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Epipolythiodioxopiperazines (ETPs) are fungal secondary metab-
olites that share a 2,5-diketopiperazine scaffold built from two
amino acids and bridged by a sulfide moiety. Modifications of
the core and the amino acid side chains, for example by
methylations, acetylations, hydroxylations, prenylations, halo-
genations, cyclizations, and truncations create the structural
diversity of ETPs and contribute to their biological activity.
However, the key feature responsible for the bioactivities of
ETPs is their sulfide moiety. Over the last years, combinations of
genome mining, reverse genetics, metabolomics, biochemistry,

1. The Diketopiperazine Scaffold: Two Become
One

Epipolythiodioxopiperazines (ETPs) are complex natural prod-
ucts that belong to the family of diketopiperazines (DKPs).
DKPs, also known as dioxopiperazines, piperazinediones or DKP
alkaloids, contain two amide linkages and according to the
position of their carbonyl groups, they are designated as 2,3-,
2,5- or 2,6-isomers. 2,5-variants are most prominent.” They
serve as catalysts for organic synthesis,” are explored as self-
assembling building blocks in material science®™ and represent
popular pharmacophores in medicinal chemistry.” As the
smallest cyclodipeptide, the 2,5-DKP framework overcomes the
poor pharmacokinetic and pharmacodynamic properties of
acyclic peptides, as their rigid and stable six-membered ring
structure with two hydrogen bond donors and acceptors
confers enhanced resistance to proteases and better
biocavailability.“>*' Some even can cross the blood-brain barrier
and are considered as drug delivery systems.™ In addition, 2,5-
DKPs feature two positions for stereochemical control and four
sites for modifications to break their planar core structure.**”
All these favorable features have put 2,5-DKPs at the forefront
of medicinal chemistry efforts and led to their clinical develop-
ment. For example, tadalafil (CialisTM®), a 2,5-DKP based
inhibitor of phosphodiesterase-5, has been approved for the
treatment of pulmonary arterial hypertension and erectile
dysfunction. Moreover, retosiban (GSK-221149A), an oxytocin
receptor antagonist,”” is in late stage clinical evaluation for
preterm labor"” and plinabulin (NPI-2358), a tubulin depolyme-
rizing agent, is currently being evaluated in phase Il trials for
non-small cell lung cancer.™”

In nature, a plethora of structurally diverse and biologically
active molecules, including ETPs, contain the 2,5-DKP
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and structural biology deciphered principles of ETP production.
Sulfurization via glutathione and uncovering of the thiols
followed by either oxidation or methylation crystallized as
fundamental steps that impact expression of the biosynthesis
cluster, toxicity and secretion of the metabolite as well as self-
tolerance of the producer. This article showcases structure and
activity of prototype ETPs such as gliotoxin and discusses the
current knowledge on the biosynthesis routes of these excep-
tional natural products.

scaffold.**'? Although present in all kingdoms of life, micro-
organisms such as fungi and plant or animal venoms, are an
especially rich source of compounds with a 2,5-DKP
framework.” The cyclic dipeptide results from head-to-tail
condensation of two a-amino acids either by non-enzymatic or
enzymatic processes.”® Enzymes catalyzing this reaction in
bacteria are most frequently cyclodipeptide synthases (CDPS).
These small enzymes of about 30 kDa grab two aminoacyl-
tRNAs, usually used for translation, as substrates and link their
amino acid cargo by two peptide bonds. Besides, non-
ribosomal peptide synthetases (NRPS), large multi-domain
enzymes of more than 100 kDa, serve for cyclodipeptide
production.™®'$ Apart from few bacterial examples,'® these
giant machineries are employed by fungi to assemble the 2,5-
DKP scaffold.

In either case, biosynthetic pathways usually combine two
regular L-amino acids, while synthetic chemistry approaches are
also accessible to non-natural building blocks such as p-amino
acids. Structural diversity and fine-tuning of biological activities
of natural DKP compounds is mostly achieved by tailoring
enzymes acting up- or downstream of cyclodipeptide forma-
tion. For instance, hydrolases, methyl- and prenyltransferases,
cytochrome P450 (CYP450) enzymes, cyclodipeptide oxidases or
2-oxoglutarate-dependent monooxygenases are known to dec-
orate and modify the DKP skeleton.”” The discovery of such
tailoring enzymes and of CDPS,'*'® the routine application of
genetic code expansion tools"” as well as the ability to
engineer NRPS modules?” fostered attempts of combinatorial
biosynthetic approaches"”*?" and the use of non-proteinogenic
or non-canonical amino acids to further increase the chemical
space of 2,5-DKPs.”? Apart from tailoring enzymes, nature also
evolved DKP dimers to further increase chemical diversity.
These double-decker-like scaffolds received great attention
from medicinal chemists, as the higher local concentration of
pharmacophores often accounts for improved biological activity
and potency.”

Among the myriad of DKPs known to date, the group of
ETPs is by far the best characterized subclass. These monomeric
or dimeric sulfur-containing 2,5-DKPs (for examples see Fig-
ure 1) are produced by fungi and associated with numerous
biological and pharmacological activities.
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2. Epipolythiodioxopiperazines: Bridging the
Ring

ETPs are toxic secondary metabolites, exclusively produced by
terrestrial and marine fungi. However, the genetic elements
required for ETP biosynthesis are discontinuously distributed
among fungi® Often, only few of several closely related
species are ETP producers, but sometimes even distant relatives
can biosynthesize the same ETP. For example, gliotoxin is
produced by Aspergillus fumigatus and non-related Trichoderma,
Penicillium or Candida species,*® but Aspergillus nidulans is a
non-producer.”” Some ascomycetes (e.g. Saccharomyces cerevi-
siae, Schizosaccharomyces pombe, and Candida albicans) or
basidiomycetes (e.g. Ustilago maydis and Cryptococcus neofor-
mans) also lack the genetic information for ETP production.”*
Both lateral gene transfer and loss of genetic material during
evolution could account for this disparate spreading of ETP
gene cassettes among fungi.”***¥ In addition, most ETP biosyn-
thesis gene clusters have a common origin and diversified
during evolution to yield the various ETP structures known to
date.”®® Although ETPs are not essential for survival, they are
considered to confer fungi selective advantages under certain
environmental conditions and in competition with other micro-
organisms. However, experimental evidence for this hypothesis
is still missing. In fact, competition experiments with an ETP-
producing strain and a non-producer did not show any selective
advantage.”®

Structurally, ETPs are compounds with a transannular di- or
polysulfide bridge. In contrast to disulfide bonds in proteins,
the sulfur atoms of ETPs adopt an eclipsed conformation.
Despite being strained, the sulfide moiety is stabilized by strong
n—m* interactions.”” ETPs contain at least one aromatic amino
acid and are mainly regularly (1,4) bridged, meaning that the
sulfur atoms are anchored at the C, positions of the cyclo-
dipeptide core.**?® Yet, there are also irregularly bridged
compounds, with the sulfur atoms connecting for example the
C, atom of one amino acid and the C; position of the second,
and their number is continuously growing.”

As reductive agents like dithiothreitol interfere with the
biological activity of ETPs, it was proposed that the di-/
polysulfide functionalities are essential for toxicity.*” The
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current model of ETP action is that the oxidized form is taken
up into cells, reduced by glutathione and consequently trapped.
This accumulation is thought to enhance toxicity.?" Intra-
cellularly, ETPs are prone to cycles of reduction and oxidation,
thereby producing reactive oxygen species that lead to DNA
damage.® Conjugation to accessible Cys residues of
enzymes,®**¥ depletion of functionally relevant zinc ions from
proteins and induction of protein denaturation® are other
mechanisms of action reported for the ETP ‘warhead’. Various
studies revealed that ETPs exhibit their toxicity not by targeting
a single protein or a specific pathway but rather by various
non-specific interactions of their disulfide moiety with function-
ally relevant intracellular biomolecules. For this reason, the
biological effects reported for ETPs are diverse, ranging from
antibacterial, antifungal and antiviral to antitumor or immuno-
modulatory activities."*** These bioactivities initially rendered
ETPs attractive for medicinal applications, but the lack of a
defined target and the ability to control side effects, as well as
the inherent toxicity of ETPs so far hampered clinical utility.?® In
addition, difficulties to access the compounds in large amounts
either by purification or chemical synthesis and the instability of
the reactive sulfur bridge hinder exploration of therapeutic
applications.

In the following sections, the current knowledge on bio-
logical activities and biosynthesis routes of individual but
prototype ETPs will be summarized and discussed. In focus are
epidithio compounds which are characterized by a disulfide
bridge spanning the 2,5-DKP ring.

[32a,33

2.1. Regularly bridged ETPs
2.1.1. Gliotoxin

Gliotoxin was the first member of the ETP class that was
discovered (Figure 1). Its name is derived from the wood fungus
Gliocladium ~ fimbriatum  (synonym:  Albifimbria/Myrothecium
verrucaria®), but the original source organism likely was
Trichoderma viride (synonym: Trichoderma lignorium)."?” To date
several Aspergillus, Penicillium, Gliocladium, Thermoascus, Candi-
da, and Trichoderma strains are known to biosynthesize
gliotoxin. Among them: the Trichoderma virens strain G-20,
which is merchandised as a bio-pesticide under the trade name
SoilGard™ (Certis, USA),® and Aspergillus fumigatus, the most
relevant and most effective producer of gliotoxin.*** Gliotoxin
is the best characterized ETP and therefore considered as
prototype.

