2 Type Il polyketide synthases

Bacterial aromatic polyketides such as tetracyclines and actinorhodin are polycyclic compounds that
are assembled by type Il PKSs.'®® Type || PKSs are dissociable multi-enzyme complexes that have
sets of iteratively used individual proteins. They typically produce polycyclic aromatic compounds by
catalyzing iterative Claisen condensation reactions using acetate as the starter unit.'52 169170

A minimal set of type Il PKS consists of the ketoacyl synthase (KSq), the chain length factor (CLF, also
referred as KSg) and the ACP subunit. The KSq and KSg form a strongly associated heterodimer and
catalyze the Claisen-like condensation of acetyl- and malonyl-CoA units in an iterative fashion. The
biosynthetic reaction typically includes the following steps: firstly, the acetate precursor is loaded onto
ACP and give rise to acyl-ACP. Subsequently, the acyl-ACP is transferred to the KSq subunit and
iteratively elongated with the extender unit malonyl-CoA to form the poly-3-keto chain. Afterwards, the
polyketone chain is further modified by aromatases (AROs) and oxygenases to afford the aromatic
polyketide core via cyclization and/or aromatization. Additional PKS subunits such as KRs, cyclases
or AROs define the folding pattern of the polyketone intermediate and further post-PKS modifications,
such as oxidations, reductions or glycosylations are added to the polyketide.%? 171

On the basis of the polyphenolic ring system and their biosynthetic pathways, representative
metabolites produced by type Il PKSs range from anthracyclines, angucyclines, aureolic acids,
tetracyclines, tetracenomycins, pradimicin-type polyphenols, to benzoisochromanequinones.'? A
well-studied example of type Il PKS is TcmKLM, which is involved in the biosynthesis of the antibiotic
tetracenomycin C (Figure 9).'72

tetracenomycin F1 tetracenomycin C

i Type Il PKS
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Figure 9. Representative of the type Il PKS involved in the secondary metabolite biosynthesis.
1.4.3 Type lll polyketide synthases

Different from above-mentioned type | and type Il PKSs, type Il PKSs are simple homodimeric
ketosynthases (KS) that mainly catalyze the formation of pyrone- and resorcinol-type aromatic
polyketides (Figure 10).53 Type Il PKSs are mainly found in plants, but are also present in bacteria'”3
and fungi."” They are essentially condensing enzymes that lack ACP domains and act directly on
acyl-CoA substrates.'”® Type Ill PKSs synthesize a wide variety of products and they differ from each
other in terms of the preference of starter and extender units (ranging from short to long linear or cyclic
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acyl-CoA), the number of condensation steps, and the mechanism of intramolecular cyclization of poly-
B-keto intermediates. 0

! OH
o 3x malonyl-CoA HO OH OH  paso(cH)y HO ©
/ smen = ya )

OH O OH O

naringenin chalcone naringenin

Figure 10. Representative of the type Ill PKS involved in the secondary metabolite biosynthesis.

The well-studied family of type lll PKSs are plant chalcone/stilbene synthases (CHS/STS) which
produce compounds like naringenin chalcone (Figure 10)."® The CHS uses a single KS-like active
site to catalyze the repetitive condensation of acetate units to a CoA-derived starter molecule, typically
yielding mono- and bi-cyclic aromatic products.'””

As described in this chapter, all PKS types contribute significantly to the diversity of NPs. Based on
the growing knowledge about structural functionality in the fields of starter/extender unit selection,
cyclization and release reactions, as well as domain structure-function relationships, approaches for
PKS engineering will increase polyketide product diversification and fulfill the strong demand for a
highly detailed structural and biochemical characterization of PKSs.

1.5 Tailoring enzymes

As introduced in section 1.3, the backbone genes in fungal BGCs are usually surrounded by several
genes coding for post-modification enzymes, the so-called tailoring enzymes, including
prenyltransferases (PTs), acyltransferases, oxidoreductases, and cyclases.'% 178 In the biosynthesis
of the most NPs, backbone enzymes are responsible for scaffold complexity of SMs. Further
processing of the nascent scaffolds can occur in a set of post-assembly enzymatic tailoring steps,
which contribute to the formation of diverse and sophisticated SMs."”® 80 Moreover, for the
biosynthesis of a complex polyketide, different enzymes participate in the polyketide biosynthetic
pathway and catalyze specific reactions in a highly organized and coordinated manner.®"

PTs serve as remarkable modification enzymes during numerous metabolite post-assembly lines to
produce key intermediates or final products. Many prenylated NPs have shown to exhibit various
biological activities.'®' PTs catalyze the prenyl transfer reaction from different prenyl donors, e.g.,
dimethylallyl diphosphate (DMAPP, Cs), geranyl diphosphate (GPP, C1g) or farnesyl diphosphate (FPP,
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C+s) to various acceptors including nucleic acids and proteins, as well as aliphatic and aromatic small
molecules.' PTs for small aromatic compounds are generally classified into membrane-embedded
UbiA-type, bacterial and fungal ABBA-type including the fungal dimethylallyltryptophan synthase
(DMATS)-type. 8 184 PTs belonging to the DMATS superfamily mainly catalyze the prenylation of
indole derivatives, either at the first pathway-specific step or at the later tailoring steps.'83 18 DMATS
PTs are also metal-independent enzymes, while in several cases, the addition of metal ions such as
Ca?* and Mg?* enhances their activities.'® So far, the DMATS enzymes that catalyze prenylation at
all positions of the indole ring have been identified (N-1, C-2, C-3, C-4, C-5, C-6, and C-7 prenylating
PTs).'8. 187 Structural analysis of the DMATS enzyme FgaPT2 identified in Aspergillus fumigatus
revealed the overall structure of aBBa PT folds.'® In many cases, DMATS enzymes show a broad
substrate flexibility towards aromatic substrates, while they exhibit a narrow specificity toward the
length of prenyl donors. 183 185. 186

Oxidoreductases can catalyze different chemical reactions, e.g., hydroxylations, epoxidations,
anthrone oxidations and oxidative rearrangements, which lead to enormous structural diversity."”
Cytochrome P450 enzymes (P450s) are the most common biocatalysts in NP biosynthesis. Generally,
P450s are a superfamily of heme-containing monooxygenases and catalyze hydroxylation and
epoxidation steps.'® The currently accepted catalytic mechanism for P450s employs a sophisticated,
multi-step catalytic cycle involving a range of transient intermediates.’®® There are two major types of
P450 redox systems: (i) two-component system comprising of a flavin adenine dinucleotide (FAD)-
containing reductase (FdR) and an iron-sulfur containing ferredoxin (Fdx) reductase, which are usually
present in most bacterial and mitochondrial P450s. (ii) One-component system including a single FAD-
and flavin mononucleotide (FMN)-containing reductase, referred to cytochrome P450 reductase (CPR),
as redox partner, which are mainly found in eukaryotic organisms.'®' Recently, despite the common
transformations mediated by P450s like C-H, C-N hydroxylation and C=C double bond epoxidation,
increasing cases demonstrated other intriguing P450s functions, e.g., C-C bond coupling, cleavage,
and migration.'®? In fungi, numerous P450s are involved in the biosynthesis of a wide range of
metabolites and catalyze extremely diverse oxidations.'%3-1% The P450 enzyme VdoD from Penicillium
palitans is responsible for the meta hydroxylation of cyclopenin.'® KtnC from Aspergillus niger
catalyzes the coupling of the monomeric coumarin 7-demethylsiderin both regio- and stereoselectively
to the 8-8' dimer P-orlandin.'®’

Berberine bridge enzyme-like (BBE-like) proteins are a subgroup of the superfamily of FAD-linked
oxidases and structurally characterized by a typical fold observed initially for vanillyl alcohol oxidase
(VAO)."98. 199 Characteristic structural features of this family are an FAD binding domain that is formed
by the N- and C-terminal parts of the protein, and a substrate binding domain, together with the
isoalloxazine ring of FAD for efficient substrate binding and oxidation.2% 20" While BBE-like proteins
share a similar overall fold to that of other prototypic members of this superfamily, a specific structural
feature, Y/FxN motif, in the N-terminal part of the FAD-binding site distinguishes the BBE family from
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other FAD-linked oxidases.?': 292 The representative functional example is found in the biosynthesis
of isoquinoline alkaloids, where a BBE-like enzyme catalyzes the oxidative cyclization of (S)-reticuline
to (S)-scoulerine to form the C-C bond.?°3 BBE-like enzymes catalyze a broad range of reactions such
as two-electron oxidations as reported for AfBBE-like protein 15%%* or four-electron oxidations for
Dbv29.205 More complex oxidations and ring closure reactions were discovered in the biosynthesis of
the ergot alkaloid intermediate chanoclavine | and the indole alkaloid communesin.2%6.207 More recently,
AsmF from Streptomyces seoulensis dictated the formation of the naphthalenic hydroxyl group in the
ansaseomycin biosynthesis.?%® In another case, AspoA catalyzes an unusual protonation driven double
bond isomerization in the biosynthesis of aspochalasin family compounds.?%°

Short-chain dehydrogenases/reductases (SDRs) constitute one of the largest and oldest protein
superfamilies, which are widely present in archaea, eukaryotes, prokaryotes and viruses.?'%-212 Their
structures consist typically of Rossmann folds with a central B-sheet of 6—7 strands sandwiched
between three a-helices on both sides.?'® The conserved sequences of SDR contain typically around
250 amino acid residues. However, there are also SDRs with an additional 100-residue subunit in the
C-terminal region.?'* The active site is formed by a catalytic tetrad of Asn Ser, Tyr, and Lys.?'3 In
contrast to other dehydrogenase superfamilies, no metal is required in SDRs at the active site. They
utilize NAD(H) or NADP(H) as cofactors and the coenzyme-binding site is located at the N-terminal
region.?'® Most of the SDR members are medium or long-chain dehydrogenase families and show
diverse substrate spectra, including steroids, alcohols, sugars, aromatic compounds, and
xenobiotics.2' They play diverse roles in core metabolism and specific metabolism pathways such as
steroidal metabolism, detoxification and drug resistance.?6-218

To summarize, NPs have drastically improved our lives by providing an excellent source of molecules
benefiting humans in various fields. All the above-mentioned studies undoubtedly expand the
spectrum of NP biosynthetic pathways. Further accumulation of knowledge should be useful for
engineering biosynthetic pathways to create novel bioactive NP derivatives.

24



AIMS OF THIS THESIS

2 Aims of this thesis

In this thesis, the following issues have been addressed:

Identification of a NRPKS as an isocoumarin synthase and demonstration of further

conversions of the products by host enzymes

NPs and derivatives contribute significantly to drug discovery and development.?'® Bioinformatic
analysis and prediction of the putative genes or BGCs in the genome sequences have shown that
most of these genes are silent or expressed only at a low level in the native producer under standard
laboratory conditions.??° For example, only four of the 56 putative gene clusters from Penicillium
crustosum PRB-2 are expressed and their products were detected by LCMS analysis.”- 68. 221 To
exploit the genetic potential hidden in microbial genomes, different strategies have been developed to
reactivate the silent clusters, i.e. by co-cultivation, media composition, optimization of the cultivation
conditions, as well as manipulation of global regulators and transcription factors.??? So far,
heterologous expression represents a very mature and promising method for the identification of new
NPs of cryptic or silent genes hidden in the genome sequences.'"" In this study, the silent NRPKS
gene pcr9304 from P. crustosum PRB-2 was heterologously expressed in an appropriate host. The
following experiments were carried out:

» Bioinformatic analysis and identification of the NRPKS gene pcr9304 from the sequenced
genomes

» Assembly of the overexpression construct of pcr9304 by homologous recombination in E. coli

» Generating the heterologous expression strain A. nidulans PX001 by introduction of the
obtained expression construct into A. nidulans LO8030

» Cultivation of PX001 and LCMS analysis

Isolation and structural elucidation of three isocoumarin derivatives from PX001

\4

» Feeding experiments proved that the uncharacterized endogenous enzymes from the host A.
nidulans were able to modify the initial polyketide product

Biosynthesis of 3-orsellinoxypropanoic acid in Penicillium crustosum requires a bifunctional
NRPKS

Polyketide NPs are structurally diverse and biologically active SMs produced by plants, bacteria, and
fungi.??® Their backbones are biosynthesized by PKSs which can be modified by multiple tailoring
enzymes.'”® Among them, nonreducing fungal PKSs are usually responsible for the formation of
aromatic acids like the archetypal phenolic polyketide orsellinic acid (OA) by orsellinic acid synthases
(OSASs).?* Until now, a large number of OSASs have been identified in bacteria and fungi. For
example, the distinguished example OrsA (AN7909) from Aspergillus nidulans with two ACP domains
catalyzes not only the formation of OA but also its dimerization. The domain structure and its function
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for dimerization raised our interest in studying its homologues. In this study, a putative NRPKS OesA
from P. crustosum PRB-2 was identified and successfully expressed in A. nidulans LO8030, leading
to the identification of 3-orsellinoxypropanoic acid as its product. The ester bond formation in 3-
orsellinoxypropanoic acid is likely an enzymatic or nonenzymatic transfer of the orsellinyl residue from
OesA to the hydroxyl group of 3-hydroxypropionic acid (3-HP). Besides, it is also interesting to
investigate the mechanism for the enzymatic transesterification which could be catalyzed either by the
TE domain of OesA, as reported for other PKSs, or by an unknown host enzyme from A. nidulans. To
understand the ester bond formation, the following experiments were carried out:

» Bioinformatic analysis of P. crustosum and further identification of the putative NRPKS OesA
by sequence comparison with OrsA

» Heterologous expression of the NRPKS genes oesA and orsA in A. nidulans LO8030

> Large-scale fermentation of the respective heterologous expression transformants for isolation
and structure elucidation of the secondary metabolites

» Deletion of the two ACP domains in the oesA overexpression strain

» Construction of the hybrid gene expression transformants with different domain combinations
between oesA and orsA

> Elucidation of the origin of 3-orsellinoxypropanoic acid by feeding with different isotopic
precursors

» Quantification of 3-orsellinoxypropanoic acid and OA in different transformants

Biosynthesis of annullatin D in Penicillium roqueforti and the oxidative lactonization between

two hydroxyl groups is catalyzed by a BBE-like enzyme

NPs of HRPKSs are of great importance by exhibiting a broad range of biological activities. Iterative
fungal HRPKSs together with additional enzymes like short-chain dehydrogenases were reported to
synthesize alkylated salicylaldehyde or derivatives thereof. Despite the abundant SMs from
Penicillium roqueforti, biosynthesis of only few natural products was reported. To strengthen our
understanding on alkylated salicylaldehydes or derivatives, we used the fog gene cluster from
Aspergillus ruber??® as a probe for searching homologues in the genome of Penicillium roqueforti
FM164 and identified a putative eleven-gene (anu) cluster with four genes of more than 40% identity
to those of the fog cluster on the amino acid level. To identify the biosynthetic pathway of annullatins
in P. roqueforti, the following experiments were carried out in cooperation with Bastian Kemmerich:

» Genome mining for annullatin biosynthetic gene cluster in P. roqueforti

» Heterologous expression of the whole anu cluster in A. nidulans LO8030

» Large-scale fermentation of the anu cluster expression strain for isolation and structure
elucidation of the SMs
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Functional proof of the genes from the anu cluster by gene deletion and pathway
intermediate analysis via LCMS and NMR analyses

In vitro characterization of the prenyltransferase AnuH with recombinant purified protein
Verification of the functions of anuE and anuG by heterologous expression in A. nidulans and

feeding experiments
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3 Results and discussion

3.1 Formation of isocoumarin by heterologous gene expression and
modifications by host enzymes

Diverse NPs contribute significantly to drug discovery and development. Most of such so-called SMs
are produced by actinobacteria or ascomycetous fungi from the genera Penicillium and Aspergillus.??5-
229 The frequent occurrence of polyketides in bacteria, fungi, and plants makes them one of the most
abundant and sophisticated SM groups.'59 230. 231 Polyketides are generally synthesized by PKSs and
then modified by diverse tailoring enzymes. As mentioned in section 1.3.1, most of the genes or BGCs
for SMs are silent or only expressed at a low level under standard laboratory cultivation conditions.
Therefore, different strategies have been developed to exploit these potentials.''? A particularly mature
and promising approach is heterologous expression.”" In our previous study, only four of the 56
putative gene clusters from Penicillium crustosum PRB-2 are expressed and their products could be
detected by LCMS analysis. Among them, three genes or gene clusters were activated after
heterologous expression in Aspergillus nidulans.®”- %8 221 Following this work, we analyzed the genome
sequence of P. crustosum PRB-2 and selected a silent NRPKS gene pcr9304 to prove its function.

Based on the bioinformatics analysis, pcr9304 comprises nine exons of 1263, 354, 579, 24, 119, 85,
1623, 2346, and 51 bps, interrupted by eight introns of 54, 58, 58, 55, 53, 59, 65, and 75 bps,
respectively. The coding sequence of pcr9304 consists of 2147 amino acids and has a SAT-KS-AT-
PT-ACP-ACP-TE domain structure. In addition, gene deletion did not lead to detectable SM changes
in the Apcr9304 mutant compared with the wild type PRB-2, indicating that pcr9304 was not expressed
under our cultivation conditions. Therefore, we changed our strategy to heterologous expression in A.
nidulans. For this purpose, the whole genomic sequence of pcr9304 including its downstream region
was amplified by PCR from genomic DNA of P. crustosum. Subsequently, the PCR fragment and
linearized vector pYH-wA-pyrG232 were mixed and transformed into E. coli DH5a for homologous
recombination. The assembled plasmid pPX001 was confirmed by enzyme restriction and then
introduced into A. nidulans LO8030 by PEG-mediated protoplast transformation.?32 After selection by
uridine and uracil autotrophy and subsequent confirmation by PCR amplification, the correct
integration transformant A. nidulans PX001 was cultivated on rice medium for 14 days.

HPLC analysis of the EtOAc extract of the transformant culture showed that three additional peaks
1-3 were detected in comparison to the negative control strain (Figure 11). Subsequent isolation and
structure elucidation by interpretation of their 'H NMR spectra proved 1, 2, and 3 to be 6,8-dihydroxy-
3-methylisocoumarin (1), 6,8-dihydroxy-3-hydroxymethylisocoumarin (2), and 6-methoxy-8-hydroxy-
3-methylisocoumarin (3), respectively. All three compounds have been isolated from a number of
fungal and bacteria strains including Aspergillus terreus.?3* 234 For example, together with its acidic
form, 1 has been obtained from the heterologous expression A. nidulans transformant harboring the
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NRPKS gene ATEG_00145.1.7% Another PKS gene IcmM from Streptomyces sp. MBT76 was also
verified to be responsible for the formation of 1.23* However, Pcr9304 shares only 19 and 41 %
sequence identities with IcmM and ATEG_00145.1 on the amino acid level, respectively.

HO N OH H3CO N
0] 0]
OH O OH O

1 2 3

Aos4 nm

PX001 (pcr9304)

Negative control
(pYH-wA-pyrG)

A. nidulans fed with 1

t/min

Figure 11. HPLC analysis of the secondary metabolites in 14 day-old A. nidulans strains with and
without feeding.

Compounds 2 and 3 were unexpectedly accumulated as hydroxylated and methylated derivatives of
1. This prompted us to investigate the origin of the hydroxylation and methylation activities, because
no ketoreductase or methyltransferase domain was predicted in Pcr9304. It was reported that the
heterologous host A. nidulans has the capability of hydroxylation activity at the benzene ring.??5
Therefore, we proposed that the endogenous enzymes from A. nidulans were responsible for the
conversion of 1 to its hydroxylated product 2 and methylated product 3. To verify this hypothesis, we
synthesized 1235 and used it for feeding experiments in A. nidulans LO8030. LCMS analysis of the
culture extract clearly showed the presence of 2 and 3 in the control stain without pcr9304 after feeding
with 1 (Figure 11). The integrity of the products was confirmed by comparison of their retention times,
UV spectra and mass data including MS? fragmentation patterns.?%¢ The results proved that the host
A. nidulans is able to modify the initial polyketide product 1 by hydroxylation at the methyl and
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methylation of the 6-hydroxyl group. Unfortunately, no candidate enzymes from A. nidulans could be

predicted for these two reactions.

In summary, we successfully expressed the NRPKS gene pcr9304 from P. crustosum in A. nidulans,
which led to the accumulation of three isocoumarins 1-3, and proved its function as an isocoumarin
synthase. Furthermore, feeding experiments revealed that the PKS product 1 can be converted by the
uncharacterized endogenous host enzymes to its hydroxylated (2) and methylated (3) derivatives
(Figure 12). Our results, thus, provide one additional example that unexpected further modifications
of an enzyme product can take place in a heterologous host, which should always be taken in

consideration for the interpretation of gene/cluster function.

Pcr9304
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Figure 12. Formation of 1 and its conversion to 2 and 3 in A. nidulans LO8030.

For details on this work, please see the publication (section 4.1)

Pan Xiang, Lena Ludwig-Radtke, Wen-Bing Yin, and Shu-Ming Li (2020). Isocoumarin formation by
heterologous gene expression and modification by host enzymes. Organic and Biomolecular

Chemistry, 18, 4946-4948, DOI: 10.1039/D00OB00989J.

31



RESULTS AND DISCUSSION

3.2 Formation of 3-orsellinoxypropanoic acid in Penicillium crustosum

Polyketide NPs are a remarkable class of compounds with diverse structures and important biological
activities. As mentioned in section 1.4.1, the fungal NRPKSs are usually responsible for the
production of aromatic polyketides. Orsellinic acid (OA) is a representative simple archetypal
phenolic polyketide formed through stepwise condensations of acetyl-CoA with three units of malonyl-
CoA."83 More than 200 OA derivatives, including monomers and polymers, have been identified in
different species.?®” Until now, a large number of orsellinic acid synthases (OSASs) have been
identified in bacteria and fungi. For example, OrsA (AN7909) from Aspergillus nidulans with two ACP
domains catalyzes not only the OA formation, but also its dimerization.'®® 238 The domain structure
and its function for dimerization raised our curiosity to study its homologues. In this study, the
investigation on the PKS genes in Penicillium crustosum PRB-2 was continued and led to the
identification of a putative NRPKS Pcr7502, termed OesA hereafter, in the genome of P, crustosum.

OesA comprises seven exons of 287, 286, 618, 933, 207, 3873, and 63 bps, interrupted by six introns
of 56, 58, 61, 60, 60, and 73 bps, respectively. The deduced polypeptide of the coding sequence of
oesA consists of 2088 amino acids. Bioinformatic analysis revealed that OesA has a similar domain
architecture as OrsA, i.e. SAT-KS-AT-PT-ACP1-ACP2-TE and shares 32.2% sequence identity with
OrsA on the amino acid level with each other (Figure 13). Identities of the four corresponding domains
between the two proteins are less than 30%. No SM changes were detected in the oesA deletion
mutant in comparison to the wild type. This suggests that oesA is probably a silent gene and not
expressed under our cultivation conditions.

OesA ACP1, ACP2 TE \Qi”/ 10 OH

similarity/ 38/22 62/47 46/30 53/29 42/21 58/38 42/27
identity (%)

COO COOH
OrsA ACP1. ACP2 TE
1 1

Figure 13. Domaine structures of OesA and OrsA with their main products.

To investigate its function, the whole sequence of oesA including the terminator region of 517 bp was
amplified from genomic DNA of P. crustosum PRB-2 and subsequently inserted into the expression
vector pYH-wA-pyrG by homologous recombination in Saccharomyces cerevisiae. The obtained
construct pPX15 was afterward heterologously expressed in Aspergillus nidulans LO8030,'3? resulting
in the transformant A. nidulans PX15. LCMS analysis of the EtOAc extract of PX15 revealed the
presence of an additional peak with a [M + Na]* ion at m/z 263.0522 for a deduced molecular formula
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of C11H120e compared to that of the negative control strain (Table 1). Detailed 1D and 2D NMR
analyses revealed the accumulated product was an OA derivative and further determined as 3-
orsellinoxypropanoic acid (4).

