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KEY WORDS Abstract  Phenylspirodrimanes are a class of structurally diverse meroterpenoids, including the bioac-
o i tive dimer stachybocin A (1) and the high-reactivity monomer stachybotrydial (2), which are isolated

iosynthesis; . ) . . . L )
Phenylspirodrimane; from the genus Stachybotrys. Whereas the biosynthetic pathway of these phenylspirodrimane meroterpe

noids has remained elusive. Herein, we deciphered the complete biosynthetic pathway of 2 with unprec-

Unclustered genes; . o ’ 7
edented two gene clusters and five discrete genes by genome mining, gene inactivation, heterologous

Hierarchical clustering

analysis; expression, biochemical experiments, and especially combining with transcriptome-based hierarchical
Expression correlation clustering and expression correlation analyses. Totally, 11 genes for the phenylspirodrimane core skeleton
analysis; formation, 8'-methyl oxidation, and 3-OH epimerization were efficiently discovered and functionally
Stachybotrys chartarum; characterized. Notably, these biosynthetic genes are distributed across seven distinct regions, with a rare
Meroterpenoid; combination of multiple gene clusters and genes outside the clusters. Bioactivity assays revealed that four

Multiple gene clusters intermediates 6—8, and 9a exhibited significant inhibitory effect on the inactivated state hNay1.2 chan-

nels with ICs, values of 0.15, 0.04, 0.28, and 1.91 pmol/L, respectively. These findings expand our un-
derstanding of phenylspirodrimane-type meroterpenoid biosynthesis and underscore the utility of
transcriptome-based hierarchical clustering and expression correlation analyses for identifying unclus-
tered biosynthetic genes in fungi.
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1. Introduction

Meroterpenoids are a diverse family of hybrid natural products,
consisting of a terpenoid and a non-terpenoid porti0n1'4. Most of
fungal meroterpenoids possess a polyketide-derived portion as
their nonterpenoid moiety'?. Representative fungal —mer-
oterpenoids with a polyketide substructure are derived from 3,5-
dimethylorsellinic acid (DMOA) and orsellinic acid (OA).
Among them, the DMOA-derived compounds are the most
abundant and structurally diverse'™, and their biosynthetic path-
ways have been well studied™!. Meroterpenoids derived from OA
were discovered and isolated several decades ago, including LL-
712724 12, ascochlorin'? s ascofuranone”, SMTPs'?, kampanolsls,
bisabosquals'®, and phenylspirodrimanes'®. To date, the biosyn-
thetic pathways of only a few compounds, such as LL-Z12728",
ascochlorin'”, and ascofuranone'’, have been elucidated, while
most of the OA-derived meroterpenoids remain largely enigmatic.

Phenylspirodrimanes are a class of structurally complex and
diverse meroterpenoids derived from OA, which consist of a
common drimane-type sesquiterpene skeleton with a benzene ring
fused through a spirofuran (Fig. 1). More than 150 compounds,
including monomers and dimers, have been identified from the
genus Stachybotrys since K-76, the first compound, was isolated
in 1979'8. These compounds display a broad spectrum of bio-
logical activities'> ', including endothelin receptor antagonism,
anticomplement, antiviral, antibacterial, anti-inflammatory, pro-
tein tyrosine phosphatase 1B (PTP1B) inhibitory, N-methyl-p-
aspartate (NMDA) receptor antagonistic, and cytotoxic activities.
In our previous work, we isolated numerous phenylspirodrimane
monomers and diverse structural scaffold dimers from S. charta-
rum CGMCC 3.5365%7%°, including novel dimers with a 6/7

Bistachybotrysin A

Figure 1
blue.

Bistachybotrysin D

oxygen heterocycle, cyclopentanone, [5,6]-spiroketal, and furan/
furan linkages (Fig. 1). Among these compounds, the dimer sta-
chybocin A (1) (Fig. 1) can significantly inhibit the inactivation of
the hNay1.2 channels, indicating that it is a promising lead
compound for the treatment of epilepsy”’. Furthermore, it has
been reported that stachybocin A (1) could be synthesized via the
non-enzymatic reaction between the highly reactive monomer
stachybotrydial (2) with an O-phthalaldehyde unit (Fig. 1) and L-
lysine?’. More important, diversified phenylspirodrimane lactones,
lactams, and dimers could also be generated via the enzymatic/
non-enzymatic reactions from 2'>?*?’ indicating the great po-
tential of 2 for the use as a starting material in diversity-oriented
synthesis.

The structural complexity and remarkable bioactivities of
phenylspirodrimane meroterpenoids have attracted increasing
attention in their isolation, structure elucidation, chemical syn-
thesis, and bioactivity characterization15’18'29, however, their
biosynthesis has not yet been elucidated. In 2016, Abe and co-
workers identified the genes involved in the synthesis of LL-
Z12728 @', a  well-known precursor of many mer-
oterpenoids'”2°, which originates from OA (5) and farnesyl
diphosphate (FPP). By comparing the structures of 2 and 4, we
speculated that the biosynthesis of 2 may follow a pathway similar
to that of 4 in the early stages. Whereas the complete biosynthetic
process of 2, particularly the genes/enzymes responsible for
cyclization and post-modification reactions, remains unclear.
Therefore, elucidating the long-standing biosynthesis of 2 would
provide a comprehensive understanding of the phenyl-
spirodrimane meroterpenoid biosynthetic process and present an
opportunity for engineering microorganisms to produce bioactive
dimer 1 and other derivatives for drug discovery.

