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Fungal meroterpenoids are diverse structurally intriguing molecules with various biological properties. One large group within this

compound class is derived from the aromatic precursor 3,5-dimethylorsellinic acid (DMOA). In this study, we constructed engi-

neered metabolic pathways in the fungus Aspergillus oryzae to expand the molecular diversity of meroterpenoids. We employed the

5-methylorsellinic acid (5-MOA) synthase FncE and three additional biosynthetic enzymes for the formation of (6R,10'R)-epoxy-

farnesyl-5-MOA methyl ester, which served as a non-native substrate for four terpene cyclases from DMOA-derived meroter-

penoid pathways. As a result, we successfully generated six unnatural 5-MOA-derived meroterpenoid species, demonstrating the

effectiveness of our approach in the generation of structural analogues of meroterpenoids.

Introduction

Meroterpenoids are a class of natural products partially biosyn-
thesized from a terpenoid pathway; their non-terpenoid portions
can be polyketides, indole, or shikimate-derived compounds
[1-3]. Their hybrid nature significantly contributes to their
structural diversity and wide range of biological activities. Al-
though meroterpenoids are found ubiquitously in nature, as both
primary and secondary metabolites, filamentous fungi stand out
as the most prolific producers of meroterpenoids [1-3]. Repre-
sentative fungal meroterpenoids of medicinal importance

include pyripyropene A, a cholesterol acyltransferase inhibitor

[4]; fumagillin, an antimicrobial agent [5]; and mycophenolic
acid, a strong inosine 5-monophosphate dehydrogenase inhibi-
tor [6]. The biosynthesis of fungal meroterpenoids has garnered
interest in the organic chemistry field due to their structural
complexity and associated intriguing enzymatic reactions and
has thus been extensively researched for over a decade, provid-
ing a general understanding of their biosynthesis [7,8].

Polyketide—terpenoid hybrids are among the largest families of

meroterpenoids. Orsellinic acid, an aromatic polyketide, and its
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analogues have been commonly identified as polyketide compo-
nents in fungal meroterpenoids. Notably, 3,5-dimethylorsellinic
acid (DMOA) serves as a precursor for a wide array of struc-
turally diverse meroterpenoid species [7,8]. The fully substi-
tuted nature of DMOA leads to dearomatizing prenylation
during the biosynthesis of DMOA-derived meroterpenoids
(Figure 1A), facilitating the rearrangement reactions of the
polyketide moiety, contributing to structural diversification
[9,10]. By contrast, in the biosynthesis of meroterpenoids
derived from orsellinic acid and 5-methylorsellinic acid
(5-MOA), the prenylation reaction typically occurs at the non-
substituted carbon atom and thus preserves the aromaticity of
the polyketide portion [11-14]. One exception has been found in
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funiculolide biosynthesis, in which a 5-MOA-derived phthalide
undergoes dearomatizing prenylation catalyzed by the UbiA-
like prenyltransferase FncB (Figure 1B) [15]. In addition to
prenyltransferases, transmembrane terpene cyclases play a key
role in diversifying the structures of fungal meroterpenoids
[16]. For example, (6R,10'R)-epoxyfarnesyl-DMOA methyl
ester, a common intermediate with a linear terpenoid moiety, is
known to be recognized by five different enzymes, namely Trtl,
AusL, Adrl, InsA7, and InsB2, resulting in conversion into
distinct cyclized products (Figure 1C) [17-19]. In addition, a
recent study has demonstrated that some of these transmem-
brane terpene cyclases can accept synthetic substrate analogues
to yield several unnatural meroterpenoid molecules [20]. By
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andrastin E
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Figure 1: Biosynthesis of selected fungal meroterpenoids. (A, B) Dearomatizing prenylation reactions in the biosynthesis of (A) 3,5-dimethylorsellinic
acid (DMOA)- and (B) 5-methylorsellinic acid (5-MOA)-derived meroterpenoids. (C) Reactions catalyzed by the terpene cyclases involved in DMOA-

derived meroterpenoid pathways.
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mimicking nature’s strategy to synthesize diverse meroter-
penoids, we can access meroterpenoids that have not yet been

reported.

In this study, we aimed to expand the structural diversity of
meroterpenoids through artificial pathway construction. To
achieve this, we constructed a series of artificial metabolic path-
ways by harnessing genes from the funiculolide biosynthetic
pathway and those from DMOA-derived meroterpenoid path-
ways, successfully yielding six unnatural 5-MOA-derived
meroterpenoid species.