2.1.1.1. Biological activity

Over the last decades, numerous studies probed the pleiotropic
biological activities of gliotoxin, that all are assumed to be
linked to the epidithio bridge. Initially, gliotoxin was shown to
have anti-viral activity®® by interfering with viral RNA
replication.*” Moreover, it was investigated as an immunosup-
pressive agent in transplantation,*” as it potently induces
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Figure 1. Chemical structures and names of prominent epipolythiodioxopiperazine (ETP) compounds. Prototype ETPs are grouped according to the type of
their sulfur bridge and their higher-order structure. In regularly bridged ETPs the disulfide moiety links the two C, atoms of the 2,5-diketopiperazine (2,5-DKP)
backbone. Irregularly bridged ETPs are characterized by deviations from this C,~C, connection and can be grouped according to the number of cycles their
sulfur bridge spans. Sulfur linkages of the C,~Cg type only cross the DKP core (gliovirin and aspirochlorine), while epicoccin C presents with two bis-cross-ring
bridges. In addition, dimeric ETP structures are known. They are classified according to the type of bond connecting their two units: C—C type for verticillin A

and chaetocin versus C—N type for chetomin.

apoptosis of immune cells.*® In the course of these studies, it
was noted that accumulation of IkB prevents NF-kB activation
and accounts for the immunosuppression by gliotoxin."¥ After
IkB has been found to be a substrate of the proteasome,™
gliotoxin was investigated for its potential to inhibit 20S
proteasome core particles and indeed found to block the
chymotrypsin-like activity.”® However, the inhibition required
high concentrations as well as oxidative conditions“®*” and the
mechanism of action remained elusive, although in the mean-
while the binding modes of many other natural and synthetic
20S proteasome inhibitors have been characterized by struc-
tural means.®® In addition, gliotoxin has been reported to
inhibit the proteasome from Plasmodium falciparum and has
been proposed as a new antimalarial drug,“? but still the
molecular basis of proteasome inhibition remains unknown and
the therapeutic potential of gliotoxin in this context was not
further pursued. Altogether it is questionable, whether gliotoxin
directly inhibits the 20S proteasome or whether the observed
inhibition is a secondary effect of for example unspecific protein
damage.

Only recently, gliotoxin and other ETPs were reported to
inhibit Rpn11, a zinc-dependent deubiquitinating enzyme and
an essential component of the 19S regulatory particle of
proteasomes responsible for ubiquitin-mediated protein degra-
dation in cells.*”’ Notably, the mechanism of action involves
binding to the catalytic zinc ion” and reminds of the finding
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that ETPs block the interaction of HIF1a with p300 by zinc
ejection from the latter.®*"!

Besides, gliotoxin has been reported to target a number of
other intracellular proteins, including farnesyltransferase,”
geranylgeranyltransferase,®” alcohol dehydrogenase,®* rabbit
skeletal ryanodine receptor,®? creatine kinase,”* adenine

nucleotide transporter,” NADPH oxidase,®¥ and
glutaredoxin.”® Moreover, gliotoxin triggers the release of
calcium,®”®  magnesium,®” and cytochrome ¢ from

mitochondria® and activates the proapoptotic B-cell lympho-
ma 2 (Bcl-2) protein Bak®™® via the c-Jun N-terminal kinase®® to
induce apoptosis. In this context, gliotoxin has also been
reported to stimulate caspase-3.°” Last but not least, gliotoxin
can act as an anti-cancer agent® and inhibit
angiogenesis.”'“*? All in all, gliotoxin affects many proteins and
intracellular processes most likely by non-specific interactions.
Gliotoxin is also considered as one of several virulence
factors of A.fumigatus and assumed to contribute to the
pathogenesis of mycoses such as invasive aspergillosis which is
a deadly threat for immunocompromised patients.”® In support
of this hypothesis, gliotoxin has been identified in Aspergillus
isolates of patients.’® However, the impact of gliotoxin on
virulence of A. fumigatus appears to depend on the host and its
immune status®® as well as on the genetic and phenotypic
background of the pathogen.”™ For example, both A. fumigatus
and Aspergillus fischeri are able to biosynthesize gliotoxin, but

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemBioChem doi.org/10.1002/cbic.202200341

only A. fumigatus is a human pathogen and the closely related
A. fischeri is not.®™ In light of these findings, gliotoxin should be
better considered as a defense molecule or as an anti-oxidant'®®
that provides the producer under certain conditions in its
ecological niche with a selective advantage.

2.1.1.2. Structure and biosynthesis
Formation of the DKP core

Gliotoxin was discovered in 1936, but its structure was
determined only in 1958.” At the same time, studies on the
biosynthesis of gliotoxin were launched. Isotope-labelling and
feeding experiments with T. viride showed that the amino acids
Phe and Ser are incorporated into gliotoxin and that Met serves
as donor for the N-methyl group.® In 1967, the crystal structure
of gliotoxin and its absolute stereochemistry were published
(Figure 1),*” but the biosynthesis remained elusive for half a
century. Only after the complete genomic sequence of
A. fumigatus had become available in 2005,"” the gene locus
for the production of gliotoxin was predicted”” based on
homology to the previously identified sirodesmin biosynthesis
gene cluster (see section 2.1.2.)."% Twelve genes were assigned
to the putative gliotoxin cassette and enzyme functions were
predicted according to sequence comparisons.”” In 2010, a 13™
gene was shown to be essential for gliotoxin biosynthesis and
hence included in the gli gene locus (Figure 2A).* The
putative function of the NRPS gene gliP in formation of the DKP
scaffold”" was confirmed by its disruption.” Cloning of the gliP
gene and in vitro activity assays finally established that the A,
and A, domains of the NRPS GIiP activate L-Phe and L-Ser,
respectively,”¥ thereby confirming the initial feeding experi-
ments. The slow release of the reaction product from the
enzyme was supposed to arise from the lack of a thioesterase
domain and led to the hypothesis that downstream processing
of the DKP might occur while still being tethered to the
NRPS.”¥ Today, this on-line tailoring seems unlikely, as many
different intermediates of gliotoxin biosynthesis have been
isolated as free metabolites from individual knockout strains.”
Furthermore, the exceptional domain architecture of GliP was
puzzling. Its extra condensation (C) and transfer (T) module (C2-
T3) at the C-terminus was not expected to be required for
dipeptide formation.” Later on however, it was noted that
fungal cyclic peptides are generally synthesized by NRPS
containing a terminal C domain.”” Subsequently, in vitro and
in vivo mutagenesis confirmed that instead of spontaneous
cyclization, the DKP core of gliotoxin is cyclized by the action of
the extra C2-T3 unit of GIiP."®

As with all NRPS, the T domains have to be posttranslation-
ally activated by transfer of a phosphopantetheinyl moiety from
coenzyme A onto a conserved serine residue. The correspond-
ing enzyme of A.fumigatus has been identified as PptA
(Figure 2B). PptA primes GliP as well as other NRPS of
A. fumigatus and thus serves a universal function for fungal
secondary metabolism. For this reason, PptA is encoded outside
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the gli gene cluster (Figure 2A) and considered as a potential
new drug target for fungicides.”

The sulfurization step

In 2011, two groups independently proposed that a bis-
hydroxylated L-Phe-L-Ser-DKP intermediate may be relevant for
subsequent sulfurization.”**® Gene deletion and overexpression
experiments later clarified that the CYP450 oxidase GliC
hydroxylates the C, atoms of the L-Phe-L-Ser-DKP
framework.”>*®® The loss of two molecules of water was
proposed to create the electrophiles to which subsequently
glutathione (GSH) is attached by the action of the glutathione-
S-transferase (GST) GliG.”**? This coupling of oxygenation and
sulfurization reactions reminds of phase I/phase Il detoxification
pathways for xenobiotics®” and is one of few examples in
which GSH is used as a source of sulfur (Figure 2B).?

Recently, the original mechanistic proposal for activation
and sulfur transfer was refined based on the crystal structure of
the GIliG enzyme in complex with its reaction product, the bis-
glutathionylated DKP.®¥ This study revealed that GliG creates a
favorable environment to selectively eliminate water from one
C, position of the dihydroxy DKP and subsequently attaches
activated GSH to the resulting electrophilic carbon. Although
the stereochemistry of the bis-hydroxylated DKP is not known,
the X-ray structure of GliG implies that release of water and
addition of GSH occur from the same side of the DKP. This way
a mono-glutathionylated and at the same time mono-hydroxy-
lated DKP is produced as an intermediate, which is processed to
the bis-glutathione adduct by repeating the Sy1 reaction
cascade on the other side of the DKP core.®

Dissecting glutathione

Upon linkage of the DKP scaffold to two GSH molecules, three
sequential enzymatic reactions uncover the free thiols (Fig-
ure 2B): In a first step, the vy-glutamyl-cyclotransferase GIiK
cleaves the isopeptide bond in the glutathione moieties by
release of 5-oxoproline.® The functional importance of GliK for
gliotoxin production in vivo has been confirmed by deletion
experiments.® To the best of my knowledge only a single
biosynthetic pathway besides gliotoxin makes use of such a
reaction. Enzymatic production of the aminoglycoside antibiotic
butirosin involves the y-glutamyl-cyclotransferase BtrG, but like
for GliK the reaction mechanism is elusive.®

Next, the metal-dependent dipeptidase GliJ chops off the
Gly residue of glutathione to create a bis(cysteinyl) product.®™
The crystal structure of GliJ revealed an unexpected metal
promiscuity and implies that both sides of the gliotoxin
precursor are processed sequentially,”” as noted for GIiG.
Although many of the enzymes involved in gliotoxin biosyn-
thesis, e.g. GliG, GliJ and Glil are homodimeric, the crystal
stuctures of GIiG and GliJ revealed that the active sites are too
far apart from each other to enable simultaneous processing of
both substrate halves®® Thus, the general principle appears

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 2. Genetic elements required for gliotoxin production and current biosynthesis scheme. (A) Schematic view of the gliotoxin (gli) biosynthesis gene
cluster from A. fumigatus.*®”" Genes are illustrated as colored and labelled arrows. Black ones have not yet been assigned a specific function. Open reading
frames within the gli locus are shaded against a gray background (left), while those outside the biosynthetic gene cluster (right) are not. Verified or predicted
functions of gene products are listed. (B) Current reaction scheme for the biosynthesis of gliotoxin. The NRPS GIiP is activated by the phosphopantetheinyl-
transferase PptA encoded outside the gli gene cluster and fuses the two starter amino acids L-Phe (blue) and L-Ser (red) to the 2,5-DKP scaffold. The reaction
steps until the free dithiol precursor are confirmed and fix in sequence. GliM might act as an O-methyltransferase on a transient, yet unknown intermediate or
on a shunt metabolite as indicated. The order of modifications catalyzed by GIiF, GliN and GIiT appears to be interchangeable. The reaction trajectory of GIiF is
unknown, but two potential mechanisms have been suggested.”" Disulfide-bridged gliotoxin is exported outside the fungal cell by a transport protein, while
bis-thiomethylation of reduced gliotoxin by the S-methyltransferase TmtA (also known as GtmA) encoded outside the gli gene cluster depletes oxidized
gliotoxin and thereby serves to dampen expression of gliotoxin biosynthesis genes and ultimately ETP production.”*”® For details see section 2.1.1.2.
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to be consecutive rather than simultaneous tailoring of the two
pseudosymmetric DKP sides.