Table 1. Overview of the secondary metabolite profile of A. nidulans strains. Domains in OesA and
OrsA are highlighted in red and blue, respectively.

HO OH HO OH
o oH Ccoo COOH on
Strains ~Y
0 0 HO o OH o
5

4

Orsellinic acid

A. nidulans (isogenic control) - - -

EYGIIM sAT ks , AT | PT | AcP1, ACP2 TE + - -
PX26 GRS - N _
RO VAR SAT | KS | AT | pT , ACO1 ACP2, TE \ - _
PX30 ESESE NI N _ _

PX31 SAT . KS = AT ' PT | ACP1, ACP2 TE - - -

=GV SAT . Ks | AT | PT 'ACP1 ACP2 TE ~ - -

PX34 SAT  KS AT PT [ACP1]ACP2 TE - - -

R Gl SAT | Ks | AT PT | ACP1] ACP2 TE - _ _

P
(7]

AT PT ACP1

PX36 @u

PX37 SAT | KS , AT = PT | ACP1

As aforementioned, OA can be modified by hydroxylation and methoxylation, as well as
dimerization.?3%-242 The ester bond formation in 4 is likely an enzymatic or nonenzymatic transfer of
the orsellinyl residue from OesA to the hydroxyl group of 3-hydroxypropionic acid (3-HP), as observed
for the precursor of ustethylin A.243 The enzymatic transesterification could be catalyzed by the TE
domain of OesA as reported for other PKSs?** or by an unknown host enzyme from A. nidulans. To
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understand the ester bond formation, orsA was also heterologously expressed in LO8030. LCMS
analysis of the crude extracts of the orsA expression strain A. nidulans PX26 produced a sole product
(5) in comparison to the negative control (Table 1). Detailed UV, MS, and 'H NMR data of 5 are
consistent with those published previously.?#2 Compound 5 was afterward identified as the OA dimer,
diorcinolic acid (5). These results suggest that the enzymatic events were involved and also ruled out
the involvement of host enzymes in the formation of 4. Differing from OrsA with a dimerization activity
for OA, OesA catalyzes the ester formation of OA with 3-HP.

After identification of OesA as an OA synthase, we focused on the functions of the two ACP and TE
domains for detailed investigation. Feng et al. reported that both ACP domains in OrsA are involved in
the OA dimerization.?*> We therefore deleted both ACPs in PX15 separately. As shown in Table 1,
both deletion mutants, PX29 without ACP1 and PX30 lacking ACP2, can still produce 4. These results
demonstrated that both ACP1 and ACP2 contribute independently to the OA formation, as reported for
other PKSs.242 245,246
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> ¢
0 0
11
4

T | L | 1

C-3

C-5
0 HO OH
OH ————_ o) OH| ¢-q
0~ OH 0 0
1o J k\— )

e k A e e

HO OH
0
- > C-11
o)J\ONa - \@V\/OV\H/OH cs 3
0 0
I | : o

c-1
) [ )

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 14. '3C NMR spectra of the unlabeled and labeled 4 after feeding with different precursors.

After identification of the functions of both ACPs in OesA, we then constructed several constructs with
hybrid genes in pYH-wA-pyrG partially containing domains of oesA and orsA, resulting in different
heterologous expression transformants (Table 1). LCMS analysis revealed that PX31, which contains
the SAT-KS-AT-PT domains of OesA and the ACP1-ACP2-TE domains of OrsA, produced neither 4
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nor 5, while PX32 which contains the SAT-KS-AT-PT domains of OrsA and the ACP1-ACP2-TE
domains of OesA can still produce 4. PX34 with the SAT-KS-AT-PT-ACP1 domains of OesA and the
ACP2-TE domains of OrsA, and PX36 with the SAT-KS-AT-PT-ACP1-ACP2 domains of OesA and the
TE domain of OrsA did not show any detectable SM changes, compared to the isogenic control. Similar
negative results were obtained for PX35 with the SAT-KS-AT-PT-ACP1 domains of OrsA and the
ACP2-TE domains of OesA as well as PX37, the SAT-KS-AT-PT-ACP1-ACP2 domains of OrsA with
the TE domain of OesA (Table 1). These results proved that the ACP1-ACP2-TE domains of OesA are
necessary for the ester bond formation in 4. They can cooperate with SAT-KS-AT-PT domains of OrsA,
but not vice versa. Notably, no OA was accumulated in the transformants PX34-PX37, indicating no
gene expression, functional protein or product release from the PKS template.

To elucidate the origin of 4, we carried out feeding experiments with sodium [2-13C] acetate and [2-13C]
malonic acid in PX15. The '3C NMR results provided direct evidence that C-1, C-3, C-5, and C-11 of
the OA moiety of 4 are from four intact units of acetate or malonate (Figure 14). Besides, no
enrichment was observed for the carbons in the 3-HP moiety, indicating that it is not originated from
acetate or malonate. In view of the 3-HP metabolic pathways, we speculated that the 3-HP moiety
could be derived from fumaric acid during the tricarboxylic acid cycle (TCA cycle).?47- 248

Based on the above results, we speculated a formation mechanism for 4 in Penicillium crustosum
(Figure 15). One acetyl-CoA condenses with three malonyl-CoA molecules on the OesA assembly
line. The finished orsellinyl moiety is attached to ACP1 or ACP2. The TE domain catalyzes the transfer
of the OA residue from both ACPs to 3-HP to form 4.244. 249

glucose

OesA
(o} SAT ACP1)

A O
\

3 x malonyl-CoA

Figure 15. Proposed biosynthetic mechanism of 3-orsellinoxypropanoic acid.

Having proven the domain function of OesA, we also conducted a quantitative experiment to monitor
the production of 4 and 5 in the producing strains. The accumulated 4 and 5 were quantified by LCMS.
As shown in Figure 16A, after 10 days cultivation, the product yields reached their maximal values in
the strains producing 4. The sum of the two strains with ACP deletion, i.e. PX29 with ACP1 deletion
(2.2 £0.19 mg/L) and PX30 with ACP2 deletion (1.1 £ 0.04 mg/L), is almost the same of PX15 without
deletion (3.3 + 0.1 mg/L). This suggests the independent and complementary contribution of both

35



RESULTS AND DISCUSSION

ACPs for ester formation with 3-HP. On the other hand, the productivity of PX32 with the SAT-KS-AT-
PT of OrsA at 5.3 + 0.16 mg/L is approximate 1.6-fold of that of PX15 with the intact OesA. This
indicates that the SAT-KS-AT-PT domains of OrsA have a higher efficiency for assembling the orsellinyl
residue than those of OesA and corresponds to the high product yield of the strain PX26 with OrsA
(47.4 £ 5.4 mg/L) (Figure 16B). Meanwhile, these results suggest that the PKS-assembled orsellinyl
moiety determined the yield of the final product.

A -- PX15 @CHGHIWILGYGHS (B)
( ) - PX29 —— PX26 SAT |, KS , AT , PT | ACP1, ACP2 TE
—— PX3O SAT , KS | AT _ PT ,ACP1 Ac~2 TE 60
84
Bl n YAl sAT | ks , AT | PT [ACP1 ACPZ TE
6

»
o
1

—

Yield (mg/L)
&
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N
<
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Figure 16. Dependence of (A) 4 and (B) 5 formation in A. nidulans on different cultivation times.

In conclusion, the NRPKS gene oesA from P. crustosum was successfully expressed in A. nidulans
LO8030 and proved its role as an OA synthase and a transferase. Domain deletion and recombination
provided evidence that both ACPs contribute independently and complementarily to the 3-
orsellinoxypropanoic acid (4) formation. Feeding experiments provided evidence that only the
orsellinyl residue is derived from acetate.

For details on this work, please see the publication (section 4.2)

Pan Xiang and Shu-Ming Li (2022). Formation of 3-orsellinoxypropanoic acid in Penicillium crustosum
is catalyzed by a bifunctional nonreducing polyketide synthase. Organic Letters, 24 (1), 462—466, DOI:
10.1021/acs.orglett.1c04189.
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3.3 Biosynthesis of annullatin D in Penicillium roqueforti requires a BBE-like
enzyme for the five-member lactone ring formation

Filamentous fungi are known as promising sources for bio-active NPs. For example, the cholesterol-
lowering agent lovastatin from Aspergillus terreus is one important representative NP produced by
HRPKS."12.250 The HRPKSs exhibit a higher degree of complexity in their programming and selectively
catalyzing B-keto reductions and dehydrations during each extension cycle.?®! It was reported that,
together with additional enzymes like SDRs, P450, and a PT, a fog cluster containing a HRPKS was
discovered for the flavoglaucin biosynthesis in Aspergillus ruber.??® Such kind of alkylated
salicylaldehydes or derivatives usually have biological activities?5-254 that intrigued our interest to
discover more SMs like this in Penicillium roqueforti FM164. P. roqueforti is widespread in silage and
natural environments and also found in food waste.?® It is used during the process for making blue-
veined cheeses.” Similar to other filamentous fungi, P. roqueforti has the potential to produce
bioactive SMs, such as the antitumor active andrastins and the antibiotic or immunosuppressant
mycophenolic acid.” 227: 256

Therefore, we carried out genome mining in P. roqueforti by using antiSMASH?2" and by comparison
with the fog cluster, leading to the identification of a putative anu cluster containing eleven genes
(anuA-K). Four genes in the anu cluster share more than 40% identity to those of the fog cluster on
the amino acid level (Figure 17). The putative anu cluster contains genes coding for a HRPKS (AnuA),
four SDRs (AnuB, AnuD, AnuF, and Anul), an unknown protein (AnuC), a P450 (AnuE), a BBE-like
enzyme (AnuG), a PT (AnuH), an aromatic ring hydroxylating dehydrogenase (ARHD, AnuJ), and a
transcription factor (TF, AnuK). Bioinformatic analysis of the genes from the anu cluster indicated their
putative functions as shown in Table 2. Accordingly, the product of the anu cluster was speculated to
be a prenylated derivative of alkylated salicylaldehyde.

P. roqueforti

i / LI
\ HR-PKS (KS-AT-DH-ER-KR) {
@& 2 T :

55%

B R . L o 8
A. ruber a3 35% i b Annulatin D

E 4an . x OH
—<¢ fogh TeHe—~oH £~ F Ho— 1 I

HO
5kb o
—_—f
I HRPks M spDR M cYP  [[] BBE-like Flavoglaucin

I ARHD M pr 0 7 [J Unknown

Figure 17. Comparison of the anu cluster in P. roqueforti with the fog cluster in A. ruber. The
sequence identities on the amino acid level are given as percent.
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Table 2. Putative functions of the genes from anu gene cluster.

Protein Size Homologous brotein. organism Identity Putative
(Acc. Nr.) (AA) gous protein, org (%) function
AnuA 2130 HRPKS (EYE95343) 43.1 HRPKS
(CDM34450.1) from Aspergillus ruber

AnuB 283 SDR (EYE95338) 55.0 SDR
(CDM34451.1) from Aspergillus ruber

AnuC 91 Hypothetical protein (EYE95337) 44.3 Hypothetical
(CDM34452.1) from Aspergillus ruber protein
AnuD 381 SDR (KGO64723) 87.7 SDR
(CDM34453.1) from Penicillium italicum

AnuE 490 P450 (EYE95339) 32.9 P450
(CDM34454.1) from Aspergillus ruber

AnuF 276 SDR (RFU78523.1) 70.1 SDR
(CDM34455.1) from Trichoderma arundinaceum

AnuG 509 Oxidoreductase (EYE95340) 281 BBE-like
(CDM34456.1) from Aspergillus ruber enzyme
AnuH 451 PT (EYE95342) 49.2 PT
(CDM34457.1) from Aspergillus ruber

Anul 252 SDR (EYE95338) 22.6 SDR
(CDM34458.1) from Aspergillus ruber

Anud 818 Monooxygenase (KGO64729) 89.8 ARHD
(CDM34459.1) from Penicillium italicum

AnuK 261 TF (KGO64720) 83.0 TF

(CDM34449.1)

from Penicillium italicum

To identify the pathway product, heterologous expression of the identified anu cluster in Aspergillus
nidulans LO8030 was carried out. The cluster sequence was amplified from genomic DNA of P.
roqueforti and cloned into the expression vector pJN017%25 by assembling in S. cerevisiae. The
obtained construct was afterward integrated into the A. nidulans LO8030 genome. The resulting
transformant A. nidulans BKO8 was then cultivated in PDB liquid medium under static conditions. As
expected, LCMS analysis of the extract from BK08 as well as isolation and structure elucidation proved
the accumulation of 6 — 9. This result also confirms that the anu cluster was indeed our target cluster.
The MS, optical rotation, UV, and NMR data and spectra confirmed 7, 8, and 9 as annullatin derivatives
by comparison with the reported data. The stereochemistry of 7 — 9 was determined by comparison of

38



RESULTS AND DISCUSSION

its experimental ECD spectra with the calculated data, termed as (2S, 9S)-annullatin D, (2R)-annullatin
G, and (2S, 9S)-annullatin H, respectively (Figure 18). However, attempts to obtain interpretable 'H
NMR spectrum for 6 failed, due to its instability during the routine isolation procedure. To overcome
this, 6 in the BKO8 extract was immediately acetylated for structural elucidation. MS and NMR analyses
confirmed that the acetylated 6 should be 8, which means 6 has a hydroxymethyl instead of an
acetoxymethyl group at the aromatic ring in 8 and was termed as annullatin F (Figure 18). Since 8
appears only as a minor product in the culture of BKO8 and there is no acetyltransferase in the anu
cluster, we therefore speculate that acetylation of 6 to 8 was catalyzed by a host enzyme from A.
nidulans.?%% 258 Further product conversion by host enzymes after gene expression was also observed
in our previous works as described in section 3.1.
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Do A, nonenzymatic_ HO> oxidoreductase HO shunt pathway
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Figure 18. Proposed Biosynthetic Pathway of Annullatins F (6) and D (7) in P. roqueforti.

To investigate the biosynthetic pathway of annullatins and the function of each gene, deletion of single
genes in BK08 and overexpression experiments in A. nidulans LO8030 were carried out. The HRPKS
AnuA with a domain structure of KS-AT-DH-ER-KR was integrated into the host LO8030 genome under
the control of the gpdA promoter to prove whether these annullatins are formed in a similar way as
flavoglaucin. After cultivation in PDB media for 14 days, no additional product was detected by LCMS
analysis in comparison to the control strain. This is in consistence with the results after expression of
the PKS alone in the case of pyriculol,?5? sordarial,?>® and flavoglaucin.??5> Accumulation of aromatic
polyketide products requires additional enzymes for modification, cyclization, and release of the PKS-
assembled products. Accordingly, AnuBC would be these candidates.
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In the deletion mutants of the SDRs AnuD, Anul, and AnudJ, 6 — 9 were clearly detected, whereas no
additional products accumulated, proving these genes are likely not involved in the annullatin formation.

Deletion of the P450 gene anuE resulted in the abolishment of 6 — 9, but accumulation of 10 — 13
(Figure 18). Structure elucidation proved that 10 — 13 are annullatin derivatives without the oxygen
function at the Cs side chain. It can be deduced that AnuE catalyzes the hydroxylation of 11 at the side
chain in the biosynthesis of 6 — 9. The accumulated 11 in the AanuE mutant was further metabolized
to 10, 12, and 13 by other tailoring enzymes. To verify this hypothesis, we fed the precursor 11 to the
anuE heterologous expression transformant. As expected, 11 was converted to 14 with a conversion
yield of 92% after cultivation in PDB medium for 4 days (Figure 19A). The MS data and 'H NMR
spectrum of 14 revealed that there was an additional hydroxyl group at the Cs side chain, proving
AnuE as a hydroxylase.
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Figure 19. HPLC analysis of culture extracts. (A) With and without feeding of 11 to anuE expression
strain PX28 and to the control strain. (B) With and without feeding of 9 to anuG expression strain
PX45 and to the control strain.

Deletion of the PT gene anuH also completely abolished the production of 6 — 9, but led to
accumulation of 14 as the sole product, which indicated that the AnuE product 11 is a substrate of the
PT AnuH. To confirm this hypothesis, the coding region of anuH without any introns was amplified
from cDNA of P. roqueforti FM164. Subsequently, the anuH fragment was ligated into the expression
vector pET-28a (+) with T4 DNA ligase. The obtained construct pPX52 was afterward expressed in E.
coli BL21(DE3) and the recombinant AnuH was purified via Ni-NTA agarose and gel filtration.
Incubation of AnuH and 14 with DMAPP as the prenyl donor at 37 °C for 30 min and 4 h resulted in
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the formation of a prenylated product 15 with a conversion yield of 30% and 73%, respectively (Figure
20A). The results showed that AnuH exhibited clear activities toward 14 in the presence of DMAPP.
Determination of the kinetic parameters for AnuH gave a Ky of 0.08 mM toward 14 and a Ky of 0.49
mM toward DMAPP. The average turnover number (k.a) Was calculated to be 0.13 s™'. AnuH had no
activity when GPP and FPP were used as prenyl donors (Figure 20A). Compound 11 without the
hydroxyl group at the side chain was also accepted by AnuH, but only with low conversion yields, i.e.
4% after 30 min and 16% after 5 h incubation (Figure 20B). Due to the low conversion of 11, it is
difficult to determine the structures in this study. However, based on the results obtained from the
AanuE mutant and MS analysis, one of the prenylation products is expected to be 16, the precursor
of 10, in the shunt pathway (Figure 18), which was subsequently metabolized to 10, 12, and 13.
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Figure 20. LCMS analysis of in vitro assays of AnuH. (A) With its natural substrate 14. (B) With the
precursor 11.

Having identified the function of anuE and anuH, we intended to investigate the five-member lactone
ring formation in annullatin D (7). LCMS analysis of the AanuF mutant revealed the abolishment of 6
and 8, whereas 7 and 9 were accumulated, implying the role of AnuF in the formation of 6. Deletion of
the BBE-like enzyme coding gene anuG indeed led to the accumulation of 6, 8, and 9, but not that of
7. Feeding 9 to the anuG overexpression Aspergillus nidulans strain led to the production of 7, which
clearly provided that AnuG catalyzed the five-member lactone ring formation in 7 via oxidative
lactonization between the two hydroxyl groups (Figure 19B). BBE-like enzymes are a subfamily of
flavin-containing proteins and usually catalyze diverse oxidations including dehydrogenation-mediated
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C-C or C-N bond formation in the natural product biosynthesis.98 201, 259,260

Taken together, we identified a silent biosynthetic gene cluster for annullatins in P. roqueforti and
postulated their biosynthetic pathway for (2R)-annullatin F (6) and (2S, 9S)-annullatin D (7) by
heterologous expression, gene deletion, feeding experiments and biochemical investigations (Figure
18). As reported previously, the annullatin backbone is assembled by cooperation of AnuABC and
hydroxylated at the Cs alkyl chain by the cytochrome P450 AnuE. The prenyltransferase AnuH
subsequently acts as a key enzyme to installs one isoprenyl group at the benzene ring to form 15.
However, 15 was not identified in the deletion mutants obtained in this study. Enzymatic or non-
enzymatic dihydrobenzofuran ring formation between the prenyl and the phenolic hydroxyl groups in
15 results in two diastereomers 9 and 17. Similar reactions were also observed in many NPs
biosynthesis.?8" Compound 9 is then converted to 7 by the BBE-like enzyme AnuG-catalyzed five-
member lactone ring formation. Conversion of 9 to 7 requires extraction of four electrons from the
substrate. It can be postulated that the hydroxymethyl group is first oxidized via aldehyde 18 to acid
19, which then undergoes a spontaneous or AnuG-catalyzed lactonization with the hydroxyl group in
the side chain. The SDR enzyme AnuF can accept the isomer 17 as a substrate and oxidize it to 6,
which is subsequently acetylated by an acetyltransferase from A. nidulans, leading to the formation of
8. Consecutive and coordinated modifications enable (intramolecular) oxidation and condensation to
form the final products 6 and 7. Notably, we identified a new BBE-like enzyme for oxidative
lactonization between two hydroxyl groups. To the best of our knowledge, no such functions have been
reported for BBE-like enzymes prior to this study.

For details on this work, please see the publication (section 4.3)

Pan Xiang*, Bastian Kemmerich*, Li Yang, and Shu-Ming Li (2022). Biosynthesis of annullatin D in
Penicillium roquefortiimplies oxidative lactonization between two hydroxyl groups catalyzed by a BBE-
like enzyme. Organic Letters, 24 (32), 6072-6077, DOI: 10.1021/acs.orglett.2c02438. (*equal
contribution)
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Heterologous expression has been proven to be a successful strat-
egy for the identification of metabolites encoded by cryptic/silent
genes. Expression of a nonreducing polyketide synthase (NR-PKS)
gene from Penicillium crustosum in Aspergillus nidulans led to the
accumulation of three isocoumarins 1-3. Feeding experiments
revealed that the PKS product 1 can be converted by the host
enzymes to its hydroxylated (2) and methylated (3) derivatives.
These results provided one additional example that unexpected
further modifications of an enzyme product can take place in a
heterologous host.

Natural products or derivatives contribute significantly to drug
discovery and development." Most of such so-called secondary
metabolites are produced by actinobacteria® or ascomycetous
fungi from the genera Penicillium and Aspergillus.> The
majority of the known secondary metabolites belong to four
important classes, i.e. polyketides, nonribosomal peptides, ter-
penoids and alkaloids.* Polyketides derived usually from
acetyl-CoA and malonyl-CoA display a wide range of biological
and pharmacological activities® and therefore have great com-
mercial value. Polyketides are assembled in bacteria,” fungi®’
and plants® by multimodule polyketide synthases (PKSs) and
then modified by diverse tailoring enzymes. In general, the
genes for the biosynthesis of a given metabolite are organized
into the so-called biosynthetic gene clusters. Bioinformatics
analysis and prediction of putative gene clusters in the
genome sequences and comparison with those of the accumu-
lated metabolites in the native producer have shown that most
of these genes are silent or their expression is very low under
standard laboratory conditions.’ For example, only four of the
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56 putative gene clusters from Penicillium crustosum PRB-2'°""

are expressed and their products could be detected by LC-MS
analysis. To exploit the genetic potential hidden in microbial
genomes, different strategies have been developed to reactivate
silent clusters. These include optimisation of the cultivation
conditions, media composition, and co-cultivation and the use
of biotic and abiotic elicitors."*'* Significant success was also
achieved by manipulation of global regulators and transcrip-
tion factors.”>"”

In addition, heterologous expression of secondary metab-
olite genes or whole gene clusters in an appropriate host is a
very mature and promising method for the identification of
new natural products of cryptic or silent genes hidden in the
genome sequences.'®'® Besides Escherichia coli and
Saccharomyces cerevisiae, filamentous fungi, especially the
genus Aspergillus are the most widely used heterologous
expression hosts for functional proof of fungal genes and
metabolite production. In recent years, the model organism
Aspergillus nidulans has become an established and frequently
used host for the expression of fungal genes.>’>* Besides
A. nidulans, other Aspergillus strains such as A. oryzae and
A. niger were also proven to be suitable expression hosts.**
However, heterologous expression may be hindered by host-
dependent factors, such as insufficient or missing supply of
biosynthetic precursors, different intron splicing behavior
compared to the native host or host-dependent cross-chem-
istry. In a recent study, Geib et al.>* detected host-dependent
product formation in A. niger and A. oryzae. A similar phenom-
enon has also been observed in Streptomyces species.””>°

Using heterologous expression in A. nidulans, we provide in
this study experimental evidence that the silent nonreducing
polyketide synthase (NR-PKS) gene pcr9304 from P. crustosum
PRB-2 codes for an isocoumarin synthase. We observed fur-
thermore modifications of the PKS product by the endogenous
A. nidulans enzymes.

