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Prediction of the reaction mechanisms of sesquiterpene
coumarin synthases supports a direct evolutionary link

with triterpene biosynthesis
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Abstract Sesquiterpene coumarins are primarily
produced by plants of the Apiaceae and Asteraceae
families. Farnesylation of 7-hydroxycoumarins such
as umbelliferone, scopoletin or isofraxidin yield linear
7-farnesyloxycoumarins that are converted to various
cyclic sesquiterpene coumarins by sesquiterpene
coumarin synthases (cyclases). The terminal double
bond of the linear 7-farnesyloxycoumarins is epoxi-
dized by a sesquiterpene coumarin epoxidase. The
diverse 7-(10’,11’-oxidofarnesyloxy)-coumarins pro-
duced are protonated by various sesquiterpene cou-
marin synthases to generate a carbocation that initiates
cyclization of the farnesyl moiety (A process analo-
gous to the carbocation cascades observed with
sesquiterpene synthases and other cyclases involved
in the biosynthesis of additional terpene classes, such
as the triterpenes). These reaction mechanisms typi-
cally include Wagner-Meerwein rearrangements, such
as hydride, methyl, and other alkyl shifts, but can also
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involve more complex processes including Grob
fragmentations. Around 260 sesquiterpene coumarins
based on 7-farnesyloxycoumarins have been
described, but essentially nothing is known about the
biosynthetic enzymes involved, i.e., farnesyltrans-
ferase, sesquiterpene coumarin epoxidase and syn-
thase. In this review, putative reaction pathways for
formation of the carbon skeletons of all known
7-farnesyloxycoumarins-derived sesquiterpene cou-
marins are presented.
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Abbreviations
20GX 2-Oxoglutarate-dependent oxygenase
4-CL 4-Coumaryl CoA-ligase

BGC Biosynthetic gene cluster

BIS Bisphenyl synthase

C2'H Coumaroyl-2'-hydroxylase

CAS Cycloartenol synthase

COSY Coumarin synthase

CPR NADPH-cytochrome P450 reductase
DMADP Dimethylallyl diphosphate

FDP Farnesyl diphosphate

FMO Flavin monooxygenase

GAS Galbanic aldehyde synthase
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GDP Geranyl diphosphate

GGDP Geranylgeranyl diphosphate

HG Homogentisate

HSD/D  3B-Hydroxysteroid dehydrogenases/C4
decarboxylase

IDP Isopentenyl diphosphate

LAS Lanosterol synthase

MEP Methylerythritol phosphate

MVA Mevalonic acid

OSC Oxidosqualene cyclase

P450 Cytochrome P450 monooxygenase
PHB P-hydroxybenzoic acid

PT Prenyltransferases

SHC Squalene hopene cyclase

SMO Sterol methyl oxidase

SR 3-Oxosteroid reductase

STCE Sesquiterpene coumarin epoxidase
STCS Sesquiterpene coumarin synthase
STS Sesquiterpene synthase

SQE Squalene epoxidase

TPS Terpene synthases

UMO Umbelliprenin monooxygena
Introduction

Sesquiterpene coumarins are a family of plant sec-
ondary metabolites characterized by the inclusion of
both a sesquiterpene and a coumarin moiety in their
structures (as illustrated in Fig. 1). These natural
products have been shown to exhibit a range of
biological activities, many of which have potential
pharmaceutical applications (Gliszczynska and Bro-
delius 2012; Li et al. 2018). The common coumarin
building blocks observed in these natural products are
shown in Fig. 2. In total, around 370 sesquiterpene
coumarins have been isolated and at least partly
characterized from various plant species. Most have
been isolated from plants belonging to just a few
genera of the Apiaceae (Umbelliferae) and Asteraceae
(Compositae) families, with the richest source being
the genus Ferula (Apiaceae). The structures of the
sesquiterpene coumarins can be divided into two main
classes distinguished by the chemical nature of the
linkage between the coumarin and sesquiterpene
fragments. Both ether and carbon—carbon linkages
are observed. Here, we define these as O- and C-
prenylated sesquiterpene coumarins, respectively.

@ Springer

0~ Yo HO' (0 JN0)

(6) 7

Fig. 1 Examples of the structure of some sesquiterpene
coumarins. (1) to (5) are examples of O-farnesylated umbellif-
erone and (6) to (7) are examples of C-farnesylated 4-hydrox-
ycoumarin. (1) umbelliprenin; (2) galbanic acid; (3) conferol;
(4) ferusinol; (5) farnesiferol B; (6) ferprenin; (7) fukanefuro-
marin A. Coumarin moieties are in brown and sesquiterpene
moieties in blue

This review, which is part one of two reviews, will
cover O-prenylated sesquiterpene coumarins. In part
two, C-prenylated sesquiterpene coumarins will be
discussed.

The individual structures of 277 O-prenylated
sesquiterpene coumarins are shown in Figs. S2, S3,
S4, S5, S6, S7, S8 and S9. All O-prenylated sesquiter-
pene coumarins (except for only a handful of exam-
ples) have been isolated from plants belonging to the
Apiaceae and Asteraceae families (as summarized in
supplementary Table S1). In total, 79.2% of the O-
prenylated sesquiterpene coumarins have been iso-
lated from Apiaceae plants, with the majority coming
from the genus Ferula while 17.3% of the O-
prenylated sesquiterpene coumarins have been iso-
lated from plants belonging to the Asteraceae family
(Table 1). The most common coumarin moiety of the
Apiaceae sesquiterpene coumarins is umbelliferone
(9), but 4-hydroxycoumarin (14) and 5,7-dihydroxy-
coumarin (17) have also been found, as summarized in
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Fig. 2 Structure of coumarins found as building blocks of
sesquiterpene coumarins. Abbreviations used are shown

Table 1. The coumarin moiety of the Asteraceae
sesquiterpene coumarins is usually scopoletin (10) or
isofraxidin (12). However, sesquiterpene coumarins
containing umbelliferone (9) have also been isolated
from 13 of 42 studied Artemisia species (Asteraceae)
(Al-Hazimi and Basha 1991).

The different carbon skeletons of the sesquiterpene
moiety are summarized in Fig. 3. Sesquiterpene
coumarins with the same carbon skeleton have been
grouped together. Their individual structures are
shown in supplementary Figs. S2, S3, S4, S5, S6,
S7, S8 and S9. The structures of all sesquiterpene
coumarins are presented and labeled in a standardized
style as shown in supplementary Fig. S1. The code in
the upper left corner gives the following: prenylation
type (in this case an O for O-prenylation), coumarin
moiety (abbreviations are given in Fig. 2), designated
carbon skeleton of the sesquiterpene moiety and
finally the identification number. For instance, the
code for umbelliprenin (1) is O-U-A1 (O-prenylation,
umbelliferone (U) (9), carbon skeleton A and identi-
fication number 1). In the upper right corner a
reference is given. Finally, the trivial name is provided
at the bottom. The major carbon skeletons are O-A, O-

Ha, O-Ia, and 0-Ja with 35, 38, 62 and 42 compounds
containing these scaffolds, respectively.

Although, the individual biogenic origins of
coumarins and sesquiterpenes are well-understood,
very little is known about the enzymatic genesis of
sesquiterpene coumarins. It is well-established that
cyclic sesquiterpenes are produced by sesquiterpene
synthases (STSs) from linear substrates using carbo-
cationic reaction mechanisms (Christianson 2017).
However, no enzymes involved in the biosynthesis of
sesquiterpene coumarins have so far been identified.
The formation of these products could be predicted to
arise from either, the conjugation of preformed cyclic
sesquiterpene and coumarin building blocks, or
through the cyclisation and rearrangement of linear
sesquiterpene precursors after conjugation to the
coumarin moiety. The presence of simple linear
sesquiterpene coumarins, such as umbelliprenin (1),
in species also producing more complex cyclic
variants, could be seen to support the latter hypothesis.
In this review, we present the structures of all known
O-prenylated sesquiterpene coumarins in the context
of the proposal that simple linear variants serve as
common precursors acting as substrates for hypothe-
sized sesquiterpene coumarin synthases (STCS). To
illustrate, we provide putative carbocation reaction
pathways that could be invoked to access the diversity
of known O-prenylated sesquiterpene coumarins
observed. We also highlight similarities and draw
parallels with triterpene biosynthesis and suggest that
these STCSs could share an evolutionary origin more
closely related to triterpene synthases (oxidosqualene
cyclases) than sesquiterpene synthases; perhaps even
arising from duplication and neofunctionalization of
triterpene synthases in the Apiaceae family, and that
prospecting for STCSs in divergent Apiaceae triter-
pene synthases genes could yield their discovery.

Terpene synthases

A brief review of terpene synthases (TPSs) will give
the basis for our putative mechanisms of the formation
of the sesquiterpene moiety of sesquiterpene coumar-
ins. Carbocationic reaction mechanisms are used by
TPSs. The reaction is initiated by ionization of the
substrate with the formation of a carbocationic inter-
mediate. This intermediate undergoes a series of
cyclizations,  hydride  shifts and/or  other
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rearrangements (such as methyl and other alkyl shifts)
until the reaction is terminated by proton abstraction or
the addition of a nucleophile such as water. Generally,
1,2- and 1,3-hydride shifts are allowed. In addition to
the 1,2- and 1,3-hydride shifts, some terpene synthases
catalyze long-range hydride transfers (1,4- and 1,5-
hydride shifts). However, these long-range migrations
are rarely observed (Williams et al. 2000; Meguro
etal. 2015; Driller et al. 2018; Chiba et al. 2013). Only
1,2-alkyl shifts are generally allowed. Such an alkyl
shift can result in a change of ring size (both ring
contractions and ring expansions are observed) or the
translocation of a methyl group depending on the
migrating bond. Recently it has been shown that 1,3-
methyl shifts can occur (Meguro et al. 2015; Driller
et al. 2018). Despite utilizing the same substrate and
exhibiting significant sequence and structural homol-
ogy, terpene synthases form a large group of products
with different carbon skeletons.

Many TPSs have been isolated and characterized
(Christianson 2017; Karunanithi and Zerbe 2019).
These enzymes are the key to the enormous structural
diversity of terpenoids. TPSs are traditionally divided
into two categories depending on how the initial
carbocation is generated. In type I TPSs, the diphos-
phate group of the prenyl diphosphate is abstracted
resulting in an allylic carbocation on the prenyl
substrate, which initiates a carbocation cascade reac-
tion. In type II TPSs, the initial carbocation is formed
through protonation of a double bond or an epoxide
group. In the latter case, a hydroxyl group is left on the
product.

The key catalytic amino acid residues in most type |
TPSs are a DDXXD-motif and a N/DxxS/TxxxE-
motif. The aspartate residues (D) of these motifs bind
divalent metal ions, typically Mg, which coordinate
the diphosphate of the substrate and provide the
electrophilic driving force for ionization. In most type
IT TPSs, a DXDD-motif is involved in protonation of
the substrate. However, this motif is unrelated to the
aspartate-rich DDXXD-motif of class I TPSs (Chris-
tianson 2017).

Canonical TPSs are also classified according to
structural features of the protein. Phylogenetic anal-
yses of TPS protein sequences from gymnosperms and
angiosperms recognized seven major clades (or sub-
families), designated TPSs a through TPSs g (Bohl-
mann et al. 1998). An updated analysis including TPS
sequences from the sequenced genomes of several

plant species also recognized seven TPS subfami-
lies—the original a, b, ¢, d, and g, a merged clade of
the original e and f subfamilies (designated as e/f), and
a new subfamily 4 (Chen et al. 2011).

Other TPSs are classified as non-canonical. TPSs
involved in the biosynthesis of meroterpenoids belong
to this class of TPSs. Meroterpenoids are characterized
by a terpenoid structure linked to another type of
natural compound, e.g., a phenolic structure or an
alkaloid. These TPSs can be of type I or type II but
may lack the characteristic aspartate-rich motif. TPSs
involved in the biosynthesis of sesquiterpene coumar-
ins would belong to type II of this group.

In Fig. 4A, two well-characterized reaction mech-
anism involving type II terpene synthases are shown.
In both examples the starting substrate is squalene
(20). For lanosterol (24) biosynthesis, squalene epox-
idase (SQE) produces 2,3-oxidosqualene (22), which
is protonated and converted to lanosterol (24) and
lupeol (26) by lanosterol synthase (LAS) and lupeol
synthase (LUPI) respectively. In the second example,
the terminal double bond of squalene (20) is pronated
and converted to hopene (21) by squalene hopene
cyclase (SHC). We suggest that similar reactions
catalyzed by type II terpene synthases are involved in
the biosynthesis of sesquiterpene coumarins as exem-
plified by the putative biosynthetic pathway for the
sesquiterpene coumarin conferol (3) from umbellifer-
one (9) and farnesyl diphosphate (27) as shown in
Fig. 4B. First, umbelliferone (9) is farnesylated by O-
farnesyltransferase (O-FT) to yield umbelliprenin (1),
which is converted to 10',11’-oxidoumbelliprenin (28)
by umbelliprenin monooxidase (UMO). Next proto-
nation and cyclization of 10’,11’-oxidoumbelliprenin
(28) by a STCS gives the sesquiterpene coumarin
conferol (3). During cyclization a monocyclic carbo-
cation, intermediate carbocation I (29) and a bicyclic
carbocation, intermediate carbocation II (30) are
formed. Observe the different numberings of linear,
monocyclic and the bicyclic sesquiterpene coumarins.
We have chosen to number the sesquiterpene coumar-
ins in analogy to the numbering of monocyclic and
bicyclic triterpenes. Despite utilizing the same sub-
strate and exhibiting significant sequence and struc-
tural homology, terpene synthases form a large group
of products with different carbon skeletons (Fig. 3).
These two cyclic carbocations (29, 30) are common
for the biosynthesis of a number of sesquiterpene
coumarins. In the following, various putative
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«Fig. 3 Carbon skeletons of isolated O-prenylated sesquiter-
pene coumarins. The colour coding of the boxes is based on the
putative pathways presented in this review. Carbon skeletons
obtained after cyclization without alterations are shown in grey
boxes. Carbon skeletons obtained after protonation of a double
bond is shown in violet boxes. Carbon skeletons obtained after
desaturation are shown in green boxes. Carbon skeletons
obtained after oxidation/reduction by oxidoreductases are
shown in magenta boxes. Carbon skeletons obtained by
biotransformation of sesquiterpene coumarins are shown in
yellow boxes. Carbon skeletons preformed before coupling to
coumarins are shown in blue boxes. The carbon skeleton
obtained after decarboxylation is shown in orange box. The
numbers in the lower right corner show the number of
sesquiterpene coumarins with that carbon skeletons and the
number shown in the lower left corner refer to the supplemen-
tary figure in which the structure of all the sesquiterpene
coumarins with that carbon skeleton are shown. Black dots
indicate chimeric carbons

biosynthetic pathways catalyzed by different STCSs
will start from one of these intermediate carbocations.
In order to emphasize that different STCSs are
involved in the biosynthesis of different carbon
skeletons of the sesquiterpene moiety, the enzyme
abbreviation STCS-Xx (Xx = carbon skeleton of the
product) is used.

Sesquiterpene coumarin biosynthesis

Sesquiterpene coumarins are formed by farnesylation/
nerolidylation of different coumarins followed by
modifications of the prenylated product obtained.
Biochemical studies on the biosynthesis of sesquiter-
pene coumarins are very limited. However, our
knowledge of terpene biosynthesis involving canon-
ical TPSs and the prenylation of natural products will
be used to suggest putative biosynthetic routes for
these lesser studied meroterpenoids. Please note that in
proceeding figures, for conciseness, some sequences
of 1,2-shifts are depicted as concerted when in reality
individual transition states and intermediary cations
would be predicted to be required. For example, the
sequential suprafacial migration of synperiplanar
bonds.

Biosynthesis of farnesyl diphosphate

The universal five-carbon terpene building blocks
isopentenyl diphosphate (IDP) and its isomer

dimethylallyl diphosphate (DMADP) are produced
in plants by two different pathways. The classical
mevalonic acid (MVA) pathway, which produces IDP,
is localized partly in the cytosol and partly in
peroxisomes, which harbor the last enzymes of the
pathway. IDP is enzymatically isomerized to
DMADP. These Cs terpenoid diphosphates serve as
substrates for peroxisomal farnesyl diphosphate syn-
thase to form FDP (27), which is used to produce C;5
sesquiterpenes directly and other terpenoids, such as
C; triterpenes following further condensation to a
squalene precursor. The plastidic methylerythritol
phosphate (MEP) pathway produces both IDP and
DMADP for the formation of geranyl diphosphate
(GDP) and geranylgeranyl diphosphate (GGDP) by
the plastidic enzymes GDP and GGDP synthase,
respectively. GDP and GGDP are used for mono- and
diterpene biosynthesis, respectively.