Finally, the enzyme Glil creates the free dithiol precursor of
gliotoxin. Originally annotated as a 1-aminocyclopropane-1-
carboxylic acid synthase, Glil acts as a pyridoxal 5'-phosphate
(PLP)-dependent C—S bond lyase, phylogenetically related to
alliinases.®™ The current mechanistic proposal is derived from
that of aminotransferases and first requires aldimine formation
between the a-amino group of one Cys residue on the DKP and
the cofactor. Following abstraction of the C, proton of Cys, a
ketimine is formed that subsequently undergoes 3-elimination
to yield the dithiol precursor of gliotoxin and a PLP-linked imine
that spontaneously hydrolyzes to pyruvate and ammonia.’®

All good things come in threes: establishing the three-ring
structure

Considering the structure of gliotoxin, it was tempting to
speculate that Tyr could serve as a building block for or as an
intermediate of biosynthesis. Yet, both hypotheses were
disproven by profound isotope labelling experiments.® In-
stead, an arene oxide intermediate en route to gliotoxin was
proposed. Nucleophilic attack of the epoxide by the amide
backbone nitrogen atom of Phe was anticipated to trigger
heterocyclization and to create the hydroxyl group as a
leftover.®»*@ This mechanistic proposal was later on substanti-
ated by additional feeding experiments.®® Another line of
evidence was provided with the isolation of a gliotoxin
derivative containing a spiro atom. It was speculated that
oxidation of the phenyl ring to the corresponding epoxide
might not be entirely stereoselective, thereby leading to two
distinct diastereomers that upon nucleophilic attack could lead
to gliotoxin as well as to the observed spiro compound.®™ In
addition, the structures and biosynthetic pathways of three
related ETPs argue in favor of the epoxidation reaction: Gliovirin
contains an epoxidated phenyl ring (Figure 1; see section
2.2.1.),? aranotins features an oxepin ring structure® (Figure 1;
see section 2.1.3.) that likely emerges from an arene oxide,®”
and the proposed biosynthesis route of peniciadametizines
involves an epoxidated phenyl ring.”

Despite all these mechanistic insights, only in 2021, the
enzyme oxidizing the phenylalanine side chain and establishing
the pyrrolidine ring in gliotoxin was confirmed to be the
membrane-resident CYP450 monooxygenase GliF.”*” Although
the authors consider the epoxide route mechanistically reason-
able, they also discuss a possible alternative that supposes a
radical at the amide nitrogen of Phe, which upon closure of the
pyrrolidine ring would be quenched by a water molecule and
lead to the hydroxyl group at the phenyl ring (Figure 2B).7*"

N-Methylation
About 23% of all known S-adenosyl-L-methionine (SAM)-

dependent methyltransferases alkylate nitrogen atoms.”® While
amines often serve as acceptor sites, methylation of amide
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nitrogen atoms is rare. Examples are however known from
NRPS or PKS modules®” and from ansamitocin,”® omphalotin,””
cyclo(Trp-Trp),"® and gliotoxin biosynthesis. In 2014, the
enzyme GIiIN has been identified as a N-methyltransferase
involved in gliotoxin biosynthesis. Surprisingly, N-desmeth-
ylgliotoxin, a gliotoxin variant missing the methyl group on the
amide nitrogen atom of Ser, is highly instable and about 100-
fold less bioactive than the corresponding N-methylated
version.”*¥ Probably, N-methylation of gliotoxin is required for
cell permeability and stability, as noted for other bioactive cyclic
peptides." In support of this hypothesis primary and secon-
dary but not tertiary amines have been predicted to induce
decomposition of the polysulfur compound pentathiepin."®?

Installing the epidithio bridge

The disulfide bond of ETPs is essential for their bioactivity.
Initially it was suspected from synthetic studies that air
oxidation of the dithiol precursor might be sufficient to install
the sulfur bridge."™ In 2010 however, the flavin adenine
dinucleotide (FAD)-dependent oxidoreductase GIiT was re-
ported to produce gliotoxin from the corresponding dithiol
(Figure 2B).**'*) The crystal structure of GIiT revealed a
disulfide bridge at the active site that in a disulfide exchange
reaction is transferred onto the substrate."®' A transient charge-
transfer complex and a cascade of electron pair movements
drain off the electrons to FAD and finally to molecular oxygen,
and recover the enzyme’s active site."®'®! Furthermore, an
A. fumigatus AgliT strain is severely impaired in growth and
highly susceptible to exogenous gliotoxin compared to wild
type, suggesting that GIiT plays a crucial role in self-
resistance.”®'* |n agreement, in the absence of GIiT, reduced
gliotoxin accumulates intracellularly, conjugates to proteins and
exerts its toxicity.¢>'%%

Considering these and other results, questions about the
sequence of reaction steps during gliotoxin biosynthesis arose.
It appears that the initial steps of the biosynthetic route are
fixed in their order, whereas later reactions (after the emer-
gence of the dithiol intermediate) might be catalyzed randomly.
GIiT has been shown to oxidize reduced gliotoxin, suggesting
that this reaction finishes the pathway."® On the other hand, it
was reported that GIiF” and GIIN"*Y act on gliotoxin
intermediates featuring the epidithio bridge, implying that GIiT
might also work upstream of GliF and GliN, and feature relaxed
substrate specificity. In this context, it is interesting to note that
GIiT is also able to oxidize the free thiols of reduced holomycin
to yield the natural disulfide-bridged antibiotic."* The different
chemical structures of holomycin and gliotoxin underpin the
substrate promiscuity of GIiT.

Secretion of gliotoxin
To facilitate secretion of the toxin into the extracellular environ-

ment, the gli gene cluster encodes a transporter, termed GIiA
(Figure 2). Deletion of the gliA gene reduces the virulence of
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A. fumigatus and concomitantly increases its sensitivity to
gliotoxin, suggesting that this translocase plays a role in
pathogenicity and self-protection."®” In contrast to the ATP-
binding cassette (ABC) transporter encoded in the sirodesmin
biosynthesis gene cluster, GliA is a major facilitator superfamily
(MFS) member.”" These efflux pumps facilitate movement of
small molecules along their concentration gradient across
membranes and also play a role in drug resistance."*

Regulation of gliotoxin biosynthesis

GliZ: The genes that are part of the gliotoxin biosynthesis gene
cluster are transcriptionally co-regulated by the zinc finger
transcription factor Gliz."""* GliZ is a distant homologue of the
prominent GAL4 transcription factor of yeast"'” and a member
of the zinc cluster/binuclear family that is limited to fungi. This
class of regulators is hallmarked by a coiled-coil domain
required for dimerization and a
CysX,CysXsCysXs.1,CysX,CysXqssCys motif that coordinates two
zinc ions (Zn,Cys;, domain).""*""" The DNA binding site of
Zn,Cys, fingers is usually a palindromic arrangement of
trinucleotides with a defined spacer in between."” Consis-
tently, analysis of gli promoter sequences identified the
consensus sequence TCGGN;CCGA upstream of all gli genes
except for gliZ and gliA"™® but experimental validation of this
motif is currently missing.

RgIT: Discovered as a GAL4-like Zn,Cys transcription factor
that confers resistance to oxidative stress in A. fumigatus, RgIT
(regulator of gliotoxin) acts upstream of GliZ. It induces
expression of gliZ, gliT and gliF genes and is essential for
protecting A. fumigatus against exogenous gliotoxin. In agree-
ment, a strain deficient in RgIT fails to produce disulfide-bridged
gliotoxin."™ These observations indicate that RgIT positively
regulates GIiT levels and thereby contributes to gliotoxin
resistance and production. Notably, according to phylogenetic
analyses, homologues of RgIT and GIiT are also present in
Aspergillus species that do not produce gliotoxin and the
protective function of RgIT as well as the RgIT-mediated control
of gliT expression are conserved."" However, the primary
function of GIiT and RgIT in non ETP-producers remains to be
investigated. Notably, only very recently, KojR, another GAL4-
like Zn,Cyse transcription factor acting upstream of RgIT and
controlling its expression was identified.""”

GipA: Besides, the Cys,His, zinc finger transcription factor
GipA positively controls gliotoxin production."'® A binding site
for GipA was identified in the promoter region of gliA, close to a
putative recognition site for GliZ, suggesting that both tran-
scription factors might act interdependently to control intra-
cellular gliotoxin levels."'®

LaeA: Another positive regulator of gliotoxin biosynthesis
and generally of secondary metabolism in A. fumigatus is
LaeA.""” It controls expression of about 10% of the genome of
A. fumigatus,""® but its mechanism is unknown. LaeA is part of
the heterotrimeric velvet complex that coordinates fungal
metabolism and development in response to light!"'? Its
nuclear localization and its activity as a SAM-dependent meth-
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yltransferase implied a function as a chromatin remodeler.""”?

However so far, this putative function could not be confirmed.
Instead it was noted that LaeA undergoes automethylation, but
this posttranslational modification seems to be dispensable for
its in vivo function.'*

Gliotoxin: Strikingly, gliotoxin itself is also a positive
regulator of gli gene cluster expression. Exogenous gliotoxin for
example stimulates the expression of several gli genes in
A. fumigatus.® Furthermore, in a AgliP background, signifi-
cantly reduced expression of the gli gene cluster was noted but
could be restored to wild type or even higher levels by the
addition of exogenous gliotoxin.”*?