The deduced polypeptide Pcr9304 of the coding sequence
of the candidate gene comprises 2147 amino acids and has a
SAT-KS-AT-PT-ACP-ACP-TE domain structure (SAT: starter acyl

This journal is © The Royal Society of Chemistry 2020
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transferase, KS: ketosynthase, AT: acyltransferase, PT: product
template, ACP: acyl carrier protein, and TE: thioesterase).
BLASTP search did not show significant sequence similarities
with functionally characterised proteins and its function there-
fore cannot be predicted by sequence analysis and compari-
son. Gene deletion did not lead to detectable secondary
metabolite changes in the Apcr9304 mutant, in comparison to
the wildtype P. crustosum PRB-2. This indicates no expression
of this gene under our -cultivation conditions (Li and
Kindinger, unpublished results).

To prove its function, we changed our strategy to heter-
ologous expression in Aspergillus nidulans. For this purpose, a
6921 bp fragment containing the whole genomic sequence of
pcr9304 and a downstream region of 633 bp containing the
native terminator was amplified via PCR and cloned into the
expression vector pYH-wA-pyrG>” by homologous recombina-
tion in E. coli.”® The obtained construct pPX001 (Fig. S11) was
introduced into A. nidulans 108030%° by polyethylene glycol-
mediated protoplast transformation. After selection by uridine
and uracil autotrophy and subsequent confirmation by PCR
amplification, ten resulting integration transformants includ-

PX001 (pcro304)

A. nidulans
(pYH-wA-pyrG)

A. nidulans fed with 1

T
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Fig. 1 HPLC analysis of the secondary metabolites in A. nidulans strains
with and without feeding. UV absorptions at 254 nm are illustrated.
Extracted ion chromatograms (EICs) for the [M + H]* ions detected at
m/z 193.049 + 0.005 (1), m/z 209.045 + 0.005 (2) and 207.066 + 0.005
(3).
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ing PX001 were cultivated on solid rice medium. The 14 day-
old cultures were extracted with ethyl acetate and analyzed by
LC-MS for secondary metabolites. All ten extracts showed
similar metabolite profiles. As shown in Fig. 1 for the represen-
tative transformant PX001, three additional peaks of 1-3 were
detected in the extract in comparison to that of the control
strain with the empty vector pYH-wA-pyrG. The three com-
pounds share similar UV spectra with absorption maxima at
245 and 325 nm (Fig. S21). [M + H]' ions at m/z = 193.0493 for
1, 209.0451 for 2 and 207.0663 for 3 indicate the difference
between them by hydroxylation and methylation. Isolation and
structure elucidation by 'H NMR analysis (Table S1, ESIf)
proved 1, 2 and 3 to be 6,8-dihydroxy-3-methylisocoumarin,
6,8-dihydroxy-3-hydroxymethylisocoumarin and 6-methoxy-8-
hydroxy-3-methylisocoumarin,??*° respectively. All the three
compounds have been isolated from a number of fungal and
bacterial strains including Aspergillus terreus.>">>

Compound 1 had been obtained, together with its acid
form, from a A. nidulans transformant haboring NR-PKS
ATEG_00145.1 from Aspergillus terreus.”® This transformant
also produced 4-hydroxy-6-methyl-2-pyrone as the major and
orsellinic acid as the minor product. Wu et al. proposed that
the PKS IcmM from Streptomyces sp. MBT76 should be respon-
sible for the formation of compound 1.*> Interestingly,
Pcr9304 shares sequence identities of only 19 and 41% at the
amino acid level with IcmM and ATEG_00145.1, respectively.

Unexpected accumulation of compounds 2 and 3 as
hydroxylated and methylated derivatives of 1 raised the ques-
tion on the origin of the hydroxylation and methylation activi-
ties, because no ketoreductase or methyl transferase domain
was predicted in Pcr9304. In a previous work,”® we observed
the hydroxylation activity at the benzene ring from the heter-
ologous host A. nidulans. Therefore, we proposed that
endogenous enzymes from A. nidulans were also responsible
for the conversion of 1 to 2 and 3. Intrigued by this hypothesis,
we synthesized compound 1 as reported previously®! and used
it for feeding experiments in A. nidulans LO8030.

Already one day after feeding with compound 1, LC-MS ana-
lysis of the culture extract clearly revealed the presence of 2
and 3 (data not shown). The amounts of the converted pro-
ducts increased steadily in the following 7 days (Fig. 1). The
integrity of the products was confirmed by comparison of their
retention times, UV spectra, mass data including MS? fragmen-
tation patterns. This proved that A. nidulans can modify the
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Fig. 2 Formation of 1 and its conversion to 2 and 3 in A. nidulans LO8030.
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initial polyketide product 1 by hydroxylation at the methyl and
methylation of the 6-hydroxyl group. Unfortunately, no candi-
date enzymes from A. nidulans could be predicted for these
two reactions.

In summary, we successfully expressed the NR-PKS gene
pcr9304 from P. crustosum in A. nidulans and proved its func-
tion as an isocoumarin synthase. Furthermore, we demon-
strated by feeding experiment that 2 and 3 are modification
products of 1 by uncharacterized endogenous host enzymes
(Fig. 2). Our results, thus, provide one additional example that
the products of a heterologous expressed gene can be further
converted by host enzymes, which should always be taken into
consideration for the interpretation of gene/cluster function.
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Experimental procedures
1.1 General Experimental Procedures

All chemicals were purchased from Sigma-Aldrich. High-resolution mass
spectrometric data were generated by using a microTOF-Q Ill mass spectrometer
with an ESI source (Bruker Daltonics, Bremen, Germany) connected to an Agilent
HPLC series 1260 (Bbdblingen, Germany), which is equipped with a photodiode
array detector. Separation was carried out on an Eclipse XDB-C18 column (4.6 x
150 mm, 5 um, Agilent, Germany). NMR spectra were recorded on a JEOL ECA-
500 MHz spectrometer (JEOL, Tokyo, Japan). The spectra were processed by
using the software MestReNova 6.1.0 (Metrelab). NMR data are given in Table S1

and spectra in Figures S3 — Sb5.

1.2 Strains, Media, and Culture Conditions

Escherichia coli DH5a (Invitrogen) was used for cloning and plasmid propagation
and grown in lysogeny broth (LB) at 37 °C. For cultivation on solid medium, 1.5%
(w/v) agar was added. 50 pg/mL carbenicillin were used for selection of the

recombinant E. coli strains.

P. crustosum strain PRB-2 was cultivated under static conditions at 25 °C in
potato dextrose broth (PDB, Sigma-Aldrich). A. nidulans LO8030 was cultivated at
37 °C in liquid minimal medium (LMM) supplemented with riboflavin, pyridoxine,
uridine and uracil as reported previously.! For cultivation on solid medium, 1.5%
(w/v) agar was added to the respective medium. Cultivation of A. nidulans strain
PX001 (gpdA::pcro9304::AfpyrG in A. nidulans LO8030) and negative control
(gpdA::AfpyrG in A. nidulans LO8030) were done on rice supplemented with

riboflavin and pyridoxine at 25 °C.



1.3 Genetic Manipulations

For isolation of genomic DNA, P. crustosum and A. nidulans were cultivated in
PDB or LMM for 2 days at 25 °C. Genomic DNA was isolated according to the
method described previously.? Phusion high-fidelity DNA polymerase (New England
Biolabs) was used for PCR amplifications on a T100 thermal cycler from Bio-Rad.
Construction of the heterologous expression vector was done by homologous
recombination in E. coli.® The construct pPX001 for heterologous expression in A.
nidulans with afpyrG as a selection marker was based on the plasmid vector pYH-
wA-pyrG.° Briefly, the vector backbone was linearized by cut with Nhel followed by
SAP treatment with subsequent purification via a HiYield PCR Clean-up and
GelExtraction Kit (SLG Sudlaborbedarf). For creation of pPX001, pcr9304 with the
accession number MT451935 (GenBank) including its downstream region of 633
bp was PCR amplified from genomic DNA of P. crustosum PRB-2 with the primer
pairs An-9304-For/Rev (An-9304-For:

TATATTCATCTTCCCATCCAAGAACCTTTAATCATGCGTCGGCCAAATC;  An-

9304-Rev:

CATATTTCGTCAGACACAGAATAACTCTCGGTGACAATTCTCACCCTTG). The

underlined sequences in the primers are homologous regions with the vector for
recombination. Subsequently, the PCR fragment and linearized vector were mixed
and transformed into E. coli DH5a. The assembled plasmid pPX001 was confirmed
by enzyme restriction. 4 pg of this construct were linearized with Swal and
transformed into A. nidulans LO8030 according to the protocol by Yin et al.> 65
Potential transformants were obtained after uracil and uridine autotrophy selection.
The primers 9304-F (CCTTTTCGAGTAACAGTCGC) and 9304-R

(ATGCTTGATTACTGCCTTTTG) target a 1718 bp partial fragment in pcr9304 and
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were used for transformant verification. All of the 10 selected transformants were

confirmed by PCR amplification.

1.4 Product Analysis, Large-Scale Fermentation, Extraction and Metabolite Isolation

A. nidulans strains were cultivated on rice medium at 25°C for 14 days for LC-MS
analysis of the secondary metabolite production. For a small-scale analysis, 3 mL
of the culture was extracted with equal volume of ethyl acetate. The organic phase
was dried in vacuo using a Speedvac and the residue was dissolved in a mixture of

MeOH and H20 (19 : 1) for LC-MS analysis.

To isolate the accumulated products, A. nidulans PX001 was cultivated in seven
1 L flasks containing 100 g rice each and 150 mL H20 with appropriate nutrition as
supplement at 25°C for 21 days. After extraction with 3 L ethyl acetate for three
times and concentration of the organic phases under reduced pressure, 3.4
g crude extract were obtained. Silica gel column chromatography of the crude
extract by using dichloromethane / MeOH (100:1,50:1,10:1and0: 1, v/v) as
elution solvents, yielded 48 fractions. Further purification of fraction 8 on a
semipreparative HPLC (Agilent series 1200 HPLC, Boblingen, Germany), with an
Agilent Eclipse XDB-C18 column (9.4 x 250 mm, 5 yum) and CH3CN / H20 (55 : 45,
flow rate of 2.5 mL/min) as solvents, resulted in compound 1 (9.0 mg) in high purity.
Purification of the combined fractions 25 — 30 on the same HPLC equipment by
using CHsCN / H20 (35 : 65, flow rate of 2.5 mL/min) as solvents led to 7.0 mg of 2

and 6.5 mg of 3.

6,8-Dihydroxy-3-methylisocoumarin (1): yellow powder; HRMS (m/z): (ESI/[M +

H]*) calcd. for C10H9O4, 193.0495, found 193.0493.



6,8-Dihydroxy-3-hydroxymethylisocoumarin (2): white needle powder; HRMS

(m/z): (ESI/[M + HJ*) calcd. for C1o0HoOs, 209.0444, found 209.0451.

6-Methoxy-8-hydroxy-3-methylisocoumarin (3): yellow oil; HRMS (m/z): (ESI/[M

+ H]") calcd. for C11H1104, 207.0652, found 207.0663.

1.5 Precursor Feeding in A. nidulans LO8030

A. nidulans LO8030 was cultured on solid rice medium (2 g rice, 3 mL H20,
containing the appropriate supplements) at room temperature at a static condition.
After three days, 10 uL of 6,8-dihydroxy-3-methylisocoumarin (1) as a 1 M stock
solution in DMSO was added to the rice culture, resulting in a final concentration of
0.4 mM. After cultivation for 7 further days, the secondary metabolites were
extracted with ethyl acetate, dissolved in a mixture of MeOH and H20 (19 : 1) and

analyzed by LC-MS.
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Supplementary Tables

Table S1. 'H NMR data of compounds 1, 2 and 3 (DMSO-ds)

HO 5 4 3 9
6 X
02
Compound 3 1
OH O OH O

6,8-Dihydroxy-3- 6,8-Dihydroxy-3- 6-Methoxy-8-hydroxy-3-

methylisocoumarin (1)* hydroxymethylisocoumarin (2)* methylisocoumarin (3)*
Position On, multi., Jin Hz On, multi., Jin Hz On, multi., Jin Hz
4 6.47,q,1.0 6.61, s 6.27,q,1.2
5 6.33,d, 2.5 6.43,d, 2.1 6.43,d, 2.2
7 6.30,d, 2.5 6.34,d, 2.1 6.33,d, 2.2
9 2.22,d,1.0 4.25,d,1.0 2.13,d,1.2
6-OH 10.79, brs - -
8-OH 10.95, s 10.93, brs 10.66, brs
9-OH - 5.57, brs -
6-OCHs - - 3.81,s

The NMR data of the isolated compounds correspond very well to those reported in the literature.*
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Supplementary Figures
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Figure S1. Constructs used for heterologous expression in A. nidulans

55



56

I[rlnt%]&

3000

2500

20004

15008

10004

5007

245

UV, 22.1min

HO

OH O

325

200

220

240

260 280 300 320 Wavelength

ey

20001

1500]

1000]

5001

245

uv, 16.1min

(nm]

200

220

240

260 280 300 320 Wavelength

I[nntgﬁ.

2500

20004

1500)

10008

5001

245

UV, 16.7min

H,CO

OH O

325

(nm]

0

200

220

240

260 280 300 320  Wavelength

Figure S2. UV spectra of compounds 1, 2 and 3

[nm]



g% EEEL 23
35 $39382 55
- BB - - L]

} b et S

3 4 @
HO ,\3
]
7 2
B 1
OH O H-4 H5 HT
. | |
II I| |1f| |||
[ S 3H-9
e o . _.-/ I'\,ll e PR
Py _;;_'1 i €3
e Solvents
8-0H ' l
6-0OH "
JE— AL A A_L__f'llx _ - \\,lh;,l_
Fy A }
gs g=8 S
- ] -
= 1 e } 8 : 5 8 i 3 2

1 {oem)

Figure S3. 'H NMR spectrum of compound 1 in DMSO-ds (500MHz)

: LEEE :
| g !
H-7
H-4 H-5
- Jl Ih - J| | P & W
2H-9
ee £ 5 54 &3 ' Solvents

£1 (pp=) /

8-0H
zl\. — —— In__nL_ J\__. —
LS A M 1
& E8R =
= i =
10 ’ s 7 6 ; ‘ H 2
£1 (ppm)

Figure S4. 'H NMR spectrum of compound 2 in DMSO-ds (500MH2z)

10

57



? =Bl R -ELE-] - =
g FHESES g g
c IS5 AaA = =
= O o oo oo "y ~a
ey g [
6-0OCH,
Hod H5  HT 3H-9
il

Solvents

L

L .

]
- ]
- b B
] -

115
| 325~

T T
& 8 7 [ 5 4 3 2
1 oz

Figure S5. 'H NMR spectrum of compound 3 in DMSO-ds (500MHZz)

Supplementary References

1 Y. M. Chiang, M. Ahuja, C. E. Oakley, R. Entwistle, A. Asokan, C. Zutz, C. C. Wang, and B. R.
Oakley, Angew. Chem. Int. Ed. Engl., 2016, 55, 1662-1665.

2 J.Fan, G. Liao, F. Kindinger, L. Ludwig-Radtke, W.-B. Yin, and S.-M. Li, J. Am. Chem. Soc.,
2019, 141, 4225-4229.

3 A. P.Jacobus and J. Gross, PLoS. One., 2015, 10, e0119221.

4 H. Kumagai, M. Amemiya, H. Naganawa, T. Sawa, M. Ishizuka, and T. Takeuchi, J. Antibiot.,
1994, 47, 440-446.

5 W.B.Yin, Y. H. Chooi, A. R. Smith, R. A. Cacho, Y. Hu, T. C. White, and Y. Tang, ACS Synth.
Biol., 2013, 2, 629-634.

11



PUBLICATIONS

4.2 Formation of 3-orsellinoxypropanoic acid in Penicillium crustosum is

catalyzed by a bifunctional nonreducing polyketide synthase

59






Downloaded via UNIV OF MARBURG on August 9, 2022 at 10:07:09 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

OL Organic
Letters

pubs.acs.org/OrglLett

Formation of 3-Orsellinoxypropanoic Acid in Penicillum crustosum is
Catalyzed by a Bifunctional Nonreducing Polyketide Synthase

Pan Xiang and Shu-Ming Li*

Cite This: Org. Lett. 2022, 24, 462-466 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

OseA HO OH
Q \q(o OH  Ho OH
SAT AT AcP P TE RJ\ ~N
OH
KS PT ACP2 (e} 1 o \/\([)]/

ABSTRACT: The heterologous expression of a nonreducing polyketide synthase gene oesA from Penicillium crustosum led to the
identification of orsellinoylpropanoic acid (1). Domain deletion and recombination proved that OesA catalyzes not only the
formation of orsellinic acid but also its transfer to 3-hydroxypropanoic acid. Both ACP domains contribute independently and
complementarily to the product formation. Feeding experiments provided evidence that only the orsellinyl residue is derived from
acetate.

olyketide natural products are structurally diverse and function for dimerization raised our interest in studying its
biologically active secondary metabolites produced by homologues. We identified the gene pcr7502 that codes for a
plants, bacteria, and fungi, including Penicillium and Aspergillus putative nonreducing polyketide synthase, termed OesA
species.l_3 Their backbones are biosynthesized by polyketide hereafter, in the genome of Penicillium crustosum PRB-2."?
synthases (PKSs) and can be further modified by diverse OesA is comprised of 2088 amino acids and has a similar
tailoring enzymes.” PKSs are classified based on their domain architecture as OrsA, ie, SAT-KS-AT-PT-ACP1-
architecture and mode of action. Fungal PKSs belong to ACP2-TE (Figure 1). A sequence comparison revealed a
iterative type I enzymes with catalytic domains as large 32.2% sequence identity between OrsA and OesA on the amino
programmed covalent complexes.’”’ Nonreducing fungal acid level. The identities among the corresponding domains of
PKSs comprise normally individual functional domains such as the both proteins were found to be 22% to 47% (Figure 1). It was
the starter acyl transferase (SAT), f-ketosynthase (KS), acyl reported that megasynthases with a low protein sequence
transferase (AT), product template (PT), acyl carrier protein identity can still produce the same or similar metabolites, which
(ACP), and thioesterase (TE) domains.® These enzymes are raised our interest in investigating the function of OesA."® Gene
usually responsible for the formation of aromatic acids like the deletion in Penicillium crustosum PRB-2 did not lead to
archetypal phenolic polyketide orsellinic acid (OA).” detectable secondary metabolite changes in the AoesA mutant
Orsellinic acid synthase (OSAS), as one of the first discovered in comparison to the wildtype. This suggests that oesA is
fungal PKSs, was already isolated from Penicillium madriti in probably a silent gene not expressed under our cultivation
1968."° Until now, a large number of OSASs have been conditions (Li and Kindinger, unpublished results).
identified in bacteria and fungi (Figure S1). Among them, OrsA To prove its function, we changed our SHatng to
(AN7909) from Aspergillus nidulans with two ACP domains heterologous expression in A. nidulans LO8030. " For this
catalyzes not only the formation of OA but also its dimerization purpose, a 6635 bp fragment consisting of the whole genomic
(Figure 1).”'! Both ACPs are involved in the formation of the sequence of oesA and a downstream region of 517 bp containing
OA dimer diorcinolic acid (2). The domain structure and its the native terminator was amplified via PCR and cloned into the

expression vector pYH-wA-pyrG by homologous recombination
in Saccharomyces cerevisiae, as described previously.'>'® The

Ho___OH
ush :\@fo 10 oM obtained construct pPX1S (Figure S2) was introduced into A.
o'l \mo( nidulans LO8030 by a polyethylene glycol-mediated protoplast

" 1

similarity/ 38/22 62/47 46/30 53/29 42/21 58/38  42/27
identity (%,
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Figure 1. Domain structures of OesA and OrsA with their main
products.
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Figure 2. LC-MS analysis of A. nidulans extracts after 10 days of
cultivation. UV absorptions at 254 nm are illustrated. A tolerance range
of +0.005 was used for ion detection.

transformation. After selection with uridine and uracil auto-
trophy and subsequent confirmation by PCR amplification,
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and magenta circles represent the labeled carbons after feeding with
[2-13C] acetate and [2-'*C] malonic acid, respectively.

three integration transformants were cultivated on the PDB
liquid medium under static condition. The 10 day-old cultures
were extracted with ethyl acetate and analyzed by LC-MS for
secondary metabolites. All three extracts showed similar
metabolite profiles. As shown in Figure 2D for the transformant
Aspergillus nidulans PX1S, an additional peak 1 witha [M + Na]*
ion at m/z 263.0522 for a deduced molecular formula of
C,1H ;04 was detected in the extract compared to that of the
negative control strain carrying the empty vector pYH-wA-pyrG.

For structure elucidation, the analytically pure product 1 was
isolated from the 3L PX15 culture and subjected to NMR and
MS analyses. Detailed analysis of the 1D and 2D NMR spectra
(Table S4 and Figures S6—S10) revealed 1 to be an OA
derivative. In comparison to those of OA, ' three additional 1*C
signals at 6 60.8 (C8), 33.3 (C9), and & 172.0 (C10) were
observed and could be assigned to those of a 3-hydroxypro-
pionic acid (3-HP) residue (Table S4). This is also in consistent
with its "H NMR data. The connection of 3-HP to the OA
moiety via an ester bond (C7—0—C8) was confirmed by the key
correlation between H8 and C7 in the HMBC spectrum (Table
S4 and Figure S10). Based on this evidence, 1 was
unambiguously identified as orsellinoxypropanoic acid (Figure
1).

