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Abstract
Terpenoids are one of the largest class of natural products with diverse structures and activities. This enormous diversity is embed-
ded in enzymes called terpene synthases (TSs), which generate diverse terpene skeletons via sophisticated cyclization cascades. In
addition to the many highly selective TSs, there are many promiscuous TSs that accept multiple prenyl substrates, or even
noncanonical ones, with 6, 7, 8, 11, and 16 carbon atoms, synthesized via chemical approaches, C-methyltransferases, or engi-
neered lepidopteran mevalonate pathways. The substrate promiscuity of TSs not only expands the structural diversity of terpenes
but also highlights their potential for the discovery of novel terpenoids via combinatorial biosynthesis. In this review, we focus on
the current knowledge on multisubstrate terpene synthases (MSTSs) and highlight their potential applications.
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Introduction
Terpenoids constitute the largest class of natural products with
more than 80000 known structures [1] and a broad range of
bioactivities [2,3]. Despite their stunning diversity, all terpenes
are biosynthetically derived from two general isomeric C5
building blocks, dimethylallyl diphosphate (DMAPP, 1) and
isopentenyl diphosphate (IPP, 2), via the mevalonate (MVA) or
methylerythritol 4-phosphate (MEP) pathways. These two

isomeric C5 precursors are further condensed by prenyltrans-
ferases (PTs) in successive elongation reactions, resulting in
geranyl diphosphate (GPP, 3), farnesyl diphosphate (FPP, 4),
geranylgeranyl diphosphate (GGPP, 5), and longer prenyl
diphosphates. The acyclic precursors are then converted into
(poly)cyclic skeletons, including hemiterpenes, monoterpenes,
sesquiterpenes, diterpenes, sesterterpenes, and triterpenes,
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Figure 1: Biosynthetic pathway of terpenoids. Valuable terpenoids, noncanonical C11 and C16 terpenes are shown. MEP: methylerythritol 4-phos-
phate; MVA: mevalonate; PT: prenyltransferase; TS: terpene synthase; MT: methyltransferase.

by a large class of enzymes called terpene synthases (TSs)
(Figure 1).

The reactions of TSs are one of the most important factors con-
tributing to terpene diversity, as they often synthesize multiple
products from a single substrate through complex cyclization
cascades [4-10]. Based on the mechanism of initial carbocation
generation, TSs generally fall into two main classes. Class I TSs
generate an allylic cation from a prenyl substrate by depy-
rophosphorylation, whereas class II TSs utilize a general acid (a
key Asp residue) to protonate the terminal C=C bond or epoxide
group to yield a tertiary carbocation. The highly reactive carbo-
cation is then converted to different carbocation intermediates,
facilitated by the hydrophobic pocket of the TSs, which often
results in multiple terpene products from a single prenyl sub-
strate. In addition to their distinct mechanisms, the two major
classes of TSs are classified according to their sequences, struc-
tures, and functions. For instance, class I TSs often have
conserved sequence motifs, DDXXD and NSE/DTE, that bind
trinuclear magnesium clusters for diphosphate abstraction,
whereas class II TSs have a DXDD motif that acts as the cata-
lytic acid. Recently, several novel unconventional TSs that
share low sequence and structural similarities with classical TSs
have been discovered and comprehensively reviewed [11,12].

In addition to the capability to generate multiple products using
a single substrate, a growing number of TSs called multisub-
strate terpene synthases (MSTSs) are capable of utilizing prenyl
precursors with different chain lengths or configurations to
synthesize diverse terpenoid products. Notably, MSTSs can also
convert noncanonical prenyl substrates, including chemically
synthesized analogs and bio-originated 6-, 7-, 8-, 11-, and
16-carbon substrates generated by methyltransferases or engi-
neered lepidopteran mevalonate pathways. The multisubstrate
features of these enzymes have often been characterized using
in vitro assays. The in vivo activities of MSTSs were revealed
by the development of an efficient precursor-providing chassis.
The inherent features of MSTSs not only increase the structural
diversity of terpenoids but also underscore their potential for
generating new terpenoids through combinatorial biosynthesis.
An important review published previously comprehensively
addressed the transformation of synthetic prenyl-substrate
analogs by TSs as well as TS-mimicking chemical transformat-
ions [13]. In this review, we discuss representative MSTSs orig-
inating from different species that use canonical prenyl sub-
strates. We also highlight recent advances in the production of
novel terpenoids by MSTSs using synthetic prenyl substrates.
Finally, we focused on MSTSs that catalyze the transformation
of naturally occurring noncanonical prenyl substrates.
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Figure 2: Representative terpenoids produced by plant MSTSs. a) 6 and 7 are products of PamTps1 from Plectranthus amboinicus, 8–10 are prod-
ucts of CoTPS5 from Cananga odorata; b) 11–18 products of LcTPS from Leucosceptrum canum; c) 22–28 are products of SiTPS from Setaria itali-
cais using substrates 19–21.