Bis(methylthio)gliotoxin: As a counterpart to the above
mentioned factors that stimulate gliotoxin biosynthesis, the
metabolite bis(methylthio)gliotoxin (also known as bisdethiobis-
(methylthio)gliotoxin; BmGT) has been discovered to attenuate
gliotoxin production.” Bis(methylthio)gliotoxin is a biologically
inactive congener of gliotoxin, produced by the S-meth-
yltransferase TmtA (also known as GtmA) encoded outside the
gli locus.”>*’® TmtA uses the reduced dithiol form of gliotoxin
to irreversibly methylate the sulfhydryl groups (Figure 2B). At a
first glance this SAM-dependent reaction competes with GIiT-
mediated reversible oxidation of the thiols to the disulfide
bridge. However, TmtA appears to have lower affinity for the
dithiol substrate than GIiT and in agreement moderately
contributes to self-protection of the fungus compared to
GIiT.”*%’9 Nonetheless, heterologous expression of tmtA in
S. cerevisiae confers resistance to exogenous gliotoxin™" and
simultaneous deletion of tmtA and gliT from A. fumigatus causes
hypersensitivity to gliotoxin,"?? implying that TmtA is important
as a second line of defense.

Expression of tmtA is induced by gliotoxin and leads to the
conversion of reduced gliotoxin to bis(methylthio)gliotoxin,
thereby depleting oxidized gliotoxin and dampening gli gene
cluster expression as well as ultimately gliotoxin biosynthesis.
Apart from its regulatory function, bis(methylthio)gliotoxin was
considered as a potential diagnostic marker of invasive
aspergillosis"*' but did not qualify."**

Because S-methyltransferases are rare in nature (3%)," it
was of considerable interest to solve the X-ray structure of
TmtA and to understand its catalytic activity. In the end, TmtA
was crystallized by two distinct groups but unfortunately
without bound substrate or product."?'* The reaction cycle
was modelled by computational techniques and suggested that
exchange of S-adenosyl-L.-homocysteine (SAH) by SAM occurs
‘on the fly’ before mono(methylthio)gliotoxin is released."*
Activity assays however indicate that both bis(methylthio)-
gliotoxin and mono(methylthio)gliotoxin accumulate in
solution.! In agreement, the experimental K, value for
reduced gliotoxin is almost fivefold lower than for mono(meth-
ylthio)gliotoxin, implying that reduced gliotoxin is the preferred
substrate.” Furthermore, comparison of SAM- and SAH-
bound TmtA revealed structural changes that might be relevant
for catalysis.''*?

Biologically inactive, bis-thiomethylated versions have also
been described for other ETPs, including acetylaranotin (see
section 2.1.3.,*® sporidesmin (see section 2.1.4.),2® bionectin

122]
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A" and glionitrin A."*! These metabolites may serve a similar
regulatory function as bis(methylthio)gliotoxin. TmtA-like en-
zymes have been identified in numerous species of the
Ascomycota phylum and strikingly even in fungi that lack an
ETP cluster such as A. nidulans.”**® It thus appears, that fungi
evolved the S-methyltransferase either for regulation of their
own ETP production or for defense against exogenous ETPs.
Although TmtA is unable to convert sporidesmin,” A. nidulans
and Fusarium oxysporum are able to detoxify gliotoxin by S-
methylation.”* In addition, S-methylation is a self-protection
strategy also known from bacteria, such as Streptomyces
clavuligerus, the producer of the antibiotic holomycin.!'*®

In summary, gliotoxin biosynthesis is a complex and fine-
tuned metabolic pathway that is controlled by numerous
factors and on several levels. This review selected the most
prominent and most important regulators for discussion, but
many more are known®" and may be discovered in the future,
as we are currently only starting to understand the sophisti-
cated regulatory circuits that control ETP production.

Blind spots of the gli gene cassette: open reading frames
(ORFs) coding for proteins of unknown function

Despite enormous progress in understanding the main route of
gliotoxin formation, several aspects are still unaddressed. In
particular, the function of the second methyltransferase
encoded in the gene cluster is still unknown. GliM is a putative
O-methyltransferase and deletion of its gene interferes with
gliotoxin production,”™ suggesting an essential function.
However, since the gliM knockout strain did not accumulate
any stable biosynthesis intermediate,”® the function of GliM
remains unresolved. An O-methylated shunt product has been
observed in a AgliG knockout strain by two independent
groups (Figure 2B),”**¢ but its origin is unknown. The crystal
structure of GIiM visualizes a very flat active site pocket that
may fit a non-sulfurized gliotoxin precursor (unpublished results
of E. M. Huber), implying that GliM could act upstream of GIiG.
It is well conceivable that GIiM transiently modifies an
intermediate of gliotoxin biosynthesis,"® but experimental
evidence is currently lacking.

Moreover, the function of GliH in gliotoxin biosynthesis is
unclear. As a corresponding knockout strain was deficient in
gliotoxin production, GliH may have an essential function in
either ETP biosynthesis or secretion, whereas a function in self-
resistance to gliotoxin has been excluded.”®"

2.1.2. Sirodesmins
2.1.2.1. Bioactivity
Sirodesmins have been first isolated as antiviral metabolites
from Sirodesmium diversum (nowadays termed Coniosporium
diversum) and later reported as phytotoxins produced by the

plant pathogen Leptosphaeria maculans ‘brassicae’ (anamorph
Phoma lingam)."® The latter fungus infects Brassica species,

ChemBioChem 2022, 23, €202200341 (9 of 25)

such as canola and causes round whitish lesions on leaves. In
the course of infection, L. maculans grows down to the stem
and by killing cells, produces a black canker from which the
name ‘blackleg’ disease has been inferred. Death of the plants
before seed production leads to significant loss of crop
yields."™ The function of sirodesmin in blackleg disease is
ambiguous. Abrogation of sirodesmin production reduces the
size and number of stem lesions, but does not reduce the spots
on leaves”>" On the other hand, sirodesmin could be
important for the host-pathogen interaction, as the phytoalexin
brassinin, a plant defense molecule, inhibits the production of
sirodesmin."*?

2.1.2.2. Structure and biosynthesis

A hallmark feature of sirodesmins is their spirofused tetrahy-
drofuran cycle (Figure 1).*¥ Depending on the stereochemistry
at the junction two epimers are known: sirodesmin A and
sirodesmin G, also termed sirodesmin PL."*' By isotope-label-
ling and feeding experiments, the biosynthetic precursors of
sirodesmin PL were identified as Tyr and Ser. With the
discovery of a prenylated DKP intermediate, termed
phomamide,"* assumptions about the order of cyclization and
prenylation were made."** Later, two additional intermediates
of sirodesmin biosynthesis, phomalirazine™* and deacetyl-
sirodesmin PL,** were reported and biosynthesis pathways
were proposed,” but no experimental proof could be
provided. Only after whole genome sequencing and genome
mining techniques had become available, research on sirodes-
min was revitalized.

Sirodesmin PL was the first ETP for which the biosynthetic
gene cluster was described in 2004 (Figure 3A). The gene
cassette was spotted via a homologue of the dimethyl
tryptophan synthetase gene that was identified in an expressed
sequence tag library of L. maculans and later on annotated as
sirD.7? In 2021, two additional genes were identified within the
sir locus, now containing 20 ORFs."*' Most of the sirodesmin
biosynthesis genes are homologous to ORFs from the gliotoxin
cluster and considered as the ‘common ETP moiety’ genes.”*?
Based on the experimental work that has been done on
gliotoxin biosynthesis and the corresponding enzymes, a similar
reaction cascade was proposed for sirodesmin PL (Figure 3B).
The sirP gene for example is the equivalent to gliP. It encodes a
two-module NRPS that establishes the DKP scaffold, as proven
by genetic disruption.”? Similar to gliotoxin biosynthesis, the
gene products of sirC and sirG are expected to catalyze sulfur
incorporation via the addition of GSH. In the following, the
enzymes encoded by sirK, sirJ and sirl are assumed to uncover
the free thiols."**'2%

Downstream steps of sirodesmin biosynthesis likely include
closure of the disulfide bridge by SirT and N-methylation by
SirN. Notably, the sir gene cluster also encodes a putative O-
methyltransferase SirM, the function of which remains un-
known. Secretion of sirodesmin PL is mediated by SirA. SirA is
an ABC-transporter”” that protects against exogenous sirodes-
min and confers cross-resistance against gliotoxin. By contrast,
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Figure 3. Gene cluster and current biosynthesis scheme for sirodesmin PL production. (A) Schematic view of the sir genes forming the sirodesmin biosynthesis
gene cluster in L. maculans.”*** Genes are colored according to Figure 2A. (B) Proposed reaction sequence leading to sirodesmin PL. Prominent intermediates
are labelled. Putative biosynthesis intermediates produced by SirK and SirJ are not shown, as processing of the glutathione moieties likely proceeds as in
gliotoxin biosynthesis. The reactions catalyzed by SirD, SirP, SirC, SirG, SirK, SirJ and Sirl are likely fixed in their order. SirO might reduce the ketone group

outside the 2,5-DKP ring of phomalirazine. For details see section 2.1.2.2.

the corresponding efflux protein encoded in the gliotoxin
biosynthesis gene cluster, GliA, is of the MFS-type (see also
section 2.1.1.2) and does not protect from sirodesmin."”
However, the molecular and functional differences between
SirA and GIiA remain to be elucidated.

Furthermore, the predicted DNA binding motif for the
binuclear zinc finger transcription factor SirZ is identical to that
of GliZ (TCGGN;CCGA), but the motif was found only upstream
of the genes sirD, sirP, sirJ, sirT, sirB, sirQ, sirR, sirN, and sirO,
despite similar transcription pattern of sir genes lacking the
putative SirZ binding site.""® This observation might indicate
that other transcription factors contribute to sir gene regulation
or that SirZ is promiscuous and recognizes also derivatives of
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the predicted consensus motif. In support of relaxed sequence
specificity for SirZ, it was noted that RNA silencing of sirZ
expression dampened also expression of sir genes that lack the
consensus binding site.!""

