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ABSTRACT: The significant structural diversity and potent bioactivity of the fungal indole diterpenes (IDTs) has attracted
considerable interest in their biosynthesis. Although substantial skeletal diversity is generated by the action of noncanonical terpene
cyclases, comparatively little is known about these enzymes, particularly those involved in the generation of the subgroup containing
emindole SA and DA, which show alternate terpenoid skeletons. Here, we describe the IDT biosynthetic machinery generating these
unusual IDT architectures from Aspergillus striatus and Aspergillus desertorum. The function of four putative cyclases was interrogated
via heterologous expression. Two specific cyclases were identified that catalyze the formation of epimers emindole SA and DA from
A. striatus and A. desertorum, respectively. These cyclases are both clustered along with all the elements required for basic IDT
biosynthesis yet catalyze an unusual Markovnikov-like cyclization cascade with alternate stereochemical control. Their identification
reveals that these alternate architectures are not generated by mechanistically sloppy or promiscuous enzymes, but by cyclases
capable of delivering precise regio- and stereospecificities.

he ability of organisms to produce structurally diverse give emindole SB (4). PaxM can also perform a second
molecules from a small pool of starting metabolites has epoxidation, acting on the C-14 alkene, to facilitate formation
long inspired study."”” For compounds that have the same of a tetrahydropyran (THP) ring and production of the core
biosynthetic origin, variation arises from the action of diversity- IDT paspaline (5) The two epoxidations performed by PaxM
generating enzymes.” These enzymes play an important role in are common to all IdtMs characterized to date, apart from
secondary metabolism, where structural diversity and asso- NodM, which can only act on the C-10 alkene of 2 and leads

ciated differential bioactivities may confer survival advantages
to an organism in its ecological niche.*

The indole diterpenes (IDTs) are a large class of secondary
metabolites that are produced by filamentous fungi.” IDTs are
notable for their potent bioactivities, including fungicidal,5
anticancer,” insecticidal,’ tremorgenic,8 and antiviral’ proper-
ties. The potential utility of these compounds and their
exquisite structural complexity has led to considerable interest

to production of nodulisporic acids (Figure 1)."° 1dtMs that
epoxidize only the C-14 alkene are implied from retro-
biosynthetic analyses of the radarins'”'® and petromindole'®"’
but have not yet been identified (Figure 1B).

In contrast to the canonical Type I and Type II cyclases that
catalyze most terpenoid cyclizations,”® the IdtBs are unusual
transmembrane proteins.”">* These enzymes generate a wide

in their biosynthesis.'®""> Knowledge of the biosynthesis of range of architectures that form the basis for structural
these compounds can enable the production of otherwise diversity among IDTs. All characterized IdtBs initiate
inaccessible IDT's and the engineering of novel derivatives with cyclization by catalyzing attack of C-11 by the C-6 alkene of
enhanced bioactivities. 3 to form the tertiary carbocation 6. In paxilline biosynthesis,

In all IDT biosynthetic pathways, generation of the first PaxB then facilitates apparent anti-Markovnikov attack of 6 by
stable cyclized IDT is achieved by four enzyme-catalyzed steps the C-2 alkene. Although this addition gives secondary

which were originally established in the biosynthesis of carbocation 7, it is expected that this addition is concerted
paxilline (1) (Figure 1A)."""* The first step is formation of with subsequent migration of C-4 from C-3 to C-2 (to avoid
geranylgeranyl pyrophosphate (GGPP). The indole moiety is the unstable secondary carbocation)* and indole addition to
then introduced by an indole prenyltransferase (IdtC) to afford generate emindole SB (4).'%19>® Most characterized IdtBs

3'-geranylgeranylindole (3'-GGI, 2). Next, 3’-GGI (2) is
epoxidized by an FAD-dependent monooxygenase (IdtM) and
subsequently cyclized by an indole diterpene cyclase (IdtB) to
furnish a stable core IDT skeleton.

The structure of this IDT skeleton is determined by the
specific function of the IdtM and IdtB enzymes present in the
pathway. For paxilline (1) biosynthesis, PaxM (Penicillium
paxilli’s 1dtM) acts on the C-10 alkene of 3'-GGI (2) to
generate 10,11-epoxy-3'-GGI (3), which is cyclized by PaxB to

catalyze this same mechanistic trajectory to give IDT families
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A. PAXILLINE BIOSYNTHESIS
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Figure 1. Biosynthesis of IDTs. IPP: isopentenyl pyrophosphate, FPP: farnesyl pyrophosphate. (A) Paxilline biosynthesis. (B) Implied biosynthesis
of radarins and petromindole. (C) IDTs produced by via alternate arrangement of 6.’ (D) IDTs derived from Markovnikov addition to C-2 alkene

of 6. (E) IDT families branching from paxilline.

such as the nodulisporic acids,">'® penitrems* lolitrems,*
janthitrems,26 and shearinines (Figure 1).102¢

More recently, Tang et al. characterized three new IdtBs that
deliver non-emindole SB skeletons.”” One, which was IDT-
cluster-encoded, demonstrated catalytic promiscuity, generat-
ing both emindole SB (4) and an emindole PA-precursor
through an alternate cyclization cascade via an anti-
Markovnikov route from carbocation 6 (Figure S1).*” The
other two IDT cyclases were not cluster-encoded and catalyzed
alternative rearrangements of carbocation 6 (Figure 1A, 1C).>
Again, these enzymes were remarkable in their mechanistic
promiscuity, generating aflavinine (8), anominine (9), and two
other congeners.