Canonical sesquiterpene synthases (STSs) convert
FDP (27) to C,5 terpenoids. Different STSs produce
sesquiterpenes of differing carbon skeletons from this
common linear substrate. Around 300 different carbon
skeletons have been described for sesquiterpenes
(Fidan and Zhan 2018).

Biosynthesis of coumarins

More than 1300 natural coumarins from plants, fungi
and bacteria have been described (Matos et al. 2015).
Most of these have been isolated from about 150 plant
species distributed over approximately 30 different
families (Sharifi-Rad et al. 2021). The function of
coumarins is not fully known. Many coumarins are
induced by various abiotic and biotic stresses indicting
that they are plant defense substances. A few
coumarins are building blocks of sesquiterpene
coumarins (Fig. 2). The biosynthesis of some of these
coumarins has been established and will be described
next.

Intermediates of the phenylpropanoid pathway are
used in the biosynthesis of 7-hydroxycoumarins such
as umbelliferone (9), scopoletin (10), fraxetin (11),
and isofraxidin (12), which are the coumarin moiety of
95.3% of O-prenylated sesquiterpene coumarins
(Table 1). The CoA-thioesters of coumaric, ferulic
and sinapic acids are hydroxylated at the ortho
position by coumaroyl-2'-hydroxylase (C2'H) or fer-
uloyl-6’-hydroxylase (Shimizu 2014). Trans—cis iso-
merization of the hydroxylated CoA esters is induced
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by UV-light, which leads to spontaneous lactonization
and formation of the corresponding coumarins
(Edwards and Stoker 1967).

Recently, an enzyme (coumarin synthase; COSY)
catalyzing the conversion of ortho-hydroxycoumaroyl
CoAs to the corresponding coumarins has been
described (Vanholme et al. 2019). COSY is able to
produce 7-hydroxycoumarins by a two-step reaction.
Initially, a trans—cis isomerization takes place, which
is followed by lactonization. COSY is important for
the biosynthesis of coumarins in organs that are
shielded from light, such as roots (Vanholme et al.
2019).

4-Hydroxycoumarin (14) is the building block of a
few sesquiterpene coumarins, such as linear and
angular furanocoumarins, as well as pyranocoumarins.
A biosynthetic pathway for the synthesis of 4-hydrox-
ycoumarin (14) has been presented (Liu et al. 2010).
Salicylic acid, which is a precursor, can be synthesized
from phenylalanine via cinnamic and benzoic acid or
from isochorismate. The salicylic acid is converted to
its CoA-ester by salicyloyl-CoA synthase. The final
step in the biosynthesis of 4-hydroxycoumarin (14) is
catalyzed by bisphenyl synthase (BIS) or 4-hydroxy-
coumarin synthase, which is a type III polyketide
synthase (Liu et al. 2010). A BIS cDNA clone was
isolated from an elicited cell culture of Sorbus
aucuparia (Rosaceae). Recombinant enzyme was
produced by heterologous expression of the BIS
cDNA in E. coli. Assays of the purified BIS showed
that the enzyme preferred salicyloyl-CoA as a starter
substrate and catalyzed a single decarboxylative
condensation with malonyl-CoA to give 4-hydroxy-
coumarin (14). Type III polyketide synthases are
involved in the biosynthesis of many plant secondary
metabolites of medicinal interest (Abe 2020).

4-Hydroxy-5-methylcoumarin (18) is found in
many sesquiterpene coumarins. In contrast, sesquiter-
pene coumarins utilizing 4-hydroxy-7-methoxy-5-
methylcoumarin (19) as a building block are rare (Li
et al. 2020b). Type III polyketide synthases are
involved in the biosynthesis of these two coumarins.
The biosynthesis of 4-hydroxy-5-methylcoumarin
(18) was suggested based on results obtained in '*C-
feeding experiments on Gerbera jamesonii (Aster-
aceae) (Inoue et al. 1989). Similar results were
obtained with the ascomycetes Aspergillus and Emeri-
cella producing the coumarin siderin (4,7-dimethoxy-
5-methylcoumarin) (Pietidinen et al. 2016). O-
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Methylation of the intermediate metabolite 4,7-dihy-
droxy-5-methylcoumarin by O-methyltransferase
yields 4-hydroxy-7-methoxy-5-methylcoumarin (19),
while O-methylation of the 4- and 7-hydroxyl groups
yields siderin. A type III polyketide synthase involved
in the biosynthesis of 4-hydroxy-5-methylcoumarin
(18) has been cloned from Gerbera hybrid (Aster-
aceae) (Girol et al. 2012). When this enzyme was
heterologously expressed in Nicotiana benthamiana,
the isolated product was 4,7-dihydroxy-5-methyl-
coumarin. However, in G. hybrid this intermediate is
converted to 4-hydroxy-5-methylcoumarin (18) by a
reductase present in the plant (Girol et al. 2012).
Finally, a type III polyketide synthase from Hyper-
icum perforatum (Hypericaceae) involved in hyper-
icine biosynthesis can produce 4,7-dihydroxy-5-
methylcoumarin in vitro (Karppinen et al. 2008).

Enzymes of sesquiterpene coumarin biosynthesis

The putative biosynthetic pathway of sesquiterpene
coumarins, as proposed here, exhibits striking simi-
larities to the biosynthesis of triterpenes (Fig. 4). The
first step is prenylation. In both cases, the donor
molecule is FDP (27) while the acceptor molecule is
7-hydroxycoumarins (e.g., umbelliferone (9)) and
FDP (27), respectively. The products formed are
7-farnesyloxycoumarins (e.g., umbelliprenin (1)) and
squalene (20). The prenylation is followed by epox-
idation to prepare for the cyclization. Both epoxides
undergo cyclization reactions after protonation of the
epoxy group by either STCSs or 2,3-oxidosqualene
cyclases (OSCs).

Other groups of natural meroterpenoids are
indoloditerpenes, which are found in filamentous
fungi (Saikia et al. 2008; Hou et al. 2022), indolos-
esquiterpenes, which have been isolated from both
plants and fungi (Li et al. 2015b), and sesquiterpene
quinone/quinols found in marine sponges, algae,
ascidians, coral, fungi, and plants (Tian et al. 2023).
The same enzymatic steps, i.e., prenylation, epoxida-
tion, protonation, cyclization, and termination, are
involved in the formation of sesquiterpene coumarins,
indolosesquiterpenes, indolodi-terpenes, sesquiter-
pene quinone/quinols, and triterpenes. These steps
are catalyzed by prenyltransferases, epoxidases and
terpene cyclases (synthases), which will be discussed
below.
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Step 1: prenylation

Prenyltransferases (PTs) catalyze the transfer reac-
tions of prenyl moieties from different prenyl donors,
such as DMADP (Cs), GDP (Cyg), FDP (C;5) (27), or
GGDP (C,), to various acceptors of both low and high
molecular weight, including proteins and nucleic acids
(Winkelblech et al. 2015). A large PT group, aromatic
PTs, use secondary metabolites including indole
alkaloids, flavonoids, coumarins, xanthones, qui-
nones, and naphthalenes as acceptor molecules.

Prenylcoumarins are produced by plant aromatic
PTs. These can be grouped into two classes based on
the type of prenylation of coumarins. 7-Hydroxy-
coumarins such as umbelliferone (9) (Fig. 2) are the
most common substrates for O-farnesyl/nerolidyl-
PTs, and 4-hydroxycoumarin (14) (Fig. 2) is the most
common substrate for C-farnesyl/nerolidyl-PTs. Most
prenylated coumarins are further modified by cycliza-
tions, hydroxylations, oxidations, esterification, etc.

Plant aromatic PTs belong to the UbiA superfamily
of PTs, and they are localized to the outer membrane
of the plastid envelope (de Bruijn et al. 2020). In
contrast, aromatic prenyltransferases from fungi and
bacteria are soluble. Based on protein amino acid
sequences, these enzymes can be divided into two
families: p-hydroxybenzoic acid (PHB) PTs and
homogentisate (HG) PTs. In the HG PT family, the
aspartate-rich  motifs are NQxxDxxxD and
KDxxDxxGD, whereas for members of the PHB PT
family the corresponding motifs are NDxxDxxxD and
DKxDDxxxG (Li et al. 2016; de Bruijn et al. 2020).
Both these aspartate-rich motifs coordinate Mg
ions, which are involved in the binding, stabilization,
and orientation of the diphosphate group of the donor
substrate. An electrophilic prenyl carbocation is
formed in the same way as seen with either type I
TPSs or type I TPSs. In the case of type II TPSs by
either protonation of a double bond or an epoxide. The
carbocation generated reacts with an aromatic accep-
tor resulting in a prenylated substrate.

The canonical aromatic PT, belonging to the HG
family, is a protein containing a N-terminal transit
peptide, 9 transmembrane helices, and two conserved
aspartate-rich motifs. These aspartate-rich motifs are
found in protein loops 2 and 6, and result in the
localization of the active site of the transferase to the
cytoplasmic or intramembrane side of the outer
envelope membrane of plastids. Examples of

canonical aromatic PTs are naringenin-8-dimethylal-
lyltransferase from Sophora flavescens (Yazaki et al.
2009), pterocarpen-4-dimethylallyltransferase from
Glycine max (soybean) (Akashi et al. 2009) and
resveratrol-4-dimethylallyltransferase from Arachis
hypogaea (peanut) (Yang et al. 2018).

Plant aromatic PTs exhibit specificity for donor and
acceptor substrates. Reports on the identification, gene
cloning and characterization of aromatic C-PTs from
various plant species, such as soybean (Glycine max)
(Sukumaran et al. 2018), peanut (Arachis hypogaea)
(Yang et al. 2018), hop (Humulus lupulus) (Ban et al.
2018) and Artemisia capillaris (Munakata et al. 2019),
have been published.

So far, most characterized plant aromatic PTs
perform C-prenylations. However, recently one study
on aromatic O-PT genes from plants was published
(Munakata et al. 2021). Aromatic O-PTs from Angel-
ica keiskei (Apiacaea) and grapefruit (Citrus paradisi)
(Rutaceae) were characterized. cDNAs of two O-PT
genes, CpPT] and AkPTI, belonging to the UbiA
superfamily, were isolated and analyzed. CpPT1 was
found to exhibit bergaptol-5-geranyltransferase activ-
ity and AKPT1 bergaptol-5-dimethylallyltransferase
activity. In silico analysis predicted that the proteins
CpPT1 and AkPT1 each include a N-terminal transit
peptide, two aspartate-rich motifs (NQxxDxxxD and
DxxDxxxD) and nine transmembrane regions, all of
which are characteristics of plant UbiA PT proteins
(Munakata et al. 2021).

The position of the aspartate-rich motifs on the
cytosolic side of the outer membrane of the plastid
envelope is favorable since both the donor (FDP (27))
and the acceptor (coumarin) for sesquiterpene cou-
marin biosynthesis are produced in the cytosol. It has
been suggested that the supply of substrates may be
problematic if the aspartate-rich motifs of an aromatic
O-PT are localized to the intermembrane space of the
plastid envelope (Saeki et al. 2018). The inner
membrane of the chloroplast envelope has been
recognized as the permeability barrier of the plastid
envelope. By contrast, the chloroplast outer envelope
membrane has been shown to be permeable to
compounds of low molecular weight (Inoue 2007).
Consequently, it is likely that farnesylation of
coumarins can also take place in the intermembrane
space utilizing FDP (27) from the cytosol. For
prenyltransferases using GDP and GGDP as donors,
which are produced in the stroma, transport over the
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catalyzed by squalene hopene cyclase (SHC) and biosynthesis
of lanosterol (24) and lupeol (26) from squalene (20) catalyzed
by squalene epoxidase (SQE) and lanosterol/lupeol synthase
(LAS/LUPI). B Putative biosynthetic pathways for the
sesquiterpene coumarins conferol (3) and farnesiferol B (5)

inner envelope membrane is required. Such transport
systems for the translocation of IDP. DMADP, GDP
and GGDP have been predicted (Dudareva et al. 2013;
Gutensohn et al. 2013).
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from umbelliferone (9) and farnesyl diphosphate (27) catalyzed
by O-farnesyltransferase (O-FT), umbelliprenin monooxyge-
nase (UMO) and sesquiterpene coumarin synthases (STCS). The
boxed intermediate carbocations (29 and 30) are intermediates
in several putative biosynthetic pathways of sesquiterpene
coumarins

The biosynthesis of daurichromenic acid involves a
C-farnesyltransferase, which converts orsellinic acid
to grifolic acid. This C-farnesyltransferase has been
cloned from Rhododendron dauricum (Ericaceae)
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(Saeki et al. 2018), and is predicted to be a typical
aromatic PT with 9 transmembrane domains and two
conserved aspartate-rich motifs. In this case, the
authors suggest that loops 2 and 6, with the aspar-
tate-rich motifs, are localized to the intermembrane
space. The authors also suggest that the FDP (27)
required for the farnesylation of orsellinic acid is
synthesized in the plastid. However, it is generally
accepted that in plants FDP (27) is synthesized in the
cytosol. The acceptor orsellinic acid is also produced
in the cytosol by a type III polyketide synthase from
acetyl-CoA and three molecules of malonyl-CoA
(Taura et al. 2016). Both the donor FDP (27) and
acceptor orsellinic acid may be passively transported
into the intermembrane space of the plastid envelope
for the prenylation reaction as outlined above.

So far, no information can be found on aromatic
PTs involved in the biosynthesis of sesquiterpene
coumarins. However, recently it was shown that
umbelliprenin (1) biosynthesis was induced in callus
cultures of Ferulago campestris (Apiaceae) after
treatment with ferulic acid (Fiorito et al. 2022).
Elicitation of the culture with 10 uM ferulic acid
resulted in more than a 200-fold increase in the level of
umbelliprenin (1) from 12 pg/g to 2.6 mg/g dry
weight. The level of umbelliferone (9) in the elicited
cells was increased 40-fold from 6.4 to 270 pg/g dry
weight. Obviously, the elicitation of the callus culture
resulted in the induction of enzymes involved in the
biosynthesis of umbelliprenin (1). Isolation of an O-
farnesyltransferase cDNA from an elicited cell culture
should be possible using a suitable prenyltransferase
probe. This would be a step forward in our under-
standing of sesquiterpene coumarin biosynthesis.

A total of 277 different sesquiterpene coumarins are
formed through O-prenylation of the 7-hydroxy-
coumarins umbelliferone (9), scopoletin (10), fraxidin
(11) or isofraxidin (12) by O-farnesyltransferase as
summarized in Table 1. As shown in Fig. 5, ionization
of FDP (27) takes place in the active site of the O-PT
by abstraction of the diphosphate group by Mg *-ions
coordinated to the aspartate-rich motif. A C-O bond is
formed by abstraction of the hydroxyl proton of the
coumarin by a basic amino acid with simultaneous
attack by the oxygen on the carbocation. In this way,
the ether linkage of the sesquiterpene coumarin is
established. The 7-farnesyloxycoumarins produced
are linear sesquiterpenes, which are designated to the
carbon skeleton group O-A (Fig. 3). Only one

7-nerolidyloxycoumarin isolated from Ferula coca-
nica has been reported and is assigned carbon skeleton
0-B (Fig. 3) (Kiryalov 1961). The products umbel-
liprenin (1), scopofarnol (31) and farnochcrol (32)
belong to the carbon skeleton groups 0-U-A, O-S-A
and O-I-A, respectively. Additional coumarins found
as building blocks of sesquiterpene coumarins are
fraxetin (11), 8-hydroxycoumarin (13), 4-hydroxy-
coumarin (14), 5,7-dihydroxycoumarin (17) and 4-hy-
droxy-5-methylcoumarin (18).

The linear sesquiterpene coumarins are modified by
hydroxylation, esterfication, glycosylation and/or
epoxidation reactions. The structures of linear
sesquiterpene coumarins belonging to carbon skeleton
groups O-A and O-B are shown in supplementary
Fig. S2. One chiral atom is found in structure O-B. It is
important to determine the stereochemistry of
sesquiterpene coumarins. The biological activity is
dependent on the stereochemistry of the molecule. In
the various carbon skeleton structures obtained in
biosynthetic schemes, chiral carbons of the end
products are marked with black dots. When more
than one diastereomer of a specific carbon skeleton
have been isolated, the suggested biosynthetic path-
ways do not show any stereochemistry. The stereo-
chemistry of such sesquiterpene coumarins is shown in
Figs. S2, S3, S4, S5, S6, S7, S8 and S9.

