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The biosynthetic pathways towards the polyketides terrein 94 and (dimeric)
sorbicillinoids, such as the Diels-Alder derived bisorbicillinol 151, were investigated. Both
pathways were reconstituted step by step in Aspergillus oryzae and the key biosynthetic

transformations were adressed through a combination of in vivo and in vitro studies.

Previous work showed that terrein 94 is formed via an oxidative decarboxylation/ ring
contraction sequence of the precursor 6-hydroxymellein 113. The production of 113 was
established in Aspergillus oryzae NSAR1 by co-expression of two genes encoding the non-
reducing polyketide synthase (PKS) TerA and the PKS-like multidomain protein TerB.
Deliberate point mutations of catalytic key residues within both proteins revealed that TerB
is a novel type of of trans-acting enzyme. The catalytically active ketoreductase domain of
TerB reduces the growing polyketide intermediate that is tethered to the PKS TerA; the
catalytically inactive dehydratase domain of TerB appears to mediate protein-protein

interactions with TerA.

The flavin-dependent monooxygenase (FMO) TerC was demonstrated to open the lactone
ring of 113 via oxidative decarboxylation using a combination of heterologous expression
in A. oryzae and in vitro assays. The chemically unstable aromatic product is hydroxylated
by the second FMO TerD in vitro, but further reconstitution of the pathway was not
successful. Heterologous expression of a homologous biosynthetic gene cluster (BGC) from
a marine Roussoella sp. yielded a related aromatic intermediate. Although the ring
contraction was not observed, the pivotal lactone opening during the biosynthesis of 94 and

related metabolites was experimentally elucidated for the first time.

Co-expression of three genes from the sorbicillinoid BGC of Trichoderma reesei
reconstituted the biosynthetic pathway up to the highly reactive sorbicillinol 148a that was
effectively reduced in the heterologous host A. oryzae. Dimeric sorbicillinoids were
exclusively produced upon presence of a fourth gene encoding the FMO TrSorD. Further
feeding studies confirmed that TrSorD is an unprecedented FMO that independently
catalyzes both epoxidation and intermolecular dimerization of 148a with itself or other
suitable molecules, following a Diels-Alder or Michael-like mechanism. The non-
homologous FMO PcSorD from Penicillium chrysogenum plays the same catalytic role as
TrSorD, and furthermore oxidizes 148a into oxosorbicillinol 173. These results answer the
long-standing question for the involvement of an in vivo catalyst during the dimerization of
148a. Mutational studies indicated that covalent flavinylation is essential for enzyme

activity of both TrSorD and PcSorD.
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Die Biosynthese der Polyketide Terrein 94 und (dimeren) Sorbicillinoide, wie dem Diels-
Alder Derivat Bisorbicillinol 151, wurde untersucht. Beide Pfade wurden schrittweise in
Aspergillus oryzae rekonstituiert und die biosynthetischen Schliisseltransformationen

wurden durch Kombination von in vivo und in vitro Studien erforscht.

Vorherige Arbeiten zeigten, dass Terrein 94 durch eine Abfolge von oxidativer
Decarboxylierung/ Ringkontraktion des Vorlaufers 6-Hydroxymellein 113 gebildet wird.
Die Produktion von 113 in Aspergillus oryzae NSAR1 wurde duch Co-Expression zweier
Gene erreicht, die eine nicht-reduzierende Polyketidsynthase (PKS) TerA und ein PKS-
dhnliches Multidoménen-Protein TerB kodieren. Gezielte Punktmutationen in beiden
Proteinen zeigten, dass TerB ein neuartiges trans-agierendes Enzym ist. Die katalytisch
aktive Ketoreduktase Domaine in TerB reduziert das wachsende Polyketidintermediate
welches an der PKS TerA gebunden ist; die katalytisch inaktive Dehydratase Domane

scheint Protein-Protein Kontakt mit TerA zu vermitteln.

Mittels heterologer Expression in A. oryzae und in vitro Assays wurde gezeigt, dass die
Flavin-abhédngige Monooxygenase (FMO) TerC eine Lactondffnung in 113 via oxidativer
Decarboxylierung katalysiert. Das instabile aromatische Produkt wird ferner durch die
zweite FMO TerD hydroxyliert, jedoch war eine weiterfilhrende Rekonstitution des
Biosyntheseweges nicht erfolgreich. Heterologe Expression eines homologen Biosynthese-
Genclusters (BGC) lieferte ein verwandtes aromatisches Intermediat. Obwohl keine
Ringkontraktion beobachtet wurde, wurde die zentrale Lactondffnung wahrend der

Biosynthese von 94 und verwandten Naturstoffen zum ersten Mal experimentell aufgezeigt.

Co-Expression dreier Gene des Sorbicillinoid BGC aus Trichoderma reesei rekonstituierte
den Biosyntheseweg bis zu dem hochreaktiven Intermediate Sorbicillinol 148a, welches
effektivin dem heterologen Wirt A. oryzae reduziert wurde. Dimere Sorbicillinoide wurden
ausschliefllich in Anwesenheit eines vierten Genes, kodierend fiir die FMO TrSorD
produziert. Fiitterungsstudien bekraftigten dass TrSorD eine prazedenzlose FMO ist, die
Epoxidation und intermolekulare Dimerisierung zwischen 148a mit sich selbst oder
anderen geeigneten Molekiilen via Diels-Alder oder Michael-Addition katalysiert. Die nicht-
homologe FMO PcSorD aus Penicillium chrysogenum iibernimmt dieselbe Rolle wie TrSorD,
und oxidiert ferner 148a zu Oxosorbicillinol 173. Diese Ergebnisse beantworten die
offenstehende Frage, ob ein in vivo Katalysator an den Dimerisierungsreaktionen beteiligt
ist. Mutationsstudien deuteten an, dass kovalente Flavinylierung fiir die enzymatische

Aktivitat von TrSorD und PcSorD essentiell ist.
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6-HM 6-hydroxymellein

6-MSA 6-methylsalicylic acid

A angstrom

aa amino acid

ACP acyl carrier protein

APS ammonium persulfate

AT acyl transferase

ATP adenosine triphosphate

BGC biosynthetic gene cluster

BLAST basic local alignment search tool

bp base pairs

cam chloramphenicol

carb carbenicillin

CDh conserved domain

cDNA complementary DNA

cf. confer

CFE cell free extract

C-MeT C-methyltransferase

CoA coenzyme A

COSY correlation spectroscopy

CRISPR clusterred regulary interspaced short
palindromic repeats

Da Dalton

DA Diels-Alder

DH dehydratase

DMAPP dimethylallyl-pyrophosphate

DMF dimethyl formamide

DNA deoxyribonucleic acid

EAS electrophilic aromatic substitution

eg. exempli gratia; for example

ER enoyl reductase

ES electro-spray

EtOAc ethyl acetate

FAD flavin adenine dinucleotide

(m)FAS (mammalian) fatty acid synthase

FMN flavin mononucleotide

FMO flavin-dependent monooxygenase

FPP farnesyl-pyrophosphate

gDNA genomic DNA

gRNA guide RNA

GOI gene of interest

h hours

HEPES 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid

HMBC heteronuclear multiple bond correlation

HPLC high-performance liquid chromatography

hr highly reducing

HRMS high-resolution mass spectrometry

HSQC heteronuclear single quantum correlation

hyg hygromycin

Hz hertz

ie. id est; that is

IMAC immobilized metal-ion affinity
chromatography

IPP isopentenyl-pyrophosphate

IPTG

kan
KO
KR
KS

LCMS
m

M

M
MeOH
min
mRNA
m/z

n

n
NAD(P)H

NHE]
NMR
nr
NRP(S)
PAGE
PAM
PCR
PEG
pH

PKS
ppm
PPTase
pr

PT

R

RNA
rpm
RT
RT-PCR
S

SAM
SAT
SDR
SDS

sp.

TE
TEMED
TH
THF
TLC
Tris

uv
v/v
wt
w/v

Abbreviations and Units

isopropyl-B-D-1-thiogalactopyranoside
kilo-

kanamycin

knockout

ketoreductase

ketosynthase

litre

liquid chromatography - mass spectrometry
milli-

mega-

molar

methanol

minutes

messenger RNA

mass to charge ration

micro-

nano-

nicotinamid adenine dinucleotide
(phosphate)

non-homologous end joining
nuclear magnetic resonance
non-reducing

non-ribosomal peptide (synthetase)
polyacrylamide gel electrophoresis
protospacer adjacent motif
polymerase chain reaction
polyethylene glycol

potentia hydrogenii

polyketide synthase

parts per million
phospopenthetheinyl transferase
partially reducing

product template

reductive release domain
ribonucleic acid

revolutions per minute

room temperature

reverse transcriptase-PCR

seconds

S-adenosyl methionine

starter unit-ACP transacylase
short-chain dehydrogenase/ reductase
sodium dodecyl sulphate

species

thiolesterase
N,N,N’N’-Tetramethylethane-1,2-diamine
thiolester hydrolase
tetrahydrofuran

thin layer chromatography
2-Amino-2-(hydroxymethyl)propane-1,3-
diol

ultraviolet

volume per volume

wild type

weight per volume
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Introduction
1 Introduction

1.1 Fungal Secondary Metabolites

Filamentous fungi are well known for the production of secondary metabolites, also
referred to as natural products. Unlike primary metabolites, these structurally
heterogenous small molecules are not directly required for the growth their producers, but
rather grant a competitive advantage in their specific micro-ecosystem.[12l Secondary
metabolites do not only repel or kill environmental competitors (e.g. bacteria or protozoa),
but also act as signalling molecules that modulate interaction between the producers and

their immediate surroundings.B3!

Towards humankind natural products are curse and blessing at the same time due to their
“Janus faced”!*l biological activities that may either promise pharmaceutical applications or
threaten animal and human health due to their toxic properties. One of the most infamous
mycotoxins is aflatoxin B1 1, a food contaminant produced by Aspergillus species that is
responsible for a significant loss of crops each year and that possesses very high
carcinogenic potential upon ingestion.5¢6] In contrast, molecules like the famous
penicillin G 2, whose serendipitous discovery almost one century agol”l initiated the age of
antibiotics, are indispensable for the treatment of bacterial infections. In fact, the rational
use of penicillin G 2 during World War II reduced the mortality from infected wounds
tremendously and greatly promoted the post war economy.[8l Between 1981 and 2010
around two thirds of all small-molecule approved drugs originated from natural products,

further illustrating their enormous pharmaceutical potential.l]

Fungal secondary metabolites can be classified either based on their function (e.g.
antibacterial, anti-inflammatory, phytotoxic) or much more usefully based on their
biosynthetic origin, since all secondary metabolites are based on precursor molecules that
derive from the primary metabolism. Therefore, secondary metabolites are divided into
four main classes: polyketides, non-ribosomal peptides (NRP), terpenes and alkaloids.10]
Polyketides, the most abundant class of fungal natural products, are biosynthezised by
polyketide synthases (PKS) and are derived from acetate 3 or other small carboxylic acid
building blocks.'ll Both the previously mentioned aflatoxin B1 1 and the
hypercholesterolemic agent lovastatin 4 are among the most well-known representatives

of fungal polyketides.[12]

The structural backbones of non-ribosomal peptides like penicillin G 2 or the mycotoxin
gliotoxin 5 are assembled from amino acid precursors 6 by non-ribosomal peptide

synthetases (NRPS) and often modified by accessory enzymes to yield the final product.

[13,14]
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The two isomers dimethylallyl-pyrophosphate 7 (DMAPP) and isopentenyl-pyrophosphate
8 (IPP) are the building blocks for the assembly of linear polyprenyl-diphosphates of
different chain length that are subsequently cyclised by terpene cyclases resulting in a
manifold of structurally distinct terpenes such as the bicyclic aristolochene 9
(Cis-backbone) or the tricyclic brassicicene C 10 whose Czo-backbone is further modified by

oxidative enzymes.[10.15-17]

In contrast to the three previous classes, alkaloids do not share a common biosynthetic
background but are characterized by a nitrogen-containing heterocyclic ring that is usually
derived from an amino acid building block.[181 They might be as simple in structure as the

psychoactive alkaloid psilocybin 11 or as complex as the cytotoxic communesin A 12.[19.20]

Polyketides HO o
(0]
O o)
(0]
(0] OJJ\/\
J (o) 1, B -
H O o) 3
aflatoxin B1
1 lovastatin
4

Non Ribosomal Peptides

(o]
N oH 0 :
Y = nde =
N~ NH, 0 o}/\&
0 OH

penicilin G 57/ ~OH 6
2
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Terpenes

/P\ /P\
N0 0" oH

7 OH OH
i P ~— — H, o
I/ ? 9
aristolochene /I.\/\ P P N
0" 1071 “OH HO “—OMe
9 8 ~ OH OH
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Alkaloids
(0]
II:I>
HO/I\O
HO NMe,
A\
N
H
psilocybin communesin A
1" 12

Figure 1.1.1: The four main classes of secondary metabolites including exemplary compounds and
common biosynthetic building blocks.
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1.2 Polyketide Biosynthesis in Filamentous Fungi

1.2.1 Biosynthetic Gene Clusters in the Era of Genomics

Following the discovery of penicillin G 2, the isolation of new natural products was
primarily driven by their potential utility as antibiotics. Although most of the antibiotic
classes in use for medical treatment until today were discovered during the ‘golden era’
between the 1930’s and 1950’s, extensive research towards the identification of novel
natural products was and is still being conducted.[21221 Much effort has gone into natural
product discovery and as much labour has been spent on biosynthetic investigations to
understand how these small molecules are assembled. Early experiments mainly relied on
feeding studies with !4C-labelled precursors whose incorporation/ modification was
tracked by chemical degradation (radiotracing).[2324] Based on this approach Birch et al. first
demonstrated in 1955 that polyketides are derived from head-to-tail linkage of acetate
units.25] With the introduction and refinement of Nuclear Magnetic Resonance
Spectroscopy (NMR) techniques radioactive labels have been replaced with stable isotopic
labels (13C, 180, 15N, 2H). However, it was ultimately the emergence of recombinant
deoxyribonucleic acid (DNA) methodology that enabled the biosynthetic characterization

of natural products on a genetic level.[10]

Despite earlier beliefs, and in contrast to the majority of plant secondary metabolite
genes,[26] genes that are involved in the production of a distinct secondary metabolite are
usually clustered on a single genetic locus in filamentous fungi.l*.27-30] Although the origin
for this phenomenon has not yet been finally clarified, hypotheses include horizontal gene
transfer and gene rearrangements as means for explanation.31321 Gene clustering may
provide the advantage of transcriptional co-regulation and is presumably maintained by
evolutionary pressure that disfavours the dispersion of biosynthetically cohesive genes

throughout the genome.[33:34

The presence of biosynthetic gene clusters (BGC) also offers researchers a very beneficial
advantage as it allows predictions about potential pathway end products and intermediates
based on the contained genes. The cost and time scale of DNA sequencing has dropped
significantly during the last years, rendering sequencing affordable for individual
researchers while next generation technologies facilitate high-quality throughput of whole
genomes.35 Bioinformatic software programs like antiSMASH (antibiotics & Secondary
Metabolite Analysis Shell)3637] analyse the query DNA sequence towards the presence of
potential BGC and identify associated genes based on conserved motifs in the corresponding
protein sequences. Further refinements of gene boundary predictions or intron patterns
based on user-defined constraints may be performed by additional programs such as

AUGUSTUSE8 or FGENESH.39 These algorithms represent a crucial tool for both the
3
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discovery of new natural products and their allocation to a certain BGC. Collaborative efforts
between researchers worldwide promote the gathering and exchange of BGC information
and have led to projects like the MIBiG database (Minimum Information about a
Biosynthetic Gene cluster) that pools reference BGC and links them to known natural

products.[40]

During the 21st century genome mining has become a key technology for the discovery and
analysis of BGC and novel bioinformatic tools are steadily developed to exploit natural

products diversity and support biosynthetic research.#1]
1.2.2 Chemistry and Architecture of FAS and PKS

Despite their enormous structural variety all polyketides are assembled by one distinct

class of multifunctional enzymes, the polyketide synthases.[29]

The biosyntheses of polyketides and fatty acids are very closely related as realized by Birch
in 1953, two years before providing the experimental evidence that polyketides are built up
by formal condensation of acetate molecules.[2542] Yet, the first proposal to explain the
formation of fatty acids and ‘a very large number of interesting compounds’ (as the term
polyketides was not established at that time) by the formation of a key polyketone
intermediate 13 was already published by Collie in 1907 based on his experiment to explain
the formation of orcinol 14 from dimethylpyrone 15 by treatment with a barium hydroxide
in 1893.4344 This synthetically generated polyketone 13 resembles the
poly-B-keto thiolester intermediate 16, now known to be involved during polyketide/ fatty
acid biosynthesis (Scheme 1.2.1).[29]

(0] (0] OH
Ba(OH), (0] (0] (0]
[ == o J I
0 Hzo 0 o) -H20 OH S
15 H 14 16
H H
13

Scheme 1.2.1: Synthesis of orcinol 14 from dimethylpyrone 15 via polyketone-intermediate 13 resembling
the poly-B-keto-thiolester intermediate 16 during polyketide/fatty acid biosynthesis. Bold lines in 16 indicate
acetate units.

Fatty Acid Synthases

Fatty acids are assembled by repetitive decarboxylative Claisen reactions between an
acetate 3 starter and malonate 17 extender unit. All steps are catalyzed by a multidomain

fatty acid synthase (FAS).[11]
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In order to be catalytically active the acyl carrier protein (ACP) domain of the FAS has to be
converted from its apo-form into its holo-form. This reaction is catalysed by
phosphopantetheinyl transferases (PPTases) that transfer the
phosphopantetheinyl-moiety of Coenzyme A (CoA) 18 onto a conserved serine residue
within the ACP (Scheme 1.2.2 A).[4546] The terminal thiol group is therefore not part of the

native FAS, but derived from posttranslational modification.

Both 3 and 17 are activated into their corresponding CoA-thiolesters 3b and 17b prior to
chain extension (cf. Scheme 1.2.2). While 3b is the central C;-unit derived from primary
metabolism, 17b is made from 3b through formal carboxylation catalysed by the acetyl-CoA

carboxylase.[47]

Fatty acid biosynthesis is initiated by shuttling of the starter acyl-unit 3b/3c onto a
conserved cysteine residue within the ketosynthase (KS) domain forming the first
thiolester-species 3d, a process that is mediated by the acyl transferase (AT) domain
(Scheme 1.2.2 step Ia and Ib). The AT subsequently loads the first malonyl-CoA extender
unit 17b and shuttles it onto the holo-ACP (step Il and III).[11] The following key biosynthetic
step establishes a new carbon-carbon bond between the acyl-thiolester 3d tethered to KS
and the malonyl-thiolester 17d bound to ACP by decarboxylative Claisen-condensation
(step IV).“81 The linear B-keto-thiolester intermediate 19, elongated by one C2-unit,
remains covalently bound to the ACP domain (step V) and is set up for further 3-processing

by the ketoreductase (KR), dehydratase (DH) and enoyl reductase (ER) domains.

The flexibility of the phosphopantetheinyl linker allows dynamic movement of the ACP
which is essential to facilitate interactions with both the -processing domains (KR, DH, ER)
and the domains involved the chain elongation (KS, AT) and -termination (thiolesterase,

TE).146:48]

Initial NADPH-dependent reduction of the B-carbonyl 19 by the KR-domain yields the
secondary alcohol 20 (step VI) that is subsequently eliminated by the DH-domain to give
the (E)-alkene moiety in 21 (step VII). As will be outlined later ketoreduction during
polyketide biosynthesis is a stereoselective process that is controlled by the respective KR-
domain. Ultimately the alkene is reduced by the NADPH-dependent ER domain to yield the
saturated thiolester 22 (step VIII). Alkanoyl-intermediate 22 is then transferred back to the
KS domain and the cycle continues in an iterative fashion until eventually the carbon chain
reaches a distinct length (usually 14, 16 or 18 carbon atoms) and is released as the fatty

acid 24 by the TE-domain.[11]
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Based on structure and domain organization FAS are subdivided into two types: Type I FAS
constitute large multifunctional megasynthases that combine all catalytic domains required

for fatty acid biosynthesis; Type Il FAS consist of complexes formed by individual enzymes.

apo holo
A @ PPTase @
—_—
CoA ,
Mg?*
OH
SH NH,
N
HS\//\NJLV/\ )LW/K{ /\}:47
Y P~0H

Coenzyme A (CoA)

18

B la Ib

DH | ER | KR DH | ER | KR

Se® re® -

SH OH SH OH SH o) SH OH OH SH OH 0+_S \OKSH OH
Coy o 3d 3dj/ <
)LSCOA 3CKJ b
o) COD HO” 0
3b 17¢
17b (‘SCoA
Vil \Y/| \ v
DH | ER | KR DH /ER | KR DH | ER | KR DH | ER | KR
SH OH $ SH OH S OH SH OH S OHS OH
OH
21 2 16 © HO17dO
ER toll
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DH | ER | KR DH | ER | KR
(ks) (AT acR(TE) — = (ks (A Jace)(7e) —— %OH
2 s 1216
SH OH{S OH SH OH SH O
xl )w
@ 12164 23 0
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DH | ER | KR

e

DH | ER | KR

Scheme 1.2.2: Overview of fatty acid biosynthesis catalyzed by FAS. A, Conversion of apo-ACP into

holo-ACP; B, Mechanism of fatty acid biosynthesis.
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While the type I fungal FAS exhibits a 4.6 MDa heterododecameric structure consisting of
two polypeptide chains (asf6),4°1 the type I mammalian FAS (mFAS) shows a catalytically
active homodimeric structure composed of two 270 kDa subunits that each comprise all
seven domains. The crystal structure of mFAS reveals an intricate architecture with a
distinct spatial partitioning between condensing- and (-processing domains that further
show structural remnants of a C-methyltransferase (C-MeT) domain at the periphery
(Figure 1.2.1).150 Due to its inherent flexibility the ACP and adjacent TE domain are not

resolved in the crystal structure.

Type II FAS found in bacteria and plants are composed of dissociated, individual proteins
that are each encoded by a discrete gene.l51] While structures of individual components of

Type 11 FAS are known,[52531 there is no structure of a type I FAS complex.

Figure 1.2.1: Crystal structure of the homodimeric mFAS resolved at 3.2 A (PDB: 2vZz8).50 ACP and TE
domain not resolved in the crystal structure are indicated by blue boxes. Image created with NGL viewer.[5

Polyketide Synthases

In addition to following the same basic chemistry, PKS and FAS also show related structural
features.[551 Accordingly the majority of PKS are subdivided into type I PKS (multidomain
synthases) and type II PKS (individual stand-alone proteins).[2955] The much less frequent
type III PKS, that are often found in plants, use a single domain to catalyze chain elongation

in an ACP-independent process acting on free CoA-thiolester substrates.[5¢]

The majority of fungal PKS belong to the iterative type I subfamily in which (like FAS) the

same set of domains is reused during each cycle to assemble the polyketide chain via
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consecutive decarboxylative Claisen-condensations.l571 The difference to fatty acid
biosynthesis is that fungal PKS are programmed to exhibit a distinct extent of 3-processing
during each iteration, resulting in additional keto-, hydroxyl- and enoyl-functionalities

along the polyketide backbone.

PKS are furthermore able to accept alternative starter and extender units other than
acetyl-CoA 3b and malonyl-CoA 17b and control the degree of chain methylation premised
a functional C-MeT domain is included in the PKS.[295859 This domain catalyzes
incorporation of a-methyl branches into the polyketide chain using the cofactor S-adenosyl

methionin (SAM; section 1.2.3).[29.60]

Fungal iterative type I PKS are furthermore classified into non-reducing (nr), partially
reducing (pr) and highly reducing (hr) reflecting the presence/absence of particular

[-processing domains.[29]
nrPKS

Non-reducing PKS possess the core domains essential for chain-extension (KS, AT, ACP) but
do not possess any -processing domains (KR, DH, ER). However, nrPKS usually feature
additional starter unit-ACP transacylase (SAT), product template (PT) and releasing
domains.l571 The SAT domain loads the starter unit acetyl-CoA 3b or any other acyl-derived
starter onto the ACP, whereas the AT-domain only transfers malonyl-CoA 17b for chain
elongation. Alternative starter units are often supplied by a partnering hrPKS as for example
during the biosynthesis monocillin I 25 (Scheme 1.2.3 A): the hrPKS CcRADS1 produces the
pentaketide intermediate 26 that is subsequently transferred onto the SAT domain of the

nrPKS CcRADS?2 and elongated to yield the nonaketide intermediate 27.[61]

The role of the PT domain is to mediate the regioselective cyclization of the highly reactive
poly-B-keto-intermediate tethered to the PKS resulting in formation of an aromatic ring

system.[62:63]

The releasing domain ultimately catalyzes release of the PKS-bound intermediate, often by
hydrolysis or (trans)-esterification.l64 Alternatively, reductive (R) domains use NADPH to
release the products as aldehydes like the product of thr nrPKS TropA,
3-methylorcinaldehyde 28 (Scheme 1.2.3 B).[65]

prPKS

Very few fungal partially reducing PKS have been attributed with a final polyketide product.
One important is that of MSA-synthase (MSAS), 6-methylsalicylic acid 30 (6-MSA).[29.66] The

architecture shows lack of the ER domain and the previously assigned DH domain has been
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shown to actually function as a thiolester hydrolase (TH) domain that is involved in product

release of the ACP-tethered intermediate 31 (Scheme 1.2.3 C).[67.68]

A hrPKs nr PKS B nrPKs
CcRADS1 CcRADS2 TropA
C-
DH ER | KR PT PT MeT
(ks)(ar jace) wenszcyaton sar @ sar (s)(a7 Jacplach(R)
’/\ |
S SH (0] S
0 HO (0]
C-MeT
\
26
elongation HO 29
4x 17b
\ reductive
release
10H
OH O
macro-
lactonization H
HO
3-methylorcinaldehyde
28
(0]
monocillin 1l
25
C prPKs D hrPKS
6-MSAS Sol1
C=
MeT
TH | KR DH | ER | KR

S S
HO iO
30

O
OH
o pyrone
formation =
° | = NG
\ o~ O
hydrolysis 32 desmethylprosolanapyrone |
33
OH O
OH
CC )
6-MSA \
31

Scheme 1.2.3: Examples of domain architecture and polyketides produced by fungal iterative type | PKS:
A, collaborating hrPKS-nrPKS; B, nrPKS; C, prPKS; D, hrKS. Each example A-D displays a different release
mechanism.

hrPKS

The class of highly reducing PKS possesses the complete repertoire of 3-processing domains

(KR, DH, ER). However, unlike FAS, not every of those [3-processing domains is active during

9
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each iteration, resulting in a distinct degree of saturation along the polyketide-

backbone.[57.691 Additional C-Met domains are frequently found among hrPKS.

The hrPKS Soll from Alternaria solani shows the typical domain architecture that
furthermore lacks any releasing domain. The polyketide intermediate is released from the
enzyme via intramolecular lactonization of the ACP-tethered intermediate 32 to yield the

octaketide product desmethylprosolanapyrone I 33 (Scheme 1.2.3 D).[70.71]

Recently, the structure of the nrPKS LovB that is involved in the biosynthesis of lovastatin
4 was resolved at 2.91 A using cryo-electron microscopy.72l As anticipated for fungal
iterative type I PKS, LovB forms a homodimeric architecture that closely resembles the

structure of mFAS (cf. Fig. 1.2.1).

