
Progress in the Chemistry of Organic Natural Products

111
Progress in the 
Chemistry of 
Organic Natural 
Products 

A. Douglas Kinghorn · Heinz Falk
Simon Gibbons · Jun’ichi Kobayashi
Yoshinori Asakawa · Ji-Kai Liu Editors



Progress in the Chemistry of Organic Natural
Products

Series Editors
A. Douglas Kinghorn, Columbus, OH, USA
Heinz Falk, Linz, Austria
Simon Gibbons, Norwich, UK
Jun’ichi Kobayashi, Sapporo, Japan
Yoshinori Asakawa, Tokushima, Japan
Ji-Kai Liu, Wuhan, China

Advisory Editors
Giovanni Appendino, Novara, Italy
Roberto G. S. Berlinck, São Carlos, Brazil
Verena Dirsch, Wien, Austria
Agnieszka Ludwiczuk, Lublin, Poland
Rachel Mata, Mexico, Mexico
Nicholas H. Oberlies, Greensboro, USA
Deniz Tasdemir, Kiel, Germany
Dirk Trauner, New York, USA
Alvaro Viljoen, Pretoria, South Africa
Yang Ye, Shanghai, China



The volumes of this classic series, now referred to simply as “Zechmeister” after its
founder, Laszlo Zechmeister, have appeared under the Springer Imprint ever since
the series’ inauguration in 1938. It is therefore not really surprising to find out that
the list of contributing authors, who were awarded a Nobel Prize, is quite long: Kurt
Alder, Derek H.R. Barton, George Wells Beadle, Dorothy Crowfoot-Hodgkin, Otto
Diels, Hans von Euler-Chelpin, Paul Karrer, Luis Federico Leloir, Linus Pauling,
Vladimir Prelog, with Walter Norman Haworth and Adolf F.J. Butenandt serving as
members of the editorial board.

The volumes contain contributions on various topics related to the origin,
distribution, chemistry, synthesis, biochemistry, function or use of various classes
of naturally occurring substances ranging from small molecules to biopolymers.

Each contribution is written by a recognized authority in the field and provides
a comprehensive and up-to-date review of the topic in question. Addressed to
biologists, technologists, and chemists alike, the series can be used by the expert
as a source of information and literature citations and by the non-expert as a
means of orientation in a rapidly developing discipline.

All contributions are listed in PubMed.

More information about this series at http://www.springer.com/series/10169

http://www.springer.com/series/10169


A. Douglas Kinghorn • Heinz Falk •

Simon Gibbons • Jun’ichi Kobayashi •
Yoshinori Asakawa • Ji-Kai Liu
Editors

Progress in the Chemistry
of Organic Natural Products
Volume 111

With contributions by

Takaaki Mitsuhashi � Ikuro Abe

Zhen Liu � Marian Frank � Xiaoqin Yu � Haiqian Yu �
Nam M. Tran-Cong � Ying Gao � Peter Proksch



Editors
A. Douglas Kinghorn
College of Pharmacy
The Ohio State University
Columbus, OH, USA

Heinz Falk
Institute of Organic Chemistry
Johannes Kepler University
Linz, Oberösterreich, Austria

Simon Gibbons
School of Pharmacy
University of East Anglia
Norwich, UK

Jun’ichi Kobayashi
Grad Sch of Pharmaceutical Sciences
Hokkaido University
Sapporo, Japan

Yoshinori Asakawa
Faculty of Pharmaceutical Sciences
Tokushima Bunri University
Tokushima, Japan

Ji-Kai Liu
School of Pharmaceutical Sciences
South-Central Univ. for Nationalities
Wuhan, China

ISSN 2191-7043 ISSN 2192-4309 (electronic)
Progress in the Chemistry of Organic Natural Products
ISBN 978-3-030-37864-6 ISBN 978-3-030-37865-3 (eBook)
https://doi.org/10.1007/978-3-030-37865-3

© Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://orcid.org/0000-0002-6647-8707
https://orcid.org/0000-0001-9978-4105
https://orcid.org/0000-0002-4732-7305
https://orcid.org/0000-0002-1847-412X
https://orcid.org/0000-0001-6279-7893
https://doi.org/10.1007/978-3-030-37865-3


Contents

Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Takaaki Mitsuhashi and Ikuro Abe

Secondary Metabolites from Marine-Derived Fungi from China . . . . . . . 81
Zhen Liu, Marian Frank, Xiaoqin Yu, Haiqian Yu, Nam M. Tran-Cong,
Ying Gao, and Peter Proksch

v



Sesterterpenoids

Takaaki Mitsuhashi and Ikuro Abe

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 What Are the Sesterterpenoids? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 “Sesterterpenoids” Are Members of the “Terpenoids” . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Definition of “Sesterterpenoids” . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3 Natural Products Confused with Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.1 Meroterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 Highly Branched Isoprenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.3 Other Notable Points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

3 Linear Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.1 Linear Sesterterpenoids with a Furan Ring Moiety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Linear Sesterterpenoids with a 2-Furanone Moiety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Linear Sesterterpenoids with a Tetronic Acid Moiety . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.4 Degraded Linear Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.4.1 “C21” Linear Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.4.2 “C24” Linear Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.5 Linear Sesterterpenoids Containing a Nitrogen Atom . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4 Monocarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.1 Monocarbocyclic Sesterterpenoids Constructed by the Type 1 Terpene
Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.1 14-Membered Ring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.1.2 6-Membered Ring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

4.2 Monocarbocyclic Sesterterpenoids Constructed by the Type 2 Terpene
Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.1 6-Membered Ring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.2.2 5-Membered Ring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5 Bicarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.1 Bicarbocyclic Sesterterpenoids Constructed by the Type 1 Terpene Cyclases . . . 29

5.1.1 15/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

T. Mitsuhashi · I. Abe (*)
Graduate School of Pharmaceutical Sciences, The University of Tokyo, Tokyo, Japan
e-mail: abei@mol.f.u-tokyo.ac.jp

© Springer Nature Switzerland AG 2020
A. D. Kinghorn, H. Falk, S. Gibbons, J. Kobayashi, Y. Asakawa, J.-K. Liu (eds.),
Progress in the Chemistry of Organic Natural Products, Vol. 111,
https://doi.org/10.1007/978-3-030-37865-3_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-37865-3_1&domain=pdf
mailto:abei@mol.f.u-tokyo.ac.jp


5.1.2 12/6-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.2 Bicarbocyclic Sesterterpenoids Constructed by the Type 2 Terpene Cyclases . . . 31
5.3 Other Bicarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

6 Tricarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.1 Tricarbocyclic Sesterterpenoids Constructed by the Type 1 Terpene Cyclases . . . 35

6.1.1 5/8/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.1.2 5/12/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.1.3 11/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.1.4 11/6/6-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

6.2 Tricarbocyclic Sesterterpenoids Constructed by the Type 2 Terpene Cyclases . . . 41
6.2.1 6/6/6-Membered Ring Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.2.2 6/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.2.3 3/6/6-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.2.4 6/5/4-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6.3 Tricarbocyclic Sesterterpenoids Constructed by Both Type 1 and 2 Terpene
Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

7 Tetracarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.1 Tetracarbocyclic Sesterterpenoids Constructed by the Type 1 Terpene

Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.1.1 7/6/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.1.2 5/8/6/6-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
7.1.3 5/8/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
7.1.4 5/5/6/5- and 5/6/6/5-Membered Ring Systems . . . . . . . . . . . . . . . . . . . . . . . . . 49

7.2 Tetracarbocyclic Sesterterpenoids Constructed by the Type 2 Terpene
Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.2.1 6/6/6/6-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.2.2 6/6/5/7-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

8 Pentacarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
8.1 Pentacarbocyclic Sesterterpenoids Constructed by the Type 1 Terpene

Cyclases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
8.1.1 5/6/5/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
8.1.2 5/7/3/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
8.1.3 5/3/7/6/5- and 5/4/7/6/5-Membered Ring Systems . . . . . . . . . . . . . . . . . . . . 53
8.1.4 5/5/5/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