Review
MSTSs using canonical prenyl diphosphate
substrates
MSTSs from plants
Substrate-promiscuous TSs are widely spread in plants, which
mainly produce linear terpenoids such as linalool (6), (E)-

nerolidol (7) and (E,E)-α-farnesene (8) (Figure 2) [14,15]. Most
plant MSTSs accept two prenyl substrates: C5 and C10 [16], C10
and C15 [17-20], and C15 and C20 [18]. For instance, PamTps1
from Plectranthus amboinicus (Lour.) Spreng has been charac-
terized as bifunctional in converting compounds 3 and 4, re-
spectively, to 6 and 7 both in vivo and in vitro (Table 1) [17]. In
addition to the bifunctional plant TSs, a few plant MSTSs have
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Table 1: MSTSs in plants.

Enzymes Organism Substratesa Number of characterized
products

Reference

PamTps1 Plectranthus amboinicus GPP, FPP 2 [17]

PvTPS2

Prunella vulgaris

NPP, FPP, (Z,Z)-FPP,
GGPP, NNPP

15 [18]

PvHVS NPP, FPP, (Z,Z)-FPP, GGPP 9 [18]
PvTPS4 GPP, NPP, FPP, (Z,Z)-FPP 10 [18]

PvTPS5 GPP, NPP, FPP, (Z,Z)-FPP,
NNPP

11 [18]

CoTPS5 Cananga odorata GPP, FPP, GGPP 3 [22]
AdAFS1 Actinidia deliciosa GPP, FPP 2 [23]
LcTPS2 Leucosceptrum canum GPP, FPP 8 [19]

SiTPS Setaria italica FPP, ent-CPP, (+)-CPP,
syn-CPP

10 [20]

aGPP: geranyl diphosphate; FPP: farnesyl diphosphate; NPP: nerylpyrophosphate; GGPP: geranylgeranyl diphosphate; NNPP: nerylneryl diphos-
phate; CPP: copalyl pyrophosphate.

been characterized using multiple prenyl substrates. Recently,
four TSs belonging to the TPS-a subfamily [21] from common
self-healing (Prunella vulgaris) were characterized in vitro to
accept 3, neryl diphosphate (NPP), 4, (Z,Z)-FPP, 5, and/or
nerylneryl diphosphate (NNPP) using purified recombinant en-
zymes (Table 1) [18]. A TPS-f subfamily enzyme CoTPS5 from
Cananga odorata has been characterized to convert 3 to (E)-β-
ocimene (9), 4 to 8, and 5 to diterpene α-springene (10)
(Figure 2) [22]. Both in vitro assays and in vivo transgenic
expression of CoTPS5 confirmed the absence of side products,
indicating that CoTPS5 is highly selective for individual prenyl
substrates and that the reaction is tightly regulated under differ-
ent conditions. Notably, CoTPS5 was the first plant TS to
produce 10 [22].

Although many MSTSs exhibit a broad substrate scope in vitro,
their product profiles may be altered in vivo owing to the sub-
cellular localization of enzymes and the availability of sub-
strates in different intracellular compartments [23]. For
instance, two nerolidol/linalool synthases from Antirrhinum
majus (AmNES/LIS-1, -2) both synthesize 6 and 7 in vitro, but
cytosol-localized AmNES/LIS-1 produces only 7, while plastid-
localized AmNES/LIS-2 synthesizes 6 [24]. Similarly, in the
case of CoTPS5, the transient expressed cytosol CoTPS5 in
N. benthamiana only generated 8, while the plastid-localized
CoTPS5 yielded 9 and 10 other than 8 (Table 1). These studies
indicate that redirecting MSTSs to different subcellular com-
partments may facilitate the generation of multiple terpenoids in
plants.