Results and Discussion

To synthesize unnatural meroterpenoid molecules, we sought to
generate a series of 5-MOA-derived meroterpenoids by utilizing
the terpene cyclases responsible for DMOA-derived com-
pounds. To achieve this goal, we first aimed to establish a pro-
duction system for the 4-desmethyl analogue of (6R,10'R)-
epoxyfarnesyl-DMOA methyl ester by utilizing the polyketide
synthase FncE, the prenyltransferase FncB, the O-methyltrans-
ferase InsA1, and the FAD-dependent monooxygenase InsA4.
In this engineered pathway, FncE first synthesizes 5-MOA,
which then undergoes farnesylation by FncB, methyl ester for-
mation by InsA1, and epoxidation of the terminal olefin in the
farnesyl moiety by InsA4 (Figure 2A). Thus, we heterolo-
gously expressed the genes encoding these four enzymes in the
Aspergillus oryzae NSARU1 strain [19]. Consequently, the A.
oryzae transformant yielded two metabolites 1 and 2, which
were absent in the host strain (Figure 2B, traces i and ii). Al-
though we were unable to isolate compounds 1 and 2 because of
their instability, high-resolution mass spectrometry (HRMS)
analysis revealed the molecular formula of 1 to be C»5H3405,
corresponding to the 4-desmethyl form of (6R,10'R)-epoxyfar-
nesyl-DMOA methyl ester (Figure 2C). Furthermore, the mo-
lecular formula of 2 was determined to be Cp5H350g, indicat-
ing that 2 is formed by the hydrolysis of the epoxide ring in 1
(Figure 2B). Taken together, this observation suggests that the
desired production system was successfully established.
Notably, although the native substrate of FncB is believed to be
the phthalide form of 5-MOA (Figure 1B) [15], this result
demonstrates that it can also efficiently accept 5-MOA as a sub-
strate for dearomatizing farnesylation.

Subsequently, we introduced five terpene cyclase genes
involved in DMOA-derived meroterpenoid biosynthesis,
namely, adrl, trtl, ausL, insA7, and insB2, individually into the
A. oryzae transformant that already expresses the four genes
constructed earlier. We then analyzed the metabolites from the
resulting transformants using high-performance liquid chroma-
tography (HPLC), which revealed that all of the enzymes,
except Adrl, accepted 1 and produced 5-MOA-derived meroter-
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penoids (Figure 2B, traces iii to vii). Since the transformation
plasmid with adrl used in this study was constructed in our
previous study, in which the product of Adrl was clearly
detected [21], the inability of Adrl to yield a cyclized product is
not likely to be caused by an inactive protein. The #r¢]-trans-
formed strain produced a new compound 3 (molecular formula:
Cy5H3605). After large-scale cultivation, 3 was isolated and
subjected to nuclear magnetic resonance (NMR) analysis, which
suggested that 3 is the C-5" desmethyl form of preterretonin A
[17]. However, several missing signals in the 3C NMR spec-
trum, likely due to keto—enol tautomerization in the D-ring,
hindered the complete structural determination of 3. To over-
come this challenge in structural determination, we obtained a
single crystal of 3 and performed X-ray diffraction analysis,
which unambiguously established the structure of 3 as
5'-desmethylpreterretonin A (Figure 2C and Figure S1 in Sup-
porting Information File 1; CCDC: 2300693). The A. oryzae
transformant with ausL yielded two products 4 and 5. The
major product 4 was identified as the C-5' desmethyl analogue
of protoaustinoid A and thus named 5'-desmethylprotoausti-
noid A (Figure 2C) [17,22]. Meanwhile, the minor product 5
was determined as the C-5' desmethyl form of the product from
the K187A variant of Adrl, which was created during the
in-depth functional analysis of terpene cyclases involved in
DMOA-derived meroterpenoid biosynthesis [21], through NMR
and single-crystal X-ray crystallographic analyses (Figure 2C
and Figure S1 in Supporting Information File 1; CCDC:
2300694). Interestingly, compound 5 was also detected as a
major product from the A. oryzae transformant harboring insB2,
whereas the desmethyl analogue of the original InsB2 product
[19], 5'-desmethylinsuetusin B1 (6) (Figure 2C), was only ob-
tained as a minor product. Finally, the A. oryzae strain
expressing insA7 produced two major metabolites 7 and 8.
Compound 7 was determined to be the C-5" desmethyl form of
insuetusin Al [19] using NMR and single-crystal X-ray diffrac-
tion analyses (Figure 2C and Figure S1 in Supporting Informa-
tion File 1; CCDC: 2300695) and was designated as
5'-demethylinsuetusin A1l. Unlike compounds 3-7, the molecu-
lar formula of 8 was determined to be C,5H3305, which corre-
sponds to the hydrogenated form of 7. NMR analysis revealed
that the double bond at C-2'/C-3' of 7 was reduced to a single
bond in 8 and that 8 contained the enol functionality instead of
the C-4' carbonyl group (Figure 2C). It is unlikely that 8 is the
direct product of InsA7; thus, we hypothesized that an endoge-
nous enzyme in A. oryzae is responsible for the reduction, with
an enoylreductase first reducing the C-2'/C-3' double bond of 7
and the resulting product undergoing keto—enol tautomerization
to form 8 (Figure S2, Supporting Information File 1). Incuba-
tion of 7 with the host A. oryzae strain indeed resulted in the
formation of 8 (Figure S3, Supporting Information File 1),