IDT architectures that imply a cyclization cascade with
Markovnikov addition to the C-2 alkene of 6 have been
reported, and include emindole SA (10),”® emindole DA
(11),” emindole DB (12),”° and thiersindole C (13)*
(Figure 1D). However, 1dtBs that deliver these IDTs with
unusual connectivity have not yet been discovered.

To identify the first examples of indole diterpene cyclases
that deliver this unique uncharacterized chemistry we
investigated IDT biosynthesis in Aspergillus striatus and
Aspergillus desertorum. A. striatus is reported to produce
emindole SA (10), paxilline (15), and 1’-O-acetylpaxilline
(16),”" whereas A. desertorum produces emindole DA (11),
emindole DB (12), and 15.”°

To determine the relevant genetic landscapes, whole
genome sequencing of A. striatus was carried out for strain
NHL 80-NE-22 (ATCC 64988), whereas the genome
sequence of A. desertorum CBS 653.73 was accessed from the
JGI Genome Portal.”*® Surprisingly, two putative IDT
biosynthetic gene clusters were identified in the genome of
A. striatus (Figure 2). The first cluster, ESTI, contains only
four predicted genes encoding proteins that were homologous
to the four core PAX-encoded enzymes required for paspaline
(5) biosynthesis. The second cluster, EST2, contains eight
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Figure 2. Comparison of IDT clusters identified in A. striatus and A.
desertorum with P. paxilli. Note: identity below 30% is not shown.
This figure was generated using Clinker and clustermap.js version
0.0.25.7.* Accession numbers are provided in the Supporting
Information. Note paxD and paxO are involved in post-paxilline
modifications, which are inefficient in wild-type P. 1011961'111'.3’5

open-reading frames (ORFs), all of which were homologous to
PAX cluster genes except for estV2 whose protein product
displayed 50.2% sequence identity to PtmV, an acetyltransfer-
ase involved in penitrem biosynthesis.”’ The EST2 cluster also
differs from the PAX cluster in the absence of paxD and paxO
homologues, and estQ2 is nested between estM2 and estA2. An
additional idtB, termed estB3, that is not flanked by other IDT
biosynthetic genes, was also identified.

Interrogation of the genome of A. desertorum revealed a
cluster of five ORFs (DES cluster), including four predicted to
encode proteins that deliver a cyclized IDT core (desG, desC,
desM, and desB). Although A. desertorum reportedly produces
paxilline (1) as a minor metabolite,” homologous ORFs of
paxP or paxQ, that are required for the biosynthesis of 1,"**%*°
were not identified.

To determine the function of EST and DES cluster genes a
heterologous reconstruction approach was taken, using P.
paxilli strains, deleted for specific paxilline biosynthetic
genes.”> DES or EST cluster genes were assembled into

https://doi.org/10.1021/jacs.2c11170
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plasmids using the Modular Idempotent DNA Assembly
System (MIDAS)”” along with PAX cluster promoter and
terminator regions and constructs were introduced into
protoplasts of the appropriate P. paxilli strains (Figures SS
and S6). Metabolite profiles were analyzed by liquid
chromatography mass spectrometry (LC-MS) and compounds
were purified and identified by nuclear magnetic resonance
(NMR) spectroscopy.

In every IDT biosynthetic pathway characterized, a
prenyltransferase, IdtC, catalyzes the prenylation of the indole
moiety with GGPP and represents the commitment of
metabolic flux to IDT biosynthesis (Figure 1).”> To identify
the genes responsible for this transformation in A. striatus, we
expressed estCl and estC2 separately in a P. paxilli strain
deficient in paxC (PN2290), that does not produce paxilline
(1). LC-MS analysis of these transformants confirmed the
restoration of paxilline biosynthesis demonstrating that both
idtCs from A. striatus are orthologues of paxC (Figures 3i—iv,
S7, and S8).
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Figure 3. LC-MS analysis of P. paxilli knockout strains complemented
by genes from ESTI, EST2, or DES using indole fragment ion m/z
130.1 for detection. Peaks were identified by comparison to IDT
standards or by NMR (Supporting Information). *Shoulder on
paxilline peak is due to the high concentration of this metabolite
resulting in poor peak shape.
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A. striatus produces two distinct IDTs, emindole SB (4) and
emindole SA (10);’' therefore, the presence of two separate
IDT clusters suggests that each may encode the biosynthetic
machinery for the delivery of an alternate terpenoid skeleton.”’
The composition of the clusters implies that the EST1 cluster
is solely responsible for a simple cyclized IDT product, and
that EST2, which includes genes encoding tailoring enzymes, is
specifically dedicated to the biosynthesis of paxilline (1) and
1’-O-acetylpaxilline (16). To investigate the biosynthetic
output of these two clusters, estM1 and estM2 were separately
transformed into a P. paxilli strain lacking paxM (PN2257),
that does not produce 1. Intriguingly, paxilline (1) biosynthesis
was only restored in transformants harboring estM2, whereas
those bearing estM1 produced emindole SB (4) (Figures 3v—
vii, S9, and S10). This finding is consistent with EstM1
performing the epoxidation of the C-10 alkene, but not
executing the second epoxidation step on the terminal alkene
that is required for the generation of the THP ring of paspaline
(5) and 1, via epoxyemindole SB (14) (Figure 1). Taken
together, these results show that estM2 encodes an epoxidase
that is functionally identical to PaxM, whereas EstM1 is
functionally identical to NodM, the only previously identified
3’-GGI (2) monoepoxidase.'®