As mentioned above, OA has been identified in many species
and is usually modified by hydroxylation, methoxylation, or
halogenation.'”'® The formation of OA dimers via an ester or
ether bond was also reported.'”*° The ester bond formation in 1
is likely an enzymatic or nonenzymatic transfer of the orsellinyl
residue from OesA to the hydroxyl group of 3-HP, as was
observed for the precursor of ustethylin A.>' The enzymatic
transesterification could be catalyzed by the TE domain of
OesA, as reported for other PKSs,”* or by an unknown host
enzyme from A. nidulans. To understand the ester bond
formation, we also heterologously expressed orsA from A.
nidulans RSMO11 in LO8030 without the endogenous ors
cluster (Tables S1—S3 and Figure 52)."* In analogy to the oesA
transformant PX1S, the expression strain A. nidulans PX26
harboring orsA was cultivated in liquid PD media, extracted with
ethyl acetate, and analyzed by LC-MS. In comparison to the
negative control, the sole product peak was detected with the
expected [M + H]" ion for diorcinolic acid (2) at m/z 319.0814
(Figures 2C and E). The integrity of 2 was then proven by
comparing its UV, MS, and '"H NMR data with those published
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Scheme 1. Proposed Formation Mechanism of 3-Orsellinoxypropanoic Acid
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Figure 4. Dependence of (A) 1 and (B) 2 formation in A. nidulans on
cultivation times.

previously (Table S5 and Figure S11).”° These results are
consistent with those of orsA expression in Saccharomyces
cerevisiae” and rule out nonenzymatic events or the involvement
of host enzymes in the formation of 1. Taken together, both
OesA and OrsA are OA synthases. Differing from OrsA with an
activity for OA dimerization, OesA catalyzes the ester formation
of OA with 3-HP.
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It was reported that both ACP domains in OrsA are involved
in the OA dimerization.”® To probe the function of the ACP
domains of OesA in the formation of 1, we deleted both ACP
domains in PX15 separately. The transformants were cultivated
and treated as described above. As shown in Figures 2F and G,
both deletion mutants, namely PX29 without ACP1 and PX30
without ACP2, can still produce 1, which was identified by
comparing its t, UV, and MS data. However, the product yields
in PX29 and PX30 were lower compared to that of PX15. These
results demonstrated that both ACP1 and ACP2 contribute
independently to the OA formation, as reported for other
PKSs.””**** The reason for ACP duplication or multiplication is
still currently unknown.*®

After the successful expression of orsA and oesA in A. nidulans
and the identification of different products, we then constructed
hybrid genes in pYH-wA-pyrG with the SAT-KS-AT-PT
domains of one gene and the ACP1-ACP2-TE domains of
another gene. The domains were defined according to the
prediction results with BLASTP and 2ndFind. The plasmid
pPX31 contains the SAT-KS-AT-PT domains of OesA and the
ACPI1-ACP2-TE domains of OrsA, while pPX32 contains the
SAT-KS-AT-PT domains of OrsA and the ACP1-ACP2-TE
domains of OesA (Table S2). Subsequently, pPX31 and pPX32
were transformed into A. nidulans, resulting in the transformants
PX31 and PX32, respectively (Table S1). LC-MS analysis
revealed that PX31 produced neither 1 nor 2 (Figure S4). In
comparison, one additional peak with a [M + Na]* ion at m/z
263.052 + 0.00S accumulated in the PX32 culture (Figure 2H).
The isolation and comparison of its '"H NMR data confirmed
this product to be 1. The combination of the SAT-KS-AT-PT-
ACPI1 domains of OesA with the ACP2-TE domains of OrsA
(PX34) or the SAT-KS-AT-PT-ACP1-ACP2 domains of OesA
with the TE domain of OrsA (PX36) did not lead to any
detected product. Similar negative results were obtained with
constructs of the SAT-KS-AT-PT-ACP1 domains of OrsA with
the ACP2-TE domains of OesA (PX35) as well as those of the
SAT-KS-AT-PT-ACP1-ACP2 domains of OrsA with the TE
domain of OesA (PX37) (Figure S4). These results proved that
the ACP1-ACP2-TE domains of OesA can cooperate with SAT-
KS-AT-PT domains of OrsA but not vice versa. They also
provide evidence that the ACP1-ACP2-TE domains of OesA are
responsible for the ester bond formation in 1. Notably, no OA
was accumulated in the transformants PX34—PX37 (Figure SS),
indicating no gene expression, incorrect protein folding, or no
product release from the PKS template.

https://doi.org/10.1021/acs.orglett.1c04189
Org. Lett. 2022, 24, 462—-466

63


https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c04189/suppl_file/ol1c04189_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c04189?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c04189?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c04189?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c04189?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c04189?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.1c04189?fig=fig4&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://doi.org/10.1021/acs.orglett.1c04189?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

64

Organic Letters

pubs.acs.org/OrgLett

To elucidate the origin of 1, we performed feeding
experiments with sodium [2-'*C] acetate and [2-'*C] malonic
acid in A. nidulans PX1S. After feeding with [2-'*C] acetate
(Figure 3), four signals at 6 106.6 (C-1), 100.4 (C-3), 110.5
(C-5), and 22.2 (C-11) ppm are enriched 3.0—4.3-fold in the
BC NMR spectrum of 1 (Table S6), unequivocally proving
incorporation of four intact acetate units in the OA moiety of 1.
Correspondingly, 5.9—21.3-fold enrichment was calculated for
these four carbons after feeding with [2-'°C] malonic acid
(Table S6 and Figure 3). No enrichment was observed for the
carbons in the 3-HP moiety, indicating that it did not originate
from acetate or malonate. In view of the 3-HP metabolic
pathways, this moiety could originate from fumaric acid.**’

Based on the results obtained in this study, we postulated a
formation mechanism for 1 in Penicillium crustosum as depicted
in Scheme 1. One acetyl CoA moiety condenses with three
malonyl CoA molecules on the OesA assembly line. The finished
orsellinyl moiety is attached to ACP1 or ACP2. The TE domain
catalyzes the transfer of the OA residue from both ACPs to 3-HP
to form 1. This transesterification mechanism occurs occasion-
ally in natural product biosynthesis”* and differs clearly from
trans-acting enzymes with additional proteins for product
release from the PKS.”*

To monitor the productivity, the producing strains PX15,
PX29, PX30, and PX32 of 1 as well as PX26 of 2 were cultivated
up to three weeks. The accumulated 1 and 2 were quantified by
LC-MS. As shown in Figure 4A, the product yields reached their
maximal values after 10 days in the 1-producing strains and $§
days in the PX26 strain producing 2. Interestingly, the
productivity of the strain PX32 with the SAT-KS-AT-PT of
OrsA at 5.3 + 0.16 mg/L is approximately 1.6-fold that of PX15
with the intact OesA at 3.3 & 0.1 mg/L. This suggests a higher
efficiency of the SAT-KS-AT-PT domains of OrsA for
assembling the orsellinyl residue compared to those of OesA
and corresponds to the high product yield of the strain PX26
with OrsA at 47.4 + 5.4 mg/L (Figure 4B). Meanwhile, these
results indicate that the PKS-assembled orsellinyl moiety
determined the yield of the final product. This could also be
the reason for the almost unchanged product amount in PX15
after the addition of external 3-HP (data not shown).
Interestingly, the productivity of 1 in the PX32 strain bearing
a sequence for a hybrid enzyme remained constantly high, even
after cultivation for 21 days. The reason for this phenomenon is
unknown. Furthermore, the sum of the two strains with ACP
deletion, i.e., 2.2 #+ 0.19 mg/L in PX29 with ACP1 deletion and
1.1 + 0.04 mg/L in PX30 with ACP2 deletion, is almost the
same as that of PX1S without deletion. This suggests the
independent and complementary contribution of the both ACPs
for ester formation with 3-HP.

In conclusion, the NR-PKS gene oesA from P. crustosum was
successfully expressed in A. nidulans LO8030 and proved its role
in the formation of 3-orsellinoxypropanoic acid (1) as an OA
synthase and a transferase. Domain deletion and recombination
provided evidence that both ACPs contribute independently
and complementarily to the formation of the product 1.
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Experiment Procedures

1. Computer-assisted sequence analysis

The genomic DNA sequence of OesA (Pcr7502) from Penicillium crustosum PRB-2 reported in this
study is available at GenBank under the accession number OL773684. Sequence analysis of 3-
orsellinoxypropanoic acid synthase was carried out by antiSMASH
(http://antismash.secondarymetabolites.org/) and by comparison with known entries in NCBI
database. The sequences of other proteins were obtained from NCBI databases
(http://www.ncbi.nlm.nih.gov). Domain structure prediction was carried out by using online
programmes BLAST (http://blast.ncbi.nim.nih.gov) and 2ndFind (https://biosyn.nih.go.jp/2ndfind/).
The phylogenetic tree of orsellinic acid synthases (OSASs, Figure S1) was created by MEGA
version 7.0 (http://www.megasoftware.net).

2. Strains, media and growth conditions

The fungal strains used in this study are summarized in Table S1. P. crustosum PRB-2' was
cultivated on PDA plates [potato dextrose broth (PDB), Sigma-Aldrich with 1.6% agar] at 25°C for
sporulation and in PD surface culture at 25°C for detection of secondary metabolites (SMs).

Aspergillus nidulans strains were grown at 37°C on GMM medium [LMM medium (1.0% glucose,
50 mL/L salt solution, 1 mL/L trace element solution, and 0.5% yeast extract) with 1.6% agar] for
sporulation and transformation supplemented with 0.5 g/L uridine, 0.5 g/L uracil, 2.5 mg/L riboflavin
and/or 0.5 mg/L pyridoxine, depending on the selective marker genes. The created A. nidulans
strains were cultivated at 25°C in PD medium under static conditions for SM detection.?*

Escherichia coli DH5a (Invitrogen) was used for cloning and plasmid propagation and was grown
in liquid or on solid lysogeny broth (LB) at 37 °C. 50 ug/mL carbenicillin was used for selection of
the recombinant E. coli strains.

Saccharomyces cerevisiae HOD114-2B was used for cloning by homologous recombination.®
Generally, yeast was grown at 30°C in YPD medium [1% yeast extract, 2% peptone and 2%
glucose]. Selection was performed with synthetic complete (SC) medium without uracil (SC-Ura)
[6.7 g/L yeast nitrogen base with ammonium sulfate, 650 mg/L CSM-His-Leu-Ura (MP
Biomedicals), histidine and leucine].®

3. Genomic DNA isolation

For genomic DNA isolation, P. crustosum and A. nidulans strains were cultivated in PDB or LMM
for 3 days at 25 °C and 37 °C, respectively. Genomic DNA was isolated according to the method
described previously.’

4. PCR amplification, gene cloning and plasmid construction

Plasmids generated and used in this study are listed in Table S2. The oligonucleotide sequences
for PCR amplification are given in Table S3. All primers were synthesized by Seqlab GmbH
(Géttingen, Germany). Genetic manipulation in E. coli was carried out as described before.8 PCR
amplification was carried out by using Phusion® High-Fidelity DNA polymerase from New England
Biolabs (NEB) on a T100TM Thermal cycler from Bio-Rad.

Plasmids for heterologous expression were constructed by homologous recombination in

Escherichia coli or Saccharomyces cerevisiae. To construct the plasmids for heterologous
S3
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expression of oesA and orsA in A. nidulans, an assembly approach based on the homologous
recombination in S. cerevisiae was used (Figure S2).5° The full length of oesA including its
terminator of 517 bp was amplified from genomic DNA of P. crustosum PRB-2 as the template by
PCR with primer pairs pPX15-PKS281-1F/1R and pPX15-PKS281-2F/2R (Table S3) and
subsequently inserted into the Nhel-linearized vector pYH-wA-pyrG with homologous flanking
sequences of the wA gene, the gpdA promoter, and the afpyrG selection marker.® The amplified
genomic sequence of oesA was cloned between the gpdA promoter and the afpyrG marker by
using 25-30 bps overlap to the Nhel restriction site to create pPX15.

In analogy, for creation of pPX26, orsA (AN7909) including its downstream region of 590 bp was
PCR amplified from genomic DNA of A. nidulans RSM011 and was cloned into the linearized pYH-
wA-pyrG by homologous recombination. Herein, primers pPX26-1F/1R and pPX26-2F/2R (Table
S3) were used for PCR amplification.

To construct the plasmids with domain deletion and domain exchange between oesA and orsA,
the coding region of oesA and orsA were amplified by PCR from pPX15 and pPX26 with the
corresponding primer pairs (Table S3) and were cloned together with the Nhel-linearized pYH-wA-
pyrG via homologous recombination in yeast to give pPX29-pPX32 and pPX34-pPX37.

For creation of the plasmid with an ACP1 domain deletion of oesA, the primers pPX15-PKS281-
1F/pPX29-1R and pPX29-2F/pPX15-PKS281-2R were used to amplify the fragments of oesA
containing SAT-KS-AT-PT and ACP2-TE domains including its terminator from pPX15, respectively.
To construct pPX30 with the ACP2 domain deletion in oesA, pPX15-PKS281-1F/pPX30-1R and
pPX30-2F/pPX15-PKS281-2R were used to amplify the fragments of oesA containing SAT-KS-AT-
PT-ACP1 domains and TE domain including its terminator from pPX15, respectively.

For domain exchange experiments, the fragments of oesA were amplified from pPX15 and the
fragments of orsA were amplified from pPX26 with primers listed in Table S3. The fragments were
designed with a 20—28 bp overlap to each other, the fragments on the gene ends carried an overlap
to the Nhel-linearized pYH-wA-pyrG. The linearized plasmid and the DNA-fragments were cloned
together via homologous recombination in yeast to give pPX31-pPX32 and pPX34-pPX37.

5. Heterologous gene expression in A. nidulans LO8030

A. nidulans LO8030 was used as the recipient host.* Fungal protoplast preparation and PEG-
mediated protoplast transformation were performed according to the protocol described
previously.”

6. Confirmation and cultivation of the A. nidulans transformants

Genomic DNA of the transformants was isolated and used for PCR amplification. After selection
by uridine and uracil autotrophy, the correct integration into the wA PKS gene locus was first
observed by a color change of the conidia from green to white, and subsequent confirmed by PCR
amplification with primers franking the inserted gene(s) (Table S2, Figure S3). PCR amplification
for the domain exchanging transformants was performed using one primer binding in the oesA part
and another binding in the orsA part.

For detection of secondary metabolites, transformants were cultivated in PDB medium with the
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required supplements at 25°C. After 10 days, secondary metabolites were extracted with
equivalent volumes of ethyl acetate for three times, dissolved in a mixture of methanol and distilled
H20 (9:1) and analyzed via LC-MS.

7. Large-scale fermentation, extraction and isolation of secondary metabolites

To isolate 1 from A. nidulans carrying oesA, the transformant PX15.1 was cultivated in 10 x 1 L
Erlenmeyer flasks each containing 300 mL PD liquid medium supplemented with 0.5 mg/L
pyridoxine and 2.5 mg/L riboflavin at 25°C for 14 days. The supernatant and mycelia were
separated, and extracted with ethyl acetate and acetone, separately. The acetone extract was
concentrated under reduced pressure to afford an aqueous solution, and then extracted with ethyl
acetate. The two ethyl acetate extracts were combined and evaporated under reduced pressure
to give a crude extract (1.0 g). This crude extract was applied to silica gel column chromatography
by using CH2Cl2 / MeOH (100: 1,40 :1,10: 1 and 0 : 1, v/v) as elution solvents, giving fractions
1 -34.1 (6.9 mg) was obtained from fraction 20 — 23 after purification on a semi-preparative HPLC
(XDB-C18, H20/CH3CN = 65/40, flow rate = 2.0 mL/min, A = 254 nm, tr = 12.3 min).

To isolate 2 from A. nidulans carrying orsA, the transformant PX26 was cultivated in 2 x 2.5 L
Erlenmeyer flasks each containing 500 mL PD liquid medium supplemented with 0.5 mg/L
pyridoxine and 2.5 mg/L riboflavin at 25°C for 7 days. After extracting with 6 L ethyl acetate and
concentration under reduced pressure, the crude extract (0.3 g) was purified by using preparative
HPLC (VDSpher PUR 100 C18-M-SE, H2O0/CH3sCN = 90/10 — 0/100, flow rate = 10.0 mL/min, A=
254 nm) in 10 min, leading to the isolation of 2 (31.2 mg, {r = 6.3 min).

8. Quantitative analysis the 1 and 2 formations

For quantitative experiments, 50 mL PDB medium supplemented with 2.5 mg/L riboflavin and 0.5
mg/L pyridoxine were inoculated with spores of A. nidulans PX15, PX26, PX29, PX30, and PX32
in 250 ml flasks. The cultures were kept at 25°C under static conditions as triplicates. 1 mL culture
each was taken on day 3, 5, 7, 10, 14, and 21 and extracted with equivalent volumes of ethyl
acetate for three times. The extracts were dissolved in 100 uL mixture of MeOH and distilled H20
(9:1), and analyzed via LC-MS. The data were obtained by analysis with Compass DataAnalysis
4.2 software and GraphPad Prism 8.

9. Feeding experiments in the oesA expression strain A. nidulans PX15

To isolate the labeled products, the strain PX15 was cultivated in PDB liquid medium with
appropriate supplements at 25°C. Aqueous stock solutions of the labeled compounds were fed to
the cultures after 24 h cultivation. After cultivation for another 10 days, the fungal cultures were
extracted with ethyl acetate for three times. The extracts were further purified on HPLC and
subjected to NMR analysis. 5.0 mg of 1 were obtained from 2.5 L culture with 750 mg of sodium
[2-13C] acetate and 2.2 mg from 1.0 L culture with 360 mg of [2-'3C] malonic acid.

10. HPLC and LC-MS analyses of secondary metabolites

Analysis of SMs was performed on an Agilent series 1200 HPLC (Agilent Technologies, Béblingen,
Germany) with an Agilent Eclipse XDB-C18 column (150 x 4.6 mm, 5 um). H20 (A) and CHsCN
(B), both with 0.1% (v/¥v) HCOOH, were used as solvents at flow rate of 0.5 mL/min. The
substances were eluted with a linear gradient from 5 — 100% B in 40 min, then washed with 100%
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(v/v) solvent B for 5 min and equilibrated with 5% (v/v) solvent B for 10 min. UV absorptions at 254
nm were illustrated in this study. Semi-preparative HPLC was performed on the same equipment
with an Agilent Eclipse XDB-C18 column (9.4 x 250 mm, 5 um) column and a flow rate of 2 mL/min.
Preparative HPLC was performed on an Agilent series 1260 Infinity Il HPLC (Agilent Technologies,
Boblingen, Germany) with an VDSpher PUR 100 C18-M-SE column (150 x 20 mm, 5 um) and a
flow rate of 10 mL/min.

LC-MS analysis was performed on an Agilent 1260 HPLC system equipped with a microTOF-Q Il
spectrometer (Bruker, Bremen, Germany) by using Multospher 120 RP18-5u column (250 x 2 mm,
5 um, CS-Chromatographie Service GmbH, Langerwehe, Germany). H20 (A) and CH3CN (B), both
with 0.1% (v/v) formic acid, were used as solvents at flow rate of 0.25 mL/min. The substances
were eluted using a linear gradient from 5-100% B within 40 min. For mass determination, positive
ion mode electrospray ionization (ESI) in a micrOTOF-Q Ill mass spectrometer with ESI-source
(Bruker Daltonics) was used with 5 mM sodium formiate for mass calibration. The masses were
scanned in the range of m/z 100 — 1500. Data were evaluated with the Compass DataAnalysis 4.2
software (Bruker Daltonik, Bremen, Germany).

11. NMR analysis

NMR spectra were recorded on a JEOL ECA-500 MHz spectrometer (JEOL, Tokyo, Japan). The
spectra were processed with MestReNova 6.1.0 (Metrelab, Santiago de Compostela, Spain).
Chemical shifts are referenced to those of the solvent signals. NMR data are given in Tables S4 —
S6 and spectra in Figures S6 — S11.

12. Physiochemical properties of the compounds described in this study
3-Orsellinoxypropanoic acid (1): yellow oil; HRMS (ESI) m/z: [M + Na]* Calcd for C11H120sNa
263.0526; Found 263.0522.

Diorcinolic acid (2): yellow oil; HRMS (ESI) m/z: [M + H]* Calcd for C16H1507 319.0812; Found
319.0814.
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Supplementary Tables

Table S1. Strains used in this study

Strains Genotype Source/Ref.
Penicillium crustosum
PRB-2 Wild type 1
Aspergillus nidulans
LO8030 pyroA4, riboB2, pyrG89, nkuA::argB, 4
sterigmatocystin cluster (AN7804-AN7825)A,
emericellamide cluster (AN2545-AN2549) A,
asperfuranone cluster (AN1039-AN1029) A,
monodictyphenone cluster (AN10023-AN10021) A,
terrequinone cluster (AN85712-AN8520) A,
austinol cluster part 1 (AN8379-AN8384) A,
austinol cluster part 2 (AN9246-AN9259) A,
F9775 cluster (AN7906-AN7915) A,
asperthecin cluster (AN6000-AN6002) A
Aspergillus nidulans Wild type 10
RSMO011
PX15 gpdA::oesA::AfpyrG in A. nidulans LO8030 This study
PX26 gpdA::orsA::AfpyrG in A. nidulans LO8030 This study
PX29 gpdA::0esA(AACP1)::AfpyrG in A. nidulans LO8030 This study
PX30 gpdA::0esA(AACP2)::AfpyrG in A. nidulans LO8030 This study
gpdA::0esA(SAT-KS-AT-PT)+orsA(ACP1-ACP2-TE)::AfpyrG in This study
PX3t nidulans LO8030
gpdA::orsA(SAT-KS-AT-PT)+oesA(ACP1-ACP2-TE).:AfpyrG in This study
P32 nidulans LO8030
gpdA::0esA(SAT-KS-AT-PT-ACP1)+orsA(ACP2-TE)::AfpyrG in This study
PX34 nidulans LO8030
gpdA::orsA(SAT-KS-AT-PT-ACP1)+0esA(ACP2-TE)::AfpyrG in This study
P35 nidulans LO8030
gpdA::0esA(SAT-KS-AT-PT-ACP1-ACP2) This study
P36 +orsA(TE)::AfpyrG in A. nidulans LO8030
PX37 gpdA::orsA(SAT-KS-AT-PT-ACP1-ACP2)+0esA(TE)::AfpyrG in This study

nidulans LO8030

72
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Table S2. Plasmids used and constructed in this study

Plasmids Description Source/Ref.

pYH-wA-pyrG URAS3, wA flanking, AfpyrG, Amp 3

pESC-URA Saccharomyces cerevisiae and E. coli shuttle vector Agilent

pPX15 pYH-wA-oesA; a 7205 bp fragment of oesA with its terminator from  This study
genomic DNA of P. crustosum PRB-2 were inserted in pYH-wA-pyrG

pPX26 pYH-wA-orsA; a 7092 bp fragment of orsA with its terminator from  This study
genomic DNA of A. nidulans RSMO011 were inserted in pYH-wA-pyrG

pPX29 AACP1 of oesA; a 5163 bp fragment and a 1908 bp fragment with its  This study
terminator of oesA from pPX15 were inserted in pYH-wA-pyrG

pPX30 AACP2 of oesA; a 5548 bp fragment and a 1572 bp fragment with its  This study
terminator of oesA from pPX15 were inserted in pYH-wA-pyrG

pPX31 a 5098 bp fragment of oesA from pPX15 and a 2207 bp fragment with  This study
its terminator of orsA from pPX26 were inserted in pYH-wA-pyrG

pPX32 a 4850 bp fragment of orsA from pPX26 and a 2109 bp fragment with  This study
its terminator of oesA from pPX15 were inserted in pYH-wA-pyrG

pPX34 a 5492 bp fragment of oesA from pPX15 and a 1774 bp fragment with ~ This study
its terminator of orsA from pPX26 were inserted in pYH-wA-pyrG

pPX35 a 5291 bp fragment of orsA from pPX26 and a 1674 bp fragment with ~ This study
its terminator of oesA from pPX15 were inserted in pYH-wA-pyrG

pPX36 a 5755 bp fragment of oesA from pPX15 and a 1449 bp fragment with ~ This study
its terminator of orsA from pPX26 were inserted in pYH-wA-pyrG

pPX37 a 5630 bp fragment of orsA from pPX26 and a 1421 bp fragment with  This study

its terminator of oesA from pPX15 were inserted in pYH-wA-pyrG

S8
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Table S3. Primers used in this study

Primer

Sequence

Targeted amplification

pPX15-PKS281-1F

CATCTTCCCATCCAAGAACCTTTAATCATGGCGTCCAACAA
CTTCCTC

pPX15-PKS281-1R

GCATAAGATAGTCGGGCTCAATCAG

DNA of 1st oesA fragment 3698 bp from P. crustosum
to construct pPX15

pPX15-PKS281-2F

GCCTTTCATTCCGCTCAGATGG

pPX15-PKS281-2R

ATTTCGTCAGACACAGAATAACTCTCCTCAGACATGAACCA
GTCAGCG

DNA of 2nd oesA fragment 3661 bp from P

crustosum to construct pPX15

pPX15-test-1f

GAGCAACTATCATTGGTCGC

pPX15-test-1r

GAACACAAGTGCTTAGAGGC

937 bp partial fragment of oesA

CATCTTCCCATCCAAGAACCTTTAATCATGGCTCCAAATCA

pPX26-1F DNA of 1st orsA fragment 3604 bp from A.nidulans
CGTTCTT
RSMO011 to construct pPX26
pPX26-1R GCCATCAGACTGATGCAGATAG
pPX26-2F GTGCAGCATGCTTTCCATACTC
DNA of 2nd orsA fragment 3834 bp from A.nidulans
ATTTCGTCAGACACAGAATAACTCTCGTCAAGATGAGATGC
pPX26-2R RSMO011 to construct pPX26

