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ABSTRACT: Sesterterpenoids are a group of terpenoid
natural products that are primarily biosynthesized via
cyclization of the C,; linear substrate geranylfarnesyl
pyrophosphate (GFPP). Although the long carbon chain of
GFPP in theory allows for many different cyclization patterns,
sesterterpenoids are relatively rare species among terpenoids,
suggesting that many intriguing sesterterpenoid scaffolds have
been overlooked. Meanwhile, the recent identification of the
first sesterterpene synthase has allowed the discovery of new
sesterterpenoids by the genome mining approach. In this study,
we characterized the unusual fungal sesterterpene synthase
EvQS and successfully obtained the sesterterpene quiannula-
tene (1) with a novel and unique highly congested carbon
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Qnn-P450

GFPP

skeleton, which is further oxidized to quiannulatic acid (2) by the cytochrome P450 Qnn-P450. A mechanistic study of its
cyclization from GFPP indicated that the biosynthesis employs an unprecedented cyclization mode, which involves three rounds
of hydride shifts and two successive C—C bond migrations to construct the 5-6-5-5-5 fused ring system of 1.

B INTRODUCTION

Terpenoids are natural products derived from Cs isoprene units
and include numerous compounds with diverse backbone
skeletons as well as pharmaceutically important compounds.”
The complex scaffolds of terpenoids are synthesized via
cyclization of the linear, achiral polyisoprenoid substrates,
which is initiated by the formation of a carbocationic species.
Cyclization events are generally the first committed step in
terpenoid biosyntheses and yield terpene hydrocarbons or
alcohols. The reactions are catalyzed by terpene cyclases (TCs)
and have been of great interest to chemists since a molecular
architecture with multiple rings and chiral centers can be
constructed in a single reaction (or a few reactions). Hence, a
considerable number of TCs have been discovered and
characterized enzymologically and structurally, to understand
the molecular mechanisms responsible for the diversity
generation in terpenoid biosynthesis.””’ However, we are far
from the point where we can design an enzyme that achieves a
desired cyclization scheme.

Terpenoids are further classified into several subgroups,
according to the number of isoprene units utilized in their
biosynthesis. Interestingly, sesterterpenoids, which are derived
from five C; units (or geranylfarnesyl pyrophosphate, GFPP),
are relatively rare among terpenoid natural products;® Cjg
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sesquiterpenoids, C,, diterpenoids, and Cj, triterpenoids are
more common than C,s sesterterpenoids. Accordingly, much
less is known about the enzymes involved in sesterterpenoid
biosynthesis, as compared to those for the other classes of
terpenoids. However, given that a longer substrate should
contribute to greater product diversity, the chemical space of
sesterterpenoids could be much larger than what we currently
recognize. Therefore, it is likely that we have overlooked
numerous sesterterpenoids and we may even be able to induce
novel cyclization modes of GFPP by the engineering of TCs.
Thus, mining for largely undiscovered sesterterpenoids and
their synthases could provide molecules with novel scaffolds as
well as insights into the enzymatic processes that afford their
carbon skeletons.

The first sesterterpene synthase identified was ophiobolin F
synthase (AcOS) from the fungus Aspergillus clavatus,” which
led to the discovery of several new sesterterpenes by searching
for and characterizing genes homologous to AcOS in fungal
genomes.lo_13 These enzymes are chimeric proteins consisting
of two domains: a prenyltransferase (PT) domain at the C-
terminus and a TC domain at the N-terminus. Thus, it appears
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that the GFPP produced by the PT is efficiently transferred to
the TC to yield a cyclized product. Intriguingly, a recent
phylogenetic analysis of the TCs of these bifunctional terpene
synthases suggested that the enzymes could be grouped into
five clades (clades A—E), with TCs in the same clade
performing the same initial cyclization of the substrate."" So
far, this hypothesis is consistent with reactions by the known
fungal sesterterpene synthases (and homologous diterpene
synthases'*™'°) but is supported by only a limited number of
characterized enzymes. Thus, it is important to expand our
knowledge of this class of enzymes, since this information
would contribute to obtaining new natural products and
provide opportunities to artificially modify the functions of
TCs. In this study, we focused on the sesterterpene synthase
EvQS, a TC that is not grouped into any previously proposed
clade, and demonstrated that EvQS is responsible for the
formation of a pentacyclic sesterterpene quiannulatene (1) with
an unprecedented carbon skeleton (Figure 1). We also

quiannulatene (1)

quiannulatic acid (2)