Stachbotrydial (2) Ry = CHO
Mer-NF5003E (3) Ry = CH,OH

Bistachybotrysin M

Representative phenylspirodrimanes from S. chartarum. Polyketide moieties are shown in red and terpenoid moieties are shown in
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Generally, current approaches for deciphering fungal natural
product biosynthetic pathways rely heavily on the genomic clus-
tering of biosynthetic genes®'*2. This feature can be predicted by
screening the genome for collocated genes with functional motifs
for putative biosynthetic enzymes®’, however, unclustered gene
candidates are frequently overlooked and remain difficult to
discover and functionally characterize. Recently, multiple gene
clusters and unclustered examples have been reported in fungi,
where differential transcriptome analysis'’>*, homology-based
approach”, and phylogenetic study®® were employed to iden-
tify these exceptional biosynthetic genes. Whereas there is still no
established strategy to explore multilocus and unknown biosyn-
thetic genes in fungi. As the biosynthetic genes for plant metab-
olites are often unclustered, co-expression and hierarchical
clustering analyses have typically been employed to mine and
identify such unclustered biosynthetic genes®’>°. Accordingly,
this strategy might be useful for discovering the biosynthetically
unclustered genes responsible for fungal metabolites.

Herein, we first identified the unclustered biosynthetic genes
for 2 in S. chartarum by employing combinatorial strategies
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including genome mining, gene inactivation, heterologous
expression, biochemical experiments, and particularly the
transcriptome-based hierarchical clustering and expression corre-
lation analyses. Consequently, 11 functional genes are efficiently
discovered and functionally characterized. Interestingly, these
biosynthetic genes for 2 are not under the control of well-defined
gene cluster, but scattered across seven distinct regions in the
genome (Fig. 2A). Moreover, the biosynthetic pathways of these
phenylspirodrimane meroterpenoids were consisted with a com-
plex network. Bioassays revealed that four intermediates 6—8, and
9a exhibited significant hNay 1.2 channels inhibitory activity.

2. Results and discussion

2.1.  The sta-1 cluster genes are responsible for the biosynthesis
of LL-Z1272( (4)

To explore the biosynthetic gene clusters (BGCs) of 2, whole
genome sequencing was performed on S. chartarum CGMCC
3.5365, yielding 37.5 Mb of genomic data. According to the
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The proposed biosynthetic pathway of phenylspirodrimanes in S. chartarum. (A) Schematic representation of the genes involved in the

biosynthesis of 2. (B) The overall scheme of the proposed biosynthesis of phenylspirodrimanes. (C) The cyclization reaction catalyzed by StaF.
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reported biosynthetic pathways of meroterpenoids®®, the genes
responsible for the formation of the basic skeleton of 2 may
include the polyketide synthase (PKS) and prenyltransferase (PT)
genes. Therefore, a candidate biosynthesis-related gene cluster,
sta-1, comprising three genes—a nonreducing PKS gene staA, a
UbiA-like PT gene staC, and an NRPS-like reductase gene
staB—was selected from the genome (Fig. 2A). The amino acid
sequences of staA—C were 75.3%, 74.8%, and 75.5% identical to
those of stbA—C (the genes responsible for the biosynthesis of 4 in
S. bisbyi)'® (Supporting Information Table S1), suggesting that
sta-1 might be responsible for the biosynthesis of 2. By heterol-
ogously expressing staA—C in Aspergillus oryzae NSAR1* and
analyzing the metabolites that accumulated in the mycelia of the
transformants by HPLC, 4 was detected in the strain harboring
staA—C, as confirmed by comparison with an authentic standard
and NMR data (Supporting Information Fig. S1 and Table S2).
Moreover, we obtained AstaC and AstaB strains (Supporting In-
formation Fig. S2). LC—MS analyses of the metabolites from
these two strains revealed that neither of the two knockout strains
yielded 2 (Fig. S1), while accumulation of the corresponding in-
termediates orsellinic acid (5) and grifolic acid (6) was observed,
respectively (Fig. S1 and Supporting Information Table S2). In
addition, the coding sequence of staC was cloned and inserted into
pESC-His and expressed in Saccharomyces cerevisiae INVScl,
and microsomal StaC was incubated with 5 in the presence of FPP
and Mg”". Conversion of 5 to 6 was clearly detected (Supporting
Information Fig. S3). Therefore, sta-1 cluster genes (staA—C)
have been characterized to be involved in the biosynthesis of 2 for
the formation of its precursor 4.

2.2.  Sta-2 cluster genes catalyze phenylspirodrimane core
skeleton formation

Typically, the biosynthesis of most fungal meroterpenoids undergo
epoxidation of the prenyl terminal double bond by a flavin-
dependent monooxygenase (FMO) and subsequent cyclization of
the epoxide by a membrane-bound terpene cyclase (TPC),
followed by various tailoring reactions (e.g., oxidation and
reduction)**. Accordingly, we conducted a comprehensive scan of
the genes flanking staA—C to identify potential additional
biosynthetic genes and deleted 7 genes, including FMOs, anno-
tated membrane-bound proteins, and oxidase genes (Supporting
Information Fig. S4). Upon cultivation of these knockout strains
and metabolite analysis, the production of 2 was detected in all the
mutant strains, suggesting that additional biosynthetic genes are
located outside of the sta-1 cluster.

Therefore, we sought to identify potential terpene cyclase
genes involved in the biosynthesis of 2 through a comprehensive
genome-wide sequence homology-based search. A local BLAST
search of the S. chartarum genome was performed using the
amino acid sequences of the known meroterpenoid cyclases
Pyr4*® and MacJ*' as queries to identify candidate terpene cy-
clases for 2 (Supporting Information Fig. S5). Pyr4 serves as a
model meroterpenoid cyclase involved in the biosynthesis of
pyripyropene A*°, while Mac] is naturally involved in the
biosynthetic pathway of the drimane-type meroterpenoid macro-
phorin A*!. This analysis led to the identification of orthologs two
candidate genes, A00874 and A04827 (Fig. S5), sharing 25%—
30% amino acid identities to Pyr4 and MacJ. Subsequently, gene-
deleted strains were generated (Fig. S2), and further analysis of
their metabolites revealed that the production of 2 was completely
abolished in AA04827 (AstaF ) (Fig. 3A, ii), while the A00874

mutant (AA00874) still retained the ability to produce 2 (Sup-
porting Information Fig. S6, ii). Therefore, A04827 has been
identified as a terpene cyclase gene involved in the biosynthesis of
2 and is designated as staF.