In contrast to modular PKS,[73-75] the molecular factors that determine stereoselectivity of a
fungal iterative hrPKS ketoreductase domain are much less understood.[7677] Since fungal
iterative type I hrPKS only possess a single KR one would expect that all the 3-
ketoreductions proceed with the same relative stereochemistry. Yet, Tang and Vederas
reported a fungal KR-domain of the hrPKS Hpm3 that displays a substrate dependent
stereoselectivity.[’71 The authors concluded that this trait is modulated by a Bsasas motif in
that the catalytic site is located. However, the general applicability of this finding remains
to be investigated; in particular whether the Bsasas motif serves as a determinant for

stereoselectivity of KR-domains in all fungal iterative type I hrPKS.
Trans-acting Proteins

In fungal polyketide biosynthesis several examples for trans-acting proteins have been
reported. Trans-acting proteins are external catalysts that are not part of the core PKS, but
physically interact with the PKS during assembly. Such proteins include trans-ER enzymes
that substitute broken ER catalytic domains in the core PKS,[7879] trans-release enzymes that
are necessary for chain length determination and product releasel80] as well as trans-C-MeT
enzymes that introduce a-methyl branches to the PKS-tethered intermediate.[81.82] Due to a
lack of crystal structures the precise interaction points and involved amino acid residues

are often yet to be determined.
1.2.3 Polyketide Biosynthesis: Post-Assembly Modifications

After initial release from the PKS the polyketide product is frequently modified by ancillary
enzymes, a process referred to as tailoring.83] In fact, the immense structural variety of
polyketides and their scope of biological activities is largely derived from these

post-assembly tailoring steps rather then from the PKS themselves.[84

10
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Group-transferases are enzymes that decorate the target molecules with additional carbon
units, often via nucleophilic addition. O-methylation is frequently catalyzed by
SAM 34-dependent O-methyltransferases, as for example during the conversion of 33 into
prosolanapyrone I 35 (Scheme 1.2.4 A).[7071] 0-acyltransferases attach longer carbon chains
to the polyketide backbone that might be tetraketide derivedI8] or as short as acetate that

is used to convert aurovertin E 36 into aurovertin B 37 (Scheme 1.2.4 B).[86]

Meroterpenoids are structurally often highly complex natural products that share subunits
of both polyketide and terpene origin.[871 The terpene unit is connected with the polyketide
mojety by prenyltransferases that, for instance, transfer farnesyl-pyrophosphate 38 (FPP)
onto the polyketide 3,5-dimethylorsellinic acid 39 (DMAO) resulting in the initial

meroterpenoid intermediate 40 (Scheme 1.2.4 C).[88l

A O-methyltransferases

OH OMe
=
| Q
= N F - % N F
o0~ O SAM o~ 0O
desmethylprosolanapyrone | prosolanapyrone |
33

B O-acyltransferases

(0]
aurovertin E )J\ A aurovertin B (0]
o 36 3p ° o} 37

C prenyltransferases
OH

O
Trt2
OH OPP X OH
HO™ ~O AN A HO Yo
DMOA AN
39 farnesyl-DMOA
40
FPP
38
Né\
N HS O on
HzN&(L | Me o
N &+
N=/ O OH
NH,
S-adenosyl-methionine (SAM)
34

Scheme 1.2.4: Overview of tailoring group-transferases. A, O-methyltransferases; B, O-acyltransferases;
C, prenyltransferases.
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Oxidoreductases are by far the most abundant group of tailoring enzymes. They are further
divided into oxygenases, oxidases, peroxidases, reductases and dehydrogenases based on
their catalytic activity. Their general function is the incorporation of oxygen into the
substrate (e.g. hydroxylation or epoxidation) as well as the interconversion of
oxygen-containing groups by redox-reactions (e.g. oxidation of a secondary hydroxyl-group
into a ketone).[89 Since these reactions frequently introduce new stereocenters and affect
the physico-chemical properties of the substrate, oxidoreductases potentially have a
tremendous impact on the biological activity by altering the molecule-ligand binding affinity

of a distinct molecule.[83]

Short chain dehydrogenases/ reductases (SDR) constitute a large family of NAD(P)H 41 /42
dependent oxidoreductases that are often involved in polyketide tailoring.[?0 The trichoxide
BGC encodes five SDR proteins, that all catalyze regiospecific keto- or aldehyde reductions

as depicted for the conversion of 5-deoxyaurocitrin 45 into virensol B 46 (Scheme 1.2.5).01]

OH O OH

NADH NAD*

5-deoxyaurocitrin virensol B
45 46
H H (0] O
X
OH O)J\NHz . OH | NHz
O=II3—O N oxidation O=II3—O IJ\rl/
0} reduction (0]
HO OH HO OH
0} o
NH, NH,
<N ] N </N ] Y
O0=P-0 /) O0=P-0 N /)
| | o N
OH OH Xj
HO R HO R
= + = 'Iﬂ{
NADH R OH NAD R OH
41 43
0 0
NADPH R= o=||:—o|-| NADP* R= 0O=P-OH
42 OH 44 OH

Scheme 1.2.5: Exemplary reduction catalysed by an NADH-dependent SDR tailoring enzyme during
polyketide biosynthesis. The structures of involved cofactors are shown below.

Oxygenases are able to reductively activate molecular dioxygen and catalyse its subsequent

regio- and stereoselective insertion into suitable substrates.83] Many of these reactions are
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unprecedented using classical synthetic methods and hence a lot of research has been

conducted to understand the underlying mechanism of these valuable biocatalysts.[92.93]

Oxygenases are divided into monooxygenases that catalyse the insertion of one oxygen
atom into the substrate while the other is reduced to H;0, and dioxygenases where the
second oxygen atom is not converted into H;0.839394] Although the oxidation of
hydrocarbons by molecular oxygen is an exothermic process, dioxygen containing two
unpaired electrons is spin-forbidden to react with spin paired substrate molecules in the
absence of a suitable catalyst. Oxygenases therefore use transition metal ions (e.g. iron or
copper) or organic cofactors for means of dioxygen activation. Furthermore, uncontrolled
reduction of molecular oxygen would often generate highly reactive radicals that react non-
specifically with cellular components.[5] Hence, in addition to reductive activation of
dioxygen, the respective biocatalysts also control the fate of activated oxygen intermediates
by highly selective target oxidation to prevent toxic side reactions.[ The most prominent

types of oxygenases will be discussed below.[93.9¢]
Non-heme-Fe(ll)-a-ketoglutarate dependent dioxygenases

Non-heme-Fe(Il)-a-ketoglutarate dependent dioxygenases feature a central Fe(II) that is
coordinated by two histidine and one aspartate residue (facial triad) for activation of
dioxygen. These enzymes catalyse a wide array of oxidative transformations on unactivated
substrate molecules including hydroxylation, epoxidation and desaturation.[9697]
Halogenation might also be catalysed, characterized by an unusual exchange of aspartate

with the respective halide in the facial triad.[8

Substrate hydroxylation is the best studied mechanism and is initiated by the Fe(1l) species
47 that is coordinated by the facial triad and three additional water molecules (Scheme
1.2.6). Binding of the organic co-substrate a-ketoglutarate 48 replaces two of those water
molecules and the third is subsequently displaced by the substrate hydrocarbon entering
the active site to successively yield the Fe(II) species 49 and 50, respectively. This step
furthermore opens a binding site for molecular oxygen that creates the Fe(Ill)-peroxyl

radical 51.

The distal oxygen atom of the Fe(lll)-peroxyl radical 51 then forms a bicyclic
peroxo-hemiketal intermediate 52 with 48, that via oxidative decarboxylation decomposes
into succinate 53 bound to the central Fe(IV)-oxo species 54, also denoted as the ferryl
intermediate.[9 The high valence ferryl intermediate can abstract a hydrogen atom from
the substrate with concomitant formation of the Fe(IlI)-OH species 55 and a substrate
radical. Radical rebound from the hydroxyl-radical onto the substrate radical yields the now

hydroxylated substrate molecule and returns the central iron ion into its Fe(Il) oxidation

13
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state 56. In the last step both product (R-OH) and succinate 53 are released and the

coordination sites are re-occupied with water molecules.[%I
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Scheme 1.2.6: Catalytic mechanism of non-heme-Fe(ll)-a-ketoglutarate dependent dioxygenases depicting
hydroxylation of an unactivated hydrocarbon substrate.

Cytochrome P450 monooxygenases

Another type of oxygenases that rely on a central metal ion to activate dioxygen are
cytochrome P450 monooxygenases (P450). In eukaryotes these enzymes are commonly
membrane bound. The Fe(Ill) within the essential heme prosthetic group 57 (the iron-
protoporphyrin IX complex) is coordinated to a conserved cysteine of the protein
backbone.[100.101] Among others, the scope of reactions catalysed by P450s include highly
regio- and stereoselective hydroxylation of unactivated hydrocarbons and aromatic
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substrates, olefin epoxidation, aldehyde- and heteroatom oxidation as well as N-or

0-dealkylation.[101]

The catalytic cycle is triggered as the substrate molecule enters the active site of the P450,
replacing an axial water molecule in 58 (Scheme 1.2.7). Single electron transfer from a
reductase partner (ultimately the electrons are derived from NAD[P]H 41/42) reduces
Fe(IlI) 59 to Fe(II) 60 and subsequent reaction with dioxygen forms the Fe(IIl)-peroxyl
radical 61. A second single electron transfer yields the peroxide anion 62 that is protonated

to give the electrophilic iron-hydroperoxide 63.1101]

Protonation of the distal oxygen atom in 63 induces heterolytic cleavage resulting in release
of water and formation of the high valence Fe(V)-oxo species 64 that is a strong oxidant and
might catalyse hydroxylation (65) or epoxidation (66) of the substrate molecule following
a radical rebound. Finally, the oxygenated product is released and replaced by a water

molecule to set the Fe(IlI) species 58 for another catalytic cycle.[96.100,101]
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OH, (R7H \
. - 0 Q
—fell— %, —Fl— — % »  —Fellem — %> —Fgll—
| | | |
S, -H,0 S, S, S,
Cys Cys Cys Cys
58 59 60 61
ROH
o
H,O
=
S o) «
OH o_/ 0 . e}
v (|l v (1 m H |
_[lze — B —||:e — _||:e — - _Felll_
|
S\ S\ -H,0 S\ S\
Cys Cys Cys Cys
65 64 63 62
N . o
\ proposed mechanism for epoxidation
R R R R R R
it Q
—FgV— ——> =—fgVem ———» ——=fgll—
. | I I
: S\ S\ S\
S Cys Cys Cys
Hood ) COOH 64 66 59
Cys
57

Scheme 1.2.7: Catalytic mechanism of cytochrome P450 monoxygenases depicting activation of dioxygen
and incorporation into the substrate by either hydroxylation or epoxidation. Horizontal bold lines indicate the
organic protoporphyrin IX moiety group as shown in 57.
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Flavin-dependent monooxygenases

Flavin-dependent monooxygenases (FMO) employ a purely organic cofactor to activate
molecular oxygen. The cofactor is either flavin adenine dinucleotide 67 (FAD) or flavin
mononucleotide 68 (FMN) in its corresponding reduced hydroquinone form FADH™ 69 or
FMNH™ 70, respectively (Scheme 1.2.8).19 Throughout the scientific literature there is some
inconsistency regarding the protonation state of the reduced flavin cofactor that is either
displayed in the anionic form with the negative charge delocalized between N-1 and C-2 (e.g.

FADH™ 69) or in the neutral form with protonation at N-1.[94.102-105]

Generally, the physico-chemical properties (e.g. pKa.) of the flavin cofactor depend on the
chemical- and host protein environment.[1%] The anionic form of the reduced flavin has been
experimentally deduced for several FMOs.[107-113] For instance, Moonen et al. reconstituted
the p-hydroxybenzoate hydroxylase from Pseudomonas fluorescens with [15N]-enriched FAD
67 in vitro. 15’N-NMR analysis of the flavin cofactor after reduction revealed a negative
charge at N-1 (the most acidic position in 69) at pH 6-8 indicated by a chemical shift of 180
ppm, distinguishable from the neutral N-1 wich resonates at 128 ppm.[107] Therefore, the

anionic form of the reduced flavin will the displayed throughout this section.
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Scheme 1.2.8: Structure of flavin cofactors and amino acid residues involved in mono-or bicovalent bonding.
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Due to the absorption maximum (375 and 450 nm) of the catalytically active isoalloxazine
moiety of 67and 68, FMOs display a yellow colouration.[193] In fact, the term flavoprotein is

«

derived from the latin word for yellow, “flavus”.[114] The flavin cofactor is made from
riboflavin 71 (vitamin B2) and is synthesized de novo in bacteria, fungi and plants. However,
humans and animals rely on exogenous uptake of riboflavin 71 that is first phosphorylated
to yield 68 and upon transfer of adenosine-monophosphate (AMP) further converted into

67.1115116]

While the flavin cofactor is found to be bound to most FMOs in a non-covalent manner, an
increasing number of flavoproteins have been identified that form covalent flavin-protein
linkage(s).[117-121] Among those proteins, monocovalent linkage to the flavin isoalloxazine
moiety via either nitrogen-atom of the histidine side chain is most common. Bicovalent
tethering (6-S-cysteinyl-8a-N1-histidyl-flavin) has been reported for some flavoproteins,
first observed in the gluco-oligosaccharide oxidase from Acremonium strictum (Scheme

1.2.8).1122123]

Covalent flavinylation is usually a post-translational auto-catalytic protein modification(124-
1271 and accomplishes more functions than solely preventing dissociation of the cofactor
from the enzyme. These functions include: 1, the electron-withdrawing amino acid
substituent(s) increase the flavin redox potential substantially(128129] and facilitate more
efficient oxidative catalysis;[123] 2, covalent binding is often, but not always,[1291 necessary
for structural integrity of the enzyme as mutation of the binding amino acid residues into
alanine might lead to protein instability and/or misfolding;[130-132] and 3, as holo-enzymes
have a longer life-time than apo-enzymes(!33] covalent flavinylation might counteract
protein aging. In addition, it has been suggested the 6-S-cysteinyl-flavin linkage in a distinct
monocovalent flavoprotein prevents a side reaction that induces C-6 hydroxylation of the
flavin cofactor, rendering the enzyme inactive. Therefore covalent flavinylation might
represent a self-protection mechanism against enzyme autoxidation in some

circumstances.[134]

In order to activate molecular oxygen the flavin cofactor must be in its reduced
hydroquinone form, a process that is usually mediated by electron transfer from NAD(P)H
41/42,1135] but in rare examples cofactor reduction occurs concomitantly with substrate

oxidation.[136]

The reduced flavin 69 (and 70, here exemplarily described for 69) and dioxygen are
believed to initially undergo a single electron-transfer (SET) to generate a radical pair
between the neutral flavin semiquinone 72 (one electron reduced) and the superoxide
radical (Scheme 1.2.9). This step is required to overcome the spin-inversion barrier

between singlet (flavin 69) and triplet (0.) state.[194 However, despite some spectroscopic

17



Introduction: Polyketide Biosynthesis in Filamentous Fungi

evidencel!37] this paired intermediate 72 has never been observed due to its intrinsic
instability to decompose into the C-4a-(hydro)peroxyflavin intermediates 73/74 that
represent the catalytically active flavin-oxygen species to perform distinct
monooxygenation reactions on various substrates, including oxygenation of heteroatoms

(Scheme 1.2.9).[94104,135]

After insertion of the distal oxygen atom into the target molecule the C-4a-hydroxyflavin 75
is recycled into the oxidized flavin 67 by elimination of H20. Anew reduction by NAD(P)H

41/42 sets the flavin cofactor for another catalytic cycle.
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Scheme 1.2.9: Catalytic cycle of FMOs including possible substrate oxygenation reactions and alternative
dioxygen activation via the N5-hydroperoxide 76.

In 2013, an up to then unprecedented FMO was reported!38l. Instead of the C-4a-
peroxyflavin intermediate 73, this flavoenzyme forms an N-5-hydroperoxide intermediate

76. Upon elimination of water 76 would form the N-5-oxide 77. Experimental data that
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support formation of the N-5-oxide 77 are based on spectroscopic data and high resolution

mass spectrometry (HRMS).[139]

After this initial discovery two additional flavoproteins have been attributed the N-5-oxide
77 as the catalytically active species.[140.141] Since the catalytic potential of 77 remains
elusive and the actual number of flavoproteins employing the same flavin species is
unexplored, one can only speculate why specific enzymes form the N-5-oxide 77 rather than
the C-4a-(hydro)peroxyflavin 73/74, that furthermore requires a different orientation of

the substrate towards the flavin cofactor.[103]

Even though FMOs may share the same fold topology and a similar active site architecture,
their mode of operation may be distinctly different and therefore no reliable catalytic

prediction based on protein sequence can currently be made.[%4

Typically, the flavin cofactor is bound deep within the core of the respective flavoprotein.
Access is provided by hydrophilic water-filled tunnels that allow selective filtering of
substrate molecules.[?4 However, as such an environment does not favour the diffusion of
rather hydrophobic dioxygen into the active site, thorough investigations revealed that
separate tunnels facilitate a “protein-guided” oxygen diffusion within the enzyme.[142.143]
Remarkably, the rate of oxygen uptake often is regulated by one or more gatekeeper-
residues and it has been shown that mutations at these specific positions can greatly
increase or decrease enzymatic activity.[144] Moreover, the majority of FMOs contain a
Rossmann fold for binding of the nicotinamide cofactors. This protein domain consists of
alternating a-helices and (-sheets and commonly exhibits a GxGxxG motif for binding of

NAD(P)H.[145-148]
Halogenation by FMOs

In addition to insertion of oxygen, FMOs may also catalyse halogenation of substrates.[149]
Mechanistically, the best studied example is the conversion of L-tryptophan 79 into 7-L-

chlorotryptophan 80 by the two bacterial enzymes PrnA and RebH, respectively.[150-153]

Upon reductive activation of dioxygen the highly reactive C-4a-hydroperoxyflavin 74
cannot directly interact with the substrate 79 whose binding site within the enzyme is
separated from the flavin cofactor by a 10 A long tunnel. Instead, a chloride ion located
adjacent to the cofactor binding site is believed to perform a nucleophilic attack on the
peroxide of 74 to release a free Cl-OH species (hypochlorous acid) that diffuses through the

tunnel towards 79.

A conserved lysine at the end of the tunnel interacts with and activates the free Cl-OH
species either via hydrogen bonding or formation of a covalent bond (chloramine).[150.151,154]

Either of these chlorine species could then chlorinate the substrate by electrophilic aromatic
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substitution (EAS, Scheme 1.2.10 A). Therefore, halogenation, as well as oxygenation
described previously, is only performed on electron rich substrates (e.g. alkenes, aromatics)
that act as a nucleophile. Flavin-dependent halogenases are also involved in the tailoring
process of fungal polyketides, improving biological activity and increasing structural variety

of the respective target molecules.[155-157]

A cl
\ hydrogen covalent
bonding bond
7 K K
C 79 79
Q9 +] ] c, HN \ NH,
N Cl—OH NH2 NH;  EAs “_OH
NH i H or ClI™+ —_—
- /& release Y o
N® 'N” O / 80

X = Cl (50 %) X = CI (100 %) X = CI (73 %)
X = Br (47 %) X = Br (92 %) X = Br (68 %)

Scheme 1.2.10: Substrate halogenation catalysed by FMOs. A, Proposed mechanism for the chlorination
of L-tryptophan 79 by PrnA/RebH involving a free CI-OH species; B, Chlorination of the native substrate
monocollin 1l 25 by the fungal flavin-dependent halogenase RadH and alternative substrate molecules with
conversion rates according to Micklefield et al.[*58]

Recently, a highly promiscuous flavin-dependent halogenase RadH was characterized that
naturally converts monocillin II 25 into its chloro-congener 81 (Scheme 1.2.10 B).[*58] By
testing a variety of different potential alternative substrates the biocatalytic potential of
RadH was unveiled, incorporating both chlorine and, to a slightly lower extent, bromine into

phenolic substrates.

Further structural analysis and site-directed mutagenesis experiments suggested a
mechanistic background similar to that of PrnA/RebH: An essential N-terminal lysine
residue is required for activation of the chlorine species and another crucial aspartate

residue probably acts as a general base to activate the phenol moiety.
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1.3 Methods to Investigate Fungal Natural Product Biosynthesis

The serendipitous discovery of penicillin G 2 by Sir Alexander Flemmingl’l as well as the
isolation of the aminoglycoside antibiotic streptomycin by Waksman and co-workers[159]
gave rise to a period from the early 1950s to the late 1960s known as the “Golden Age” of
natural product drug discovery.[160lAlthough high-throughput screening of (semi)-synthetic
compound libraries and the contemporary decline in new natural product derived lead
structures led to a partial de-emphasis on natural product drug discovery,[®161l recent
advantages in both microbial genomics and bioinformatics (cf. section 1.2.1) as well as
synthetic biology and analytical methods may pave the way towards a “New Age” of natural
product drug discovery.[160] It is therefore crucial to understand how a distinct natural
product is biosynthesized by a certain microorganism. Once the biosynthetic machinery is
unveiled, purposeful engineering or exchange of participating enzymes eventually allows
the modification of functional groups or the entire scaffold backbone towards the creation

of novel natural product analogues that are unprecedented in nature.[162]

Before the current “Age of Genomics” biosynthetic studies often relied on isotope labelling
studies, in which the incorporation of small radioactively labelled precursors into larger
target molecules was traced and elucidated.[163] Pioneering work in this field was made by
Birch and co-workers in the 1950s.[164] Nevertheless, isotope labelling studies (nowadays
with stable NMR-active isotopes) still represent a highly useful method to investigate the
incorporation of subunits into target molecules,[1651661 for structure elucidation or

revisionl165.167] as well as to elucidate biosynthetic mechanisms.[168.169]

Over the past decades a multitude of molecular biological techniques have been established,
allowing the deciphering of fungal biosynthetic pathways in detail. In general it can be
distinguished between in vivo (investigations using the whole living organism) and in vitro
(investigations on isolated proteins) approaches, some of the most common and relevant

for this thesis to be discussed below.
1.3.1 Targeted Gene Disruption in Filamentous Fungi

Gene disruption or gene knockout (KO) is a facile technique to elucidate the function of a
target gene within a dedicated BGC. It is also useful to link a BGC to a final pathway product
as KO of the biosynthetic core gene(s) will abolish or alter production of the respective
secondary metabolite. However, two requirements must be fulfilled: first, the target
BGC/gene must be expressed in the native fungal producer under laboratory cultivation
conditions. Second, the native fungal producer must be susceptible to genetic manipulation

including compatibility with the chosen selection marker.
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Most commonly, the target gene is disrupted by homologous recombination with an
exogeneous DNA fragment carrying a suitable selection marker.[170] The exogeneous DNA
fragment is therefore introduced into the fungal cell using various strain specific
transformation protocols including polyethylene glycol (PEG)/CaCl; mediated DNA

uptake,[171.172] electroporation!l73] or Agrobacterium mediated host transformation.[174]

Generally, a preceding step is necessary to generate protoplasts by enzymatic digestion
(usually B-1,3-gluconases and chitinases) of the fungal cell wall. This process is often very
tedious as protoplasts are highly osmotically sensitive and must be stored in an appropriate

buffer.[175]

Even though the target gene to be disrupted and the exogeneous DNA fragment to be
inserted usually require at least 1 kb of homologous sequence overlapll76], ectopic DNA
integration driven by non-homologous end joining (NHE]) is the prevalent mechanism and
site-specific recombination occurs at frequencies less than 1% (Scheme 1.3.1 A).[1701 To
overcome this hurdle that results in many false-positive KO-transformants, a split marker
(bipartite) system was developed!l’7] that relies on two individual exogenous DNA
fragments that only when recombined by homologous recombination in vivo confer an

active selection marker to the fungal host organism (Scheme 1.3.1 B).[178.179]

The split within the selection marker gene is designed such that ectopic integration of either
the left- or right fragment alone will not produce a functional gene product. Often the
hygromycin B resistance gene hph is used as a selection maker. The respective
phosphotransferase confers resistance to the aminoglycoside antibiotic hygromycin B that

inhibits protein biosynthesis in both pro- and eukaryotes.[180.181]

Using the bipartite gene KO strategy Cox and co-workers verified a BGC linked with
tropolone biosynthesis in Talaromyces stipitatus as disruption of the nrPKS gene tropA
abolished production of any tropolone related metabolitesl¢5l. Further gene knockout
experiments revealed that two additional enzymes TropB and TropC are required to
convert the PKS product 3-methylorcinaldehyde 28 into the first tropolone stipitaldehyde
82 via intermediate formation of 83 by TropB (Scheme 1.3.1 C).
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Scheme 1.3.1: Gene disruption by insertion of an exogeneous DNA cassette carrying the hph selection
marker under control of a suitable promotor (P). A, Despite homologous regions (LF and RF) with the target
gene, integration into the fungal often proceeds randomly; B, A bipartite knockout strategy significantly
reduces the amount of false positive transformants; C, Biosynthetic steps towards the production of
stipitaldehyde 81 in Talaromyces stipitatus. The function of each depicted enzyme was elucidated by
disruption of the corresponding gene using the bipartite KO strategy. (%%

Another highly efficient method for targeted gene disruption in fungi utilizes the by now
well established CRISPR/Cas9 system (Clustered Regularly Interspaced Short Palindromic
Repeats).[182183] Briefly, the gene to be disrupted is targeted by a single stranded guide RNA
(gRNA) that possesses a 20bp segment of sequence homology, whereas this part of the
gRNA can be edited to match the desired target sequence. Located upstream adjacent to the

complementary region, the protospacer adjacent motif 5’-NGG-3’ (PAM) is recognized by
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the Cas9 endonuclease that induces a double strand break within the targeted double
stranded genomic DNA sequence. The double strand break might either be repaired by error
prone NHE], often resulting in frame shifts and therefore inactivation of the respective gene,

or by homologous recombination in presence of a suitable (exogeneous) DNA fragment.

Generally the efficiency of CRISPR/CAS9 mediated gene editing varies greatly between
different fungal species (10-100%) depending on several factors including accessibility of
the target gene and Cas9 protein expression levels.[183184] However, in established fungal
host organisms that display nearly perfect efficiency this approach has the advantage that

no additional selection marker and tedious selection/screening steps are required.[185]
1.3.2 Heterologous Expression in a Fungal Host System

Heterologous expression is a technique that allows the characterization of single genes or
even complete BGCs in a fungal host that (ideally) does not contain any related genes and
therefore does not naturally produce any compounds that are linked to the target gene/BGC.
This method is especially valuable when the native producer is not easily cultured under
laboratory conditions, the respective BGC is not expressed under laboratory conditions or
represents a cryptic BGC, or when the native producer is not readily susceptible to genetic

engineering.

In addition, the co-expression of genes from different biosynthetic pathways harbours a
tremendous potential towards the construction of novel hybrid compounds that are

unprecedented in nature and possibly feature unexplored biological activities.[18¢]

The fungal host strain must be easily transformable, easily selectable (often by auxotrophy),
grow quickly, and show little production of native secondary metabolites to allow
convenient detection of the heterologously produced compounds of interest. Because of
these requirements, only a handful of model organisms have been established as fungal
heterologous hosts. These are commonly Aspergillus species as well as the yeast

Saccharomyces cerevisiae.[187.188]

First successful reconstruction of a complete fungal BGC was reported in 2010 by Lazarus
and co-workers[189 who expressed four genes from Beauveria bassiana in the auxotropic

strain A. oryzae M2-3 to yield tenellin 84 (Scheme 1.3.2 A).

By using the alternative quadruply-auxotrophic strain A. oryzae NSAR1 (that was also used
for all heterologous expression studies performed in this thesis), even more genes can be
co-expressed simultaneously as reported by Abe et all'9 who reconstituted the
biosynthetic pathway towards chrodrimanin B 85 involving nine genes from the native

producer Penicillium verrucolosum (Scheme 1.3.2 B).
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Scheme 1.3.2: Examples for reconstitution of fungal biosynthetic pathways by heterologous expression in
different fungal host organisms. Respective genes are in boxes. A, Production of tenellin 84 in A. oryzae; B,
Production of chrodrimanin B 85 in A. oryzae; C, Production of citreoviridin 86 in A. nidulans; D, Production
of aurovertin B 37 in S. cerevisiae.

