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Very Important Paper

N-Heterocyclization in Gliotoxin Biosynthesis is Catalyzed
by a Distinct Cytochrome P450 Monooxygenase
Daniel H. Scharf,*[a, b, c] Pranatchareeya Chankhamjon,[d] Kirstin Scherlach,[d] Jan Dworschak,[d]

Thorsten Heinekamp,[a] Martin Roth,[e] Axel A. Brakhage,[a, f] and Christian Hertweck*[d, f]

Gliotoxin and related epidithiodiketopiperazines (ETP) from
diverse fungi feature highly functionalized hydroindole scaffolds
with an array of medicinally and ecologically relevant activities.
Mutation analysis, heterologous reconstitution, and biotransfor-
mation experiments revealed that a cytochrome P450 mono-
oxygenase (GliF) from the human-pathogenic fungus Aspergillus
fumigatus plays a key role in the formation of the complex
heterocycle. In vitro assays using a biosynthetic precursor from
a blocked mutant showed that GliF is specific to ETPs and
catalyzes an unprecedented heterocyclization reaction that
cannot be emulated with current synthetic methods. In silico
analyses indicate that this rare biotransformation takes place in
related ETP biosynthetic pathways.

Medium-sized nitrogen heterocycles are important components
in biologically active molecules, and often these moieties are
integrated into polycyclic frameworks of alkaloids. A highly
substituted dihydroindole-derived scaffold is a hallmark of the
important epidithiodiketopiperazines (ETP) family of natural
products.[1] The ETP prototype, gliotoxin (1, Figure 1A), has been

implicated as a virulence factor of the infamous human-
pathogenic fungus Aspergillus fumigatus and is considered as a
pro-apoptotic agent.[2] Other relevant examples are the hista-
mine-release inhibitor emethallicin E (2),[3] the antibiotic epicor-
azine A (3),[4] the cytotoxic rostratin A (4),[5] the antiviral agent
aranotin (5),[6] and the phytotoxin sirodesmin PL (6),[7] which are
produced by fungi occurring in highly diverse niches. Because
of their eminent roles in ecology and medicine, ETPs like 1–6
have been in the focus of many total synthesis programs.[1b,8]

The stereoselective synthesis of their hydroindole scaffolds with
tertiary or even quaternary stereocenters, however, poses a
particular challenge.[9] Thus, it would be intriguing to gain
insight into the natural route towards this complex heterocyclic
system.

The gliotoxin biosynthetic pathway has proven to be an
excellent model for functional analyses that shed light on many
aspects of the biological synthesis of ETPs. Genetic and
biochemical investigations have shown that the 2,5-diketopi-
perazine (DKP) core of 1 is assembled by a non-ribosomal
peptide synthetase,[10] and modified by an N-meth-

[a] D. H. Scharf, T. Heinekamp, Prof. A. A. Brakhage
Department of Molecular and Applied Microbiology
Leibniz Institute for Natural Product Research and Infection Biology (HKI)
Beutenbergstrasse 11a, 07745 Jena (Germany)

[b] D. H. Scharf
Department of Microbiology, Zhejiang University School of Medicine
Yuhangtang Road 866, Hangzhou 310058 (P. R. China)
E-mail: dhscharf@zju.edu.cn

[c] D. H. Scharf
The Children’s Hospital, Zhejiang University School of Medicine
National Clinical Research Center for Child Health
Binsheng Road 3333, Hangzhou 310052 (P. R. China)

[d] P. Chankhamjon, Dr. K. Scherlach, J. Dworschak, Prof. Dr. C. Hertweck
Department of Biomolecular Chemistry
Leibniz Institute for Natural Product Research and Infection Biology (HKI)
Beutenbergstrasse 11a, 07745 Jena (Germany)
E-mail: christian.hertweck@leibniz-hki.de

[e] M. Roth
Bio Pilot Plant
Leibniz Institute for Natural Product Research and Infection Biology (HKI)
Beutenbergstrasse 11a, 07745 Jena (Germany)

[f] Prof. A. A. Brakhage, Prof. Dr. C. Hertweck
Faculty of Biological Sciences, Friedrich Schiller University Jena
07743 Jena (Germany)
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/cbic.202000550

© 2020 The Authors. Published by Wiley-VCH GmbH. This is an open access
article under the terms of the Creative Commons Attribution Non-Com-
mercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for
commercial purposes.