Moreover, the A04825 gene (staE ) located in the flanking
region of sfaF was annotated as an FMO gene (Fig. 2A), sug-
gesting its potential involvement in the biosynthesis of 2 for
epoxidation of the end double bond of the farnesyl moiety, as in
pyripyropene A*° biosynthesis. Consequently, a AstaE mutant was
created (Fig. S2), which lost the ability to generate 2 (Fig. 3A, iii),
however, no intermediate accumulated in the AstaE strain under
the same fermentation conditions as in wild-type strain cultivated
for 7 days in PDB media (Fig. 3A, i and iii). Therefore, the
metabolite profile of this mutant was time-course monitored, and
initial production of 7 followed by the formation of oxidized
product 8 (Fig. 3B) was observed by using LC—MS analyses. The
structures of 7 and 8 were identified as BR-011 and BR-012,
respectively, based on MS and NMR analyses (Supporting Infor-
mation Table S3 and Fig. S7; and Fig. 2B). Moreover, the resto-
ration of 2 production in the AsfaB mutant upon individual
feeding with 7 or 8 supported these compounds as biosynthetic
intermediates (Supporting Information Fig. S8). In addition,
cultivation of the AstaF mutant (Fig. 3A, ii) led to the production
of two major metabolites (9a and 10a), whose structures were
characterized as the dihydroxylated derivatives of 7 and 8,
respectively, by NMR and MS analyses (Supporting Information
Table S4 and Fig. S7). These observations suggested that 7 and
8 were epoxidized into 9 and 10 by StaE, respectively (Fig. 2B),
and thereafter 9 and 10 were transformed into the corresponding
diol products 9a and 10a non-enzymatically or through endoge-
nous hydrolase in S. chartarum.

With compounds 7 and 8 in hand, an in vitro biochemical assay
was conducted to confirm the function of StaE. The coding
sequence of staE was cloned and inserted into pCold-TF expres-
sion vector, resulting in robust expression in Escherichia coli
Transetta (DE3) (Supporting Information Fig. S9). Incubation of
StaE with FAD, NADPH, and 7 led to the formation of 9 (Fig. 3C).
The purification of 9 from a large-scale enzymatic reaction was
very difficult due to its inherent structural instability. In contrast,
9a, a non-enzymatic derivative of 9 that possesses a farnesyl chain
with a diol at the C-10 and C-11 positions, was isolated from this
reaction (Supporting Information Fig. S10). Subsequently, we
attempted to biochemically elucidate the activity of StaE toward 8.
Incubation of StaE with 8 resulted in the complete disappearance
of 8 without any new peaks in both the experimental and control
groups (Supporting Information Fig. S11). This observation might
be attributed to the reactive O-phthalaldehyde unit in 8, which can
react nonspecifically with the free amine groups of the pro-
tein?”*%, Overall, StaE, an FMO, has been characterized to be
responsible for the epoxidation of the end double bond of the
farnesyl moiety in the biosynthesis of 2.

Since StaF is a membrane-bound protein, the coding region of
staF was cloned and inserted into the pESC-His expression vector,
and the recombinant plasmid was subsequently transformed into
S. cerevisiae for microsomal preparation. When StaE and StaF
were combined and incubated with 7 (Fig. 3D), a new product, 11,
was detected by HPLC—MS. Notably, 11 exhibited a molecular
weight and UV absorption spectrum identical to those of 3 but
showed significantly different HPLC retention times (11 at
18.2 min vs. 3 at 21.9 min; Fig. 3D and Fig. S7), suggesting that
11 could be an isomer of 3. After scale-up incubation, 11 was
obtained and subjected to NMR analyses, revealing that the only
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Figure 3  Functional characterizations of StaE and StaF. (A) HPLC analysis of metabolites from wild-type S. chartarum and mutants: (i) wild-

type; (i) AstaF strain; (iii) AstaE strain. (B) Time course of metabolites for the AsfaFE strain: (i) 2-day-old cultures; (ii) 4-day-old cultures; (iii) 6-
day-old cultures. (C) HPLC analysis of in vitro enzymatic reactions with StaE: (i) 7; (ii) 7 with inactivated StaE. (D) HPLC analysis of in vitro
enzymatic reactions with StaE and StaF: (i) 7; (ii) 7 with inactivated StaE and StaF; (iii) authentic 3. (E) Schematic representation of the oxidation

and cyclization of 7 by StaE and StaF, respectively. The asterisk (*) denotes the unrelated metabolite mellein.

difference between 11 and 3 was the configuration of 3-OH
(Supporting Information Table S5). The 3-OH configuration in
11 was confirmed by the coupling pattern of H-3 in 'H NMR (dd,
J = 10.5 and 5.4 Hz in 11 vs. brs in 3) and the chemical shift of
C-3 (76.5 in 11 vs. 73.4 in 3). Thus, compound 11 was identified
as L-671,776 (also known as factor B)****, which has the basic
skeleton of phenylspirodrimane. These results supported that StaF
is the TPC involved in the biosynthesis of 2, catalyzing the terpene
cyclization to yield 11 (Fig. 3E). Subsequently, A. oryzae trans-
formants harboring staE and staEF were individually constructed.
Feeding compound 7 to the A. oryzae-staE and A. oryzae-staEF
strains resulted in the production of 9a and 11, respectively
(Supporting Information Fig. S12), which further confirmed the
above deduction. Recently, another TPC MfmH involved in the
biosynthesis of drimane-type meroterpenoid has been reported™,
which shares 31% and 54% amino acid identity to StaF and Macl,
respectively. Both MfmH and Mac] can directly protonate an
olefinic double bond, whereas StaF accepts an epoxide as a sub-
strate and catalyzes the cyclization (Fig. 2C).