Step 2: epoxidation

Essentially all cyclic sesquiterpene coumarins derived
from 7-farnesyloxycoumarins carry a hydroxyl group
on C3'. This is a strong indication that linear
sesquiterpene coumarins, such as umbelliprenin (1),
scopofarnol (31) and farnochrol (32), are first epox-
idized to prepare for the generation of a carbocation by
protonation of the epoxide (Fig. 4). This carbocation
will initiate cyclization of the linear substrate to cyclic
products using a carbocation mechanism. This
assumption is supported by the fact that 10/,11'-
oxidoumbelliprenin (28) (0-U-A2) has been isolated
from Ferula turcica (Erucar et al. 2023), Heptaptera
cilicica (Giivenalp et al. 2017) and 10’,11’-oxido-
farnochrol (O-1-A2) from Achillea ochroleuca (Gre-
ger et al. 1983b; Jandl et al. 1997), Anthemis cretica
(Hofer and Greger 1985) Artemisia tripartita (Greger
et al. 1983a), and Ferula jaeschkeana (Razdan et al.
1989).
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Fig. 5 O-Farnesylation of
7-hydroxycoumarins by O-
farnesyltransferase (O-FT).
Sesquiterpene coumarin
carbon skeletons O-A is
formed. Nerolydation in the
same way results in
formation of carbon
skeleton O-B
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An additional indirect proof for 10/,11’-oxidoum-
belliprenin (28) as an intermediate of the pathway is
the isolation of linear sesquiterpene coumarins with
10’- and 11’-hydroxyl groups, such as 10'R-karatavi-
cinol (35) (0-U-A10), which has been isolated from
several Ferula species (Abd El-Razek et al. 2007;
Ahmed 1999; Amin et al. 2016; Hofer et al. 1984; Lee
et al. 2009; Shomirzoeva et al. 2021; Teng et al. 2013;
Wang et al. 2020; Xing et al. 2017) and Heptaptera
species (Cicek Kaya et al. 2022; Miski et al. 2015;
Tosun et al. 2019, 2021). Karatavicinol (35) is
obtained from 10’,11’-oxidoumbelliprenin (28) by an
epoxyhydrolase as shown in Fig. 6.

Epoxidation of 7-farnesyloxy-5-hydroxycoumarin
(34) with subsequent hydrolysis by epoxyhydrolase
will yield 10/,11’,5-trihydroxyumbelliprenin (O-DH-
A1 (Fig. S2), which has been isolated from Heptaptera
anatolica and Heptaptera anisoptera (Appendino
et al. 1992). The sesquiterpenes O-DH-A2 and O-
DH-A3 (Fig. S2) are obtained from 10’,11’,5-trihy-
droxyumbelliprenin. Other examples are the linear
sesquiterpene coumarins 0-U-A11 to O-U-A17 and
0-U-A19 to 0-U-A21 (Fig. S2), all of which are most
likely produced from karatavicinol (35). All these
findings support the assumption that 10’,11’-epoxida-
tion of 7-farnesyloxycoumarins with subsequent pro-
tonation is the mechanism used for the generation of
initial carbocations for biosynthesis of cyclic
sesquiterpene coumarins (as discussed below).

There are at least three different types of monooxy-
genases that can catalyze the epoxidation of metabo-
lites in plants. These belong to the families of
cytochrome P450 monooxygenases (P450s), FAD
monooxygenases (FMOs) and nonheme iron(I)- and
2-oxoglutarate-dependent oxygenases (20GXs). No
information is available on which type of monooxy-
genase is involved in the biosynthesis of sesquiterpene
coumarins. The first two types of monooxygenases
catalyze the same overall reaction:

7-farnesyloxycoumarin + O, + NADPH + H*
-7-(10',11'-
oxidofarnesyloxy)coumarin + H,O + NAD.

In the third case, the epoxidation is catalyzed by
20GX, which utilizes a Fe(IV)-oxo intermediate to
initiate diverse oxidative transformations including
epoxidation. No information is available on sesquiter-
pene coumarin epoxidase (STCE).

107,11” -oxidoumbelliprenin

(28)
protonationlEH
o’JQ\/ol 0
X
HO &
0] 0@

HO
HO

10 R-karatavicinol (35)

Fig. 6 Formation of 10'-R-karatavicinol (35) from 10',11’-
oxidoumbelliprenin (28) by epoxyhydrolase (EH)

Cytochrome P450 monooxygenase
Cytochrome P450 monooxygenases (P450s) are a
diverse superfamily of heme-dependent enzymes that

catalyze the introduction of one atom of molecular
oxygen into nonactivated C-H bonds, often in a regio-
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and stereoselective manner. Epoxidation of plant
metabolites is a common reaction that is catalyzed
by P450s (Mitchell and Weng 2019). P450s require
electrons for activation of O, by the heme b prosthetic
group for the epoxidation reaction (Jin et al. 2003;
Coleman et al. 2021). These electrons are obtained
from NADPH by the help of NADPH-cytochrome
P450 reductase (CPR). In the first step, the substrate
binds to the Fe''-enzyme displacing a water molecule
in the active site. This is followed by the transfer of
one electron to the heme—iron thereby reducing it from
Fe' to Fe. Subsequently, the binding of molecular
oxygen results in an oxy-P450 complex. This complex
is reduced by a second electron transfer, and after a
double protonation at the distal oxygen and water
release, the O-O bond is cleaved, resulting in the
reactive enzyme intermediate (compound I (129);
Fig. 25), which is an Fe'Y-oxo porphyrin radical
cation. This intermediate inserts the oxygen atom into
a double bond. The epoxide is formed before release of
the product and the enzyme returns to the ferric resting
state with a water molecule bound in the active site.

FAD monooxygenase

The flavin monooxygenases (FMOs) utilize FAD to
catalyze various oxidative reactions, including epox-
idations, by forming a reactive intermediate between
singlet oxygen and the C4a of the flavin moiety (Deng
etal. 2022). To activate the enzyme, FAD is reduced to
FADH,; by obtaining electrons from NADPH via CPR
with subsequent reaction of the flavin with singlet
oxygen. During binding of oxygen, a proton is
abstracted from an amino acid residue of the active
site leading to the formation of a reactive flavin
hydroperoxide intermediate. After monooxygenation
of the substrate, and formation of the epoxy group by
abstraction of a proton, the formed hydroxyflavin
decays and yields the oxidized flavin (FAD) with H,O
as side-product.

Squalene epoxidase (squalene monooxygenase)
(SQE) is a rate-limiting FMO of triterpene biosynthe-
sis (Chua et al. 2020). In the formation of triterpenes
from 2,3-oxidosqualene (22), protonation of the epoxy
group generates the carbocation needed for the
cyclization (Thimmappa et al. 2014; da Silva Mage-
dans et al. 2021). All plant triterpenes carry a hydroxyl
or keto group on carbon 3, which is the product of the
protonation of the 2,3-epoxide of oxidosqualene (22).

@ Springer

SQEs from some plants have been cloned and
characterized (He et al. 2008; Gao et al. 2016).
Analysis of SQE amino acid sequences predicted a
transmembrane domain at the N-terminus, suggesting
that the SQE protein is anchored to the endoplasmic
reticulum membrane as exemplified in Dioscorea
zingiberensis (Song et al. 2019), Bupleurum chinense
(Gao et al. 2016), Panax vietnamensis (Ma et al. 2016)
and Betula platyphylla (Zhang et al. 2016). SQE is co-
localized with CPR on the cytosolic side of the
endoplasmatic reticulum membrane as seen with other
monooxygenases (Barnaba et al. 2017).

2-Oxoglutarate-dependent oxygenase

The family of 2-oxoglutarate-dependent oxygenases
(20GXs) includes enzymes catalyzing a diverse range
of biologically important reactions in plants (Islam
et al. 2018). These enzymes function in biosynthesis
and catabolism of cellular metabolites, including
secondary metabolites as exemplified by the biosyn-
thesis of scopolamine by hyoscyamine 6B3-hydroxy-
lase (Hashimoto et al. 1991). 20GXs are involved in
hydroxylations, desaturations, cyclizations, halogena-
tion and other reactions (Herr and Hausinger 2018).
Indeed, recently 20GXs have been shown to catalyze
furan ring formation in plant limonoid biosynthesis
(De La Peiie et al. 2023). Here, the epoxidation
activity of 20GXs is of relevance. The reaction
mechanism of epoxidation via oxygen atom transfer
has been studied (Li et al. 2020c).

The mechanism of epoxidation by 20GXs is
initiated with Fe(II) coordinated to a His-Asp/Glu-
His triad, with three additional coordination sites
occupied by water molecules (Martinez and Hausinger
2015). Two of the metal-bound water molecules are
displaced by binding of 2-oxoglutarate to the Fe(Il)
center. Upon binding of the substrate to the enzyme
active site (not to the metal ion) the third metal-bound
water is displaced. This substrate-triggered process
creates a site for binding of an O, molecule, generating
a Fe(Ill)-superoxo intermediate. The distal oxygen
atom of the Fe(IlI)-superoxo species attacks C, of
2-oxoglutarate to yield a peroxohemiketal bicyclic
intermediate. This species initiates the oxidative
decarboxylation of 2-oxoglutarate releasing CO, and
yielding a Fe(IV)-oxospecies (called the ferryl inter-
mediate), which is bound to succinate. The ferryl
intermediate attacks the double bond of the substrate
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to generate a Fe(III)-O-substrate radical. The subse-
quent C—O bond formation completes the epoxide
ring formation. The product and succinate are
released, and three molecules of water are added to
complete the reaction cycle and regenerate the starting
Fe(Il) complex.

Tonization of 10’,11’-oxidoumbelliprenin

The first step in the cyclization of 10’,11’-oxidoum-
belliprenin (28) is protonation of the epoxide by the
STCS to generate the initial carbocation, as shown in
Fig. 4B. This step is the same for various STCSs using
7-(10',11’'-oxidofarnesyloxy)-coumarins as a sub-
strate. The same type of carbocation generation takes
place in the biosynthesis of triterpenes from 2,3-
oxidosqualene (22) (Fig. 4A). In triterpene synthases
(oxidosqualene cyclases), the proton donor is an
aspartic acid residue, which is found within a highly
conserved amino acid sequence. This conserved
sequence is Asp-Cys-Thr-Ala-Glu, and it has been
defined as the protonation and initiation site of
triterpene synthases. Examples are cycloartenol syn-
thase (Corey et al. 1993), lanosterol synthase (Forest-
ier et al. 2019), a-amyrin synthase (Yu et al. 2018),
lupeol synthase (Guhling et al. 2006), cucurbitadienol
synthase (Qiao et al. 2018), marneral synthase (Xiong
et al. 2006), butyrospermol synthase (Forestier et al.
2019), and dammarenediol-II synthase (Tansakul et al.
2006). Future cloning of STCS genes will show if the
same conserved sequence is used for protonation and
initiation of the carbocation cascade reactions.

Cyclization of initial carbocation

In Fig. 4B, putative pathway for the biosynthesis of
farniseferol B (5) conferol (3) from umbelliferone (9)
and FDP (27) are shown. After prenylation and
epoxidation, 10/,11’-oxidoumbelliprenin (28) is pro-
tonated by STCS and a C11’ carbocation is obtained.
This carbocation is converted to a monocyclic
sesquiterpene carbocation (29) by C6', Cl11’-ring
closure. By proton abstraction the monocyclic product
farnesiferol B (5) is obtained. The carbocation can go
through a second ring closure (C6', C10'-closure) to
generate the bicyclic drimane-type sesquiterpene
carbocation (30). By proton abstraction the bicyclic
product conferol (3) is generated. The two carboca-
tions (29) and (30) are intermediates in many of the

putative pathways leading to various carbon skeletons
(Fig. 3). In the following, putative pathways for the
biosynthesis of various carbon skeleton will start from
the intermediate carbocations (29) or (30).

It is well known that terpene synthases exhibit
different degrees of product specificity. High-fidelity
terpene syntases produce close to 100% of a specific
product, while low-fidelity terpene synthases produce
anumber of products (Christianson 2017). Cotton (+)-
d-cadinene synthase producing more than 98% ( +)-6-
cadinene is an example of a high-fidelity sesquiterpene
synthase (Yoshikoni et al. 2006), while y-humulene
synthase from Abies grandis, a highly promiscuous
sesquiterpene synthase, produce 28.6% of the main
product y-humulene and 51 other sesquiterpenes in
amounts between 0.1 and 15.1% (Steele et al. 1998).
The correct sequence of carbon—carbon bond forming
reactions in the cyclization cascade is directed by the
precatalytic binding conformation of the substrate and
the accessible conformation(s) of subsequently
formed carbocation intermediates, so the fidelity of
the cyclization pathway is encoded in the three-
dimensional contour of the cyclase active site is
directing the correct sequence of carbon—carbon bond
forming reactions in the cyclization cascade, which
encodes the fidelity of the terpene synthase.

Nothing is known about the fidelity of STCSs. This
cannot be investigated until the cloning of STCSs has
been achieved and recombinant enzyme has been
produced and characterized. In this situation, we
assume that all carbon skeletons of sesquiterpene
coumarins (Fig. 3) are produced by specific STCSs,
which is indicated in all putative biosynthetic path-
ways by addition of carbon skeleton type to the
enzyme abbreviation. For example, the enzyme
STCS-Ca (Fig. 7A) is catalyzing the formation of
carbon skeleton Ca. However, it is highly likely that
STCSs are at least to a certain degree promiscuous and
produce more than one product. If we look at Fig. 7
where the putative biosynthesis of 8 different carbon
skeletons (O-C to O-J) from the two intermediate
carbocation (29) and (30) is shown. Six of these
skeletons are obtained by quenching the carbocation
by abstraction of different protons resulting in a
double bond at different locations and two are
obtained by quenching the carbocation by addition
of water. It is possible that some or even all these
products are produced by one STCS exhibiting a broad
product specificity. Ferula sinkiangensis is probably
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«Fig. 7 A Putative pathways from the intermediate carbocation
I (29) generated by sesquiterpene synthases (STCSs) to the
sesquiterpene coumarins with carbon skeletons O-C to O-E after
cyclizations and quenching of the final carbocation. B Putative
pathways from the intermediate carbocation II (30) generated by
sesquiterpene synthases (STCSs) to the sesquiterpene coumar-
ins with carbon skeletons O-C to O-E after cyclizations and
quenching of the final carbocation The carbon skeletons O-C to
0-] are the products of different STCSs, which generates the
common carbocations I and II (see Fig. 4). Chiral carbon atoms
are indicated by black dots in the final structures

the richest source of sesesquiterpene coumarins.
Khayat et al. (2023) list 60 sesquiterpene coumarins
isolated from F. sinkiangensis. Five of these are
farnesiferol B (5) (0O-U-D1), sinkianol B (38) (O-U-
Ea6), feselol (37) (0-U-Ha7), colladonin (36) (O-U-
Ia6) and isosamarcandin (39) (O-U-Jal3), which have
the same stereochemistry of the sesquiterpene moiety
except for location of the double bond or the hydroxyl
group. Thus, it is possible that only one STCS is
involved in the formation of these carbon skeleton
from 10',11’-oxidoumbelliprenin (28) as outlined in
Fig. 8.

The monocyclic carbocation (29) is quenched by
proton eliminations to generate the monocyclic carbon

Fig. 8 Example of a
putative promiscuous STCS
producing five different
sesquiterpene carbon
skeletons found in Ferula
sinkiangensis

STCS

skeletons 0-Ca, O-D, and O-F or by the addition of
water to generate the monocyclic carbon skeleton O-E
as shown in Fig. 7A. In addition, a C4/, C8'-ether
bridge can be formed to obtain skeleton O-Cb by
quenching of the monocyclic C6'-carbocation (29)
with the hydroxyl group at C4’ (Fig. 7A). This is
analogous to the formation of the monoterpene 1,8-
cineole from a-terpineol (Piechulla et al. 2016) and to
the formation of the triterpene baccharis oxide by an
oxidosqualene cyclase (OSC), the cDNA of which was
cloned from the roots of Stevia rebaudiana and
expressed in yeast (Shibuya et al. 2008).

Quenching of the bicyclic C'8-carbocation (30)
through different proton eliminations yields the end
products with carbon skeletons O-G, O-H, O-I as
shown in Fig. 7B. The alternative addition of water
yields carbon skeleton O-J (Fig. 7B).

The diversity of sesquiterpene coumarins is
increased considerably by modification of the carbon
skeletons by hydroxylations, epoxidations, esterfica-
tions, desaturations, glycosylations, etc. A particularly
important group of enzymes responsible for many of
these modifications in sesquiterpene coumarins is the
P450s (Villa-Ruano et al. 2015; Banerjee and Ham-
berger 2018; Li et al. 2020a). An extensive review on

sinkianol B (38) (O-U-Ea6)

¢
=)
~

isosamarcandin (39) (0-U-Jal3)

feselol (37) (O-U-Ha7)

@ Springer



Phytochem Rev

hydroxylases involved in terpenoid biosynthesis is of
particular relevance (Zhang et al. 2023b).