confirming that InsA7 is not involved in the enoylreduction.
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Figure 2: Generation of unnatural 5-MOA-derived meroterpenoids. (A) Working concept to synthesize unnatural 5-MOA-derived meroterpenoids.
SAM: S-adenosyl-L-methionine; FPP: farnesyl pyrophosphate; FAD: flavin adenine dinucleotide; NADPH: nicotinamide adenine dinucleotide phos-
phate. (B) HPLC profiles of the metabolites from Aspergillus oryzae transformants. The chromatograms were extracted at 254 nm. (C) Structures of
metabolites detected or isolated in this study. Note that the structures of 1 and 2 were deduced based on their HRMS spectra and the predicted

biosynthetic pathway.
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Our findings revealed that four of the five tested terpene
cyclases could accept the desmethyl form of their native sub-
strate, although the cyclization by AusL occurs less efficiently
than by the other three enzymes. The cyclized products ob-
tained in this study are all previously undescribed meroter-
penoid species. The cyclization of 1 appears to occur in a
manner similar to that of (6R,10'R)-epoxyfarnesyl-DMOA
methyl ester (Figure 3). Although the major products from Trtl,
AusL, and InsA7 are the C-5' desmethyl forms of their original
products, InsB2 displayed an altered cyclization preference
toward the desmethyl analogue 1, indicating that the missing
methyl group significantly influences the folding mode of the
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substrate in InsB2. It remains unclear why Adrl was unable to
accept 1, but it is possible that the C-4 methyl group of
(6R,10'R)-epoxyfarnesyl-DMOA methyl ester plays a critical
role in substrate recognition by Adrl.

Finally, we evaluated the antibacterial activities of the com-
pounds obtained in this study. As a result, only compound 3
exhibited weak activity against Staphylococcus aureus ATCC
6538 and Bacillus cereus with the minimum inhibitory concen-
tration (MIC) of 500 pg/mL, respectively. Preterretonin A, the
DMOA-derived counterpart of 3, displayed weaker activity
against the two bacterial strains and was not active at the con-
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Figure 3: Biosynthetic mechanisms of the 5-MOA-derived meroterpenoids obtained in this study. In the reaction by InsA7, the cyclization should
proceed via a pre-boat-chair conformation, and the conformational change after cyclization would afford the chair-chair conformation of 7 [19].
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centration of 500 ug/mL. Thus, the lack of the C-5' methyl

group somehow contributes to the biological activity of 3.

Conclusion

We employed a pathway engineering approach to create a series
of “unnatural” natural products by rationally combining the bio-
synthesis of DMOA- and 5-MOA-derived meroterpenoids. To
the best of our knowledge, our study provides the first exam-
ples in which meroterpenoid species are generated via the direct
dearomatizing prenylation of 5-MOA. Despite its simplicity,
this strategy yielded six previously unreported meroterpenoids,
demonstrating the effectiveness of our methodology in discov-
ering new natural products. Given the increasing elucidation of
fungal meroterpenoid pathways in recent years, similar ap-
proaches could be applied to other meroterpenoid biosynthetic
processes, as reported in a recent study that yielded new
DMOA-derived meroterpenoids with a monocyclic terpenoid
moiety through pathway engineering [23]. Furthermore, the
meroterpenoids produced in this study could be accepted by
downstream enzymes in each pathway, further expanding the
structural diversity of fungal meroterpenoids and potentially
aiding the functional characterization of these tailoring en-

Zymes.