Other examples include heterologous expression of the citreoviridin 86 BGC in A.
nidulans(*91l or production of the related aurovertin B 37 in S. cerevisiae (Scheme 1.3.2
C/D).i8¢] It should be noted that in many examples the titre of heterologously produced
compounds is much higher in comparison to native production due to the usage of strong
promotors (see below). For instance, tenellin 84 was produced in the heterologous host A.
oryzae in approx. fivefold enhanced titres compared to the native producer B. bassiani (243

mg-L-1vs 47 mg-L-1).1189]

Aspergillus oryzae has been used for production of edible fermentation products (soy sauce,
sake) for over 1000 years and has obtained the GRAS status (Generally Regarded As Safe)
that allows its usage for the production of food and pharmaceutical products.[192l The

genetically engineered quadruply auxotrophic strain A. oryzae NSAR1 that is deficient in
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nitrate reduction (niaD-) and sulfate assimilation (sC), as well as arginine (argB-) and
adenine (adeA-) anabolism allows the co-expression of up to 16 genes and is therefore often
the host organism of choice for the reconstitution of larger BGCs.[193.194] If required, two
additional genetic markers conferring resistance against phleomycin (ble) and glufosinate
ammonium (bar) can also be used to increase the number of genes that can be

heterologously expressed at the same time to 24.[19]

For each of those genetic markers a fungal expression plasmid of the pTYGS-series (e.g.
pTYGSarg) is available that harbours three constitutive (Pag, Pgpda, Peno) and one starch-
inducible (P.mys) promoter with the respective terminator regions for the insertion of up to
four target genes (Scheme 1.3.3). Furthermore, each expression plasmid contains origins of
replication (orf) to propagate vector replication in E. coli (colE1) and S. cerevisiae (2u) as
well as the corresponding marker genes that confer resistance against ampicillin/
carbenicillin (ampR) for selection and propagation of E. coli transformants and ura3 that
complements uracil deficiency in uracil-auxotrophic yeast strains. The ccdB cassette that is
flanked by a chloramphenicol resistance gene (camR®) and attachment sites (attR1 and

attR2) for optional Gateway® recombination is located downstream of Pgnys.[196]

Insertion of the target genes into any pTYGS expression vector is ideally accomplished by
exploiting in vivo homologous recombination in yeast. An Ascl restriction site located
immediately downstream of each constitutive promotor (Padr, Pgpds, Peno) is utilized to
linearize the vector backbone yielding 3 individual fragments. Upon a PEG/ LiOAc mediated
transformation of linear DNA fragments into yeast, free homologous ends are recombined
in vivo to yield a circular product.[197-1991 During this step additional DNA fragments are co-
transformed that represent the genes of interest sharing each 30bp sequence overlap with
the respective promotor/terminator region at both 5’ and 3’ ends.[290] The homologous
overhangs are conveniently introduced during the preceding polymerase chain reaction

(PCR) using overhang primers.

Positive yeast transformants are selected by growth on uracil-deficient media and the
assembled multigene expression vector is transformed into E. coli ccdB survival cells to
enable higher replication rates. The presence of all desired genes is ultimately monitored
by colony PCR and/or DNA sequencing. The ccdB cassette may be exchanged for another

gene of interest (GOI) by in vitro Gateway® recombination with a suitable donor plasmid.

Here, the shuttle vector pE-YA that harbours a multiple cloning site flanked by two
attachment sites (AttL1 and AttL2) as well as ura3, Zu and the kanamycin resistance gene
(kanR) and pUC ori for selection and replication of E. coli transformants serves as the donor
plasmid.[1%] The GOI is assembled into the pE-YA vector by yeast homologous

recombination and transferred into the target vector (e.g. pTYGSarg) in vitro using an
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enzyme mix (integrase, integration hast factor, excisionase) that swaps the GOI with the

ccdB cassette of the target vector.[196201]

ura3 2u puUC kanR ura3 2 pucC kan®
s
\[_l
pE-YA
cam
‘ Transfer via Gateway recombination X Tside product

‘ ldesired product

attR1 attR2
argB —L argB—)
Pamys Pamys Tamys

pTYGSarg pTYGSarg

T/Peno T/Pgpga T/Paqn Teno  Peno Tgdpa Pgpda Tadh  Padn

T CHK T2 I T3

urag 2y Ascl  Ascl  Ascl ampR colE1 uraz 2u ampR colE1

Insertion via | yeast homologous recombination

T1 T2 T3

Scheme 1.3.3: Construction of fungal multigene expression vectors. Target genes (T1-T4) are assembled
into both pTYGSarg (T1-T3) and pE-YA (T4) exploiting homologous recombination in yeast. Subsequent
Gateway® recombination swaps the ccdB cassette of the destination vector with T4 of the donor plasmid.
Double selection yields only bacterial colonies that carry the desired multigene expression vector (T1-T4)
shown at the bottom right hand side.

Subsequently, positive E. coli transformants are subjected to double selection on media
supplemented with carbenicillin using Top10 host cells to ensure only colonies carrying the
desired multigene expression vector survive (Scheme 1.3.3). Large genes (encoding e.g.
PKS) are often amplified as smaller individual fragments that are recombined in yeast to

minimize PCR-derived errors and optimize PCR product yields.[166.186]

In contrast to bacteria, fungal genes frequently contain introns that are spliced during
mRNA maturation.[202] Although it is possible that exogenous genes are spliced correctly in
the heterologous host,[203] it is often expedient to already clone their intron-free congeners
from cDNA of the native producer to avoid intron-related complications that might cause

non-functional protein products.[204]

Once the desired fungal expression vector is available, it is transformed into the host as
described in the previous section where it integrates ectopically into the fungal genome.[17¢l
It is therefore often necessary to screen several transformants as the location of genomic

integration can have an influence on gene expression.[205]
1.3.3 In vitro Studies with Isolated Proteins

In vivo approaches offer several benefits such as convenient upscaling of the fermentation

volume for the purpose of product isolation or the verification of designated BGC by gene
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disruption of the biosynthetic core gene. Still, some disadvantages, including product
modification/ shunt reactions by native host enzymes[70.204.206], general chemical instability
of intermediates or toxicity towards the host organism are potential drawbacks associated

with in vivo characterisation of biosynthetic pathways.

In order to circumvent these obstacles, or for means of more profound enzymatic studies
(e.g. reaction mechanisms, testing alternative substrates, kinetic studies), individual
enzymes can be purified from any suitable producer and investigated in vitro, ideally in an
environment free from any external interference.[207] The most established host organism
for recombinant protein production is E. coli, with a myriad of different expression strains,
vectors and protocols available that are designed to maximize production and purification

of soluble target protein.[208-210]

In general, the GOI is cloned into an expression vector that is suitable for the selected host
strain. Synthetic DNA is often used because it additionally allows codon optimization for E.
coli or any other chosen host organism. In the very popular and wide-spread pET-vector
series used for E. coli BL21 (DE3) derived host strains the GOI is cloned behind the T7-
promotor that is recognized by the strong T7-RNA polymerase (T7 RNAP). The T7 RNAP
itself is encoded in the host strain under control of the lacUV5 promoter that is in turn is
repressed by Lacl. Addition of the non-hydrolyzable lactose analogue isopropyl B-D-1-
thiogalactopyranoside induces expression of the gene encoding for T7 RNAP and

subsequent transcription of the GOI.[210211]

Additional fusion-tags are frequently used to enhance solubilityl2!2] or to enable affinity
purification of the recombinant protein.[213] For the later, Ni2*-immobilized-metal affinity
chromatography (Ni2+-IMAC) is a commonly used technique that uses immobilized Ni2+ ions
(Lewis acid) to trap the target gene that is equipped with a terminal hexa-histidin sequence
tag (Lewis base).[214] After multiple washing steps the target protein is eluted by applying a
high concentration of imidazole. With soluble protein in hand one must ultimately find
suitable in vitro reaction conditions (buffer, pH, cofactors etc.) in order to obtain and

optimize enzymatic activity.

In vitro characterisation is not limited to single enzymes. In 2013 Tang et al. reconstituted
the entire biosynthesis of the fungal polyketide griseofulvin 87 using nine isolated enzymes
in vitro.12151 Besides step-wise reassembly of the pathway the total in vitro biosynthesis of
87 was achieved by simultaneous co-incubation of all respective enzymes in 100 mM
sodium phosphate buffer pH 7.4 with the addition of NaCl, the building block malonyl-CoA
as well as the cofactors SAM and NADPH (Scheme 1.3.3). The initial polyketide 88 is

assembled by the nrPKS GsfA that was purified from S. cerevisiae. Two consecutive O-
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methylations by GsfB and GsfC (purified from E. coli) yield the methylated congeners 89 and

90, respectively.

GsfA
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s }recombmantfrom GsfC

T Gs ..
AtCPR S. cerevisiae GsFD recombinant from
SAT GsfE E. coli
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l SsuE
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Scheme 1.3.3: Total biosynthesis of the fungal polyketide griseofulvin 87 in vitro. Respective recombinant
enzymes produced by S. cerevisiae or E. coli are depicted in the top box. In vitro reaction buffer components
are shown in the bottom box. New functionalities introduced by each enzyme are displayed in red.

Next, the flavin-dependent halogenase Gsfl catalyzes regioselective chlorination. This step
requires the ancillary NADPH-dependent flavin reductase SsuE to regenerate the flavin-
cofactor of Grfl. GsfF induces an oxidative rearrangement of 91 to introduce the spirocycle
moiety into 92. As eukaryotic cytochrome P450 monooxygenases are usually membrane-
bound GrsF was not purified. Instead, the microsomal fraction of S. cerevisiae expressing
recombinant grfF was used that furthermore contained the ancillary cytochrome P450

reductase AtCPR.

A third O-methylation (GsfD) and a final reduction of 93 by GsfE complete the total
biosynthesis of griseofulvin 87 in vitro. Although this example showcases the potency of in
vitro studies that often constitute very “clean” experiments, it must be kept in mind that the
acquisition of soluble proteins is often the bottleneck. Furthermore, the successful co-
incubation of several enzymes under the same reaction conditions is never a trivial process

to achieve.
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1.4 Terrein and Related Polyketides
1.4.1 Introduction

The mycotoxin (+)-terrein 94 was first isolated from the ascomycete Aspergillus terreus by
Raistrick and Smith in 1935216 as a “new mould metabolic product” with the chemical
composition CgH1003. Despite earlier speculations,[217] the constitution and configuration of
the trans-diol in 94 was revealed 20 years later by Barton and Miller via conversion into a
derivative of (+)-tartaric acid.[?18] The first total syntheses of racemic and optically pure 94

were reported in 1974 and 1990, respectively.[219-221]

Meanwhile 94 has been isolated from other Aspergilli including A. lentulus,222]1 A.
novofumigatus,2221 A. flavipes MM212231 and Neosartorya fischeri 2242251 from a marine-
derived strain of Emericella variecolori22¢] as well as from Penicillium sp. 20135[2271 and the

endolichenic Eupenicillium javanicum.[228]

The promising biological activities of terrein 94 have been subject to many studies: In
addition to anti-inflammatory!229230] and antimicrobial(231] effects, 94 exhibits anti-cancer
properties by suppression of tumour angiogenesis or induction of apoptosisl232233],
Moreover, 94 has been reported to inhibit melanogenesis(227] and biofilm formation in
Pseudomonas aeruginosal?34l and was suggested as a new molecular fragment for the
development of synthetic proteasome inhibitors.[235] The phytotoxicity of 94 is illustrated

by inhibition of root growth and the cause of surface lesions on plants.[236:237]

Notably, while terrein was isolated from natural sources only as the 2S5, 3R-isomer there is
one report each on the isolation of either cis-diol diastereomer. In 2006 2R, 3R-isoterrein
95 was isolated along with 94 from Neosartorya fischeril225] while in 2019 25, 3S-isoterrein
96, again together with 94, was isolated from Eupenicillium javanicum (Figure 1.4.1).[228]
Both 95 and 96 were in agreement with spectroscopic- and NMR data reported for synthetic
standards.[238] The trans- and cis-diastereomers are best distinguished by the coupling
constants between H-7 and H-8 (3/,3) at the diol-positon (cf. Figure 1.4.1 A). The carbon
numbering throughout this section and as displayed in Figure 1.4.1 is based on biosynthetic

considerations to be introduced in section 1.4.2 and 1.4.3.

A few structurally (and as will be outlined later also biosynthetically) related chlorinated
congeners of 94 have been described that share the characteristic cyclopent-2-en-1-one/ol
moiety. In contrast to terrein 94 that has only been isolated as its 25, 3R-enantiomer many
of the related compounds have been isolated as different stereoisomers, depending on the
producing organism. All compounds and stereoisomers mentioned in the following section

are illustrated in Figure 1.4.1 B.
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Figure 1.4.1: Structural overview of terrein 94 and related metabolites. A, 94 and its stereocisomers 95 — 97;
B, related small molecules 98 — 109 that share the characteristic cyclopent-2-en-1-on/ol moiety. Carbons
are numbered based on their biosynthetic origin from the carbon skeleton of precursor 6-hydroxymellein
113. Since terreins (A) and related polyketides (B) are products of different ring rearrangements they are
numbered differently.

(+)-Cryptosporiopsin 98 was first isolated in 1968 independently from the two fungi
Sporormia affinis(23°1 and Cryptosporipsis sp.240.241] and was described as a broad-range
antibiotic due to its antifungal and partially antibacterial properties. Along with 98 the two
mono-chlorinated diastereomers 99a and 99b were also isolated from S. affinis.[2391 98 was
further purified from an endophytic Pezicula sp.242], Periconia macrospinosal?#31 and
Phialophora sp.2441 Interestingly, the later fungus also produced the (-)-enantiomer of
cryptosporiopsin 98. The reduced form of 98, the alcohol-containing cryptosporiopsinol
100a was concomitantly isolated from P. macrospinosal?43]. In contrast, two additional

diastereomers 100b (C-5 epimer) and 100c were claimed to be produced by Cryptosporipsis
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sp.245] In 2004 the two diastereomers VM 4798-1a 101a and VM 4798-1b 101b were
obtained as a 3:1 inseparable mixture from Dasyscyphus sp. A47-98.1246] The two
diastereomers of 101, that exhibit cytotoxicity against different cancer cell lines, distinguish
from the previous compounds 98-100 as they are the first examples to show additional

chlorination of the side chain.

The first natural trichlorinated congeners palmaenone A 102a and palmaeonone B 102b
were isolated as a racemic mixture, as indicated by X-ray diffraction analysis, from the
discomycete Lachnum palmae in 2011. They showed moderate antibacterial activity.[247]
102b is the only example reported so far that features an isomerization of the C-8/ C-9

alkene.

Another four related congeners, cyclohelminthols I-IV 103ab and 104ab were isolated
from the culture broth of Helminthosporium velutinum in 2016. These are the first examples
that do not feature a formal methyl formate functionality at C-2, similar to terrein 94.[248] In
fact, cyclohelminthol I 103a structurally corresponds to a des-hydroxy analogue of 95 or
97, respectively (cf. Figure 1.4.1 A). Recently 105, the C-4 hydroxy analogue of 98, was
observed in the fermentation media of Pezicula sporulosa,249] yet was also found to be

produced by Cryptosporiopsis sp.1259]

While the majority of the cyclopentenones discussed above possess an 0-methyl ester,
cryptophomic acid 106 isolated from a marine Phoma sp. is a rare example in which the free
carboxylic acid moiety is present.[251] Finally, in 2020 a total of 9 new congeners 107 - 109
were isolated from the endophytic fungus Saccharicola bicolor following the OSMAC (one
strain - many compounds) strategy (109b was already reported previously).[251.252] These
small molecules, termed bicolorins, feature the same carbon skeleton as 94, but with an
additional halogenation at C-6. Notably, there is a high flexibility within the stereochemistry
of the C-2- and C-4 hydroxyl substituents although the 2R, 4S-configuration predominates
(cf. Figure 1.4.1 bottom row; carbon numbering based on 98 and other chlorinated

congeners), but no biosynthetic evidence available so far.

Consideration of the structures of compounds 94 to 109 shows that the stereochemistry of
equivalent substituents is not always uniform, but rather depends on the producing

organism.
1.4.2 Isotope-Labelling Studies and Biosynthetic Proposals

The polyketide nature of terrein 94 was first suggested by Birch et al. in 1965 based on its
chemical formula CgH1003 expected for a tetraketide, yet the authors were intrigued by the
unusual five-membered ring system.[2531 Complementary feeding studies with either [1-

14C]- or [2-14C]-labelled acetate 3 were in agreement with a polyketide origin. However, the
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experiment revealed two linked [1-14C] signals at the C-3 and C-5 position that represent a
break in the commonly found alternating labelling pattern (Scheme 1.4.1 A). Birch et al
therefore proposed that the five membered ring is formed by contraction of a six membered
precursor. Although not mentioned in the original publication the expected carbon skeleton

according to an alternating pattern is further depicted in Scheme 1.4.1 A.
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Scheme 1.4.1: Labelling studies to investigate the biosynthetic origin of terrein 94. A, Labelling pattern of
94 derived from feeding of either [1-14C]- or [2-1*C]-labelled acetate 3 and carbon skeleton of a proposed
precursor molecule according to Birch et al.;[?53 B, Incorporation of radioactivity into 94 by feeding singly [1-
13C]- labelled potential precursors 110 — 113* providing strong evidence that only 113* serves as an intact
precursor of 94;1254 C, Summarized labelling pattern of 113* and 94 obtained from feeding of *C- and 3C-
labelled acetate; D, Biosynthetic proposal for the formation of 94 based on precursor 113* by Hill et al.[?54

Based on this carbon skeleton and the aforementioned labelling studies Hill et al.
synthesized a small selection of potential precursors 110 - 113* that were each labelled
with [14C] at one distinct position as indicated in Scheme 1.4.1 B.[254] After these potential

precursors were individually fed to A. terreus the biosynthesized 94 was isolated and the
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terminal C-9/ C-10 (112 and 113*) or C-7/C-10 (110 and 111) unit was degraded into
acetate by Kuhn-Roth oxidation followed by product isolation. Compounds 110 and 112
were found to carry 25% of the total radioactivity of isolated 94 within the respective C;
key unit (cf. Scheme 1.4.1 B). This result was consistent with degradation of the
administered compound by A. terreus into acetate that was subsequently re-incorporated
into 94 resulting in a radioactivity distributed equally along the compound. This is further
supported by the control experiment in which [1-14C]-acetate was fed that yielded the same

percentage of relative radioactivity.

In contrast, when the dihydroisocoumarin 113* (6-hydroxymellein; 6-HM) was
supplemented to the fungus, the acetate unit that was derived from degradation of the
terminal C-9/C-10 fragment carried almost 100% of the radioactivity (2.27 % total

incorporation of radioactivity into 94).

This sophisticated experiment demonstrated that 6-HM 113* is a direct precursor to terrein
94 as it remained intact. Ancillary labelling studies using [1-13C]-, [2-13C]- or [1, 2-13C;]-
labelled acetate 3 confirmed previous results by Birch et al.[254255] In fact, 113* is evidently
produced by A. terreus and follow-up feeding studies with [1, 2-13C;]-labelled 113* in 1982
confirmed its direct conversion into 94 (Scheme 1.4.1 C).[245] Based on their observations
Hill et al.1254] envisaged a biosynthetic proposal for the formation of 94 from 113* by initial
di-hydroxylation to yield an intermediate similar to 114 in that the lactone ring was
oxidatively cleaved (Scheme 1.4.1 D). Subsequent carbon-carbon bond shift would yield the
cyclopent-2-en-1-one skeleton of 115 that would convert into 94 by deformylation/

decarboxylation.

Following an initial proposali243l that cryptosporiopsinol 100a was derived from a
dihydroisocoumarin-like precursor (i.e. polyketide origin), Holker and Young performed
extensive studies in 1975 by feeding [1-13C]-, [2-13C]- or [1, 2-13C;]-labelled acetate 3 to the

producing fungus P. macrospinosa.[25¢l

In addition to 100a the dihydroisocoumarin 116* was isolated in all three feeding
experiments and based on the labelling pattern a biosynthetic proposal was made in that
100a and 116* would diverge from a shared intermediate 118 (Scheme 1.4.2 A). In the
original publication both proposed intermediates 120 and 121 feature a secondary
hydroxyl-group at C-5 whose introduction was not discussed by the authors.[25¢] Since a
ketone at C-5, formed by tautomerisation, would furthermore help to stabilize the expected

transition state during the rearrangement of 121 it is shown in Scheme 1.4.2 instead.

Interestingly, 100a exhibits a labelling pattern different from 94 as the C-4 position was

retained within the cyclopentenol-moiety. Accordingly, the pivotal ring contraction must
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follow a different mechanism in both compounds by extruding a different carbon-position

from the six membered precursor (Scheme 1.4.2 B)
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Scheme 1.4.2: Labelling studies to investigate the biosynthetic origin of cryptosporiopsin 98 and related
congeners. All compounds in boxes were isolated during the respective studies. A Labelling pattern of 100a
and 116 derived from feeding of either [1-13C]-, [2-13C]- or [1, 2-13C>]-labelled acetate including a biosynthetic
proposal modified from Holker and Young;?%¢! B, Labelling pattern and biosynthetic proposal for the
formation of 94 and 98 from the shared precursor molecule 113*;245 C, Labelling pattern of roussoellatide
124 and biosynthetic proposal based on precursor 98.12571 Methyl group indicated by blue asterisk is derived
from SAM.
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In 2015 Berlinck et al. isolated an unprecedented derivative from the sponge derived fungus
Roussoella DLM33 that was named roussoellatide 124.12571 Labelling studies utilizing [1-
13C]-, [2-13C]- and [1, 2-13C;]-labelled acetate suggested that the dichlorinated cyclopent-2-
en-1-one moiety of 124 was derived from cryptosporiopsin 98 that was possibly subjected
to an intermolecular Diels-Alder reaction with a second pentaketide-derived molecule 125
(Scheme 1.4.2 C). The dichlorinated isocoumarin 126* that was isolated from the same
strain might therefore constitute a precursor to 98, suggesting that, opposed to previous
assumptions, chlorination would take place prior to oxidative decarboxylation. In addition,
it was experimentally proven that the O-methyl ester was derived from SAM ([methyl-13C]-
methionine labelling), suggesting the involvement of an O-methyltransferase during the

biosynthesis of 98 and related congeners.
1.4.3 Biosynthetic Gene Cluster and Proposed Biosynthesis

The terrein BGC was serendipitously discovered by Brock et al.[2371 during studies that were
originally meant to investigate the molecular basis for conidia pigmentation in A. terreus. It
encodes for a nrPKS (TerA), an unusual DH-KR di-domain protein (TerB), two FMOs (TerC
and TerD), a multicopper oxidase (TerE), a transcriptional regulator (TerR) and a Kelch
protein of unknown function (Scheme 1.4.3). Further genes encode for transporter proteins
(TerG and Ter]), an NAD(P)H-binding protein (TerH) and a potential resistance protein
(TerI).

Gene knockout of the nrPKS encoding gene ATEG_00145 (AterA) completely abolished
production of terrein 94. Semiquantitative RT-PCR of 24 adjacent genes revealed that the
expression of 10 additional genes (terB-ter]/, Scheme 1.4.3 A) was co-regulated with

expression of terA.

Individual knockout-transformants AterB-Ater] concluded that, in total, six genes terA-terF,
as well as the transcription factor TerR, are essential for production of 94 in A. terreus. In
fact, later studies demonstrated that TerR is a very potent transcriptional activator that
binds to its promotor region with high affinity and is very useful as used in a high-

performance fungal heterologous expression system.[258]

Knockout of the DH-KR di-domain protein TerB lead to accumulation of the tetraketide
orsellinic acid 128 and the pentaketide 129* in the fermentation medium. The same two
polyketides were produced by heterologous expression of TerA in A. niger along with the
triketide lactone 130 (Scheme 1.4.3 B). Feeding experiments with [1-13C]-labelled acetate
and various [13C]-labelled alternative starter units revealed that TerA is exclusively primed

with acetyl-CoA. Swapping and deletion of the TE-domain revealed that although this
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domain is necessary for any product release it does not determine the chain length. Hence

the formation of different chain length products 128 - 130 was attributed to the KS domain.

A
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Scheme 1.4.3: Terrein biosynthesis in A. terreus. A, The terrein BGC in A. terreus. Genes proposed to be
essential for production of 94 based on knockout studies are framed. The function of corresponding proteins
is based on the NCBI conserved domain database (CDD);??>® For further analysis on adjacent genes see
appendix Table S1; B, Characterization of the nrPKS TerA and proposed biosynthesis of terrein 94.1237]

Mutants AterC-AterF all showed production of 6-HM 113* that would therefore be derived

from TerAB, but no additional putative pathway intermediates could be isolated due to their

chemical instability. Interestingly, AterD-AterF strains exhibited a red media colouration

that might be derived from accumulation of biosynthetic intermediates and/ or shunts.

Fractionated feeding experiments showed that only 113* restored production of 94 in the

AterA strain, but not 129*. Further experiments showed that 113* was converted into 129*
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by both A. terreus and A. niger. The authors therefore concluded that 129* was a shunt
product that would result from modification of the actual pentaketide product 131 (cf.

Scheme 1.4.3 B).

Additional expression of terB in A. niger was not successful, but it was proposed that TerB
would open the lactone ring of 131, perform a reduction and yield 113* by re-
lactonization.[237] Through heterologous expression of terA in a different host organism, A.
nidulans, Oakley et al. furthermore observed production of the pentaketide in both its

lactone 131 and corresponding acid form 133.[260]

Although knockout experiments showed that the transformation of 6-HM 113* into terrein
94 requires the action of two FMOs (TerC, TerD), one multicopper oxidase/laccase (TerE)
and one Kelch protein with no obvious function (TerF) the detailed steps remain obscure to

date.

Using bioinformatic analysis Oikawa et al. recently identified putative BGCs for the family
of palmaenones 102 (plo) and cyclohelminthols 103/104 (chm) in the genomes of L.
palmae strain NBRC106495 and H. velutinum strain yone96, respectively.[261] Both BGC
contain genes that share significant homology with each of ter4, terB, terC and terR as well
as two halogenase genes (ploKN and chmKN), but no genes homologous to terDEF or any of
the allegedly non-essential genes terG-ter] are present in these two BGC. Heterologous
expression of chmAB in A. oryzae resulted in high production of 6-HM that was shown to be

the R-enantiomer 113, thereby confirming the BGCs.

In contrast to previously mentioned Aspergillus sp., 113 was converted into the
hydroxylated 134 by native oxidative enzymes in A. oryzae (Scheme 1.4.4). Combining
heterologous expression and in vitro studies with purified enzymes the regioselectivity of
the flavin-dependent halogenases PloKN and ChmKN towards the substrate 113 was
revealed (Scheme 1.4.4). PloK thereby is the only halogenase that is further able to

chlorinate outside of the aromatic ring at C-8.

After chlorination the oxidative decarboxylation of 126/138 was proposed to be catalysed
by the FMO PloC or ChmC to yield intermediate 127/139, respectively, that also features
the alkene functionality in the side chain that is present in the final pathway products.
Accordingly, TerC would fulfil the same function during the biosynthesis of 94. However,
experimental data regarding the characterization of any homologous FMO are not yet

available.