The evolution of sesquiterpene epoxidase
and sesquiterpene coumarin synthase

As pointed out above the proposed putative biosyn-
thetic pathway of sesquiterpene coumarins exhibits
striking similarities to the biosynthesis of triterpenes
(Fig. 4). The substrates umbelliprenin (1) (C,403H30;
MW 366) and squalene (20) (C50Hso; MW 410) are
relatively large linear molecules. First, an epoxy group
is introduced at the terminal double bond of a farnesyl
moiety by an epoxidase. In the next step both epoxides
undergo cyclization reactions after protonation of the
epoxy group by cyclases (synthases).

Although no plant enzymes have been studied, the
structures of both the catalytic domain of human SQE
(aa 118 to 574) and the human OSC lanosterol
synthase have been solved (Padyana et al. 2019;
Thoma et al. 2004). In silico docking of umbelliprenin
(1) and squalene (20) to the active site of human SQE,
and the docking of 10/,11’-oxidoumbelliprenin (28)
and 2,3-oxidosqualene (22) to the active site of
lanosterol synthase are shown in Fig. 9A, B. In both
cases it was found that the unnatural substrate
(umbelliprenin (1) or 10’,11’-oxidoumbelliprenin
(28)) could adopt a binding mode that was in close
agreement to the lowest energy binding model of the
respective enzyme’s natural substrate (squalene (20)
or 2,3-oxidosqualene (22)). These binding models
show that umbelliprenin (1) and 10’,11’-oxidoumbel-
liprenin (28) are well-accommodated and display the
correct orientation with respective to the catalytic
domain of each enzyme (the FAD cofactor in SQE,
and the ASP455 residue in lanosterol synthase) for the
anticipated equivalent epoxidation or protonation
reactions observed with the natural substates to appear
feasible. This is best illustrated by the overlays of the
docked confirmations of umbelliprenin (1) with
squalene (20) and 10’,11’-oxidoumbelliprenin (28)
with 2,3-oxidosqualene (22) shown in the bottom
panels of Fig. 9A and B.

Squalene hopene cyclase (SHC), often used as a
model system for OSCs, protonates the terminal
double bond of squalene (20) to initiate cyclization
and formation of hopene (21) (Fig. 4A). Studies on
substrate specificity of SHC have shown that different
substrates with a terminal double bond are converted

@ Springer

to cyclic products (Table 2). Depending on the
substrate, one or more products are formed. It is
interesting to note that 2-(10',11’-oxidofarnesyl)-phe-
nol (53), 3-(farnesyldimethylallyl)-pyrrole (54) and
3-(farnesyl-dimethylallyl)indole (55), which are sim-
ilar in structure and size to 10’,11-oxidoumbelliprenin
(28), are substrates.

Squalene hopene cyclase (SHC) converts farnesol
(42) to three bicyclic sesquiterpenes as shown in
Table 2. The product mixture contained 4% drimenol
(89), 7% albicanol (60) and 85% drimane-8,11-diol
(61) (Hoshino et al. 2004; Kiihnel et al. 2017). The
carbon skeletons of these three sesquiterpenes are the
same as those of sesquiterpene coumarins O-Ha, O-Ia
and O-Ja, respectively (Fig. 7B). This means that
around 46% of all sesquiterpene coumarins discussed
in this review have the same carbon skeletons as those
sesquiterpenes produced by SHC from farnesol (42).
Obviously, the active site configurations of SHC and
STCS are guiding the cyclization of the farnesyl
moiety in a common way. Furthermore, it is interest-
ing to note that the remaining 4% of the product
mixture was shown to be 8-farnesyloxydrimane-11-ol
(62) (Table 2) (Kiihnel et al. 2017). In this case the
intermediate bicyclic carbocation is quenched by
addition of a second farnesol molecule. This means
that SHC functions as a farnesyltransferase but with a
different reaction mechanism compared to normal O-
farnesyltransferases using FDP (27) (¢f Fig. 5).

The OSC lupeol synthase (LUP1) converts
3-(14',15’-oxidogeranylgeranyl)-indole (58) to the
indole diterpene petromindole (63) (Table 2 shaded
row) (Xiong et al. 2003). It is interesting to note that a
triterpene synthase (lupeol synthase) and an indole
ditepene synthase (petromindole synthase) produce
identical products from 3-(14',15'-oxidogeranylger-
anyl)-indole (88). Pentacyclic triterpenes, such as
lupeol (26) and hopene (21), share the same relative
stereochemistry in rings A-D and the same sub-
stituents in rings A and B as petromindole (63). Based
on these similarities it was suggested that petromin-
dole synthase may be closely related to plant triterpene
synthases (Xiong et al. 2003). It would be worthwhile
to test if 10’,11-oxidoumbelliprenin (28) is protonated
and cyclized by SHC and/or an OSC such as lanosterol
synthase.

In addition, some inhibition experiments on SHCs
and OSCs are summarized in Table 3. 6/0.7/:10",11'-
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Fig. 9 A Top: umbelliprenin (1) (green) docked to Human
Squalene Epoxidase (PDB: 6C6R) with residues within 5
angstroms shown (surface of umbelliprenin (1) shown). FAD
highlighted in cyan. [Binding affinity, umbelliprenin (1):
— 7.4 kcal/mol] Bottom: Docked umbelliprenin (1) (green)
overlayed with docked squalene (20) (transparent orange)
[Binding affinity, squalene (20): — 8.4 kcal/mol]. B Top:
10/,11" (S)-oxidoumbelliprenin (28) (green) docked to Human
lanosterol synthase (PDB: 1W6K) with residues within 5
angstroms shown (surface of 10/,11" (S)-oxidoumbelliprenin
(28) shown). The catalytic ASP 455 residue is highlighted in
cyan. [Binding affinity, 10’,11" (S)-oxidoumbelliprenin (28):
— 11.1 kcal/mol]. Bottom: Docked 10',11" (S)-oxidoumbel-
liprenin (28) (green) overlayed with docked 2,3(S)-

Bisoxidoumbelliprenin (64) (ICso = 1.5 uM) is a
somewhat stronger inhibitor of squalene hopene
cyclase than 10’,11’-oxidoumbelliprenin (28) (ICs.
= 2.5 uM). C6 substituents on the coumarin moiety
of 10/,11’-oxidoumbelliprenin (28) lowers the potency

oxidosqualene (22) (transparent orange) [Binding affinity,
2,3(S)-oxidosqualene (22): — 10.6 kcal/mol]. Docking experi-
mental details. Autodock vina, rigid receptor (default receptor
prep with Mgltools), flexible ligands (default ligand prep with
Mgltools), configuration: exhaustiveness = 24, energy range =

10, number of modes = 10, search space; [6C6R: seed =

166,819,220, center x = — 8.689, center y = — 54.255, center
z=— 1066, size x =16.8979, size y=27.45, size
z = 17.3766], [IWO6K,: seed = 166,819,220, center x = 31.09,
center y = 70.677, center z = 6.968, size x = 30, size y = 30,
size z = 30]. Ligand starting geometries were optimised by
Molecular Mechanics before preparation [Avogadro, force
field = MMFF94s, Number of steps = 500, Algorithm = Steep-
est Descent, Convergence = 10e — 7]. Program names in italics

of the inhibitors (68, 69). It is interesting to note that
the sesquiterpene coumarin farnesiferol C (67) is a
relative potent inhibitor of squalene hopene cyclase
(ICso = 7 uM). It is possible that 10’,11’-oxidoumbel-
liprenin (28) is a substrate for SHC. No attempts to
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Table 2 Activity of squalene hopene cyclase from Alicyclobacillus acidocaldarius (AacSHC), Zymomonas mobilis (ZmoSHC) and
lupeol synthase from Arabidopsis thaliana (AfLUP1) with different substrates

enzyme substrate Product 1 Product 2 Product 3 Product 4 reference
AacSHC [\ Y [;Qo Henche et al, 2021
geranyl phenyl ether (40)
. e |y -
AacSHC A~ A~ A - . \;]Lv onemura et al,
(E)-B-farnesene (41) /N8 2012
dri 8p-ol iclerodane
on on
e | g s
R YN ~L - [Fon o :
AacSHC Ahhng (\ﬁﬂ/ %5/ 8 + IIofhmo etal, 2004
farnesol (42) vt it dri 8.11-diol ’ . Kiihnel et al, 2017
drimenol (59) | albicanol (60) | drimane-8,11-diol | §-farnesyloxydri-
(61) mane-11-ol (62)
Lo
-
AacSHC M " Seitz et al, 2013
S-nerolidol (43) (-)-8-
caparrapioxide
~Jo_
clor
no, - L
AacSHC AN KB i Seitz et al, 2013
R-nerolidol (44) (-)-8-epi-
caparrapioxide
o m .
paswe | L o : Se o201
ZmoSHC (E,E)-homofarnesol (45) " 6 Eichhorn et al, 2018
(-)-ambroxan
AacSHC M Eichhorn et al, 2018
on
(E,Z)-homofarnesol (46) (-)-9b-epi-ambrox
PO P
AacSHC ) Seitz et al, 2013
homofarnesoic acid (47)
sclareolide
i
oI, Yy ’
AacSHC - SO L ;’OL Seitz et al, 2013
bishomofarnesol (48) Al i
ambraoxide 9-epi-ambraoxide
_o
o
ISUSUS o
AacSHC A Ao i~ Seitz et al, 2013
bishomofarnesoic acid (49) / 9-epi-
ambreinolide I
ambreinolide
" ) 5[?
AacSHC I A [/;[ " Seitz et al, 2013
farnesylacetone (50) o
sclareoloxide
ZmoSHCI1 QL%/ Hammer et al, 2012
farnesyl phenyl ether (51)
Ho_-
~
C L Yonemura et al
AacSHC Q\j e 2012
2-farnesylphenol (52) "
Ho_ i
L) Yo tal
T onemura et al,
AacSHC 0 /\L&ﬂ 2012
o Ho”
2-(10",11"-oxido-farnesyl)-phenol (53)
r Tanaka et al, 2006
> 2 7 L2 o
AaSHC \f/\/j?\/\f\/\*)\/ Yonemura et al,
3-(farnesyldimethylallyl)-pyrrole (54) 2012
Tanaka et al, 2005
AacSHC R / Yonemura et al,
3-( farnesyldimethylallyl)-indole (55) 2012
AacSHC A A, Hoshino et al, 2004
geranylgeranol (56)
&
ZmoSHCI1 [ Hammer et al, 2012
geranylgeranyl phenyl ether (57)
N v
AfLUP1 = Xi tal, 2003
3-(14",15"-oxidogeranylgereanyl)indole : e
(58) petromindole (63)
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Table 3 Inhibition of squalene hopene cyclase from Alicyclobacillus acidocaldarius (AaSHC) (Cravotto et al. 2004) and lanosterol
cyclase from Saccharomyces cerevisiae (ScLAS), Pheumocycsis carinii (PcLAS), Trypanosoma cruzi (TcLAS), Homo sapiens
(HsLAS) and cycloartenol cyclase from Arabidpsis thaliana (AtCAS) by umbelliferone derivatives (Oliaro-Bosso et al. 2007)

enzyme inhibitor 1C;,
IGHE
AaSHC )M/Wo 0o 70 M
umbelliprenin (1)
G BN
AaSHC Mo 0 Yo 25 M
10,11 -oxidoumbelliprenin (28)
e kg AL
S (o] o (o)
AaSHC 1.5 M
6',7':10',11'-bisoxidoumbelliprenin
(64)
HO. N
AaSHC o oo 67 M
6-hydroxy-(10,11"-oxidoumbelli-
prenin) (65)
M\/\)\ﬁ 46 %
AaSHC NNTNTOTET0TT0 L hibition at
6-acetoxy-(10",11"-oxidoumbelli- 100 M
prenin) (66)
S
U PWe Gt
AaSHC > NN o7 67 M
kataravicenol (35)
L
AaSHC /\/ﬂ‘) o 7M
farnesiferol C (67)
ScLAS 270 M
PcLAS 0.02 M
X
TcLAS L m na*
R e S ) 0" "o
HsLAS inhibitor 1 (68) 125 M
AtCAS 001 M
ScLAS 0.03 M
PcLAS N 0.16 M
© )
TcLAS | ~Noe~e~o 0o 0.55 M
%
HsLAS inhibitor 2 (69) 038 M
AtCAS 0.12 M
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Fig. 10 A Phylogenetic tree of Angiosperms (adopted from
Cole et al. 2019). Orders with species producing linear
sesquiterpene coumarins are in blue text. B Detailed phyloge-
netic tree of the clade Campanulids [adopted from Magallon

show this in the inhibition experiments was reported
by Cravotto et al. (2004). Lanosterol synthase and
cycloartenol synthase from various plants are strongly
inhibited by inhibitors 1 (68) and 2 (69) (ICsq.
=0.01-2.7 uM).  These inhibitors carry a
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et al. (2015)]. The numbers show the estimated divergence time
in million years ago (mya). Sesquiterpene coumarins are found
in plants belonging to Apiacea and Asteraceae

umbelliferone (9) moiety and a side chain with the
same length as 10/,11’-oxidoumbelliprenin (28). It
may be concluded that 10’,11’-oxidoumbelliprenin
(28) can bind into the active site of SHCs and OSCs.
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Nearly all O-prenylated sesquiterpene coumarins
have been isolated from plants belonging to the closely
related Apiaceae and Asteraceae families, as summa-
rized in Table S1. A phylogenetic tree of Angiosperms
is shown in Fig. 10A (adapted from Cole et al. 2019)
and a detailed phylogenetic tree of the clade Campan-
ulids is shown in Fig. 10B (adapted from Magallon
et al. 2015). The numbers show the estimated diver-
gence time in million years ago (mya). The families
Apiaceae and Asteraceae belong to the orders Apiales
and Asterales, respectively. The branching of the two
linages Apiales and Asterales occurred 93.7 million
years ago (mya) while the Apiaceae and Asteraceae
diverted 58.0 and 49.3 mya, respectively (Magallon
et al. 2015).

The sesquiterpene coumarins isolated from Api-
aceae are all from plants belonging to the subfamily
Apioideae. However, the phylogenic characterization
of Apioideae is complicated since the major classifi-
cations do not agree between molecular phylogenetic
and morphological studies, or even among different
molecular phylogenetic analyses (Wen et al. 2021).
Regardless, to further evaluate the evolution of STCS
a chronogram of the subfamily Apioideae based on 90
complete plastid genomes will be used (Wen et al.
2021). This chronogram, presenting estimated diver-
gence times, is shown in Fig. 11A (Adapted from
(Wen et al. 2021)). Tribes with plants producing
sesquiterpene coumarins are shown in red. The genus
Magydaris has not been ascribed to any tribe. How-
ever, Magydaris has been included in the Opopanax
group, which is found in the Apioid superclade (Ajani
et al. 2008). The sesquiterpene coumarins producing
tribes belong to different, clearly separated clades,
indicating parallel evolution of STCSs. Only the linear
sesquiterpene coumarin umbelliprenin (1) has been
isolated from the taxa Angelica, Herachum and
Magydaris indicating that these plants belonging to
the Apiaceae family do not express any STCS. To
produce umbelliprenin (1) from umbelliferone (9) and
FDP (27) only a O-farnesyltransferase is required.

With at least 25,000 named species and more than
1,700 genera, the backbone phylogeny of the Aster-
aceae family has been difficult to resolve. However,
with increasing access to next generation sequencing
technologies, resolving the phylogenies of megafam-
ilies has become a reality. Highly resolved and well-
supported nuclear phylogeny is now available. A tribe-
level chronogram of the Asteraceae family is shown in

Fig. 11B. The 12 subfamilies are color coded. Tribes
with plants producing sesquiterpene coumarins are
shown in red. Taxa producing sesquiterpene coumar-
ins are shown in boxes.

There are three tribes in the subfamily Muti-
sioideae. Sesquiterpene coumarins based on O-farne-
sylation have been isolated from the Nassauvieae
tribe, while sesquiterpene coumarins based on C-
farnesylation have been isolated from all three tribes
of the subfamily Mutisioideae. It is interesting to note
that the coumarin moiety of both O- and C-prenylated
sesquiterpene coumarins isolated from subfamily
Mutisioideae is 4-hydroxy-5-methylcoumarin (18).
In the subfamily Asteroidae, some plants belonging
to the tribes Senecioneae, Anthemideae and Astereae
produce sesquiterpene coumarins. The taxon Conyza
(Asteraceae) produces the linear sesquiterpene cou-
marin scopofarnol (31) from scopoletin (10) and FDP
(27) indicating that no STCS is expressed. The most
recent common ancestor of the two remaining tribes
(Senecioneae and Anthemideae) indicates that parallel
evolution of STCSs has occurred after a gene dupli-
cation around 34-35 mya.