Recently, in addition to linear terpenoid-producing TSs, MSTSs
that form cyclic terpenoids have been discovered in plants,

further increasing our understanding of chemodiversity and bio-
synthesis of plant terpenoids. LcTPS2 from Leucosceptrum
canum was characterized as a versatile TS that generated six
macrocyclic sesterterpenoids (11–16) and two macrocyclic
diterpenoids (17,18), representing the first macrocyclic
terpenoids isolated from plants (Table 1, Figure 2) [19]. In addi-
tion to linear prenyl substrates, MSTSs can also accept partially
cyclized substrates. A class I diterpene synthase SiTPS8 from
Setaria italicais is capable of utilizing three copalyl pyrophos-
phate (CPP) stereoisomers that were generated by different
class II TSs, including ent-CPP (19), (+)-CPP (20), and syn-
CPP (21), to generate different diterpene skeletons 22–28,
which were further converted to diterpenoids by a P450 mono-
oxygenase (CYP99A17) (Table 1, Figure 2) [20]. These find-
ings will enable further investigation of the functions of
terpenoids in plants and crops.

MSTSs from fungi
Fungi are also prolific producers of terpenoids with diverse
cyclic structures and important biological activities, which are
of great interest. However, the number of known fungal MSTSs
is currently limited, and researchers have focused on the
promiscuity of their products rather than substrates [25-27].
Unlike plant MSTSs, fungal MSTSs convert natural substrates
into cyclic skeletons. According to a phylogenetic tree
constructed using 51 well-characterized class I TSs, clade III is
of particular interest because most characterized di- and sester-
TSs are enriched in this clade [28]. Two clade III TSs, FgMS
and FgGS, from Fusarium graminearum J1-012 were character-
ized as promiscuous TSs with broad substrate specificities both
in vitro and in vivo, indicating that TSs in clade III are more
likely to be promiscuous. Using an efficient precursor-provid-
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Figure 3: The structure of representative terpene products of MSTSs. a) From fungi: compounds 30–33 are produced by the fungal TS FgMS, 34 is
the product of wild-type EvVS, and 33 is a new product of an EvVS variant with a swapped PT domain. b) From bacteria: compound 35 is a represen-
tative product of bacteria MSTSs VenA; compouns 36, 37, and 40 are products of two long β-prene TSs BclTS and BalTS.

ing chassis, 50 terpenoids were generated via combinatorial bio-
synthesis using only two TSs and three PTs to generate 4, 5 or
geranylfarnesyl diphosphate (GFPP, 29, Figure 1), representa-
tive products 30–33 are shown in Figure 3a [28]. Notably,
FgMS is a chimeric enzyme (PTTS) consisting of an N-termi-
nal class I TS domain and a C-terminal GFPP synthase domain.
Therefore, to block the generation of 29, a variant of FgMS-
D510A with an inactive PT domain, rather than wild-type
FgMS, was used in combinatorial biosynthesis. Furthermore,
critical residues controlling substrate specificity were identified
using site-directed mutagenesis. Interestingly, when the aromat-
ic residue Phe65 was replaced with Ala, the resulting variant
F65A produced a novel 5/8/6/6 tetracyclic sesterterpene in the
presence of 29 [28]. Domain swapping is another useful ap-
proach for changing the PTTS product profile. For example,
EvVS from Emericella variecolor majorly produced diterpene
variediene (34) with a minor production of sesterterpene (2E)-
α-cericerene (33) in vitro (Figure 3a) [29]. By replacing the PT
domain of EvVS with that of sester-TS EvSS, the resulting
variant generated 33, which was not produced in vivo as the
major product, both in vitro and in vivo. These studies revealed
that altering and enhancing the supply of prenyl substrates can
significantly change the product profile of promiscuous TSs,
thereby generating terpenes with novel structures.