9 Hexacarbocyclic Sesterterpenoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
10 Sesterterpenoids Found by a Genome-Based Approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

10.1 5/5/5/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
10.2 5/8/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
10.3 11/6/5-Membered Ring Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
10.4 6/6/7/5- and 6/11/5-Membered Ring Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
10.5 5/4/5- and 4/5/5-Membered Ring Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
10.6 6/8/6/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
10.7 5/12/5-Membered Ring System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
10.8 Genes for the Formation of a Linear Sesterterpenoid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
10.9 Genes Encoding a Membrane-Bound Sesterterpene Cyclase . . . . . . . . . . . . . . . . . . . . . 63
10.10 A Sesterterpenoid Produced by an Artificially Engineered Enzyme . . . . . . . . . . . . . . 64
10.11 Tailoring Enzymes for the Derivatization of Sesterterpenoids . . . . . . . . . . . . . . . . . . . . 66
10.12 Genes for the Biosynthesis of Known Sesterterpenoids or Their Precursors . . . . . 68

10.12.1 Stellatic Acid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
10.12.2 Ophiobolin F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
10.12.3 Mangicol A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
10.12.4 Retigeranic Acid B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
10.12.5 Astellatol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
10.12.6 Terpestacin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

11 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

2 T. Mitsuhashi and I. Abe



1 Introduction

Sesterterpenoids are a relatively small group of natural products. Even though they
belong to one of the largest families of natural products, the “terpenoids,” only
around 1000 natural sesterterpenoids have been reported [1–5]. Considering that
over 80,000 terpenoids have already been isolated [6–8], the number of known
sesterterpenoids is quite small. Moreover, in almost all cases, their biological role is
unknown. However, sesterterpenoids have been isolated from many kinds of organ-
isms (e.g., plants, bacteria, fungi, lichens, insects, marine sponges, and other marine
organisms) [1–5]. This fact implies that various organisms have the potential to
produce sesterterpenoids.

In this contribution, we will introduce the chemical structures of sesterterpenoids.
Although the number of sesterterpenoids is not very large, they have a large variety
of simple to complicated chemical structures. Herein, we have classified the
sesterterpenoids based on the number of carbocyclic moieties in their chemical
structures. In addition, we will also explain how the structure of each sesterterpenoid
is formed in Nature.

2 What Are the Sesterterpenoids?

2.1 “Sesterterpenoids” Are Members of the “Terpenoids”

As mentioned above, the sesterterpenoids are a subgroup of the terpenoids. There-
fore, we will start by briefly describing the terpenoids. Terpenoids are defined as a
group of natural products composed of simple “C5” units, called isoprene units
(Fig. 1). Thus, terpenoids are also called “isoprenoids.” In this definition, “C5”

means that a compound contains five carbon atoms. This notation will be frequently
used in this chapter, and thus “C25” refers to a compound containing 25 carbon
atoms.

For example, the chemical structure of sesterbrasiliatriene (1), a type of terpenoid,
contains five isoprene units (Fig. 2b) [9]. In another example, four isoprene units
(b) constitute the chemical structure (a) of 2 (Fig. 3) [10].

The origins of the isoprene units are dimethylallyl pyrophosphate (DMAPP) (3)
and isopentenyl pyrophosphate (IPP) (4) (Fig. 4) [6–8]. Both are widely distributed
in Nature, and generated via two kinds of metabolic pathways, known as the MVA
(mevalonate) and MEP (methylerythritol phosphate) pathways [11, 12].

The biosynthesis of all terpenoids starts from condensation reactions of 3 and 4 to
yield polyprenyl diphosphates, which are important intermediates of terpenoids.

Fig. 1 Isoprene unit
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Each polyprenyl diphosphate is designated as follows: (C10) geranyl diphosphate
(GPP) (5), (C15) farnesyl diphosphate (FPP) (6), (C20) geranylgeranyl diphosphate
(GGPP) (7), and (C25) geranylfarnesyl diphosphate (GFPP) (8). These condensation
reactions are catalyzed by enzymes called “prenyltransferases” (Fig. 5) [6–8].