In summary, all the studies carried out indicate that the biosynthetic pathways of terrein 94

and congeners 98 - 106 diverge after the three first biosynthetic steps: In each case the
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polyketide backbone is assembled by an nrPKS and a highly unusual multidomain protein,

followed by oxidative decarboxylation catalysed by a distinct FMO.
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Scheme 1.4.4: Characterization of early biosynthetic steps towards chlorinated cyclopentenones.[2%7]

[t appears very reasonable that particularly the additional (oxidative) genes in the terrein
BGC (terDEF) cause a different mode of ring contraction. It remains to be seen whether the
bicolorins 107 - 109 originate from a “hybrid” BGC as their structure shows features that

are found in both 94 and 98 - 106 and no labelling studies are available so far.
1.4.4 Biosynthesis of 6-Hydroxymellein

Although both an nrPKS (TerA) and a DH-KR di-domain (TerB) are required for the
formation of the universal precursor molecule 6-HM 113, the exact biosynthetic
background remains to be elucidated. Two possibilities are as follows: TerA releases the
pentaketide lactone 131 that might interconvert with the free acid 133, or 133 is directly
released from the PKS (Scheme 1.4.5 A). TerB would subsequently catalyse conversion into
alcohol 140 that yields 113 by lactonization. Alternatively, TerB could perform
ketoreduction on the TerA-tethered polyketide intermediate 141 in trans during chain
elongation. Finally, the pentaketide alcohol 142 would be released from the PKS by
intramolecular lactonization to give 113. It further stands to question what the DH-domain

in TerB is needed for.
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Interestingly, two other systems in fungi have been reported for the biosynthesis of 113 so
far: The hrPKS CdmE directly releases 113 during the biosynthesis of the meroterpenoid
chrodrimanin B 85 (Scheme 1.4.5 B, Scheme 1.3.2 B).[19] During the biosynthesis of the
macrocyclic polylactone ascotrichalactone A 143 the diketide 144 provided by the hrPKS
Men1 is elongated by the nrPKS MenZ2. Successive esterification and cyclolactonization
reactions carried out by these two PKS are sufficient for the production of 143. 6-HM 113

would therefore constitute a premature off-loading or derailment product, respectively.[262]

In addition, the dihydroisocoumarin mellein 145 itself, lacking the “6-hydroxyl” group of
113, is produced by a fungal iterative prPKS (Scheme 1.4.5 D).[263] The fact that fungal
melleins are produced by (at least) four different PKS systems highlights the general
importance of these intriguing small molecules for theirs producers with regards to

biochemical and ecological processes.[264]

1.5 Sorbicillinoids

1.5.1 Classification of Sorbicillinoids

Sorbicillinoids constitute an important family of hexaketides produced by both terrestrial
and marine ascomycetes including the genera Trichoderma, Penicillium, Verticillium and
Aspergillus.[265266] The eponymous molecule sorbicillin 147a was itself isolated from
Penicillium notatum by Cram and Tishler in 1948.[267.268] A reviewl266] from 2016 lists about
90 sorbicillinoids and novel congeners are still frequently isolated,[269-271] indicating the

number of sorbicillinoids identified up to date is over one hundred.

During the past decades a lot of research regarding the structure, biosynthesis and
biological activities of these fungal pigments was conducted.[265266] Sorbicillinoids display a
distinct hexaketide backbone with the characteristic C-1'/ C-6’ sorbyl sidechain as
presented by sorbicillin 147a. Based on their structural architecture sorbicillinoids are

classified into monomeric, dimeric, trimeric and hybrid sorbicillinoids (Figure 1.5.1).

As with many of the over 30 described monomeric members, the hexaketide origin of
sorbicillin 147a as well as of its 2’,3’-dihydro congener 147bl272] is easily recognized. In fact,
most of the sorbicillinoids have been reported both with a 2’, 3’-alkane and a 2’, 3’- E-alkene
side chain. For clarity all structures within this chapter will be shown with the 2’, 3’-E-alkene

side chain (sorbyl).

Both 147a and 147b show inhibitory activity on HeLa and HepG2 cells in the low uM
range.[273] The highly reactive sorbicillinol 148a, an intermediate during the formation of

dimeric sorbicillinoids, is formed through oxidative dearomatization of 147a.1274
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Further oxidative steps furnish transformation into epoxysorbicillinol 149al275l. Often the
phenyl-substituent is subjected to modifications that include epoxidation, lack(27¢] and/ or
oxidation of an a-methyl branch as well as O-methylation as exemplified by 150, produced

by a fungicolous Phaeoacremonium sp..[277]
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Figure 1.5.1: Structural overview of monomeric, dimeric, trimeric and hybrid sorbicillinoids. Subunits are
indicated by different colours.

Dimeric sorbicillinoids consist of two subunits derived from 148 and are divers in structure.
The Diels-Alder derived bisorbicillinol 151, first isolated by Abe et al., was shown to possess
radical-scavenging activity almost matching that of a-tocopherol (vitamin E).[278279]
Bisvertinol 152, with an architecture distinctly different from 151, was first isolated by
Dreiding and co-workers(280 from V. intertextum in 1986. Its oxidized congener

bisvertinolone 153, isolated from T. longibrachiatum,[2811 was claimed to be the first natural
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[-1,6-glucan biosynthesis inhibitor.[282 Trichodimerol 154, with its a cage-like structure, is
a potent inhibitor of the prostaglandin H synthase-2 which results in a down-regulation of
prostaglandin biosynthesis and subsequently reduces the presence of TNF-a, a cytokine

involved in many diseases.[283.284]

The first trimeric sorbicillinoid trisorbicillone A 155, combining structural features of both
151 and 153, was isolated from a marine Phialocephala sp. and characterized in 2007.[285]
Three further trimeric derivatives which all show cytotoxic activities were described a few

years later isolated from the same strain, along with a total of 14 other sorbicillinoids.[286]

Hybrid sorbicillinoids are easily distinguishable by incorporation of a non-sorbicillin
derived subunit. Among the roughly 252661 characterized hybrid molecules, sorbicillilactone
A 156 is one of the rare examples containing a nitrogen atom. By feeding experiments
Bringmann et al.[287] demonstrated that the nitrogen containing subunit is derived from L-
alanine, whereas the additional C4-unit might be derived from a fumaric acid derivative.
Notably, 156 exhibited anti-HIV properties and was considered to be a good lead candidate
for the inhibition of the Ebola virus matrix protein VP40, based on computer assisted drug

screening.[288]

The family of rezishanones, e.g. 157, constitute the first natural sorbicillinoids reported that
are formed by Diels-Alder reaction with a dienophile not related to sorbicillinol 148. 157
showed weak antimicrobial activity against S. aureus and B. subtilis while being non-toxic to
fungi.[289] Finally, spirosorbicillinol A 158, isolated from both soil and marine Trichoderma
sp., has been proposed to be derived from dimerization with scytolide, that in turn is
assumed to be related to the primary metabolite shikimic acid.[290-292]. Similar to

bisorbicillinol 151, 158 exhibited prominent radical scavenging activity.

Taken together, sorbicillinoids cover a broad spectrum of pharmaceutically important
properties including anticancer, antimicrobial, antiviral and antioxidant activities. Although
highly diverse in structure, the core of every sorbicillinoid is based on a distinct hexaketide

backbone.
1.5.2 Isotope-Labelling Studies and Biosynthetic Proposals

Dreiding and co-workers characterized several new monomeric and dimeric sorbicillinoids
produced by Verticillium intertextum between 1981 and 1986.[272.280.293] Their biosynthetic
proposal (Scheme 1.5.1), premised on the assumption that the methylated hexaketide
sorbicillin 147a, which arose from cyclization of the PKS-bound intermediate 159 at the
carboxyl-terminus, was the key biosynthetic precursor for all the sorbicillinoids. The next
proposed intermediate, epoxide 160, would be able to undergo two different epoxide

opening reactions. Formal tautomerisation and epoxide opening would yield intermediate
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148a (sorbicillinol) that forms the dimeric bisorbicillinol 151 via Diels-Alder reaction with
itself. Alternatively, reductive epoxide opening would yield intermediate 161. Nucleophilic
attack of 161 onto the epoxide moiety in 160 followed by a consecutive nucleophilic attack

of the newly installed alcohol-functionality would explain the formation of bisvertinol 152.

OH O
O~ [O]
—_—
147a
HO H
cyclization
O O
NS
O S—PKS
159

Scheme 1.5.1: Biosynthetic proposal for the formation of dimeric sorbicillinoids 151 and 152 based on initial
oxidation of sorbicillin 147a.

As even more (dimeric) sorbicillinoids were discovered, the monomeric sorbicillinol 148,
which was postulated by Trifonov and co-workers,[289] was deemed the central compound
from which the branching towards the majority of (dimeric) sorbicillinoids would occur. In
fact, the presaged sorbicillinol 148a was identified in vivo for the first time by Hirota et al.
in 2000 from Trichoderma USF-2690.12941 By HPLC the authors noticed that the area of the
corresponding peak in the chromatograms decreased over the time, while the peaks
corresponding to later dimeric compounds increased in area. Although 148a was stable in
aqueous solution, it readily dimerized to bisorbicillinol 151 during extraction of the culture
broth using ethyl acetate, or into trichodimerol 154 by lyophilisation, highlighting its

inherent reactivity.

This observation was in line with previous results by Corey and Barnes-Seeman who
obtained 154 after in vacuo concentration of synthetic 148a followed by TLC in hexane-

ethyl acetate (3:1).12951 Due to the instability of 148a upon chemical workup and
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concentration, the structure was confirmed by O-acetylation and comparison with a

synthetic standard and complementarily by hydrolysis of the synthetic standard.[294.29¢]

Following their confirmation of the existence of sorbicillinol 148a, the Abe group
performed a series of elegant feeding studies with [13C]-labelled acetate that proved the
anticipated polyketide origin of sorbicillin 147a, 148a and bisorbicillinol 151 among other
dimeric sorbicillinoids.[297-300] However, despite thorough attempts Abe et al.[299 were not
able to assuredly deduce the precise order of the oxidative steps required for the formation
of 148a (Scheme 1.5.2). Based on their key observation that only one isotopomer of 148a
was obtained from feeding [1,2-13C;]-labelled acetate to Trichoderma sp. USF-2690, the
authors realized that the release of the PKS-bound hexaketide intermediate 159 could not
follow a Claisen-like cyclization as the resulting product 162 was symmetrical and would
therefore cause a scrambled labelling pattern in 148a. The release of the PKS-tethered
intermediate would accordingly involve a reduction at the C-1 position that leads to

formation of an asymmetrical released product.

The following second key question was the timing of oxidation at the C-2 position. Oxidation
of 159 that is still attached to the PKS would yield intermediate 163 that directly yields
sorbicillinol 148a upon reductive release and dehydration of intermediate 164.
Alternatively, reductive release of 159 would give sorbicillin 147a first and proceed to
148a via oxidation of 147a. Attempting to answer this question the fungal fermentation
medium was supplemented with [1-13C]-labelled 148a and in fact the isolated 147a showed
significant [!3C]-enhancement at the six expected positions (C-1, C-3, C-5, C-1’, C-3’, C-5").
Although this experiment demonstrated that 148a serves as a precursor molecule to 147a
in Trichoderma, it does not rule out that the opposite conversion i.e. oxidation of 147a into
148a is also possible. A few years later Bringmann et al. proved by feeding of (methyl-13C)-

methionine that the two methyl groups of 148a at C-2 and C-4 are derived from SAM.[287]

Although structurally different at the first glance, the vertinolides share distinct similarities
with monomeric sorbicillinoids including the sorbyl side-chain and the presence of a
tertiary oxygen-atom with S-configuration.[265.2801 Vertinolide 165 itself was first isolated in
1981 along with 147ab and 148b.129%1 In 2007 the Abe group obtained [!3C]-labelled 5-
hydroxyvertinolide 166 from a culture of Trichoderma sp. USF-2690 that was
supplemented with either [1-13C]-, [2-13C]- or [1, 2-13C;]-labelled acetate, respectively.[300]
The group speculated that intermediate 164 would be both the immediate precursor for

148a (dehydration) and 166 (Scheme 1.5.2).

Upon tautomerisation 164 could putatively undergo an intramolecular rearrangement by
nucleophilic attack of the C-2 hydroxyl group onto the C-5 carbonyl group, followed by C-5/

C-6 ring cleavage of the strained bicyclic system. However, this proposal does not link to the
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formation of vertinolide 165 that does not show the respective hydroxyl-group that would

be introduced during assembly of the polyketide backbone in 164.

OH O symmetrical OH ©

* *

164 164
HO OH 180° HO OH

* *

only one + isotopomer of 148a observed

o OH O
A .
[1-13C]-acetate HO 147a
o)
)\o_ B N
[1,2-13C,]- .
acetate [©] o |

OH 165: R=H2
* 166: R = OH

Scheme 1.5.2: Proposed biosynthesis of sorbicillinol 148a and 5-hydroxyvertinolide 166 based on labelling
studies by Abe et al.[299:30% Methyl groups indicated with blue asterisk are derived from SAM.[287]

Already upon its first isolation in 1981 bisorbicillinol 151 was proposed to derive from an
intermolecular Diels-Alder reaction between two molecules of sorbicillinol 148, that would

serve as both the diene and dienophile.[2931 Both the Abe group and Nicolaou et al. took two
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different approaches to prove the origin of 151. The approach by Abe and coworkers[297.299]
was based on initial feeding experiments using [1-13C]- and [2-13C]-labelled acetate,
whereas in a follow up experiment the fermentation medium was supplemented with [1-
13C]- and [2-13C]-labelled sorbicillinol 148a. The labelling pattern of 151 isolated from the
respective fungal cultures was identical suggesting that it was indeed derived from two
molecules of 148a (Scheme 1.5.3). The lacking observable 13C-enrichement at the C-9 and
C-11 position of 151 was explained by rapid keto-enol-tautomerisation that also caused a

non-visibility of C-9 and C-11 in the 3C-spectra of unlabelled 151.

o) [4+2]

bisorbicillinol
151

bisorbibutenolide

167 \

bisorbicillinolide
168

Scheme 1.5.3: Biosynthesis of 151 and rearrangement into 167 and 168 based on labelling studies by Abe
et al.[297,299]

Interestingly, 151 was further converted into bisorbibutenolide 167 and bisorbicillinolide
168 in Trichoderma sp. USF-2690. Mechanistically, an initial nucleophilic attack of the C-12
hydroxyl group onto the C-9 ketone would give intermediate 169 that could form 167 by

protonation of the C-8 carbanion. Alternatively, the C-8 carbanion could attack the C-5
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ketone inducing a break between C-5 and C-4. The resulting C-4 carbanion in intermediate
170 would then attack the enolic C-9 position to yield 168 upon re-protonation (Scheme
1.5.3).

In contrast, Nicolaou et al.27%] obtained 151 in a biomimetic approach where racemic 148a
was first generated in situ by base hydrolysis (KOH in THF/ H,0 [9:1]; 0.05 M) of the
corresponding acetyl-ester. Subsequent acidic quenching yielded racemic 151 with
“remarkable regio- and diastereocontrol (endo selectivity)”. This observation is supported
by studies of Deng et al. who generated 151 by trifluoroacetic acid treatment (TFA in
CHCl;) of optically pure S-p-methoxybenzyl (PMB)-protected sorbicillinol 171 (Scheme
1.5.4).1301]

Interestingly, while direct conversion of 151 into 167 was induced by treatment with the
strong, non-nucleophilic base KHMDS (potassium bis[trimethylsilyl]amide),[279 simple
incubation of 151 in MeOH for 48 hours led to formation of both 167 and 168 in 10% and
64% yield, respectively (Scheme 1.5.4).13011 These results both highlight the inherent
reactivity of sorbicillinol 148a towards intermolecular [4+2] cyclization as well as the
apparent susceptibility of 151 towards intramolecular rearrangement upon storage in

MeOH.

OH O
o~ = al. KOH, THF/H,O
[9:1]; 0.06 M
o a2. 1 N aq. HCI
OAc or

b. THF/conc. HCI [9:1]

TFA, CH,Cl,
54%

MeOH, RT
48h

Scheme 1.5.4: Biomimetic synthesis of dimeric sorbicillinoids 151, 167 and 168 based on in situ generation
of 148a.
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The striking regioselectivity during the intermolecular Diels-Alder reaction of 148a might
be rationalized by invoking the “syn oxygen phenomenon” that has been experimentally
investigated by Paquette et al.[302303] The group demonstrated that the endo-regioisomer is
preferably formed in which the transition state exhibits a syn-orientation of the heteroatom

(here oxygen) towards the m-system of the diene.

With regards to these studies a transition-state reminiscent of 172, in that the C-5 hydroxyl
substituent is syn towards the newly forming bond, would be expected to precede the

formation of 151 (Scheme 1.5.5).[265]

Diene

XIOHO

“OH
148a

Dienophile

Scheme 1.5.5: Proposed transition state during the intermolecular Diels-Alder reaction of 148a towards 151.

During their screening of Trichoderma sp. USF-2690 towards the discovery of novel
compounds with desirable biological activities the Abe group isolated the dimeric
bisvertinolone 153 concomitantly with sorbicillinol 148a and oxosorbicillinol 173, along
with other related metabolites. The authors realized the structural relationship between
these three compounds and proposed a biosynthetic route from 148a and 173 to 153 via a
Michael-addition like mechanism (Scheme 1.5.6 A).[298] Initially, 148a would act as a
Michael-acceptor leading to the formation of intermediate 174. Intramolecular ketalization

and tautomerization would furnish the structure of 153.

49



Introduction: Sorbicillinoids

Feeding of [1-13C]-labelled acetate resulted in !3C-enrichment at the twelve expected
positions that were in agreement with the proposed mechanism. Further evidence was
obtained by feeding [1-13C]-labelled oxosorbicillinol 173 back into the fungal culture,
yielding bisvertinolone 153 that showed 13C-enrichement only at the subunit that was
expected to be derived from 173 (Scheme 1.5.6 B). One could speculate that the very similar
dimeric bisvertinol 152 (lack of oxo-functionality) might follow the same biosynthetic

route, utilizing an analogue of 173 that exhibits complete reduction at the C-6 position.

oxosorbicillinol

173
B
(0]
A,
[1-13C]-acetate
bisvertinolone
153
O OH
—_—

HO

OHO
153

Scheme 1.5.6: Biosynthetic origin of bisvertinolone 153. A, Proposed mechanism based on Michael-type
addition between 148a and 173 followed by intramolecular ketalization; B, Labelling studies demonstrating
the incorporation of 173 into 153.

In conclusion, pioneering labelling studies by the Abe group supported by biomimetic
studies clearly demonstrated that the highly reactive sorbicillinol 148a constitutes a key
intermediate towards the formation of dimeric sorbicillinoids and might also serve as a

precursor molecule to monomeric congeners.
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1.5.3 Biosynthetic Gene Cluster and the Origin of Dimerization

Despite the previous elaborate studies the genetic basis of sorbicillinoid biosynthesis
remained obscure for a long time. A breakthrough was achieved in 2014 when Cox and
Simpson et al. identified the sorbicillinoid BGC in P. chrysogenum E01-10/3 encoding both
a hrPKS (sorA) and a nrPKS (sorB).[274] In addition to the core domains of a typical nrPKS,
SorB features a C-MeT domain as well as a reductive release (R) domain that are both in
agreement with the chemistry that is required for in-line modification of any presumed PKS-
tethered precursor towards sorbicillin 147. The cluster furthermore encodes two
transcription factors (TF), a transporter of the major facilitator superfamily (MFS), a FMO
(SorC) and a second flavin-dependent enzyme classified as an oxidoreductase based on in

silico analysis (henceforth PcSorD; Scheme 1.5.7 A).

Since all efforts to link the BGC to the production of sorbicillinoids by gene knockout of
either PKS were unsuccessful the authors turned their attention to the FMO SorC. This
enzyme shares high similarity to TropB, a FMO that catalyzes oxidative dearomatization
during tropolone biosynthesis (section 1.3.1) and SorC therefore appeared a suitable
candidate for the conversion of sorbicillin 147 to sorbicillinol 148. In fact, when
recombinant SorC was incubated with either 147a or 147b, rapid conversion into 148a or

148b was observed.

Combining their experimental results with bioinformatic analysis of the BGC the authors
proposed a simplified biosynthetic route in which SorA produces the triketide 175 that is
transferred onto the SAT-domain of SorB (Scheme 1.5.7 B). After chain extension the
intermediate 176 would be released as a free aldehyde 177 by the R-domain of SorB and is
readily subjected to Knoevenagel-condensation to yield the first isolatable product
sorbicillin 147, that is further oxidized into 148 by SorC. Depending on whether the ER-
domain of SorA operates during the last iteration either a fully or partially unsaturated C-1/
C-6 side chain would be installed. This proposal fits with all previously reported labelling
studies (section 1.5.2) and circumvents the unlikely oxidation of the PKS-bound
intermediate (159 to 163) to avoid formation of the symmetrical intermediate 162 (cf.

Scheme 1.5.2).

Individual gene knockouts of both PKS in P. chrysogenum by the Driessen group/304.305] 3 few
years later completely abolished production of any sorbicillinoid-related compound (4sorA
or AsorB), in agreement with the biosynthetic proposal. Controversially, while the 4sorC
strain was reported to show diminished production of sorbicillinol 148a and
oxosorbicillinol 173, the titre of dihydrosorbicillinol 148b was 1.3 times higher compared

to the wild type strain.[35] Knockout of the second flavin-dependent oxidase (4PcsorD)
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almost completely abolished production of 173, hence the role of PcSorD was assumed to
oxidize 148a into 173 (Scheme 1.5.7 (C).[305]
A

p450 sdr SorA sorB sorC mfs tf  TrsorD tf

T. reesei

P. chrysogenum — *— =

PcsorD mfs  tf SorA sorB sorC tf

hr PKS nr PKS

SorA SorB
C-
MeT?

C-

DH | ER | KR PT \MeT o o o o
reductive .
O G OB o
I

175

a=2', 3'-E-alkene

b =2', 3-alkane
c OH O
=
147b
HO
PcSorD TrSorD and/or TrSorD
OH O
N
147a
HO

Scheme 1.5.7: Biosynthesis of sorbicillin 147 and sorbicillinol 148. A, Sorbicillinoid BGC in T. reesei and P.
chrysogenum. Homology analysis was performed using Artemis.3%! Genes depicted in grey show either no
conserved domains or are not likely to be involved in the biosynthetic pathway. A detailed gene analysis for
the BGC of T. reesei is given in the appendix Table S2; B, Formation of 147 by the hr-nr-PKS pair SorA and
SorB with ensuing oxidation into 148 by the FMO SorC; C, Proposed functions for the flavin-dependent
oxidoreductases PcSorD and TrSorD.

In 2017 a homologous BGC was identified in Trichoderma reesei QM6a by Mach-Aigner et al.

and confirmed to be responsible for the production of sorbicillinoids by gene knockout of
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the homologous sorA and sorC.[3071 Besides further homologous genes encoding for TF and
MEFS, the BGC in T. reesei also encodes for a second flavin-dependent enzyme (TrSorD; in
silico oxidoreductase) that is not homologous to the flavin-dependent oxidase PcSorD found
in the BGC of P. chrysogenum (Scheme 1.5.7 A; based on Artemis comparison).3061 TrSorD
and PcSorD show 16.9 % pairwise identity by Clustal Omegal3%8] (18.7 % by global- and 19.4
% by local protein alignment in using the software Geneious). As a broad rule proteins

sharing overall sequence identity >30 % are considered homologous.[309-311]

Gene Knockout of TrsorD led to accumulation of two compounds with a molecular mass
matching that of dihydrosorbicillinol 148b, along with a reduced titre of sorbicillinol 148a.
The authors therefore suggested that TrSorD would be able to oxidize the 2’,3’-alkane 148b
into the 2’,3’-E-alkene 148a and/or 147b into 147a, respectively (Scheme 1.5.7 ().[307]
Further genes that are potentially involved during the biosynthesis are encoding for a SDR

and a P450-dependent protein, respectively (Scheme 1.5.7 A).

Both groups only lightly linked their gene knockout results to the formation of dimeric
sorbicillinoids, although both were in agreement that sorbicillinol 148a constitutes the key
biosynthetic intermediate. In addition to a lacking production of oxosorbicillinol 173
Driessen et al. furthermore could not detect the dimeric bisvertinolone 153 and
corresponding 2’, 3’-reduced congeners in the APcsorD strain (P. chrysogenum), in line with
previous studies by the Abe group that showed incorporation of 173 into 153.[298305] For
the ATrsorD strain (T. reesei) Mach-Aigner et al. additionally reported a diminished
production of bisorbicillinol 151 and bisvertinolone 153, that was attributed to the low
production of the precursor sorbicillinol 148a in the same strain.[3071 The involvement of an
enzyme catalyst during the formation of dimeric sorbicillinoids could be neither confirmed

nor ruled out.

Very recently, the Gulder group reported the total synthesis of several (un)natural dimeric
sorbicillinoids based on SorC-dependent stereoselective oxidative dearomatization of
sorbicillin 147 and unnatural substrate analogues in vitro.312-3141 Remarkably, dimerization
of enzymatically formed sorbicillinol 148a (and corresponding analogues) was induced and
controlled by the organic co-solvent added to the reaction as well as by the subsequent
chemical workup protocol. By using acetone as the co-solvent (to solubilize the substrate
147a) in vitro formation of 148a yielded the Diels-Alder derived bisorbicillinol 151 after
extraction with dichloromethane as the only dimeric product (Scheme 1.5.8 A).312] In
contrast, when the co-solvent was changed to the polar dimethylformamide (DMF), the
major product was the cage-like trichodimerol 154 with concomitant formation of 151 as

the minor product.i312]
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>
cs = acetone
CH,ClI, extraction

A
OH O
P SorC
—_—
147a [O]
HO
trichodimerol
154
O OH
cs = DMF
+173
then pyridine HO
B ”
OH O OHO
N SorC bisvertinolone
178 (0) 158
HO OH [0]
OH O
SorC
—_—
179 [O]
HO OH
C

general worflow

OH O %

equals
OH OH
ox sorbicatechol A
0 182
NN
0 R
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Scheme 1.5.8: Chemoenzymatic synthesis of dimeric sorbicillinoids described by Gulder et al.[F12-314 A
Enzymatic formation of sorbicillinol 148a in vitro results in formation of different dimeric sorbicillinoids
depending on the chemical workup conditions; cs = co-solvent; B, Alternative substrates for SorC; C,
Synthesis of hybrid sorbicillinoids by co-incubation of 148a with a general dienophile and treatment with
dichloromethane.
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The Gulder(312313l and Narayan groups/315] further demonstrated that SorC accepts substrate
analogues that may differ in the substitution pattern along the aromatic ring (178) or
exhibit saturation of the side chain (179, Scheme 1.5.8 B). By subjecting the saturated
analogue 180 to the conditions described above, the corresponding Diels-Alder and
Michael-type dimers were obtained.312] Notably, 178 was directly oxidized into
oxosorbicillinol 173 by SorC. Co-incubation of 173 with 148a in DMF and pyridine yielded

the Michael-like dimer bisvertinolone 153.[313]

The potential of this “one-pot chemoenzymatic approach” towards the construction of novel
sorbicillinoids was demonstrated by addition of various dienophiles to SorC-derived 148a,
followed by workup with dichloromethane. This simple workflow succeeded in the
formation of 15 hybrid sorbicillinoids derived from [4+2] cycloaddition including
sorbicatechol A 182 (Scheme 1.5.8 C).3141 As with bisorbicillinol 151 these compounds

were shown to be the endo diastereomers.

The spontaneous formation of various dimeric/ hybrid sorbicillinoids without any
additional catalyst again questions the origin of dimeric sorbicillinoids isolated from natural
sources. Synthetic and biomimetic studies imply that these dimers represent artefacts that
are formed during the chemical extraction procedure due to the inherent reactivity of
sorbicillinol 148. Still, nature might also use an undiscovered biocatalyst to direct the

selective formation of specific dimers in vivo.

In fact, a recent survey suggests that more than 400 natural products potentially involve a
[4+2] cycloaddition reaction during their biosynthesis.[31¢] However, the in silico prediction
and identification of dedicated Diels-Alderases proves difficult due to a lack of sequence
homology. Although enzyme-catalysed Diels-Alder reactions are expected to proceed with
high regio- and diastereoselectivity317] this is not a conclusive evidence as shown for the
spontaneous formation of dimeric sorbicillinoids like bisorbicillinol 151. Nevertheless,
during the last decades several natural Diels-Alderases have been described e.g. for the
biosyntheses of lovastatin,[318] pyrichalasin HB319, spinosyn AB20l and the fungal

meroterpenoid xenovulene A.[186]
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Scheme 1.5.9: Enzyme-assisted Diels-Alder reaction during the formation of solanapyrone A 185.

