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ABSTRACT: Austinol, a fungal meroterpenoid derived
from 3,5-dimethylorsellinic acid, has a unique chemical
structure with a remarkable spiro-lactone ring system.
Despite the recent identification of its biosynthetic gene
cluster and targeted gene-deletion experiments, the
process for the conversion of protoaustinoid A (2), the
first tetracyclic biosynthetic intermediate, to the spiro-
lactone preaustinoid A3 (7) has remained enigmatic. Here
we report the mechanistic details of the enzyme-catalyzed,
stereospecific spiro-lactone ring-forming reaction, which is
catalyzed by a non-heme iron-dependent dioxygenase,
AusE, along with two flavin monooxygenases, the 5′-
hydroxylase AusB and the Baeyer−Villiger monooxygenase
AusC. Remarkably, AusE is a multifunctional dioxygenase
that is responsible for the iterative oxidation steps,
including the oxidative spiro-ring-forming reaction, to
produce the austinol scaffold.

The fungal meroterpenoids comprise structurally diverse
natural products with a wide range of important biological

activities,1 as exemplified by pyripyropene A, a potent acyl-
CoA:cholesterol acyltransferase (ACAT) inhibitor, and the
andrastins, which are protein farnesyltransferase inhibitors.2−4

The genetic and molecular bases for the biosyntheses of these
complex meroterpenoids, including pyripyropene A,5,6 paxil-
line,7−9 austinol/dehydroaustinol,10,11 and terretonin,12−14 have
recently been elucidated by the identification of their
biosynthetic gene clusters, targeted gene deletions, complemen-
tation experiments, and reconstitutions of their biosynthetic
pathways in heterologous expression hosts. Among them,
austinol, dehydroaustinol, and terretonin are members of the
3,5-dimethylorsellinic acid (DMOA)-derived meroterpenoid
family, which includes a quite large number of structurally
diverse meroterpenoids (Figure 1).15 These molecules are all
derived from the farnesylated aromatic tetraketide DMOA but
differ as a result of variations in the cyclization and tailoring
reactions. Therefore, the chemical processes and mechanisms
that generate the remarkable structural diversity of this class of
natural products have long attracted keen interest.
The biosynthetic gene clusters for austinol (1) and

dehydroaustinol in Aspergillus nidulans are located in two
separate regions in the genome, and 14 genes in the clusters
are involved in the biosynthesis of 1.11 The biosynthetic pathway
up to protoaustinoid A (2), the first tetracyclic biosynthetic
intermediate, was elucidated by gene disruption and recon-
stitution in a fungal expression system11,13 and involves a

polyketide synthase (AusA), a farnesyltransferase (AusN), a
methyltransferase (AusD), a flavin-dependent monooxygenase
(FMO) (AusM), and a terpene cyclase (AusL). The trans-
formation of the spiro-lactone preaustinoid A3 (7) into 1 has also
been proposed. It is presumably achieved by five enzymes,
including two hypothetical proteins (AusJ and AusH), a
ketoreductase (AusK), and two P450 monooxygenases (AusI
and AusG).11 However, the biosynthetic process for the
conversion of 2 into 7 has remained a missing link. A key feature
of the biosynthesis of 7 is the spiro-lactone ring formation, which
makes these compounds quite unique, since this type of spiro
system is found in only a few natural products, such as
andibenins16,17 and carapolide G.18 Although a reaction
mechanism for spiro-lactone formation was previously proposed
for the biosynthesis of an austinol derivative,19 the mechanistic
details of the enzyme-catalyzed process remain to be clarified.
Previously reported gene-disruption experiments suggested