AGGAAGAG

pPX26-test-1f

CGTCGTCGAGATGCATGGAAC

pPX26-test-1r

CTGCTCAGCTCGTAGGTGTTC

2070 bp partial fragment of orsA

GATTCCAACAGCATAAGATGCGCTCGGAGGAACATGTCAT

DNA of 1st oesA fragment 5163 bp from pPX15 to

pPX29-1R
CAGAGGAAC construct pPX29 (amplified with pPX15-PKS281-1F)
CGAGTTCCTCTGATGACATGTTCCTCCGAGCGCATCTTAT DNA of 2nd oesA fragment 1908 bp from pPX15 to
pPX29-1F
GCTGTTGG construct pPX29 (amplified with pPX15-PKS281-2R)
CAGGGTGGGCTTAGGAGCCGAGCCGTTATGCTGCAAATC DNA of 1st oesA fragment 5548 bp from pPX15 to
pPX30-1R
GGACATTTCG construct pPX30 (amplified with pPX15-PKS281-1F)
CTGGATGCGAAATGTCCGATTTGCAGCATAACGGCTCGGC | DNA of 2nd oesA fragment 1572 bp from pPX15 to
pPX30-1F
TCCTAAGC construct pPX30 (amplified with pPX15-PKS281-2R)
DNA of oesA fragment 5152 bp from pPX15 to
CTTTGCCATAGACTTGGCCGGCGCAGCATCAGAGGAACT
pPX31-1R construct pPX31 (amplified with pPX15-PKS281-1F,
CGTAGCTAAC
containing SAT-KS-AT-PT domains of oesA)
CCAAAGTTAGCTACGAGTTCCTCTGATGCTGCGCCGGCCA
pPX31-2F DNA of orsA fragment 2260 bp from pPX26 to
AGTCTATG
construct pPX31 (containing ACP1-ACP2-TE
ATTTCGTCAGACACAGAATAACTCTCGTTGGTCTCAGCTG
pPX31-2R domains and its terminator of orsA)

AAATGCCTG

pPX31-test-1f

GTCGCATTCCCGGCAAAGTAC

pPX31-test-1r

GGCGTGAGATCACTGGCTTCC

1051 bp partial fragment of pPX31 for transformant

verification

pPX32-1R

ATTATTTTGGCCACCCGGAGGAACATGTCAGCCACCGGCT
TGGTGGAGC

DNA of orsA fragment 4906 bp from pPX26 to
pPX32 pPX26-1F,
containing SAT-KS-AT-PT domains of orsA)

construct (amplified  with

74
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Table S3 (continued)

pPX32-2F

CCCGCGGCCGCTCCACCAAGCCGGTGGCTGACATGTTCC
TCCGGGTGGC

DNA of oesA fragment 2109 bp from pPX15 to
construct pPX32 (amplified with pPX15-PKS281-2R,
containing ACP1-ACP2-TE domains and its

terminator of oesA)

pPX32-test-1f

GACGATGCGTCTAGGCCAGC

pPX32-test-1r

GCCAGGATACCCATGGACATC

1059 bp partial fragment of pPX32 for transformant

verification

CGAGAGAGAGCAGGTGCTGGCTTGGTGGCTGCAAATCGG

DNA of oesA fragment 5546 bp from pPX15 to

pPX34-1R construct pPX34 (amplified with pPX15-PKS281-1F,
ACATTTCGC
containing SAT-KS-AT-PT-ACP1 domains of oesA)
DNA of orsA fragment 1827 bp from pPX26 to
CTGGATGCGAAATGTCCGATTTGCAGCCACCAAGCCAGCA | construct pPX34 (amplified with pPX31-2R,
pPX34-2F

CCTGCTCTC

containing ACP2-TE domains and its terminator of

orsA)

pPX34-test-1r

CGCTGGGTTCGTCGATGTCTG

1208 bp partial fragment of pPX34 for transformant
verification (amplified with pPX31-test-1f)

GAACTCAGTATCATGCTGCAAATCGGACGCTTGGTGCCGG

DNA of orsA fragment 5346 bp from pPX26 to

pPX35-1R construct pPX35 (amplified with pPX26-1F,
GCCTTGCTTC
containing SAT-KS-AT-PT-ACP1 domains of orsA)
DNA of oesA fragment 1727 bp from pPX15 to
GCCCGGAAGCAAGGCCCGGCACCAAGCGTCCGATTTGCA | construct pPX35 (amplified with pPX15-PKS281-2R,
pPX35-2F

GCATGATACTGAG

containing ACP2-TE domains and its terminator of

oesA)

pPX35-test-1r

CGAGCCGTTCAACATTTCG CAC

1214 bp partial fragment of pPX35 for transformant
verification (amplified with pPX32-test-1f)

GGAGCGAGACTGACCCCTTTAGTAGAGGTAGACCAGAAG

DNA of oesA fragment 5807 bp from pPX15 to
construct pPX36 (amplified with pPX15-PKS281-1F,

pPX36-1R
TAGGATTGCC containing SAT-KS-AT-PT-ACP1-ACP2 domains of
oesA)
DNA of orsA fragment 1502 bp from pPX26 to
CAAGGCAATCCTACTTCTGGTCTACCTCTACTAAAGGGGT
pPX36-2F construct pPX36 (amplified with pPX31-2R,

CAGTCTCGC

containing TE domain and its terminator of orsA)

pPX36-test-1f

GCAGAGGAAGTTGGAATGGATACG

pPX36-test-1r

GACTGAGAGGTCTTCAGGGAGG

1069 bp partial fragment of pPX36 for transformant

verification

DNA of orsA fragment 5685 bp from pPX26 to

GTGTAGGTAGACCAGAAGTAGGATTGCCGCGAGACTGAC construct pPX37 (amplified with pPX26-1F,
pPX37-1R
CCCTTTAGTAG containing SAT-KS-AT-PT-ACP1-ACP2 domains of
orsA)
DNA of oesA fragment 1473 bp from pPX15 to
CAGTCTACTAAAGGGGTCAGTCTCGCGGCAATCCTACTTC
pPX37-2F construct pPX37 (amplified with pPX15-PKS281-2R,

TGGTCTACC

containing TE domain and its terminator of oesA)

pPX37-test-1f

CTAACTTCCAGCGCACTACGG

pPX37-test-1r

CCAGATCTGCATCACATAAGGCG

1058 bp partial fragment of pPX37 for transformant

verification

The underlined sequences in the primers are homologous regions with the vector or the other fragment for recombination.
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Table S4. NMR data of compound 1

76

3

HO OH
4 2 ' o 19 OH HO _OH
Compound 6 1 m O 7\ _OH
1 © © K )j o\_/\é/\g/
3-Orsellinoxypropanoic acid (1, DMSO-ds)
Position On, multi., Jin Hz dc Key HMBC correlations
1 - 106.6
2 - 161.7
3 6.18,d,2.3 100.5 C-1,C-2
4 - 161.4
5 6.19, dd, 0.7, 2.3 110.5 C-1, C-3, C-11
6 - 141.2
7 - 169.7
8 4.44,%,6.0 60.8 C-7,C-9,C-10
9 2.72,1,6.0 33.3 C-8, C-10
10-COOH 1246, s 172.0
11 2.30, s 22.2 C-1,C-5,C-6
2-OH 10.84, s
4-OH 10.07, s
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Table S5. '"H NMR data of compound 2

Compound
Diorcinolic acid (2, CD30D)

Position OH, multi., Jin Hz

2 6.17,d, 2.8

6 6.29,d, 3.2

7 247, s

4' 6.51,d,2.5

6' 6.24,d, 2.6

7' 2.31,s

The NMR data of the isolated compound correspond very well to those reported in the literature. 12
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Table S6. Enrichments in 1 after feeding with 13C labeled precursors

sodium [2-'3C] acetate
[2-3C] malonic acid

HO.__4&_OH HO OH
Position oc 4 2
5 7.0 10_OH o) OH
6 w \/\[(
11 © o O o

1 106.6 (C) 3.0 18.3
2 161.7 (C) 1.0 0.9
3 100.5 (CH) 4.3 15.7
4 161.4 (C) 1.1 0.8
5 110.5 (CH) 4.0 21.3
6 141.2 (C) 1.0 1.0
7 169.7 (C) 1.1 1.0
8 60.8 (CH2) 1.2 1.2
9 33.3 (CH2) 1.1 0.8
10 172.0 (C) 0.9 0.9
11 22.2 (CHa) 4.3 5.9
S13

78



Supplementary Figures
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PKS63787 KX683290.1 Antrodia cinnamomea

PKS1 KX853115 Aspergillus niger P2

7

CC1G_05377 EAU86383.2 Coprinopsis cinerea

——OpS1 J4UHQ6 Beauveria bassiana ARSEF

99

—— PKS14 EKJ74560 Fusarium graminearum PH-1

OrsA EAA59563 Aspergillus nidulans FGSC A4

9 —— TerA QOD1N9 Aspergillus terreus

99
L OesA OL773684 Penicillium crustosumPRB-2

—— AviM AF333038 Streptomyces viridochromogenes Tue57

100

L—— CalO5 AF497482 Micromonospora echinospora

—— AscC AO0A455R5P9 Acremonium egyptiacum

100
—— StbA LC125467 Stachybotrys bisbyi PYH05-7

Figure S1. Phylogenetic analysis of OesA with known OSASs
The sequences of the known proteins were downloaded from NCBI database.
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Figure S2. Constructs used for heterologous expression in A. nidulans LO8030
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(A) Linearized integration vector
) WA-PKS-

Homologous recombination

Genomic situation in wildtype

(i) :;\"'::’Kzr wA-PKS-gene - wA-PKS-down

WA-PKS-
0 oo R e s o

Primer for presence of target gene

Genomic situation in integration mutant o

(B) 1 2 3456 7M 8 9101112 13 (D)12M34
3Kb —»| =
-
1Kb —» —
: =
500 bp —» =

M: Marker; M: Marker;
M: Marker; ) . 5 5
1, 4: A. nidulans LO8030; g '?X)3(4~1'7,6 ;_i; g)’gslg
2-3:PX31.1,PX31.2; 8-13: PX35.1- : :

4-5:PX32.1,PX32.2

Figure S3. Verification of domain exchange between OesA and OrsA in the transformants

(A) Schematic representation of homologous recombination in A. nidulans. (iii) The genomic
situation in the transformant shows the amplified fragment in the transformant which was used to
prove the presence of the target gene. (B — D) PCR verifications were performed with genomic
DNA of the A. nidulans transformants. The primers are given in Table S3.
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Figure S4. LC-MS analysis of the metabolite profile of A. nidulans strains

Time (min)

PX31 carrying the expression construct for pPX31 and PX34 — 37 with plasmids pPX34 — 37 were
cultivated in PD medium at 25 °C for 14 days. UV absorptions at 254 nm, [M+Na]* of 1 at m/z
263.052 £ 0.005, and [M+H]" of 2 at m/z 319.081 £ 0.005 are illustrated.
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Figure S5. LC-MS analysis of orsellinic acid (OA) in different A. nidulans transformants
UV absorption of the OA standard at 254 nm is illustrated in (A). EICs in dark green refer total
[M+H]" ions of OA with a tolerance range of + 0.005 (B — K).
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Figure S6. 'H NMR spectrum of compound 1 in DMSO-ds (500 MHz)
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Figure S8. 'H-'H COSY spectrum of compound 1 in DMSO-ds
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Figure S9. HSQC spectrum of compound 1 in DMSO-ds
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Annullatin cluster in Penicillium roqueforti
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Annullatin D

ABSTRACT: Annullatins from Cordyceps annullata are alkylated aromatic polyketides including annullatin D with a fused
dihydrobenzofuran lactone ring system. Here, we report the identification of a silent biosynthetic gene cluster for annullatins from
Penicillium roqueforti by heterologous expression in Aspergillus nidulans, gene deletion, and feeding experiments as well as by
biochemical characterization. The polyketide core structure is consecutively modified by hydroxylation and prenylation. A berberine
bridge enzyme-like protein catalyzes the final step, an oxidative lactonization between two hydroxyl groups, to form (2S, 95)-
annullatin D.

atural products of highly reducing polyketide synthases (SDRs, AnuB, AnuD, AnuF, and Anul), an unknown protein

(HRPKSs) are of great importance by exhibiting a broad (AnuC), a cytochrome P450 (CYP, AnuE), a berberine bridge
range of biological activities."”” The cholesterol-lowering agent enzyme-like protein (BBE-like enzyme, AnuG), a prenyltrans-
lovastatin from Aspergillus terreus is one important representa- ferase (PT, AnuH), an aromatic ring hydroxylating dehydro-
tive.> Iterative fungal HRPKSs are a large family of multi- genase (ARHD, AnuJ), and a transcription factor (TF, AnuK)
domain enzymes being responsible for the formation of diverse (Figure 1 and Table S1). Accordingly, the product of the anu
structures with strongly reduced carbon chains by f-carbon cluster was speculated to be a prenylated derivative.
reduction and dehydration.4_7 Together with additional To identify the anu cluster product, genomic sequence of
enzymes like short-chain dehydrogenases, HRPKSs were also anuA—K was cloned into PJN01710 by assembling in
reported to synthesize alkylated salicylaldehyde or derivatives Saccharomyces  cerevisiae ancll integrated into the Aspergillus
thereof, such as pyriculol by MoPKS19,” sordarial by SrdA,’ nidulans 108030 genome'* under control of the gpdA
and S-deoxyaurocitrin by VirA,® as well as flavoglaucin by promoter by protoplast transformation (Tables S2—S4 and

10 Figure S1)."> The resulting transformant A. nidulans BK0O8 was
FogA. g g

Penicillium roqueforti is widespread in silage and natural afterv.vellrd cultivated in PDB liquid medium under static

environments and also found in food waste. It is used as a conditions. ) .
starter culture in the production of most blue-veined cheeses."' LC—MS analysis of the EtOAc extract of the A. nidulans

BKO8 culture revealed the presence of four new products 1—4
(Figure 2C and Figure SS), which were absent in the isogenic
control strain BK06 (Figure 2A). Large-scale fermentation and
structural elucidation (see Tables S5—S7 and Figures S19,
$28—S838, and S44—S49 for MS, optical rotation, UV, and

Similar to other filamentous fungi, P. roqueforti has the
potential to produce biologically active secondary metabolites,
such as the antitumor active andrastins and the antibiotic/
immunosuppressant mycophenolic acid.'”"* To strengthen our
understanding on alkylated salicylaldehydes or derivatives, we
used the fog gene cluster from Aspergillus ruber'® as a probe for
searching homologues in the genome of P. roqueforti FM164. Received: July 19, 2022 OL
This led to the identification of a putative 11-gene (anu) Published: August 8, 2022 =W
cluster in P. roqueforti with four genes of more than 40%
identity to those of the fog cluster on the amino acid level
(Figure 1). The putative anu cluster comprises genes for a
HRPKS (AnuA), four short-chain dehydrogenases/reductases
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Figure 1. Comparison of the anu cluster in P. roqueforti with fog cluster in A. ruber. The sequence identities on the amino acid level are given as

percentages.
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4 days. Only UV absorptions at are illustrated.

NMR data and spectra) confirmed 2, 3, and 4 as annullatin
derivatives by comparison with the reported data.'® Com-
pound 2 has a planar structure of the reported (2R, 9S)-
annullatin D,'® but different ECD data (Figure $20).
Compounds 3 and 4 have not been described before and
termed as annullatins G and H, respectively. By comparison of
the experimental ECD data with the calculated values, the
configurations of 2, 3, and 4 were assigned to be (2S, 99),
(2R), and (28, 9S), respectively (Scheme 1 and Figures S20—
$22).

The predominant product peak 1 in the HPLC chromato-
gram has an [M + Na]" ion at m/z 315.1566 and a deduced
molecular formula C,;H,,0,. Unfortunately, attempts to
obtain an interpretable 'H NMR spectrum for 1 failed, due
to its low stability during a routine isolation procedure. To get
a stable product, 1 in the BKO8 extract was immediately
acetylated.'” MS and NMR analyses confirmed the acetylated
product of 1 to be 3 (Table S6 and Figures S6 and S39—543).
Therefore, 1 has a hydroxymethyl instead of an acetoxymethyl
group at the aromatic ring in 3 and was termed as annullatin F
(Scheme 1). Since 3 appears only as a minor product in the
culture of BKO8 and there is no acetyltransferase in the anu
cluster, we therefore speculate that acetylation of 1 to 3 was
catalyzed by a host enzyme from A. nidulans. Further product
conversion by host enzymes after gene expression was also
observed in our previous works.'”"®

Annullatins were isolated from the ascomycetous fungus
Cordyceps annullata and exhibited potent agonistic activities
toward the cannabinoid receptors.'® However, such metabo-
lites were neither reported for P. roqueforti nor detected in the
cultures of P. roqueforti FM164 under different conditions
(data not shown), proving the presence of a silent gene cluster.

To the best of our knowledge, despite the intriguing
structural features and biological activities, biosynthetic studies
on annullatins, especially on the formation of the lactone ring
in annullatin D, have not been reported prior to this study.
This encouraged us to elucidate their biosynthetic steps.
Sequence analysis revealed that AnuA with a domain structure
KS-AT-DH-ER-KR (abbreviations for PKS domains as given
before®) shares a sequence identity of 43.1% with FogA from
A. ruber.'” LC—MS analysis of the anuA expression strain A.
nidulans BKO3 (Tables S2 and S3) did not lead to detection of
any additional product compared with the control strain
(Figure 2A,B and Figure S7). This is consistent with the results
after expression of PKS alone in the case of pyriculol, sordarial,
and flavoglaucin. Accumulation of aromatic polyketide
products requires additional enzymes for modification,
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Scheme 1. Proposed Biosynthetic Pathway of Annullatins F (1) and D (2) in P. roqueforti
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AnuBC would be these candidates.

To identify modification enzymes, we deleted single genes in
BKO08. AnuD and Anul are predicted to be SDRs and comprise
381 and 252 amino acids, respectively. LC—MS analysis of the
deletion mutants A. nidulans BK18 (AanuD) and BKI19
(Aanul) did not result in significant metabolite changes
compared to BKO8 (Figure 2E,F and Figures S9 and S10). A
similar result was also observed in the AanuJ stain BK20
(Figure 2G and Figure S11). This indicated that anuD, anul,
and anu] are likely not involved in the annullatin biosynthesis.

AnuE shares its sequence homology with fungal cytochrome
P450 enzymes, e.g., 32.9% identity with the hydroxylase FogE
in the flavoglaucin biosynthesis.'’ Deletion of anuE in BKO08
resulted in the abolishment of 1—4 and the appearance of four
new metabolites $—8 (Figure 2D and Figure S8). A detailed
interpretation of the 1D and 2D NMR data (Tables S8—S11
and Figures S50—S65) proved 5—8 to be annullatin derivatives
without the oxygen function at the Cj side chain. Experimental
ECD data of § coincided with the calculated ECD spectrum
for (14S)-isomer (Figure $23). This new metabolite was
termed as (14S)-annullatin I (Scheme 1). 6 with an [M — H]~
ion at m/z 193.1215 was proven to be 2-hydroxymethyl-3-
pentylphenol by comparing its UV, MS, and 'H NMR data
with those published previously (Table S9 and Figure $55)."
With an exception for their optical rotation values, the planar
structures of 7 and 8 were elucidated to be annullatin B and
annullatin A, respectively, by comparing thelr UV, MS, and
NMR data with those published previously.'® 7 and 8 show
opposite ECD spectra to the respective (R)-configured known
compounds (Figures S24 and S25) and are therefore
unambiguously identified as (2S)-annullatin B and (2S)-
annullatin A, respectively (Scheme 1). It can be deduced
that AnuE catalyzes the hydroxylation of 6 at the side chain in
the biosynthesis of 1—4. The accumulated 6 in the AanuE

6074

mutant was further metabolized to 5, 7, and 8 by other
tailoring enzymes (Scheme 1).

To verify this hypothesis, anuE was cloned into pYH-wA-
pyrG™” and expressed in A. nidulans. Feeding 6 into the anuE
overexpression strain A. nidulans PX28 (Tables S2) led to
detection of a new peak 9 with a conversion yield of 92% after
cultivation in PDB medium for 4 days (Figure 3A and Figure
S15). The '"H NMR spectrum and the optical rotation of 9 are
consistent with those of (8S)-annullatin E with a hydroxyl
group at the side chain (Table S9 and Figure $66),'® proving
AnuE as a hydroxylase.

Deletion of the prenyltransferase gene anuH also completely
abolished the production of 1—4 but led to the accumulation
of 9 as the sole product (Figure 2H and Figure S12). To
explore the role of AnuH in the annullatin biosynthesis, anuH
was amplified and cloned into pET-28a (+) for expression in E.
coli (Table S3). The purified AnuH was incubated with 9 in
the presence of dimethylallyl diphosphate (DMAPP) (Figure
S17). As shown in Figure 4A, conversion of 9 to 10 was clearly
detected, with a conversion yield of 30% after incubation with
2 pg of AnuH at 37 °C for 30 min and 73% for 4 h. Structural
elucidation confirmed 10 as the expected prenylated product,
named annullatin J (Table S12 and Figures S67—S71). The
stereochemistry of 10 was determined as (85)-10 by
comparison of its experiment ECD spectrum with the
calculated one (Figure S27). Geranyl and farnesyl diphosphate
were not consumed by AnuH for prenylation of 9 (Figure 4A).
Determination of the kinetic parameters for AnuH gave a Ky,
of 0.08 mM toward 9 and a Ky; of 0.49 mM toward DMAPP.
The average turnover number (k) was calculated to be 0.13
s~ (Figure S18). Compound 6 without the hydroxyl group at
the side chain was also accepted by AnuH, but only with low
conversion yields, ie., 4% after 30 min and 16% after S h
incubation (Figure 4B). The two product peaks of 6 have the
same [M — H]™ ion at m/z 261.1859 for attachment of a
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illustrated.

dimethylallyl group, indicating two unspecific prenylation
reactions. Unfortunately, the low conversion of 6 made the
product isolation difficult, so that their structures cannot be
determined in this study. However, based on the results
obtained from AanuE mutant, one of the prenylation products
is expected to be 11, the precursor of §, in the shunt pathway
(Scheme 1), which was subsequently metabolized to S, 7, and
8.

Deletion of the SDR gene anuF and the BBE-like gene anuG
in BKOS8 resulted in the mutants A. nidulans PX38 and PX39,
respectively (Table S2). LC—MS analysis revealed that PX38
(AanuF) produced neither 1 nor 3, but still 2 and 4 (Figure 21
and Figure S13), implying the role of AnuF in the formation of
1. In comparison, deletion of anuG abolished the production of
2, but not that of 1, 3, and 4 (Figure 2J and Figure S14),
indicating that the BBE-like enzyme AnuG is responsible for
the five-member lactone ring formation in 2 via oxidative
lactonization between the two hydroxyl groups. BBE-like
enzymes are a subfamily of flavin-containing proteins and have
been identified in plants, fungi, and bacteria.”' ~** They usually
catalyze diverse oxidations including dehydrogenation-medi-
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t/min
Figure 4. LC—MS analysis of in vitro assays of AnuH. (A) With its
natural substrate 9. (B) With the precursor 6. Only UV absorptions at

280 nm are illustrated. DMAPP: dimethylallyl diphosphate. GPP:
geranyl diphosphate. FPP: farnesyl diphosphate.

ated C—C or C—N bond formation in the natural product
biosynthesis.**

Attempts to characterize AnuG biochemically failed, because
no protein band with the expected size was detected after
heterologous expression in E. coli, even after purification on Ni-
NTA agarose resin (data not shown). We therefore verified its
function by expressing anuG in A. nidulans. The overexpression
strain PX45 was cultivated in PDB medium and fed with 10
UM of 4. After cultivation for 12 days, 74% of 4 was converted
to 2 (Figure 3B and Figure S16), providing clear evidence for
the oxidative lactonization between the two hydroxyl groups by
AnuG.

Based on the results described above, we postulate a
biosynthetic pathway for (2R)-annullatin F (1) and (25, 9S)-
annullatin D (2) in P. roqueforti as depicted in Scheme 1. As in
the biosynthesis of flavoglaucin,'’ the annullatin backbone is
assembled by cooperation of AnuABC and hydroxylated at the
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C; alkyl chain by the cytochrome P450 AnuE. The
prenyltransferase AnuH subsequently installs one isoprenyl
group at the benzene ring to form 10, as demonstrated above.
However, 10 was not identified in the deletion mutants
obtained in this study. Enzymatic or nonenzymatic dihydro-
benzofuran ring formation between the prenyl and the
phenolic hoydroxyl groups in 10, as observed in many natural
products,”® results in two diastereomers 4 and 12. Compound
4 is then converted to 2 by the BBE-like enzyme AnuG-
catalyzed five-member lactone ring formation. Conversion of 4
to 2 needs to extract four electrons from the substrate. It can
be postulated that the hydroxymethyl group is first oxidized via
aldehyde 13 to acid 14, which then undergoes a spontaneous
or AnuG-catalyzed lactonization with the side chain hydroxyl
group.