In many cases, the polyprenyl diphosphates are subjected to cyclization reactions
to form a carbocyclic moiety. These cyclization reactions are catalyzed by “terpene
cyclases.” Generally, the terpene cyclases are divided into two classes, “type 1” and
“type 2,” based on their catalytic mechanisms.

The type 1 terpene cyclases initiate the cyclization by heterolytic cleavage of the
diphosphate moiety of the polyprenyl diphosphates. The heterolytic cleavage leads
to the generation of cation intermediates, and the high energy of the cation interme-
diate is the driving force of the cyclization reaction. The cyclization reaction is
finalized by either deprotonation or an attack by H2O. For example, 1 is formed by a
type 1 terpene cyclase (Fig. 6).

The other class of terpene cyclases is known as the “type 2” terpene cyclases. The
type 2 terpene cyclases also generate cation intermediates to initiate the cyclization
reaction. However, the strategy to generate the cation intermediate is different from
that of the type 1 terpene cyclases. The type 2 terpene cyclases generate the cation
intermediate via the protonation of a double bond of the polyprenyl diphosphates.
For example, 2 is formed by a type 2 terpene cyclase (Fig. 7).

1 (sesterbrasiliatriene) 

a) b)Fig. 2 Structure of 1. The
structure of 1 contains five
isoprene units. Each
isoprene unit is shown by
bold lines with different
colors

OPP

2 (copalyl diphosphate)

OPP

a) b)Fig. 3 Structure of 2. The
structure of 2 contains four
isoprene units. Each
isoprene unit is shown by
bold lines with different
colors

3 (DMAPP)

OPP OPP

4 (IPP)

Fig. 4 Structures of
dimethylallyl
pyrophosphate (DMAPP)
(3) and isopentenyl
pyrophosphate (IPP) (4)

4 T. Mitsuhashi and I. Abe



number of  
carbon atoms 

OPP

OPP

OPP

OPP

OPP

OPP

OPP

OPP

OPP

H

H

H

H

H

H

H

H

3 4

4

4

4

5 (GPP) 

6 (FPP)

7 (GGPP)

8 (GFPP)

C5

C10

C15

C20

C25
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Fig. 6 Cyclization reaction to form sesterbrasiliatriene (1). This reaction is catalyzed by the
type 1 terpene cyclase
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After the fundamental carbon skeleton of the terpenoids is formed by the
prenyltransferases and terpene cyclases, the intermediates of the terpenoids are
converted into the final products by tailoring enzymes. A typical tailoring enzyme
is cytochrome P450, which catalyzes an oxidation reaction. For instance, casbene (9)
is converted to the oxidized products 10–12 by means of cytochrome P450 (Fig. 8)
[13]. However, in addition to cytochrome P450, various other enzymes are also
involved in the biosynthesis of terpenoids and expand their structural diversity.

For example, many kinds of tailoring enzymes (prenyltransferase, oxidase, ami-
notransferase, methyltransferase, sugar transferase, and ligase) are involved in the
biosynthesis of brasilicardin A (13), a terpenoid with potent immunosuppressive

7

OPP

OPP

OPP

H+

+ H+

– H+

H

2

protonation to initiate
the cyclization reaction

deprotonation to finalize 
the cyclization reaction

Fig. 7 Cyclization reaction
to form 2. This reaction is
catalyzed by the
type 2 terpene cyclase

9

OH

O

O

O 11

12

10P450

Fig. 8 Compound 9 could
be oxidized by a cytochrome
P450, forming 10–12
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activity (Fig. 9). After the formation of 15 via 7 and 14, these tailoring enzymes
apparently convert 15 to 13 [14].

2.2 Definition of “Sesterterpenoids”

The terpenoids are classified by the chain lengths of the polyprenyl diphosphates
used in their biosynthesis. In the case of the sesterterpenoids, they are defined as
compounds that are biosynthesized via geranylfarnesyl diphosphate (GFPP) (8)
(Fig. 10).

