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Biosynthesis of Fungal Drimane-Type Sesquiterpene Esters

Ying Huang, Sandra Hoefgen, and Vito Valiante*

Abstract: Drimane-type sesquiterpenes exhibit various bio-
logical activities and are widely present in eukaryotes. Here, we
completely elucidated the biosynthetic pathway of the drimane-
type sesquiterpene esters isolated from Aspergillus calidoustus
and we discovered that it involves a drimenol cyclase having
the same catalytic function previously only reported in plants.
Moreover, since many fungal drimenol derivatives possess a y-
butyrolactone ring, we clarified the functions of the cluster-
associated cytochrome P450 and FAD-binding oxidoreductase
discovering that these two enzymes are solely responsible for
the formation of those structures. Furthermore, swapping of the
enoyl reductase domain in the identified polyketide synthase
led to the production of metabolites containing various
polyketide chains with different levels of saturation. These
findings have deepened our understanding of how fungi
synthesize drimane-type sesquiterpenes and the corresponding
esters.

Introduction

Drimane-type sesquiterpenes are a large group of natural
products with unique C;5 bicyclic skeletons. They have been
identified in various eukaryotes including plants,"! liver-
worts,” molluscs,”! sponges,””! and fungi (primarily Aspergil-
Ius®! and Penicillium™ species). Many of them possess “drug-
like” chemical properties and display diverse biological
activities, including antimicrobial,””! anti-inflammatory,® cy-
totoxic,” neurotransmission,” anti-diabetic,® and antihy-
perlipidemic!” activity. Moreover, the well-known drimane
dialdehydes act as antifeedants against insects and have
potential to be used as alternative insecticides.!'”

Because of their interesting structural features and
biological activities, fungi-derived drimanes have attracted
increasing attention. Intriguingly, fungi-derived drimane-type
sesquiterpenes can possess a y-butyrolactone ring and are
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generally esterified (Figure 1). In some cases, esterification
helps to increase the activities.'™!"! However, so far the
research on this class of compounds has been mainly focused
on the isolation, structure elucidation, and bioactivity char-
acterization, with the only exception of astellolides, which are
partially characterized at a genetic level in Aspergillus
oryzae' The previous studies on the biosynthesis of
astellolides suggested that drim-8-ene-11-ol is the used
precursor, produced by the haloacid dehalogenase-like
(HAD-like) terpene cyclase AstC and two dephosphorylases.
Nonetheless, while astellolides harbor a A%’ double bond,
other isolated compounds like nanangenines, 22-hydroxyxy-
lodonin B and purpuride F contain a double bond at a differ-
ent position (A”®), suggesting a different biosynthesis (Fig-
ure 1).

As part of our program to discover novel bioactive
molecules from Aspergilli, we performed a chemical inves-
tigation on Aspergillus calidoustus that led to the isolation of
a series of drimane-type sesquiterpenes and their esters (1-16;
Scheme 1), which were the dominant secondary metabolites.
Meanwhile, we employed bioinformatics analysis and a gene
deletion campaign to characterize the related biosynthetic
gene cluster (BGC). Here, we demonstrated that the isolated
drimane-type molecules originate from drimenol and that the
identified terpene cyclase has the same activity observed in
plant-derived cyclases.™®! Furthermore, to better clarify the
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Figure 1. Structures of representative fungal drimane-type sesquiter-
pene esters.
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Scheme 1. Proposed biosynthetic pathway for drimane sesquiterpenoids isolated from Aspergillus calidoustus. Gray color represents an as yet
unidentified Aspergillus calidoustus endogenous enzyme. Boxed compounds are shunt products isolated from the AdrtF mutant strain.

individual biosynthetic steps, the heterologous expressions of
different combinations of the identified genes in Aspergillus
fumigatus and Saccharomyces cerevisiae were conducted.
Additionally, given the similarity between these compounds
and nanangenines (Figure 1), we swapped the enoyl reductase
(ER) domain of the identified polyketide synthase (PKS)
with the ER domain from Aspergillus nanangensis, resulting
in metabolites containing various polyketide chains. Lastly,
because of the diversity of the ester moieties in drimane-type
sesquiterpene esters, we determined the substrate specificity
of the involved acyl transferase, demonstrating that this
enzyme is able to use both ACP- and CoA-activated
substrates.