that an FMO, designated as AusB, accepts 2 as a substrate. In
addition, two other genes designated as ausC and ausE, encoding
another putative FMO and a non-heme iron-dependent
dioxygenase, respectively, were also suggested to be involved in
the biosynthesis of 1.11 However, since neither the ausC- nor
ausE-targeted gene-deletion mutant of A. nidulans yielded any
biosynthetic intermediates, their roles in the biosynthesis have
yet to be elucidated. Considering that multiple oxidation steps,
such as hydroxylation and dehydrogenation, would be required
for the formation of spiro-lactone 7 from 2, we hypothesized that
these three oxygenases, AusB, AusC, and AusE, are involved in
the generation of 7. We now describe this previously unknown
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Figure 1. Fungal meroterpenoids derived from DMOA.
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pathway in meroterpenoid biosynthesis and the characterization
of these enzymes, including a multifunctional non-heme iron-
dependent dioxygenase that catalyzes the iterative oxidation
steps and the stereospecific oxidative spiro-ring-forming reaction
to produce the austinol scaffold.
To characterize the functions of these three oxygenases, we

constructed a heterologous fungal expression system in
Aspergillus oryzae NSAR1, which is a quadruple auxotrophic
mutant strain (niaD−, sC−, ΔargB, adeA−).20 In the expression
system, the sequences of ausB and ausC in the database
(AN8379.4 and AN8381.4, respectively) were manually revised
to exclude apparently mispredicted intron sequences [Figure S1
in the Supporting Information (SI)]. Each transformant was
cultured in induction medium supplemented with 2, and the
compounds that accumulated in the culture supernatant were
analyzed.
When AusB alone was expressed in A. oryzae, 2 was

successfully converted into the single new product 3, which
was not found in the control transformant harboring the empty

vectors (Figure 2, lanes i and ii). Interpretations of the 1H and
13C NMR spectra confirmed 3 as berkeleyone A (Table S4),21 a
C5′-hydroxylated derivative of 2. This experiment revealed that
AusB is responsible for the C5′ hydroxylation of 2. Contrary to
the previous proposal that AusB could be a Baeyer−Villiger (BV)
monooxygenase that forms the seven-membered lactone A-
ring,11 no such compound was obtained from the transformant
expressing AusB. Likewise, 3 was also produced by the
transformant expressing both AusB and AusC (Figure 2, lane
iii), indicating that AusC is not the enzyme that accepts 3 as its
substrate.
On the other hand, the transformant expressing both AusB

and AusE converted 2 into two major products 8 and 10 (Figure
2, lane iv) along with two minor products 4 and 9 having HPLC
retention times close to that for 10 (Figure S2A). The structures
of all four products were confirmed by one- and two-dimensional
NMR spectroscopy. 4 was identified as the known trione
preaustinoid A (Table S5),22 while 8−10 were novel
compounds. Compound 8 was found to be a C5-hydroxylated
derivative of 3, which we named 5-hydroxyberkeleyone A (Table
S1 and Figures S4 and S5). Compound 9, designated as
preaustinoid C, is a dehydrogenated form of 4 with a Δ1,2-
conjugated double bond (Table S2 and Figures S6 and S7), and
compound 10, designated as austinoid C, has a spiro-cyclo-

pentenone structure that is probably derived from oxidative
carbon rearrangement of 9 (Table S3 and Figures S8 and S9). On
the basis of the four different products, including 10 with the
spiro system, AusE probably catalyzes not only the oxidative
spiro-ring formation but also the multistep oxidation processes.
Finally, the transformant expressing all three enzymes AusB,
AusC, and AusE successfully converted 2 into spiro-lactone 7
(Figure 2, lane v, and Table S7), suggesting that AusC catalyzes
the BV reaction to insert an O atom between C3 and C4 of the A-
ring. Concurrently, preaustinoid A2 (6)23 was also detected as a
minor product in the transformant expressing all three
oxygenases (Figure S2B and Table S6), implying that the BV
reaction occurs prior to the spiro-ring formation.
To obtain deeper insight into the AusE-catalyzed spiro-ring-

forming reaction, we performed in vitro assays using a
recombinant AusE heterologously expressed in Escherichia coli.
A bioinformatic analysis revealed that AusE shares sequence
similarity with the members of the phytanoyl-CoA dioxygenase
(PhyH) superfamily. PhyH requires Fe(II) and α-ketoglutarate
(α-KG) for its activity.24 Therefore, when AusE was incubated
with FeSO4, α-KG, and substrate 3, we obtained 10 as well as 4, 8,
and 9 (Figure 3, lane iv). The enzymatic reaction proceeded in