Figure 1. Sesterterpenoids obtained in this study.

elucidated the mechanism that affords the unique pentacyclic
scaffold of 1 by in vivo isotope incorporation using labeled
acetates and by in vitro experiments with GFPP isotopomers
generated in situ. Finally, we found that 1 is further
transformed into its carboxylate derivative, quiannulatic acid
(2), by the cytochrome P450 monooxygenase encoded by the
gene located next to EvQS. Sequence data for the biosynthetic
gene cluster for quiannulatic acid have been deposited at
DDBJ/EMBL/GenBank under Accession Number LC155210.

B RESULTS AND DISCUSSION

Search for a Sesterterpene Synthase Gene and lts
Functional Analysis. To obtain a new metabolite derived
from a fungal bifunctional terpene synthase, we focused on
Emericella variecolor NBRC 32302 as a potential source, since
we previously identified several new sesterterpenes from this
fungus and its genome encodes many yet-uncharacterized
putative sesterterpene synthases.'”'”"* Among these candi-
dates, one gene encoding a protein with 746 amino acid
residues was selected (Figure S1), since its TC domain belongs
to none of the clades A—E (Figure S2). Therefore, we expected
that a novel terpene molecule, generated via a different initial
cyclization mode from the previously characterized modes,
could be obtained. To analyze the function of this gene, it was
heterologously expressed in Aspergillus oryzae NSAR1,"” as this
strain is suitable for the characterization of fungal biosynthetic
enzymes.'®"” The transformant was cultivated in the induction
medium, and the resulting mycelial metabolites were analyzed
by gas chromatography—mass spectrometry (GC-MS). As a
result, we detected the new metabolite 1 with m/z 340 [M]*
(Figure 2A and Figure S3A), which corresponds to the
molecular weight of a sesterterpene hydrocarbon. The GC
retention time and the mass spectrum of 1 indicated that 1 is
not identical to the other terpene compounds obtained in our
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Figure 2. Functional analyses of EvQS and Qnn-P450. (A) GC-MS
chromatograms of mycelial extracts from A. oryzae transformants
harboring (i) only empty vector or (ii) EvQS. (B) GC-MS
chromatograms of mycelial extracts methylated by (trimethylsilyl)-
diazomethane from A. oryzae transformants harboring (i) EvQS or (ii)
EvQS and Qnn-P450. (C) Structures of 1, 2, and 4.

191213 3nd thus it was isolated for structural

previous studies,
characterization.

High-resolution electron ionization mass spectrometric (HR-
EI-MS) analysis revealed the molecular formula of 1 as C,H,,
with six degrees of unsaturation. In the *C NMR spectrum of
1, 25 signals, including two olefinic carbons, were accordingly
observed, suggesting the pentacyclic backbone of 1. Further
interpretation of the two-dimensional NMR spectra successfully
established the planar structure of 1, with an unprecedented
molecular architecture (Figure 3A, Table S3, and Figures S10—

Figure 3. (A) 'H-'H correlation spectroscopy (COSY) and key
heteronuclear multiple-bond correlation (HMBC) correlations in 1.
(B) Key NOESY correlations in 1.

S17; see Supporting Information for details of structural
determination). The relative configuration of 1 was then
determined, based on the nuclear Overhauser effect spectro-
scopic (NOESY) correlations (Figure 3B). For the stereo-
chemistry of the A and B rings, the 1S8%,45%5R*/78*
configuration was deduced on the basis of correlations of H-
19 with H-7/H-18a/H-20/H-22 and H-S with H-18f.
Subsequently, the 8R* 11R*,125*,1SR* configuration for the
C, D, and E rings was established by correlations of H-7 with
H-12, H-9 with H-24, and H-12 with H-23. Thus, we
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determined that 1 has a novel scaffold with a 5-6-5-5-5 fused
ring system, including an intriguing angular triquinane moiety.

We then aimed to establish the absolute configuration of 1,
but the unfunctionalized nature of 1 prevented the rapid
determination of its complete structure. We therefore sought to
synthetically derivatize 1 to a compound to which a known
methodology for absolute configuration determination could be
applied. After investigation of several oxidative reactions of 1,
selenium dioxide oxidation was found to efficiently convert 1
into the conjugated aldehyde 3 (Figure 4, Table SS, and Figures
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Figure 4. Derivatization of 1 by oxidation with selenium dioxide.