2.3.  Cytochrome P450 monooxygenase staD catalyzes
8'-hydroxylation

According to the above results, it can be concluded that StaA—C
catalyze the biosynthesis of 4, StaE epoxidizes the terminal olefin
of 7 to produce 9, and subsequently StaF cyclizes 9 into 11 in the
biosynthetic pathway of 2 (Fig. 2B and C). Then, a postulated
enzyme for oxidizing the C-8' methyl group of 4 into a hydrox-
ymethyl to give 7 is necessary. Subsequently, we sought to iden-
tify the requisite oxidase genes involved in the biosynthesis of 2
and deleted 11 oxidase genes adjacent to staE and staF (Fig. S4).

All these deletion strains retained the ability to produce 2, sug-
gesting that the responsible oxidase gene is outside of the two
gene clusters (sta-/ and sta-2) and located elsewhere in the
genome.

To identify the enzymes responsible for oxidizing the
8'-methyl group in 4, we first focused on cytochrome P450
monooxygenases, which might catalyze methyl oxidation*®. As
mentioned above, the corresponding genes were not clustered with
the sta-1 and sta-2 clusters, presenting a great challenge for the
identification of candidate genes due to large number of P450
monooxygenase genes (~150) in the S. chartarum genome and
the very limited availability of relevant gene information. There-
fore, a comprehensive analysis of the accumulation of 2 and 3 (the
predominant phenylspirodrimane secondary metabolites) in S.
chartarum cultures under various cultivated conditions was con-
ducted. Interestingly, significant variations were observed in the
levels of these compounds across different culture times and
media. The greatest accumulations of both compounds were found
in 4-day-old samples in PDB media, while only trace amounts
were detected in 2-day-old samples in DPY media (Supporting
Information Fig. S13). Thereafter, we conducted a comparative
transcriptome analysis on S. chartarum samples with varying
levels of 2 and 3 accumulation (mycelia from PDB media cultured
for 2 and 4 days, as well as mycelia from DPY media cultured for
2 days). Based on a hierarchical clustering analysis of all CYP450
genes from S. chartarum, 13 genes were found to exhibit similar
transcript expression profiles to those of staA—C, E, and F
(Fig. 4A). Furthermore, 6 out of these 13 genes showed high
expression correlation with previously identified genes (r > 0.6
with each gene, Pearson correlation coefficient) (Supporting In-
formation Table S6). Subsequently, these 6 genes were prioritized
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Figure 4 Mining and characterization of StaD for the hydroxylation of 8'-methyl in the biosynthesis of 2. (A) Hierarchical clustering of
expression analysis for candidate CYP450 genes. The heatmap depicts the expression levels from a single node from the resulting cluster. Color
key: identified genes (red), candidate CYP450 genes (black), and gene (staD) identified in this part (black arrow). Samples from the mycelia of S.
chartarum cultured in distinct media and for different durations (PDB media cultured for 2 and 4 days, as well as DPY media cultured for 2 days).
(B) HPLC analysis of the metabolites of engineered A. oryzae transformants: (i) A. oryzae transformant expressing the empty vectors; (ii)
authentic 7; (iii) A. oryzae transformant expressing the staA, staB, and staC genes; (iv) A. oryzae transformant expressing staABC and staD. (C)
HPLC analysis of metabolites from (i) wild-type S. chartarum and (ii) the AstaD strain. (D) HPLC analysis of in vitro enzymatic reactions: (i) 4
with StaD; (ii) 4 with inactivated StaD. (E) Schematic representation of the oxidation of 4 by StaD.

as candidates and individually expressed in A. oryzae—staABC.
The accumulated metabolites in each of transformants were
analyzed by HPLC—MS, which revealed that 7 was detected as a
product only in A. oryzae-staABC + A01136 (Fig. 4B), indicating
that A0O1136 (StaD) could convert 4 to 7. Deletion of staD, leading
to the complete abolition of 2 and accumulation of precursor 4
(Fig. 4C, ii), further confirmed the involvement of the candidate
gene staD in the biosynthesis of 2.

Furthermore, the activity of StaD toward 4 in vitro was
investigated. The intronless staD gene and Arabidopsis thaliana
cytochrome P450 reductase (CPR) gene (ATRI, a general CPR
gene), which functions as a redox partner*’, were cloned and
inserted into the pESC-His and pESC-Leu expression vectors,
respectively, and subsequently co-transformed into the INVScl
yeast strain. LC—MS analysis revealed that incubation of the
microsomal enzyme StaD/ATR1 with 4 in the presence of
NADPH resulted in the production of 7 (Fig. 4D and E). Overall,
StaD has been functionally characterized as an oxygenase that
catalyzes the oxidation of 8'-methyl in 4 to a hydroxymethyl in the
biosynthesis of 2.