MSTSs from bacteria
According to previous studies, plants and fungi are the major
producers of terpenoids [30-33]. Recently, an increasing num-
ber of TSs have been discovered in bacteria [32,33]. VenA from

Streptomyces venezuelae ATCC 15439 was characterized as a
promiscuous class I TS that converts 3 to geraniol (24.2%
yield), 4 to seven sesquiterpenes (24.6% yield), and 5 to four
diterpenes (31.2% yield), with venezuelaene A (35, Figure 3b)
as the predominant product in vitro. Notably, compound 35 has
an unprecedented 5/5/6/7 tetracyclic skeleton [34]. In addition
to Actinomyces, MSTSs have been discovered in Bacillus. The
large-TS BclTS from Bacillus clausii generated β-geranylfarne-
sene (36) and β-hexaprene (37) from 29 and hexaprenyl diphos-
phate (HexPP, 38, Figure 1), respectively. Similarly, a related
TS, BalTS [35,36] from Bacillus alcalophilus was discovered to
convert C25, C30, and C35 prenyl diphosphates (39, Figure 1)
into the corresponding β-prenes (36, 37, and 40, Figure 3b)
[37]. Although BalTS shows no conserved motifs and distinct
primary structures with class I TSs, its crystal structure reveals
a similar overall structure of BalTS to the α-domain of class I
TSs and therefore was proposed as class IB, a new subclass of
TSs [37]. The discovery of TSs from bacteria not only expands
the diversity of terpene skeletons but also the repertoire of TSs
from nature.

TSs using noncanonical prenyl diphosphate
substrates
Chemically synthesized noncanonical prenyl
substrates
Noncanonical prenyl diphosphates are analogs of natural prenyl
diphosphates. Most noncanonical prenyl diphosphate substrates
are chemically synthesized. Classically, these prenyl analogs
have been used as co-crystallization ligands [38], inhibitors of
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Figure 4: Terpenoid products of TSs using chemically synthesized noncanonical prenyl substrates. a) Products of BcBOT2 using iso-FPPs 45–47. b)
Biotransformation of 51 by BcBOT2. c) Products of two TSs PenA and Omp6/7 using FPP ether derivative 52. PenA generated compounds 53–57
and 59, whereas Omp6/7 produced 54–59.

specific TSs [39], and tools to study the reaction mechanisms of
cyclization cascades [40,41] which have been comprehensively
addressed in important previous reviews [8,13]. Currently,
noncanonical prenyl analogs have been synthesized to act as
actual substrates of TSs to generate novel terpene skeletons,
introduce reaction handles, and produce value-added com-
pounds. A previous review has covered the advances of TS-cat-

alyzed transformations of synthetic substrate analogs up to 2019
[13,42]. Here, we provide updated examples on this topic.

Recently, novel sesquiterpene backbones 41–44 were synthe-
sized by feeding presilphiperfolan-8β-ol synthase (BcBOT2)
with methyl-shifted FPP analogs 45–47 (Figure 4a) [43]. Three
new homosesquiterpenes 48–50 were produced after the
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Figure 5: Biotransformation of noncanonical prenyl analogs 60–65 using two terpene synthases, limonene synthase (CLS) and 5-epi-aristolochene
synthase (TEAS).

biotransformation of BcBOT2 with the FPP cyclopropylmethyl
analog 51 (Figure 4b) [44]. With FPP ether derivative 52,
pentalenene synthase (PenA) and the Δ6-protoilludene
synthases (Omp6/7) from Omphalotus olearius several new
tetrahydrofurano terpenoids 53–58 were obtained, some of them
accompanied with pronounced olfactoric properties (Figure 4c)
[45]. Notably, one tetrahydrofuranoterpenoid 59 is also formed
as a major product in the BcBoT2 reaction, despite the low se-
quence similarity between these sesqui-TSs, which could be ex-
plained by similar active-site conformations to stabilize prenyl
substrates. Similarly, limonene synthase (CLS) from Cannabis
sativa and 5-epi-aristolochene synthase (TEAS) from Nico-
tiana tabacum were incubated with 11 synthetic prenyl analogs
with ether, thioether, alkyne, or phenyl groups, and six of them
(60–65) were converted into several novel monoterpenoids
66–71 [46] (Figure 5). In addition to regular chemically synthe-
sized prenyl analogs, chemoenzymatic approaches have been
developed to obtain new sesquiterpenes from prenols, provid-
ing an alternative approach for accessing FPP analogs [47].
These studies demonstrate the potential of TSs to utilize
noncanonical synthetic prenyl analogs to yield unusual
terpenoid skeletons and new value-added terpenoids.