Skeletal variation in the IDTs is further dictated by the
cyclization cascade controlled by the unusual terpene cyclases.
To assign functionality to these IdtBs, we expressed each of the
three putative cyclases in a P. paxilli ApaxB strain. Strains
bearing estB3 did not produce any new IDT compounds
compared to the base strain (Figures 3ix,x and S11) although
RNA transcripts of estB3 were detected in the mycelia (Figure
S16). Conversely, strains harboring estB2 successfully restored
paxilline (1) biosynthesis (Figures 3xi and S12), consistent
with its genetic context. However, strains bearing estBl
generated a compound that was not present in either P. paxilli
wild-type or the ApaxB strain (Figures 3xii and S13). This
compound was isolated and purified enabling its assignment as
emindole SA (10) (Table S11, Figures S17—21). Thus, EstB1
is the first identified IdtB to deliver a Markovnikov-derived
IDT.

To investigate the biosynthesis of IDTs in A. desertorum, we
employed a similar strategy and introduced the putative idtM
(desM) into the P. pawilli strain lacking paxM (PN2257).°
The restoration of paxilline (1) production in desM-expressing
transformants confirmed that DesM is functionally equivalent
to PaxM (Figures 3viii and S14).

To test the function of DesB, we introduced desB along with
other biosynthetic elements, paxG, paxC, and desM into a P.
paxilli strain devoid of the entire PAX cluster (CY2).** LC-MS
analysis revealed that two additional compounds were formed
([M + H]", m/z 406.3 and 422.3) (Figures 3xii,xiii and $15)."
Large scale production and isolation identified these
compounds as emindole DA (11) and emindole DB (12)
(Tables S12 and S13, Figures S22—31). Thus, DesB catalyzes
similar Markovnikov-derived cyclization as EstB1, albeit with
different stereospecificity; DesB catalyzes a mechanism where
the Re face of the C-2 olefin is attacked by carbocation 6
(Figure 1D). Additionally, the formation of emindole DB by
this strain demonstrates the epoxidation of 11 and cyclization
of epoxyemindole DA intermediate (15) are delivered by this
combination of biosynthetic enzymes, mirroring the equivalent
chemistry reported for paspaline (5) biosynthesis."

This study highlights the power of heterologous gene
reconstruction and complementation to functionally character-

https://doi.org/10.1021/jacs.2c11170
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ize biosynthetic gene clusters to reveal new chemistry. DesB
and EstB1 are the first identified examples of cyclases capable
of catalyzing specific Markovnikov-like chemistry through
carbocation (16). While this chemistry was predicted from the
known IDT architectures,®® until now it has not been linked to
specific sequences or clusters. While previous work had
implied some correlations could be made between primary
structure and reaction chemistry,”’ our sequence and
phylogenetic analysis does not reveal clear clustering of
EstB1 and DesB, relative to the PaxB-like enzymes (Figure
$32). The active site of these unusual transmembrane enzymes
is predicted to be in the internal space between the
transmembrane helices, where our analysis reveals some
sequence differences that may link to mechanistic variation
(Figures S33 and S34).

The prior discovery that some unusual IDT architectures
were delivered by mechanistically imprecise IDT cyclases
raised the possibility that these alternative compounds, and
thus an expanded pool of IDTs, are generated by catalytically
imprecise enzymes. We demonstrate here that these IDT
skeletons are indeed delivered by single precise cyclases, that
are encoded along with all the genes required for entry into
IDT biosynthesis.

The ability of natural product pathways to produce a vast
array of compounds from a small pool of precursors
contributes to complete chemical diversity."** IDTs achieve
diversity through both alternative tailoringlz’13’16’24_26’41 and
the production of fundamentally different skeletons.”” Here,
we reveal that skeletal change is delivered by specific, clustered
cyclases catalyzing alternate cyclization cascades, setting up the
remarkable display of compound diversity that IDT arrays
demonstrate.
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