2.4.  Short-chain dehydrogenases/reductases staG, H, and H'
catalyze 3-OH epimerization

Intriguingly, naturally occurring phenylspirodrimane mer-
oterpenoids generally exhibit a 3a-OH configuration, with the

exceptions being L-671,776 (11)43’44, factor A* ’44, chartarlactam
G48, and chartarlactam I*®, which are characterized by 33-OH
attachment. As mentioned above, L-671,776 (11) is an interme-
diate of 2. Therefore, it is suggested that there are additional
enzyme(s) for the epimerization of 33-OH to 3a-OH in 2, prob-
ably through oxidation to a ketone followed by stereo-selective
reduction to an alcohol with short-chain dehydrogenases/re-
ductases (SDRs)**!,

Due to the presence of two SDRs around the sta-/ cluster and
one nearby sta-2 cluster, we deleted the three SDRs (Fig. S4).
Whereas, all the knockout strains still retained the ability to
produce 2, which suggested that the corresponding SDR genes
were outside of the sta-I and sta-2 clusters. Thus, hierarchical
clustering analysis based on the differential transcriptomes was
also employed to mine the gene(s) involved in 2 biosynthesis from
the SDRs. As a result, we selected 27 SDR genes (excluding the
three SDRs around the gene clusters) that exhibited similar
expression profiles to those of staA—F (Supporting Information
Fig. S14). Next, based on an expression correlation analysis
using staD as bait, 9 of 27 SDR genes (r > 0.6) were selected for
functional characterization (Fig. S14). To identify the specific
SDRs involved in 2 biosynthesis, 9 mutants in which each gene
was inactivated individually were generated. Compared with that
of the wild-type strain, the metabolic profile of AA00251 (AstaG)
showed complete elimination of 2 and a 90% decrease in yield of
3 (Fig. 5A). Additionally, intermediate (11) was the predominant
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strain: (i) wild-type; (ii) the AstaG strain. (B) Biochemical functions of StaG, StaH, and StaH’ in vitro. (a) HPLC analysis of in vitro enzymatic
reactions: (i) 11 with StaG; (ii) 11 with inactivated StaG. (b) HPLC analysis of in vitro enzymatic reactions: (i) 13 with StaH; (ii) 13 with
inactivated StaH. (c) HPLC analysis of in vitro enzymatic reactions: (i) 13 with StaH’; (ii) 13 with inactivated StaH’. (C) Schematic representation
of the epimerization of 3-OH in 11 by StaG, StaH and StaH’. The asterisk (*) denotes the unrelated metabolite mellein.

product, along with another product, 12 (Fig. 5A). To elucidate the
structures of these two products, scale-up (8 L) fermentation of
this mutant was performed, 11 and 12 were isolated and identified
as L-671,776 (11) and factor A (12)**, respectively, based on
MS and NMR analyses (Table S5 and Fig. S7; Fig. 2B). Com-
pound 12 was a C-3 stereoisomer of 2, and the 38-OH stereo-
chemistry of 12 was readily established through the coupling
patterns of H-3 (dd, / = 10.5 and 5.5 Hz in 12 vs. brs in 2) and the
chemical shift of C-3 (76.4 in 12 vs. 75.3 in 2). These data indi-
cated that StaG was involved in the epimerization of 3-OH in the
biosynthesis of 2.

To investigate the function of StaG, the coding region of staG
was cloned and inserted into the pET-28a expression vector and
subsequently expressed at a high-level in E. coli Transetta (DE3)
(Fig. S9). When 11 was incubated with StaG in the presence of
NADP, a new peak was detected (Fig. 5B, a), which was isolated

and structurally identified as 3-oxo-mer-NF5003E (13) by NMR
and MS analyses (Table S5 and Fig. S7; Fig. 5C). Thus, StaG is
the SDR that oxidizes the 33-OH of 11 to generate the corre-
sponding ketone (13) in 2 biosynthesis.

Given the 3a-OH in 2, it is postulated that there was at least
one SDR for the stereo-selective reduction of 3-carbonyl in 13 to
3a-OH. The remaining 18 of the 27 SDR genes were cloned from
S. chartarum cDNA and individually expressed in E. coli. After
purification by Ni-affinity chromatography, each of the recombi-
nant enzymes was biochemically assayed with 13 as the substrate
in the presence of NADPH. LC—MS analysis of the reactions
revealed that two functionally redundant SDRs, StaH (A00109)
and StaH’ (A07268), could reduce 13 to 3 (Fig. 5B, b and c).
Furthermore, an additional product, 11, was observed in an in vitro
assay of StaH’ (Fig. 5B and c), indicating the non-stereoselectivity
of StaH’ toward 13.
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Next, AstaH and AstaH' mutant strains were individually
generated (Fig. S2), LC—MS analysis of the metabolites revealed
that both mutants were able to produce 2 in almost equal amounts
compared to the wild-type strain, confirming their functional
redundancy (Fig. S6, iii and iv). Then, a AstaH/AstaH double
mutant strain was constructed (Fig. S2), however, 2 at a compa-
rable yield to that of the wild-type strain was detected by HPLC
analysis (Fig. S6 and v). These results suggested the existence of
additional enzymes except for StaH and StaH’ in S. chartarum tor
the conversion of 13 to 2. In addition, all the previously mentioned
SDR knockout genes (8 genes with an expression correlation of
r > 0.6 and 3 genes around clusters) were subjected to
biochemical characterization in vitro, however, no enzyme could
convert 13 to 3 (data not shown). Compound 11 with 33-OH
configuration was not detected by HPLC—MS analysis in the
wild-type strain, which might be attributed to the high-reactivity
StaG and stereoselective reduction by StaH (Fig. 5C), together
with the presence of other unidentified enzymes for specific
reduction of 3-carbonyl to 3a-OH.