A notable example is the flavin-dependent oxidase Sol5 that does not only oxidize the
hydroxyl-substituent in prosolanapyrone II 183 to the aldehyde prosolanapyrone 111 184,
but also governs the subsequent intramolecular [4+2] cycloaddition to give the exo
diastereomer solanapyrone A 185 (Scheme 1.5.9).I70711 In the absence of Sol5 184
undergoes spontaneous Diels-Alder reaction to primarily yield the endo diastereomer
solanapyrone D 186 (23:1 in H0).13211 Sol5 is proposed to deliver a stereochemical template
that traps the reactive intermediate in an exo transition state 187a as opposed to the
kinetically favoured endo transition state 187b.[701 Based on the in situ classification of Sol5
as a flavin-dependent oxidase one would not perceive its additional Diels-Alderase activity

without experimental data.

1.6 Research Aims

The overall focus of this thesis is dedicated to decipher the biosyntheses of terrein and
dimeric sorbicillinoids. Despite previous research the catalytic key steps in both

biosynthetic pathways remain obscure.
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Although the terrein BGC in A. terreus had already been identified, knockout studies in the
producing strain have not been able to shed light on the oxidative transformation of the
precursor molecule 6-hydroxymellein 113 into terrein 94. Such oxidative ring contractions
(and ring expansions) are mechanistically very interesting and further examples from the
terrein pathway will help to illuminate this under-investigated area. By utilizing the
complementary approach, heterologous expression in the fungal host A. oryzae NSAR1, new
insights into the catalytic role of the oxidative enzymes TerC, TerD, TerE as well as the
uncharacterized Kelch protein TerF might be obtained. Due the potential reactivity of any
novel intermediates further in vitro studies with isolated enzymes appear expedient.
Recombinant enzymes will therefore be obtained from overexpression in suitable E. coli

strains.

In addition, the formation of 6-hydroxymellein 113 itself needs further consideration. While
previous experiments clearly showed that an nrPKS (TerA) and an unusual DH-KR di-
domain protein (TerB) are required for production of 113, mechanistic details are lacking.
Deliberate point mutations of catalytic key residues within both enzymes followed by in vivo
expression will be designed to tackle the question whether TerB acts on the released
pentaketide or constitutes a new member of trans-acting enzymes that operates during
chain elongation of the PKS-tethered intermediate. While some fungal PKS are known to
interact with trans-acting proteins, a multidomain trans-acting enzyme such as TerB, whose

architecture is reminiscent of a truncated hrPKS, has not yet been characterized.

Through intermolecular dimerization with itself or other suitable small molecules
sorbicillinol 148a is the undoubted precursor molecule of various dimeric and hybrid
sorbicillinoids. Despite elaborate research the involvement of an in vivo catalyst during
these prominent dimerization reactions is still at issue. The inherent reactivity of 148a
towards dimerization was impressively demonstrated by the Gulder group and is in line
with early biomimetic studies. With further regards to the intramolecular rearrangement of
bisorbicillinol 151a that proceeds upon storage in methanol one is tempted to believe that

the direction of spontaneous dimerization is dependent on the chemical workup conditions.

Initially, heterologous expression of sorABC in A. oryzae should reconstitute the biosynthetic
pathway up to sorbicillinol 148a and its tendency towards spontaneous dimerization with
respect to the extraction methods will be investigated. Since with T. reesei QM6a our group
has a prolific producer of various sorbicillinoids in-hand, the BGC of this strain will used for
amplification of target genes. Upon established production of 148a attention will be
directed to survey an additional enzyme that is required for dimerization cascades in vivo,

if any.
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Furthermore, conclusive evidence for the activity of the two flavin-dependent enzymes

TrSorD (T. reesei) and PcSorD (P. chrysogenum) are lacking, meaning that the two best-

studied sorbicillinoid BGC are still not fully understood. Both TrSorD and PcSorD are

therefore potential candidates as possible Diels-Alderases. Although both proteins are

generally classified as flavin-dependent oxidases based on phylogenetic analysis, either

proposed function ie. oxidation of 148a into 173 (insertion of oxygen is expected for a

monooxygenase) or oxidation of 148b into 148a (oxidation of alkane into alkene) is rather

unexpected for a classical flavin-dependent oxidoreductase and needs further inspection.
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Diels—Alder Reactions During the Biosynthesis of Sorbicillinoids
Lukas Kahlert, Eman F. Bassiony, Russell J. Cox, and Elizabeth J. Skellam*

Abstract: The sorbicillinoids are a class of biologically active
and structurally diverse fungal polyketides arising from
sorbicillin. Through co-expression of sorA, sorB, sorC, and
sorD from Trichoderma reesei QMo6a, the biosynthetic path-
way to epoxysorbicillinol and dimeric sorbicillinoids, which
resemble Diels—Alder-like and Michael-addition-like products,
was reconstituted in Aspergillus oryzae NSARI. Expression
and feeding experiments demonstrated the crucial requirement
of the flavin-dependent monooxygenase SorD for the forma-
tion of dimeric sorbicillinoids, hybrid sorbicillinoids, and
epoxysorbicillinol in vivo. In contrast to prior reports, SorD
catalyses neither the oxidation of 2',3'-dihydrosorbicillin to
sorbicillin nor the oxidation of sorbicillinol to oxosorbicillinol.
This is the first report that both the intermolecular Diels—Alder
and Michael dimerization reactions, as well as the epoxidation
of sorbicillinol are catalysed in vivo by SorD.

Introduction

Sorbicillinoids are an important family of hexaketides
produced by terrestrial™? and marine®®! fungi.’”! Sorbicillin
(1a) was first isolated from Penicillium notatum by Cram and
Tishler in 1948.7# 1a is oxidatively dearomatised to form
sorbicillinol (2a; Scheme 1 A),”! which reacts with itself and
other compounds to form various sorbicillinoids (Scheme 1),
more than 90 of which are known.""'? Trifonov first proposed
2a as the intermediate for self-dimerization due to its dual
diene and dienophile character.”'*'¥ This was confirmed by
Abe et al. through elegant feeding experiments.'”) Dimeric
sorbicillinoids include bisorbicillinol 3a, which is formed by
an intermolecular Diels—Alder (DA) reaction (Scheme 1B)
and displays radical-scavenging activity almost matching that
of a-tocopherol.'® Other dimers include the Michael-addi-
tion-like products bisvertinol 4a (Scheme 1C)!""! and tricho-
dimerol 5 (Scheme 1D), a potent inhibitor of prostaglandin

[*] L. Kahlert, E. F. Bassiony, Prof. Dr. R. J. Cox, Dr. E. J. Skellam
Institute for Organic Chemistry and BMWZ
Leibniz University of Hannover
Schneiderberg 38, 30167 Hannover (Germany)
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@ Supporting information and the ORCID identification number(s) for
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© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co.
KGaA. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited.
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biosynthesis."®! Hybrid sorbicillinoids such as spirosorbicilli-
nols A and B 6a and 6b (Scheme 1E),”) are formed by DA
reaction of 2a with different dienophiles.

A breakthrough was achieved when the sorbicillinoid
biosynthetic gene cluster (BGC) was discovered in P,
chrysogenum. The BGC encodes a highly reducing iterative
polyketide synthase (hr-PKS, SorA), a non-reducing iterative
PKS (nr-PKS, SorB), an FAD-dependent monooxygenase
(FMO, SorC), and a second FMO (SorD).”! SorA was
proposed to synthesize the triketide intermediate 7, which
remains tethered to the ACP domain due to lack of any
release domain (Scheme 1 A). Two intermediates, 7a and 7b,
were proposed to be formed depending on whether the SorA
enoyl reductase (ER) domain acts during the second cycle of
polyketide chain elongation. The starter acyl transferase
(SAT) domain of SorB loads 7 and elongates this starter unit
three more times, introducing two methyl groups with its C-
methyltransferase (C-MeT) domain. Reductive release from
SorB yields aldehyde 8, which undergoes Knoevenagel
condensation to give the first isolatable intermediates sorbi-
cillin (1a) and 2',3'-dihydrosorbicillin (1b). SorC was shown
to stereoselectively catalyse the oxidative dearomatisation of
1a to 2a and 1b to 2b.”) In subsequent studies, knockout of
sorA by the Dreissen group abolished production of 1 and all
related sorbicillinoids.””

The only other confirmed homologous sorbicillinoid BGC
exists in T, reesei QM6a”"! and shares the three core genes
sorA, sorB and sorC required for formation of 2 (Sche-
me 1E)."?22 The T. reesei BGC also encodes a second FMO
named SorD. Derntl et al.?!! proposed that T. reesei SorD
catalyses the oxidation of 1b to 1a (Scheme 1F). In contrast,
Guzman-Chévez et al.”? suggested that P. chrysogenum SorD
catalyses the oxidation of 2a into oxosorbicillinol 9a (Sche-
me 1F), since increased amounts of 2a were produced by
their AsorD strain. ARTEMIS analysis shows that the two
sorD genes are not homologous (Scheme 1E), thus indicating
that they may catalyse different reactions in 7. reesei and P.
chrysogenum, despite both fungi synthesizing a similar variety
of sorbicillinoids.”*?' However, the precise role of SorD has
not yet been elucidated.

Dimeric sorbicillinoids are also formed during organic
extraction and workup. Corey et al.”’ observed that 2a is
highly reactive and the dimer 5§ was isolated after silica-gel
chromatography with 3:1 hexane/EtOAc. Shortly afterwards,
Abe et al.'"’! reported spontaneous dimerization of 2a to 3a
during liquid-liquid extraction with EtOAc and formation of
5 during lyophilization of 2a. Recently, Gulder et al.***!
showed conclusively that in vitro production of 2a by SorC,
forms different dimeric sorbicillinoids depending on the
organic co-solvent added to the reaction. For instance,
addition of 20% v/v acetone yielded 3a (27%) after

Angew. Chem. Int. Ed. 2020, 59, 5816 —5822
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A Biosynthetic pathway to key intermediate sorbicillinol
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extraction with CH,Cl,, whereas addition of 20% v/
dimethylformamide (DMF) yielded 5 (27 %) after extraction
with CH,Cl,. However, the confirmed formation of dimeric
sorbicillinoids from 2a in vitro in the presence of organic
solvents does not rule out the possibility of the existence of
in vivo catalysts that can also form these compounds.

Since questions remain regarding the precise role of SorD
and other enzymes, for example, a P450 and an SDR, encoded
by genes adjacent to the 7. reesei sorbicillinoid BGC
(Scheme 1E), we set out to investigate the BGC in more
detail.

Results and Discussion

Sorbicillinoid production in 7. reesei QM6a was confirmed
by fermentation and analysis by liquid-chromatography mass
spectrometry (LCMS, Figure 1 A). Numerous sorbicillinoid-
related compounds were purified and identified based on UV,
HRMS, and 1D and 2D NMR analysis (see the Supporting
Information for details). These include the monomer 1a, as
well as epoxysorbicillinols 10a and 10b. The reactive inter-
mediate 2a could not be purified. The hybrid sorbicillinoid
spirosorbicillinol B (6b) was also identified and fully eluci-

5
12 10a 10b * 6b 6a = la 11
A
T. reesei
QM6a wt
B
AsorA

Al

3 4 5 6 Z 8 9 10

Figure 1. LCMS (DAD 210-600 nm) analysis of wt (A) and AsorA (B)
T. reesei QM6a. * denotes uncharacterized sorbicillinoid-related com-
pounds (Figure S4 and S5). Dimeric sorbicillinoids are highlighted in
yellow; monomeric sorbicillinoids are highlighted in grey; non-sorbicil-
linoids are highlighted in blue.
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dated. A number of other dimeric sorbicillinoids were
identified based on their UV and MS profiles, including
bisvertinolone (11),141 5,21 and 6a (Figure S1-S3), as well as
several dimers that could not be fully characterized (* in
Figure 1A, Figures S4,S5). Compounds 6a and 6b are
proposed to arise through the reaction of 2a with scytolide
(12),I which has not previously been reported in T. reesei.
Knockout of sorA completely abolished production of all
sorbicillinoids, but led to the production of 12 (Figure 1B).

The sorbicillinoid biosynthetic pathway was reconstituted
in the heterologous host Aspergillus oryzae NSAR1 from T.
reesei QM6a cDNA templates. Compared to the NSARI1
control (Figure 2A), transformants expressing sorA (Fig-
ure 2B) and sorB (Figure 2 C) individually did not produce
any new compounds (Scheme 1 A). However, LCMS analysis
of A. oryzae + sorAB transformants revealed four new peaks,
of which two corresponded to 1a and 1b (Figure 2D). The
known trichopyrone (13)?” and the related pyrone 14 were
also produced. Pyrones 13 and 14 are likely premature off-
loading shunt products of SorB, since similar products are
known to be formed when methylation steps are not properly
completed by nr-PKS.*!

Next, sorC was added to sorAB in the expectation of
forming 2a. However, A. oryzae 4+ sorABC produced 15a as
the major product (Figure 2E). The UV absorption of 15a is
distinct from that of 2a,”) and the m/z [M—H]™ of 249
indicated a reduction. Thorough NMR analysis of 15a and its
mono-methylated derivative (Me;SiCHN,)®! confirmed the
structure of the reduced sorbicillinol 15a. The A. oryzae +
sorABC transformants also produced the vertinolides 16a™*
and 16b. The absolute stereochemistries of 16a and 16b were
assigned based on comparison with data reported by Takaia
and Yamashita.[*")

SorC therefore catalyses the oxidative dearomatisation of
1 to 2 as expected, however 2 appears to be reduced to 15.
This is likely the result of an unknown enzyme in A. oryzae
since this host is known to reduce other heterologously
produced intermediates.’'=% Vertinolides 16 are also derived
from 15. The furanone backbone of 16 presumably originates
from a retro-aldol like ring opening or an intramolecular
rearrangement of 15 (Scheme 2). A very similar skeletal
rearrangement has been observed during the synthesis of
paclitaxel derivatives.* No formation of any dimeric
sorbicillinoids was observed in any of the +sorABC trans-
formants.

Heterologous expression of 4+ sorABCD resulted in many
new peaks, which were identified as dimeric sorbicillinoids
originating from either DA-like (3a—¢) or Michael-addition-
like (4ab) dimerization of 2a and/or 2b (Figure 2F). All
compounds were fully elucidated using NMR, except for 4b,
which was characterized according to UV absorption and MS
data (Figure S6). Compound 3¢ must arise from a DA
dimerisation of 2b. In addition to the dimeric sorbicillinoids,
oxidation to the epoxysorbicillinols 10a and 10b was ob-
served for the first time (Figure 2F). The production of 15a is
minimal, thus suggesting that in the absence of SorD, 2a is
quickly reduced by A. oryzae, however when SorD is present,
2a/b can be efficiently converted into dimers 3a—c and 4a,b
(Scheme 1B,C) or oxidized to 10a/b.
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Scheme 2. Proposed pathway for the reduction of 2 by A. oryzae
leading to the formation of 15 and 16.
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Although 2a is known to be inherently unstable, sponta-
neous formation of dimeric compounds during the extraction
process is unlikely because the +sorABC and + sorABCD
transformants had all been cultured and extracted under
identical conditions, yet no dimeric compounds were ob-
served in +sorABC transformants (Figure 2E). To exclude
the possibility that these dimers formed during the extraction
procedure, the crude culture supernatant of +sorABCD
transformants was directly subjected to LCMS analysis prior
to extraction, and it showed the same qualitative composition
(Figure S10). Therefore, under the in vivo conditions used,
dimerization of 2a/b is independent of any added solvents and
can be attributed to the presence of SorD.

LCMS chromatograms obtained from +sorABD trans-
formants (Figure 2 G) did not significantly differ from those
for 4+ sorAB transformants, thus indicating that 2a and 2b are
the required substrates for SorD. The observation of both 1a
and 1b in these transformants indicates that SorD does not
oxidize 1b to 1a as proposed by Derntl et al.?!! Similarly,
since the oxosorbicillinols 9a and 9b were not observed in any
of the chromatograms, SorD does not seem to have a role in
oxidizing 2 to 9 as proposed by Guzman-Chavez et al.*?! This
shows that SorD has two roles: dimerization of 2 to 3 and 4,
which does not require oxidation of 2, and an independent
role in oxidizing 2a/b to epoxides 10a/b.

To further investigate the role of SorD in dimerization, we
attempted in vitro assays. Extensive attempts were made to
obtain soluble SorD, but all efforts at expression in either E.
coli or S. cerevisiae resulted in insoluble and inactive protein.
Experiments with cell-free extract (CFE) or whole cells of
these organisms expressing SorD also met with failure.

In contrast, we were able to obtain soluble hiss-SorC
(52.8 kDa) in very high yields (180 mgL '), and in vitro assays
were performed as described previously.”! Substrates 1a/b
were purified from +sorAB transformants. As expected,
substrates 1a and 1b were quickly converted into 2a and 2b
(Figure S11). In contrast, when the assays were performed
under the specific conditions as described by Gulder et al.?*!
in the presence of 20 % v/v acetone followed by extraction of
the assay mixture with CH,Cl, or CHCl;, dimers 3a—c were
formed (Figure S11). These observations are in accordance
with previous reports!'>*2! that under specific conditions,
dimerization of 2a can be induced by organic solvents.

When an excess of NAD(P)H or prolonged incubation
times were employed in the SorC assays, small amounts of
15a or 10a/b could be detected (Figure S12). Therefore, the
reduction of 2 to 15 in the heterologous expression experi-
ments may not even require an enzyme. Although the
reduction of 2 prevents subsequent dimerization reactions,
the reduction of 2 in vivo must be faster than any spontaneous
dimerization reactions.

We next investigated the individual functions of SorC and
SorD in vivo. Since 2 cannot be purified from our heterolo-
gous expression experiments due to its conversion to 15, we
used our in vitro assay with SorC to obtain 2. Substrates 1a/b
were incubated with SorC leading to the formation of
compounds 2a/b. Dihydrosorbicillin (2b) was purified (Fig-
ure 3A) and supplemented to A. oryzae expressing either
sorC or sorD. When 2b was fed to A. oryzae expressing sorC
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Figure 3. LCMS analysis [DAD 210-600 nm] of A. oryzae expressing
either sorC (B) or sorD (C) fed with compound 2b. Dimeric sorbicilli-
noids are highlighted in yellow; monomeric sorbicillinoids are high-
lighted in grey.

and cultured and extracted using standard conditions, no
dimeric compounds were detected. Instead, compounds 15b
and 16b were detected as well as a small amount of 10b
(Figure 3B). 2b is therefore directly converted into 15b and
16b (Scheme 2), thus proving that dimerization is not
spontaneous and nor is it catalysed by SorC under the
conditions investigated.

When 2b was fed to A. oryzae expressing sorD under
identical conditions, the dimeric sorbicillinoid 3¢ was detect-
ed (Figure 3 C). Since all other dimeric compounds form from
at least one molecule of 2a, no other dimeric molecules were
detected. 10b was also detected but 15b was not (Figure 3C),
thus demonstrating conclusively that in the presence of SorD,
2b is efficiently dimerized to 3¢ or epoxidized to 10b. Clearly
SorD, catalyzes distinct epoxidation or dimerization reac-
tions, both of which are faster than the reduction of 2b to 15b
either by A. oryzae or intracellular NAD(P)H.

The hybrid sorbicillinoids 6a/b are considered to derive
from dimerization of 2a with 12 (Scheme 1D).[") To further
investigate the role of SorD in the dimerization of 2, scytolide
(12) was purified from T. reesei AsorA (Figure 1B) and fed to
A. oryzae strains and then extracted using standard con-
ditions. 12 remained unaltered in the NSARI control (Fig-
ure 4 A). In strains expressing + sorABC, no conversion to 6
was observed. The major product remained the reduced shunt
product 15a, thus indicating that 2 does not spontaneously
undergo a Diels—Alder reaction with 12, nor does SorC
catalyse the reaction (Figure 3B). However, when 12 was fed
to +sorABCD transformants, 6a and 6b were observed
(Figure 3C). These results demonstrate that 6a and 6b are
exclusively formed in the presence of sorD.

Surprisingly, compounds § and 11, which were observed in
T. reesei QMo6a, were not detected in any of our expression
strains. Compound 5 is proposed to arise from two consec-
utive Michael-like additions (Scheme 1C). That 5 is not
observed further supports these dimerization mechanisms not
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Figure 4. LCMS analysis (DAD 210-600 nm) of A. oryzae NSAR1 (A;
control) and transformants expressing sorABC (B) or sorABCD (C) fed
with scytolide (12). Dimeric sorbicillinoids are highlighted in yellow;
monomeric sorbicillinoids are highlighted in grey.

being spontaneous and requiring an enzyme catalyst. Com-
pound 11 is a dimer of 2a and 9a, however the formation of
9a appears to be independent of SorABCD. To be certain that
the additional genes encoding an SDR and P450 are not
required for the production of 5§ and/or 11, both genes were
successfully disrupted in 7. reesei using the bipartite knock-
out strategy (Figure S18).") However, no changes in the
metabolite profile were observed. Similarly, heterologous
expression of the SDR and P450 genes with +sorABCD in A.
oryzae did not yield any new pathway intermediates (Fig-
ure S19). This indicates that genes encoding the enzymes
necessary for the formation of 5 and 11 are located elsewhere
in the genome of 7. reesei.

Conclusion

Our results demonstrate that the SorAB PKS system of 7.
reesei QMo6a behaves as expected to produce 1 in the
heterologous host A. oryzae (Scheme 3). The FMO SorC
catalyses the oxidative dearomatisation of 1 to 2 in vitro as
expected. Sorbicillinol (2) can also be reduced to 15 in vitro
by NAD(P)H alone. In vivo, SorABC produces 2, which is
also reduced to 15. Although SorC can catalyse consecutive
oxidation of 2 to epoxysorbicillinol (10) in vitro, the second
oxidation is very inefficient. This epoxidation is primarily
catalysed in vivo by the FMO SorD. The requirement for two
different enzymes may reflect the differences in mechanism of
the two oxidation reactions. During the oxidative dearoma-
tisation of 1 to 2, the enzyme bound-hydro-peroxyflavin
species acts as an electrophile, whereas during the epoxida-
tion of 2 to 10, the peroxyflavin species would be expected to
act as a nucleophile (Scheme 4). Gulder etal. reported
a similar facile reaction of 2a with ‘BuO,H.”!

Dimeric sorbicillinoids derived from 2 were only detected
in vivo in the presence of SorD. SorD is also able to epoxidize
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2 to 10, which is independent of the dimerization mechanism.
These dimeric compounds were previously described as
resulting from organic-solvent-induced spontaneous reac-
tions. However, in our hands, we developed extraction and
purification conditions, which do not catalyse these dimeriza-
tion reactions. Under these conditions but in the presence of
SorD, dimeric products were observed, including “symmet-
rical” Michael-addition dimers such as 4, “symmetrical”
Diels—Alder reaction dimers such as 3, and “asymmetrical”
Diels—Alder reaction dimers such as 6a and 6b (Scheme 3).
Therefore, we reveal a role of SorD in dimerizing the highly
reactive intermediate 2 and demonstrate the scope of the
reactions catalysed by this enzyme. Furthermore, we clearly
demonstrate that the isomers spirosorbicillinol A (6a) and B
(6b) arise from 2a and the shikimic acid derivative 12,
thereby confirming their biosynthetic origin.

Angew. Chem. Int. Ed. 2020, 59, 5816 —5822
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Formation of epoxides is a common reaction catalysed by
FMOs,***# but catalysis of DA reactions is much rarer. Fujii
and co-workers reported a dual-acting flavin-dependent
enzyme, Sol5, which catalyses both an alcohol oxidation and
an intramolecular DA cyclisation during the biosynthesis of
solanapyrone.” In contrast, SorD catalyses intermolecular
DA and Michael reactions, which do not require initial
oxidation. SorD is the first flavin-dependent enzyme reported
to behave in this way.
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Sorbicillinoids are a large family of fungal secondary metabolites
with a diverse range of structures and numerous bioactivites, some
of which have pharmaceutical potential. The flavin-dependent
monooxygenase SorD from Penicillium chrysogenum (PcSorD) uti-
lizes sorbicillinol to catalyze a broad scope of reactions: formation
of oxosorbicillinol and epoxysorbicillinol; intermolecular Diels—
Alder and Michael-addition dimerization reactions; and dimeriza-
tion of a sorbicillinol derivative with oxosorbicillinol. PcSorD shares
only 18.3% sequence identity with SorD from Trichoderma reesei
(TrSorD) and yet unexpectedly catalyzes many of the same reac-
tions, however, the formation of oxosorbicillinol and bisvertinolone
by PcSorD extends the range of reactions catalyzed by a single
enzyme. Phylogenetic analysis indicates that PcSorD and TrSorD
bind the flavin cofactor covalently but via different residues and
point mutations confirm these residues are essential for activity.

Sorbicillinoids are a family of structurally diverse secondary
metabolites produced exclusively by fungi (Fig. 1A and Fig. S1,
ESIT).1 Sorbicillinoids are named after the first characterized
member sorbicillin 1 which is oxidatively dearomatized to give
the key intermediate sorbicillinol 2.> 2 is able to react with itself
and other compounds to form complex dimers such as bisor-
bicillinol 3 and bisvertinol 4, or be oxidized further to generate
epoxysorbicillinol 5 and oxosorbicillinol 6.> Many sorbicilli-
noids are biologically active including 3 with potent radical
scavenging activities, 4 with anti-microbial properties, and
bisvertinolone 7 with cytotoxic properties.*™®

Biosynthetic gene clusters (BGC) encoding the enzymes
responsible for sorbicillinoid biosynthesis have been identified
in Trichoderma reesei QM6a and Penicillium chrysogenum. These
two BGC encode several highly homologous enzymes: a highly-
reducing polyketide synthase (HR-PKS; SorA); a non-reducing
polyketide synthase (NR-PKS; SorB); and a flavin-dependent
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monooxygenase (FMO; SorC) (Fig. 1B). SorA and SorB synthe-
size the hexaketide precursor sorbicillin 1 and SorC catalyses
the subsequent stereoselective oxidative dearomatisation of 1
to sorbicillinol 2.>” Recently, we showed that the second FMO
of the sorbicillinoid BGC in T. reesei QM6a, TrSorD, is essential
for the intermolecular Diels-Alder dimerization of 2 to form
bisorbicillinol 3, the Michael-like dimerization of 2 with 8 to
form bisvertinol 4, and furthermore independently oxidizes 2 to
epoxysorbicillinol 5.

The P. chrysogenum BGC also encodes a second FMO, named
PcSorD, but shares little sequence homology with TrSorD
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Fig. 1 (A) Sorbicillinoids produced by both T. reesei and P. chrysogenum;
(B) comparison between the sorbicillinoid BGC in T. reesei and P. chryso-
genum:; (C) structure of FAD bi-covalently bound to conserved His and Cys
residues in an exemplary FMO.
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(<18.3% identity; Fig. S2, ESIt). FMOs are a class of versa-
tile enzymes often involved in the oxygenation of secondary
metabolites.” The scope of these biocatalysts covers
hydroxylation,'® epoxidation,'* Baeyer-Villiger oxidation,?
halogenation,'® amine oxidation," and also includes Diels-
Alder reactions.® Most FAD/FMN enzymes bind the cofactor
non-covalently, but examples have been reported where the
cofactor is covalently bound.''® Covalent linkage usually
occurs between the 8o-methyl of the cofactor and a conserved
Tyr,"” His,"® or Cys'® of the enzyme (reviewed comprehensively
elsewhere).”° Alternatively, the flavin cofactor may be bi-covalently
bound by forming a second linkage to a conserved Cys at its C-6-
position in the isoalloxazine ring (Fig. 1C).>"

Investigations into sorbicillinoid biosynthesis in P. chryso-
genum by Guzman-Chavez et al. led to the proposal that PcSorD
is involved in converting 2a into oxosorbicillinol 6a.>* However,
our recent work showed that FMO TrSorD appears not to be
involved in the biosynthesis of 6.° Since both T. reesei and
P. chrysogenum produce 1-7 and a similar spectrum of dimeric
sorbicillinoids (Fig. S1, ESIt) yet have no additional homolo-
gous biosynthetic enzymes encoded within their BGC (Fig. 1B)
we were interested in the function of the FMO PcSorD and how
6 and 7 are biosynthesized in both fungi.