Figure 1. A) Structures of selected ETP toxins (1–6) bearing fused pyrrolidine
rings. B) Retro-biosynthetic analysis: aryl epoxidation could set the stage for
N-heterocyclizations (top route, for 1–5, bottom route, for 6).
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yltransferase.[11] The pharmacophoric disulfide bridge is intro-
duced by hydroxylation,[12] glutathione transfer,[13] sequential
side-chain cleavage,[14] and oxidation.[15] Up until now, however,
how the central hydroindole ring is formed has remained an
enigma. Here we report that a single cytochrome monooxyge-
nase, GliF, is essential and sufficient for an unprecedented
heterocyclization to generate the ETP tetrahydroindole frame-
work. We also show that homologues of this enzyme are
widespread in fungi producing ETPs with related ring-fused
pyrrolidine scaffolds.

Considering the constitution and hydroxyl substitution of
the phenyl-derived cyclohexadiene residues, a retro-biosyn-
thetic analysis suggests that a formal aryl epoxidation could set
the stage for the N-heterocyclization (Figure 1B).[1] Depending
on the precise position of the intermediary oxirane the
cyclization would either lead to a 7-hydroxy-2,3,7,7a-tetrahy-
droindole ring (gliotoxin type) or to a regioisomer that has
been proposed as a plausible intermediate in the sirodesmin
biosynthetic pathway.[7]

To identify candidates for the proposed phenyl oxygen-
ation, we first compared the biosynthesis gene clusters for
diverse ETP biosynthetic pathways. A phylogenetic analysis
revealed that the encoded cytochrome P450 monooxygenases
fall into three clades, the GliC group, which is shared by all
pathways, AtaY from aranotin biosynthesis, and the GliF group,
which is restricted to the pathways leading to gliotoxin (1),
aranotin (5), and sirodesmin (6). The latter, which is more
distantly related, features a similar, yet contracted, pyrrolidine
ring system.[1b,7] GliC has been shown to catalyze DKP bis-
hydroxylation to initiate C� S bond formation, which is con-
served in all ETP biosynthetic pathways, while AtaY is implicated
in the formation of the oxacycloheptadiene ring of aranotin,[16]

as the corresponding gene is exclusively found in the ara gene
locus. Clade I comprises CYPs from fungi producing ETPs with
pyrrolidine heterocycles. Thus, GliF and its homologues were
considered as best candidates for enzymes catalyzing the
heterocyclization.

To elucidate the role of GliF in gliotoxin biosynthesis, we
created a gliF deletion strain by homologous recombination.
The identity of the mutant was confirmed by Southern blot
(Figure 2C). HPLC-MS monitoring of the ΔgliF mutant culture
(3 L) showed that gliotoxin biosynthesis was completely
abolished. In lieu of the pyrrolidine-containing product, we
observed the accumulation of a new compound (7) in low
amount with m/z 295.0217 ([M� H]� ; Figure 2D). From ESI-HRMS
data, we deduced a molecular formula of C12H11N2O3S2 for 7. To
obtain sufficient amounts of 7 for a full structure elucidation we
scaled up the fermentation. From the extracts of a total of 120 L
mutant culture broth, we isolated 5.78 mg of pure 7 by size-
exclusion and silica gel chromatography, and repeated prepara-
tive HPLC. 1D and 2D NMR data of compound 7 indicated the
presence of the diketopiperazine core found in gliotoxin
precursors. In addition, the chemical shifts of 72.5 and 73.3 ppm
for C-3 and C-6, respectively, indicated that two quaternary
carbons are adjacent to heteroatoms as in the ETP scaffold. The
diketopiperazine substitution pattern was inferred from HMBC
couplings of H-8 to C-6 and H-7 to C-3, which was confirmed by

the H,H correlation (H,H COSY) of the hydroxy proton at C-7 to
H-7, and the typical COSY and HMBC correlations of the benzyl
moiety (Figure S1 and Table S1 in the Supporting Information).
Thus, NMR and HRMS data fully support the proposed structure
of 7 (Figure 2E).