Given the complex structure of sirodesmin PL, the sir locus
encodes several tailoring enzymes. Most importantly, the
promiscuous prenyl transferase (SirD) catalyzes the addition of
a dimethylallyl group to diverse acceptor sites, including the
hydroxyl group of free L-Tyr.™ The resulting metabolite O-
prenyl-L-Tyr then serves as a building block for DKP formation,
leading to the well-known intermediate phomamide (Fig-
ure 3B)."*? Claisen rearrangement and cyclization of the preny-
lated Tyr may lead to the terminal five-membered ring, but the
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enzyme(s) required for these reactions still remain(s) unknown.
Epoxidation of the phenyl ring of Tyr by either SirB or SirE and
subsequent nucleophilic attack by the amide backbone nitro-
gen atom of Tyr is assumed to induce intramolecular cyclization
to the pyrrolidine ring structure similar to gliotoxin. Further
consecutive oxidations of the Tyr remnant after the addition of
water likely yield the phomalirazine intermediate (Figure 3B). A
second epoxidation step, catalyzed by SirB or SirE, may trigger
formation of the spiro linkage and ketone reduction by the
predicted oxidoreductase SirO may set the stage for acetylation
by SirH."? This mechanistic proposal (Figure 3B) however is
incomplete and preliminary, as many of the gene products have
not been assigned and proven a specific function in sirodesmin
PL production and as the order of reaction steps is largely
unknown. The highly similar genes sirQ, sirR and sirS for
example are unusual elements of secondary metabolite gene
clusters. They most likely encode nicotinamide adenine dinu-
cleotide-dependent epimerases that act on hydroxyl groups,”
but their exact function awaits to be deciphered. Moreover, it
its unknown which of the encoded CYP450 enzymes (SirB/SirE)
is responsible for which oxidative modification. Lastly, SirX
could not be assigned any potential function yet, as it shows no
homology to any other protein.">

2.1.3. Aranotins

Aranotins are secondary metabolites produced by the fungi
Arachniotus aureus and Aspergillus terreus.®*'*” They inhibit RNA
synthesis in rhino-, polio-, parainfluenza and coxsackie
viruses"**¥ and are active against cancer cell lines.™" Aranotins
together with emethallicins and emestrins belong to a sub-
group of ETPs harboring at least one seven-membered 4,5-
dihydrooxepine ring (Figure 1). Isotope-labelling experiments in
the early 1980s surmised that two molecules of L-Phe are
condensed to build the DKP-scaffold of aranotins,"*? but the
biosynthetic route remained enigmatic. Only in 2013, the
aranotin biosynthesis gene cluster was reported from A. terreus
(Figure 4A) and the high homology of all nine ORFs to
corresponding elements in the gliotoxin gene cassette sug-
gested a similar biosynthetic route, which was confirmed by
targeted deletion of each of the nine genes and analysis of the
metabolic changes (Figure 4B).”* Notably, the aranotin biosyn-
thesis gene cluster encodes two modular genes aralMG and
araTC that might encode multidomain enzymes unifying the
activities of the corresponding individual proteins in gliotoxin
biosynthesis.**

The biosynthesis of aranotins starts with the coupling of
two L-Phe residues by the NRPS AtaP (Figure 4B). Consistent
with the use of a single substrate, AtaP features only one A
domain for the activation of L-Phe. Next, the AtaC domain of
AtaTC is proposed to catalyze bis-hydroxylation and the GST
domain of AtalMG likely adds the GSH moieties.”* Notably, a
homologue of gliK is missing in the aranotin biosynthesis gene
cluster but equivalents to gliJ and glil are present. On the one
hand, the putative ataK gene could have been overlooked in
the cassette, as it was the case for sirk"* (see section 2.1.2.2.)
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or a cellular y-glutamyl-cyclotransferase encoded outside the
ETP cluster could take over this function. Strikingly, deletion of
the homologous verK gene from the verticillin A locus did not
completely abolish verticillin A biosynthesis,"* suggesting that
the y-glutamyl-cyclotransferase in the ETP cluster might not be
essential (see also section 2.3.1.), but GliK was found to be
required for gliotoxin biosynthesis.® Irrespective of its gen-
eration, downstream action of the C—S bond lyase requires a
free amine to form a Schiff base with the cofactor PLP and to
initiate cleavage of the carbon-sulfur-bond and this amine is
only uncovered by removal of the y-glutamyl moiety. This is at
least the current mechanistic mode of action proposed for the
homologue Glil.#®

Actions of AtaJ and the Atal domain of AtalMG are assumed
to create the epidithiol intermediate that is oxidized by the
AtaT domain of the AtaTC protein. Epoxidation of the phenyl
moieties by AtaF and subsequent nucleophilic attack by the
amide nitrogen atoms likely lead to the pyrrolidine moieties
(Figure 4B), analogously to the reaction catalyzed by GliF during
gliotoxin biosynthesis. Acetylation and oxidative ring expansion
are modifications absent from gliotoxin, but the enzymes
installing these decorations on aranotins were identified by
comparing the metabolite profiles of the single knockout strains
AataH and AataY. According to these results, AtaH acts as the
acetyltransferase and AtaY installs the dihydrooxepine struc-

tures, likely via epoxidation and subsequent
rearrangements.**< Both reactions are not determined in their
order,®® but in contrast to a previous mechanistic proposal!*?

they seem to occur after pyrrolidine formation.”* In addition,
similar to the gli gene cluster, a transporter of the major
facilitator superfamily, AtaA, is encoded in the ara locus and as
part of the atalMG gene a O-methyltransferase domain AtaM is
predicted (Figure 4A). Although a sulfur-free O-methylated
compound has been isolated from a atalMG deletion strain,®*
its functional relevance remains unclear. Moreover, for the gene
atal no potential function could be assigned so far. It encodes
a protein that shows significant similarity to GliH. Considering
that GliH is essential for gliotoxin production®® and that only
sulfur-free compounds could be isolated from a Aatal strain,®*
it is tempting to speculate that GliH and AtaL might act
upstream of sulfur incorporation in a yet unknown manner.

Similar to gliotoxin, a bis(methylthio)-variant has been
reported® and the corresponding S-methyltransferase (AtaS)
has been spotted outside the ara cluster.'*

2.1.4. Sporidesmins

To date nine different sporidesmins are known, of which
sporidesmin A is the most prevalent one and sporidesmin D the
bis(methylthio)-derivative of A.*® Sporidesmin A was originally
identified as the causative agent of facial eczema and liver
disease in sheep and cattle predominantly in New Zealand and
Australia.™® It is produced by the fungus Pseudopithomyces
chartarum (formerly named Pithomyces chartarum or Sporides-
mium bakeri) that grows on grasses."” Once ingested by
ruminants, sporidesmin A causes inflammation and necrosis in
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the bile ducts, resulting in a block of bile flow. As a result,
degradation products of chlorophyll accumulate in the body
and cause photosensitivity of the skin, leading to skin rash
and ultimately to death. Originally, veterinarians treated
affected animals with zinc sulfate."*® The metal ions zinc and
cadmium were later shown to protect cells from the toxic
effects of sporidesmin A by chelating the ETP.'* In addition,
sporidesmin A has been found to inhibit human glutaredoxin
via disulfide formation.®”

Structurally, sporidesmins are densely functionalized, chlori-
nated ETPs (Figure 1) They are built from L-Trp and L-Ala
residues™" and highly decorated with hydroxyl, methyl and
methoxy groups. Only recently, the putative biosynthetic gene
cluster of sporidesmin A (Figure 5A) from P. chartarum has been
identified by bioinformatics tools and reported on bioRxiv."** It
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contains 21 genes, of which many products display homology
to enzymes from gliotoxin (see section 2.1.1.2.), sirodesmin PL
(see section 2.1.2.2) and aspirochlorine biosynthesis (see
section 2.2.2.), but validation of their biological function is still
lacking. Spd20 (GliZ), Spd17 (GliP), Spd3 (GliC), Spd5 (GIiG),
Spd9 (GliK), Spd2 (GliJ), Spd16 (Glil), and Spd13 (GIiT) are
predicted to take over the same functions as their correspond-
ing homologues from the gli gene cluster (Figure 5B). As an
orthologue of AclH (see section 2.2.2.), Spd4 probably is a
flavin-dependent halogenase and Spd15 shows similarity to the
acetyltransferase SirH. Four methyltransferases (Spd1, Spd7,
Spd11 and Spd21) and another two CYP450 enzymes besides
Spd3 (Spd8 and Spd10) are also part of the cluster. Strikingly,
three transport proteins are encoded as well: one ABC (Spd6)
and two MFS (Spd14 and Spd18) transporters."* Finally, Spd12
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enzymatic production of sporidesmin A. The first six reaction steps are likely to occur analogously to gliotoxin. However, catalysts and order of downstream
reaction steps are not predictable by bioinformatics tools. For details see section 2.1.4.

and Spd19 are two hypothetical proteins of unknown function  2.2.1. Gliovirin

(Figure 5A). Given the large number of genes in the putative

cluster, experimental validation of the cassette borders and the  The fungus T.virens (formerly known as Gliocladium virens)

functional involvement of the genes in sporidesmin A biosyn-  produces gliotoxin but was also discovered to be the source of

thesis is necessary. another ETP termed gliovirin.®? Later it was noted that the
species T. virens can be subdivided into two distinct strains, of
which the “Q" lineage accounts for gliotoxin and the “P” strain

2.2. Irregularly bridged ETPs for gliovirin."*? Gliovirin is active against oomycetes such as the
plant pathogen Pythium ultimum"™® and by inhibiting the

Irregularly bridged ETPs feature a disulfide bond that is not extracellular signal-regulated kinase (ERK), it blocks synthesis of

exclusively anchored at the C, atoms of the two amino acids ~ TNFo.'™

building up the DKP skeleton.”® The most prominent and best Structurally, gliovirin is characterized by a 1,2-oxazadecaline
characterized representatives of this class are gliovirin (section  moiety and it was the first identified ETP with an irregularly
2.2.1.) and aspirochlorine (section 2.2.2.). bridged disulfide bridge (Figure 1).° Isotope-labelling studies

revealed that gliovirin is assembled of two L-Phe residues."** In

agreement, the recently identified biosynthetic gene cluster of
gliovirin encodes a NRPS (GlIv21) that is predicted to have a
single adenylation domain (Figure 6A). While the importance of
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Figure 6. Gene cluster and putative biosynthesis scheme for gliovirin production. (A) Schematic view of the predicted gliovirin (glv) biosynthesis gene cluster
from T. virens."*® Genes are numbered sequentially and colored according to Figure 2A. (B) Putative biosynthesis scheme for gliovirin. DKP formation and
sulfur incorporation likely occur analogously to gliotoxin (see section 2.1.1.2.). Migration of a hydroxyl group (reaction 3) has been proposed to explain how
the irregular disulfide bridge is installed.'*® Recent studies on aspirochlorine (see section 2.2.2.) however suggest that the disulfide bridge is installed first and
shifted later in biosynthesis."*” What applies to gliovirin remains to be investigated.