2.5.  FAD-dependent oxidases stal/l' catalyze C8' oxidation

Structurally, it is evident that further oxidation of the C-8
hydroxymethyl group in 3 is necessary to form an aldehyde in
the biosynthesis of 2, possibly by FAD-dependent oxidases”*,
cytochrome P450s*, and alcohol dehydrogenases™®. Based on
the catalyzed property of reported enzymes®>* with the ability
to convert benzyl alcohol to benzaldehyde, we first focused on
FAD-dependent oxidase. Due to the non-clustered nature of the
genes involved in the biosynthesis of 2 in S. chartarum, hierar-
chical clustering and expression correlation analyses of all the
FAD-dependent oxidase genes with the identified biosynthetic
genes (staA—G) were also performed. Consequently, 16 candi-
date genes exhibiting similar expression profiles and relatively
high expression correlations (r > 0.6, staD as bait) were selected
for cloning and heterologous expression in E. coli (Supporting
Information Fig. S15). No product was detected in any of the
assays in which each of these recombinant enzymes was incu-
bated with 3 in the presence of FAD. Whereas, 3 was consumed
by 90% when incubated with the two enzymes encoded by
A09469 (stal ) and A04828 (stal') compared with the control
group (Fig. 6A, iii and iv). We reasoned that Stal and Stal” might
oxidize C-8 hydroxymethyl to an aryl aldehyde, leading to the
formation of a product bearing a reactive O-phthalaldehyde unit.
As mentioned previously, the O-phthalaldehyde unit can react
with the free NH, group?”*? of amino acid residues in proteins
and yield undetectable complex products. It is suggested that an
exogenous amino acid with a free NH, group during incubation
could be used as a “competitor” for capturing by general
LC—MS analysis. Therefore, incubations with purified Stal or
Stal’, 3, FAD, and two —NH,-containing r-lysine, were per-
formed. As expected, the conversion of 3 to 1 was clearly
detected by LC—MS (Fig. 6A, v and vi). Similarly, upon con-
ducting the assay with the addition of L-phenylalanine, the cor-
responding product 15 was also observed (Supporting
Information Fig. S16A). The structures of 1 and 15 were
confirmed by comparing their HPLC retention times, UV, and
MS spectra with those of authentic standards (Fig. 6A and
Fig. S1I6A and Fig. S7). These observations also demonstrated
that the nonenzymatic reaction between free amino acids and the
O-phthalaldehyde product accomplishes the synthesis of both 1
and 15 (Fig. 6B and Fig. S16B).

The above results indicated that both Stal and Stal’ were
responsible for converting 8'-hydroxymethyl to §8'-aldehyde.
Whereas both the Astal and Astal’ mutant strains (Fig. S2) still
retained the ability to produce 2 (Fig. S6, vi and vii), confirming
their functional redundancy. In addition, the double inactivated
Astal/ Astal’ could produce 2, albeit in a lower yield (Fig. S6, viii),
suggesting the presence of other enzyme(s) for the reaction in this
strain.

2.6.  Multiple pathways in the biosynthesis of 2

Considering the generation and structural characteristics of 8, 10a,
and 12 (Fig. 2B) in the mutants mentioned above, together with
the results of the feeding experiment (Fig. S8), we presumed that
8, 10, and 12 are on-pathway biosynthetic intermediates and that
the oxidation of C-8' from a hydroxymethyl group to an aldehyde
may also occur prior to the epoxidation of the prenyl group.
Therefore, individual incubation of 7 and FAD with recombinant
Stal and Stal” was performed, respectively, and decreases of more
than 50% were observed for 7 (Supporting Information Fig. S17).
These results indicated that Stal and Stal’ could not only trans-
form phenylspirodrimane 3 into 2 but also convert linear precursor
7 into 8. Additionally, 11 and 13 can also be converted to the
corresponding O-phthalaldehyde products 12 and 14 by Stal and
Stal’, respectively (Supporting Information Figs. S18 and S19).
The linear precursor 7 also can be further modified by StaE to
yield 9 (Fig. 2B, pink arrow, pathway a) or sequentially modified
by Stal/I' and StaE to produce 10 (Fig. 2B, blue arrow, pathway b).
Subsequently, 3 and 2 can be generated from 9 and 10 by the
sequential catalysis of StaF, G, and H/H', and 3 can be converted
to 2 by Stal/I'. Moreover, intermediates such as compounds 9, 11,
and 13 can enter pathway b through conversion mediated by Stal/
I (Fig. 2B). Taken together, these observations suggested that the
biosynthesis of 2 involved multiple pathways rather than a strictly
linear route (Fig. 2B).

Subsequently, the kinetic parameters of StaE, Stal and Stal’
were calculated using linear substrate 7 and phenylspirodrimane
substrate 3, respectively (Supporting Information Fig. S20). StaE,
Stal, and Stal’ exhibited K,, values of 135.0, 816.7, and
501.3 pmol/L for 7, respectively. The k.,/K,, value of StaE for 7
was 1170 L/mol-s, which was 900- and 190-fold higher than those
corresponding values of Stal and Stal’ (1.22 and 5.98 L/mol-s,
respectively). Meanwhile, Stal and Stal” exhibited higher catalytic
efficiencies when utilizing substrate 3 (168.15 and 39.03 L/mol-s,
respectively) compared to substrate 7. Cumulatively, these findings
indicate that intermediate 7 is more easily catalyzed by StaE than
Stal and Stal’, and oxidation of C-8' occurs at a later stage in the
biosynthetic pathway. Based on the current results, pathway a
appears to be the predominant route, however, the significance of
pathway b cannot be overlooked due to the potential presence of
functionally redundant enzymes beyond Stal/l’, which have yet to
be fully characterized. Furthermore, prenylated isoindolinone de-
rivatives originating from intermediate 8 (via pathway b) have been
isolated in this wild-type strain®, providing additional evidence for
the existence of pathway b. Even more, the biosynthetic pathway is
probably more complex than the proposed routes in Fig. 2B.