$26—S33). The electron circular dichroic (ECD) spectrum of 3
in ethanol was then compared with the calculated ECD data of
3, and thus we established the absolute configuration of 1 to be
154S,5R,7S,8R,11R,12S,15R (Tables S8—S11 and Figures S5—
S9). The sesterterpene 1 was hereby named quiannulatene, and
the sesterterpene synthase was designated as EvQS (E.
variecolor quiannulatene synthase).

Functional Analysis of the Cytochrome P450 That
Oxidizes 1. Since the metabolites produced by terpene
synthases are often further transformed into their derivatives
in many biosynthetic pathways, we then investigated whether
quiannulatene (1) could be converted to a new compound by
tailoring enzyme(s). To this end, we investigated the flanking
regions of EvQS, and found a gene encoding a putative
cytochrome P450 monooxygenase located next to the EvQS
gene. On the basis of the fact that P450s are commonly
involved in fungal sesterterpenoid biosynthesis and that they
are often res}o)onsible for the oxidation of a methyl group into a
carboxylate,"”"" we reasoned that Qnn-P450 is engaged in the
transformation of 1 into its carboxylate counterpart.

To illuminate the function of Qnn-P450, the P450 gene was
coexpressed with EvQS in A. oryzae, and the resultant
metabolites were subsequently methylated with (trimethyl-
silyl)diazomethane prior to GC-MS analysis, to detect
molecules with a carboxylate functionality. A new compound,
4, with m/z 384 [M]*, which corresponds to the molecular
weight of the methyl ester of a sesterterpene monocarboxylate,
was detected only in the extract from the transformant
expressing both genes (Figure 2B and Figure S3E). The new
metabolite 2, whose methylation gives 4, was isolated and
analyzed by NMR. The NMR spectra of 2 were highly similar
to those of 1 but revealed the disappearance of one singlet
signal for a methyl group in the "H NMR spectrum, as well as
the presence of a new signal for a carboxylic acid (§ 184.0) in
the *C NMR spectrum, indicating that 2 is a derivative of 1
with a carboxyl group. Two-dimensional (2D) NMR spectra of
2 confirmed that a carboxyl functionality was introduced to the
C-19 methyl group (Figure 2C, Table S4, and Figures S18—
S$25), and we deduced that 2 has the same configuration as that
of 1, which established the structure of 2. Collectively, Qnn-
P450 oxidizes C-19 of 1 in three successive reactions to afford
the carboxylate 2, which was accordingly named quiannulatic
acid.

P450s are often encoded by genes in the biosynthetic gene
clusters for fungal sesterterpenoids, and they are responsible for
multistep oxidative reactions. The carboxylation of a methyl
group is a typical tailoring reaction by a P4S50, but a recent
study revealed that a P450 can perform much more complex
reactions on a sesterterpene scaffold, such as heterocycliza-
tion.”” These P450s, as well as many uncharacterized ones
found in fungal genomes, may possess cross-reactivities on
other sesterterpene species than their own substrates, and thus
they could be used as tools to derivatize sesterterpene skeletons
in unnatural manners. Finally, we also investigated whether the
new compounds 1—3 exhibit some biological activities, but
unfortunately, they displayed neither antimicrobial activity nor
cytotoxicity.

Mechanism of Cyclization Catalyzed by EvQS. To
obtain insight into how EvQS yields the highly congested,
unique backbone of quiannulatene (1), the cyclization
mechanism to afford 1 was investigated through several
isotope-labeling experiments. Initially, the transformant harbor-
ing EvQS was incubated in the presence of sodium [1-'*C]-
acetate, to clarify the distribution of the five isoprene units used
to synthesize 1. As fungi employ the mevalonate pathway, we
used dimethylallyl pyrophosphate (DMAPP) and isopentenyl
pyrophosphate (IPP) labeled with "*C at positions C-1 and C-3
as substrates, thus providing GFPP labeled at 10 positions
(Figure SA). Accordingly, 1 was labeled with '*C at ten distinct
positions: C-1, -3, -6, -9, -11, -13, -15, -16, -18, and -19 (Figure
SA and Figure S34). The labeling pattern, however, did not
provide an unambiguous conclusion about how GFPP is folded
to generate the carbon skeleton of 1.