Supporting Information

Supporting Information File 1

Experimental details, analytical data, tables of primer
sequences, constructed plasmids, and A. oryzae
transformants and figures showing the X-ray crystal
structures, the biosynthetic pathway, and NMR data and
spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-56-S1.pdf]

Acknowledgements

We thank Prof. Katsuya Gomi (Tohoku University), Prof.
Katsuhiko Kitamoto (University of Tokyo), and Prof. Jun-ichi
Maruyama (University of Tokyo) for providing the expression
vectors and fungal strain. We are grateful to Dr. Man-Kit Tse
(City University of Hong Kong) and Dr. Shek-Man Yiu (City
University of Hong Kong) for their assistance in NMR spectra
acquisition and X-ray diffraction data collection and analysis,

respectively.

Funding

This work was supported by a General Research Fund grant
from the Research Grants Council of Hong Kong (Project No.
11301321).

Beilstein J. Org. Chem. 2024, 20, 638—644.

ORCID® iDs

Jia Tang - https://orcid.org/0000-0001-8612-4140
Yudai Matsuda - https://orcid.org/0000-0001-5650-4732

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References

1. Geris, R.; Simpson, T. J. Nat. Prod. Rep. 2009, 26, 1063—1094.
doi:10.1039/b820413f

2. Jiang, M.; Wu, Z,; Liu, L.; Chen, S. Org. Biomol. Chem. 2021, 19,
1644—-1704. doi:10.1039/d00b02162h

3. Zhao, M.; Tang, Y.; Xie, J.; Zhao, Z.; Cui, H. Eur. J. Med. Chem. 2021,
209, 112860. doi:10.1016/j.ejmech.2020.112860

4. Obata, R.; Sunazuka, T.; Tomoda, H.; Harigaya, Y.; Omura, S.
Bioorg. Med. Chem. Lett. 1995, 5, 2683-2688.
doi:10.1016/0960-894x(95)00451-x

5. Molina, J.-M.; Tourneur, M.; Sarfati, C.; Chevret, S.; de Gouvello, A.;
Gobert, J.-G.; Balkan, S.; Derouin, F. N. Engl. J. Med. 2002, 346,
1963-1969. doi:10.1056/nejmoa012924

6. Shaw, L. M.; Sollinger, H. W.; Halloran, P.; Morris, R. E.;
Yatscoff, R. W.; Ransom, J.; Tsina, |.; Keown, P.; Holt, D. W.;
Lieberman, R.; Jaklitsch, A.; Potter, J. Ther. Drug Monit. 1995, 17,
690-699. doi:10.1097/00007691-199512000-00025

7. Matsuda, Y.; Abe, |. Nat. Prod. Rep. 2016, 33, 26-53.
doi:10.1039/c5np00090d

8. Matsuda, Y.; Abe, |. Fungal meroterpenoids. In Comprehensive Natural
Products Ill; Liu, H.-W.; Begley, T. P., Eds.; Elsevier: Oxford, UK, 2020;
pp 445-478. doi:10.1016/b978-0-12-409547-2.14663-3

9. ltoh, T.; Tokunaga, K.; Radhakrishnan, E. K.; Fujii, |.; Abe, I.;
Ebizuka, Y.; Kushiro, T. ChemBioChem 2012, 13, 1132—1135.
doi:10.1002/cbic.201200124

10. Matsuda, Y.; Wakimoto, T.; Mori, T.; Awakawa, T.; Abe, I.

J. Am. Chem. Soc. 2014, 136, 15326—15336. doi:10.1021/ja508127q

.Li, C.; Matsuda, Y.; Gao, H.; Hu, D.; Yao, X. S.; Abe, |. ChemBioChem

2016, 77, 904-907. doi:10.1002/cbic.201600087

12. Araki, Y.; Awakawa, T.; Matsuzaki, M.; Cho, R.; Matsuda, Y.;
Hoshino, S.; Shinohara, Y.; Yamamoto, M.; Kido, Y.; Inaoka, D. K.;
Nagamune, K.; lto, K.; Abe, I.; Kita, K. Proc. Natl. Acad. Sci. U. S. A.
2019, 716, 8269-8274. doi:10.1073/pnas.1819254116