To elucidate the function of PcSorD we first tried to obtain
soluble enzyme for in vitro studies, however despite extensive
attempts all efforts at expression in E. coli resulted in insoluble
and inactive protein (Fig. S3-S5, ESI{). Alternative methods to
study enzyme function include heterologous expression where
the role of the enzyme can be deduced in vivo. Previously we
reported the characterization of SorABC in Aspergillus oryzae
through isolating the expected sorbicillins 1a/b, and several
shunts 8-10 (Fig. 2A; Scheme 1A).2 When we co-expressed TrSorD
we were able to isolate dimeric sorbicillinoids 3 and 4, in addition
to epoxysorbicillinols 5 (Fig. 2B). We therefore decided to use
A. oryzae + sorABC as the heterologous host strain to investigate
the role of PcSorD in a directly comparable environment to
TrSorD. We obtained a synthetic gene encoding PcSorD (PcsorD)
and co-expressed it with sorABC in A. oryzae. Transformants were
grown, extracted and analysed using previously established
methods.® LCMS analysis showed that the Diels-Alder and
Michael-like dimeric sorbicillinoids 3 and 4, as well as 5 were
produced (Fig. 2C). These compounds were identified by compar-
ing the physical data with the same compounds isolated in our
previous study (Fig. S33-S46, ESIT).® In addition, two new major
peaks were observed only when PcsorD was co-expressed (Fig. 2C).
The respective compounds were purified by preparative LCMS
and identified as oxosorbicillinol 6a and bisvertinolone 7a by
thorough NMR analysis (Fig. S18-5S32, ESIY).

Despite sharing little sequence homology PcSorD and
TrSorD both catalyse intermolecular Diels-Alder dimerization
of 2 to 3, intermolecular Michael-addition of 2 and 8 to form 4,
as well as an independent oxidation of 2 to 5. Remarkably,
PcSorD is also involved in the formation of 6 and the Michael-
like dimerization of 6 with 2 to form 7, further expanding the
versatility of this class of enzymes (Scheme 1A). We suspect that
PcSorD is able to catalyze the Michael-like addition of 2 and 6

3
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Fig. 2 LCMS chromatogram (DAD 210-600 nm) of transformants expres-
sing solely sorABC (A) in addition with: (B), TrsorD; (C) PcsorD; (D) TrsorD
(H164A/C228A); (E) PcSorD H78A. Compounds only produced in presence
of PcSorD are indicated by yellow bars. 6b and 7b/b’ are presumed to be
the dihydro-forms based on physical data (Fig. S47-S51, ESIf) however
could not be purified due to low titres.

in an analogous mechanism to the formation of 4 by both
PcSorD and TrSorD (Scheme 1B).

PcSorD might be able to activate the epoxide-moiety of 5 and
facilitate rearrangement into 6. Rearrangements of epoxides
into ketones following such a mechanism are well described
reactions in organic synthesis.>* Accordingly, we fed A. oryzae
expressing PcsorD with 5a, but no conversion to 6 was observed.
To ensure that the enzyme itself was active we fed a mixture of
2ab to the respective transformants, which resulted in for-
mation of epoxides 5ab, oxosorbicillinols 6ab and dimeric
sorbicillinoids 3 as anticipated for an active PcSorD (Fig. S8,
ESIT). Experiments with cell-free extract (CFE) or whole cell
extract (WCE) of these transformants expressing PcsorD also did
not show conversion of 5 into 6 (Fig. S6 and S7, ESIt). This
outcome might indicate that 5a was unable to reach SorD
in vivo or that 5 may not be the precursor to 6.

Chem. Commun., 2020, 56,10934-10937 | 10935
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Scheme 1 (A) Overview of sorbicillinoid biosynthesis highlighting the range

of reactions catalysed by TrSorD and the extended reactions catalysed by

PcSorD; (B) mechanism of Michael-addition reaction between 2 and 6 or 8 to generate 7 and 4, respectively. Stereochemistry of the Michael-dimers 4

29,30

and 7 are based on literature and biosynthetic consideration.

In an attempt to understand the different catalytic capabil-
ities of TrSorD and PcSorD we conducted a more detailed
bioinformatic analysis using the web tool InterPro®* which
classified both PcSorD and TrSorD as vanillyl-alcohol oxidase
(VAO)-type FMOs, that form a covalent bond to FAD via a
conserved N-terminal histidine.?® Using the protein fold recog-
nition server Phyre2>® the best template found for TrSorD was a
VAO-type FMO MtVAO615 from the thermophilic fungus Myce-
liophthora thermophila (PDB 6F73).”” This enzyme bi-covalently
binds the flavin cofactor via H157 [His (N1)-8a-flavin] and €222
[Cys(S)-6-flavin]. The best template found for PcSorD was a
different VAO-type FMO, XylO from Myceliophthora thermophila
(PDB 5K8E) that exhibits the same bi-covalent linkage via H94
and C155.2% Protein alignments including ancillary well studied
FMO (Fig. S9 and S10, ESIf) revealed that TrSorD contains
both conserved amino acid residues, H164 and C228. Strik-
ingly, PcSorD from P. chrysogenum only shares the conserved
N-terminal histidine residue H78, but lacks the conserved
cysteine. A multiple sequence alignment including a total set
of 30 FMO with available crystal structures was performed and
used to build a phylogenetic tree (Fig. S11, ESIT).

As the enzyme mediated dimerization of sorbicillinol 2 is
not expected to require a redox cofactor, in contrast to its
oxidation to epoxysorbicillinol 5 and oxosorbicillinol 6, we were
curious whether mutating the amino acid residues covalently
linking the flavin cofactor would result in the sole production
of dimers 3 and 4, while abolishing production of the oxidized
molecules 5 and 6. Accordingly, H164 and C228 (TrSorD) as
well as H78 (PcSorD) were replaced with alanine to prevent
covalent bonding to the flavin cofactor. Successful mutation
was confirmed by sequencing (Fig. S14-S16, ESIt). Both TrsorD
and PcsorD were then individually co-expressed with sorABC
in A. oryzae. Cultures were grown, extracted and analysed
according to standard protocols.® In all transformants formation
of the oxidation products 5 and 6 was completely abolished

10936 | Chem. Commun., 2020, 56, 10934-10937

(Fig. 2D and E). Interestingly, although in significantly reduced
intensity, the Michael-dimer 4a was still detected in both TrSorD
and PcSorD mutants (Fig. 2D, E and Fig. S17, ESIt). Apart from
these changes, the metabolic profiles of the two mutant strains
did not significantly differ from the control strain expressing
SorABC (Fig. 2A).

These results clearly show that PcSorD and TrSorD are the
enzymes required for dimerization and oxidation of 2 and that
these specific conserved residues (H78 and H164/C228) are
essential for enzymatic function. However, without a crystal
structure we are unable to prove whether the introduced
mutations completely prevent binding of the cofactor or
whether we affected the overall structure of the proteins. Other
studies into FMOs involving the mutation of the respective
amino acid(s) responsible for covalent binding of the flavin
cofactor have revealed a number of different outcomes: com-
plete loss of catalytic activity,>* completely insoluble protein,*?
or decreased enzyme activity due to the co-factor being bound
tightly, but non-covalently within the enzyme.**** In the case of
TrSorD and PcSorD it appears that the respective mutations,
while completely suppressing oxidation of 2, still enable
Michael-like dimerization of 2a with 8a to generate 4a to a
minor extent, but are not capable to facilitate the Diels-Alder
like dimerization of 2 to 3.

Finally, we attempted to identify the enzyme in T. reesei
responsible for the formation of 6 and 7, as although these
compounds are also produced by T. reesei, their formation does
not appear to be catalysed by TrSorD in our heterologous
expression studies.”® We therefore performed a protein BLAST
search with PcSorD against the proteome of T. reesei QM6a.
The top hit yielded an uncharacterized FMO (XP_006968264.1)
with 35% sequence identity. Bioinformatic analysis indicates
that XP_006968264.1 also putatively bi-covalently binds the
flavin cofactor as sequence alignments revealed the conserved
H82 and C123 residues (Fig. S9, ESIt). The corresponding gene

This journal is © The Royal Society of Chemistry 2020
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was cloned from T. reesei gDNA and co-expressed with sorABCD
in A. oryzae, but neither 6, 7, nor any change in the metabolic
profile was observed (data not shown). Therefore how 6 is
formed in T. reesei remains unknown.

In conclusion, we elucidated the functions of the multi-
functional FMO PcSorD by heterologous expression and con-
firmed the biosynthetic origin of oxosorbicillinol 6 and bisver-
tinolone 7 in P. chrysogenum. Surprisingly, despite being non-
homologous to TrSorD, this enzyme catalyses inter-molecular
Diels-Alder and Michael-like dimerization of the key intermedi-
ate sorbicillinol 2 as well as an independent oxidation of 2 to 5
and is therefore the second enzyme described to behave this
way.® However, PcSorD is remarkable in that it clearly has
additional roles in the formation of 6, which in turn is a facile
substrate for Michael-like dimerization with 2, to form bisver-
tinolone 7. Mutation studies revealed that the amino acid
residues most likely responsible for covalent binding of the
flavin cofactor, H78 (PcSorD) and H164/C228 (TrSorD), are
crucial for enzyme oxidation activity.

Furthermore we demonstrate that enzymes that are difficult
to study in conventional in vitro assays e.g. due to being
insoluble can be functionally elucidated in vivo using hetero-
logous gene expression and mutagenesis. This study also
indicates that with extensive engineering FMOs may have the
potential to be developed as specific dimerization catalysts for
further diversifying small bioactive natural products.
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Biosynthesis of 6-Hydroxymellein Requires a Collaborating Polyketide

Synthase-like Enzyme

Lukas Kahlert, Miranda Villanueva, Russell J. Cox,* and Elizabeth J. Skellam*

Abstract: The polyketide synthase (PKS)-like protein TerB,
consisting of inactive dehydratase, inactive C-methyltransfer-
ase, and functional ketoreductase domains collaborates with
the iterative non reducing PKS TerA to produce 6-hydrox-
ymellein, a key pathway intermediate during the biosynthesis
of various fungal natural products. The catalytically inactive
dehydratase domain of TerB appears to mediate productive
interactions with TerA, demonstrating a new mode of trans-
interaction between iterative PKS components.

Introduction

Fungal polyketide synthases (PKS) are iterative Type I
systems in which catalytic domains form large programmed
covalent complexes that can synthesise a very wide variety of
structures."?) Fungal highly reducing (hr) PKS resemble
mammalian fatty acid synthases® (mFAS) in domain organ-
isation, while fungal non-reducing (nr) PKS are simpler and
lack ketoreductase (KR), dehydratase (DH), and enoyl
reductase (ER) p-processing domains. In almost all known
cases the catalytic domains are cis-acting: that is, they are part
of the covalent complex. However, in some cases trans-acting
enoyl reductase (ER)¥ and (very rarely) trans-C-methyl
transferase (C-MeT)P! and trans-KR domains!® are known.
Other trans-acting interactions are also possible. For example
nr-PKS usually have a starter-unit acyl transferase (SAT)
domain which can accept an acyl chain priming unit directly
from the acyl carrier protein (ACP) of an hr-PKS or FAS."
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Recently, Brock and co-workers described the biosyn-
thetic gene cluster (BGC) of the fungal polyketide terrein 1in
Aspergillus terreus, which is derived from the polyketide
precursor 6-hydroxymellein 2. The ter BGC encodes TerA
which is an apparently canonical nr-PKS consisting of SAT,
ketosynthase (KS), acyl transferase (AT), product template
(PT), twin ACP, and N-terminal thiolesterase (TE) domains
(Scheme 1). Heterologous expression of TerA in Aspergillus
niger results in the formation of three products: the triketide
lactone 3, the tetraketide orsellinic acid 4, and the pentake-
tide 6,7-dihydroxymellein 5 (Scheme 1) that arises via shunt
hydroxylation of proposed TerA product 6 to 7 followed by
reduction.

Ac-CoA o
&
2 Mal-CoA [ 9
i _
TerA HO 3
TerA
Ac-CoA OH g NP
+ P
3 Mal-CoA OH SH SH OH SHOH
—_—
TerA HO SH
4
Ac-GEA. OH 0 OH O
4 Mal-CoA o [0] HO. 0
_— —_—
> A. niger >
TerA HO A. terreus | HO
6 7
A. niger
l @@ TerB [H] lA. terreus
OH O OH O
H% OH Tailoring [0] HO.
o -— [¢) —_ (9]
= A A. niger
HO A. terreus HO
Terrein 1 2 5

Scheme 1. Summary of previous observations. Compounds in brackets
were not isolated. See main text for abbreviations.

A second protein, TerB, was shown to be essential for
biosynthesis of 2 in A. terreus by gene knock-out. In the
absence of TerB 3, 4, and 5 were isolated. However, co-
expression of terAB in A. niger did not lead to the expected
production of 2. Due to the observation of 2 in additional
knock-out studies of later tailoring enzymes in A. terreus, the
role of TerB was proposed as opening lactone 6 followed by
subsequent reduction and relactonisation. We have previous-
ly used heterologous expression of fungal BGC in Aspergillus
oryzae to successfully investigate the biosynthesis of other
metabolites without the complications of shunt pathways and
we therefore decided to use it to investigate this intriguing
system in vivo.!]
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NSAR1
Expression of terA and terB MMN\___J\
4
Genes encoding TerA and TerB were cloned from
A. terreus cDNA and/or gDNA (see SI for all experimental 3 B
details). The fungal expression vector pTYGSarg-terA was +terA
assembled by yeast homologous recombination and expressed U
in A. oryzae NSAR1." Transformants expressing rerA yield l
three compounds: the triketide pyrone 3 (71 mgL™), the 2
tetraketide orsellinic acid 4 (153 mgL™"), and the pentaketide
acid 8 (91 mgL !, Figure 1B, Figure 2), all confirmed by full
structure elucidation by NMR and HRMS and comparison to ¢
. . . +terA
literature values. Compound 8 is unshunted in A. oryzae, terB
unlike in A. niger where it is evidently subjected to oxidative
modifications by host enzymes. In contrast to previous reports
by Oakley et al. the pentaketide lactone 6 was not observed 9 4
(SI Figure S9).1'% l 3 8 |\
Close examination of the coding region of ferB indicated
that the NCBI sequence was likely truncated. Reanalysis . -
identified an additional 193 amino acid residues at the C- ‘ 2 +te::gE )
terminus that contribute to a KR domain (SI Figures S1-S8).
Conserved domain database (CDD)!™¥ analysis of the longer
OREF identifies an N-terminal DH domain lacking key active a 2 €
site residues (DH’) as well as the C-terminal KR. In addition, te:;::?")

11424

InterProl™! and Phyre2!'®! further identify an inactive C-
methyltransferase (C-MeT") located centrally. Alignment
with a number of characterised hr-PKS also indicates

An dte

sequence homology with C-MeT domains. TerB thus appears 11 o 8 4 - :(PT")
to be a truncated hr-PKS that has lost KS, AT, ER, and ACP MJ/\«MMW

domains. Since reduction of the 9-ketone of 8 is required
during biosynthesis of 2, and TerA does not contain a KR

12

domain, it seemed possible that TerB fulfils this role. G .
Coexpression of the longer ferB with terA in A. oryzae ”e::r(;T)

results in production of R-6-hydroxymellein 2 (Figure 1C,
Figure 2, see SI for full characterisation) in very high titres
(>500 mgL"). Prolonged incubation times (>4 days) result
in hydroxylation of 2 by A. oryzae to give 5,6-dihydroxymel-
lein as reported previously (SI Figure S11).""' In addition to 2,
3, 4, and 8, a new minor compound was observed and 2D-
NMR analysis revealed it to be the tetraketide lactone 9,
showing a secondary alcohol function in the aliphatic side
chain (SI Figs S63-S67). The R-configuration was assigned by
Mosher’s esterification (SI Figure $68).11%1]

Coexpression of terAB gives 2 at five-fold higher titre
(530 mgL™") than production of pentaketide 8 by expression
of terA alone. Based on this observation we envisaged two
potential biosynthetic routes to 2 (Scheme 2). First, early
release would provide free ketone 8 which could be reduced
by the KR of TerB to alcohol 10, followed by lactonisation. In
a second possibility, ketoreduction could occur first while the
polyketide, for example, 8A, is still tethered to TerA. In this
case final release could be spontaneous by intramolecular
lactonisation, or release could be catalysed by the TE, and
conceivably these possibilities could occur while the inter-
mediate is bound to either ACP (8A/10A) or TE (8T/10T).

3 H
+terA
113 terB(ADH)

|
+terA
terB(DH*)

J

9 +terA(TE®S)
l 2 terB(DH*)

15 2,5 35 45 55 6,5 75

Figure 1. Selected DAD (210-600 nm) chromatograms of the indicated
A. oryzae expression experiments. Unlabelled peaks are unrelated.
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Figure 2. Titres of isolated compounds from the indicated heterolo-
gous expression experiments in A. oryzae. Area of pie charts is propor-
tional to total titre in each case. Results of lower production experi-
ments not shown. All titres are also summarised in Table S6.

In Vitro Study of Reduction and Lactonisation

In order to probe these release possibilities we generated
A. oryzae transformants solely expressing ferB and prepared
a cell-free extract (CFE). The CFE was incubated with
pentaketide 8 in the presence of NADPH for 3 h, followed by
LCMS. Ketone 8 was converted to 2 only in the presence of
TerB and NADPH, but not in the untransformed A. oryzae
NSARTI control (SI Figure S12). The intermediate secondary
alcohol 10 was not detected suggesting that TerB also
catalyses lactonisation. This is further supported by studies
of the chemical properties of alcohol 10 generated by
reduction of 8 with NaBH,.

Alcohol 10 is stable in water and in the A. oryzae CFE
(SI Figure S15), but upon acidification immediately converts
to 2 (SI Figures S13,S14). These results show that the TerB
KR can reduce free 8, but do not rule out the possibility that
TerB can also reduce enzyme-bound intermediates such as 8A
(Scheme 2).

Angew. Chem. Int. Ed. 2021, 60, 11423 —11429

Research Articles

Internati

—
Early Reduction

0] 0]
HO OH HO OH
8A 10A
@ Early Release
OH O J Transfer
OH
HO
9
8 O
m Release from ACP by
Lactonisation o
OH O °
OH HO OH
10T
HO
10 HO Release from TE by

Lactonisation

Scheme 2. Possible reduction and release pathways during the forma-
tion of 2.

ACP, TE, and KR Active Site Mutations

TerA contains tandem ACP domains and we were curious
whether one ACP domain specifically interacts with TerB. In
other PKS or polyunsaturated fatty acid synthase (PUFAS)
systems individual ACP domains within a tandem repeat are
often functionally equivalent.” The conserved serine in each
TerA ACP was mutated. TerA(ACP1") carries an S1674A
mutation; TerA(ACP2°) has S1793A, while TerA(ACP12")
has both mutations. The respective terA mutants were co-
expressed with ferB and production of 2, 3, 4, and 8 was
monitored and quantified (Figure 2). Production of 2 falls to
approximately 65-80% in TerA(ACP1°) and TerA(ACP2°),
however it is still 3.5-4.5 times higher than production of
pentaketide 8 by native TerA alone (Figure 2). Production of
all polyketides was abolished in TerA(ACP12°). It appears
that possession of two ACP domains increases the efficiency
of TerA, but both ACP appear to be functionally identical in
these experiments.

Next, we attempted to determine whether the TE domain
in TerA is required for the formation of 2, or whether TerB
directs the release of the pentaketide intermediate. S1968 was
identified as the active site nucleophile and H2117 as the

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org
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active site base of the TE domain (SI Figure S7) and we
created TerA(TE®) and TerA(TE®), respectively, by muta-
tion of these residues to alanine.*!! Expression of either
terA(TE®) or terA(TE™) in A. oryzae almost completely
abolishes production of TerA-derived polyketides: only
orsellinic acid 4 was observed in extracted ion chromatograms
(EIC) at barely detectable levels indicating that catalysis by
the TE domain is required for release of any product,
including pyrone 3, confirming the previous observation of
Brock and co-workers.®!

Co-expression of terA(TE®) with terB similarly signifi-
cantly affects production of TerA-derived polyketides. These
mutants produce mostly 2, but overall titres drop 100-fold to
below 5 mg L' (Figure 1D, Figure 2). The tetraketide lactone
9 was also detected in minor amounts, however low overall
titres prevented quantification. The striking observation is
that once again co-expression of terB with terA is more
productive than TerA alone: even with a non-functional TE
domain, TerA(TE’)/TerB leads to 2 while TerA(TE’) alone
cannot produce the corresponding pentaketide 8. These
results suggest that 8A accumulates on the TerA ACP and
is reduced by the TerB KR to 10A. Release by lactonisation
must be slow, blocking the productivity of TerA. This shows
that the TerB KR is unlikely to be able to catalyse significant
lactonisation and product release for ACP-bound intermedi-
ate 10A and that the TE must catalyse the intramolecular
release.

We next turned our attention to the KR domain of TerB.
The conserved acid likely to activate the substrate carbonyl
for reduction by protonation was identified as Y991 (SI Fig-
ure S5).72 TerB(KR") was created by forming mutant Y991F.
Co-expression of terA with terB(KR") results in reduction of
the titre of 2 by 90 % confirming that the KR domain in TerB
is active and essential for biosynthesis of 2 (Figure 1E,
Figure 2).

PT and DH® Mutations

To confirm the role of the TerA PT domain, its catalytic
histidine, required for C—C bond formation, was identified by
sequence alignment™! as H1320 (SI Figure S8). The H1320A
mutant was created and is referred to as TerA(PTY).
Expression of terA(PT’) alone results in a significant decrease
in production of 3, 4, and 8 as expected (Figure 1F). Careful
examination of the culture extract revealed formation of
tetraketide ketone 11 (3 mgL™, Figure 1F, Scheme 2) and
also allowed it to be identified in the expression of terA alone
(Figure 1B) as a minor component.

The lack of any pentaketide pyrone products formed by
the PT° mutant, together with the low titres of 3 and 11 in
particular, suggests that TerA(PT’) has stalled at the tetrake-
tide stage and shows that the TE is unable to efficiently
remove the linear tetraketide and pentaketide intermediates
via catalysed pyrone formation or by intermolecular hydrol-
ysis with H,O.

When terA(PT’) is co-expressed with terB, two new major
compounds 12 and 13 appear in high titre (Figure 1G,
Figure 2). Purification and full structure elucidation (SI Fi-
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gures S81-92) revealed that 12 is a pentaketide pyrone, while
13 is a dimer of 12 formally fused to acetaldehyde and both
are reduced at C-9. Dimeric compounds related to 13 have
been observed before,* but not previously in A. oryzae,
indicating the presence of a highly unusual shunt pathway.

In order to probe the role of the TerB DH® domain, terA
was co-expressed with ferB lacking its initial 320 codons
(terBADH). In this experiment no TerB-related compounds
were produced (Figure 1H, SI Figure S16) and the chemo-
type is identical to expression of ferA alone (Figure 1B),
suggesting that the DH® domain is required for structural
integrity of TerB.

Alignment of the TerB DH® with well-studied PKS DH
domains such as that from the squalestatin tetraketide
synthase SQTKS™! reveals that the TerB DH’ lacks the
catalytic histidine within the highly conserved 46-H(X;)G-
(X,)P-55 motif.”*! A glutamine residue replaces the histidine.
In contrast, the second conserved 215-D(X;)Q-219 motif is
present. As no catalytic role for the DH” domain of TerB was
immediately obvious, we attempted to re-activate the domain
by introducing the active-site H46 and observe any effect on
polyketide production. TerB(DH*) was created by introduc-
ing mutation Q46H. Co-expression of terA with terB(DH*)
results in a 95 % reduction in production of 2, and 3, 4, and 8
are almost undetectable (Figure 11, Figure 2). No unsaturated
congeners were observed, showing that TerB(DH*) remains
deficient in dehydratase activity.

Remarkably, pyrone 12 and its related dimer 13 again
constitute the major compounds produced. The combined
titre of the pentaketides 12 (approx. 150 mgL™') and 13
(47mgL™") is twice as high as the pentaketide product 8
naturally produced by TerA alone, and almost no tetraketide
product is observed. Not only does the TerB(DH*) mutant
change the product profile, it also increases the efficiency of
TerA towards the formation of pentaketide products. The
structures of 12 and the tetraketide 9 indicate that the TerA
PT domain has failed to function, since neither of them arise
via C-2/C-7 cyclisation evident in the TerA-derived aromatic
products 4 and 8.

The result of the DH* mutation is almost identical to the
TerA(PT")/TerB experiment and shows that the effect of the
DH* mutation is to inactivate the TerA PT. This is a significant
finding and can only be explained by the collaborative action
of TerB that enables the release of linear intermediates by
pyrone formation when the PT domain of TerA is inactive.
Additionally, since almost no 2 is produced it can be excluded
that the DH domain in TerB functions as a PT domain that
aids C-2/C-7 cyclisation. This result also suggests that
reduction of C-7 at the tetraketide stage represses early C-
2/C-7 cyclisation—all systems with defective or missing KR
make considerably more tetraketide orsellinic acid 4.

To determine whether the PT domain programming in
TerA is disrupted by TerB(DH*) specifically due to the
presence of H46, as opposed to the lack of the native Q46, we
generated the Q46A mutation [TerB(DH®?*)]. Co-expression
of terA with terB(DH?*) leads to slightly increased titres of 2
(600 mgL"", Figure 2), confirming that specifically the pres-
ence of H46 in TerB inactivates the PT domain of TerA.

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 6o, 1142311429
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To establish whether it is TerB that releases the linear
tetraketide and pentaketide intermediates from the ACP or
the TE domain of TerA, we co-expressed terA(TE®) with
terB(DH*) that also effectively inactivates the TerA PT
domain. Similarly to co-expression of terA(TE") with the
native terB, production of 2 is significantly affected and
decreased by almost 95% (<3 mgL™") while tetraketide
lactone 9 is still found in minor amounts (Figure 1J, Figure 2).
However, no pentaketide pyrone 12 (or its dimer 13) is
observed. This result demonstrates that TerB does not
catalyse release of polyketide intermediates while they are
attached to the ACP, and therefore shows that release occurs
for intermediates bound to the TE.

Discussion and Conclusion

Taken together our results strongly support a collaborative
model for TerA and TerB during the biosynthesis of 2
(Scheme 3). In all cases TerA is more productive in the
presence of TerB suggesting a close interaction. The fact that
mutation in TerB (e.g. DH*) affects chemistry catalysed by
TerA (e.g. PT) strongly supports this conclusion.

Our results support a biosynthetic scheme in which
triketide intermediates can only be extended, or released as
the pyrone 3, and that the TE is required for this step.
Tetraketides are rarely released as a pyrone 11 for the WT
system, but more often when the PT domain is disabled.
Formation of 9 could come from release of a tetraketide 7-
alcohol, or by reduction of 11. In the presence of an active PT,
tetraketides are cyclised to orsellinic acid 4 and then released
by TE. This pathway is enhanced in systems lacking KR.

However, in the presence of KR, tetraketide intermedi-
ates prefer to be extended, suggesting that reduction occurs at
the tetraketide stage which suppresses formation of 4.

At the pentaketide stage the WT system prefers PT-
catalysed C-2/C-7 Claisen cyclisation to form 10A. Final
transfer to the TE then leads to fast intramolecular cyclisation
and release of 2. Disruption of the Claisen cyclisation, either
by mutation of PT, or by formation of the TerB DH*
mutation, leads to effective off-loading of pentaketide 9-
alcohol 12 as a pyrone. Importantly, pentaketide 9-keto
pyrones are not observed, again suggesting that reduction
occurs before release, either of the tetraketide or pentaketide
intermediates.