GIv21 for gliovirin production has been experimentally con-
firmed by deletion, the functions of many of the other 21 gene
products encoded in the gene cluster are up to now only
predicted based on homology to the corresponding Gli
enzymes."™® GIv8 (Gliz), GIv3 (GIiC), GIv10 (GliG), Glvi1 (GliJ),
Glv2 (Glil), and GIv9 (GliA) likely fulfill similar functions as their
counterparts from gliotoxin biosynthesis (Figure 6B). Oxidation
of the free thiols might be catalyzed by either Glv4 or Glvié
(both thioredoxin reductases) and the function of GliF might be
fulfilled by either GIv5 or GIv19. The additional CYP450
monooxygenases (Glvé, Glvi2, and Glv14) are presumably
responsible for tailoring reactions like epoxidation and hydrox-
ylation. Furthermore, the gene cassette contains three O-
methyltransferases: Glvl shows homology to GliM but its role in
biosynthesis is unknown and GIv7 as well as GIv13 likely
account for the two methoxy groups in gliovirin. Moreover, four
additional genes of the glv gene cluster encode proteins with
obscure function in gliovirin biosynthesis: GIv17 is a predicted

ChemBioChem 2022, 23, €202200341 (14 of 25)

aldo/keto reductase, Glv18 shares homology with permeases,
GIv20 is a domain of unknown function (DUF) 1857 family
member and GIv22 has been annotated as an ABC transporter
transmembrane region (Figure 6A)."*® Similar to the ara locus, a
gliK homologue is absent from the cluster.

The most intriguing structural feature of gliovirin is its
disulfide moiety linking the C, atom of one Phe residue to the
Cs atom of the second. According to the current mechanistic
proposal, GIv3 hydroxylates the C, atoms of both Phe residues
and subsequent rearrangements move one hydroxyl group to
the C; atom."* A spontaneous movement is unlikely, as other
ETPs are devoid of this irregular bridging. For instance,
acetylaranotin, that is also made of two L-Phe residues, features
a disulfide bridge connecting both C, atoms and no C,-Cg
linkages have been described (see also section 2.1.3.). On the
other hand, converting a symmetric substrate (either the naked
or the C,-bis-hydroxylated Phe-Phe-DKP) to an asymmetric one
by enzymatic action, appears unlikely. It might therefore be

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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conceivable that the sulfur migrates after disulfide bridge
formation in a manner similar to what has been observed for
aspirochlorine (see section 2.2.2.). In support of this assumption,
the glv gene cluster encodes a putative O-acyltransferase
(GIv15) and two thioredoxin reductases (Glv4 and Glv16). Glv15
might take over the function of AcIF in aspirochlorine biosyn-
thesis and install a transient acetylation. In agreement, an
acetylated variant of gliovirin has not been reported so far. The
two thioredoxin reductases (Glv4/Glv16) are potentially respon-
sible for oxidation of the thiols and sulfur migration, respec-
tively. Sequence analyses for either CXXC (typical of thiol
oxidases like GIiT, see section 2.1.1.2.) or CXXH motifs (hallmark
of AcIR involved in sulfur migration during aspirochlorine
biosynthesis;*” see section 2.2.2.) would help assign putative
functions to these gene products.

Nonetheless, mechanistic differences between gliovirin and
aspirochlorine biosynthesis are evident, because sulfur migra-
tion during aspirochlorine production is coupled to formation
of a spiro center (Figure 7B) — a feature that is absent from
gliovirin.

All in all, the gene cluster and a first mechanistic proposal
for the biosynthesis of gliovirin are available. Validation of the
proposed enzymatic functions and clarification of the order of
reaction steps still need to be addressed to gain insights into
how the irregular disulfide bridge is established.

2.2.2. Aspirochlorine

In 1969, antifungal and antiviral activities were identified in
extracts of Aspergillus oryzae and the putative substance was
termed oryzachlorine."* Seven years later, an antibacterial and
antifungal metabolite from Aspergillus tamarii was reported as
A30641.%% Furthermore, in the early 1980s, the compound
aspirochlorine, was isolated from the human pathogenic fungus
Aspergillus  flavus"® and the koji mold A. oryzae."®" This
compound was found to be identical to A30641 and considered
a component of the initially identified oryzachlorine."®"'*? The
fungizide activity of aspirochlorine has been attributed to
selective inhibition of fungal but not bacterial or mammalian
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Figure 7. Gene cluster and putative biosynthesis scheme for aspirochlorine production. (A) Schematic view of the aspirochlorine (acl) biosynthesis gene cluster
from A. oryzae."®' Genes are colored according to homology of their products to Gli proteins (see Figure 2A for comparison). (B) Reaction scheme for the
biosynthesis of aspirochlorine based on current knowledge. The reaction steps starting from AlcF are experimentally verified and take place in the given
order. In brief: Condensation of two L-Phe residues yields the 2,5-DKP skeleton, which is subsequently oxidatively modified and sulfurized. The enzymes
putatively involved in these reactions are listed. Next, after transfer of an acetyl group by AlcF, the flavoprotein AlcR shifts one sulfur atom and introduces the
spiro center. Two slightly different mechanisms have been discussed in literature for this reaction."*” Here, the His147-catalyzed production of a phenoxide
intermediate is shown, but direct conversion of prespiro-aspirochlorine to the thiirane without the help of His147 is conceivable as well."*” For details see
section 2.2.2.
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protein biosynthesis"® and notably aspirochlorine is also

effective against azole-resistant C. albicans.'® More recently,
cytotoxic activity against mammalian cell lines was noted as
well 6]

Although aspirochlorine has not been further investigated
for its biological activity, it can be assumed to be as toxic as
other ETPs simply due to its disulfide moiety. For this reason,
the prevalent use of A. oryzae in food technology is a potential
risk factor."®® A. oryzae is traditionally used in East Asia for
brewing and food fermentation, including the production of
soy sauce, miso and sake (rice wine),"*” and it has been shown
that aspirochlorine is produced under such conditions.!"®*

The structure and the biosynthesis of aspirochlorine are
exceptional among the hundreds of ETPs known to date.
Aspirochlorine is a halogenated spiro compound with an N-
methoxy amide linkage and, like in gliovirin, the disulfide bridge
extends outside the DKP core connecting a C, with a C; atom
(Figure 1)."*? The biosynthesis of this remarkable compound
however remained unexplored until recently. The structure of
aspirochlorine hinted at L-Phe and Gly as building blocks for the
DKP scaffold, but this hypothesis was disproved later. First, the
acl gene cluster responsible for aspirochlorine biosynthesis was
identified by genome mining and experimentally verified by
gene deletion experiments (Figure 7A).'® The gene cassette
encodes a transcriptional regulator (AclZ), three putative trans-
port proteins (AclA, AclQ and AclS) and the typical set of
enzymes expected for ETP production: the NRPS AcIP for DKP
formation; AclC (CYP450 enzyme) and AclG (glutathione-S-
transferase) for GSH addition; AclK (y-glutamyl-cyclotransferase),
Acl) (dipeptidase) and Acll (aminotransferase) for GSH garbling;
and AcID (thioredoxinreductase) for establishing the disulfide
linkage (Figure 7).01>7:16%)

Surprisingly, the NRPS AclP was predicted to contain only a
single A domain with specificity for Phe and notably the
signature sequence of the A domain was identical to that of
AtaP involved in acetylaranotin biosynthesis (see section 2.1.3.).
Further experiments supported L-Phe as the sole building block
of aspirochlorine and showed that one Phe residue is truncated
to Gly by an oxidative C—C cleavage and release of
benzaldehyde."® Follow-up work revealed that the CYP450
enzymes AclL and AclO install hydroxyl groups. By hydroxylat-
ing one of the nitrogen atoms of the DKP scaffold, AclO sets the
stage for subsequent methylation by AclU, leading to the
methoxy group in aspirochlorine. The resulting N-alkoxy amide
increases the electrophilicity of the adjacent carbonyl carbon
atom!"® and facilitates non-enzymatic retro-aldol cleavage of
the Phe side chain within the same amino acid (Figure 7B)."*”
The final step of aspirochlorine biosynthesis is accomplished by
AclH. The FAD-dependent halogenase chlorinates the mono-
phenyl precursor to yield the final natural product."® Notably,
the order of reaction steps is fix, as the enzymes AclL, AclO and
AclU favor substrates with two phenyl groups, while AclH
selects for monophenyl compounds."™ The retro-aldol-type
fragmentation during aspirochlorine biosynthesis leads to a so
far unobserved conversion of amino acids that is of significant
relevance for the biological activity of the final compound.
Compared to the monophenyl compounds aspirochlorine and

ChemBioChem 2022, 23, €202200341 (16 of 25)

its dechloro version, pathway intermediates with two phenyl
rings showed significantly reduced fungicide activity.'® While
dechloroaspirochlorine was initially reported to have substan-
tially less anti-fungal and cytotoxic effects than
aspirochlorine,"® the potency in a second study was only
moderately reduced."®”