Gene duplications have played a very important
role in the evolution of plant metabolism. These
duplication events can range from single genes to gene
clusters to whole genomes. They have contributed to
the evolution of novel functions in plants, such as the
production of floral structures, induction of disease
resistance, and adaptation to stress (Panchy et al.
2016). Gene duplication has been an important
mechanism for plants to generate the enormous
diversity of terpenes (Hofberger et al. 2015). One of
the gene copies keeps its original function, while the
other gene copy can go through a neofunctionalization
resulting in a gene product with altered specificity for
substrate and/or product. The expression pattern of the
new gene will adapt to the needs of the new pathway in
which it is involved.

For the evolution of sesquiterpene coumarin
biosynthesis, it may be relevant to look at the
evolution of SQE and OSCs. As shown in Fig. 9A,
umbelliprenin (1) fits very well in the active site of
human SQE, which is an indication that umbelliprenin
epoxidase may be closely related to SQE. The number
of SQE and SQE-like proteins vary in different
species. There is only one human SQFE gene while
there are six SQEs genes (SQE1-SQE6) in Arabidopsis
thaliana (Rasbery et al. 2007). However, to the best of
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«Fig. 11 A Chronogram of the subfamily Apioideae (Apiaceae)
presenting estimated divergence times (Adopted from Wen et al.
2021). This chronogram is based on 90 complete plastid
genomes. Tribes with plants producing sesquiterpene coumarins
are shown in red. The genus Magydaris has not been ascribed to
any tribe. However, Magydaris has been included in the
Opopanax group, which is found in the Apioid superclade
(Ajani et al. 2008). B Tribe-level chronogram of the Asteraceae
family. The 12 subfamilies are colour coded. The estimated
number of species in each tribe is shown in brackets. Tribes with
plants producing sesquiterpene coumarins are shown in red.
Genera are shown in boxes. The red arrows show possible time
of gene duplication for sesquiterpene coumarin synthase
development. [Adopted from Mandel et al. (2019)]

our knowledge there are not any SQE-like enzymes
characterized which use a substrate other than
squalene (20). Functional analysis of the six Ara-
bidopsis SQEs showed that SQEI-SQE3 are squalene
epoxidases while substrates and products for SQE4-
SQE6 could not be established (Rasbery et al. 2007).
Obviously, there are squalene epoxidase like enzymes
expressed in A. thaliana with other functions than the
epoxidation of squalene (20). It remains to be deter-
mined if any have adopted new catalytic functions
(Philips et al. 2006).

The ancestral lanosterol synthase-like and cycloar-
tenol synthase-like cyclases appeared about 140
million years ago before the differentiation of mono-
and dicotyledonous plants. After differentiation, the
lanosterol synthase-like gene was replicated multiple
times, resulting in the expansion of the OSC genes in
dicotyledons (Wang et al. 2022a). The amplification of
the OSC gene in the genomes of dicotyledons was
mainly due to tandem duplications (Xue et al. 2012).
Tandem duplication may contribute to plant defense
against biological and abiotic stresses. It is interesting
to note that the function of some OSCs is unknown
(2,3-oxidosqualene (22) is not a substrate), which
illustrates that duplication of ancestral OSC genes led
to the evolution of enzymes with altered substrate
specificities as discussed above for SQE. This mech-
anism may have led to the evolution of cyclases
involved in the biosynthesis of sesquiterpene coumar-
ins (Fig. 4B) and various meroterpenoids. An inter-
esting observation in this respect is that Arabidopsis
lupeol synthase efficiently converts 3-(14',15'-oxi-
dogeranylgeranyl)-indole (58) to the diterpeneindole
petromindole (63) (Table 2) (Xiong et al. 2003). An

obvious experiment is to test if 10’,11’-oxidoumbel-
liprenin (28) is a substrate for the recombinant
Arabidopsis lupeol synthase. We expect that a bicyclic
sesquiterpene coumarin is obtained in such an
experiment.

Another triterpene synthase that makes an inter-
mediate bicyclic triterpene is marneral synthase from
Arabidopsis thaliana (Xiong et al. 2006). This
enzyme, which will be discussed below, has evolved
through multiple gene duplications and is part of a
biosynthetic gene cluster (BGC) (Xue et al. 2012). Itis
evolutionarily closely related to thalianol and baruol
synthases. During recent years it has been shown that
BGCs have also evolved in other higher plants
(Bharadvaj et al. 2021; Smit and Lichman 2022).
Plant BGCs, consisting of between three to fifteen
genes, have been identified and implicated in the
biosynthesis of a diverse range of secondary metabo-
lites. Notable examples include: the benzylisoquino-
line and opiate alkaloids noscapine and thebaine in
Papaver somniferum (Yang et al. 2021); triterpenoids
such as thalianin and cucurbitacin in Arabidopsis
thaliana (Liu et al. 2020) and Cucumis sativus (Zhou
et al. 2016b), respectively; and the triterpenoid-
saponin avenacin in Avena strigose (Li et al. 2021).

Based on docking experiments (Fig. 9), activity
studies (Table 2) and inhibition studies (Table 3), we
propose that STCE and STCS in Apiaceae and
Asteraceae have their origin in the duplication of
ancestral SQE and OSC genes, respectively. The
enzyme functions are conserved while the active sites
have evolved by amino acid substitutions to accom-
modate the new substrates, i.e., 7-farnesyloxy-
coumarins and 7-(10',11’"-oxidofarnesyloxy)-
coumarins, respectively. In conclusion, we suggest
that STCE is an FMO as other meroterpenoid
synthases (Matsuda and Abe 2016; Yuan et al.
2022). It appears that a parallel evolution of sesquiter-
pene coumarin biosynthesis has occurred in some
tribes of the Apiaceae and Asteraceae families.

The coumarin moiety of sesquiterpene coumarins
may reflect the availability of coumarins and/or the
substrate specificity of the O-farnesylprenyltrans-
ferase. An example is the 5 sesquiterpene coumarins
based on  4-hydroxy-5-methylcoumarin  (18)
(Table 1). These 5 compounds were isolated from
two species belonging to the genus Nassauvia, as
discussed above. 5-Methylcoumarins have been iso-
lated from a few species of plants, but all from within
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Fig. 12 Examples of desaturation. A desaturation of the sterol A7-avenasterol (70) by A’-sterol-C5(6)-desaturase. B-D Desaturation
of three sesquiterpene coumarins by putative desaturases involving membrane bound cyt b5 as electron carrier

the Asteraceae family. Furthermore, they are also
restricted to representatives of the subfamily Muti-
siodeae (Vestena et al. 2022). In a similar way,
umbelliferone (9) is the coumarin used in Apiaceae,
while scopoletin (10) and isofraxidin (12) are used in
Asteraceae (Table 1).

Desaturation

Some of the sesquiterpene coumarin carbon skeletons
are modified by desaturation, most likely by P450
enzymes similar to desaturases involved in sterol
biosynthesis, such as A’-sterol-C5(6)-desaturase
(Taton and Rahier 1996). A’-Sterol-C5(6)-desaturase
is membrane bound and catalyzes introduction of a C5
double bond into the B ring of A’-sterols to yield the
corresponding A>7-sterols (Fig. 12A). Enzymatic
activity requires molecular oxygen, NADH or
NADPH, and membrane-bound cytochrome b5, which
is an electron carrier from NAD(P)H to the desaturase
through NAD(P)H cyt b5 reductase. Three examples
of desaturation of sesquiterpene coumarins are shown
in Fig. 12B-D. Feselol (37) (0-U-Ha6), colladonin
(36) (O-U- Ia6) and ferukrin (74) (O-U-Jal8) are
transformed to seravschanin B (72) (0-U-Hcl),
cauferidine (73) (0O-U-Icl) and 5,6-ene-ferukrin (75)
(0-U-Jcl), respectively. A summary of desaturations
of sesquiterpene coumarins is shown in Fig. 13.

@ Springer

Peroxidation

Recently, the structural diversity of sesquiterpene
coumarins was extended by a study on Ferula
bungeana, which is found in Mongolia and Northern
China (Guo et al. 2022). Eight new sesquiterpene
coumarins were isolated. Seven of these sesquiterpene
coumarins are derived from conferol (3) with carbon
skeleton O-U-Hal (Fig. S4) while one is derived from
the sesquiterpene coumarin O-U-Ha26 (76). These
novel structures were the first examples of sesquiter-
pene coumarins possessing hydroperoxyl groups iso-
lated as natural products. Hydroperoxide groups can
be formed through either an autoxidation process or
through the action of a dioxygenase. In both cases,
oxygen is introduced into the substrate by a mecha-
nism involving radicals. The mechanism of peroxida-
tion has been studied on different plant metabolites
such as fatty acids (Hajeyah et al. 2020), sterols (Porter
2013) and other terpenoids (Nikolaiczyk et al. 2022).
Introduction of oxygen by autoxidation results in an
epimeric mixture of the product, while introduction of
oxygen by a dioxygenase gives a single epimer. The
four sesquiterpene coumarins, ferubungeanol B (77),
ferubungeanol C (78), ferubungeanol F (79), and
ferubungeanol H (80) with hydroperoxyl groups
isolated from F. bungeana are epimers indicating that
they have been produced by a dioxygenase as shown in
Fig. 14. In step 1, a hydrogen radical is



Phytochem Rev

e N\ ! 4 R
| 0O-Ea OR i -Eb OR
1
: S : C1(2)-desaturase N
1 _—
| OH ! OH
|[HO ! HO
R\ 1 \_ J
1
1 1
N\ ! 4 )
[ 0-Ga OR |! 0-Gd OR
! 1
: | C6(7)-desaturase
| : ’
1
'l HO : HO
! i \_ J
1 1
1
f ™ ( ! f A
O-Hb OR /| O-Ha OR |! O-Hc OR
1
1 1
C5(6)-desaturase ! : C1(2)-desaturase
— ! | —
1 1
HO | HO | HO
J AN : \_ J
1 1
1
4 N\ : 1 4
O-Ib OR [ O-la OR | O-Ic OR
! 1
C5(6)-desaturase : : C6(7)-desaturase
— : T >
1 1
HO 'l HO ; HO
! : . J
1 1
e [ ' p
0-Jc OR '( 0-Ja oR | 0-Jb OR
1
C5(6)-desaturase | i C6(7)-desaturase
OH i OH|' OH
HO | HO ! HO
1
\§ J 1 ] \_

Fig. 13 Summary of desaturations of 7-O-sesquiterpene coumarins by putative desaturases to generate the carbon skeletons O-Eb, O-

Gd, O-Hb, 0-Hc, O-1b, O-I¢c, O-Jb, and O-Jc

regioselectivity abstracted from the sesquiterpene
coumarin by an active site tyrosyl radical. Next,
rearrangement of the radical (step 2) occurs before
oxygen is stereospecifically introduced by the enzyme
(step 3). The hydroperoxide is formed through addi-
tion of hydrogen radical from the active site tyrosine
residue (step 4), which restores the active site tyrosyl
radical.

However, nonenzymatic formation of the four
sesquiterpene coumarins (77-80) as outlined in
Fig. 14 cannot be excluded. There are three steps
involved in nonenzymatic peroxidation. The first step
is generation of a terpene radical by abstraction of a
hydrogen radical. In the second step, oxygen is
introduced and in the final step a hydrogen radical is
added to terminate the reaction and to give the
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ferubungeanol B (77)

[0}

7

ferubungeanol C (78)

ferubungeanol F (79)

ferubungeanol H (80)

. hydrogen abstraction . rearrangement . oxygen insertion . proton addition

Fig. 14 Putative reactions for the hydroperoxidation of con-
ferol (3) and O-U-Ha26 (76) in different positions by a
dioxygenase involving an active site tyrosyl radical. The O-

epimeric hydroperoxides. As outlined in Fig. 15, the
two epimeric mixtures of ferubungeanol B (77) and
ferubungeanol F (79) are obtained by peroxidation of
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Ha carbon structure of the substrates is converted to O-Ga (79),
0-lIa (77,78) and O-Jb (80) carbon skeletons

badrakemin (81) and turcicanol A (82), respectively.
One of the epimers of each epimeric mixtures is the

substrate of an

enzyme

converting the 7'-
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hydroperoxides to (S)-7',8'-oxidoconferol (83) and
(R)-7',8'-oxidoconferol (84), respectively. The con-
versions start with homolytic cleavage of the
hydroperoxide groups and release of hydroxyl radi-
cals. The sesquiterpene radicals are converted to
epoxides and the reactions are terminated by addition
of hydrogen radicals, possibly from tyrosine residues
in the active sites, according to a postulated mecha-
nism for the formation of 1,10-oxidovalencene from
valencene-1-hydroperoxide (Nikolaiczyk et al. 2022).
Alternatively, formation of the intermediate 7’,8'-
oxidoconferol epimers (83 and 84) can be obtained by
epoxidation of conferol (3) by two monooxygenases
with different product specificities. The 7’,8’-oxido-
conferol epimers (83 and 84) are protonated to yield
C7'-hydroxy groups that retain the stereochemical
configuration of C7’ seen in their respective epoxide
precursor. The resulting C8'-carbocations are
quenched by proton abstraction from either C9’ or
C12' to give carbon skeleton O-Ga and O-Ia, respec-
tively. The compounds produced are ferubungeanol A
(85) (0-U-1a32) (Figure S5) and ferubungeanol E (86)
(0-U-Ga2) (Figure S4). Ferubungeanol G (87) may be
formed by oxidation of the 7’hydroxyl group of
ferubungeanol E (86) by a P450 (Fig. 15). Alterna-
tively, turcicanol A (82) (Fig. 15) can be converted to
ferubungeanol G (87) by an allylic oxidation with
ferubungeanol E (86) as an intermediate product (see
Sect. “Biosynthesis of a sesquiterpene coumarin not
involving epoxidation”).

Rearrangements

The diversity of sesquiterpene coumarins is increased
by different rearrangements of the carbon skeletons of
the two primary carbocations (29, 30) obtained in
Fig. 4. These rearrangements include hydride shifts
and alkyl or aryl group migrations, which move the
carbocation from one carbon to another.

As an example, a highly speculative reaction
pathway starting from the monocyclic carbocation
(29) leading to the formation of sinkiangenorin F (88)
with carbon skeleton O-K is shown in Fig. 16. This
pathway involves two methyl shifts and three 1,2-
hydride shifts. An alternative route involving one 1,3-
methyl shift is also shown (shaded area Fig. 16). A
third pathway involving one 1,3-alkyl shift is also
included (framed). Two sesquiterpene coumarins with

this carbon skeleton have been isolated from seeds of
Ferula sinkiangensis (Fig. S7) (Li et al. 2015a).

Wagner Meerwein rearrangements

Wagner—Meerwein rearrangements are characterized
by one or more 1,2-rearrangement reactions in which a
hydrogen, alkyl or aryl group migrates from one
carbon to a neighboring cationic carbon. These
migrations result in rearrangement of the carbon
skeleton of the sesquiterpene moiety and the formation
of additional sesquiterpene coumarins (Lin et al. 2017;
Quilez del Moral et al. 2020).

Classical examples of Wagner—Meerwein rear-
rangements are the conversion of 2,3-oxidosqualene
(22) to lanosterol (24) and cycloartenol by lanosterol
(LAS) and cycloartenol (CAS) synthase, respectively.
Lanosterol (24) is a key intermediate in cholesterol
biosynthesis in animals and cycloartenol in sitosterol
biosynthesis in plants. The reactions catalyzed by
these enzymes have been extensively studied (Nes
2011; Chen et al. 2015; Diao et al. 2020). First, the
enzymes protonate the 2,3-oxidosqualene (22) to
generate a C2 carbocation, as discussed above
(Fig. 4). This initiates cyclization reactions, which
result in the formation of the intermediate tetracyclic
protosterol cation (23). Next, a Wagner—Meerwein
rearrangement involving two 1,2-hydride shifts and
two 1,2-methyl shifts change the carbon skeleton to
that of lanosterol (24). In the LAS reaction, the C8
carbocation is quenched by elimination of the proton
from C9 to release lanosterol (24). In the CAS
reaction, an additional 1,2-hydride shift followed by
proton elimination from C19 leads to the formation of
the cyclopropane ring of cycloartenol.