In addition to expanding the repertoire of terpenoids, the
biotransformation of noncanonical prenyl substrates by TSs
provides insights into the mechanisms of cyclization reactions.
β-Himachalene synthase (HcS) and (Z)-γ-bisabolene synthase
(BbS) from Cryptosporangium arvum, and germacrene A
synthase (SmTS6) from Streptomyces mobaraensis were chosen
to convert four FPP analogs 72–75, which not only generated
several new terpenoids (76–79), but also revealed the cycliza-
tion mechanisms of selected TSs [40] (Figure 6a). Similarly,
two GGPP analogues 80 and 81 with shifted double bonds were
synthesized to study the stereochemistry and cyclization mecha-
nism of casbene synthase (CS) from the castor bean (Ricinus
communis), which indicated a stereochemical course in accor-
dance with the reported absolute configuration of casbene [41]
(Figure 6b). The same GGPP isomers (80, 81) were employed
to generate novel diterpene derivatives and revealed the cycliza-
tion mechanisms of 12 di-TSs [48]. Similarly, dihydro-GGPP
(82) and dihydro-GFPP (83) have been synthesized for biotrans-
formation using several di- and sester-TSs. The conversion of
analogues 82 and 83 by TSs led to the production of ruptenes
including compounds 84–90, which revealed the structure of the
proposed intermediates for the cyclization reactions and there-
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Figure 6: Noncanonical substrates for mechanism studies and their conversion to new terpenoids. a) New terpenoids from FPP analogs by
β-himachalene synthase (HcS), (Z)-γ-bisabolene synthase (BbS), and germacrene A synthase (SmTS6). b) Mechanism study of casbene synthase
(CS) by two GGPP isomers. c) Biotransformation of 82 and 83 to 84–90 by di-TS DdTPS5 and sester-TS AcldOS.
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Figure 7: A series of prenyl diphosphate building blocks produced by different IPP methyltransferases. humMT from Micromonospora humi produced
compounds 92, 93, and 99–101; catMT from Streptomyces catenulae produced compounds 93–95 and 98; argMT from Streptomyces argenteolus
produced compounds 91–94 and 96; azuMT from Amycolatopsis azurea produced 91; fasMT from Rhodococcus fascians produced 93 and 94; fraMT
from Frankia sp. Produced 94 and 95; monMT from Streptomyces monomycini produced compounds 91, 93, 94, and 96–98.

fore provided important insights into the reaction mechanism
[49] (Figure 6c). With the aid of artificial prenyl analogs, a new
route was developed to access a pool of unnatural terpenoids. It
is worth noting that the rational design and synthesis of analogs
play a valuable role in elucidating the cyclization mechanism of
TSs, which further broadens our knowledge of the biosynthesis
of terpenoids.

Naturally occurring noncanonical prenyl substrates
Most of the terpene biosynthesis is well defined by the
‘isoprene rule’ to form natural products by the polymerization
of C5 isoprene. Although terpenes with irregular carbon atoms
(C6, C7, C11, C12, C16, and C17) have been characterized, they
are thought to be synthesized by modifications after the forma-
tion of the terpene skeletons [50]. Recently, additional routes
have been discovered for the production of noncanonical
terpenoids, whose biosynthesis requires C-methyltransferases
from bacteria. IPP/DMAPP methyltransferases have been
shown to convert C5 prenyl substrates to irregular C6 (91–95),
C7 (96–100), and C8 diphosphates (101), which could serve as
building blocks for the generation of new terpenoids [51]
(Figure 7). Furthermore, a series of noncanonical C11, C12, C16,
and C17 prenyl substrates were synthesized in Escherichia coli
harboring heterologously expressed IPP methyltransferase

(IPPMT) from Streptomyces monomycini. Notably, polymethy-
lated C41, C42, and C43 carotenoids were produced by combin-
ing the endogenous terpene biosynthesis pathway and IPPMT,
demonstrating the potential of this approach to expand the
terpene structural space [52].