Results and Discussion
Biosynthesis of Drimane Sesquiterpenoids in A. calidoustus

By fermenting A. calidoustus in V8 production medium,
we observed the abundant production of different secondary
metabolites. Large scale fermentation resulted in the isolation
of sixteen compounds (1-16; Scheme 1 and Table S1). The
extensive analysis of the HRESIMS and NMR data revealed
that these molecules were all structurally related to drimane
sesquiterpenoids with compounds 5-16 coupled to polyketide
chains with different lengths (C, or Cg, Tables S2-S17). The
here identified compounds 1-6, 8-10, 12-14 and 16, have
already been reported in Aspergillus ustus,** with 5 and 6 also
having been identified in Aspergillus flavus."> However, we
also isolated a few novel derivatives, named calidoustene A
(7), calidoustene B (11) and calidoustene C (15, Scheme 1).
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As the identified compounds are structurally similar to the
astellolides, drimane-type esters found in A. oryzae, we
performed a genome mining analysis using the sequence of
the characterized HAD-like terpene cyclase as probe,'? and
identified an orthologue on chromosome 2 (ASPCAL02978),
confirming previous computational analysis."!! Investigation
of neighboring genes revealed the presence of six open
reading frames, coding for potential proteins proposed to be
likely involved in sesquiterpene ester biosynthesis (Fig-
ure 2A), specifically: a polyketide synthase (PKS; named
DrtA) and the above mentioned HAD-like terpene cyclase
(DrtB) theoretically involved in the biosynthesis of the C¢/Cg
polyketide chains and drimane backbone, respectively, an
alpha/beta hydrolase (DrtE), a FAD-binding oxidoreductase
(DrtC), a cytochrome P450 (DrtD), and a short-chain dehy-
drogenase (DrtF) possibly involved in further modifications
of the obtained drimane sesquiterpene and the polyketide
chain. To establish an efficient gene deletion campaign, for
the confirmation of gene functions and cluster boundaries, we
firstly deleted the gene coding for the AkuA DNA helicase
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Figure 2. Analysis of drt gene deletion mutants. A) The identified drt
gene cluster from Aspergillus calidoustus. B) HPLC analysis

(A=254 nm) of the crude extracts from gene deletion strains. The
identified genes were deleted using the AakuA mutant as recipient
strain. C) A. calidoustus AakuA/AdrtB mutant supplemented with dri-
menol.
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(ASPCALO00120) in A. calidoustus, thereby suppressing the
non-homologous end-joining repair mechanism.!'® Chemical
analysis confirmed that the obtained A. calidoustus AakuA
mutant still produced compounds 1-16 (Figure S1); thus, we
used the obtained strain as the recipient for further deletions.

The deletion of the PKS coding gene drtA showed
complete loss of all the sesquiterpene ester compounds,
whereas 1-4 were still produced (Figure 2B). This confirmed
that the identified DrtA was indeed responsible for the
drimane sesquiterpenoids’ biosynthesis. Moreover, we ob-
served the same chemical pattern by deleting the gene coding
for the alpha/beta hydrolase DrtE. This implies that DrtE is
responsible for the loading of the polyketide moiety on the
drimane backbone. Additionally, conserved domain database
(CDD)!" analysis of the deduced DrtA amino acid sequence
has shown that this PKS is missing a thioesterase (TE)
domain, suggesting that DrtE mainly functions as an acyl-
transferase but it likely executes an accessory thioesterase
activity.['¥

The deletion of drtB, coding for the putative HAD-like
terpene cyclase, as expected, completely abolished the
drimane sesquiterpenes’ biosynthesis (Figure 2B), while
deletion of drtC resulted in a large accumulation of 13, with
all compounds harboring the y-butyrolactone ring (5-11 and
14-16) or containing a carboxylic acid at C-11 (12) disappear-
ing. This implies that DrtC is able to catalyze the formation of
carboxylic acids at C-11 and C-12. Meanwhile, based on the
feature of 13, the remaining two enzymes, DrtD and DrtF, are
potential candidates involved in the formation of hydroxy
groups at C-6, C-9 and C-12 in 13. Subsequently, deletion of
drtD also led to complete absence of the drimane sesquiter-
penes, confirming that DrtD plays a role in supplying oxidized
drimane precursors in the biosynthesis.