A putative reaction pathway leading to carbon
skeletons O-L from the monocyclic carbocation (29)
is shown in Fig. 17A and pathways leading to carbon
skeletons O-M to 0-Q from the bicyclic carbocation
(30) are shown in Fig. 17B. All these pathways
involve Wagner—-Meerwein rearrangements of the
decalin ring system. Cascades of 1,2- rearrangements
move the carbocation in a stepwise fashion long
distance. Carbon skeleton O-L (sinkianone (89)) is
obtained from the monocyclic carbocation (29) by a
Wagner—Meerwein rearrangement, which includes
three 1,2-shifts (1,2- hydride, 1,2-methyl- and 1,2-
hydride shifts). Abstraction of the proton from the 3'-
hydroxyl group yields a keto-group on carbon 3’ in the
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«Fig. 15 Nonenzymatic peroxidation of badrakemin (81) and
tutcicanol A (82) yields epimeric mixtures of ferubungeanol B
(77) and ferubungeanol F (79), respectively. One epimer of each
mixture is enzymatically converted to 7’,8(S)-oxidoconferol
(83) and 7',8'(R)-oxidoconferol (84), respectively. Alternatively
7',8'(S)-oxidoconferol (83) and 7',8'(R)-oxidoconferol (84) are
obtained by epoxidation of conferol (3) by epoxidases with
different product specificity. Protonation of 7’,8'(S)-oxidocon-
ferol (83) and 7',8'(R)-oxidoconferol (84) give carbocations,
which can be converted to ferubungeanol A (85) (carbon
skeleton O-Ia) and ferubungeanol E (86) (carbon skeleton O-
Ga) by abstraction of proton H-12" and H-9’, respectively. The
putative enzymatic oxidation of ferubungeanol E (86) to
ferubungeanol G (87) is also shown

final product. The formation of carbon skeleton O-N
(fnarthexol (91)) involves a Wagner—-Meerwein rear-
rangement over five bonds of the decalin ring system
(shown in the red frames). This cascade reaction
involves five 1,2-shifts (both hydride and methyl) and
is finally terminated by abstraction of the proton from
C8' to obtain the 7’,8’-double bond of carbon skeleton
O-N. The formation of carbon skeleton O-0 involves
a Wagner—-Meerwein rearrangement over six bonds
(shown in the blue frame). Abstraction of the proton
from the 3’-hydroxyl group yields a keto-group on
carbon 3’ in the final product. The Wagner-Meerwein
rearrangement of the bicyclic carbocation (30) leading
to carbon skeleton O-P includes a 1,4-hydride shift,
which is rare. The carbon skeleton O-Q is obtained
from the bicyclic intermediate carbocation (30)
through Wagner—Meerwein rearrangement involving
two 1,2-hydride shifts followed by a 1,2-alkyl shift.
The carbon skeleton is changed from a 6,6 bicyclic
structure to a 6,7 bicyclic structure with a carbocation
on C11’. This C11’ carbocation is subsequently moved
to C3’ by one 1,4 hydride shift or by a combination of
1,2- and 1,3-hydride shifts. The carbocation is
quenched by addition of water to yield the final
product, sinkiangenorin E (94), which is a unique
sesquiterpene structure (Li et al. 2016).

It is interesting to note that five different Wagner—
Meerwein rearrangements of the bicyclic carbocation
(30) are proposed in Fig. 17B. These rearrangements
ranging from two to six bonds are involved in the
biosynthesis of carbon skeletons O-M, O-N, 0-0, O-
P, and 0-Q. The structures of the sesquiterpene
coumarins with these carbon skeletons are shown in
Figure S7.

Grob fragmentations

Grob fragmentations (Grob & Baumann 1955) are
important reactions for breaking C—C-bonds of the
carbon skeletons of natural products. The reaction,
named after Cyril A. Grob, is a concerted C—C bond
cleavage involving a five-atom system (Lin et al.
2017). An OSC will be used to illustrate the important
Grob fragmentation reaction. The triterpene marneral
(95) has only recently been isolated from a natural
source. It was for a long time assumed to be an
intermediate in the biosynthesis of iridals in plants of
the Iridaceae (Lily) family (Marner et al. 1989;
Hasegawe et al. 2011). A gene from Arabidopsis
(MRNTI) encoding an enzyme that produces marneral
(95) has been cloned and the recombinant protein
characterized (Xiong et al. 2006; Go et al. 2012). The
enzymatic reaction of MRN1 proceeds as outlined in
Fig. 18A through the cyclization of 2,3-oxidosqualene
(22) to a bicyclic intermediate, which undergoes a
Wagner-Meerwein rearrangement to generate a C5
cation. Subsequently, a Grob fragmentation of the
A-ring cleaves the carbon—carbon bond between C3
and C4 to generate a monocyclic aldehyde, marneral
(95). The production of ao- and B-seco-amyrin by a
recombinant OSC from Arabidopsis involves Grob
fragmentation of the C-ring (Shibuya et al. 2007). A
seco-triterpene suggested to be produced by Grob
fragmentation is sasanquol, which is a by-product in
the formation of baccharide oxide by baccharide oxide
synthase from Stevia rebaudiana (Shibuya et al.
2008). MRNI1 is part of a three gene cluster found on
chromosome 5 of Arabidopsis thaliana (Field et al.
2011). In addition to MRNI, a marneral oxidase
(Cyp71A16/MRO) (Kranz-Finger et al. 2018) and an
uncharacterized gene (Ar5g42591) constitute this gene
cluster. These genes are coexpressed in A. thaliana
and marneral (95) is not accumulated as it is hydrox-
ylated by marneral oxidase to 23-hydroxymarneral.
In analogy with the marneral pathway, a hypothet-
ical galbanic aldehyde synthase (GAS) converts
10’,11’-oxidoumbelliprenin (28) to the bicyclic inter-
mediate (30) (Fig. 18B). A Wagner-Meerwein rear-
rangement generates a C5’ cation, which undergoes
Grob fragmentation to cleave the C3’-C4’-bond form-
ing the 3,4 secodrimane skeleton in the same way as
has been shown for marneral (95). The galbanic
aldehyde (96; O-U-Ral) formed can be enzymatically
oxidized to the carboxylic acid (galbanic acid (2); O-
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hydroxyl derivative (fekrynol (97); O-U-Rcl; Fig- isolated from various species of the Ferula genus. It
ure S8) by NAD(P)*-dependent oxidoreductases as exhibits a variety of interesting biological activities.
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The cloning of a GAS gene from a Ferula species may
be possible using the information obtained from
MRNI.

Two different proposals for the biosynthesis of
galbanic acid (2) have been presented. Marner and
Kasel (1995) suggested a mechanism involving a Grob
fragmentation which is in accordance with the mech-
anism suggested here. Appendino et al. (1993)
suggested a biosynthesis of galbanic acid (2) starting
from mogoltadone (O-U-Ia29). It is highly likely that
galbanic aldehyde (96) is biosynthesized in analogy
with marneral (95) as suggested here.

In addition to carbon skeleton O-R, we suggest that
the formation of carbon skeletons O-S, O-T, and O-U
involve Grob fragmentations as shown in Fig. 19.
Ferusingensine A (98) with carbon skeleton O-S is
obtained from the monocyclic carbocation (29) by a
Grob fragmentation followed by reduction of the
aldehyde by an oxidoreductase (Fig. 19A). Formation
of the sinkiangenorin D (99) with carbon skeleton O-U
and ferulsinaic acid (99) with carbon skeleton O-T
include 1,2-alkyl shifts for expansion (sinkiangenorin
D (99)) or reduction (ferulsinaic acid (100)) of the ring
size (Fig. 19B). Both these carbon skeletons are
obtained by Grob fragmentation of the bicyclic C8’
intermediate carbocation (30). In the case of O-S, the
C8' carbocation is moved to C4’ through a Wagner-
Meerwein rearrangement. Next, an alkyl shift leading
to a 5,7-ring structure prepares the molecule for the
Grob fragmentation reaction, and the resulting alde-
hyde is reduced by an oxidoreductase to give the final
product. In the paper reporting the isolation of
sinkiangenrin D (99) (O-U-U1,; Figure S8), a pathway
for its formation is proposed as outlined in Fig. 19C
(Li et al. 2015a). It starts by protonation of fekrynol
(97) (0O-U-Rcl; Fig. S8) followed by an alkyl shift and
a subsequent methyl shift before termination of the
reaction by proton abstraction.

Biosynthesis of O-T from the bicyclic carbocation
(30) is initiated by an 1,3 hydride shift followed by an
alkyl shift, which prepares the molecule for Grob
fragmentation. In this case, the aldehyde formed is
oxidized to the carboxylic acid by an oxidoreductase.
Ferulsinic acid (100) (0-U-T1) is the only sesquiter-
pene coumarin with carbon skeleton O-T (Ahmed
et al. 2007). A biosynthetic route starting from feselol
(37) (0-U-Ha7) was suggested. The suggested reac-
tion pathway included oxidation of the C3’-hydroxyl
group, hydroxylation at C6’ followed by acetylation

before the Grob fragmentation without participation of
any preceding carbocation rearrangements. This is a
highly unlikely biosynthesis of the O-T carbon
skeleton. The biosynthesis of karatavic acid (136) is
one more example of a Grob fragmentation, which
will be discussed later in this review.

Until recently all isolated sesquiterpene coumarins
with 3/,4" secodrimane skeletons (O-R) exhibited the
same stereochemistry (Figure S8). However, recently
five new sesquiterpene coumarins with 3’,4’ secodri-
mane moieties were isolated from F. sinkiangensis
(Wang et al. 2023). The carbon skeletons of these five
sesquiterpene coumarins named fesinkin A to D are
diastereomers of fekrynol (97); O-U-Rel) and are
formed in a similar way as shown for galbanic
aldehyde (96) in Fig. 18B. Putative pathways for the
biosynthesis of fesinkin A (101), fesinkin C (102), 4'Z
fesinkin D (103) and 4'E fesinkin D (104) from the
bicyclic carbocation (30) are shown in Fig. 20. 4Z
fesinkin D (103) and 4'E fesinkin D (104) are
derivatives of fekrynol diastereomer (107). The car-
bon skeleton of fesinkin E (105) and fesinkin F (106) is
0-U-Ga (Figs. 7B, S4). Recently, a sesquiterpene
coumarin named turicanol B was isolated from Ferula
turcica (Erucar et al. 2023). The structure of turicanol
B is the same as that of fesinkin E (105).

Fesinkins A to D are the first examples of 3’4/
secodrimane skeletons with different stereochemistry
from that of galbanic acid (2), which extend the
structural diversity of sesquiterpene coumarins. Fes-
inkin B (109) is a hydroperoxide sesquiterpene
coumarin. Some hydroperoxyl sesquiterpene coumar-
ins isolated from Ferula bungeana have been dis-
cussed above (Figs. 14, 15) (Guo et al. 2022). A
putative pathway for the peroxidation of fekrynol
diastereomer (107) is shown in Fig. 21A. During the
radical reactions, the 4',5’-double bond of the fekrynol
diastereomer (107) is converted to the 4’,14’-double
bond of fesinkin B (109). Finally, fesinkin C (102) has
a unique 5',11’-oxido bridge and fesinkin G (110) a
very unusual endoperoxide bridge.

Fesinkin G (110) (O-U-Jb4) is the first sesquiter-
pene coumarin endoperoxide that has been isolated
(Wang et al. 2023). It may be obtained by peroxidation
of feselol (37) (O-U-Ha7), which was co-isolated with
fesinkin G (110) from Ferula sinkiangensis. A puta-
tive pathway, based on the peroxidation of conferol (3)
as outlined in Fig. 14, is shown in Fig. 21B. This
pathway starts by homolytic cleavage of the C6'-
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«Fig. 17 A Putative pathway for the cyclization of intermediate
carbocation I (29) (see Fig. 4) to sesquiterpene coumarins with
carbon skeletons O-L involving Wagner-Meerwein rearrange-
ment. B Putative pathways for the cyclization of intermediate
carbocation II (30) (see Fig. 4) to sesquiterpene coumarins with
carbon skeletons O-L (sinkianone (89), O-M (sinkianol A (90),
O-N (fnarthexol (91), 0-O (no trivial name (O) (92)), O-P (no
trivial name (P) (93)), and O-Q (sinkiangenorin E (94))
involving Wagner-Meerwein rearrangements. Chiral carbon
atoms are indicated by black dots in the final structures

hydrogen bond of feselol (37) by an active site tyrosyl
radical followed by rearrangement to generate the
6',7-double bond and a radical on C8. Oxygen is
inserted to obtain the 8'-peroxide. Instead of proton
addition, a second homolytic cleavage of the C5'-
hydrogen bond prepares for the formation of the
endoperoxide by bond formation via fusion of the two
radicals.

Biosynthesis of a sesquiterpene coumarin
not involving epoxidation

The biosynthesis of sesquiterpene coumarins lacking a
3’-hydroxyl group does not involve the epoxidation
step. 10’,11’-Oxidoumbelliprenin (28) is not a sub-
strate. However, this is extremely rare. An example is
the biosynthesis of a sesquiterpene coumarin in Ferula
galbaniflua as shown in Fig. 22A (Graf and Alexa
1985). The terminal double bond of umbelliprenin (1)
is protonated to generate a carbocation that can go
through cyclizations to a bicyclic sesquiterpene moi-
ety. The reaction is terminated by abstraction of a
proton. However, this sesquiterpene coumarin has not
been isolated. The carbon skeleton of this sesquiter-
pene coumarin has been assigned O-U-Hd. We
suggest that the last step of biosynthesis of sesquiter-
pene coumarin O-U-Hd1 (111) involves an allylic
oxidation as shown in Fig. 22A.

Allylic oxidation of terpenoids has been studied in
various organisms including plants (Wang et al.
2022b). Allylic oxidation of (+)-valencene (112) to
(+4)-nootkatone (115) as outlined in Fig. 22B has been
extensively investigated. (4+)-Nootkatone (115), with
a grapefruit-like flavor, is a sesquiterpene found in
Citrus paradisi, Citrus maxima (Rutaceae), and Cal-
litropsis nootkatensis (Cupressaceae) widely used in
the food, flavor and fragrance industries (Zhang et al.
2023a). A two-step enzymatic conversion of (+)-

valencene (112) to (+)-nootkatone (115) has been
proposed. The first step is a regioselective allylic hy-
droxylation of the 2-position of (4)-valencene (112)
to cis-nootkatol (113) or trans-nootkanol (114),
followed by the oxidation to (+4)-nootkatone (115)
(Fig. 22B) (Fraatz et al. 2009). A single multifunc-
tional cytochrome P450 enzyme may catalyze both
reaction steps. Alternatively, first (+)-valencene (112)
is hydroxylated to nootkatol (113 or 114) by a
cytochrome P450 enzyme with subsequent oxidation
to (4+)-nootkatone (115) by a NAD(P)H-dependent
oxidoreductase. Some cytochrome P450 enzymes
from the CYP71 family have been shown to exhibit
valencene oxidase activity. Premnaspirodiene oxyge-
nase CYP71D55 from Hyoscyamus muticus (Solana-
ceaae) was shown to convert (+)-valencene (112) to
trans-nootkatol (114) (Takahashi et al. 2007). Co-
expression of valencene oxidase CYP71AV8 from
Cichorium intybus (Asteraceae) with valencene syn-
thase in yeast, resulted in the formation of trans-
nootkatol (114) and small quantities of (+)-nootka-
tone (115) (Cankar et al. 2011). Finally, valencene
oxidase CYP706M1, which belongs to the CYP706
family, was cloned from Callitropsis nootkatensis
(Alaska cedar) (Cupressaceae) (Cankar et al. 2014). It
was shown that this cytochrome P450 enzyme con-
verts (+)-valencene (112) to (4)-nootkatone (115).
We postulate that some sesquiterpene coumarins
are modified by allylic oxidation of the sesquiterpene
moiety by cytochrome P450 enzymes similar to the
enzymes converting (+)-valencene (112) to (4)-
nootkatone (115). An example of putative allylic
oxidation of a sesquiterpene coumarin is shown in
Fig. 22C. The four sesquiterpene coumarins shown
(116-119) were all isolated from Ferula conocaula
(Vandyshev et al. 1972a, 1972b; Kuliev and Khasanov
1978). In this case, conferone (116) is hydroxylated by
a P450 hydroxylase belonging to the CYP71 family.
The intermediate product ferocaulin (117) and/or
ferocaulinin (118) are/is subsequently oxidized to
conferdione (119) by a NAD(P)H-dependent oxidore-
ductase. Alternatively, the reaction can be catalyzed
by an oxidase belonging to the CYP706 family.
Examples of other sesquiterpene coumarins, which
may have been obtained by allylic oxidations are
shown in Fig. 23. These allylic oxidations occur in
different Ferula species, i.e. F. gummosa, F. galban-
iflua, F. conocaula, and F. sinkiangensis, as shown in
Fig. 23A-D. In these cases, no intermediate
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Fig. 18 Comparison of the
biosynthesis of the
triterpene marneral (95).