To overcome this problem, we then performed in vitro
labeling experiments with enzymatically prepared GFPP
isotopomers. For this purpose, we first sought to express
EvQS in Escherichia coli, but we were not able to obtain a
soluble enzyme when the intact gene was expressed. Therefore,
we prepared a truncated EvQS protein containing only the TC
domain. The in vitro enzymatic reaction with the TC of EvQS
and the PT domain of another terpene synthase, EvVS,'>
successfully produced 1 from IPP and DMAPP as substrates
(Figure S4A), thus confirming the activities of the two
enzymes. We previously developed an “enzyme cocktail” that
enables the in vitro synthesis of (poly)prenylpyrophosphates
from acetate or mevalonate as a starting material, which has
been successfully applied to the enzymatic total synthesis of
several terpenes and terpenoids.”'~*’ Utilizing the enzyme
cocktail, we prepared [U-*C.]IPP from [U-"*C4]mevalonate,
which was ligated with unlabeled geranylgeranyl pyrophosphate
(GGPP) by the PT of EvVS to yield [1,2,3,4,20-*C;]GFPP,
possessing the '*C label on the first isoprene unit at the tail.
Cyclization of this labeled GFPP by the TC of EvQS
synthesized 1, possessing 13C at the C-14, -16, -17, -18, and
-25 positions (Figure SC and Figures S3C and $35). Similarly,
two molecules of [U-"C,]IPP were ligated with unlabeled
farnesyl pyrophosphate (FPP) to afford [1,2,3,4,5,6,7,
8,20,21-'*C,,]GEPP, the cyclization of which gave a product
with five additional *C labels at the C-10, -11, -12, -13, and -23
positions (Figure SC and Figures S3D and S$36). Taken
together, the distribution of each isoprene unit of GFPP in the
structure of 1 can now be well predicted (Figure SD).

We then focused on the origin of each hydrogen atom in 1.
Initially, the enzymatic reaction was performed in the presence
of 2H,0 on the basis of our previous report,"* since several
studies demonstrated that *H,O can be utilized to probe the
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Figure 5. Summary of labeling experiments of 1 using (A) sodium [1-*C]/[1-'*C,’H,]acetate or (B) sodium [2-*C,?H;]acetate. Bold lines indicate
acetate units. Asterisks indicate carbons from which the deuterium label was lost. (C) Experimentally confirmed distribution of carbons derived from
the first two isoprene units at the tail of GFPP. (D) Deduced distribution of all isoprene units in the structure of 1. (E) Proposed reaction

mechanism for generation of 1.

occurrence of the reprotonation step during the cycliza-
tion.”* ">’ As a result, incorporation of a deuterium to 1 was
not observed (Figures S3B and S$4B), indicating that 1 is
produced by a single reaction from GFPP. Furthermore, we
incorporated sodium [1-'*C,’H,]acetate or sodium
[2-13C,*H; Jacetate into 1, using the A. oryzae transformant
expressing EvQS. The resultant labeling patterns indicated that
the deuterium atoms originally bound to C-8 and C-12 were
lost from these positions and were transferred to C-12 and C-
11, respectively, by 1,2-hydride shifts (Figure SA, B, Figures
S37 and S38, and Tables S6 and S7; see Supporting
Information for detailed interpretation of the NMR spectra).
With all the experimental data described above, a plausible
mechanism for the EvQS-catalyzed cyclization can be proposed
as follows (Figure SE). The initial cyclizations following
elimination of the pyrophosphate group of GFPP occur at C-
1/C-15 and C-14/C-18, to yield §* with the 15-5 fused ring
system. A 1,5-hydride shift between C-7 and C-20 would

provide 6, in which the carbocation is stabilized by
delocalization. Although there are other possibilities for
neutralization of the C-20 cation (e.g., a series of 1,2-hydride
shifts or two rounds of 1,3-hydride shifts), the one-step hydride
shift would be most likely for this event, since a similar 1,5-
hydride shift was proposed and experimentally proved in the
cyclization reaction leading to sesterfisherol.'" The C—C bond
at C-8/C-12 would then be formed to give the tricyclic species
7%, which undergoes two rounds of 1,2-hydride shifts (C-12 to
C-11 and C-8 to C-12) followed by the double-bond
isomerization and C—C bond formation at C-7/C-17 to yield
8". Subsequently, the 7 electrons of the double bond attack the
carbocation at C-16 to afford the 5-6-4-6-S fused pentacyclic
carbocationic species 9%, and the alkyl shift would newly create
the C—C bond at C-7/C-8 to provide 10*. Finally, the alkyl
shift from C-16 to C-18, followed by deprotonation from C-17,
would afford the pentacyclic backbone of 1 and install the