the absence of exogenous Fe(II), probably by means of residual
enzyme-bound ferrous ions (Figure 3, lane ii), but the reaction
was completely abolished by either the presence of 1 mM EDTA
or the absence of α-KG (Figure 3, lanes i and iii). These results
indicated that AusE requires Fe(II) and α-KG for the catalytic
activity and that AusE accepts 3 as a substrate to catalyze three
consecutive oxidation reactions, including the stereospecific
spiro-cyclopentenone-forming reaction, to produce 10.
Furthermore, the in vitro assay revealed that AusE accepts 6 as

a substrate to generate spiro-lactone 7 (Figure 3, lanes v and vi).
The observation that AusE produces both 7 and 10 in turn
evoked the question about the timing and the substrate of the BV
oxidation reaction catalyzed by AusC. To clarify the complete
biosynthetic pathway, we performed bioconversion experiments;
five compounds (2, 3, 4, 9, and 10) were incubated with the
transformant expressing both AusE and AusC. As a result, 3 and 4
were successfully converted into 7, whereas 9 was transformed
into spiro-cyclopentenone 10 and 2 and 10 remained unchanged
(Figure S3). These results clearly indicated that AusC accepts 4
to produce preaustinoid A1 (5)23 with a seven-membered
lactone A-ring and that 5 is further oxidized to give enone 6 by

Figure 2. HPLC profiles of culture supernatant extracts from
transformants incubated with 2. The transformants harbored (i) only
empty vectors; (ii) ausB; (iii) ausB and ausC; (iv) ausB and ausE; and (v)
ausB, ausC, and ausE. The chromatograms were monitored at 190 nm.

Figure 3.HPLC profiles of the products of reactions of AusE with (i−iv)
3 or (v, vi) 6: (i) without α-KG; (ii) without Fe(II); (iii) with EDTA;
(iv) complete reaction with 3; (v) without AusE; (vi) complete reaction
with 6. The chromatograms were monitored at 190 nm.
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AusE (5was not isolated). Considering these results, we propose
the complete biosynthetic pathway for the conversion of 2 into 7
(Scheme 1), in which AusE iteratively catalyzes multistep
oxidation reactions, including the spiro-ring formation, both
“before” and “after” the BV lactone formation by AusC.
A sequence comparison revealed that AusE has a conserved 2-

His-1-carboxylate iron-binding facial triad (H130, D132,
H214).25 An iron bound to this site could play a central role in
the reaction catalyzed by AusE, and thus we propose the
following mechanism for the oxidative spiro-ring formation
(Scheme 2). The initial binding of α-KG and O2 would lead to

oxidative decarboxylation of α-KG, generating the active
Fe(IV)−oxo species. This species would hydroxylate enone 6
at C5, forming the hydroxylated intermediate bound to an Fe(II)
species. Elimination of the hydroxyl group followed by
rearrangement of the carbon skeleton of the resulting
carbocationic intermediate would generate spiro-lactone 7.
Similar carbaspirocycle-forming reactions were previously
achieved by synthetic chemistry; steroids with a 4β,5β- or
5α,6α-epoxide were converted into spiro compounds by
treatment with formic acid or boron trifluoride, respectively.26,27

These reactions suggested that the generation of the C5
carbocationic species would spontaneously lead to spiro-ring

formation, corroborating the proposed reaction mechanism for
AusE.
The Fe(II)/α-KG-dependent dioxygenase family proteins

catalyze various reactions in nature, such as the insertion of a C
atom into the penicillin molecule in cephalosporin biosynthesis28

and the formation of tropolone in stipitatic acid biosynthesis.29

Clavaminate synthase 2,30 another member of this family,
remarkably catalyzes three oxidation reactions in clavulanic acid
biosynthesis, as observed for AusE. To the best of our knowledge,
however, this is the first report of oxidative carbaspirocycle
formation by this class of enzymes. On the other hand, a mutated
sesquiterpene synthase reportedly produced a compound with a
spiro-ring system by means of only carbon skeletal rearrange-
ment without an oxidation process.31 Therefore, this study has
also provided insights into the biosynthetic mechanisms involved
in the production of other spiro-ring-containing natural
products.
In conclusion, we identified and characterized three oxy-