A from 2,3-oxidosqualene
(22) and galbanic aldehyde
(96). B from 10',11'-
oxidoumbelliprenin (28)
involving Grob
fragmentation reactions.
MS: marneral synthase;
GAS: galbanic aldehyde
synthase. C Putative
enzymatic reduction and
oxidation of galbanic
aldehyde (96) to fekrynol
(97) and galbanic acid (2),
repectively
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hydroxylated sesquiterpene coumarins have been
isolated, which indicates that the allylic oxidation is
catalyzed by oxidases belonging to the CYP706
family. The two reactions in F. gummosa (Fig. 23A)
may be catalyzed by an oxidase with broad substrate
specificity.

Another example of a sesquiterpene coumarin
without the 3’-hydroxyl group on the sesquiterpene
moiety is structure O-V (Fig. 3). The putative pathway
leading to structure O-V, shown in Fig. 24A, starts
with 4’-hydroxylation of umbelliprenin (1) by a P450
hydroxylase. 4-Hydroxyumbelliprenin (128) is a
unique structure. It has not been isolated. Protonation
of the 2',3’-double bond of 4’-hydroxyumbelliprenin
(128) leads to ionization and a carbocation on C-2’.
Two ring closures (2',7'- and 6/,10") generate the 5,6-
ring structure of ferusinol (4) (Bandyopadhyay et al.
2006). Next, a proton is abstracted to yield the final
product. The STCS catalyzing this reaction is most
likely of a different type to the STCSs using 10',11'-
oxidoumbelliprenin (28) as a substrate; a distinction
analogous to the comparison between SHCs and OSCs
in triterpene biosynthesis.

An alternative putative pathway leading to ferusi-
nol (4) is shown in Fig. 24B. In this case the starting
substrate is umbelliprenin (1) (the general precursor of
7-farnesyloxycoumarins). The 2’,3'-double bond of
umbelliprenin (1) is protonated, which is followed by
the two ring closures to generate the 5,6-ring structure
of ferusinol (4). After proton abstraction a P450
hydroxylase introduces the 7'-hydroxyl group to yield
the final product.

The STCS catalyzing the formation of carbon
skeleton O-V has most likely evolved from a SHC-like
ancestral enzyme after gene duplication. As summa-
rized in Table 2, it has been shown that SHCs can use
many substrates (probably including umbelliprenin
(1)) in addition to squalene (20). We suggest that
ferusinol (4) is produced by a SHC-like STCS
according to the pathway shown in Fig. 24B. Umbel-
liprenin (1) is probably better accommodated in the
active site of such an SHC-like enzyme than 4'-
hydroxyumbelliprenin (128).

Bungeanin A (131), recently isolated from Ferula
bungeana, is a sesquiterpene coumarin with a unique
structure (Fig. 25A) (Kang et al. 2024). It is most
likely produced from umbelliprenin (1) by formation
of a C5-C9 bond. The three double bonds of
umbelliprenin are conserved in the product indicating

that no carbocations are involved in the formation of
bungeanin A (131). We propose it is produced by a
P450 enzyme catalyzing formation of the C5'-C9’
bond of the product as schematically shown in
Fig. 25A. Carbon—carbon bond formation in plant
secondary metabolism has been shown to involve
P450 enzymes (Tang et al. 2017; Guengerich and
Yoshimoto 2018). The P450 enzyme generates two
radicals by abstraction of two hydrogens. These two
radicals form the new C5'—-C9’ carbon—carbon bond.

Biotransformation of sesquiterpene coumarins

In a few cases, sesquiterpene coumarins are the
starting substance for the biosynthesis of other
sesquiterpene coumarins as shown in Figs. 25, 26
and 27. The lactone kuhistanin A (132), isolated from
Ferula kuhistanica, exhibits the same stereochemistry
as galbanic acid (2) (Fig. 25B) indicating that it is
derived from galbanic acid (2) (Ashurov et al. 2024).
Figure 25B shows the putative pathways for the
conversion of galbanic acid (2) to kuhistanin A
(132). The radical mechanism shown in Fig. 25B
starts by homolytic cleavage of the C14/-hydrogen
bond of galbanic acid (2) by P450 compound 1 (129).
A rearrangement results in the abstraction of the
hydroxyl proton by P450 compound 2 (130) and
formation of the lactone structure of kuhistanin A
(132). An alternative pathway for the biosynthesis of
kuhistanin A (132), based on classical terpene carbo-
cation chemistry, is also possible. First the 4'.5'-
double bond of galbanic acid (2) is epoxidized. The
formed 4’,5'-oxidogalbanic acid is protonated and the
carbocation formed is quenched by elimination of the
C14'-hydrogen. The formed 5’-hydroxygalbanic acid,
a hydroxycarboxylic acid, is spontaneously converted
to the lactone kuhistanin A (132). 5'-Hydroxygalbanic
acid has not been isolated from Ferula kuhistanica
(Ashurov et al. 2024).

The product ligupersin B (134) was isolated from
roots Ligularia persica (Asteraceae) along with twelve
other sesquiterpene coumarins (Marco et al. 1991). A
potential precursor of ligupersin B (134) biosynthesis
is kopeolin (0O-U-Ea3) (133), which has the same
stereochemistry as the product. 12’-Hydroxylation of
kopeolin (133) by a P450 followed by elimination of
water will yield ligupersin B (134) with an C7',C12’-
ether bridge (Fig. 26). This type of hydroxylation
catalyzed by a cytochrome P450 enzyme with
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«Fig. 19 Putative pathways involving Grob fragmentation
reactions for the formation of sesquiterpene coumarins.
A Formation of carbon skeleton O-S (ferusingensine A (98))
from intermediate carbocation I (29). B Formation of carbon
skeletons O-T (ferulsinaic acid (100)) and O-U (sinkiangenorin
D (99)) from intermediate carbocation II (30). C Alternative
pathway for the formation of sinkiangenorin D (99) from
fekrynol (97) as suggested by (Li et al. 2015a). The formation of
intermediate carbocation I (29) and intermediate carbocation II
(30) is shown in Fig. 4. Chiral carbon atoms are indicated by
black dots in the final product

subsequent elimination of water to generate the ether
bridge has been shown for other natural products
(Rudolf et al. 2018).

An alternative biosynthesis of ligupersin B (134)
starts from umbelliprenin (1). In this case, the initial
step is a 12'-hydroxylation by a cytochrome P450
hydroxylase to yield 12’-hydroxyumbelliprenin (135).
Epoxidation of 12'-hydroxyumbelliprenin (135) gives
12/-hydroxy-10’,11’-oxidoumbelliprenin (136). How-
ever, this could also be obtained by 12’-hydroxylation
of 10/,11’-oxidoumbelliprenin (28). Regardless, the
epoxide is subsequently protonated and undergoes a
6/, 11'-cyclization, which results in a carbocation on
C7'. The C7’, C12'-ether bridge of ligupersin B (134)
is formed by quenching of the C7'-carbocation with
the C12’ hydroxyl group in analogy to the formation of
the C4’, C7'-ether bridge seen in structure O-Cb
(shown in Fig. 7A). This second pathway for the
formation of ligupersin B (134) may be less plausible
because binding of the substrate to the STCS may be
prevented due to steric hindrance imposed by the 12’-
hydroxy group.

Putative pathways leading to carbon skeletons O-W
(karatavic acid (137)) and O-X (ferusingensine H
(138)) are shown in Fig. 27A and B, respectively. The
pathway leading to karatavic acid (137) starts from
structure O-U-Ha24 (124) (Fig. S4). The structure of
karatavic acid (137) is similar to that of galbanic acid
(2) being almost a positional isomer. We suggest that a
cytochrome P450 enzyme in state I (compound I)
(129) abstracts a hydrogen atom from the 12'-methyl
group. The resulting carbon radical serves as an
electron donor giving rise to a carbocation and the
P450 enzyme in state IT (compound II) (130). Subse-
quently, the hydroxyl, which normally is used for
hydroxylation of the substrate, is abstracted from the
enzyme. This mechanism has been suggested for a few

reactions involving carbocations on various natural
products (Zhang and Li 2017). In the next step, the
same cytochrome P450 enzyme converts the carboca-
tion intermediate into the 3,4 seco-drimane structure
by a Grob fragmentation. In the final step, the aldehyde
is enzymatically oxidized by a NAD(P)*-dependent
reductase to karatavic acid (137) with carbon skeleton
O-W.

We suggest that a radical-based reaction mecha-
nism is involved in the biosynthesis of structure O-X
(ferusingensine H (138)) from the 3,4 seco-drimane
structure O-U-Rc (fekrynol (97)) (Fig. 18). The reac-
tion shown in Fig. 27B is initiated by homolytic
cleavage of the terminal hydroxyl group, which results
in a radical on C6'. A rearrangement generates a
C5',C6’-double bond and a radical on C4'. After
homolytic cleavage of the C3’-hydroxyl group a
radical on the oxygen is formed, which combines
with the radical on C4’ to form the ether bridge and
ring closure.

Sesquiterpene coumarins from 4-O-farnesyloxy-5-
methylcoumarin

Five sesquiterpene coumarins obtained from 4-O-
farnesyloxy-5-methylcoumarin (139) have been iso-
lated from Nassauvia revoluta (Bittner et al. 1988a)
and Nassauvia argentea (Asteracea) (Bittner et al.
1988b), plants native to Argentina, Bolivia, Chile, and
the Falkland Islands. The biosynthesis of the sesquiter-
pene moieties is the same as for those of 7-O-
farnesylated sesquiterpene coumarins (Fig. 7). First,
4-(10/,11’-oxidofarnesyloxy)-5-methylcoumarin
(140) is formed, which is subsequently protonated to
give a 10’-hydroxyl group and a carbocation on the
11’-C. From there, different routes lead to the biosyn-
thesis of the three sesquiterpene coumarins nassuvire-
voltin A (140), nassuvirevoltin C (142) and 7’,14'-
dehydro-7',10’-oxidonassauvirevolutin A (141) based
on 4-hydroxy-5-methylcoumarin (18), as shown in
Fig. 28. The carbon skeleton of these sesquiterpene
coumarins belong to O-Cb (143), O-D (141) and O-1a
(142).

Other O-farnesylated sesquiterpene coumarins
Fraxetin (11) (Fig. 2) is very rarely found as a building

block of sesquiterpene coumarins. An example is
8-farnesyloxyfraxetin (144) (O-F-Al) (Fig. 29A),
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Fig. 20 Putative pathways for the biosynthesis of fekrynol (97), fesinkins A (101), C (102) and D (103 and 104), E (105) and F (106),
fekrynol (97) and fekrynol diastereomer (107) from intermediate carbocation II (30) (see Fig. 4)

which was isolated from Brochia cinerea (Asteraceae) examples

(shown

in Fig. 29B-E).

The linear

(Greger and Hofer 1985). This linear sesquiterpene
coumarin is obtained by farnesylation of fraxetin (11)
by a O-farnesyltransferase. It is interesting to note that
nearly all the sesquiterpene coumarins described in
this text have been isolated from plants belonging to
the Apiaceae and Asteraceae families, except for a few
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sesquiterpene coumarin umbelliprenin (1) (0-U-Al)
(Fig. 29B) is obtained by farnesylation of umbellifer-
one (9) (Fig. 4) by a O-farnesyltransferase. Umbellif-
erone (9) is widely distributed within the Rutaceae and
Apiaceae families (Dawidowicz et al. 2018) but it
occurs in the flowers, fruits, and roots of all higher
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the 5’,8'-endoperoxide sesquiterpene coumarin fesinkin G (110) from feselol (37)

plants (Bourgaud et al. 2006). Umbelliprenin (1) has
been isolated from plants belonging to Amaranthaceae
(Amaranthus retroflexus, Chenopodium quinoa, and
Spinacia oleraceae) (Fiorito et al. 2017, 2019b),
Caprifoliaceae (Scabiosa comosa) (Dargaeva and
Brutko 1976), Lamiaceae (Scutellaria baicalensis)
(Murch et al. 2004), Lythraceae (Punica granatum)
(Fiorito et al. 2019a), Myrtaceae (Melaleuca alterni-
folia) (Scotti et al. 2018), Rutaceae (Citrus limon and
Haplophyllum patavinum) (Sidana et al. 2013; Filip-
pini et al. 1998) and Solanaceae (Lycium barbarum)
(Fiorito et al. 2019b) families (Fig. 29B; Table 1; S1).
10'R-Karatavicinol (35) was isolated from Scutellaria
baicalensis in addition to umbelliprenin (1) indicating
that epoxidation of umbelliprenin (1) takes place in
this species (Murch et al. 2004).

The other three compounds have been isolated from
the  Euphorbiaceae = and Rutaceae  families
(Figs. 29C to 29E). They are not derived from

10',11'-oxidofarnesyloxy-coumarins ~ except  for
diportlandin (145) (O-S-Ial) from Euphorbia port-
landica, which carries a methoxy group on C10'. This
indicates that it may have been formed from 10/,11’-
oxidoscopofarnol according to the biosynthesis shown
in Fig. 7 even though it has been isolated from a plant
belonging to Euphorbiaceae.

8-Hydroxycoumarin (13) is the coumarin moiety of
two sesquiterpene coumarins, coumaryl-B-elemene A
(146) and coumaryl-B-elemene B (147), with carbon
skeleton O-Y (Fig. 29D) isolated from roots of Aegle
marmelos (Ahmad et al. 2012). The suggested biosyn-
thesis, shown in Fig. 30, involves a sesquiterpene
synthase (STS) that first produces an intermediate
( +)-germacrene A (150), which remains bound to the
active site of the enzyme. The reaction is reinitiated by
protonation of the 1’,10’-double bond to generate a
germacryl carbocation (149). This suggested reaction
is based on the reported reaction mechanism of
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Fig. 22 A Putative biosynthesis of a sesquiterpene coumarin
(111) (O-U-Hd1) not involving epoxidation of umbelliprenin.
The final step, allylic oxidation, is catalyzed by a putative P450
oxidase. B One step oxidation of (+4)- valencene (112) to (4)-
nootkatone (115) by valencene oxidase (VO) or two step

aristolochene synthase from Penicillium roqueforti
(Calvert et al. 2002) and 5-epi-aristolochene synthase
from tobacco (Rising et al. 2000). The generated
germacryl carbocation (149) is converted to an
eudesmyl carbocation (151) through a 5',10/-ring
closure. In aristolochene synthase and 5-epi-aris-
tolochene synthase, the final products are obtained
after 1,2-hydride and 1,2-alkyl shifts followed by
abstraction of a proton, as indicated in Fig. 30. In the
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oxidation by P450 hydroxylase and NAD(P)H-dependent
oxidoreductase (dehydrogenase DH). C Putative allylic oxida-
tion of conferone (116) to conferdione (119) in Ferula
conocaula

reaction of the A. marmelos enzyme, abstraction of a
proton from the eudesmyl carbocation (151) generates
the sesquiterpene eudesma-4,11-diene (152), which in
the next step is epoxidized to 4’,5'-oxidoeudesma-11-
ene (153) by a monooxygenase. Protonation of the
epoxide generates a carbocation on C5" and a hydroxyl
group on C4'. After a 1,2-hydride shift a carbocation
on C6' is obtained. This intermediate cation reacts
with the 8-hydroxy group of the coumarin to form the
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Fig. 23 Examples of
putative allylic oxidation of
sesquiterpene coumarins in
various Ferula species
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ether bridge of the final product with carbon skeleton
0-Y (Figure S9).

Jatrophadioxin (148) (0-U-Z1 Fig. S9) (Fig. 29E),
isolated from Jatropha intergerrima (Euphorbiaceae)
(Sutthivaiyakit et al. 2009), is a second example of a
sesquiterpene coumarin with fraxetin (11) as coumarin
moiety. In this case, two ether bridges link the
sesquiterpene moiety to the coumarin. It is suggested
that the sesquiterpene moiety 7-epi-aciphyllene (156),
which is of guaiene type, is formed before it is coupled
to fraxetin (11) as shown in Fig. 31. (-)-Germacrene A
(155) is also an enzyme bound intermediate in this
biosynthesis but here the C4,C5-double bond of (-)-
germacrene A (155) is reprotonated followed by a 1,5-
ring closure. Abstraction of a proton gives the

sesquiterpene 7-epi-aciphyllene (156) (guaia-4,11-
diene). We suggest that the coupling of fraxetin (11)
and 7-epi-aciphyllene (156) is catalyzed by a cyto-
chrome P450 monooxygenase in a manner similar to
that reported for the formation of ether bridges in
secondary metabolites (Rudolf et al. 2018). The P450
enzyme hydroxylates the sesquiterpene and forms an
ether linkage by elimination of water. This reaction is
repeated, possibly by the same P450 enzyme, to form
the second ether bridge. The order of the last reactions
can be reverse.