The isomer 12 acts as a substrate for the SDR enzyme AnuF
and is oxidized to 1, which is subsequently acetylated by an
acetyltransferase from A. nidulans, leading to 3 formation.
Compound 12 is likely very instable and was not detected in
the obtained mutants including that of AanuF. It can be
speculated that this compound is immediately converted by
AnuF to 1. This is also the main reason that no anuF
expression was carried out in A. nidulans or E. coli.

In conclusion, we identified a silent biosynthetic gene cluster
for annullatins in P. roqueforti and elucidated their biosynthetic
pathway by heterologous expression, gene deletion, and in vitro
biochemical investigation, as well as feeding experiments. As
reported previously, formation of the aromatic core structure
requires not only PKS but also additional enzymes.
Consecutive and coordinated modifications by at least four
different types of enzymes enable (intramolecular) oxidation
and condensation to form the final products 1 and 2.
Therefore, this study demonstrated a highly programmed
biosynthetic pathway for annullatins. More importantly, we
identified a new BBE-like enzyme for oxidative lactonization
between two hydroxyl groups. To the best of our knowledge,
no such functions have been reported for BBE-like enzymes
prior to this study.
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Experiment Procedures

1. Computer-assisted sequence analysis

The genomic DNA sequence of annullatin cluster from Penicillium roqueforti FM164 on scaffold
ProgFM164S03 (GenBank: HG792017.1) reported in this study was obtained from NCBI databases
(http://www.ncbi.nlm.nih.gov). Sequence  analysis was carried out by  antiSMASH

(http://antismash.secondarymetabolites.org/) and by comparison with known entries in NCBI database.
Domain structures were predicted by using online programs BLAST (http://blast.ncbi.nlm.nih.gov) and
2ndFind (https://biosyn.nih.go.jp/2ndfind/).

2. Strains, media, and growth conditions
Fungal strains used in this study are summarized in Table S2. P. roqueforti FM164 was cultivated on PDA
plates [potato dextrose broth (PDB), Sigma-Aldrich with 1.6% agar] at 25°C for sporulation and in PD

surface culture without agar at 25°C for detection of secondary metabolites (SMs).

Aspergillus nidulans strains were grown at 37°C on GMM medium [LMM medium (1.0% glucose, 50 mL/L
salt solution, 1 mL/L trace element solution, and 0.5% yeast extract) with 1.6% agar] for sporulation and
transformation supplemented with 0.5 g/L uridine, 0.5 g/L uracil, 2.5 mg/L riboflavin, and/or 0.5 mg/L
pyridoxine, depending on the selective marker genes. The salt solution comprises (w/v) 12% NaNOs3, 1.04%
KCl, 1.04% MgSO4+7H,0, and 3.04% KH;PO4. The trace element solution contains (w/v) 2.2%
ZnSO47H,0, 1.1% H3BOs3, 0.5% MnCly4H,0, 0.16% FeSO47H,0, 0.16% CoCly'5SH,0, 0.16%
CuSO45H20, 0.11% (NH4)6M07024-4H0, and 5% Na4EDTA. The created A. midulans strains were
cultivated at 25°C in PD medium under static conditions for SM detection.'-3

Escherichia coli DH5a (Invitrogen) was used for cloning and plasmid propagation, and grown in liquid or
on solid lysogeny broth (LB) at 37 °C. 50 pg/mL carbenicillin were used for selection of the recombinant .

coli strains.

Saccharomyces cerevisiae HOD114-2B was used for cloning by homologous recombination.* Generally,
yeast was grown at 30°C in YPD medium (1% yeast extract, 2% peptone, and 2% glucose). Selection was
performed with synthetic complete (SC) medium without uracil or leucine (SC-Ura or SC-Leu) [6.7 g/L
yeast nitrogen base with ammonium sulfate, 650 mg/L. CSM-His-Leu-Ura (MP Biomedicals), histidine, and

leucine].’

3. Genomic DNA isolation
For genomic DNA isolation, P. roqueforti and A. nidulans strains were cultivated in PDB or LMM for 3 days
at 25 °C and 37 °C, respectively. Genomic DNA was isolated according to the method described previously.®

4. RNA isolation and cDNA synthesis
For isolation of RNA from P. roqueforti FM164, the fungus was grown as a shaking culture in liquid PD
medium for 7 days at 25°C and the cells were collected by centrifugation. RNA extraction was performed
by using Fungal RNA Mini kit (VWR OMEGA bio-tek E.Z.N.A®) according to the manufacturer’s
instruction. The ProtoScript® II First Strand cDNA Synthesis kit (New England BioLabs) was used for
cDNA synthesis with Oligo-dT primers.

5. PCR amplification, gene cloning, and plasmid construction
Plasmids generated and used in this study are listed in Table S3. The oligonucleotide sequences for PCR
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amplification are given in Table S4. All primers were synthesized by Seqlab GmbH (Géttingen, Germany).
Genetic manipulation in E. coli or S. cerevisiae was carried out as described before.”® PCR amplification
was carried out by using Phusion® High-Fidelity DNA polymerase from New England Biolabs (NEB) on a
T100TM Thermal cycler from Bio-Rad. Plasmids for heterologous expression were constructed by

homologous recombination in Escherichia coli or Saccharomyces cerevisiae.

The annullatin cluster (PROQFM164 S03g001173 — PROQFM164 S03g001183 + 502 bp downstream of
the last gene, bp 2700147 — 2728545 of HG792017.1) was amplified from genomic DNA of P. roqueforti
FM164 in six fragments with primers listed in Table S4. The fragments were designed with a 103 — 118 bp
overlap to each other, the outside fragments carried a 30 bp overlap to the linearized pJNO17 which in turn
had an overlap to the outside fragments of 20 bp (Table S4). The reconstruction of the cluster was carried
out by yeast homologous recombination, leading to pBK21 (Table S3). In analogy, other heterologous
expression constructs for gene overexpression in A. nidulans were created. The cluster fragments ended

before the first or started after the last base of the genes to be deleted and shared 25 bp overlap to each other.

For deletion of the single genes of the annullatin gene cluster, 1.2 kb upstream and downstream of the gene
of interest were amplified with primers listed in Table S2 introducing complementary overhangs of 30 — 35
bp to the backbone of pESC-Leu / pESC-Ura and the AfpyrG-gene cassette of pY H-wA-pyrG, which served
as a selection marker. Clone of 4fpyrG between the 5'- and 3'-regions into pESC-Leu / pESC-Ura to form
the deletion vector was performed via yeast homologous recombination.

To construct the plasmid for heterologous expression of anuE and anuG in A. nidulans, an assembly
approach based on the homologous recombination in E. coli was used (Figure S1). The full length of anuFE
including its terminator of 603 bp or anuG including its terminator of 613 bp was amplified from genomic
DNA of P. roqueforti FM164 as template by PCR with primer pairs pPX28-1F/IR or pPX45-1F/1R (Table
S4) and subsequently inserted into the Nhel-linearized vector pYH-wA-pyrG with homologous flanking
sequences of the wA gene, the gpdA4 promoter, and the AfpyrG selection marker.? The amplified genomic
sequences of anuE and anuG were cloned between the gpdA promoter and the AfpyrG marker by using 25
— 30 bp overlap to the Nhel restriction site to create pPX28 and pPX45, respectively.

6. Heterologous gene expression in A. nidulans LO8030
A. nidulans 1O8030 was used as the recipient host.> Fungal protoplast preparation and PEG-mediated

protoplast transformation were performed according to the protocol described previously.®

7. Confirmation and cultivation of the A. nidulans transformants

Genomic DNA of the transformants was isolated and used for PCR amplification. After selection by uridine
and uracil or riboflavin autotrophy, the correct integration into the wA PKS gene locus was first observed by
a color change of the conidia from green to white, and subsequent confirmed by PCR amplification with
primers franking the inserted gene(s) (Table S4 and Figure S1). Primers for the control of gene deletion
mutants were targeted the upstream or downstream of the homologous parts used for integration with
counterparts binding in the marker gene. Additionally, a PCR with primers for the deleted gene was
performed to ensure its absence (Figure S2).

For detection of secondary metabolites, transformants were cultivated in PDB medium with the required
supplements at 25°C. After 14 days, secondary metabolites were extracted with equal volumes of EtOAc for
three times, evaporated and dissolved in a mixture of MeOH and distilled H,O (9:1), and analyzed via
LC-MS.
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8. Large-scale fermentation, extraction, and isolation of secondary metabolites

For metabolite extraction after large-scale fermentation, the supernatant was separated from mycelia by
filtration and extracted with equal volume of EtOAc for three times. The mycelia were extracted with acetone
and concentrated under reduced pressure to afford an aqueous solution and then extracted with EtOAc for
three times. Both EtOAc extracts were combined and evaporated under reduced pressure to afford the crude

extracts for further purification.

To identify the structure of compound 1, we used the previously published acetylation method.’ A. nidulans
BKO8 (anu cluster) spores were cultivated in 4 x 1 L flasks containing 250 mL. PDB liquid medium each,
and supplemented with 0.5 mg/L pyridoxine, 500 mg/L uracil and 500 mg/L uridine at 25°C for 13 days.
The cultures were harvested and extracted as mentioned above to give 270 mg crude extract. The obtained
crude extract was immediately acetylated with acetic anhydride (21.24 mmol) and NaOAc-3H>O (0.3 mmol)
at room temperature for 16 h. The mixture was extracted with 15 mL EtOAc and washed with 15 mL
saturated solution of NaHCOs for three times. After evaporation of the solvent, 5 mg of acetylated product
was isolated by using semi-preparative HPLC [XDB-C18 (details see below), Ho O/CH3CN = 45/55, flow
rate = 2.0 mL/min, A =310 nm, g = 17.9 min, A =310 nm] for MS and NMR analyses.

To isolate compounds 2 — 4, spores of 4. nidulans BKOS bearing the anu cluster were inoculated in 10 x 1 L
Erlenmeyer flasks each containing 300 mL PD liquid medium supplemented with 0.5 mg/L pyridoxine and
2.5 mg/L riboflavin at 25°C for 14 days. After extraction, 1.6 g crude extract was obtained. This crude extract
was applied to silica gel column chromatography by using petroleum ether : EtOAc (30:1,10: 1,5: 1, 1:
1 and O : 1, v/v) as elution solvents, giving fractions 1 — 40. 2 (8 mg, tr = 16.3 min) was obtained from
fraction 34 after purification on a semi-preparative HPLC [ VDSpher PUR 100 C18-M-SE (details see below),
H>O/CH;3;CN = 35/65, flow rate = 2.0 mL/min, A = 310 nm]. Fractions 30 — 33 were further purified on a
semi-preparative HPLC (VDSpher PUR 100 C18-M-SE, H,O/CH3CN = 40/60, flow rate = 2.0 mL/min, A =
310 nm) to yield 3 (6 mg, tr = 34.2 min). 4 (6 mg) was obtained from fraction 23 after purification on semi-
preparative HPLC (VDSpher PUR 100 C18-M-SE, HoO/CH3CN = 54/46, flow rate = 2.0 mL/min, A = 290

nm, fr = 19.2 min).

To isolate 5 — 8, A. nidulans BK17 (AanuE) was cultivated in 4 x 2.5 L Erlenmeyer flasks each containing
500 mL PD liquid medium supplemented with 0.5 mg/L pyridoxine at 25°C for 14 days. After extracting
with 6 L EtOAc and concentration under reduced pressure, the crude extract (0.3 g) was purified by using
semi-preparative HPLC (XDB-C18, H;O/CH3CN = 60/40 — 0/100, flow rate = 2.0 mL/min, A = 280 nm and
290 nm) in 40 min, to yield 5 (5 mg, tr = 9.7 min), 6 (6 mg, trr = 17.6 min), 7 (10 mg, fr = 20.0 min) and 8
(3 mg, tr =25.1 min).

To isolate 9, A. nidulans BK21 (AanuH) was cultivated in 4 x 2.5 L Erlenmeyer flasks each containing 500
mL PD liquid medium supplemented with 0.5 mg/L pyridoxine at 25°C for 14 days. After extraction, the
crude extract (0.6 g) was subjected to silica gel column chromatography by using stepwise gradient elution
with the mixtures of petroleum ether : EtOAc (10: 1,5:1to 1 : 1, v/v) to give eighteen fractions (1 — 18).
Fraction 11 was purified by using semi-preparative HPLC (XDB-C18, H,O/CH3CN = 60/40, flow rate = 2.0
mL/min, A = 280 nm), leading to the isolation of 9 (9 mg, fr = 10.9 min).

9. Cloning of the heterologous expression construct for anuH in E. coli
The coding region of anuH without any introns was amplified from P. roqueforti FM164 cDNA with primers
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pPX-PTN-F and pPX-PTN-R with recognition sites for BamHI (5") and HindlIII (3"). The commercially
available vector pET-28a (+) (Qiagen, Venlo, Netherlands) and the anuH fragment were digested with
HindIII and BamHI and purified via EtOH precipitation. The anuH fragment was ligated into pET-28a (+)
with T4 DNA ligase (Jena Bioscience, Jena, Germany).

10. Overproduction and purification of AnuH

The anuH expression plasmid pPX52 was used to express in E. coli BL21(DE3). An overnight preculture
was used to inoculate 4 x 500 mL Terrific Broth medium (TB medium, with 2.4% yeast extract, 2.0%
tryptone, 0.4% glycerol, and 0.1 M phosphate buffer, pH 7.4) to an ODsoo of 0.6 and then the cultures were
induced with 0.1 mM IPTG at 16°C for 20 h. The recombinant 6xHis-tagged protein was purified via Ni-
NTA agarose column (Qiagen, Hilden, Germany) and further subjected to preparative gel filtration
chromatography using a Superdex 200 16/60 pg column connected to a AKTAprime plus (GE Healthcare,
Chalfont St Giles, Great Britain) with storage buffer [5S0 mM Tris-HCI, 150 mM NaCl, and 20 % (w/v)
glycerol, pH 7.5] at a flow rate of 0.5 mL/min. The purified protein was analyzed on SDS-PAGE (12%,
Figure S17).

11. In vitro assays of AnuH

To determine the enzyme activity of AnuH toward 9 or 6, the reaction mixtures (50 pL) contained Tris-HCI
buffer (50 mM, pH 7.5), CaCl, (5 mM), dimethylallyl phosphate (DMAPP) (1 mM), 9 (0.5 mM) or 6 (0.5
mM), glycerol (0.5 — 5%), DMSO (up to 5%), and the purified recombinant AnuH (2 pg). Geranyl
diphosphate (GPP) and farnesyl diphosphate (FPP) were also incubated with 9.

The enzyme assays were incubated at 37°C for 30 min or 4 h and terminated with one volume of CH3CN.
The reaction mixtures were centrifuged at 13,000 rpm for 30 min before further analysis on HPLC.

To isolate the enzyme product 10, 4 mg of 9 was incubated in 10 mL reaction mixtures, containing Tris-HCI
buffer (50 mM, pH 7.5), CaCl, (5§ mM), DMAPP (1 mM) and AnuH (400 pg) at 37°C for 16 h. The reaction
mixture was extracted subsequently with double volume of EtOAc for three times and then subjected on
semi-preparative HPLC (VDSpher PUR 100 C18-M-SE, ACN/H,0 = 60/40, flow rate = 2.0 mL/min, A =
290 nm) to give 10 (2 mg, tr = 16.9 min).

12. Enzyme assays for determination of the Kinetic parameters

For determination of the kinetic parameters of AnuH toward 9 (Figure S18), the enzyme assays were
performed in 50 pL reaction mixtures containing Tris-HCI buffer (50 mM, pH 7.5), CaCl, (5 mM), DMAPP
(1 mM), and the purified AnuH (2 pg). The concentrations of substrate 9 were 0.01, 0.02, 0.05, 0.1, 0.2, 0.5,
1,2, 3, and 5 mM. The reactions were carried out at 37 °C for 30 min. For kinetic parameters toward DMAPP,
reaction mixtures with 2 pg AnuH, 9 (0.5 mM), CaCl, (5 mM), and DMAPP at final concentrations of 0.01,
0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 3, and 5 mM were incubated at 37 °C for 30 min. The assays were performed
as duplicates and subsequently terminated with one volume of CH3CN, and centrifuged at 13,000 rpm for
30 min before further analysis on LC—MS. The kinetic parameters Kys and k... were determined using non-
linear regression analysis of Michaelis-Menten equation by GraphPad Prism 6.

13. Heterologous expression of anuE and anuG in A. nidulan LO8030
Fungal protoplast preparation and transformation were performed according to the method described
previously.® pPX28 containing anuE and pPX45 containing anuG were transformed into 4. nidulans LO8030
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to create the expression strain PX28 for anuE and PX45 for anuG, respectively. Potential transformants were
verified by PCR using the primers pPX28-test-1{/1r and pPX39-anuG-tf/tr (Table S4). PDB liquid medium
was used to cultivate the transformants (25°C, 4 — 12d) for LC—MS analysis of the SM production.

14. Precursor feeding in A. nidulans PX28 and PX45

For feeding experiments in A. nidulans PX28, the precursor 6 was dissolved in DMSO to give a 20 mM
stock solution. 15 pL of 6 were then added to 15 mL of PDB liquid medium with appropriate supplements
of the transformant strain PX28, the control strain pYH-wA-pyrG, as well as to media for nonenzymatic
reaction, resulting in a final concentration of 20 uM. After cultivation for another 3 and 7 days, the fungal
cultures were extracted with EtOAc for three times and analyzed on LC-MS.

For feeding experiments in A. nidulans PX45, the precursor 4 was dissolved in DMSO to give a 10 mM
stock solution. 15 pL of 4 were then added to 15 mL of PDB liquid medium with appropriate supplements
of the transformant strain PX45, the control strain pYH-wA-pyrG, as well as to media for nonenzymatic
experiment, resulting in a final concentration of 10 uM, respectively. After cultivation for another 3, 5, 7 and
12 days, the fungal cultures were extracted with EtOAc for three times and analyzed on LC-MS.

15. HPLC and LC—MS analyses of secondary metabolites

Analysis of SMs was performed on an Agilent series 1200 HPLC (Agilent Technologies, Boblingen,

Germany) with an Agilent Eclipse XDB-C18 column (150 x 4.6 mm, 5 um, Agilent Technologies, Béblingen,
Germany). H,O (A) and CH3CN (B), both with 0.1% (v/v) HCOOH, were used as solvents at flow rate of
0.5 mL/min. The substances were eluted with a linear gradient from 5 — 100% B in 40 min, then washed

with 100% (v/v) solvent B for 5 min and equilibrated with 5% (v/v) solvent B for 10 min. UV absorptions at

190 — 400 nm were illustrated in this study. Semi-preparative HPLC was performed on the same equipment

with an Agilent Eclipse XDB-C18 column (9.4 x 250 mm, 5 um, Agilent Technologies, Boblingen, Germany)
or VDSpher PUR 100 C18-M-SE column (250 x 10 mm, 5 pm, VDS optilab Chromatographie Technik

GmbH, Berlin, Germany) and a flow rate of 2 mL/min.

LC-MS analysis was performed on an Agilent 1260 HPLC system equipped with a microTOF-Q III
spectrometer (Bruker, Bremen, Germany) by using VDSpher PUR100 C18-M-SE column (150 x 2.0 mm, 3
pum, VDS optilab Chromatographie Technik GmbH, Berlin, Germany). H>O (A) and CH3CN (B), both with
0.1% (v/v) formic acid, were used as solvents at flow rate of 0.3 mL/min. The substances were eluted using
a linear gradient from 5 — 100% B within 30 min. For mass determination, positive ion mode electrospray
ionization (ESI) in a micrOTOF-Q III mass spectrometer (Bruker Daltonics) was used with 5 mM sodium
formiate for mass calibration. The masses were scanned in the range of m/z 100 — 1500. Data were evaluated
with the Compass DataAnalysis 4.2 software (Bruker Daltonik, Bremen, Germany).

16. NMR analysis

NMR spectra were recorded on a JEOL ECA-500 MHz spectrometer (JEOL, Tokyo, Japan). The spectra
were processed with MestReNova 6.1.0 (Metrelab, Santiago de Compostela, Spain). Chemical shifts are
referenced to those of the solvent signals. NMR data are given in Tables S5-S12 and spectra in Figures S28—
S71.

17. Measurement of optical rotations
The optical rotation was measured with the polarimeter Jasco DIP-370 at 20°C using the D-line of the sodium
lamp at A = 589.3 nm. Prior to the measurement, the polarimeter was calibrated with MeOH as solvent.
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18. The experimental and calculated electronic circular dichroism (ECD) spectroscopic analysis

The experimental ECD spectra were taken on a J-1500 CD spectrometer (Jasco Deutschland GmbH,
Pfungstadt, Germany). The samples were dissolved in EtOH or MeOH and measured in the range of 200 —
400 nm by using a 1 mm path length quartz cuvette (Hellma Analytics, Miillheim, Germany).

For ECD calculation, conformers of a given compound were generated by the Confab'® program embedded
in the Openbabel 3.1.1 software. The conformers were further optimized with xtb at GFN2 level'! and the
conformers with population over 1% were subjected to geometry optimization using the Gaussian 16
package (https://gaussian.com/gaussian16/) at B3LYP/6-31G(d) level and frequency analysis, then
proceeded to calculation of excitation energies, oscillator strength, and rotatory strength at BALYP/TZVP
level in the polarizable continuum model (PCM, methanol). The calculated ECD spectra were Boltzmann-
weighted and generated using SpecDis 1.71 software.!? The experimental and calculated ECD spectra are
given in Figures S20-S27.

19. Physiochemical properties of the compounds described in this study
(2R)-annullatin F (1): HRMS (ESI) m/z: [M + Na]* Caled for C17H2404Na 315.1567; Found 315.1566.

(28, 9S)-annullatin D (2): yellow oil; [a]y =-9.5 (¢ 0.15, CHCl3); ECD (2.27 mM, EtOH) Amax (Ag) 315 (-
0.18), 278 (+0.13), 252 (-0.21), 242 (+0.94), 224 (+0.13), 205 (+1.2) nm; HRMS (ESI) m/z: [M + Na]" Calcd
for C17H2,04Na 313.1410; Found 313.1414.

(2R)-annullatin G (3): tawny oil; [a]y = +158.6 (¢ 0.29, CHCl3); ECD (1.29 mM, EtOH) Amax (Ag) 302 (-
0.29), 224 (+1.18), 202 (-0.78) nm; HRMS (ESI) m/z: [M + Na]* Calcd for Ci9H260sNa 357.1672; Found
357.1675.

(25, 9S)-annullatin H (4): yellow oil; [a]iy =-42.5 (¢ 0.4, CHCl3); ECD (2.92 mM, EtOH) Amax (Ag) 286 (-
0.08), 236 (+0.70), 216 (-0.26) nm; HRMS (ESI) m/z: [M + Na]" Calcd for C17H2604Na 317.1723; Found
317.1721.

(14S)-annullatin I (5): light yellow oil; [a]> = +14.2 (¢ 0.64, CHCl3); ECD (0.97 mM, EtOH) Amax (Ac) 288
(+0.53), 252 (+0.12), 232 (+1.25), 218 (+0.94), 202 (+3.09) nm; HRMS (ESI) m/z: [M — H]™ Calcd for
C17H2704 295.1915; Found 295.1909.

2-Hydroxymethyl-3-pentylphenol (6): white solid; HRMS (ESI) m/z: [M — H]™ Calcd for C1,H170, 193.1234;
Found 193.1215.