13.Zhang, W.; Du, L.; Qu, Z.; Zhang, X.; Li, F.; Li, Z.; Qi, F.; Wang, X.;
Jiang, Y.; Men, P.; Sun, J.; Cao, S.; Geng, C.; Qi, F.; Wan, X,; Liu, C.;
Li, S. Proc. Natl. Acad. Sci. U. S. A. 2019, 116, 13305-13310.
doi:10.1073/pnas.1821932116

14. Awakawa, T.; Liu, W.; Bai, T.; Taniguchi, T.; Abe, I.
Philos. Trans. R. Soc., B 2023, 378, 20220037.
doi:10.1098/rstb.2022.0037

15.Yan, D.; Matsuda, Y. Org. Lett. 2021, 23, 3211-3215.
doi:10.1021/acs.orglett.1c00951

16.Barra, L.; Abe, |. Nat. Prod. Rep. 2021, 38, 566-585.
doi:10.1039/d0np00056f

17.Matsuda, Y.; Awakawa, T.; ltoh, T.; Wakimoto, T.; Kushiro, T.; Fujii, I.;
Ebizuka, Y.; Abe, |. ChemBioChem 2012, 13, 1738-1741.
doi:10.1002/cbic.201200369

18. Matsuda, Y.; Awakawa, T.; Abe, |. Tetrahedron 2013, 69, 8199-8204.
doi:10.1016/j.tet.2013.07.029

1

—_

643


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-56-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-56-S1.pdf
https://orcid.org/0000-0001-8612-4140
https://orcid.org/0000-0001-5650-4732
https://doi.org/10.1039%2Fb820413f
https://doi.org/10.1039%2Fd0ob02162h
https://doi.org/10.1016%2Fj.ejmech.2020.112860
https://doi.org/10.1016%2F0960-894x%2895%2900451-x
https://doi.org/10.1056%2Fnejmoa012924
https://doi.org/10.1097%2F00007691-199512000-00025
https://doi.org/10.1039%2Fc5np00090d
https://doi.org/10.1016%2Fb978-0-12-409547-2.14663-3
https://doi.org/10.1002%2Fcbic.201200124
https://doi.org/10.1021%2Fja508127q
https://doi.org/10.1002%2Fcbic.201600087
https://doi.org/10.1073%2Fpnas.1819254116
https://doi.org/10.1073%2Fpnas.1821932116
https://doi.org/10.1098%2Frstb.2022.0037
https://doi.org/10.1021%2Facs.orglett.1c00951
https://doi.org/10.1039%2Fd0np00056f
https://doi.org/10.1002%2Fcbic.201200369
https://doi.org/10.1016%2Fj.tet.2013.07.029

19.Tang, J.; Matsuda, Y. Chem. Sci. 2022, 13, 10361-10369.
doi:10.1039/d2sc02994d

20. Mitsuhashi, T.; Barra, L.; Powers, Z.; Kojasoy, V.; Cheng, A.; Yang, F.

Taniguchi, Y.; Kikuchi, T.; Fujita, M.; Tantillo, D. J.; Porco, J. A., Jr.;
Abe, |. Angew. Chem., Int. Ed. 2020, 59, 23772-23781.
doi:10.1002/anie.202011171
21.Tang, J.; Matsuda, Y. Angew. Chem., Int. Ed. 2023, 62, e202306046.
doi:10.1002/anie.202306046
22.Lo, H.-C.; Entwistle, R.; Guo, C.-J.; Ahuja, M.; Szewczyk, E.;
Hung, J.-H.; Chiang, Y.-M.; Oakley, B. R.; Wang, C. C. C.
J. Am. Chem. Soc. 2012, 134, 4709-4720. doi:10.1021/ja209809t
23.Jiang, J.; Li, X.; Mori, T.; Awakawa, T.; Abe, |. Chem. Pharm. Bull.
2021, 69, 444—446. doi:10.1248/cpb.c21-00123

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.56

Beilstein J. Org. Chem. 2024, 20, 638—644.

644


https://doi.org/10.1039%2Fd2sc02994d
https://doi.org/10.1002%2Fanie.202011171
https://doi.org/10.1002%2Fanie.202306046
https://doi.org/10.1021%2Fja209809t
https://doi.org/10.1248%2Fcpb.c21-00123
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.56

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	ORCID iDs
	Data Availability Statement
	References