DOI: 10.1021/jacs.6b05799
J. Am. Chem. Soc. 2016, 138, 10011-10018


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05799/suppl_file/ja6b05799_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05799/suppl_file/ja6b05799_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05799/suppl_file/ja6b05799_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05799/suppl_file/ja6b05799_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05799/suppl_file/ja6b05799_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05799/suppl_file/ja6b05799_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b05799

Journal of the American Chemical Society

7d* nitidasin

astellatol

H
CHO

aleurodiscal retigeranic acid A

Figure 6. Series of diastereomeric tricyclic cationic species in GFPP cyclization events (7" and 7a*—7e*) and selected fungal sesterterpenoids

probably derived from these diastereomers.

double bond between C-16 and C-17, completing the
cyclization cascade.

The proposed mechanism resembles that for sesterfisherol,
especially in the first halves of their reactions, despite the low
sequence identity between EvQS and sesterfisherol synthase
(~20% identity in their TC domains)."" Importantly, the
stereochemistry of %, deduced from the structure of 1, is not
the same as that proposed for the intermediate of sesterfisherol;
they are enantiomers of each other. Thus, EvQS adopts a
different initial cyclization pattern from that of any other
previously characterized fungal bifunctional terpene synthase,
which might explain why the TC of EvQS belongs to none of
the clades A—E. Furthermore, the diastereomers of 7 are
proposed to widely serve as key intermediates in cyclization
events for sesterterpenoid generation, such as retigeranic acids
A and B9 YW3548°" astellatol,* aspterpenacid A
nitidasin,® and aleurodiscal,®® and five diastereomers (7a*—
7e*) have been proposed to be utilized in the synthesis of
sesterterpenoids'' (Figure 6). Intriguingly, to the best of our
knowledge, no sesterterpenoids known to date appear to be
derived from 77, thus suggesting the presence of a new member
for the diastereomer series of 7* in terpenoid biosynthesis.

Genome mining of fungal sesterterpene synthases has been
proved to be a powerful tool to obtain new terpenoids with
novel scaffolds, but BLAST searches using these enzymes as
queries suggest that a number of uncultivated possible
sesterterpene synthases still remain. For example, proteins
sharing relatively high sequence identity (40—50%) with the
TC of EvQS can be found in publicly available databases,
although EvQS belongs to a new clade, which we now call clade
F. Given that these homologues are encoded by fungi in
different families and that the mining for sesterterpene
synthases has only been performed against fungi in the family
Trichocomaceae, it would be important to focus on the
enzymes derived from a variety of fungi to further expand the

molecular diversity of sesterterpenoids.

H CONCLUSION

Since the first discovery of a sesterterpene synthase in 2013,
several new sesterterpenes (or sesterterpenoids) have been
successfully isolated by genome mining and heterologous
expression approaches. In this study, we sought to obtain a
sesterterpene with a novel scaffold by focusing on an enzyme
that is less similar to the previously characterized ones, and we
successfully identified and characterized the bifunctional
sesterterpene synthase EvQS, which produces quiannulatene
(1) with a unique, highly congested carbon skeleton.
Additionally, in vivo and in vitro isotope labeling experiments
with different substrates provided clear evidence for the
occurrence of hydride shifts and C—C bond migrations in the
cyclization scheme, and thus allowed the proposal of a plausible
mechanism for the generation of 1. Importantly, the early-stage
cyclization mode of GFPP to afford 1 does not appear to be
utilized in the biosyntheses of any other known sesterterpe-
noids, suggesting that the functional analyses of terpene
cyclases belonging to the same clade as EvQS could lead to
the discovery of other novel terpene backbone structures. To
shed further light on structural details of the enzyme reactions,
crystallization and structure—function studies of these chimeric
enzymes are in progress. In conclusion, the genome-based
approach to the search for sesterterpenoids would definitely
contribute to the isolation of many overlooked terpene species
and expand the chemical space of natural products.