(28)-annullatin B (7): pale yellow oil; [a]y = +13.4 (¢ 0.12, CHCIl3); ECD (0.96 mM, EtOH) Amax (Ac) 287
(-0.15), 236 (+1.14), 211 (-1.59), 205 (+0.72) nm; HRMS (ESI) m/z: [M + Na]" Calcd for C17H2603;Na
301.1774; Found 301.1778.

(28)-annullatin A (8): yellow oil; [a]5 =-104.0 (¢ 0.17, CHCI3); ECD (0.74 mM, EtOH) Amax (A€) 360 (-
1.36), 314 (+0.66), 258 (-0.99), 220 (+2.89) nm; HRMS (ESI) m/z: [M + H]" Caled for C;7H2503 277.1798;
Found 277.1815.

(8S)-annullatin E (9): light yellow oil; [a]; =-15.6 (¢ 0.9, CHCl3); ECD (3.43 mM, MeOH) Amax (Ac) 288
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(+0.08), 210 (-0.80), 202 (+0.01) nm; HRMS (ESI) m/z: [M - H]" Caled for C12H1703 209.1183; Found
209.1199.

(8S)-annullatin J (10): light yellow oil; [a]y =-43.5 (¢ 0.23, CHCIl3); ECD (1.44 mM, MeOH) /max (Ag) 257
(+0.28),219 (-0.50), 210 (+0.89), 202 (-0.46) nm; HRMS (ESI) m/z: [M — H]™ Calcd for C;7H»503 277.1809;
Found 277.1824.

20. Gene and protein sequences of AnuH

Genomic sequence of anuH
ATGGTTGAAGTGACAAGACCACCCACCAAGGCATGGGCAACTCTATCACCATGGCTGCCCTCACGAGGGCCTG
ATGCAGATTATTGGTGGAGACTGACAGGCCAGCATCTGTCTAACATGGTCGAGGCTGCTGGATACTCAACAGAC
CAGCAATATGTGGCACTTCTCTTCCACTATCATTGGATCGTGCGCATCCCTGTTCCTTTTCCCCCACTCTTCCTCT
CCATGTTTCACTAGAAACGCAGCAACACTAACGGAGTGGCTAGCATAGGTTCCCTACATGGGCCCCGCACCTGG
ACCAGACGGCAACCTCAAATGGAAATCTTTGCTGGGAGTTGAAGGGTCTCCGATTGAATATTCTTGGAAATGGA
ATACTGCGGCAGGCAAGCCCGATGTCCGCTACACCACAGAGGCAATTGGCTCCTTCACAGGAACCCTTTTGGAT
CCTCTGAACCAGCAAGCCACACTTGAGATGCTGCATCGCATAGCAGATTTCGTGCCAACTGTGGACCTTACCTG
GACCAACCATTTCTTCGCCACCCTCTACGATCATGACCGCTCCAAATATGCCAAGGAAGCGGCGGCAGGTGCGC
ACTTCACCACTACGGTGGTAGTCGCCGCGGAGTGGCTCAAGAATGGTCTGAATCTCAAAACGTATTTTGTTCCC
CGTCGTCTGGGTCAATCGGATGGGAAGTTGCCCATCGCTCTGTGGGAAGAATCACTCAAGCAGCTTGATCCGAA
CAGTGAATCTCGAGCCGCAATGCACGAATTTCTCAACAATGACCCGGAAGGAAAATTGCTGAGCCCCTTGTAAG
CCTTTATCTTTGCATCTCAATAATAGATGCTTCCTCGTTTGGAATATTGCTAACGAGAATTCTTAGCATGCTGGCTG
TTGATAATGTCGTCCCTGAAAAATCGAGGCTCAAGTTCTACTTCCAATCTCCCCATACCAGCTTTGCCTCTGTGC
GGCAGGTCATGACAATGGGAGGGCGCATCCCCGTCCCTGAATCGCAGCTCCAGGAGCTCCGCAGTCTCATTGCA
GCTGTTACAGGCCTAGACTCGGACTTCCCTGAGGATTCTGAGGTCCCTTGCATATCAGAGTACAACCCAGCCGC
TAAAGATAACTTCGTTGAGATTGATCTTTTGCTTTCTGGGTATTTATACTATTTCGATATTGCTCCTGGAGCAACAG
TGCCGGATATCAAATTTTATACTCCTGTTCGTCGCTATGGACCGGACGATGGTGCCCTTGCAAAAGGCATCGCTG
ACTGGATGACATCTCGCGGAAGGGGTGAATATAGCCAGAGATACCTGGACATGCTTGCAGATCTCACCGAGCAT
CGCAAACTAGAAGATGGAAAGGGCATGCAGACATACGTTAGTTGTCTGTTCAAGAAGAGCCACTTGGACGTTA
CGTCCTATATTGGCCCGGAGGCATTTGATCCCGCCCGCTTTCTGAAGCATAAAGCACACACCACCCGGTCCACCC
GAAGACGGAGCGATAGTCATTGA

Coding region of anuH
ATGGTTGAAGTGACAAGACCACCCACCAAGGCATGGGCAACTCTATCACCATGGCTGCCCTCACGAGGGCCTG
ATGCAGATTATTGGTGGAGACTGACAGGCCAGCATCTGTCTAACATGGTCGAGGCTGCTGGATACTCAACAGAC
CAGCAATATGTGGCACTTCTCTTCCACTATCATTGGATCGTTCCCTACATGGGCCCCGCACCTGGACCAGACGGC
AACCTCAAATGGAAATCTTTGCTGGGAGTTGAAGGGTCTCCGATTGAATATTCTTGGAAATGGAATACTGCGGC
AGGCAAGCCCGATGTCCGCTACACCACAGAGGCAATTGGCTCCTTCACAGGAACCCTTTTGGATCCTCTGAACC
AGCAAGCCACACTTGAGATGCTGCATCGCATAGCAGATTTCGTGCCAACTGTGGACCTTACCTGGACCAACCAT
TTCTTCGCCACCCTCTACGATCATGACCGCTCCAAATATGCCAAGGAAGCGGCGGCAGGTGCGCACTTCACCAC
TACGGTGGTAGTCGCCGCGGAGTGGCTCAAGAATGGTCTGAATCTCAAAACGTATTTTGTTCCCCGTCGTCTGG
GTCAATCGGATGGGAAGTTGCCCATCGCTCTGTGGGAAGAATCACTCAAGCAGCTTGATCCGAACAGTGAATCT
CGAGCCGCAATGCACGAATTTCTCAACAATGACCCGGAAGGAAAATTGCTGAGCCCCTTCATGCTGGCTGTTGA
TAATGTCGTCCCTGAAAAATCGAGGCTCAAGTTCTACTTCCAATCTCCCCATACCAGCTTTGCCTCTGTGCGGCA
GGTCATGACAATGGGAGGGCGCATCCCCGTCCCTGAATCGCAGCTCCAGGAGCTCCGCAGTCTCATTGCAGCTG
TTACAGGCCTAGACTCGGACTTCCCTGAGGATTCTGAGGTCCCTTGCATATCAGAGTACAACCCAGCCGCTAAA

GATAACTTCGTTGAGATTGATCTTTTGCTTTCTGGGTATTTATACTATTTCGATATTGCTCCTGGAGCAACAGTGCC
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GGATATCAAATTTTATACTCCTGTTCGTCGCTATGGACCGGACGATGGTGCCCTTGCAAAAGGCATCGCTGACTG
GATGACATCTCGCGGAAGGGGTGAATATAGCCAGAGATACCTGGACATGCTTGCAGATCTCACCGAGCATCGCA
AACTAGAAGATGGAAAGGGCATGCAGACATACGTTAGTTGTCTGTTCAAGAAGAGCCACTTGGACGTTACGTCC
TATATTGGCCCGGAGGCATTTGATCCCGCCCGCTTTCTGAAGCATAAAGCACACACCACCCGGTCCACCCGAAG

ACGGAGCGATAGTCATTGA

Protein sequence of anuH
MVEVTRPPTKAWATLSPWLPSRGPDADYWWRLTGQHLSNMVEAAGYSTDQQYVALLFHYHWIVPYMGPAPGPDG

NLKWKSLLGVEGSPIEYSWKWNTAAGKPDVRYTTEAIGSFTGTLLDPLNQQATLEMLHRIADFVPTVDLTWTNHFF
ATLYDHDRSKYAKEAAAGAHFTTTVVVAAEWLKNGLNLKTYFVPRRLGQSDGKLPIALWEESLKQLDPNSESRAA
MHEFLNNDPEGKLLSPFMLAVDNVVPEKSRLKFYFQSPHTSFASVRQVMTMGGRIPVPESQLQELRSLIAAVTGLDS
DFPEDSEVPCISEYNPAAKDNFVEIDLLLSGYLY YFDIAPGATVPDIKFYTPVRRYGPDDGALAKGIADWMTSRGRG
EYSQRYLDMLADLTEHRKLEDGKGMQTYVSCLFKKSHLDVTSYIGPEAFDPARFLKHKAHTTRSTRRRSDSH
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Supplementary Tables

Table S1. Putative functions of the genes from annullatin (anu) gene cluster

Protein Size Identity Homologous protein, organism Putative function

(Acc. Nr.) (aa) (%)

AnuA (CDM34450.1) 2130 43.1 Highly reducing polyketide synthase, Reducing polyketide synthase
FogA (EYE95343) from Aspergillus (KS-AT-DH-ER-KR)
ruber

AnuB (CDM34451.1) 283 55.0 Short-chain dehydrogenase / reductase, Short-chain dehydrogenase / reductase
FogD (EYE95338) from Aspergillus
ruber

AnuC (CDM34452.1) 91 443 Short-chain dehydrogenase / reductase, Protein of unknown function
FogBC (EYE95337) from Aspergillus
ruber

AnuD (CDM34453.1) 381 87.7 Short-chain dehydrogenase / reductase Short-chain dehydrogenase / reductase
(KGO64723) from Penicillium italicum

AnuE (CDM34454.1) 490 32.9 Cytochrome P450, FogE (EYE95339) Cytochrome P450
from Aspergillus ruber

AnuF (CDM34455.1) 276 70.1 Short-chain dehydrogenase / reductase Short-chain dehydrogenase / reductase
(RFU78523.1) from Trichoderma
arundinaceum

AnuG (CDM34456.1) 509 28.1 FAD-binding oxidoreductase, FogF BBE-like enzyme: Berberine bridge
(EYE95340) from Aspergillus ruber enzyme-like enzyme

AnuH (CDM34457.1) 451 49.2 Prenyltransferase, FogH (EYE95342) Prenyltransferase
from Aspergillus ruber

Anul (CDM34458.1) 252 22.6 Short-chain dehydrogenase / reductase, Short-chain dehydrogenase / reductase
FogD (EYE95338) from Aspergillus
ruber

AnuJ (CDM34459.1) 818 89.8 Monooxygenase, FAD-binding Aromatic ring hydroxylating
(KGO64729) from Penicillium italicum dehydrogenase

AnuK (CDM34449.1) 261 83.0 Transcription factor (KGO64720) Fungal specific transcription factor

from Penicillium italicum
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Table S2. Strains used in this study

Strains Genotype Source/Ref.
Penicillium roqueforti
FM164 Wild type 13
Aspergillus nidulans
LO8030 pyroA4, riboB2, pyrG89, nkuA::argB, 3
sterigmatocystin cluster (AN7804 — AN7825)4,
emericellamide cluster (AN2545 — AN2549)4,
asperfuranone cluster (AN1039 — AN1029)4,
monodictyphenone cluster (AN10023 — AN10021)4,
terrequinone cluster (AN8512 — ANS8520)4,
austinol cluster part 1 (AN8379 — AN8384)4,
austinol cluster part 2 (AN9246 — AN9259)4,
F9775 cluster (AN7906 — AN7915)4,
asperthecin cluster (AN6000 — AN6002)A
BKO03 wA-PKS::gpdA(p)-anuA::Afribo in A. nidulans LO8030 This study
BKO06 wA-PKS:: Afribo in A. nidulans LO8030 (isogenic control strain) This study
BKO08 wA-PKS::gpdA(p)-annullatin cluster (PROQFM164_S03g001173 — This study
PROQFM164 S03g001183 + 502 bp 3’UTR)::Afribo in A. nidulans
LO8030
BK17 AanuE::AfpyrG in BK08 This study
BK18 AanuD::AfpyrG in BK0O8 This study
BK19 Aanul::AfpyrG in BK0O8 This study
BK20 AanuJ::AfpyrG in BKO8 This study
BK21 AanuH::AfpyrG in BK0O8 This study
PX38 AanuF::AfpyrG in BK08 This study
PX39 AanuG::AfpyrG in BK0O8 This study
PX28 wA-PKS::gpdA(p)-anuE: :AfpyrG in A. nidulans LO8030 This study
PX45 wA-PKS::gpdA(p)-anuG::AfpyrG in A. nidulans LO8030 This study
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Table S3. Plasmids used and constructed in this study

Plasmids Description Source/Ref.
pYH-wA-pyrG URA3, wA flanking, AfpyrG, Amp, gpdA(p) 2
pJNO17 URA3, wA flanking, AfRiboB, Amp, gpdA(p) 5
pESC-Ura Saccharomyces cerevisiae and E. coli shuttle vector Agilent
pESC-Leu Saccharomyces cerevisiae and E. coli shuttle vector Agilent
pBK18 Heterologous expression of anud_FL in A. nidulans LO8030 (pJNO17 backbone) This study
pBK21 Heterologous expression of anu cluster without natural promoter of anuK (pJNO17  This study
backbone)
pBK45 Deletion of anuE via AfpyrG selection in A. nidulans BK08 (pESC-Leu backbone) This study
pBK46 Deletion of anuD via AfpyrG selection in A. nidulans BK08 (pESC-Leu backbone) This study
pBK47 Deletion of anul via AfpyrG selection in A. nidulans BK08 (pESC-Leu backbone) This study
pBK48 Deletion of anuJ via AfpyrG selection in A. nidulans BKO8 (pESC-Leu backbone) This study
pBK49 Deletion of anuH via AfpyrG selection in A. nidulans BK08 (pESC-Leu backbone) This study
pPX28 Heterologous expression of anuE (cytochrome P450) in 4. nidulans LO8030 (pYH-wA-  This study
pyrG backbone)
pPX38 Deletion of anuF via AfpyrG selection in A. nidulans BK08 (pESC-URA backbone) This study
pPX39 Deletion of anuG via AfpyrG selection in A. nidulans BK08 (pESC-URA backbone) This study
pPX45 Heterologous expression of anuG (BBE) in A. nidulans LO8030 (pYH-wA-pyrG  This study
backbone)
pPX52 anuH (without introns) in pET-28a (+) This study
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Table S4. Primers used in this study

Primer Sequence Targeted amplification
prBK77 CAACACCATATTTTAATCCCATGTGGGCCCAGTTCAATACATATATCG

For cloning of pBK18
prBK78 CTACCCCGCTTGAGCAGACATCACCGGCATGTCGCCTATTTTACTAGATTC
prBK50 GAGTACCCGGCGCGTAAG

2015 bp partial fragment of anuAd
prBK51 GAGACGAGTGGTTTGGCC

CTAACAGCTACCCCGCTTGAGCAGACATCACCATGAAAGCCAGTAAACTCA
prBK102
C For cloning of pBK21: fragment 1

prBK84 CAACGCAACATTATTGGTGTG
prBK85 CTTAAGCGAGGGTTGTTCTAGC

For cloning of pBK21: fragment 2
prBK86 CAGATATGGCGGGTCTTAGCC
prBK87 GTTTCGAAAAAGAAGTAATAG

For cloning of pBK21: fragment 3
prBK88 CAAGTTTTCCCTTCTCTCTTG
prBK89 GTAATCCCAGTGGCATAAAC

For cloning of pBK21: fragment 4
prBK90 GGATTTGAGGGTCCGGAAAAG
prBK91 GAGATATCAACAGTATGCCG

For cloning of pBK21: fragment 5
prBK92 CAATACGTCGGTCATGGTAC
prBK93 GAGCTACCGAGCTGTGTTTG

For cloning of pBK21: fragment 6
prBK96 CTCAACACCATATTTTAATCCCATGTGGGCGGATCGTACAACAGGACGCC
prBK101 ATGTCCCAGATGATGGCTC

Verification of BK08: fragment 1
prBK103 TCGCCCGATAAGAATGCTG
prBK100 ACGAGGCTCTTAAACGCAAG

Verification of BK08: fragment 2
prBK104 ATTCGACTCGAGTGACAG
prBK33 GAATCCCAGGCCCTGGTTTG

Verification of BKO0S: fragment 3
prBK34 CAAGTATGATCCTGAGGGCCG
prBK151 GGATCCGTAATACGACTCACTATAGGGCCCACCACATGGTGCAGTAGAATC

For cloning of pBK45: anuFE 5'-region
prBK175 CAACATATTTCGTCAGACACAGAATAACTCTCCATAGGATGGTCACCAGC
prBK154 GAAATCAACTTCTGTTCCATGTCGACGCCCCTATACAACGAAGGTGCATC

For cloning of pBK45: anuFE 3'-region
prBK176 CACGCATCAGTGCCTCCTCTCAGACAGAATGTGACATCAAGCCCCGACTG
prBK155 GGATCCGTAATACGACTCACTATAGGGCCCTCCGAGTCATCATTAGCAGG

For cloning of pBK46: anuD 5'-region
prBK177 CATATTTCGTCAGACACAGAATAACTCTCACATTGGTCGCAGCTATTGC
prBK158 GAAATCAACTTCTGTTCCATGTCGACGCCCAGATTCTACTGCACCATGTG

For cloning of pBK46: anuD 3'-region
prBK178 CACGCATCAGTGCCTCCTCTCAGACAGAATGATCCAGTTCCTCGACTTGG
prBK159 GGATCCGTAATACGACTCACTATAGGGCCCACGACTTCGGGCACTAACTTG

For cloning of pBK47: anul 5'-region
prBK179 CATATTTCGTCAGACACAGAATAACTCTCACTTGGCTGCCGCAGTGATAG
prBK162 GAAATCAACTTCTGTTCCATGTCGACGCCCTGTGGAGTGCTTGGATTTG

For cloning of pBK47: anul 3'-region
prBK180 ACGCATCAGTGCCTCCTCTCAGACAGAATGAGAACACGCTGGTCGAGTTC
prBK163 GGATCCGTAATACGACTCACTATAGGGCCCAGATGAGCAGTTTATGTTCGG

For cloning of pBK48: anuJ 5'-region
prBK181 CATATTTCGTCAGACACAGAATAACTCTCAGGAGGAGAGTGCAACATGG
prBK166 GAAATCAACTTCTGTTCCATGTCGACGCCCGGATCGTACAACAGGACGCC For cloning of pBK48: anuJ 3'-region
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prBK182

CACGCATCAGTGCCTCCTCTCAGACAGAATGACGAGATCGAGGTGCTGTTG

prBK24 CCGTAATACGACTCACTATAGGGCCCGTATTTGAAGGGATGAAAGATG
For cloning of pBK49: anuH 5'-region
prBK183 CATATTTCGTCAGACACAGAATAACTCTCGATTCGATTCAAACAAATGCC
prBK27 CAACTTCTGTTCCATGTCGACGCCCCACGCGCACAGTGCAAATTTGTC
For cloning of pBK49: anuH 3'-region
prBK184 GCATCAGTGCCTCCTCTCAGACAGAATGTAGGCAGAGCAGACGAAGAATC
prBK75 TAGAATGGGGTAGACAGG
Verification of BK17: 5'-region
prBK178 CACGCATCAGTGCCTCCTCTCAGACAGAATGATCCAGTTCCTCGACTTGG
prBK 144 TGCTCATAGACTACGTCTG Verification of BK17: 3'-region
Verification of BK18: 3'-region,
prBK 185 used with prBK175 together
prBK185 GAGAGTTATTCTGTGTCTGAC
Verification of BK19: anuJ,
prBK 185 used with prBK181 together
Verification of BK17: anuE, used with
prBK 178 together
prBK186 CATTCTGTCTGAGAGGAGGC
For cloning of pBK45 — 49: AfpyrG-
marker, used with prBK185 together
Verification of BKI18: 5'-region, used
with prBK75 together
prBK120 CTTCCGTTTGAGACATGAATG
Verification of BK18: anuD, used with
prBK 186 together
Verification of BK19: 5'-region, used
with prBK75 together
prBK34 CAAGTATGATCCTGAGGGCCG
Verification of BK21: 5'-region, used
with prBK 185 together
Verification of BK19: 3'-region, used
prBK38 GTGTCGACATGACTATCGCTCCGTCTTC
with prBK75 together
Verification of BK20: 5'-region, used
with prBK75 together
prBK93 GAGCTACCGAGCTGTGTTTG
Verification of BK20: 3'-region, used
with prBK 186 together
Verification of BK20: anuJ, used with
IN105 TGTTGATATCGAAGCGC
prBK 185 together
Verification of BK21: anuH, used with
prBK34 together
prBK33 GAATCCCAGGCCCTGGTTTG
Verification of BK21: 3'-region, used
with prBK 186 together
pPX-PTN-F GGTGGACAGCAAATGGGTCGCGGATCCATGGTTGAAGTGACAAGACCAC For cloning of pPX52
(Amplification of AnuH without introns
pPX-PTN-R GGTGCTCGAGTGCGGCCGCAAGCTTTCAATGACTATCGCTCCGTCTTC
from cDNA)
pPX28-1F CATCTTCCCATCCAAGAACCTTTAATCATGGCTATCGAGCTGGGTC
For cloning of pPX28
pPX28-1R TATTTCGTCAGACACAGAATAACTCTCCTGAGCCGGGTACATTACTAGC

pPX28-test-1f

GGTCTTTGCTGGTGACCATCC

pPX28-test-1r

CGAGACGGTTCGAAAGTCTCG

1026 bp partial fragment of anuE

pPX38-1F

CGTAATACGACTCACTATAGGGCCCCATATCGGAGAGTGAGAATGGGAC

For cloning of pPX38: anuF 5'-region
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pPX38-1R ATTTCGTCAGACACAGAATAACTCTCGTTTATTTCGCTGCGATCAAAC
pPX38-3F CATCAGTGCCTCCTCTCAGACAGAATAATGATCATGTATCTCTCTGAGCCG

For cloning of pPX38: anuF 3'-region
pPX38-3R TCAACTTCTGTTCCATGTCGACGCCCGACAGTTCACCCACCCTACATG
pPX38-2F CAAAGTTTGATCGCAGCGAAATAAACGAGAGTTATTCTGTGTCTGACG

For cloning of pPX38: AfpyrG-marker
pPX38-2R CGGCTCAGAGAGATACATGATCATTATTCTGTCTGAGAGGAGGCACTG

pPX38-anuF-tf

GTTTGCACTTGCAGCGTTGTTC

pPX38-anuF-tr

GCAGTGGTGACTGGTGCTG

906 bp partial fragment of anufF’

pPX38-test-1f

CATATCGGAGAGTGAGAATGGGAC

Verification of anuf: 5'-region

pPX3839-test-1r

GCTTCGGCAATCTCAAAAAGTC

pPX3839-test-2f

CGGAGGATGAAGATTTCGTGGTC

Binding in AfpyrG facing outwards as
complementary primer for 5'- and 3'-

region verification for PX38 and PX39

pPX38-test-2r

GACAGTTCACCCACCCTACATGC

Verification of anuF: 3'-region

pPX39-1F CCGTAATACGACTCACTATAGGGCCCCAGAACCTTGATGTGTGCCTTG

For cloning of pPX39: anuG 5'-region
pPX39-1R TTCGTCAGACACAGAATAACTCTCCCTGTTGAGTATACAGTGAGATGG
pPX39-3F CATCAGTGCCTCCTCTCAGACAGAATCGTCTGATAAACCAACTGTTCGTG