Generally, the biosynthetic genes for natural products in fungi
are clustered, and the corresponding enzymes usually exhibit
substrate and reaction specificity. In this work, we observed that
those biosynthetic genes for 2 were scattered across seven distinct
regions in the genome, and some corresponding enzymes (e.g.,
StaE—1, H', and I') showed substrate promiscuity. Also, multiple
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enzymes for one reaction were observed. These might be the
reasons why the biosynthesis of 2 displays a complex network and
the fact that 2 can still be produced when the functionally verified
genes are deleted. Furthermore, some studies have also reported
that metabolic networks have evolved to minimize the disruption
of key metabolic pathways through the establishment of redundant
genes/reactions°®>’. Consequently, we hypothesize that the func-
tional redundancy and the presence of multiple pathways in this
fungus may be attributed to both metabolic flexibility and evolu-
tionary pressures.

Collectively, the biosynthesis of 2, involves two clusters (sta-/
and sta-2) and another five dispersed genes, was elucidated by
genome mining and transcriptome-based hierarchical clustering
and expression correlation analyses. To our knowledge, this is first
report on multilocus genes away from cluster in the biosynthesis of
fungal natural products. Considering that the genus Stachybotrys
has the capacity to produce a diverse array of phenylspirodrimanes
derived from 2'>'%%6_ it is likely that there exist the corresponding
biosynthetic genes within this genus. To verify this speculation, we
conducted a homology analysis of the biosynthetic genes associ-
ated with 2 in publicly available genome sequences of the Sta-
chybotrys genus. Genome mining revealed the homologues are also
scattered across multiple loci in S. chartarum IBT 7711, S.
chlorohalonata IBT 40285, and S. elegans, respectively. Therefore,
genes for phenylspirodrimane meroterpenoid biosynthesis are
generally unclustered in the genomes of Stachybotrys genus.

2.7.  Bioactivities of intermediates in the biosynthesis of 2

It has been reported that 1 exhibit strong inhibitory activity to-
ward inactivation of the hNay1.2 channels (IC5q = 0.22 pmol/
L)*’. To identify hNay 1.2 channels inhibitors with increased
potency and selectivity, we tested all the isolated compounds
from the process of elucidation of 2 biosynthesis. The results
indicated that intermediates 6—8, and 9a exhibited significant
inhibitory effects on the inactivated state of hNay1.2 channels
with ICsq values of 0.15, 0.04, 0.28, and 1.91 pumol/L, respec-
tively (Table 1 and Supporting Information Fig. S21), and among
them intermediates 6 and 7 showed stronger inhibitory activity
than 1. Analyzing the structure-activity relationship revealed that
intermediates containing a farnesyl side chain exhibited signifi-
cantly stronger inhibitory activity compared to those with a
phenylspirodrimane skeleton, especially when there is no
modification on the side chain. Additionally, the presence of
aldehyde and hydroxymethyl groups in the polyketide-derived
portion is beneficial for inhibitory activity. What’s more, the
inhibition effects of these compounds on the inactivated state
were higher than those on the resting state, with significantly
higher activity than the marketed sodium channel-targeting
antiepileptic drug carbamazepine (Table 1), suggesting their
potential for new antiepilepsy agents. Whereas the bioactive 6
and 7 only can be isolated from AstaB and 2-day-old AstaE
mutant with low yield (7.3 and 0.9 mg/L), respectively. Based on
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Table 1  Inhibition and state selectivity of compounds 6—8, and 9a on hNay1.2 channels.*

Compd Resting state Inactivated state

Inhibition (%) 1C50 (umol/L) Inhibition (%) ICso (umol/L)
6 977 £23 1.61 £ 0.13 100 0.15 + 0.01
7 973 £2.6 2.32 £ 0.01 100 0.044 £ 0.01
8 89.2 £ 10.6 2.57 £ 0.003 100 0.28 £ 0.02
9a 22.1 £ 10.9 31.97 £ 0.03 733 £17.2 1.91 £ 0.04
Carbamazepine® 0.9 £+ 0.8 >300 17.6 £ 5.6 60.01 + 6.11

“The inhibitory rates were obtained with compounds at 10 umol/L. Experiments were performed in triplicate.

®Positive control.

the above biosynthesis knowledge of 2, the A. oryzae trans-
formants harboring staAC and staABCD were individually con-
structed to produce 6 and 7 with yield 108.7 mg/L and 13.8 mg/
L, respectively. These findings provide a source of bioactive
compounds for antiepileptic drug discovery.

3. Conclusions

In summary, we herein first elucidated the complete biosynthetic
pathway of the phenylspirodrimane meroterpenoid stachybo-
trydial (2) in S. chartarum by genome mining, gene inactivation,
heterologous expression, and biochemical experiments with the
aid of hierarchical clustering and expression correlation ana-
lyses. The biosynthetic genes for 2 are not well-defined gene
clusters, but exhibit unusual discreteness involving two gene
clusters (sta-1 and sta-2, six genes) and five genes located apart
from the two clusters. Moreover, the biosynthetic pathways of 2
involve multiple routes rather than a strictly linear one, high-
lighting their potential for diverse and intricate chemical trans-
formations. In addition, four biosynthetic intermediates
exhibited significant antiepileptic activity, and the yields of two
most bioactive compounds were greatly increased by heterolo-
gous expression. The complete elucidation of the biosynthesis of
2 in this work can offer an opportunity for engineered micro-
organisms to produce bioactive dimer 1 and other compounds
for drug discovery, also provide new insights into the
intricate biosynthesis of fungal natural products. Furthermore,
these findings provide important knowledge toward the biosyn-
thesis and structural diversity of meroterpenoids and shed light
on transcriptome-based hierarchical clustering and expression
correlation analyses are powerful strategies to discover and
identify the multilocus and unclustered biosynthetic genes in
fungi.