Disulfide 7 from the ΔgliF mutant extract represents a
plausible intermediate of gliotoxin biosynthesis. To test this
model, we established an in vitro assay with GliF. We first
attempted to obtain recombinant protein from Escherichia coli,
yet the heterologous expression of gliF in this host only yielded
inactive protein. An in silico analysis of the GliF amino acid
sequence suggested that the hydrophobic N terminus of GliF
causes the protein to be membrane-associated. To address this
issue, we overproduced GliF in yeast. In addition to providing
the heterologously produced enzyme in microsomes this host
has the added benefit to also provide the native yeast CYP450
reductase that is vital for CYP450 reaction cycle.[17] With the
biosynthetic intermediate and the working biocatalyst at hand,
we performed the in vitro assay. Specifically, disulfide 7 was
incubated with microsomal fraction with GliF and without GliF
(negative control), and the reaction was monitored by LC/MS.

Figure 2. Molecular basis of pyrrolidine formation in ETP pathways. A)
Phylogenetic analysis of cytochrome P450 monooxygenases encoded in ETP
biosynthesis gene clusters, and structures of the corresponding natural
products. Clade I: GliF-like enzymes; clade II: GliC-like enzymes, and AtaY
from Aspergillus terreus. B) Organization of the gliotoxin (gli) biosynthesis
gene cluster. C) Southern blot analysis of gDNA of wild type (WT) and ~gliF
mutant. D) Metabolic profiles (extracted ion chromatograms) of wild type
(WT) and ~gliF mutant. E) Structure of compound 7, and key HMBC (curved
arrows) and COSY (bold lines) correlations.
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Whereas no biotransformation of 7 could be detected without
GliF (Figure 3), we observed that active GliF readily converted 7
into three compounds, 10, 11 and 12, with m/z 311 [M� H]� , m/
z 342 [M� H]� and m/z 374 [M� H]� , respectively (Figure 3).

The identity of 10 as desmethylgliotoxin was verified by
comparison with an authentic reference obtained from a ΔgliN
(N-methyltransferase) mutant.[11] The mass spectra with Δm/z of
32 and 64 compared to 10 as well as isotope and fragmentation
patterns of 11 and 12 (Figure S3) indicated that the congeners
represent the tri- and tetrasulfide homologues of 10, N-
desmethylgliotoxin E (11) and G (12), respectively. As side
products, we detected the tri- and tetrasulfide derivatives 11
and 12, which were identified by comparison of retention time
and MSn fragmentation pattern of reference compounds. The
tri- and tetrasulfides (8 and 9, 11 and 12) result from the
disproportionation of the corresponding disulfides (7 and 10),
which is promoted by aerobic conditions and light (Supporting
Information).[18] Previous studies suggested that the epoxidation
of the phenyl ring is the prerequisite for the ring-closure
reaction. This model is supported by the observation of spiro
compounds in gliotoxin,[19] acetylaranotin,[16] and peniciadameti-
zine A[20] biosynthesis, and an epoxidated phenyl ring in
gliovirin pathway.[21]

These compounds are likely derived from epoxide inter-
mediates. Although the epoxidation reaction is plausible, it is
also conceivable that the reaction is initiated through radical
formation at the amide nitrogen, followed by heterocyclization
and quenching of the radical by water (Figure 4B).

The pyrrolidine ring is a common motif in many biologically
active natural products from bacterial, fungal or plant origins.
Typically, the five-membered N-heterocycles originate from
cyclodehydration of amines, as in the well-studied nicotine and
tropane biosynthetic pathways.[22] Mechanistically related trans-
formations have been elucidated in bacterial natural product
formation,[23] and variations of this theme, in part involving
methylation or prenylation, lead to fungal pyrroloindole ring
systems.[24] Several oxidative processes towards pyrrolidine-
containing ring systems have been reported, involving an α-

ketoglutarate-dependent enzyme,[25] a monoamine oxidase,[26] a
flavoenzyme,[27] and a cytochrome P450 monooxygenase.[28] Yet,
the pathway to the pyrrolidine ring of the ETP hydroindole
scaffold differs from all previously reported routes as it involves
a cytochrome P450 monooxygenase GliF that promotes a
dearomatization-heterocyclization sequence. This unusual trans-
formation is an addition to the growing number of known
enzyme-catalyzed cascade reactions.[29] The enzyme phylogeny
indicates that similar biotransformations take place in related
ETP biosynthetic pathways. From a translational point of view,
GliF and its orthologues could be harnessed for pathway
engineering and biotransformations in organic synthesis.
Elucidation of these heterocycle-forming enzymes is also
relevant as they are involved in the biosynthesis of virulence
factors and toxins that play roles in medicine and ecology.
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