B MATERIALS AND METHODS

Strains and Media. Emericella variecolor NBRC 32302 was
obtained from the Biological Resource Center, National Institute of
Technology and Evaluation (Chiba, Japan). E. variecolor NBRC 32302
was cultivated at 30 °C and 160 rpm in DPY medium [2% dextrin, 1%
hipolypepton (Nihon Pharmaceutical Co., Ltd.), 0.5% yeast extract
(Difco), 0.5% KH,PO,, and 0.05% MgSO,-7H,0] for 3 days and used
as a source for cloning of the EvQS and Qnn-P450 genes. For the
extraction of RNA, the strain was statically cultivated at 28 °C in malt
extract broth [2% malt extract (Difco), containing 2% glucose and
0.1% mycological peptone (Oxoid)] for 3 weeks.
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Aspergillus oryzae NSARI (niaD™ sC~ AargB adeA™)"” was used as
the host for fungal expression. Transformants of the A. oryzae strain
were grown in shaking cultures in DPY medium at 30 °C and 160 rpm
for 5 days.

Standard DNA engineering experiments were performed with
Escherichia coli DHSa, purchased from Clontech (Mountain View,
CA). E. coli cells carrying each plasmid were grown in Luria—Bertani
(LB) medium and were selected with appropriate antibiotics. E. coli
Rosetta 2 (DE3) codon plus (Novagen) was used for expression of the
TC domain of EvQS and the PT domain of EvVS.

Phylogenetic Analysis. The phylogenetic tree of the TC domains
of fungal chimeric terpene synthases was drawn by use of CLC
Sequence Viewer 7.7 (CLC bio) with the Jukes—Cantor distances
analysis (UPGMA algorithm).

Construction of Fungal Expression Plasmids and Trans-
formation of A. oryzae NSAR1. For construction of fungal
expression plasmids, each gene was amplified from E. variecolor
NBRC 32302 genomic DNA, with the primers listed in Tables S1 and
S2. The full-length genes were purified, digested with appropriate
restriction enzymes, and ligated into the pTAex3*” vector by use of a
ligation kit v2.1 (TaKaRa) according to the manufacturer’s protocol
(Table S2). For introduction of the Qun-P450 gene into pAdeA,”® a
fragment containing the amyB promoter (PamyB) and the amyB
terminator (TamyB) was amplified from the pTAex3-based plasmid
and ligated into pAdeA (Table S2).

Transformation of A. oryzae NSAR1 was performed by the
protoplast—poly(ethylene glycol) method, as reported previously.”
To coexpress EvQS and Qnn-P450, two plasmids, pTAex3-EvQS and
pAdeA-Qnn-P450, were used for transformation. For construction of
negative control strains, the corresponding void vectors were used for
transformation.

Gas Chromatographic—Mass Spectrometric Analysis of Each
Metabolite. For analysis of the mycelial extract from the A. oryzae
transformant harboring EvQS, the extract was subjected to GC-MS
analysis. The temperature of the ionization chamber was 280 °C, with
electron impact ionization at 70 eV. Helium was used as a carrier gas,
and its linear velocity was 44.9 cm/min. The program held the
temperature at 150 °C for 4 min, increased the temperature at a rate of
15 °C/min up to 330 °C, and then held it at 330 °C for 10 min.

For analysis of the mycelial extract from the A. oryzae transformant
harboring EvQS and Qnn-P450, the extract was methylated with
(trimethylsilyl) diazomethane prior to GC-MS analysis, by adding S0
uL of a 0.6 M hexane solution to the extract, dissolved in 100 uL of
benzene and 100 L of methanol, and incubating the mixture at room
temperature for 1 h. GC-MS conditions were the same as those
described above for the EvQS product.

Isolation and Purification of Each Metabolite. For purification
of quiannulatene (1), mycelia from 2 L of a culture of the A. oryzae
transformant with the EvQS gene were extracted with acetone at room
temperature overnight. The extract was concentrated, reextracted with
hexane, and then subjected to silica gel column chromatography with
elution by hexane, yielding 18 mg of a colorless oil.

For purification of quiannulatic acid (2), mycelia from 2 L of a
culture of the A. oryzae transformant with the EvQS and Qnn-P450
genes were extracted with acetone at room temperature overnight. The
extract was concentrated, reextracted with ethyl acetate, and then
subjected to silica gel column chromatography, in which the silica gel
was pretreated with oxalic acid, with elution by a hexane/ethyl acetate
gradient (100/0 to 84/16). The fractions that contained 2 were further
purified by reverse-phase preparative HPLC (95% aqueous acetonitrile
with 0.5% acetic acid, 3.0 mL/min) to yield 9.0 mg of a colorless oil.