This observation that mutation of PT and DH leads to
almost identical results suggests that the TerA PT and TerB
DH domains are likely to interact. This is an appealing
hypothesis since, based on their structural (double hotdog
folds) and catalytic features (His-Asp dyads), PT domains in
nr-PKS are described as evolutionary ancestors of DH
domains from hr-PKS.””® Interestingly, it is known that
while the overall fold of DH and PT domains is very similar,
DH domains dimerise at their N-termini, while PT domains
have a different dimerisation surface which leaves the N-
termini free.” It is tempting to speculate that the N-terminus
of the TerB DH may interact with the N-termini of the PT
domains in TerA. Interaction via a PT-DH interaction is also
supported by our observation that the TerB lacking the DH

Angew. Chem. Int. Ed. 2021, 6o, 1142311429
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Scheme 3. Overall description of the interaction of TerA and TerB
during the biosynthesis of 2. Bold arrows show main pathway flux of
the WT system.

domain is inactive in the presence of TerA. However,
structural work, which is currently not possible due to non-
availability of soluble proteins, will be required to confirm this
hypothesis.

It is also noteworthy that TerB(DH*) is unable to catalyse
dehydration as no unsaturated products were observed. This
is perhaps unsurprising since PKS and FAS DH domains
normally dehydrate p-hydroxy thiolesters™! rather than f-
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hydroxy ketones, consistent with TerAB reduction occuring at
the tetraketide stage or later.

Mutation of the TE domain shows that it is required for all
release modes, including intermolecular hydrolysis in the
formation of 4 and 8, and intramolecular reactions involved in
the formation of pyrones (3,9, 11, 12) as well as release of 2
from 10T. In the TE® mutant, transfer of intermediates to the
TE is not possible, and formation of 2 in this case must come
from slow spontaneous intramolecular release from ACP-
bound intermediate 10A. While pyrone formation is often
regarded as a default release mechanism when other cata-
lysed routes are absent, some other nr-PKS TE domains, such
as that of the cercosporin PKS described by Townsend and co-
workers,” are also known to catalyse this type of release.

Other examples of collaborating and trans-acting enzymes
have been reported in fungi, including: nr-PKS SAT do-
mains,* trans-TE domains that are necessary for chain length
determination and product release,’ trans-ER domains that
perform specific enoyl reduction prior to release from the
PKS,*3¥ and an unusual  ACP-C-MeT protein that binds to
the KS domain of an nr-PKS enabling methylation of the
polyketide intermediate.® Tan and co-workers recently
reported a short-chain dehydrogenase/reductase (SDR) ChrB
which interacts with an iterative hr-PKS ChrA during the
biosynthesis of precursors of dalmanol,” but ChrB is
unrelated to the KR of TerB (< 15% identity) which forms
part of a truncated hr-PKS itself. Tang and co-workers also
reported an interesting interaction between a bacterial Type
II KR (act III) and the fungal nr-PKS4 from G. fujikuroi.
Interestingly, this KR can also reduce at C-9, but it appears to
reduce full-length octa- and nona-ketides which then prevents
the function of PT,* unlike the case of the TerAB system
where immature tetraketides are reduced and PT activity
enhanced. Thus the proposed DH-PT interaction in TerAB
appears unique. Although some of these trans-acting systems
have been studied in detail, the precise interaction points
have not yet been determined due to a lack of structural data.
Future investigations will also be necessary to probe the
proposed interactions in the TerAB system using a combina-
tion of in vitro domain assays with synthetic intermediates to
determine the precise timing of reduction.””

Finally, these results also highlight the importance of
melleins as fungal secondary metabolite intermediates. The
pentaketide mellein skeleton is known to be produced by at
least four independent systems in fungi. As shown here TerA
and TerB form an unusual collaborative PKS system combin-
ing nr-PKS and hr-PKS components. CdmE is an hr-PKS from
the chrodrimanin B pathway that directly synthesises 2.
Men?2 is a nr-PKS, involved in ascotrichalactone A biosyn-
thesis, that synthesises 2 as a derailment product.”” Finally,
mellein itself is synthesised by a partially reducing PKS (pr-
PKS)*! with a programmed cis-acting KR. All four systems
contain enzymes with differently constructed and pro-
grammed KR domains. The TerAB-type architecture appears
relatively common, being also known to be involved in the
biosynthesis of other 6-HM-derived compounds such as
roussoellatide,™ cyclohelminthols, and palmaenones."” Tt
remains to be seen whether nature also uses this architecture
in other systems.

Research Articles

An dte

Chemie

Internatic

Acknowledgements

Matthias Brock is thanked for the gift of Aspergillus terreus
SBUGS44. Philipp Budde, Anusha Din, Daniel Saad, and
Frank Kulow are thanked for technical assistance. L.K. was
funded by DFG (CO 1328/5-1), M.V. was funded by the
American Chemical Society visiting scholars programme
(2016). DFG is thanked for the provision of LCMS (DFG,
INST 187/621-1,) and NMR (INST 187/686-1) instrumenta-
tion. Open access funding enabled and organized by Projekt
DEAL.

Conflict of interest
The authors declare no conflict of interest.

Keywords: iterative polyketide synthase - ketoreductase -
mellein - terrein - trans-acting domain

[1] R.J. Cox, Org. Biomol. Chem. 2007, 5, 2010-2026.

[2] Y.-H. Chooi, Y. Tang, J. Org. Chem. 2012, 77, 9933 -9953.

[3] O. Piech, R.J. Cox, RSC Adv. 2020, 10, 18469 —18476.

[4] J. Kennedy, K. Auclair, S. G. Kendrew, C. Park, J. C. Vederas,
C. R. Hutchinson, Science 1999, 284, 1368 —1372.

[5] S. Kishimoto, Y. Tsunematsu, T. Matsushita, K. Hara, H.
Hashimoto, Y. Tang, K. Watanabe, Biochemistry 2019, 58,
3933 -3937.

[6] Z.Z.Zhou, H. J. Zhu, L. P. Lin, X. Zhang, H. M. Ge, R. H. Jiao,
R. X. Tan, Chem. Sci. 2019, 10, 73-82.

[7] J. M. Crawford, B. C. Dancy, E. A. Hill, D. W. Udwary, C. A.
Townsend, Proc. Natl. Acad. Sci. USA 2006, 103, 16728 -16733.

[8] C. Zaehle, M. Gressler, E. Shelest, E. Geib, C. Hertweck, M.
Brock, Chem. Biol. 2014, 21, 719-731.

[9] R. Nofiani, K. de Mattos-Shipley, K. E. Lebe, L.-C. Han, Z.
Igbal, A. M. Bailey, C. L. Willis, T. J. Simpson, R.J. Cox, Nat.
Commun. 2018, 9, 3940.

[10] L. Kahlert, E.F. Bassiony, R.J. Cox, E.J. Skellam, Angew.
Chem. Int. Ed. 2020, 59, 5816—5822; Angew. Chem. 2020, 132,
5865-5871.

[11] K. A. K. Pahirulzaman, K. Williams, C. M. Lazarus, Methods
Enzymol. 2012, 517, 241 -260.

[12] Y.-M. Chiang, E. C. Oakley, M. Ahuja, R. Entwistle, A. Schultz,
S.-L. Chang, C. T. Sung, C. C. Wang, B. R. Oakley, J. Am. Chem.
Soc. 2013, 135, 7720-7731.

[13] A.Marchler-Bauer, Y. Bo, L. Han, J. He, C. J. Lanczycki, S. Lu,
F. Chitsaz, M. K. Derbyshire, R. C. Geer, N. R. Gonzales, et al.,
Nucleic Acids Res. 2017, 45, D200-D203.

[14] M. Blum, et al., Nucleic Acids Res. 2021, 49, D344—D354.

[15] P. Jones, D. Binns, H.-Y. Chang, M. Fraser, W. Li, C. McAnulla,
H. McWilliam, J. Maslen, A. Mitchell, G. Nuka, S. Pesseat, A. F.
Quinn, A. Sangrador-Vegas, M. Scheremetjew, S.-Y. Yong, R.
Lopez, S. Hunter, Bioinformatics 2014, 30, 1236 —1240.

[16] L. A. Kelley, S. Mezulis, C. M. Yates, M. N. Wass, M. J. E.
Sternberg, Nat. Protoc. 2015, 10, 845—858.

[17] T. Ugai, A. Minami, S. Tanaka, T. Ozaki, C. Liu, H. Shigemori,
M. Hashimoto, H. Oikawa, ChemBioChem 2020, 21, 360—-367.

[18] T.R. Hoye, C.S. Jeffrey, F. Shao, Nat. Protoc. 2007, 2, 2451 -
2458.

[19] J. M. Seco, E. Quifiod, R. Riguera, Chem. Rev. 2004, 104, 17—
117.

[20] A. Watanabe, 1. Fujii, U. Sankawa, M. E. Mayorga, W.E.
Timberlake, Y. Ebizuka, Tetrahedron Lett. 1999, 40, 91-94; T.
Thongkawphueak, A.J. Winter, C. Williams, H.J. Maple, S.

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 6o, 1142311429


https://doi.org/10.1039/b704420h
https://doi.org/10.1021/jo301592k
https://doi.org/10.1039/D0RA04026F
https://doi.org/10.1126/science.284.5418.1368
https://doi.org/10.1021/acs.biochem.9b00702
https://doi.org/10.1021/acs.biochem.9b00702
https://doi.org/10.1039/C8SC03697G
https://doi.org/10.1073/pnas.0604112103
https://doi.org/10.1016/j.chembiol.2014.03.010
https://doi.org/10.1002/anie.201915486
https://doi.org/10.1002/anie.201915486
https://doi.org/10.1002/ange.201915486
https://doi.org/10.1002/ange.201915486
https://doi.org/10.1021/ja401945a
https://doi.org/10.1021/ja401945a
https://doi.org/10.1093/nar/gkw1129
https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.1093/bioinformatics/btu031
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1002/cbic.201900404
https://doi.org/10.1038/nprot.2007.354
https://doi.org/10.1038/nprot.2007.354
https://doi.org/10.1021/cr000665j
https://doi.org/10.1021/cr000665j
https://doi.org/10.1016/S0040-4039(98)80027-0
http://www.angewandte.org

GDCh
~~

Soontaranon, C. Kaewhan, D. J. Campopiano, M. P. Crump, P.
Wattana-Amorn, Biochemistry 2021, 60, 219-230; T. A. M.
Gulder, M. F. Freeman, J. Piel, Top. Curr. Chem. 2011, 298; L.
Gu, E. B. Eisman, S. Dutta, T. M. Franzmann, S. Walter, W. H.
Gerwick, G. Skiniotis, D. H. Sherman, Angew. Chem. Int. Ed.
2011, 50, 2795-2798; Angew. Chem. 2011, 123, 2847-2850; H.
Jiang, R. Zirkle, J. G. Metz, L. Braun, L. Richter, S.G.
Van Lanen, B. Shen, J. Am. Chem. Soc. 2008, 130, 6336—-6337.

[21] I Fujii, A. Watanabe, U. Sankawa, Y. Ebizuka, Chem. Biol. 2001,
8, 189-197.

[22] A.T. Keatinge-Clay, Chem. Biol. 2007, 14, 898 —908.

[23] Y. Xu, T. Zhou, Z. Zhou, S. Su, S. A. Roberts, W. R. Montfort, J.
Zeng, M. Chen, W. Zhang, M. Lin, J. Zhan, 1. Molnér, Proc. Natl.
Acad. Sci. USA 2013, 110, 5398 —5403.

[24] H. V. Kemami Wangun, C. Hertweck, Eur. J. Org. Chem. 2007,
3292-3295.

[25] E. Liddle, A. Scott, L.-C. Han, D. Ivison, T. J. Simpson, C. L.
Willis, R. J. Cox, Chem. Commun. 2017, 53, 1727 -1730.

[26] L. Tang, Y.J. Yoon, C.Y. Choi, C. R. Hutchinson, Gene 1998,
216, 255-265; A. Keatinge-Clay, J. Mol. Biol. 2008, 384, 941 —
953; D. Gay, Y. O. You, A. Keatinge-Clay, D. E. Cane, Bio-
chemistry 2013, 52, 8916 —8928.

[27] J. M. Crawford, T.P. Korman, J. W. Labonte, A.L. Vagstad,
E. A. Hill, O. Kamari-Bidkorpeh, S. C. Tsai, C. A. Townsend,
Nature 2009, 461, 1139-1143.

[28] J. E. Barajas, K. Finzel, T. R. Valentic, G. Shakya, N. Gamarra, D.
Martinez, J. L. Meier, A.L. Vagstad, A. G. Newman, C. A.
Townsend, M. D. Burkart, S. C. Tsai, Angew. Chem. Int. Ed.
2016, 55, 13005 -13009; Angew. Chem. 2016, 128, 13199 -13203.

[29] D. A. Herbst, C. A. Townsend, T. Maier, Nat. Prod. Rep. 2018,
35, 1046 -1069.

[30] A.G. Newman, A. L. Vagstad, K. Belecki, J. R. Scheerer, C. A.
Townsend, Chem. Commun. 2012, 48, 11772-11774.

Research Articles

Internati

[31] J. M. Winter, D. Cascio, D. Dietrich, M. Sato, K. Watanabe,
M. R. Sawaya, J. C. Vederas, Y. Tang, J. Am. Chem. Soc. 2015,
137, 9885-9893.

[32] A.O. Zabala, Y. H. Chooi, M. S. Choi, H. C. Lin, Y. Tang, ACS
Chem. Biol. 2014, 9, 1576 -1586.

[33] A. A. Yakasai, J. Davison, Z. Wasil, L. M. Halo, C. P. Butts,
C. M. Lazarus, A. M. Bailey, T.J. Simpson, R.J. Cox, J. Am.
Chem. Soc. 2011, 133, 10990 —-10998.

[34] B.D. Ames, C. Nguyen, J. Bruegger, P. Smith, W. Xu, S. Ma, E.
Wong, S. Wong, X. Xie, J. W. H. Li, J. C. Vederas, Y. Tang, S. C.
Tsai, Proc. Natl. Acad. Sci. USA 2012, 109, 11144 -11149.

[35] M. Chen, Q. Liu, S. S. Gao, A. E. Young, S. E. Jacobsen, Y. Tang,
Proc. Natl. Acad. Sci. USA 2019, 116, 5499 —5504.

[36] S. M. Ma, J. Zhan, X. Xie, K. Watanabe, Y. Tang, W. Zhang, J.
Am. Chem. Soc. 2008, 130, 38 -39.

[37] J. S. Parascandolo, J. Havemann, H. K. Potter, F. Huang, E. Riva,
J. Connolly, I. Wilkening, L. Song, P.F. Leadlay, M. Tosin,
Angew. Chem. Int. Ed. 2016, 55, 3463 —3467; Angew. Chem. 2016,
128, 3524 -3528.

[38] T. Bai, Z. Quan, R. Zhai, T. Awakawa, Y. Matsuda, 1. Abe, Org.
Lett. 2018, 20, 7504 —-7508.

[39] W. Bunnak, P. Wonnapinij, A. Sriboonlert, C. M. Lazarus, P.
Wattana-Amorn, Org. Biomol. Chem. 2019, 17, 374-379.

[40] Y. H. Chooi, C. Krill, R. A. Barrow, S. Chen, R. Trengove, R. P.
Oliver, P. S. Solomon, Appl. Environ. Microbiol. 2015, 81, 177 -
186.

[41] E. L. Ferreira, D. E. Williams, L. P. I6ca, R. P. Morais-Urano,
M. E Santos, B. O. Patrick, L. M. Elias, S. P. Lira, A. G. Ferreira,
M. R. Passarini, et al., Org. Lett. 2015, 17, 5152 -5155.

Manuscript received: January 21, 2021

Revised manuscript received: February 22, 2021
Accepted manuscript online: March 4, 2021
Version of record online: April 8, 2021

Angew. Chem. Int. Ed. 2021, 6o, 1142311429

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

An dte

Chemie

11429


https://doi.org/10.1021/acs.biochem.0c00830
https://doi.org/10.1002/anie.201005280
https://doi.org/10.1002/anie.201005280
https://doi.org/10.1002/ange.201005280
https://doi.org/10.1021/ja801911t
https://doi.org/10.1016/S1074-5521(00)90068-1
https://doi.org/10.1016/S1074-5521(00)90068-1
https://doi.org/10.1016/j.chembiol.2007.07.009
https://doi.org/10.1073/pnas.1301201110
https://doi.org/10.1073/pnas.1301201110
https://doi.org/10.1002/ejoc.200700090
https://doi.org/10.1002/ejoc.200700090
https://doi.org/10.1039/C6CC10172K
https://doi.org/10.1016/S0378-1119(98)00338-2
https://doi.org/10.1016/S0378-1119(98)00338-2
https://doi.org/10.1016/j.jmb.2008.09.084
https://doi.org/10.1016/j.jmb.2008.09.084
https://doi.org/10.1021/bi400988t
https://doi.org/10.1021/bi400988t
https://doi.org/10.1038/nature08475
https://doi.org/10.1002/anie.201605401
https://doi.org/10.1002/anie.201605401
https://doi.org/10.1002/ange.201605401
https://doi.org/10.1039/C8NP00039E
https://doi.org/10.1039/C8NP00039E
https://doi.org/10.1039/c2cc36010a
https://doi.org/10.1021/jacs.5b04520
https://doi.org/10.1021/jacs.5b04520
https://doi.org/10.1021/cb500284t
https://doi.org/10.1021/cb500284t
https://doi.org/10.1021/ja204200x
https://doi.org/10.1021/ja204200x
https://doi.org/10.1073/pnas.1113029109
https://doi.org/10.1073/pnas.1819998116
https://doi.org/10.1021/ja078091o
https://doi.org/10.1021/ja078091o
https://doi.org/10.1002/anie.201509038
https://doi.org/10.1002/ange.201509038
https://doi.org/10.1002/ange.201509038
https://doi.org/10.1021/acs.orglett.8b03268
https://doi.org/10.1021/acs.orglett.8b03268
https://doi.org/10.1039/C8OB02773K
https://doi.org/10.1128/AEM.02745-14
https://doi.org/10.1128/AEM.02745-14
https://doi.org/10.1021/acs.orglett.5b02060
http://www.angewandte.org

Publications
Publication 4

2.4  Early Oxidative Transformations During the Biosynthesis of Terrein

and Related Natural Products

Lukas Kahlert!, Darlon Bernardi*?, Maurice Hauser?!, Laura P. l6ca?, Roberto G. S.
Berlinck?, Elizabeth J. Skellam*® and Russell J. Cox*!

1 Institute for Organic Chemistry and BMWZ, Leibniz Universitat Hannover, Schneiderberg 38, 30167

Hannover, Germany

2 Instituto de Quimica de S&o Carlos, Universidade de S&o Paulo, CP 780, CEP 13560-970, S&o Carlos,
SP, Brazil

3 Current Address: Department of Chemistry & BioDiscovery Institute, University of North Texas, 1155 Union
Circle 305220, Denton, Texas, 76203, USA

Type of authorship:
Type of article:
Share of the work:

Contribution to the publication:

Journal (targeted):
5-Year impact factor:
Date of publication:

Number of citations

(Google Scholar on 11.06.2021):

DOI:

Supplementary information:

First author
Research article
75%

Planned, performed and analyzed all
heterologous expression-, feeding- and in
vitro experiments, analysed NMR data,

drafted the current manuscript and the ESI
Chemistry-A European Journal
5.236 (2020), 4.843 (5-year)

accepted 11.06.2021

10.1002/chem202101447

accessible free of charge at

https://doi.org/10.1002/chem202101447

88



W) Check for updates

Full Paper
doi.org/10.1002/chem.202101447

European Chemical
Societies Publishing

Chemistry—A European Journal

Early Oxidative Transformations During the Biosynthesis of

Terrein and Related Natural Products

Lukas Kahlert,” Darlon Bernardi,®® Maurice Hauser,”® Laura P. 16ca,"™
Roberto G. S. Berlinck,™ Elizabeth J. Skellam,”™ 9 and Russell J. Cox*®

Abstract: The mycotoxin terrein is derived from the C,-
precursor 6-hydroxymellein (6-HM) via an oxidative ring
contraction. Although the corresponding biosynthetic gene
cluster (BGC) has been identified, details of the enzymatic
oxidative transformations are lacking. Combining heterolo-
gous expression and in vitro studies we show that the flavin-
dependent monooxygenase (FMO) TerC catalyzes the initial
oxidative decarboxylation of 6-HM. The reactive intermediate
is further hydroxylated by the second FMO TerD to yield a

highly oxygenated aromatic species, but further reconstitu-
tion of the pathway was hampered. A related BGC was
identified in the marine-derived Roussoella sp. DLM33 and
confirmed by heterologous expression. These studies demon-
strate that the biosynthetic pathways of terrein and related
(polychlorinated) congeners diverge after oxidative decarbox-
ylation of the lactone precursor that is catalyzed by a
conserved FMO and further indicate that early dehydration of
the side chain is an essential step. D

Introduction

The mycotoxin terrein 1, first isolated in 1935 from the
ascomycete Aspergillus terreus,’ and related fungi such as
Aspergillus lentulus” has been the focus of many studies due to
its diverse biological activities. These include phytotoxic®™ and
anti-inflammatory  properties,” inhibition  of  tumour
angiogenesis® and melanogenesis®® as well as inhibition of
biofilm formation in Pseudomonas aeruginosa.” lsotope
labelling®® and genetic experiments® revealed that the oxy-
genated cyclopent-2-en-1-one moiety, present in 1, is derived
via ring contraction of the precursor R-6-hydroxymellein 2 (6-
HM, Scheme 1A). Although the terrein biosynthetic gene cluster
(BGC) was discovered in 2014, and the biosynthesis of 2 by
collaboration of the non-reducing PKS (nr-PKS) TerA and the
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PKS-like multidomain protein TerB has been investigated in
detail, " the later steps remain obscure.

By gene-knockout experiments in A. terreus Brock et al.
identified that the late-stage genes terCDEF (and terR encoding
a transcriptional activator) are essential for production of terrein
1 in vivo. However, no pathway intermediates following 6-HM 2
could be isolated from individual knockout strains.®’ The
group'’s alternative attempt to reconstitute the biosynthetic
pathway by heterologous expression in A. niger also met with
failure as native enzymes were thought to interfere with
formation of 2.

Structurally related (poly)chlorinated polyketides include
the families of cyclohelminthols 3  (Helminthosporium
velutinum),"" palmaenones 4 (Lachnum palmae),"® cryptospor-
iopsin 5 and cryptosporiopsinol 6 (Cryptosporiopsis sp., Periconia
macrospinosa and Phialophora asteris f. sp. Helianthi)">'> as well
as the putative Diels-Alder adduct of 5, roussoellatide 7
(Roussoella sp. DLM33, Scheme 1).'® These compounds are
expected to utilize chlorinated congeners of 2, such as the
double chlorinated 8, as biosynthetic precursors. All respective
BGC share genes homologous to terABC and terR, but no
homologs of terDEF of the terrein BGC are present in any of
these systems (Scheme 1B).""”

Remarkably, labelling studies showed that the cyclopent-2-
en-1-one moieties of terrein 1 and cryptosporiopsin 5 display
opposite isotopic incorporation at the a-hydroxyl carbon
indicating a different course of the crucial ring contraction in
each case (Scheme 1A).'%'®' |t therefore appears that the
biosynthetic pathways of 1 and its chlorinated congeners
diverge at some point in the pathway, possibly after the action
of TerC which is annotated as a flavin dependent monooxyge-
nase (FMO). TerD and TerE are also likely oxidative enzymes
(FMO and multi-copper oxidase, respectively), while TerF (a so-
called Kelch protein) is of unknown function. The role of each

1 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. A, Labelling patterns in terrein 1 and cryptosporiopsin 5. Related
compounds are boxed; B, Homology analysis®' between the terrein 1 BGC in
A. lentulus / A. terreus and the putative cryptosporiopsin 5 /-ol 6 BGC in
Roussoella sp. DLM33 and P. macrospinosa, respectively. Confirmed or
expected pathway end-products are boxed. For more detailed analysis of
indicated genes within the terrein 1 BGC see Table S1.

Roussoella DLM33

Periconia macrospinosa

enzyme beyond the formation of 2 is therefore speculative or
unknown.

We,® and others,*? have shown that reconstruction of
cryptic fungal biosynthetic pathways in the host organism
Aspergillus oryzae NSAR1 is an effective way to understand
complex transformations. Here, we deploy those methods and
in vitro studies of isolated enzymes aiming to overcome the
hurdles that have previously hampered characterization of

Chem. Eur. J. 2021,27,1-10 www.chemeurj.org
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pathway intermediates during the biosynthesis of these intrigu-
ing metabolites.”

Results
Characterization of the FMOs TerC and TerD

The BGC of terrein 1 and related natural products each harbor
one homologous FMO encoding gene (terC). Bioinformatic
analysis suggests that the sequence of TerC deposited at NCBI
is truncated at the N-terminus, with the true terC sequence
featuring an unusual intron starting after the first two 5’ codons
(Figure S2). We therefore generated A. oryzae transformants co-
expressing either the truncated (terC') or the extended
sequence of terC with terAB following an established protocol.*”
TerA and TerB produce 6-HM 2™ that is the putative substrate
for TerC.2' Expression of the truncated terC' with terAB led to
no change over expression of terAB alone. However, trans-
formants coexpressing the extended sequence of terC with
terAB exhibited a distinct red colouration of the fermentation
media that intensified with prolonged incubation (Figure 1),
similar to that of AterD-AterF strains of A. terreus SBUG844.” In
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Figure 1. LCMS chromatograms (DAD 210-600 nm) of A. oryzae transform-
ants expressing the indicated genes with example images of fungal liquid
cultures. Fungal strains depicted in lane A-C were grown for 3 days; lane D
was grown for 5 days. Note that the chromatogram in C is expanded 4-fold
vs. A and unlabelled peaks in C are also present in the WT A.
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addition to TerA-derived polyketide products 9-11 and the
tetraketide pyrone 12, LCMS analysis revealed that 2 was
present in much lower quantities compared to transformants
solely expressing terAB (Figures 1B and 1 C).

We initially identified two new peaks during early stages of
cultivation of terABC transformants corresponding to the very
polar compounds 13 (CgH;,0,; (IM+H]" calculated 185.0814,
found 185.0802) and 14 (CgH,;,0,). Based on their molecular
weights, both 13 and 14 could be possible pathway intermedi-
ates. Compound 13 was purified to homogeneity (~ 12 mg from
1L fungal culture) and its structure was revealed by full NMR
analysis (Figures S34-S38). The R-configuration of 13 was
assumed from the known configurations of the precursor 6-HM
2 and the off-pathway lactone 12. Compound 14 proved even
more unstable than 13 and could not be purified. Based on its
mass, retention time and distinctive UV spectrum we propose
14 to be a quinone derived from 13.