Upon deletion of drtF, HPLC and LC-HRMS analyses
showed that 5-11 disappeared, and 12-16 with fully unsatu-
rated acyl chains could be detected (Figure 2 B). This suggests
that the short-chain dehydrogenase DrtF can catalyze the
single or multiple oxidations occurring on the PKS chain.
Interestingly, this strain yielded higher titers of 17 and 18, the
former was previously identified in A. ustus,"”! and permitted
the isolation of two novel compounds, calidoustene D (19)
and calidoustene E (20, Figure 2B and Scheme 1).

Lastly, we confirmed the BGC boundaries. We deleted
genes ASPCAL02975 (coding for putative alpha/beta hydro-
lase) and ASPCAL02983 (coding for ankyrin repeats), and
observed the same production pattern as for the wild type and
the AakuA strain (Figure S1). We also attempted to delete the
putative gene ASPCAL02976. However, the deletion of this
locus probably failed due to its highly similarity to a second
locus present in the genome (ASPCAL01670).

The gene deletion campaign was very useful for assigning
gene functions to all open reading frames composing the drt
BGC. However, we could not fully elucidate the structure of
the HAD-like terpene cyclase product. During astellolide
biosynthesis, the terpene cyclase is responsible for the
formation of drimanyl pyrophosphate, which is then dephos-
phorylated leading to the synthesis of drim-8-ene-11-ol
(Figure 1)." Since the hydroxy group at C-9 can potentially
cause the migration of the double bond to A”®, drim-8-ene-11-

An dte


http://www.angewandte.org

Research Articles An dte

~—_~7 Internat Chemie
A Eic: (for Drimenol) B Eic: (for 17) C Ec: (for 17)
+m/z 237.1849  (for 18 and 21) +m/z 237.1849 (for 18 and 21)
(for 22) (for 24)
-m/z 2631289  (for 23) (for 25)
. -m/z 269.1758 (for 26)
(i) S.c. control
(i) JL \, E. coli drtB (ii) S.c.drtB
21"
(iii) S.c. drtD
7 18
21 b 18 17
(i) o . ‘L E. coli control 25 24" Hn S.c. drtD
(iv) S.c. drtBD (i) N A X A~ + drimenol
22"
. S.c. control
(iii) Standard ) 23 S.c. drtBDC (ii) A +drimenol
9 1 13 15 8 10 4 6 8 10
Time (min) Time (min) Time (min)
D o O._OH 0 o OH OH
Z HO o
OH OH OH OH
OH OH OH
OH o o o} OH
21 22 23 24 25 26

Figure 3. Heterologous expression in E. coli and S. cerevisige. Extracted ion chromatograms (EIC) showing A) the production of drimenol by DrtB
in vivo, B) the production of 17, 18 and 21-23 from S. cerevisiae transformants: i) control with empty plasmid, ii) expression of drtB, iii) drtD,

iv) co-expression of drtB and drtD, and v) co-expression of drtB, drtD and drtC, and C) the metabolites produced after feeding drimenol to

) S. cerevisiae expressing drtD and ii) control. D) The structures of compounds 21-26 (marked with “) were deduced based on their HRESIMS

spectra.

ol was also predicted to be the nanangenines’ precursor
(Figure 1).1 However, we observed that not all of the
intermediates isolated from A. calidoustus harbor a hydroxy
group at C-9, such as 3, 4 and 18. Also, previously isolated
compounds, such as 22-hydroxyxylodonin B and purpuride F,
are also missing the hydroxy group at C-9 (Figure 1). Based
on these observations, we postulated that drimenol is the
likely upstream precursor and the product of the terpene
cyclase DrtB. Next, A. calidoustus AdrtB mutant strain was
treated with drimenol, resulting in the re-detection of
drimane-type sesquiterpenes and their esters (Figure 2C),
which validates our hypothesis.

To verify the activity of DrtB, we performed heterologous
expression of the isolated cDNA in Escherichia coli. Ex-
pression of the native open reading frame resulted in no
accumulation of the recombinant protein. Subsequently, we
deleted the highly hydrophobic C-terminal part of the
enzyme, which led to an observable production of drimenol
in vivo (Figure 3 A and Figure S2). Furthermore, the incuba-
tion of the purified DrtB with farnesyl pyrophosphate (FPP)
led to the in vitro synthesis of drimenol (Figure S3), thus
confirming that DrtB is a drimenol cyclase.