For cloning of pPX39: anuG 3'-region
pPX39-3R CAACTTCTGTTCCATGTCGACGCCCCGATATACGTGGAGAGTGCAGAAG
pPX39-2F CACCCATCTCACTGTATACTCAACAGGGAGAGTTATTCTGTGTCTGACG

For cloning of pPX39: AfpyrG-marker
pPX39-2R CCACGAACAGTTGGTTTATCAGACGATTCTGTCTGAGAGGAGGCAC

pPX39-test-1f

CAGAACCTTGATGTGTGCCTTG

Verification of anuG: 5'-region

pPX39-test-2r

CGATATACGTGGAGAGTGCAGAAG

Verification of anuG: 3'-region

pPX39-anuG-tf

GCTCGCGAATCTGACGTTTC

pPX39-anuG-tr

CTCGCATAGGATAGGCGGATG

1192 bp partial fragment of anuG

pPX45-1F

CATCTTCCCATCCAAGAACCTTTAATCATGGTGCAAATATCGAATGTTTGG

pPX45-1R

ATTTCGTCAGACACAGAATAACTCTCCGATATACGTGGAGAGTGCAGAAG

For cloning of pPX45

The underlined sequences in the primers are homologous regions with the vector or the other fragment for recombination.
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Table S5. NMR data of (2S, 9S5)-annullatin D (2) in DMSO-ds

Compound
Position Su, multi., J in Hz dc Key HMBC correlations du, multi., J in Hz (CDCl3)
2 4.79, dd, 9.6, 8.2 91.5 C-15,C-16 4.85,dd, 9.5, 8.6
3 3.24,br dd, 16.0, 8.2 28.6 C-2, C-3a,C-7a, C-14 3.24,brdd, 15.8,8.6

3.18, brdd, 16.0, 9.6 3.18,brdd, 15.8, 9.5
3a 129.3
4 7.55,d,7.5 130.7 C-3, C-6, C-7a 7.40, dt, 7.5, 1.0
5 6.99,dd, 7.5, 0.8 112.9 C-3a, C-6, C-7, C-7a, C-9 6.82,dd, 7.5,0.8
6 150.0
7 107.2
7a 157.3
8 167.4
9 5.53,dd, 7.2,3.9 80.6 5.40,dd, 7.9,4.0
10 2.01, m 33.9 C-11, C-12 1.98, m

1.68, m 1.72,m
11 1.38, m 26.3 C-9, C-12, C-13 1.47, m
12 1.30, m 21.8 C-11, C-13 1.35, m
13 0.89,t,7.1 13.7 C-11,C-12 0.90,t,7.3
14 69.9
15 1.22,s 26.0 C-2,C-14,C-16 1.42,s
16 1.18,s 25.1 C-2,C-14, C-15 1.24,s
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Table S6. NMR data of (2R)-annullatin G (3) in DMSO-ds

Compound
Isolated from fungal culture Annullatin F (1) acetate
Position O, multi., Jin Hz dc O, multi., Jin Hz dc Key HMBC correlations
2 4.61,1,8.5 89.1 4.61,1,8.5 89.1 C-17,C-18
3 3.21,dd, 8.5,0.7 29.9 3.21,dd, 8.5,0.7 29.9 C-2, C-3a,C-4, C-7a, C-16
3a 131.5 1315
4 7.26,d,7.6 124.5 7.26,d,7.6 124.5 C-6,C-7a
5 7.23,d,7.6 120.5 7.23,d,7.6 120.5 C-3a, C-6, C-7, C-11
6 138.7 138.7
7 114.2 114.2
Ta 159.4 159.4
8 5.16,d, 11.5 57.6 5.16,d, 11.5 376 -6, C-7,C-Ta, -9
5.09,d, 11.5 5.09,d, 11.5
9 170.0 170.0
10 1.94,s 20.4 1.94,s 20.4 C-9
11 203.8 203.8
12 2.87,td,7.2, 1.8 40.7 2.87,td,7.2, 1.8 40.7 C-11, C-13, C-14
13 1.54, m 26.0 1.55, m 26.0 C-11,C-12,C-14, C-15
14 1.32,m 21.6 131, m 21.6 C-12, C-13,C-15
15 0.88,t,7.4 13.7 0.88,t,7.4 13.7 C-13,C-14
16 70.2 70.2
17 1.12 25.8 1.13 25.8 C-2,C-16,C-18
18 1.10 24.4 1.10 24.4 C-2, C-16, C-17
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Table S7. NMR data of (2S5, 9S)-annullatin H (4) in DMSO-ds

V8V
Compound HO /‘I) /;
Position Su, multi., J in Hz e Key HMBC correlations du, multi., J in Hz (CDCl3)
2 4.52,dd, 9.4, 8.0 88.3 C-3, C-3a, C-15, C-16 4.58,dd, 9.4, 8.6
3 3.11,m 30.0 C-2,C-3a,C-7a,C-14 3.20, dd, 15.7, 8.6
3.09,dd, 15.7,9.4

3a 124.8
4 7.05,d,7.7 123.2 C-3,C-5,C-6,C-7a 7.05,d,7.7
5 6.89,d,7.7 117.6 C-3a, C-7,C-9,C-7a 6.89,d,7.7
6 145.1
7 119.3
Ta 158.0
8 4.54,d,11.5 54.0 C-6,C-7,C-Ta 4.77,d,12.0

4.49,d,11.5 4.66,d,12.0
9 4.84,dd, 7.9, 4.7 68.5 C-5, C-6, C-7, C-10, C-11 4.83,dd, 7.8, 6.0
10 1.60, m 38.5 C-6, C-9, C-11, C-12 1.86, m

1.76, m

11 1.39, m 28.0 C-12,C-13 142, m

1.29, m 1.26, m
12 1.29, m 22.1 C-10, C-11, C-13 133, m
13 0.87,t,7.1 14.0 C-10, C-11, C-12 0.89,t,7.2
14 70.2
15 1.15,s 25.8 C-2,C-14, C-16 1.36,s
16 1.13,s 24.6 C-2,C-14, C-15 1.15,s
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Table S8. NMR data of (14S5)-annullatin I (5) in CD30D

120

Compound

Position Ou, multi., Jin Hz e Key HMBC correlations

1 155.9

2 125.7

3 142.6

4 6.57,d,8.3 113.7 C-1,C-2,C-6

5 7.0,d, 8.3 132.3 C-1,C-3,C-13

6 130.2

7 4.71,d,11.5 57.5 C-1,C-2,C-3
4.68,d,11.5

8 2.76, m 29.9 C-2,C-3,C-9
2.64, m

9 1.45, m 32.5 C-3,C-10, C-11

10 1.39, m 33.6 C-8,C-11,C-12

11 1.39, m 23.6 C-10, C-12

12 0.90,t, 7.6 14.5 C-10, C-11

13 2.93,dd, 14.2, 1.6 35.2 C-5,C-6,C-14
2.38,dd, 14.2, 10.5

14 3.40, dd, 10.5, 1.6 80.7 C-6, C-15, C-17

15 73.9

16 1.22,s 26.1 C-14, C-15, C-17

17 1.20, s 24.7 C-14, C-15, C-16
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Table S9. '"H NMR data of 2-hydroxymethyl-3-pentylphenol (6) and (8S)-annullatin E (9) in CD;0D

Compounds
2-Hydroxymethyl-3-pentylphenol (85)-Annullatin E (9, CD:OD)
(6, CD30D)
Position Ou, multi., Jin Hz Ou, multi., J in Hz
4 6.62,d, 8.0 6.92,dd,7.9,0.8
5 6.97,t, 8.0 7.08,t,7.9
6 6.60, d, 8.0 6.68,dd, 7.9, 1.0
7 4.69, s 4.77,4d,11.7
4.73,d,11.7
8 2.62,t,8.0 492,dd,8.1,6.3
9 1.53, m 1.70, m
10 133, m 1.44, m
1.27, m
11 1.33, m 1.37,m
12 0.88,t,7.0 0.88,t,7.1

The NMR data of the isolated compounds correspond very well to those reported in the literature.!'*!3
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Table S10. NMR data of (25)-annullatin B (7) in CD;0D

N
Hc@‘?.@C N
Compound )/4 O &( >Z/\_/\>
HO
Position oun, multi., Jin Hz e Key HMBC correlations
2 4.57,1,8.5 90.4 C-3,C-16
3 3.13,dd, 15.7, 8.5 31.5 C-2,C-3a,C-7a,C-14
3.08,dd, 15.7, 8.5
3a 125.8
4 6.96,d,7.7 125.1 C-3,C-6,C-7a
5 6.61,d,7.7 122.4 C-3a, C-6, C-7, C-9
6 142.8
7 120.9
Ta 160.4
8 4.62,d,11.4 56.4 C-6,C-7,C-7a
459,d,11.4
9 2.62, m 333 C-5,C-6,C-7,C-11
10 1.54, m 33.0 C-11,C-12
11 1.32,m 33.0 C-9,C-12,C-13
12 132, m 23.6 C-10, C-11, C-13
13 0.88,t7.2 14.4 C-11,C-12
14 72.7
15 1.27,s 25.8 C-2,C-14,C-16
16 1.16, s 24.6 C-2,C-14,C-15
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Table S11. NMR data of (2S)-annullatin A (8) in CD30D

y
POLE

Drs

Compound &( >£/ \>
o)

Position Ou, multi., J in Hz dc Key HMBC correlations

2 4.71,t,8.9 92.3 C-3,C-15,C-16

3 3.14,d,8.9 30.2 C-2, C-3a, C-4, C-7a, C-14

3a 128.5

4 7.26,d,7.5 131.6 C-3,C-6,C-7a

5 6.65,d,7.5 123.8 C-3a, C-4, C-6,C-7,C-9

6 145.4

7 118.3

Ta 166.0

8 10.36, s 191.6 C-6,C-7,C-7a

9 2.88, m 34.5 C-5, C-6,C-7,C-10

10 1.47, m 32.6 C-6,C-9, C-12

11 131, m 33.0 C-12,C-13

12 1.31,m 23.6 C-10, C-11,C-13

13 0.88,t,7.0 14.4 C-11, C-12

14 72.4

15 1.27,s 25.5 C-2,C-14, C-16

16 1.20, s 25.1 C-2,C-14, C-15

S25
123



Table S12. NMR data of (85)-annullatin J (10) in CDCI3

Compound
Position Ou, multi., J in Hz dc Key HMBC correlations
1 154.7
2 1233
3 140.8
4 6.86,d,7.8 117.9 C-2,C-6,C-8
5 7.05,d,7.8 129.3 C-1,C-3,C-4,C-13
6 127.7
7 491, m 58.6 C-1,C-2,C3
4.84, m
8 4.74, m 71.9 C-2,C-3,C+4, C-9, C-10,
9 1.73, m 37.9 C-3, C-10, C-11
1.66, m
10 1.40, m 28.5 C-8,C-9, C-11,C-12
1.24, m
11 1.32,m 22.8 C-9, C-10,C-12
12 0.89,t,7.2 14.2 C-10, C-11
13 3.34,d,74 29.2 C-1, C-5, C-6, C-14, C-15
14 531, m 122.1 C-13, C-16, C-17
15 1342
16 1.76, s 26.0 C-14, C-15, C-17
17 1.75, s 18.0 C-14, C-15,C-16

S26
124



Supplementary Figures

Linearized integration vector

) promoter  preror [ATTGRtGERSEIN  Afoyre | MGl
(1) promotor  promotor down

Homologous recombination

Genomic situation in wildtype
) ‘WA-PKS- wA-PKS-
(if) promotor WATRICO-dens - down

Genomic situation in integration mutant

(iii) promotor promotor down

f r
Primer for presence of target gene(s)

Figure S1. Schematic representation of gene integration into the wA-PKS locus of A. nidulans LO8030
Verification of the integration mutants was performed via detection of the white phenotype indicating the
integration into the wA-PKS-locus and a PCR with primers binding in the integrated gene(s) proving their

presence.
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Linearized deletion vector

(i) _— 5’-region marker 3’-region

Homologous recombination

Genomic situation in wildtype

- . Gene of
ii _ 22
(i) S'region interest

T

Primer for presence of target gene-control PCR

3’-region

Genomic situation in deletion mutant

(iii)

— 5'-region marker 3’-region

—»5’-control PCRqJ |—> 3'-control PCR

Figure S2. Schematic representation of gene deletion from anu cluster in A. nidulans strains

Verification of deletion mutants was carried out by proving the absence of the gene(s) of interest with primers
binding in the region which should be deleted. Additionally, the correct integration of the 5'- and 3'-regions
were checked by PCR with primers binding in the marker and the unmodified DNA 5'- or 3'- of the up- or
downstream region. Control PCRs were performed with genomic DNA of 4. nidulans LO8030 and that of
the deletion mutant.
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M: Marker
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M: Marker

1: 5"-region

2: 3-region

3. gene of interest

PX38 (AanuF)

gene of interest

M: Marker

1: Trans BKO3.1
2: Trans BKO3.2
3: Trans BKO3.3

BK18 (AanuD)
M o1 2 3

5'-region 3-region

08T1 T2 T3 M 08 T1 T2 T3 M 08 T1 T2 T3

08: BKO8
T1: Trans 38.1

M: Marker
T2: Trans 38.2

T3: Trans 383

PX28 (anuE HE)
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~
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I

M: Marker
1: A nidulans LOB030
2: Trans PX28

BK19 (Aanul)
M 1 2 3

AT e
% £
B o
] :

L=

PX39 (AanuG)

gene of interest

GeneRuler™ DNA
Ladder Mix

PX45 (anuG HE)

M 1 2

Lo

M: Marker
1: Trans PX45.1
2: Trans PX452

BK20 (AanudJ) BK21 (AanuH)
M1 2 3 M 1 2 3

SERUOTIL € roemecq
..
1
= 1
L OO
e

M: Marker M: Marker

1: 5-region 1: gene of interest

2: 3-region 2: 5-region

3: gene of interest 3: 3-region
5*-region 3"-region

M 08T T2T3 T4T5 MO8 T1 T2 T3 T4 T5 M 08 T1 T2 T3 T4 T5

08: BKO8
T1: Trans 39.1
T4: Trans 39.4

b

M: Marker
T2: Trans 39.2  T3: Trans 39.3
T5: Trans 39.5

Figure S3. PCR verification of the heterologous expression transformants and the deletion mutants

(A) PCR verifications were performed with genomic DNA of the heterologous expression (HE) 4. nidulans
transformants, which was used to prove the presence of the target gene/cluster. (B) PCR amplification of
single gene deletions from the anu cluster in A. nidulans BKOS. Three different fragments amplified from
genomic DNA of deletion mutants were used to prove the presence/absence of the gene of interest and the
correct site-specific integration of the corresponding 5'- and 3’-regions. The primers are given in Table S3.
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Figure S4. LC—MS analysis of the negative control strain A. nidulans BK06
The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +

0.005 was used for ion detection.
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0 m/z 315.157
6x105
3x1054
[M+Na]' of 2
0 m/z 313.141
1.4%x105
7x104-
[M+Na]' of 3
0 A m/z 357.167
3%x105-
1.5%105-
[M+Na]" of 4
0- m/z 317.172
LN L B R A
14 16 18 20 22 24 26
t/min

Figure S5. LC—MS analysis of the anu cluster expression strain A. nidulans BK08
The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +

0.005 was used for ion detection.
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Figure S6. LC—MS analysis of the acetylated EtOAc extract from A. nidulans BK08
EIC of 3 was selected with a tolerance range of + 0.005.
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Figure S7. LC—MS analysis of anuAd heterologous expression in 4. nidulans LO8030

The chromatograms depicted in color are EICs for the accumulated end products 1 — 4. A tolerance range of

+ 0.005 was used for ion detection.
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Figure S8. LC—MS analysis of the anuFE deletion strain 4. nidulans BK17
The chromatograms depicted in color are EICs for the accumulated products 1 — 8. A tolerance range of +

0.005 was used for ion detection.
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Figure S9. LC—MS analysis of the anuD deletion strain 4. nidulans BK18
The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +

0.005 was used for ion detection.
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Figure S10. LC—MS analysis of the anu/ deletion strain 4. nidulans BK19
The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +

0.005 was used for ion detection.
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Figure S11. LC—MS analysis of the anuJ deletion strain A. nidulans BK20
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The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +

0.005 was used for ion detection.
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Figure S12. LC—MS analysis of the anuH deletion strain A. nidulans BK21
The chromatograms depicted in color are EICs for the accumulated products 1 — 4 and 9. A tolerance range
of + 0.005 was used for ion detection.

S38
136



2x104+

4
| 2 A190-400 nm
1%x104-
PX38 (Aanul” in BKOS)
O -
2x104-
1x104-
[M+Na]' of 1
3 l m/z 315.157
4x104-
2x104-
[M+Na]' of 2
0 m/z 313.141
1x104-
5%103- | |
s [M+Na]' of 3
5 I m/z 357.167
4x104-
2x104-
[M+Na]" of 4
0 === F | T Inr.' m/z317.172

20 22 24 26
t/min

Figure S13. LC—MS analysis of the anuf" deletion strain A. nidulans PX38
The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +

0.005 was used for ion detection.
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Figure S14. LC—MS analysis of the anuG deletion strain A. nidulans PX39
The chromatograms depicted in color are EICs for the accumulated products 1 — 4. A tolerance range of +
0.005 was used for ion detection.
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Figure S15. LC—MS analysis of anuE expression strain 4. nidulans PX28 after feeding with 6

The chromatograms depicted in color are EICs for 6 and 9. A tolerance range of £ 0.005 was used for ion

detection.
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Figure S16. LC—MS analysis of anuG expression strain 4. nidulans PX45 after feeding with 4
The chromatograms depicted in color are EICs for 2 and 4. A tolerance range of £ 0.005 was used for ion
detection.
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Figure S17. Analysis of the purified AnuH on SDS-PAGE (12%)
AnuH with a C-terminal 6xHis-tag (~51.7 kDa) was purified from E. coli BL21(DE3) cultures via Ni-
NTAagarose with subsequent preparative gel filtration.
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Figure S18. Determination of the kinetic parameters of AnuH with the substrates 9 (A) and DMAPP (B)
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Figure S20. The experimental and calculated ECD spectra of compound 2 and its isomers (o =

0.30 eV, UV shift =+15.0 nm)
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Figure S21. The experimental and calculated ECD spectra of compound 3 and its isomer (o = 0.30

eV, UV shift = 0 nm)

46
144



= Exp. ECD of 4

Calcd. ECD of (25,9R)-4
Calced. ECD of (2R,95)-4
Calcd. ECD of (25,95)-4

Caled. ECD of 2R,9R)-4

350 400

+*  wavelength (nm)
-10

Figure S22. The experimental and calculated ECD spectra of compound 4 and its isomers (o =
0.30 eV, UV shift = +20 nm)
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Figure S23. The experimental and calculated ECD spectra of compound 5 and its isomer (o = 0.30
eV, UV shift = +20 nm)
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Figure S24. The experimental and calculated ECD spectra of compound 7 and its isomer (¢ = 0.30
eV, UV shift = +25.0 nm)
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Figure S25. The experimental and calculated ECD spectra of compound 8 and its isomer (¢ = 0.30
eV, UV shift = 0 nm)
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Figure S26. The experimental ECD spectrum of compound 9
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Figure S27. The experimental and calculated ECD spectra of compound 10 and its isomer (¢ =
0.30 eV, UV shift = 0 nm)
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Figure S31. 'H-"H COSY spectrum of (2S, 95)-annullatin D (2) in DMSO-ds
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Figure S32. HSQC spectrum of (2S, 95)-annullatin D (2) in DMSO-ds
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Figure S33. HMBC spectrum of (2S, 95)-annullatin D (2) in DMSO-ds
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Figure S36. 'H-"H COSY spectrum of (2R)-annullatin G (3) in DMSO-ds, isolated from fungal
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Figure S37. HSQC spectrum of (2R)-annullatin G (3) in DMSO-dg, isolated from fungal culture
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Figure S44. '"H NMR spectrum of (25, 95)-annullatin H (4) in CDCl; (500 MHz)
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Figure S45. 'H NMR spectrum of (25, 95)-annullatin H (4) in DMSO-ds (500 MHz)
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Figure S47. 'H-'H COSY spectrum of (28, 95)-annullatin H (4) in DMSO-ds
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5 Conclusions and future prospects

This thesis presented multiple approaches to study the biosynthetic pathways of aromatic fungal SMs.
Enzymes involved in the biosynthesis of NPs catalyze an expansive array of chemical transformations
for the construction or modification of secondary metabolites. Various bioinformatic tools and genetic
manipulation strategies enabled the investigation on the enzymatic assembly lines of different fungal
product scaffolds.

In the course of the study in Penicillium crustosum, two NRPKS genes were functionally identified by
heterologous expression, domain deletion and recombination, as well as feeding experiments. The
isocoumarin synthase gene pcr9304 was successfully heterologously expressed in the established
and frequently used host Aspergillus nidulans and led to the accumulation of three isocoumarins.
Precursor feeding experiments revealed that the initial PKS product can be converted by the host
enzymes to its hydroxylated and methylated derivatives. These results provided one additional
example that unexpected further modifications of an enzyme product can take place in a heterologous
host. Heterologous expression of another PKS gene oesA from P. crustosum led to the identification
of 3-orsellinoxypropanoic acid. Domain deletion and recombination proved that OesA was a
bifunctional NRPKS, which catalyzes not only the formation of orsellinic acid but also its transfer to 3-
hydroxypropanoic acid. Both ACP domains contribute independently and complementarily to the
product formation. Isotopic feeding experiments confirmed the origin of 3-orsellinoxypropanoic acid, in
which only the orsellinyl residue is derived from acetate.

Inspired by the flavoglaucin biosynthesis, an eleven-gene (anu) cluster containing a HRPKS AnuA was
identified to be responsible for the biosynthesis of annullatins in Penicillium roqueforti. Annullatins were
isolated from the ascomycetous fungus Cordyceps annullata and exhibited potent agonistic activities
toward the cannabinoid receptors. However, little was known about their biosynthesis, especially on
the formation of the lactone ring in annullatin D, and the involved enzymes prior to our study. In the
biosynthesis of annullatins, a combination of in vitro enzymatic studies and heterologous expression
in vivo, was used to understand how alkylated aromatic polyketide with a fused dihydrobenzofuran
lactone ring system was formed through enzymatic or nonenzymatic reactions. The annullatin
backbone is assembled by cooperation of AnuABC and hydroxylated at the C5 alkyl chain by the
cytochrome P450 AnuE. The prenyltransferase AnuH subsequently installs one isoprenyl group at the
benzene ring to form annullatin J (15), which then undergoes a dihydrobenzofuran ring formation
between the prenyl and the phenolic hydroxyl groups, resulting in two diastereomers 9 and 17 by
enzymatic or non-enzymatic reactions. After that, the alcohol at the C5 side chain of 17 was oxidized
to a keto group by the SDR AnuF and further acetylated by the host enzymes. The BBE-like enzyme
AnuG-catalyzes a five-member lactone ring formation in 9 to give annullatin D (7). As a result, this
study demonstrated a highly programmed biosynthetic pathway for annullatins. Particularly, we
identified a new BBE-like enzyme for oxidative lactonization between two hydroxyl groups.
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For future prospects, the following works can be performed:

172

>

Although the biosynthetic pathway of annullatin has been identified, the initial aromatization
mechanism for the polyketide core structure is still unclear. Biochemical characterization of
the two tailoring enzymes AnuB and AnuC may provide new insights into the unique
aromatization involved in this pathway

Obtain recombinant BBE-like enzyme AnuG to understand the detailed catalytic mechanism
for the oxidative lactonization

Further characterization of more BBE-like enzymes to expand the structural diversity by
chemoenzymatic strategies

Targeted protein engineering of the prenyltransferase AnuH can also be performed to
expand the substrate specificity and prenyl donor space

Discover other promising BGCs for interesting natural product biosynthesis in P. roqueforti
Ongoing investigations on the biosynthetic machinery of other alkylated aromatic polyketides
from other Penicillium strains
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