4. Experimental
4.1.  Strains and culture conditions

The wild-type strain S. chartarum CGMCC 3.5365 was obtained
and cultured as described previously>>°. E. coli DH5a was used
for routine cloning and plasmid extraction, E. coli Transetta (DE3)
and BL21 (TransGen Biotech, China) were used for protein
expression. The heterologous expression host Aspergillus oryzae
NSART1 was kindly gifted by Prof. Ikuro Abe and Prof. Katsuhiko
Kitamoto at The University of Tokyo and Prof. Katsuya Gomi at
Tohoku University. Saccharomyces cerevisiae INVScl was used
for terpene cyclase and cytochrome P450 expression. Additional

detailed methods of strains culture were shown in Supporting
Information

4.2.  Construction of co-expression system of staABC, staABCD,
staE, and staEF

For the construction of fungal expression plasmids for staA, B, C,
E, and F, the genes were amplified from S. chartarum genomic
DNA with the primers listed in Supporting Information Table S7.
Additional detailed construction methods were shown in Sup-
porting Information

4.3.  Transformation of A. oryzae NSARI

Transformation of A. oryzae NSARI1 were performed by the
protoplast—polyethylene glycol method'®*’. Additional detailed
methods were shown in Supporting Information

4.4.  Construction of deletion cassette

The knockout cassettes were constructed by homologous recom-
bination method. For creation of staB—I, H', and I' deletion
strains, approximately 1.5 kbp sequences located upstream and
downstream the target genes were amplified from genomic DNA
of S. chartarum CGMCC 3.5365 using primer pairs in Table S7.
Polymerase chain reactions were performed using high-fidelity
FastPfu Fly DNA polymerase (TransGen Biotech, China). Addi-
tional detailed construction methods were shown in Supporting
Information

4.5.  Transformation of S. chartarum

Transformation of S. chartarum were performed by the
protoplast—polyethylene glycol method. Additional detailed
methods were shown in Supporting Information

4.6.  Expression and purification of recombination proteins

pCold-TF-StaE, pET28a-StaG, pET28a-StaH, and pET28a-StaH’
were used to transform E. coli Transetta (DE3) and pCold-TF-Stal
was used to transform E. coli BL21 for Hise-tagged protein in-
duction and purification. For expression of stal’, the first 16 amino
acid residues (putative N-terminal signal sequence) of the protein
were excluded. Then the pET-SUMO-Stal’ was transformed into
E. coli Transetta (DE3) cells for Hise-tagged protein induction and
purification. Additional detailed methods of protein expression
and purification were shown in Supporting Information
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4.7.  Expression of StaC, StaD, and StaF in yeast

The coding regions of StaC, StaD, StaF, and ATR1 (a cytochrome
P450 reductase from Arabidopsis thaliana) were individually
cloned into a yeast expression vector, pESC, under the control of
the GAL10 yeast promoter to yield pESC-His-StaC, pESC-His-
StaD, pESC-His-StaF, and pESC-Leu-ATR1. After verification of
the sequence, the plasmids pESC-His-StaD and pESC-Leu-ATR1
were co-introduced into Saccharomyces cerevisiae INVScl strain
for expression. The plasmids of pESC-His-StaC and pESC-His-
StaF were transformed to INVScl strain for expression analysis,
respectively. Additional detailed methods were shown in Sup-
porting Information

4.8.  Invitro biochemical assays

All the reactions were carried out in 1.5 mL Eppendorf tubes at
30 °C for 12 h. The reaction was terminated by the addition of
200 pL methanol. Protein precipitate was removed by centrifu-
gation (15,000xg, 40 min) (Sigma, 3K15, Germany). Then the
reaction mixture were used for LC—MS analysis and three parallel
assays were routinely carried out. HPLC analyses were performed
as described in Supporting Information

4.9.  Feeding experiments

The mycelia of A. oryzae transformants harboring staE and staEF
were inoculated in 50 mL DPY medium in 250 mL Erlenmeyer
flasks at 28 °C, 150 rpm (Taicang Haocheng, HZQ-F100, Taicang,
China). Substrates (7) was dissolved in dimethyl sulfoxide
(DMSO) at a concentration of 10 mg/mL. After culture 2 days, the
cells were transferred into CD medium to induce, then 100 pL of 7
was added to the culture of A. oryzae-staE and A. oryzae-staEF,
respectively, and culture at 28 °C, 180 rpm (Taicang Haocheng)
for 24 h. Then, the culture was extracted with ethyl acetate and
concentrated in vacuo. The extracts were analyzed by LC—MS.

The AstaB mutant cells were cultured in a 50 mL scale at
28 °C and 150 rpm (Taicang Haocheng) in PDB medium. After
48 h cultivation, compounds 7 and 8 (1.0 mg, 20 mmol/L) dis-
solved in DMSO were individually supplemented into the cultures
and cultured for another 12 h. The metabolic extract was analyzed
by LC—MS.

4.10.  Scale-ups of enzymatic reaction

To obtain sufficient amounts of 9a, 11, and 13 for structural
characterization, the scale-ups of enzymatic reaction were per-
formed. Additional detailed processes were shown in Supporting
Information

4.11.  Analysis and isolation of metabolites

For small scale analysis, S. chartarum wild type and its mutant
strains (AstaB, C, D, E, F, G, H, H', H/H', I, I, and I/I') were
cultivated in Erlenmeyer flasks (250 mL) containing 100 mL of
PDB medium on a shaker at 150 rpm (Taicang Haocheng), 28 °C
for 7 days. The cultures were extracted with the same volume of
ethyl acetate (EtOAc) twice and evaporated to dryness. The dried
extract was dissolved in methanol and analyzed by LC—MS. For
isolation of metabolites, extract was subjected to the column
chromatography and further purification by semi-preparative

HPLC. Additional detailed methods were shown in Supporting
Information

4.12.  hNayl.2 channels inhibitory activity assay

The hNay1.2 channels inhibitory experments were carried out as
described previously®’. Additional detailed methods were shown
in Supporting Information
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