After the late biosynthesis steps had been elucidated,
questions about the formation of the irregular seven-membered
disulfide ring of aspirochlorine were addressed. Revision of the
gene cluster annotation revealed a previously undetected gene
aclR whose product was predicted to share homology with
AcID, the equivalent of GIiT from gliotoxin biosynthesis. Yet, in
contrast to the CXXC motif typical of thioredoxin reductases,
AcIR was noted to feature an unusual CXXH signature.” A
AaclR knockout strain accumulated a previously unobserved
metabolite (prespiro-aspirochlorine) lacking the spiro center but
instead carrying two oxymethines with one being decorated by
an acetyl group that is absent from the final natural product.
Further analyses revealed that AclR is an FAD-dependent
enzyme that catalyzes the conversion of prespiro-aspirochlorine
to a spiroaminal intermediate,*” which was previously shown
to be a substrate for AcIL."® The crystal structure of AcIR and
mutagenesis data suggest that the unusual CXXH motif of AcIR
is necessary for efficient formation of the spiro center."”” Most
likely, under the release of acetate, Cys144 forms a mixed
disulfide with the substrate, leading to a thiirane. Subsequent
1,2 sulfamyl migration promoted by the lone pair of the
neighboring amide nitrogen is supposed to create the o,
sulfur linkage and the spiro-fused furan ring of aspirochlorine.
His147 might assist this reaction sequence (Figure 7B)."*"
Notably, AclR homologues are found in several orphan biosyn-
thesis gene clusters along with acetyltransferases, indicating
that spiro-ETPs may be more widespread than anticipated.*”
Similar to morphine™® and vinblastine biosynthesis,"”" the
acetyl group in prespiro-aspirochlorine (introduced by the
acetyltransferase AlcF) creates a better leaving group for the
subsequent AlcR-catalyzed reaction.”

Besides, two additional methyltransferases (AcIM and AcIN),
another thioredoxin reductase (AcIT), a dehydrogenase (AclE)
and an extra CYP450 enzyme (AclB) of yet unclear function for
aspirochlorine biosynthesis are encoded in the ac/ gene cassette
(Figure 7A). While AcIB might introduce hydroxyl groups in a
precursor molecule of prespiro-aspirochlorine, the need for
AcIM and AcIN in aspirochlorine biosynthesis is unclear.

2.2.3. Brief glimpse of epicoccins

Epicoccins denote a family of sulfurized DKPs from Epicoccum
nigrum of which some members are characterized by extraordi-
nary cross-ring sulfur bridges. Epicoccin C for example features
two such unusual disulfide linkages (Figure 1), while other
members of this class are characterized by either one disulfide
and one monosulfur bridge or one or two monosulfur bridges.
The biosynthesis of these extraordinary compounds has how-
ever not been studied yet."”?
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2.3. ETP double-decker structures

Dimeric ETPs have been isolated from several fungi, including
Verticillium, Chaetomium, Gliocladium and Penicillium species,
and associated with diverse biological activities. These structur-
ally exceptional, densely functionalized compounds act as
cytotoxins, anti-bacterial, anti-viral or immunosuppressive
agents and therefore represent attractive lead structures for
drug development. Notably, these dimeric ETPs are more
potent as antimicrobials compared to monomeric ETPs,"”® but
their low production levels as well as many congeners hamper
their careful examination.'*'" Until 2012, 25 such ETP double-
decker compounds were described"” and their number is
continuously growing. The monomer units of most of these
compounds are linked by a C—C (verticillins (see section 2.3.1.)
and chaetocin (see section 2.3.2.)) or a C—N bond (chetomin;
see section 2.3.3.) (Figure 1).

2.3.1. Verticillins
Since the discovery of verticillin A7 several congeners of this
ETP-dimer have been identified."”” Verticillins are octacyclic
compounds and their two tetracyclic ETP monomers are linked
by a C—C bond connecting two quaternary carbon atoms. They
are cytotoxic against various cancer cell lines"’*"” and inhibit
NF-kB dependent pathways.'” In particular verticillin A, an ETP
likely made of L-Trp and L-Ala, shows antimicrobial activity
against Gram-positive bacteria and has been reported as a
histone methyltransferase inhibitor."”® More recently, verticillin
A has been proposed as a stimulus for fungal conidiation and a
signaling molecule for morphological differentiation of fungi.™*

After all attempts to identify the verticillin A biosynthesis
gene cluster in Verticillium sp. - the genus from which the
isolation of verticillin A was reported first"’® — had failed, it was
proposed that Verticillium sp. likely do not produce verticillin A.
Probably, verticillin A was isolated from a sample containing
Verticillium sp. contaminated with a morphologically similar
mycoparasite such as Clonostachys rosea.!”

In agreement, in 2017, the ver gene cluster encoding the
enzymatic machinery for verticillin production in Clonostachys

ver gene cluster

rogersoniana - a parasitic fungus related to C rosea - was
published." For 12 out of the 13 genes, a role in verticillin A
formation could be proven by single-gene deletions (Fig-
ure 8).'3"7¥ The cluster encodes the complete enzyme set
required for ETP formation and secretion (NRPS, CYP450, GST, -
glutamyl-cyclotransferase, dipeptidase, C—S bond lyase, thiore-
doxin reductase and transporter). Notably, the thioredoxin
reductase VerT has been implied in self-resistance to verticillin
A similar as GIiT from A. fumigatus."* Characterization of the
zinc finger transcription factor VerZ showed that its expression
positively correlates with the production of verticillin and direct
interaction of recombinant VerZ with upstream regions of
various ver genes (verA, verT-verL, verM, verN-verl, verC-verP,
verK, verG, verZ and verB) was confirmed.'”¥ Further analysis
revealed the consensus motif (T/C)(C/A)(G/T)GN;CC(G/T)(A/G)(G/
Q), which is similar to the corresponding motif predicted for
SirZ (TCGGN,CCGA)."™® Notably, the verJ gene lacks the binding
motif for VerZ and consistently, VerZ does not interact with the
promoter region of ver)."’¥

To date, the biosynthesis of verticillin A has not been
studied in detail. Yet, in an attempt to create fluorinated
verticillin A derivatives, feeding experiments with 5-F-D/L-Trp
validated L-Trp as a building block."® Considering the homol-
ogy of many ver genes to their counterparts from the gliotoxin
biosynthesis gene cluster, the formation of verticillin A may
proceed similarly as for gliotoxin, but experimental evidence is
missing and requires further investigations. Interesting about
verticillin A and other double-decker ETPs is their inverted
stereochemistry of the 2,5-DKP side chains and how and when
during biosynthesis the dimer-scaffold is installed. A putative,
general reaction mechanism for dimer formation en route to
double-decker structures is discussed in section 2.3.4. and
shown in Figure 11.

2.3.2. Chaetocin

Chaetocin is structurally highly similar to verticillin A and was
first isolated from the fungus Chaetomium minutum."®" It has
been reported as the first selective inhibitor of lysine-specific
histone methyltransferase SU(VAR)3-9,"®? but follow-up studies

gene deduced gene product gene deduced gene product

verA ABC transporter verP non-ribosomal peptide synthetase
verT thioredoxin reductase verK y-glutamyl-cyclotransferase

verL cytochrome P450 monooxygenase verd dipeptidase

verM O-methyltransferase verG glutathione-S-transferase

verN methyltransferase verZ zinc finger transcription factor
verl C-S bond lyase verB hypothetical protein

verC cytochrome P450 monooxygenase

verticillin A

Figure 8. Schematic illustration of the verticillin A (ver) biosynthesis gene cluster from C. rogersoniana. The reaction steps for the biosynthesis of verticillin A
have not been reported yet. However, the gene cluster encodes the basic enzyme set for 2,5-DKP formation (VerP), GSH addition (CYP450 monooxygenase
and VerG) and truncation (VerK, VerJ, Verl) as well as thiol oxidation (VerT) along with a transporter (VerA) and a regulator (VerZ)."** Color coding is according

to Figure 2A. See also section 2.3.1.
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were rather supportive of a non-specific inhibition of SU(VAR)3-
9 by the reactive disulfide moieties of chaetocin.®*” In agree-
ment, chaetocin has been shown to target a variety of
proteins®®’“'®! and exerts broad anti-tumor activity in vitro and
in vivo."'“"® Based on the genome sequence of Chaetomium
virescens, the chaetocin biosynthesis gene cluster was predicted
(Figure 9)."*® Experimental exploration of the biosynthesis steps
however is precluded by the lack of a genetic manipulation
system for C. virescens."**'* The biosynthesis of chaetocin is
supposed to start from L-Trp and L-Ser and to proceed as for
gliotoxin, involving the corresponding enzymes ChaP, ChaC,
ChaG, ChaK, Chal, Chal, ChaT and ChaN."*® Pyrroloindole
formation is proposed to be catalyzed by the CYP450 enzyme
ChaB, a homologue of SirB. In addition, ChaZ is supposed to
control expression of the cha gene cluster and ChaA likely acts
as an ABC efflux system for chaetocin. Besides, ChaM is a
putative methyltransferase but could not yet be assigned a
specific function in chaetocin biosynthesis.