To better characterize the role played by DrtC and DrtD
in modifying drimenol, we heterologously expressed three
genes, namely drtB, drtD and drtC, in S. cerevisiae using yeast
expression plasmids. The individual expression of drtB or
drtD produced no detectable drimenol or drimenol deriva-
tives (Figure 3B, ii and iii), suggesting that the drimenol
produced by DrtB might be further metabolized in S. cer-
evisiae. The bicistronic expression of drtB and drtD however
led to the production of 17 and 18 (Figure 3B, iv). Unexpec-
tedly, this strain also produced 21, which possesses the same
molecular weight as 18. Co-expression of drtB, D and C
produced 22 and 23, in which C-11 is oxidized into carboxylic

acid and condensed to a y-butyrolactone ring (Figure 3B, v).
Therefore, the results confirmed that DrtD catalyzes the
hydroxylation at C-6 and C-9 position, and it is also able to
oxidize the hydroxy group at C-11 to an aldehyde. Addition-
ally, DrtD seems to further oxidize the hydroxy group at C-6
to form a ketone.

To further confirm this hypothesis, drimenol was fed to
S. cerevisiae expressing drtD alone, with a control strain
containing the empty plasmid (Figure 3 C). With the feeding
experiments, the production of 17, 18 and 21 was confirmed,
and a small amount of 18 was also produced by the control.
Additionally, the production of 24 further confirmed that
DrtD could oxidize the alcohol at C-11 to an aldehyde, while
the presence of 25 and 26 confirmed that this P450 also
catalyzes the hydroxylation at C-12. Taken together, the
heterologous expression in yeast demonstrated that the P450
DrtD is responsible for the hydroxylations at C-6, C-9 and C-
12, as well as the oxidation of hydroxy groups at C-6 and C-11
to a ketone and an aldehyde, respectively; then, the C-11
aldehyde can be further oxidized into a carboxylic acid by
DrtC. Moreover, these results show that DrtB, DrtD and
DrtC are solely responsible for the formation of the different
drimane structures observed during drimane sesquiterpene
biosynthesis in A. calidoustus, and that the different degree of
oxidation at C-11 and C-12 determines the divergent y-
butyrolactone conformations observed in 15, 16 and 20.

Enoyl Reductase Domain Swapping of the Polyketide Synthase
DrtA

Among all the drimane-type sesquiterpene esters isolated
from fungi, the structures of nanangenines (Figure 1), with the
acyl chains fully saturated, suggest a divergent evolution of
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the involved PKSs. It is known that the o—f double bond  (Figure 4 A). Phylogenetic analysis based on the deduced
formed by a PKS dehydratase (DH) domain is reduced by an  amino acid sequences of the identified PKS-ER domains
enoyl reductase (ER) domain to generate a single bond in the  revealed the presence of two distinct clades: clade I includes
nascent polyketide." Therefore, we assume that fungal PKSs  A. calidoustus and A. ustus, both producing sesquiterpene
involved in drimane-type sesquiterpene ester biosynthesis  esters with different levels of desaturation in the polyketide
would present variations in their ER domains. Genome  chain, and clade II, which includes A. nanangensis. To vali-
mining on the available fungal genomes identified that the drt  date the phylogenetic analysis, we aimed to swap the ER
BGC is conserved in twelve different Aspergillus species domain present in DrtA with the PKS-ER potentially
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Figure 4. Modification of the polyketide synthase DrtA by domain swapping of the enoyl reductase (ER). A) Phylogenetic analysis based on PKS—
ER domains. The analysis was performed by comparison with orthologue genes identified from other Aspergilli. Putative clusters from the
analyzed species are also reported, including scaffold numbers and chromosomal coordinates. B) The ER domain in the DrtA sequence was
swapped with the ER domain from the A. nanangensis PKS (FE257_006541, labeled in fuchsia), leading to the synthetic construct DrtA*. KS,
ketosynthase; AT, acyltransferase; DH, dehydratase; KR, ketoreductase; P, acyl carrier protein. C) HPLC analysis (UV =254 nm) of the crude
extracts from ectopic integration of the drtA* in A. calidoustus wild-type strain. The mutant strain (wt/drtA*) and the control strain (wild type) were
grown under non-inducing (Tet”) and inducing (Tet") conditions. D) Structure of compound 27 isolated from wt/drtA* inducing strain.
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Figure 5. Heterologous expression in A. fumigatus. Genes of drtA and drtA* were expressed in A. fumigatus in combination with the other drt
genes. A) LC-HRMS EIC of the metabolites from A. fumigatus transformants. B) The structures of compounds 28-33 (marked with “) were

deduced based on their HRESIMS spectra.

involved in nanangenine biosynthesis. The ER region to be
swapped was determined based on the amino acid sequence
alignment of the closely related PKS-ER domains (Fig-
ure S4), and the modified PKS was named DrtA* (Fig-
ure 4B).