Synthesis of 3. To a solution of 1 (7.00 mg, 20.6 umol) in
anhydrous CH,Cl, (5.5 mL) was added an excess amount of selenium
dioxide (25.0 mg, 225 pmol), and the mixture was stirred for 3 h at
reflux. Subsequently, additional selenium dioxide (28.0 mg, 252 umol,
suspended in 3 mL of CH,Cl,) was supplied to the reaction mixture,
and it was stirred for another 3 h at reflux. After the CH,Cl,-insoluble
matter was removed by decantation, the reaction mixture was
concentrated by evaporation. The resulting residue was subjected to

flash silica gel column chromatography (hexane/ethyl acetate =100/0
to 95/5) to give 3 as a yellowish oil (6.70 mg, 19.1 umol, 93%).

Electron Circular Dichroism Calculation. All theoretical
calculations of 3 were performed with Gaussian 09.*° Conformational
analysis of 3 was initially performed with the ChemBio3D Ultra 14.0
software, using the Merck molecular force field 94x (MMFF94x),"!
and four conformers (3a—3d) were obtained with an energy cutoff of
15 kJ/mol. These conformers were then further optimized by use of
density functional theory (DFT) at the B3LYP/6-31G(d) level, with a
polarizable continuum model (PCM) in ethanol. Frequency
calculations were used to check that each conformer has the minimum
energy. From the distribution of each optimized conformer, based on
their thermodynamic parameters and the Boltzmann distribution law
at 298 K, two major conformers (3a and 3b) were selected for ECD
calculations. ECD calculations of 3a and 3b were performed by time-
dependent density-functional theory (TD-DFT) at the B3LYP/6-
31+(d,p) level, with a PCM in ethanol. Finally, the calculated ECD
curves of 3a and 3b were weighted by the Boltzmann law, and the
resulting spectra were compared with the experimentally obtained
spectra (Tables S8—S11 and Figures S5—S9).

In Vivo Labeling Experiments of 1. For labeling experiments
with sodium [1-"*CJacetate, an A. oryzae transformant harboring the
EvQS gene was cultivated in 200 mL of DPY medium supplemented
with 0.01% adenine and 100 mg of the labeled acetate, at 30 °C and
160 rpm for S days. When sodium [1-'*C,’Hj]acetate or sodium
[2-3C,*H;Jacetate was used, the transformant was cultivated in 250
mL of DPY medium supplemented with 20 mg of the labeled acetate,
at 30 °C and 160 rpm for 3 days. Mycelia from each transformant were
extracted with acetone at room temperature overnight. The extracts
were concentrated, reextracted with hexane, and subjected to silica gel
column chromatography with elution by hexane, to yield 2.6 mg, 2.0
mg, and 2.1 mg of colorless oil from sodium [1-"*C]acetate, sodium
[1-'*C,*H;]Jacetate, and sodium [2-'3C,*Hj]acetate, respectively. The
labeled quiannulatene (1) was then subjected to *C NMR analyses
(Tables S6 and S7 and Figures S34, S37, and S38).

Expression, Purification, and Reaction of Recombinant
Proteins. To remove the fusion tag from the pCold-TF vector, the
region except for the tag was amplified by use of primers pCold-F and
pCold-R (Table S1). This vector was designated as pColdX. To obtain
intron-free genes, total RNA was extracted from E. variecolor NBRC
32302 by use of Isogen (Nippon Gene Co., Ltd.), and cDNA was
synthesized with SuperScript III reverse transcriptase (Invitrogen)
from the extracted RNA. The PT domain of EvVS, [356—705]EvVS,
and the TC domain of EvQS, [1—-381]EvQS, were amplified and
cloned into the pCold-TF vector and the pColdX vector, respectively,
by use of the primers and conditions shown in Tables S1 and S2. E.
coli Rosetta 2 (DE3) codon plus cells harboring each plasmid were
cultured to an ODgy of 0.5 in LB medium containing 100 mg/L
ampicillin at 37 °C. Isopropyl S-p-1-thiogalactopyranoside was then
added to a final concentration of 0.50 mM to induce gene expression,
and the cultures were incubated further for 18 h at 15 °C. E. coli cells
were harvested by centrifugation at 5800g and resuspended in S0 mM
Tris-HCl buffer (pH 8.4) containing 250 mM NaCl, 10% (v/v)
glycerol, S mM MgCl,, and S mM imidazole (buffer A). The cells were
disrupted by sonication, and the lysate was centrifuged at 7300g for 30
min. The supernatant was loaded onto a Cosmogel His-Accept
(Nacalai Tesque) column equilibrated with buffer A. After the resin
was washed with buffer A containing 10 mM imidazole, the
recombinant proteins were subsequently eluted with buffer A
containing 300 mM imidazole. Protein solution buffers were
substituted with SO mM Tris-HCl buffer (pH 8.4) containing 250
mM NaCl, 10% (v/v) glycerol, and S mM MgCl,. All purification
procedures were performed at 4 °C.