Notably, the cha gene cluster encodes a third CYP450
enzyme, ChakE, that lacks any homologue in the sir and gli gene
cassettes and is therefore assumed to create the double-decker
structure."* Specifically, ChaE has been proposed to install the
C—C bond connecting the two tetrasubstituted (3-carbon atoms
of the pyrroloindole rings via a radical mechanism™® similar to
biaryl coupling in himastatin (for details on dimerization of ETPs
see section 2.3.4.)."% Yet, failure to heterologously produce
ChaE for invitro studies prevented further investigations so
far.l3¢

2.3.3. Chetomin

Chetomin has been isolated as a metabolite of Chaetomium
cochliodes in 1944,"% but its unusual structure has been
unraveled only in 1976."” Each monomer of the dimeric ETP is
likely formed of L-Trp and L-Ser. In contrast to verticillin A and
chaetocin, the monomers of chetomin are linked by a bond
between the B-pyrrolidinoindoline carbon and the indole nitro-
gen. Chetomin acts as an anti-cancer agent"® by blocking the
interaction of Hifla and p300.%Y Furthermore, it is a potent
antibiotic compound and targets methicillin-resistant Staph-

cha gene cluster

ylococcus  aureus (MRSA) with higher potency than
vancomycin."® Chetomin is also produced by Chaetomium
globosum,"™” a species that can infect human skin and nails and
ultimately lead to systemic lethal mycoses in immunocompro-
mised patients."*"

Recently, the chetomin biosynthesis gene cluster has been
identified in C. cochliodes SD-280."®" It comprises 18 genes, nine
of which with enigmatic function in chetomin production. The
predicted enzymes CheP, CheG, CheK, CheJ, CheN and CheT
likely fulfill similar functions as their homologues from gliotoxin
biosynthesis (Figure 10A). Moreover, cheA encodes a putative
ABC transporter. CheB and CheC are CYP450 enzymes, one of
which may initiate sulfur incorporation similar to GliC, while the
other is supposed to create the C—N linkage and the double-
decker structure (for details on dimerization of ETPs see section
23.4.). Until now, chetomin biosynthesis has not been
analyzed experimentally, but two different putative reaction
schemes were proposed based on gliotoxin biosynthesis.#%1%2
The most recent is show in Figure 10B."® Future studies might
concentrate on verifying the individual reaction steps and
enzymes.

2.3.4. Dimerization of ETPs

So far, the dimerization of ETPs has not been studied, but
recent work on (mostly bacterial) DKP dimerases might also
provide insights into the coupling of ETPs. Known DKP
dimerases are CYP450 enzymes that connect Trp-containing
2,5-DKP monomers via C—C and C—N bonds similar to verticillin
A, chaetocin and chetomin (Figure 1).""¥ According to the
current mechanistic proposal a radical is generated at the N1
atom of the Trp side chain of a DKP monomer that
subsequently moves to the C3 position, allowing for an intra-
molecular cyclization (Mannich reaction) to create a pyrroloin-
doline C3 radical. Radical addition to a second DKP monomer
would finally yield a C—C linked dimeric scaffold (Fig-
ure 11A)."%®! Reaction of a N1 radical with another DKP
monomer is thought to create the intermolecular C—N bond
(Figure 11B).""®  These radical cascades are currently
favored"®*<® over potential other mechanisms (i.e. cationic

gene deduced gene product gene deduced gene product

chaM methyltransferase chaJ dipeptidase

chaE cytochrome P450 monooxygenase chaK y-glutamyl-cyclotransferase

chaT thioredoxin reductase chaP non-ribosomal peptide synthetase
chaZ zinc finger transcription factor chaC cytochrome P450 monooxygenase
chaB cytochrome P450 monooxygenase chal C-S bond lyase

chaA ABC transporter chaN methyltransferase

chaG glutathione-S-transferase

chaetocin

Figure 9. Schematic illustration of the chaetocin (cha) biosynthesis gene cluster from C. virescens. So far, the biosynthesis of chaetocin has not been
investigated, but the cha gene cluster contains the ‘common ETP moiety’ genes supposed to be required for 2,5-DKP formation (CaP), sulfur addition (ChaC
and ChaG), uncovering (ChaK, ChaJ, and Chal) and oxidation (ChaT) as well as toxin export (ChaA) and transcriptional regulation (ChaZ)."* Color coding is

according to Figure 2A. For details see section 2.3.2.
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mechanism for C—C bond formation"*? or dimerization of two
radicals as proposed for the enzymes DtpC'*%*¥ and
HmtS),"®" but further studies are required to clarify whether
fungal enzymes make use of similar or other reaction mecha-
nisms.

Moreover, bacterial DKP dimerases display fairly relaxed
substrate- and stereo-specificity,"***? while for fungal double-
decker ETPs no stereoisomers have been described. The
chemical structure of chetomin for example reminds in part of
tetratryptomycin B whose C—N linkage is installed by the
bacterial DKP dimerase TtpB1.'®*® Although TtpB1 catalyzes
predominantly C—N couplings, C—C dimers similar to verticillin
A and chaetocin are produced to a minor extent as well.'* |t
therefore remains to be investigated, whether fungal dimerases
are more selective in terms of substrate choice and product
distribution or whether side products of chetomin and other
double-decker ETPs exist but have not been identified yet.
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3. Final Considerations

ETPs are an ever-growing class of fungal secondary metabolites,
but often several structurally related compounds are reported.
Although many of those congeners may be shunt metabolites
or isolation artefacts and do not serve a biological function,
some of them act as regulatory molecules as shown for the
bis(methylthio)-derivative of gliotoxin.”® Identification of ETP
biosynthesis gene clusters and analysis of the enzymatic
production of ETPs will help to distinguish relevant metabolites
from irrelevant ones. This strategy however is hampered by the
scarcity and instability of pathway intermediates as well as
orphan enzymes that are recruited from outside the ETP
biosynthesis gene cluster for tailoring reactions. The enzyme
TmtA for example, encoded outside the gli gene cluster, was
identified to account for the production of bis(methylthio)-
gliotoxin.’*478

Albeit genome mining approaches significantly boostered
ETP research during the last two decades, ETP production
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Figure 11. Putative reaction mechanisms for the dimerization of ETPs via (A) C—C and (B) C—N linkages. Reactions are assumed to be catalyzed by the iron-
loaded heme cofactor of CYP450 enzymes and exemplary shown for chaetocin. Similar reaction mechanisms have been proposed for the dimerization of DKPs

in bacteria."7*'**<?! Corresponding fungal enzymes have not yet been analyzed.

cannot be simply predicted bioinformatically. A gene cassette
from Claviceps purpurea for example encodes all components
required for the production of thioclapurines, but the CYP450
enzyme TcpC has altered substrate specificity leading to
unusual hydroxylation and sulfurization patterns. As a result,
shunt metabolites with nitrogen-sulfur bonds are formed
instead of disulfide-linked ETPs.!"*

Moreover, to successfully study ETPs and their biosynthesis
intermediates, extraction settings have to be carefully chosen to
avoid artificial transformations. Under alkaline conditions for
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example, conversion of pretrichodermamide A to trichoderma-
mide A and Sg was observed, suggesting that trichodermamide
A is an isolation artefact." Also the unique structure of the
dimeric ETPs vertihemiptellide A and B, identified in the insect
pathogen Verticillium hemipterigenum BCC 1449 and linked via
two disulfide bonds, needs further investigations to exclude
artificial dimerization of two hyalodendrin units.!"”

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemBioChem doi.org/10.1002/cbic.202200341

4. Summary and Outlook

ETPs are a structurally diverse class of fungal natural products
that share at least one aromatic amino acid and a reactive
sulfide moiety as a hallmark. Due to non-selective thiol-disulfide
exchange reactions with proteins, ETPs display a myriad of
bioactivities and have numerous intracellular targets. Thus, by
virtue of their chemical structure, that is inevitably linked to
random action, ETPs are unlikely to find application as drugs.
Yet, ETPs certainly contribute to fungal virulence as well as
pathogenicity and their biosynthesis pathways may be consid-
ered as potential targets of fungicides in the future. Further-
more, ETPs produced during fermentation processes are of
serious concern for food safety. Therefore, understanding the
biosynthesis of ETPs, their regulation and identifying potential
ways to interfere with or engineer their production might open
up both industrial and medical applications. In this regard, it is
worth mentioning that all ETP biosynthesis pathways known to
date use the same set of enzymes (NRPS, CYP450, GST,
dipeptidase, lyases and oxidoreductase) to construct their
sulfurized scaffold and only few tailoring enzymes are respon-
sible for diversifying the framework and creating a specific ETP.

During the last decade much progress has been made in
elucidating and studying ETP biosynthesis gene clusters and
production, but there are still many knowledge gaps to be
closed in the future. i) First, many gene clusters encode more
proteins than one would expect to be required for the
biosynthesis of the corresponding ETP. It will be interesting to
analyze whether the encoded proteins really play a functional
or regulatory role for ETP production. Examples from gliotoxin
biosynthesis are GliH and the putative O-methyltransferase
GliM, but proteins of unknown function are encoded in all ETP
biosynthesis gene clusters known to date. For instance, an O-
methyltransferase is also encoded in the ata gene cluster,
although acetylaranotin production should not require an O-
methyltransferase - at least according to our current knowledge
of ETP biosynthesis. In this regard, it is interesting to note that
some ETP biosynthesis gene clusters encode several transport
proteins of different type, the function of which in general and
in ETP export is completely unknown. ii) Second, it is unclear
whether C,~Cg bridged ETPs share a common biosynthetic
principle. Specifically, it would be interesting to know whether
gliovirin biosynthesis makes use of a similar mechanism for
sulfur migration as aspirochlorine. Furthermore, the enzymatic
reactions giving rise to epicoccin C are still elusive. iii) Last but
not least, basically nothing is known about the biosynthesis of
double-decker ETPs. Compared to monomeric ETPs, the stereo-
chemistry at the C, atoms of the DKP rings of ETP dimers
appears to be inverted during biosynthesis (Figure 1 and
Figure 10B). It might therefore be worth analyzing GSTs from
double-decker ETP biosynthesis gene clusters, whether their
mechanisms of action allow for stereochemistry inversion.
Additional interesting aspects to study include timing of the
pairing reaction during ETP biosynthesis and reaction mecha-
nism as well as linkage and substrate selectivity of the
dimerization enzymes. DKP dimerases have already been used
to engineer diverse non-natural DKP dimers"®*? and ETP
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pairing enzymes might offer similar opportunities for sulfurized
DKPs. Enzyme engineering, semisynthetic approaches"® and
feeding of non-natural precursors™ increase the chemical
space of ETPs and enrich our understanding of enzyme
reactions and biosynthetic principles. Scientific studies on these
and other aspects of ETPs will carry on the long history of
natural sulfur product research.
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