Interestingly, 13 is not red and no obvious new peaks in the
respective LCMS chromatograms of terABC-transformants were
observed concomitantly with 13. We therefore increased the
cultivation time to five days and separated the organic extract
into 20 fractions by preparative HPLC. Although almost all
fractions displayed a light red-brownish hue, three fractions in
particular exhibited a deep red colouration. Two isomers 15a
and 15 a* were identified in this extract that show the same UV-

A OH O

standard

e}

HO

HO
13

14

HO
16

I =
(@} ¢}
o
I
(o]
Iitte}

13

-
~

E
pre-incubation

absorption and molecular weight (C;gH,05; (IM+H]* calculated TerC oH
345.0974, found 345.0977). A third peak 15b (C,gH,505 [M—H]~ then TerD HO o,
calculated 361.0923, found 361.0904) is more highly oxidised. "o :
However, despite many attempts the structure of these dimeric 18
compounds could not be unambiguously assigned. 1 14 pre_imibation

In order to corroborate that 2 is the precursor of 13 and TerC OH
15ab, three individual A. oryzae transformants solely expressing thef;em HO 0 on
terC were pulse fed with 2. Each 50 ml fermentation was fed o
with 9mg of 2 each day for 3days. At the end of the 19
experiment extracts were examined by LCMS. Very low levels of
13 and 15a were detected, but only in extracted ion chromato- . -
grams. Meanwhile, the peak for 2 completely disappeared in standard o
the supplemented terC-strains, but not in the supplemented "o _
control strain lacking terC (Figure S3). This observation empha- EZ/';
sizes the invivo instability of the new intermediate 13. In 3 mixture
addition, only the fermentation media of the terC-strain H on
supplemented with 2 displayed a red colouration, but not the T‘i;iD OH
supplemented control strain (Figure S4). P

21? HO

In order to monitor the conversion of 6-HM 2 into 13 in
detail, TerC was produced as soluble protein in Escherichia coli
(Figure S5). Incubation of 2 with TerC in vitro, initially leads to
production of a more polar compound 16 with 16 additional
mass units (CoH;o0s; (IM—H]~ calculated 209.0450, found
209.0457) that we propose to be the C-2 hydroxyl-congener of
2 (Figure 2B). Lactone 16, in turn, readily converts to 13. Upon
prolonged incubation, the peak for 16 is completely absent and
14 and 15b are formed at the expense of 13 (Figure 2C). In
contrast to previous in vivo experiments neither 15a nor 15a*
are formed in vitro.

TerD is also an FMO, but is specific to the terrein BGC. We
prepared TerD as recombinant protein in E. coli (Figures S6-S7).
Incubation of TerD with 6-HM 2 yields a single new product 17
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Figure 2. LCMS-chromatograms (DAD 210-600 nm) of in vitro assays with
TerC/D using substrate 6-HM 2 or 20 under conditions as indicated. Colour
changes of selected enzymatic conversions are given next to the chromato-
grams.

(Figure 2D) that was identified as the C-4-hydroxyl-congener of
2 by 2D NMR analysis (Figures S54-558).

Co-incubation of TerC and TerD with 2, as well as pre-
incubation of 6-HM 2 with TerC followed by addition of TerD,
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yields another very polar new minor product 18 (Figure 2E) in
addition to the major product 13. Compared to the TerC-
derived tetra-ol 13, compound 18 shows additional 16 mass
units (CH,,0s; (IM—H]™ calculated 199.0606, found 199.0605).
Based on UV, mass spectra, retention time and comparison to
previously observed compounds, 18 appears to constitute the
C-4 hydroxyl-congener of 13. Compound 18 slowly oxidises to
19 (Figure 2F) similar to the oxidation of 13 to 14. UV analysis
of 19 is consistent with the quinone structure.*®

Late steps during the biosynthesis of terrein 1

In order to reconstitute and decipher the late-stage biosynthesis
of terrein 1 we individually co-expressed all of the proposed
essential genes terA-terF in A. oryzae. In this experiment each
structural gene was expressed from a promoter known to be
functional in A. oryzae.”” However, none of the transformants
showed production of 1 and no other putative pathway
intermediates other than 13/14 and the corresponding dimeric
forms including 15a could be identified (Figure S8). Unexpect-
edly, the TerD-derived compounds 17-19 were not observed
in vivo, indicating an unknown incompatibility with our host
organism.

Attempts to use alternative start sites for terD-terF, cloning
individual genes from gDNA instead of cDNA, using different
fermentation media and cultivation protocols, also met with
failure to generate new pathway intermediates or the end
product terrein 1. Additional introduction of the four genes
terG-ter) (previously shown to be non-essential for production
of 1in A. terreus),” also with known strong A. oryzae promoters,
did not lead to any change in the metabolic output (Figure S8).
Since 1 shows antifungal activity,””’ and its production could
conceivably kill transformants successfully expressing the
complete pathway, we tested its toxicity against A. oryzae. No
inhibition of growth at a concentration up to 10 mg-mL™" was
observed on solid agar plates.

Earlier studies showed that the transcriptional regulator
TerR induces high-level transcription of all essential terrein
pathway genes terA-terF and is a useful tool for the construction
of new fungal expression systems.”® To exclude the possibility
that cloning mistakes or uneven transcription levels between
terC-terF caused by the use of different Aspergillus promotors
(Pamys Penor Paaw Pyapa) hampered production of 1, we constructed
a terR-based expression vector. In contrast to the previously
applied modular expression system, this construct (pTYGSade-
terRCDEF) features terR cloned downstream of the starch-
inducible P, followed by its native terminator and a
contiguous A. terreus genomic fragment covering the promotor
region of terC up to the terminator region of terF (Figure S9).
This approach should ensure that terCDEF are expressed as
closely as possible to the native situation.

In former A. oryzae transformants terA-C are equally func-
tional when cloned from either gDNA or cDNA, showing that A.
terreus introns are generally spliced correctly in A. oryzae. The
vector pTYGSade-terRCDEF was co-transformed with pTYGSarg-
terAB and positive transformants that integrated the desired
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fragments were confirmed by PCR (Figure S10). However, the
terABRCDEF transformants only produced the dimeric com-
pounds related to 15 in elevated titres compared to previous
transformants. Once again neither 1 nor any new pathway
intermediates were observed (Figure 1D).

Unsuccessful reconstitution of the terrein pathway in vivo
prompted us to revisit our in vitro strategy. However, attempts
to obtain the multicopper oxidase TerE and the Kelch protein
TerF as soluble proteins in E. coli met with failure (Figures S11-
$12). We tried to simulate the general oxidative ability of TerE
by addition of Cu>* ions to the TerCD+2 in vitro assay. In the
absence of copper this reaction gives a faint red reaction
mixture, but upon presence of copper (CuCl,, 5 mM; Figure S13)
it immediately adopts an intense red colouration. Yet, no new
products were observed by LCMS.

Unlike the final pathway product terrein 1, the intermedi-
ates 13/14 and 18/19 possess a secondary hydroxyl-group at C-
9 that has to be eliminated at some stage. The only candidate
enzyme encoded in the terrein BGC that could conceivably
catalyse this reaction is the SDR TerH. Yet, TerH has been shown
non-essential for production of 1 in A. terreus.® TerH was
obtained as soluble protein from E. coli and added to either
TerC+2 or TerCD+2 invitro. No new compounds were
observed. Addition of the N-terminal catalytically inactive DH-
domain of TerB also yielded no new intermediates (data not
shown, Figures S14-S15).

We considered it possible that dehydration of any inter-
mediate might have to occur before the oxidative steps, and
that the dehydration might be catalysed by proteins encoded
outside the known terrein BGC. We therefore prepared 20 in a
three-step synthesis from 2 as an alternative substrate for
in vitro studies (Scheme 2A). O-methylation of 2 was followed
by base catalysed elimination, and then BBr;-mediated demeth-
ylation. This afforded a ca. 2:1 mixture of inseparable E:Z
isomers of 20.

Neither TerC nor TerD alone show any conversion of 20, but
simultaneous incubation with both enzymes results in a new
small peak in LCMS-chromatograms (Figures 2G and 2H) of
assay components. HRMS confirmed a composition of C4H,;,0;
([IM—H]~ calculated 165.0552, found 165.0549) that would match
the structure of tri-ol 21 that has been proposed as a potential
biosynthetic intermediate.”'® However, very low production of
21 thwarted structural elucidation by NMR. In addition, the
methoxy-derivative 6-methoxymellein 2b (Scheme 2B) was
probed as an alternative substrate, but neither TerC nor TerD
exhibited any conversion (Figure S16).

Identification a homologous BGC in Roussoella sp. DLM33

Inability to progress understanding of the terrein system
beyond the activity of TerC led us to consider the related
biosynthetic systems which lack TerD and the later proteins. We
hypothesized that such pathways may use more tractable
rearrangement systems and that results from such studies
might help to draw conclusions about the functions of TerE and
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(possible product)

Scheme 2. Synthesis of alternative substrates. A, Synthesis of 20; B, synthesis
of 6-methoxymellein 2b; C, possible product of enzymatic conversion of
substrate 20.

TerF that were previously shown to be essential for formation
of 1.5

FungiSMASH analysis®” identified a candidate BGC in the
genome of Roussoella sp. DLM33, a producer of the double
chlorinated lactone 8 and the cryptosporiopsin 5 derived
roussoellatide 7 (for details of genome sequencing see Support-
ing Information)."® Refinement using the gene prediction tools
AUGUSTUSE? and FGENESH®" associated nine genes with the
proposed rs/ BGC (~36 kb). The central genes encode RslA and
RsIB which are homologs of TerA and TerB and are expected to
produce 6-HM 2. Two additional genes encode an FMO (RsIC,
homologous to TerC) and a transcriptional activator (RsIR,
homologous to TerR) and are also conserved among related
BGC (Scheme 1B). Further genes in the rs/ BGC encode: two
flavin-dependent halogenases (RsIK and RsIN); a short-chain
dehydrogenase/ reductase (SDR, RslO); an O-methyltransferase
(RsIP); and another putative incomplete transcription factor.
Seven of these genes are also conserved in the putative
cryptosporiopsinol 6 BGC of Periconia macrospinosa (Sche-
me 1B).

The putative rs/ BGC was confirmed by heterologous
expression of rslA in A. oryzae. This yields the same three
polyketides 9-11 as previously reported for expression of terA,
in a combined titre of 125 mgL~" (Figure 3B)."” Addition of rs/B
results in formation of the key intermediate 6-HM 2 in high
titres of approx. 500 mgL ™' (Figure 3B).
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Figure 3. LCMS chromatograms (DAD 210-600 nm) of A. oryzae transform-
ants expressing the indicated genes from the rs/ BGC of Roussoella sp.
DLM33. Example images of fungal liquid cultures are given next to the
chromatograms. Fungal strains depicted in lane A-G were grown for 4 days.
The fungal strain depicted in lane H was grown for 2 days to show a visible
peak for 26.
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Compatibility between TerA/RslA and TerB/RsIB

TerB is a tridomain protein with an N-terminal catalytically
inactive dehydratase (DH), a central catalytically inactive C-
methyltransferase- (YC-MeT) and a functional C-terminal keto-
reductase (KR)."” Interestingly, RsIB, that is ca. 300 amino acid
residues shorter than TerB, does not contain the central }C-
MeT domain (InterPro® analysis). Since TerA and TerB interact
during the biosynthesis of 6-HM 2 in vivo we were interested
whether any of these enzymes could be exchanged with its
homologous protein RslA or RslB, respectively."” We therefore
generated two transformant strains of A. oryzae expressing
either terA+rsIB or rslA+terB. Both transformant strains
produce 2 very efficiently (ca. 400 mgL™"' and 450 mgL™' vs.
500 mgL™" for terA+ terB; Figure S17).

Characterization of the flavin-dependent halogenases RslK
and RsIN

Addition of the two annotated halogenase genes (rs/K and rsIN)
to the A. oryzae transformants leads to production of the di-
chlorinated 8 in vivo, that was also isolated from cultures of
Roussoella sp. DLM33."® The mono-chlorinated congeners 22
and 23 are also produced (Figure 3D; NMR in Supporting
Information). Individual expression revealed regioselectivity for
RslK at the C-6 and for RsIN at the C-4 position, respectively
(Figures 3E and 3F). These results are in agreement with recent
in vitro characterization of the homologous halogenases
ChmKN (cyclohelminthols) and PloKN (palmaeonones).!'”

Both 22 and 23, but not 8, are slowly converted into their C-
8 hydroxyl-derivatives including 24 by endogenous enzymes in
A. oryzae, supported by feeding studies (Figure S18, S81-585). 6-
HM 2 in turn is hydroxylated at C-6 to give 25 upon prolonged
incubation which is also consistent with previous
observations."®'”’ Supplementation of the fermentation me-
dium with sodium bromide (50 pg-mL™") results in the success-
ful formation of mono- and dibrominated derivatives of 2 as
well as mixed chloro-bromo species based on distinct isotope
ratios in the respective mass spectra (Figure S19). However,
iodinated derivatives were not formed in the presence of Nal.

Characterization of the flavin-dependent monooxygenase
RslIC and the O-methyltransferase RsIP

The TerC/RsIC-type FMO are encoded by all related BGC
(Scheme 1B). In fact, rsIC appears to exhibit the same unusual
intron pattern located directly at the 5-end of the correspond-
ing mRNA analogous to terC (Figure S2).

Similar to previous in vivo expression of terABC, rsIABCKN-
transformants display a distinct reddish-brown colouration of
the fermentation medium. However, no new compounds could
be detected by LCMS analysis (Figure 3G). Shortened or
prolonged cultivation also revealed no new products by LCMS.

All attempts to obtain RsIC as soluble and active protein in
E. coli met with failure. Alternatively, TerC was incubated with 8
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in vitro and although no turnover was visible by LCMS analysis
the samples displayed a reddish-brown colouration as observed
in vivo (data not shown), indicative of oxidation.

Since potential RslC-derived products may also be chemi-
cally unstable or prone to degradation in A. oryzae (e.g. as
observed for 13), we proceeded to add the two ancillary genes
rsIlP - (O-methyltransferase) and rsIO (SDR) to generate “full
cluster” transformants. A new pale brownish di-chlorinated
compound 26 was found in the fermentation media of
respective transformants exclusively on the third day of
cultivation (before the culture medium adopted a dark colour-
ation, Figure 3H).

Compound 26 is two mass units heavier than the expected
pathway end product cryptosporiopsin 5 (C,,H;,0,Cl,; ((M—H]~
calculated 265.0034, found 265.0037). 2D NMR analysis revealed
that 26 is a di-chlorinated derivative of the aromatic TerC
product 13 with an additional O-methylation at the C-3
hydroxyl group (isolated 6 mgL™"; Figures $87-5S91). To exclude
spontaneous methylation all analytical steps were repeated in
the absence of MeOH whereby 26 was still produced. Interest-
ingly, 26 has been previously isolated from Periconia macro-
spinosa, a producer of cryptosporiosinol 6.5 This suggests that
O-methylation is introduced by RsIP. No obvious function could
be attributed to the SDR RslO.

In analogy to the TerC-derived 13, the RslC-derived 26
features a secondary hydroxyl-group at C-9 that is not present
in the proposed pathway end-product cryptosporiopsin 5. Since
no gene encoding an enzyme that would catalyze dehydration
at this position is conserved among homologous BGC (Sche-
me 1B) this step remains obscure. Despite heterologous
expression of seven genes (rsSIABCKNOP) in vivo, no compounds
were identified that feature a re-arranged cyclopentenone/-ol
skeleton.

Discussion

6-HM 2 is an intermediate during the biosynthesis of terrein 1
and related (poly-chlorinated) natural products such as 5.5 In
the terrein pathway lactone 2 is formed by collaboration
between an nrPKS and a multidomain protein with catalytically
active KR-domain in vivo."” Bioinformatic analysis allowed the
identification of a related BGC in the marine-derived Roussoella
sp. DLM33 that shares the two corresponding genes rsiAB,
amongst others. Heterologous expression of either rs/A alone or
in combination with rsIB revealed the same qualitative and
quantitative product manifold reported for the homologous
proteins of the terrein 1 BGC."” In contrast to TerB, RsIB does
not feature a central {C-MeT domain. Despite this altered
domain architecture combining homologous genes from two
different species (terA +rsIB and rslA +terB) yielded the product
6-HM 2 in titres nearly as high as obtained for the native system
(Figure $17). These results show that collaboration is also
facilitated between homologous proteins originating from
different fungal species. Furthermore, since RsIB physically lacks
PYC-MeT it appears that this domain is neither involved in
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protein—protein interactions, or fulfils a catalytic role, in line
with previous findings."”

It is likely that collaboration during the biosynthesis of 6-HM
2 is a general feature of such homologous systems (e.g. also
ChmAB from H. velutinum),"” but further in-depth investiga-
tions are required to characterize the interacting elements in
greater detail.

The rsI BGC encodes two flavin-dependent halogenases RslK
and RsIN that halogenate 6-HM 2 at the C-4 (RsIN) and C-6
(RsIK) positions (Scheme 3). The observed regioselectivity corre-
sponds with previous reports on homologous enzymes."” The
formation of brominated congeners in the presence of NaBr
reveals that both halogenases show halide promiscuity. This is a
potentially useful approach to generate novel brominated
species.

Of primary interest was the elucidation of the function of
the flavin-dependent monooxygenases that are common to all
the related pathways (e.g. TerC and RsIC, Scheme 1B) and that
are likely to catalyse the final common step before divergence
of the terrein and other pathways. Characterization of TerC
shows that this enzyme initially hydroxylates 6-HM 2 adjacent
to the carbonyl-position at C-2 to yield intermediate 16. TerC
thus matches the function expected for a classical flavin-
dependent monooxygenase.**** Intermediate 16 decarboxy-
lates spontaneously to the tetra-ol 13 in vitro (Scheme 3A). An
analogous mechanism was proposed by Townsend et al. for the
FMO-dependent oxidative lactone opening during the biosyn-
thesis of cercosporin and related perylenequinones.”**” Inter-
mediate 13 is unstable both invivo and invitro and it is
converted into the corresponding quinone 14 by
autoxidation® that readily dimerises to 15b that exhibits a

strong red colouration (Figure S13). Tetra-ol 13 appears to be a
substrate for TerD which hydroxylates at C-4. But the product,
18, does not proceed to ring-contracted species, giving only
dimers by autoxidation (Scheme 3A). TerD appears inactive in A.
oryzae expression experiments for unknown reasons. However,
TerD is a potential tool for the in vitro stereoselective hydrox-
ylation of isocoumarin/ phenol-derivated compounds. Further
investigations and screening of a substrate library will be
necessary to evaluate its substrate promiscuity.

A significant difficulty in this study has been the instability
of compounds beyond 13 and our inability to satisfactorily
identify, isolate or characterise them. Dimers such as 15b were
identified by HRMS in vitro and in vivo, but do not appear to be
on the pathway to 1. Formation of 15a exclusively in vivo
suggests that a native enzyme in A. oryzae is involved in its
formation, adding another layer of complexity to efforts to
detect and identify pathway intermediates. Oxidative coupling
of phenol-related compounds in fungi is often mediated by
laccases or cytochrome P450-enzymes.’>*” A recently described
laccase catalyses the coupling of two subunits structurally very
similar to 14, yielding the bibenzoquinone oosporein that also
exhibits a strong red colour.*"

As anticipated, the homologous FMO RsIC catalyses the
same fundamental reaction, i.e. oxidative lactone opening of
the di-chlorinated 8, that we could only observe in vivo.
However, the direct product 27 defied detection. Similar to
previous transformants expressing terABC, A. oryzae rsIABCKN
transformants adopted a distinct dark colouration (cf. Figur-
es 3G and 3H) indicative of further oxidation. Alternatively,
production of 27 might have induced production of fungal
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Scheme 3. Summary of observed and hypothetical reactions on the pathway to terrein 1 and cryptosporiopsinol 5. A, Reactions and intermediates observed
in vivo and in vitro. All compounds feature the C-9 hydroxyl which is not observed in 1 and 5; B, hypothetical pathways to 1 and 5 involving early dehydration
and late benzilic acid rearrangements. See Supporting Information for DFT calculations of the respective rearrangements in each case.
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melanins that function as a defence mechanism against
chemical environmental stressors.”?

The O-methylated congener 26 was identified only in the
presence of the O-methyltransferase RsIP. Based on labelling
studies O-methylation within 26 and cryptosporiopsin 5 shares
the same position at C-3 (Scheme 1A). It remains elusive
whether 26 constitutes a true pathway intermediate or an off-
pathway shunt. Despite elevated titres of 6-HM 2 in the
respective transformants (Figure 3G), the non-chlorinated 13
was not observed. This indicates that RsIC requires chlorination
at C-4 and C-6 for substrate recognition, and rules out the
activity of RsIC before chlorination.

Characterization of both FMOs TerC and RsIC provides
experimental evidence that the biosynthetic pathways towards
terrein 1 and related (poly-chlorinated) congeners branch after
oxidative lactone cleavage. The subsequent ring contractions
follow a different pathway in each case as indicated by distinct
labelling patterns (Scheme 1A). However the pathway beyond
this decarboxylation remains unclear in both cases.

A key difficulty revealed by our results is the timing of the
dehydration required to provide the E-propenyl side chain of
terrein 1, cryptosporiopsin 5 and the majority of other
compounds in this class. The fact that this moiety is widely
present suggests that the dehydration should occur early in the
pathway. Since 13 is also produced by TerC in vitro, we can
exclude that the secondary hydroxyl-group at C-9 is (re)
introduced by native enzymes of our in vivo host A. oryzae."*¢
Likewise 18, that is derived from sequential catalysis of TerC
and TerD in vitro, does not feature the E-propenyl side chain.

Furthermore, previous studies®™ imply that the TerD-derived
lactone 17 is not an intermediate but a shunt metabolite:
Feeding of 17 to a aterB strain of A. terreus did not restore
production of terrein 1. Similarly, the AterD strain of A. terreus
did not show production of 1 in the presence of 17.

However, neither TerAB nor TerC (or the respective homo-
logs) appear capable of catalysing the required dehydration. An
attractive possibility would be coupling the oxidative decarbox-
ylation catalysed by TerC/RsIC with the dehydration (Sche-
me 3B). The fact that we did not observe this in vitro or in vivo
may indicate that TerC/RsIC requires another protein to achieve
such a transformation. However, since there are no more
homologous genes in the two BGC a candidate is hard to
identify. In addition, full expression of both clusters in A. oryzae
could not progress either pathway further, suggesting that if
such a protein exists, it is not encoded within the ter or rs/ BGC.
In other systems, such as those responsible for azaphilone
biosynthesis in Monascus species, a specific O-acetylation and
elimination sequence (MrPigM and MrPigO) provides the prop-
2-enyl moiety.*”’ However homologs of these proteins are not
encoded within the terrein or related BGC.

For this reason, it appears unlikely that C-9-hydroxylated
compounds such as 18 and 19 are true intermediates. Although
we did not observe compounds such as 28 (the C-8/C-9
dehydrated homolog of 19), this compound could be envisaged
as a potential direct precursor of 1 via tautomerisation to 29
and then an a-ketol, or related benzilic acid rearrangement
(Scheme 3B).*® Such a mechanism is supported as feasible by
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DFT calculations (see Supporting Information for details). Ring
contractions in natural product biosynthesis have been pre-
viously proposed to proceed following such rearrangements.
Examples include the biosynthetic pathways of xenovulene A,
preuisolactone A®® (both C, to Cg) and fredericamycin A (C; to
C5).5" In synthetic chemistry such reactions are often performed
in the presence of metal-ion catalysts, pointing out a potential
function of the predicted copper-dependent TerE.®**¥ Decar-
boxylation after rearrangement would give terrein 1 after
tautomerisation.

A similar rearrangement mechanism could be envisaged
during the biosynthesis of cryptosporiopsin 5 (Scheme 3B).
Chlorination of C-4, however, in this case, prevents an identical
mechanism. Here, 3-methoxy hydroquinone 30 could oxidise to
benzoquinone 31. Rearrangement of 31 by a benzilic acid
reaction would also lead to ring-contraction, but via extrusion
of C-3. This is consistent with the observed labelling pattern.
Early methylation of O-3 would create a methyl ester after
rearrangement and thereby prevent the decarboxylation which
must occur during the rearrangement on the route to 1. Again,
DFT calculations (Supporting Information section 2.14) suggest
this type of mechanism would be feasible.

Conclusion

The biosynthesis of terrein 1 and related compounds such as 5
and 6 has remained mysterious for more than 85 years. Despite
the recent discovery of the BGC and molecular studies involving
gene knockouts that confirmed the intermediacy of 6-hydroxy-
mellein 2, no more details on their biosynthesis could be found.
Here we have advanced knowledge in this area by another
small step. The FMO TerC (and its homologs) are involved in the
oxidative decarboxylation which removes C-1 early in the
biosynthesis, and this seems to be the last step in common
between the terrein and (poly)chlorinated pentenone pathways.
However we have not identified the origin of the required
dehydration, but our studies suggest this must also occur early
in the pathways. The highly oxygenated intermediates pro-
duced by TerC and TerD are unstable and difficult to character-
ise, but if 1 or 5 had been formed they would have been
detected. The lack of these compounds suggests the likely
importance of early dehydration. It is noteworthy that while our
approach to sequentially reconstitute fungal secondary metab-
olite biosynthetic pathways by heterologous expression in A.
oryzae NSART is usually very expedient and reliable, it was not
able to decipher the final transformation during the biosyn-
thesis of 1 and 5.2%434%%*55] |nexplicably TerD seems inactive in
heterologous expression experiments in A. oryzae, although it is
active in vitro.

We propose that polyhydroxylated intermediates probably
form quinones and then benzilic acid type rearrangements
could connect the biosynthesis of terrein 1 and the related
compounds such as 5. However, we have so-far failed to
discover the catalysts involved in the key dehydration and
rearrangement steps and it is clear that significantly more work
will have to be done to finally elucidate these steps.
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Appendix

Appendix

Additional Bioinformatics

Table S1: Annotated functions for the gene products of terA-terJ and the 5 adjacent gene products up- and
downstream of the terrein BGC in A. terreus as deposited at NCBI. No further genes of interest were
identified using AUGUSTUSE8 and FGENESH®9,

Protein Predicted function

ATEG_00130 DUF3807 superfamily; family of conserved fungal proteins of unknown
function

ATEG 00131 HVSL superfamily; top hits: U6 snRNA phosphodiesterase

ATEG 00132 Pall cell morphology protein, conserved among Aspergillus sp.

ATEG_00133 transcription factor, conserved among Aspergillus sp.

ATEG_00134 no predicted protein; not found in other terrein producers

ATEG_00135, TerJ

ATEG_00136, Terl

ATEG_00137, TerH
ATEG_00138, TerG

ATEG_00139, TerR

ATEG_00140, TerF
ATEG_00141, TerE
ATEG_00142, TerD
ATEG_00143, TerC
ATEG_00144, TerB
ATEG_00145, TerA

ATEG_00146

ATEG_00147
ATEG_00148

ATEG_00149

ATEG_00150

major facility transporter superfamily (MFS)

vicinal oxygen chelate superfamily (VOC); bleomycin resistance
protein superfamily, glyoxalase, extradiol dioxygenase

NAD(P) binding domain; epimerase, dehydratase, aldehyde reductase
major facility transporter superfamily (MFS)

Zn,Cys, transcriptional regulator

protein with kelch motif

multicopper oxidase

flavin-dependent monooxygenase

flavin-dependent monooxygenase

DH-wCMeT-KR, multidomain protein with functional ketoreductase
function

non-reducing polyketide synthase

rieske non-heme-iron oxygenase; conserved among many fungal
species

sugar transporter
endoplasmic reticulum oxidoreductin

Peroxin 13, Src homology 3 domain of fungal peroxisomal membrane
protein; protein import pathways into the peroxisomal matrix

ClIr5 domain ;This domain is found at the N-terminus of the CIr5 protein
which has been shown to be involved in silencing in fission yeast
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Table S2: Analysis of proteins encoded within the sorbicillinoid BGC of T. reesei QM6a based on
antiSMASHIE637] analysis and gene refinement using FGENESH.9 Functions were predicted using CD-
analysis in NCBI. If applicable accession numbers at NCBI are given.

Protein/accession

number NCBI

Predicted function

Sor “P450”,
XP_006961557

XP_006961558
/

XP_006961155
XP_006961559

Sor "SDR”,
GOR6S7

SorA,
GOR6S8

SorB,
GOR6S9

SorC,
GORG6TO

XP_006961063
QEV86399

SorD,
GOR6T3

XP_006961563
/

/

P450/ trans-cinnamate monooxygenase

LysM superfamily/ peptidoglycan binding/ cell wall degradation

No conserved domains

Chitinase/ glycosyl hydrolase

protein kinase/ ankyrin repeats mediate protein-protein interactions

SDR/ NAD dependent dehydrogenase

hrPKS

nrPKS

FMO

major facility transporter superfamily (MFS)
Zn2Cyss transcriptional regulator

FAD-binding domain/ oxidoreductase

Zn2Cyse transcriptional regulator
No conserved domains

DoxX superfamily/ SURF4/ membrane associated
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