For example, preasperterpenoid A (16) is biosynthesized via 8 (Fig. 11) [9]. Thus,
16 is a sesterterpenoid. Actually, 1 is also a sesterterpenoid, while 2 is not, by
considering their biosynthesis pathways (Figs. 6 and 7). Compounds 9–15 are also
not sesterterpenoids (Figs. 8 and 9).

The other classes of terpenoids biosynthesized via different polyprenyl diphos-
phates are defined as follows: “hemiterpenoids” are from (C5) 3 or 4,
“monoterpenoids” are from (C10) 5, “sesquiterpenoids” are from (C15) 6,

OPP OPP

OPP

O

H

HO

HO

OH
NH2

OO
O

O

OH
OO

HO
HO NHAc

HO

O

O
HO

OPP OPP

H+

3 4

7 14

15

prenyltransferase

oxidase

type 2 terpene cyclase

tailoring enzymes:
prenyltransferase, oxidase, 

aminotransferase, methyltransferase, 
sugartransferase, and ligase

13

Fig. 9 Putative biosynthesis pathway of brasilicardin A (13). The functional groups of 13, which
might be generated by the tailoring enzymes, are shown in red
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“diterpenoids” are from (C20) 7, and “triterpenoids” are from (C30) squalene (17)
(Fig. 12).

In contrast to 5–8, 17 is generated by the condensation of two (C15) 6 units. This
condensation pattern is known as a tail-to-tail (Fig. 13b) linkage. The other
polyprenyl diphosphates 5–8 exhibit only head-to-tail linkages (Fig. 13b).

3
OPP OPP

OPP

4

8

sesterterpenoids

Fig. 10 Definition of
sesterterpenoids. The
genuine sesterterpenoids
should be biosynthesized
via 8

16
H

H

OPP
8

3
OPP

OPP
4

16 is biosynthesized via 8

Fig. 11 Biosynthesis of
preasperterpenoid A (16).
Compound 16 is a
sesterterpenoid, since 16 is
biosynthesized via 8
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2.3 Natural Products Confused with Sesterterpenoids

Since all genuine sesterterpenoids should be derived from GFPP (8), the basic carbon
skeletons of many sesterterpenoids are composed of 25 carbon atoms. However, it
should be noted that not all compounds with basic carbon skeletons consisting of
25 carbon atoms are sesterterpenoids. Herein, we introduce examples of natural
products that could be confused with sesterterpenoids. When determining whether a
compound is a sesterterpenoid, it is essential to consider its biosynthetic origin.

OPP

OPP

OPP

OPP

OPP

OPP

hemiterpenoids

monoterpenoids

sesquiterpenoids

diterpenoids

sesterterpenoids

triterpenoids

tail-to-tail linkage

Fig. 12 Classification of
the terpenoids

8

OPP

isoprene unit

head tail

17

a)

b)

head-to-tail linkage

tail-to-tail linkage

Fig. 13 (a) The “head” and
“tail” positions in the
isoprene unit. (b)
Compound 8 is formed only
by the “head-to-tail”
condensation of isoprene
units, while 17 is formed not
only by the “head-to-tail”
linkage but also by the “tail-
to-tail” linkage
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2.3.1 Meroterpenoids

One example of natural products that could be confused with the sesterterpenoids is a
group of meroterpenoids containing a C10 polyketide moiety (e.g., preterretonin A
(18), protoaustinoid A (19), and andrastin E (20)) (Fig. 14) [15]. There are 25 carbon
atoms in the basic carbon skeletons of these compounds. However, they are not
biosynthesized via 8, but are generated from a C15 terpenoid moiety and a C10

polyketide moiety. These C15 and C10 moieties are combined in their biosynthesis to
form the C25 basic carbon skeleton.
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C15 terpenoid

condensation
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Fig. 14 Biosynthesis of 18–20. In their basic carbon skeletons, there are 25 carbons. However,
they are not sesterterpenoids
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