genases involved in the biosynthesis of austinol, including the
multifunctional and oxidative spiro-ring-forming dioxygenase
AusE. AusE catalyzes various oxidation reactions in addition to
spiro-ring formation and works iteratively in the biosynthetic
process. This study has defined the complete pathway of austinol
biosynthesis by revealing the missing link between 2 and 7.
Furthermore, in the course of our study, we isolated three novel
austinol derivatives (8−10) as well as four known compounds (3,
4, 6, and 7). Notably, except for 7, none of these were isolated in
the previous gene-disruption study.11 This highlights the
significant advantage of the reconstitution approach to obtain
biosynthetic intermediates of natural products. Finally, the spiro-
ring moiety of austinol also exists in a few other natural products.
This study has provided insights suggesting that AusE-like
dioxygenases may be involved in the biosynthesis of these
carbaspirocycle-containing compounds in general as well as clues
for manipulating the biosynthetic pathway to create novel and
structurally distinct molecular scaffolds for drug discovery.
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Scheme 1. Proposed Biosynthetic Pathway Leading to Preaustinoid A3 (7)
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Formation

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja405518u | J. Am. Chem. Soc. 2013, 135, 10962−1096510964

http://pubs.acs.org


■ AUTHOR INFORMATION

Corresponding Author
abei@mol.f.u-tokyo.ac.jp

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We thank Prof. K. Gomi (Tohoku University) and Prof. K.
Kitamoto (The University of Tokyo) for kindly providing the
expression vectors and the fungal strain. This work was
supported by Grants-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science and Technology
of Japan and by the CREST Program of the Japan Science and
Technology Agency.

■ REFERENCES
(1) Geris, R.; Simpson, T. Nat. Prod. Rep. 2009, 26, 1063.
(2) Tomoda, H.; Nishida, H.; Kim, Y. K.; Obata, R.; Sunazuka, T.;
Omura, S.; Bordner, J.; Guadliana, M.; Dormer, P. G.; Smith, A. B. J. Am.
Chem. Soc. 1994, 116, 12097.
(3) Uchida, R.; Shiomi, K.; Inokoshi, J.; Sunazuka, T.; Tanaka, H.; Iwai,
Y.; Takayanagi, H.; Omura, S. J. Antibiot. 1996, 49, 418.
(4) Uchida, R.; Shiomi, K.; Inokoshi, J.; Tanaka, H.; Iwai, Y.; Omura, S.
J. Antibiot. 1996, 49, 1278.
(5) Itoh, T.; Tokunaga, K.; Matsuda, Y.; Fujii, I.; Abe, I.; Ebizuka, Y.;
Kushiro, T. Nat. Chem. 2010, 2, 858.
(6) Hu, J.; Okawa, H.; Yamamoto, K.; Oyama, K.; Mitomi, M.; Anzai,
H. J. Antibiot. 2011, 64, 221.
(7) Saikia, S.; Parker, E.; Koulman, A.; Scott, B. FEBS Lett. 2006, 580,
1625.
(8) Saikia, S.; Parker, E.; Koulman, A.; Scott, B. J. Biol. Chem. 2007, 282,
16829.
(9) Tagami, K.; Liu, C.; Minami, A.; Noike, M.; Isaka, T.; Fueki, S.;
Shichijo, Y.; Toshima, H.; Gomi, K.; Dairi, T.; Oikawa, H. J. Am. Chem.
Soc. 2013, 135, 1260.
(10) Nielsen, M.; Nielsen, J.; Rank, C.; Klejnstrup, M.; Holm, D.;
Brogaard, K.; Hansen, B.; Frisvad, J.; Larsen, T.; Mortensen, U. FEMS
Microbiol. Lett. 2011, 321, 157.
(11) Lo, H.-C.; Entwistle, R.; Guo, C.-J.; Ahuja, M.; Szewczyk, E.;
Hung, J.-H.; Chiang, Y.-M.; Oakley, B.; Wang, C. C. J. Am. Chem. Soc.
2012, 134, 4709.
(12) Itoh, T.; Tokunaga, K.; Radhakrishnan, E.; Fujii, I.; Abe, I.;
Ebizuka, Y.; Kushiro, T. ChemBioChem 2012, 13, 1132.
(13) Matsuda, Y.; Awakawa, T.; Itoh, T.; Wakimoto, T.; Kushiro, T.;
Fujii, I.; Ebizuka, Y.; Abe, I. ChemBioChem 2012, 13, 1738.
(14) Guo, C.-J.; Knox, B.; Chiang, Y.-M.; Lo, H.-C.; Sanchez, J.; Lee,
K.-H.; Oakley, B.; Bruno, K.; Wang, C. C. Org. Lett. 2012, 14, 5684.
(15) Simpson, T. J.; Walkinshaw, M. D. J. Chem. Soc., Chem. Commun.
1981, 914.
(16) Dunn, A. W.; Johnstone, R. A.; Sklarz, B.; King, T. J. J. Chem. Soc.,
Chem. Commun. 1976, 270a.
(17) Simpson, T. J. J. Chem. Soc., Perkin Trans. 1 1979, 2118.
(18) Ayafor, J. F.; Kimbu, S. F.; Ngadjui, B. T.; Akam, T.M.; Dongo, E.;
Sondengam, B. L.; Connolly, J. D.; Rycroft, D. S. Tetrahedron 1994, 50,
9343.
(19) Ahmed, S. A.; Scott, F. E.; Stenzel, D. J.; Simpson, T. J.; Moore, R.
N.; Trimble, L. A.; Arai, K.; Vederas, J. C. J. Chem. Soc., Perkin Trans. 1
1989, 807.
(20) Jin, F.; Maruyama, J.-i.; Juvvadi, P.; Arioka, M.; Kitamoto, K.
Biosci., Biotechnol. Biochem. 2004, 68, 656.
(21) Stierle, D.; Stierle, A.; Patacini, B.; McIntyre, K.; Girtsman, T.;
Bolstad, E. J. Nat. Prod. 2011, 74, 2273.
(22) Geris dos Santos, R.; Rodrigues-Fo, E. Phytochemistry 2002, 61,
907.
(23) Geris dos Santos, R. M.; Rodrigues-Fo, E. Z. Naturforsch. 2003,
58, 663.