The standard enzymatic reaction was performed in mixtures
containing 100 mM Tris-HCI (pH 7.5), 10 ug of DMAPP, 10 ug of
IPP, S mM MgCl,, 100 ug of [1-381]EvQS, and 200 ug of [356—
70S]EvVS in a final volume of 450 yL. After incubation at 30 °C
overnight, the reaction was extracted with 250 uL of ethyl acetate three
times and analyzed by GC-MS. The temperature of the ionization
chamber was 250 °C, with electron impact ionization at 70 eV. Helium
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was used as a carrier gas, and its linear velocity was 44.9 cm/min. The
program maintained the temperature at 100 °C for 3 min, increased
the temperature at a rate of 14 °C/min up to 268 °C, and then held it
at 268 °C for 4 min.

Preparation and Reactions of GFPP Isotopomers. The
[U-3C,]IPP reaction mixture was prepared by an incubation of 1.8
mM [U-®C4,]MVA with three enzymes and cofactors, including
mevalonate kinase (40 g/L), phosphomevalonate kinase (40 g/L), and
diphosphomevalonate decarboxylase (40 g/L), in SO0 mM Tris-HCl
buffer (pH 7.5) containing 16 mM ATP and 20 mM MgCl, at 30 °C
for 16 h. The reaction was stopped by heating at 65 °C for S min, and
the labeled IPP was retrieved from the protein debris by centrifugation
at 20900g for 10 min at 4 °C. The enzymes for the IPP synthesis were
prepared as previously described.”

Synthesis of [14,16,17,18,25-3C,]-1 from [1,2,3,4,20-*C;]GFPP
was performed by incubation of natural-abundance GGPP (0.9 mg)
and an excess amount of [U-'*C]IPP in a reaction mixture with
truncated [356—705]EvVS (10.7 mg) and [1—381]EvQS (5.0 mg) at
30 °C for 12 h. The enzyme product was extracted with hexane and
was subjected to '*C NMR analysis without further purification.
Similarly, [10,11,12,13,14,16,17,18,23,25-"*C,(]-1 was synthesized by
incubation of natural-abundance FPP (1.0 mg) and an excess amount
of [U-"*C]IPP in a reaction mixture with truncated [356—705]EvVS
(10.0 mg) and [1-381]EvQS (5.0 mg). The enzyme product was
partially purified by silica gel column chromatography, with elution by
hexane, and was subjected to *C NMR analysis.

Analytical Data. Quiannulatene (1). Colorless oil; [a]¥ 41.7 (c
1333, CcDy); for 'H and ">C NMR data, see Table S3 and Figures
$10-817; HR-EI-MS found m/z 340.3131 [M]" (caled 340.3130 for
CysHyp)-

Quiannulatic Acid (2). Colorless oil; [a]® 123.7 (¢ 0.033, C(Dy);
for 'H and '*C NMR data, see Table S4 and Figures S18—525; HR-EI-
MS found m/z 370.2885 [M]* (calcd 370.2872 for C,gH350,).

Compound 3. Yellowish oil; [a] = —79.7 (¢ 0.123, CHCL); CD
(c 0.5, BtOH) [0],5 —20900, [0]5,5 +10400, [0]150 +3600, [0]135
—12700; for 'H and '*C NMR data, see Table S5 and Figures S26—
$33; HR-MALDI-MS m/z 351.2692 [M + H]" (calcd 351.2688 for
Cy5H350).
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