Because of the lack of available selection markers, any
attempt to introduce the drtA* into the A. calidoustus AdrtA
mutant failed. Therefore, we firstly expressed the synthetic
drtA* gene in the A. calidoustus wild-type strain under the
control of a tetracycline-inducible promoter (zet°Y).” Al-
though the overall production of drimane sesquiterpenes in
the wt/drtA* mutant was lower than that of the wild type, the
expression of the modified DrtA* led to the identification of
a novel metabolite, calidoustene F (27, Figure 4C,D). This
compound was successfully isolated from a large-scale
cultivation, and, as expected, it was a drimane-type sesqui-
terpene ester having the PKS chain with a reduced terminal
double bond (Figure 4D). However, with this experiment we
did not identify any molecules harboring a fully saturated
polyketide. To further examine the function of the ER-
swapped drtA* gene we performed heterologous expression
(Figure 5A). We first expressed each PKS gene, drtA or
drtA*, in A. fumigatus to yield mutant strains CEA17/drtA
and CEA17/drtA*. Afterwards, different combinations of
additional drt genes were polycistronically expressed in
CEA17/drtA and CEA17/drtA*, respectively. The mutant
strains missing the drtC gene mainly produced 13 (Figure 5 A,
ii, iv, vi and viii), as observed in the A. calidoustus AdrtC strain
(Figure 2B). However, those strains lacking DrtC but ex-
pressing the ER-swapped PKS, namely drtA*BDEF (Fig-
ure 5 A, ii) and drtA*BDE (Figure 5A, iv), also produced
metabolite 30, with a partially saturated polyketide tail. The
addition of drtC to the polycistron led to the production of 12,

16 and 28 (Figure SA, i, iii, v and vii), intermediates with
highly unsaturated polyketide chains. Nonetheless, in mutants
containing the swapped ER-domain (Figure 5 A, i and iii), we
identified compounds 27 and 29, with partially reduced acyl
chains, and as well 31-33 containing fully saturated acyl chains
(Figure 5B). These results confirmed that, upon ER domain
swap, the obtained PKS could produce fully saturated acyl
chains. However, we also observed partially saturated and
fully unsaturated acyl chains, indicating that the specificity of
the ER domain is influenced by other structural domains. It is
known that the reductive steps during polyketide elongation
are optional, suggesting that the ER reductive step is always
skipped by DrtA.'8] Nevertheless, the ER-domain in the
drtA* mutants is able to optionally skip the reducing steps
during polyketide chain synthesis (Figure S5). Moreover, the
heterologous expression in A. fumigatus revealed another
interesting aspect of the biosynthesis: since we did not detect
compounds 1-4, we assume that hydroxylations at C-2 and C-
3 are catalyzed by endogenous enzymes in A. calidoustus not
associated to the drt BGC (Scheme 1).

Determining the Substrate Specificity of the Acyltransferase DrtE

Motivated by the diversity of the ester moieties in fungi-
derived drimane-type sesquiterpene esters, we determined
the substrate specificity of the involved acyl transferase DrtE
by feeding different potential substrates together with
drimenol to S. cerevisiae expressing drtD, drtE and two
different CoA ligases. The 4-coumaroyl-CoA ligase from
Nicotiana tabacum (4CL)?'"! and the long-chain-fatty-acid-
CoA ligase from E.coli (FadD)™! were used to esterify
selected substrates, namely hexanoic, octanoic, and cinnamic
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Figure 6. Substrate specificity of DrtE. A) S. cerevisiae expressing drtD, drtE and the coumaroyl-CoA ligase 4CL fed with hexanoic acid i) with and
ii) without drimenol. B) S. cerevisiae expressing drtD, drtE and the fatty-acid CoA-ligase fadD fed with octanoic acid i) with and ii) without drimenol.
C) S. cerevisiae expressing drtD, drtE and 4CL fed with cinnamic acid i) with and ii) without drimenol. The structures of 34-39 were inferred based
on HRESIMS spectra.
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ure 6).
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