(24) Jansen, G. A.; Mihalik, S. J.; Watkins, P. A.; Jakobs, C.; Moser, H.
W.; Wanders, R. J. Clin. Chim. Acta 1998, 271, 203.
(25) Kovaleva, E. G.; Lipscomb, J. D. Nat. Chem. Biol. 2008, 4, 186.
(26)Maione, A. M.; Torrini, I.; Romeo, A. J. Chem. Soc., Perkin Trans. 1
1979, 775.
(27) Halsall, T.; Jones, E. R.; Tan, E.; Chaudhry, G. J. Chem. Soc. C
1966, 1374.
(28) Valegar̊d, K.; van Scheltinga, A. C. T.; Lloyd, M. D.; Hara, T.;
Ramaswamy, S.; Perrakis, A.; Thompson, A.; Lee, H.-J.; Baldwin, J. E.;
Schofield, C. J. Nature 1998, 394, 805.
(29) Davison, J.; al Fahad, A.; Cai, M.; Song, Z.; Yehia, S.; Lazarus, C.;
Bailey, A.; Simpson, T.; Cox, R. Proc. Natl. Acad. Sci. U.S.A. 2012, 109,
7642.
(30) Zhou, J.; Kelly, W. L.; Bachmann, B. O.; Gunsior, M.; Townsend,
C. A.; Solomon, E. I. J. Am. Chem. Soc. 2001, 123, 7388.
(31) Cane, D. E.; Xue, Q.; Van Epp, J. E.; Tsantrizos, Y. S. J. Am. Chem.
Soc. 1996, 118, 8499.

Journal of the American Chemical Society Communication

dx.doi.org/10.1021/ja405518u | J. Am. Chem. Soc. 2013, 135, 10962−1096510965

mailto:abei@mol.f.u-tokyo.ac.jp