This is in line with the above suggestion (discussed
in Sect. “Step 2: Epoxidation”) that the sesquiterpene
coumarin synthase genes coding for synthases using
7-(10',11"-oxidofarnesyloxy)-coumarin as a substrate,

0, H,0
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(©)
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Fig. 24 Putative biosynthesis of ferusinol (4) with carbon skeleton O-V from umbelliprenin (1). Chiral carbon atoms are indicated by

black dots in the final products
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have evolved from ancestor triterpene synthase genes
in Apiaceae and Asteraceae but not in other plant
families.

A norsesquiterpene coumarin

The norsesquiterpene coumarin tavicone (158) (O-U-
al; Fig. S9) has been isolated from Ferula karatavica
(Bagirov et al. 1969). The structure of tavicone (158)
was later corrected (Bagirov and Sheichenko 1976).
The terpene moiety of tavicone (158) is a norsesquiter-
pene with 14 carbon atoms (as opposed to the normal
15 carbons of sesquiterpenes), which has similarities
to drimenol (59). This is the only norsesquiterpene
coumarin that has been reported. During the biosyn-
thesis of tavicone (158) an intermediate sesquiterpene
coumarin (157) is formed, which is demethylated in
later steps of the pathway. A putative biosynthetic

route from the monocyclic carbocation (29) to
tavicone (158) with carbon skeleton O-a is shown in
Fig. 32. The putative pathway can be divided into
three sets of reactions. The first set (box A) is the
formation of an intermediate sesquiterpene coumarin
(157) by a STCS. The next set of reactions (box B) is
catalyzed by a methyl oxidase (MO) that introduces a
hydroxyl group and further oxidizes it to a carboxyl
group via the corresponding aldehyde. Introduction of
this carboxyl group, vicinal to the A-ring alcohol,
provides a handle for the subsequent decarboxylation
that ultimately affords the norsesquiterpene skeleton.
This suggestion is based on the demethylation of
cycloartenol to norcycloartenol in sterol biosynthesis
in plants (Rahier 2011; Pascal et al. 1993). MO is a
membrane-bound non-heme iron oxygenase, which
uses O, and ferrocytochrome b5 (Fe®™). The ferrocy-
tochrome b5 (Fe>") is oxidized to ferricytochrome b5
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Fig. 25 A Putative biosynthesis of bungeanin A (131) from umbellipr
biosynthesis of kuhistanin A (132) from galbanic acid (2) by lactoniz

enin (1) by a P450 enzyme forming a 5',9' C—C bond. B Putative
ation by a P450 enzyme
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Fig. 27 Putative
biosynthesis of karatavic
acid (137) and
ferusingensine H (138) with
carbon skeletons O-W and
0-X from 0-U-Ha24 (124)
and fekrynol (97),
respectively. Chiral carbon
atoms are indicated by black
dots in the final products
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(Fe®™) during the formation of the carboxy-sesquiter-
pene coumarin metabolite. The third set of reactions
(box C) is catalyzed by a NADP"-dependent decar-
boxylating dehydrogenase, which produces the final
product by deprotonation and release of CO,. This
reaction sequence is based on a model proposed for a
membrane bound (ER) multienzyme complex in
plants that is involved in sterol biosynthesis. It consists
of sterol methyl oxidase (SMO), a non-heme iron
monooxygenase; 3B-hydroxysteroid dehydrogenases/
C4 decarboxylase (HSD/D), a member of the short-
chain dehydrogenases/reductases family; 3-oxosteroid

(0]

reductase (SR), a small transmembrane protein (sup-
posed to tether SMO, HSD/D and SR to the ER); and
cytochrome b5 and NADH cytochrome b5 reductase
(Rahier 2011). The reductase, which reduces the keto
group is not required for tavicone (158) biosynthesis.
However, it is likely that a similar membrane bound
multienzyme complex is involved in the demethyla-
tion of the intermediate sesquiterpene coumarin
(157) in tavicone (158) biosynthesis.
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Fig. 28 Putative biosynthesis of various sesquiterpene coumarins from 4-farnesyloxy-5-methylcoumarin (139)
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Fig. 29 A 8-
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Fig. 30 Putative biosynthesis of coumaryl-B-elemene A (146) with carbon skeleton O-Y. Chiral carbon atoms are indicated by black

dots in the final products
Diversity of sesquiterpene coumarins

The enormous diversity of sesquiterpenes is reflected
in the sesquiterpene coumarins. The cyclization of
farnesyloxycoumarins gives rise to a broad spectrum
of carbon skeletons as discussed above. In this
diversification, Wagner—Meerwein rearrangements
and Grob fragmentations play important roles. The
chemical space of each constitutionally identical
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carbon skeleton is further expanded due to the range
of possible diastereomers. As an example, the bicyclic
sesquiterpene moiety of the sesquiterpene coumarins
shown in Fig. 33 contains five asymmetric centers.
The three marked with black dots in Fig. 33 can adopt
either R- or S-configuration. The other two marked
with red dots remain unchanged in this example.
Consequently eight (i.e., 2*) diastereomers can be
formed. The structures of the eight possible natural
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Fig. 32 Putative biosynthesis of the norsesquiterpene coumarin dehydrogenase; DC: decarboxylase. Chiral carbon atoms are
tavicone (158) from intermediate carbocation I (29). STCS: indicated by black dots in the final structure
sesquiterpene coumarin synthase; MO: methyl oxidase; DH:
diastereomers are shown in Fig. 33. All eight diastere- evolved subtle differences in their active site directing
omers have been isolated and their absolute configu- the stereochemical arrangement of the sesquiterpene

rations have been confirmed (Tashkhodzhaev et al. moiety.
2015). Obviously, sesquiterpene coumarin synthases
from different closely related plant species have
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Fig. 33 Eight diastereomers of a bicyclic sesquiterpene coumarin (0-U-Ja; Fig. S7). Three chiral centers (black dots) can adopt R- or

S-configurations and two centers (red dots) are unchanged

Table 4 Examples of sesquiterpene coumarins produced in callus or hairy root cultures

Species Type of culture Product Yield References

Ferula assa-foetida Callus - - Zare et al. (2010)

Ferula ferulaeoides Callus - - Suran et al. (2016)

Ferula gummosa Callus - - Hadi et al. (2011)

Ferulago campestris Callus Umbelliprenin (0-U-A1) 2.6 mg/g DW* Fiorito et al. (2022)

Ferula pseudalliacea Hairy root Farnesiferol B (0-U-D1) 7.5 mg/g DW Khazaei et al. (2019)
Tanacetum parthenium Hairy root 9-epi-pectachol B (O-I-1a9) 0.14 mg/g DW Kisiel and Stojakowska, (1997)
Artemisia annua Hairy root Drimartol A (O-I-Hal) 20 mg/g DW Zhai and Zhong (2010)

*After elicitation with 10 puM ferulic acid

Concluding remarks

In this review we have suggested putative biosynthetic
routes for sesquiterpene coumarins according to a
general scheme starting with the substrate farnesyl
diphosphate (27) or nerolidyl diphosphate and a
coumarin. The first step is the farnesylation/nerolyda-
tion of a hydroxycoumarin by a O-prenyltransferase to
yield farnesyloxy/nerolidyloxy coumarins. The sec-
ond step is epoxidation of the farnesyloxy/nerolidy-
loxy coumarins to introduce a 10’,11’-epoxy group. In
the next step, sesquiterpene coumarin synthases,
which are type II terpene synthases, initiate the
cyclization reactions by protonation of the epoxy

group resulting in the formation of an intermediate
carbocation with a C10’-hydroxyl group. This carbo-
cation initiates cyclization reactions similar to those
catalyzed by terpene synthases (Christianson 2017).
Based on our knowledge of terpene synthases we have
suggested reaction mechanisms for the various
sesquiterpene coumarins. Some of these reactions also
involve rearrangements of the carbon skeleton by
Wagner-Meerwein-rearrangement and/or Grob frag-
mentation reactions.

To our knowledge, there is no report on the
isolation or cloning of a STCS. The reaction mecha-
nism of such an enzyme is most likely similar to other
terpene synthases, which initiate cyclization by
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protonation of an epoxy-group, such as lanosterol and
cycloartenol cyclase (Thimmappa et al. 2014; Wang
et al. 2022a). These OSCs are localized to lipid
particles in which the highly hydrophobic substrate
and products can be stored and transported. The
aspartic residue of the conserved sequence DCTAE
has been shown to be involved in the initial protona-
tion of the epoxide (Qiao et al. 2018). The motif
QxxxxxW, which is important for stabilization of the
carbocation during cyclization, is repeated three times.
Finally, a histidine residue of the conserved motif
MWCHCR is assumed to stabilize the protosteryl
cation (23). It is likely that these conserved sequences
can also be found in STCSs.

Cell cultures of sesquiterpene coumarin-producing
plants offer potential to serve as powerful tools for
studying the biosynthesis of sesquiterpene coumarins.
Biotic elicitors have been widely used to induce
enzymes of biosynthesis and increase the production
of secondary metabolites in hairy root cultures
(Alcalde et al. 2022). In vitro induction of the enzymes
involved in the biosynthesis of the sesquiterpene
coumarins (such as O-farnesyltransferase, farnesy-
loxy-coumarin epoxidase and/or sesquiterpene cou-
marin synthase) through elicitation could simplify
their identification and subsequent cloning. Some
in vitro cell culture systems of sesquiterpene cou-
marin-producing species have been reported
(Table 4). One example has already been discussed
above, i.e., induction of umbelliprenin (1) formation in
callus cultures of Ferulago campestris (Apiaceae)
after elicitation with ferulic acid (Fiorito et al. 2022).
This platform could be excellent for studying the
formation of umbelliprenin (1) from FDP (27) and
umbelliferone (9) catalyzed by O-farnesyltransferase.
The induction of hairy root cultures of Ferula
pseudalliacea (Apiaceae) has been reported (Khazaei
et al. 2019). Farnesiferol B (5) (0-U-Dal; Figure S3)
was extracted at a yield of 12 and 7.5 mg/g dry weight
for the wildtype and hairy roots, respectively. This
culture will be useful for studies on the biosynthesis of
farnesiferol B (5) from umbelliferone (9) and farne-
syldiphosphate (27) as outlined in Fig. 4B. The three
enzymes O-farnesyltransferase (O-FT), umbelliprenin
epoxidase (UMO) and sesquiterpene coumarin syn-
thase (STCS), which are involved in the biosynthesis
of most sesquiterpene coumarins, may be cloned and
characterized using the F. pseudalliacea hairy root
culture. Hairy root cultures of both Tanacetum
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parthenium (Asteraceae) and Artemisia annua (Aster-
aceae) have also been reported to produce sesquiter-
pene coumarins. The T. parthenium cultures produced
isofraxidine (12) and the sesquiterpene coumarin
9-epi-pectachol B (O-I-Ia9; Fig. S5) (Kisiel and
Stojakowska 1997). Isofraxidine (12) is the coumarin
moiety of 9-epi-pectachol B. The co-production of
isofraxidine (12) and 9-epi-pectachol B indicates that
the formation of the two products is coordinated. The
sesquiterpene coumarin drimartol A (O-1-Hal;
Fig. S4) was isolated from the A. annua culture at a
yield of 20 mg/g dry weight (Zhai and Zhong 2010). In
addition, callus cultures of the sesquiterpene cou-
marin-producing species Ferula assa-foetida, Ferula
ferulaeoides, and Ferula gummosa (Apiaceae) have
been described. Although, no investigations of the
production of sesquiterpene coumarins were reported
(Zare et al. 2010; Suran et al. 2016; Hadi et al. 2011)
the conditions for the establishment of these undiffer-
entiated cell cultures may be of interest.

An interesting experiment was reported by Zhou
et al. (2016a). In this study, the bicyclic sesquiterpene
coumarin kellerin (165) (0-U-Ja34, Fig. S6) was fed
to a cell culture of Angelica sinensis (Apiaceae). As
shown in Table S1, plants belonging to the genus
Angelica produce the linear sesquiterpene coumarin
umbelliprenin (1) but no cyclic sesquiterpene coumar-
ins. Biotransformation of kellerin by various enzyme
systems in the cultivated Angelica cells resulted in the
formation of eight sesquiterpene coumarins as shown
in Fig. 34. Five of these (166-170) have not been
isolated before. It may be concluded that the diversity
of sesquiterpene coumarins may be increased by
feeding sesquiterpene coumarins to plant cell cultures
and possibly cell cultures of fungi and bacteria.

10/,11’-Oxidoumbelliprenin (28) (0-U-A2) is the
substrate for many STCSs from various plants. The
availability of this substrate will make it possible to
screen for putative STCSs in extracts from plants
tissues producing sesquiterpene coumarins. It is likely
that these enzymes only require the appropriate
substrate to exhibit activity. Furthermore, the substrate
is important for the functional characterization of
putative STCS genes, which will be cloned as more
plant transcriptomes and genomes become available.
A convenient method to synthesize 10/,11’-oxidoum-
belliprenin (28) in 60-65% yield has been described
by Cravotto et al. (2004).
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An analysis of the transcriptome of Ferula gum-
mosa (Apiaceae) has been reported (Najafabadi et al.
2017). All the enzymes of the MVA and MEP
pathways were expressed, as well as, some prenyl-
synthases such as geranyl- and farnesyl synthases. The
expression of some mono- sesqui- and triterpene
synthases were also confirmed. However, no enzyme
specifically involved in the biosynthesis of sesquiter-
pene coumarins was identified.

In a recent study, comparative de novo transcrip-
tome analysis of roots, leaves, stems, and flowers of
Ferula assafoetida (Apiaceae) was combined with
computational annotation to identify candidate genes
with probable roles in terpenoid and coumarin
biosynthesis (Amini et al. 2019). Genes of the
phenylpropanoid pathway identified were phenylala-
nine lyase, 4-coumaryl CoA-ligase and C2'H. C2'H is
important in the biosynthesis of 7-hydroxycoumarins.
Genes of terpene meeolism, including a number or
mono-, sesqui- and diterpene synthases, were identi-
fied. Finally, 245 putative cytochrome P450 enzyme
transcripts were identified. As discussed above, many
cytochrome P450 enzymes are involved in the
biosynthesis of sesquiterpene coumarins.

The genome of Artemisia annua is the first
sequenced genome of a plant belonging to the
Asteraceae family (Shen et al. 2018). A. annua is
cultivated as the source of the anti-malarial sesquiter-
pene artemisinin. Sesquiterpene coumarins have been
isolated from a number of Artemisia species including
A. annua (Table S1). The 1.74-gigabase genome of A.
annua contains 63,226 protein-coding genes, which
makes it a rich source for identification and isolation of
enzymes involved in the biosynthesis of sesquiterpene
coumarins.

Tanacetum cinerariifolium (Asteraceae) is known
for the biosynthesis of the pyrethrin class of insecti-
cides. A 7.1-Gb draft genome of T. cinerariifolium,
consisting of 60,080 genes, has been reported
(Yamashiro et al. 2019). This genome is another rich
source for the identification and isolation of enzymes
involved in the biosynthesis of sesquiterpene coumar-
ins. At least two reports on two Tanacetum species (T.
heterotumum and T. parthenium) producing sesquiter-
pene coumarins have been published (Table S1)
(Goren et al. 1988; Kisiel and Stojakowska 1997).

It has been pointed out that nearly all the sesquiter-
pene coumarins described in this text have been
isolated from plants belonging to the Apiaceae and

@ Springer

Asteraceae families. Only a handful of sesquiterpene
coumarins, shown in Fig. 29, have been isolated from
other families (Amaranthaceae, Caprifoliaceae,
Euphorbiaceae, Lamiaceae, Lythraceae, Myrtaceae,
Rutaceae, Solanaceae). However, the biosynthesis of
the sesquiterpene coumarins from these families does
not involve STCSs. It is suggested that STCS genes of
plants belonging to the Apiaceae and Asteraceae
families have evolved from ancestorial OSC genes. An
indication of this is that the 10’,11’-oxidoumbel-
liprenin (28) fits well in the active site of lanosterol
cyclase as shown by docking experiments (Fig. 9).
Strong evidence would be to show that OSCs can use
10/,11’-oxidoumbelliprenin (28) as a substrate (cf.
Tables 2 and 3). The final proof will the cloning of
genes encoding STCSs.
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