In addition to methylation of the elongation unit IPP, noncanon-
ical prenyl substrates can also be prepared by modifying the
prenyl substrate of TSs. For instance, the heterologous expres-
sion of GPP C2-methyltransferases with C11-TSs and meval-
onate biosynthesis enzymes in E. coli yielded 35 C11 terpenes
and 11 C16 terpenes [53]. By introducing a GPP C2-methyl-
transferase from Pseudanabaena limnetica to yeast together
with an engineered C11-specific TS, 40 C11 terpene scaffolds
were produced, which significantly increased the chemical
space of terpenoids [54]. More recently, the GPP C6-methyl-
transferase BezA was discovered in Streptomyces coelicolor
[55] (Figure 8a). Further structure-based engineering of BezA
successfully repurposed it to catalyze the unprecedented
C6-methylation of FPP by a single residue substitution in its
substrate-binding pocket [55]. Moreover, efforts have also been
made to engineer the TSs to modulate their product selectivity
with the noncanonical prenyl substrates. To enable the biotech-
nological synthesis of irregular terpenes, the product selectivity
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Figure 8: The structure of noncanonical prenyl substrates generated by C-methyltransferases and variants. a) 2Me-GPP and 6Me-GPP are produced
by GPP C-methyltransferases. b) Compound 103 is produced by FPP C-methyltransferases. c) Compounds 104–112 are new C16 building blocks
synthesized by SpSodMT variants, and 113–122 are selected typical products yielded by terpentetriene synthase and kolavelool synthase with further
modifications by a cytochrome P450 CYP720B1.

of 2-methylenebornane synthase from Pseudomonas fluo-
rescenes was altered using a semi-rational engineering ap-
proach [56].

In contrast to GPP methylation, modification of FPP is cata-
lyzed by the C-methyltransferase SpSodMT. In 2018, the bio-

synthesis of an unusual homosesquiterpene, sodorifen (102,
Figure 1), from Serratia plymuthica 4RX13 was elucidated
[57]. The in vitro and in vivo results revealed that a SAM-de-
pendent-C-methyltransferase catalyzed methylation and cycliza-
tion reactions to form pre-sodorifen (103, Figure 8b), which
was subsequently converted to 102 by TS [57]. Key residues
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Figure 9: Structures of C16 terpenes identified via genome mining of C16 biosynthetic gene clusters from bacteria.

lining the catalytic cavity of SpSodMT, Q57, F58, N219, V273,
and L302, were found to affect product outcomes, and mutagen-
esis of these residues resulted in new C16-prenyl substrates [58].
Selcted SpSodMT variants provided ten C16 building blocks, in-
cluding 103, plymuthenyl diphosphate (104), thorvaldsenyl
diphosphate (105), weylandtenyl diphosphate (106), blixenyl
diphosphate (107), kimlarsenyl diphosphate (108), serratinyl
diphosphate (109), jacobsenyl diphosphate (110), hammershoyl
diphosphate (111), and ancheryl diphosphate (112) (Figure 8c).
Subsequently, terpentetriene synthase from Kitasatospora
griseola (Cyc2) and kolavelool synthase from Herpetosiphon
aurantiacus (HaKS) were identified as capable of converting
these building blocks into C16 scaffolds, whereas other selec-
tive sesqui-TSs failed to transform 104–112. After further mod-
ification with cytochrome P450 CYP720B1 in the yeast host, 28
noncanonical terpenoids were generated, 10 of them are shown
in Figure 8c (113–122) [58]. Notably, the widespread biosyn-
thesis of C16 terpenoids was reported in a recent study in which
biosynthetic gene clusters for C16 terpenoids were identified
and grouped into four types according to the number of MTs
and TSs in the gene cluster [59]. A subset of methyltransferase
genes was functionally characterized using engineered yeast,
which has an enhanced supply of 4 (strain AM109) [60] and the
main product of these enzymes was compound 103 [59]. Subse-
quently, 35 selective TSs in these gene clusters were character-
ized using a yeast chassis, and 47 noncanonical terpenoids were
produced with 13 of them being elucidated (123–135, Figure 9),
which enabled further studies on their functions and prompted
the discovery of new types of terpenoids [59].

In addition to methylation of prenyl substrates, the lepidopteran
mevalonate (LMVA) pathway can also form six-carbon
homoisopentenyl pyrophosphate (HIPP, 136). The lepidopteran
(butterflies and moths) pathway incorporates 3-ketovaleryl-CoA
(137), instead of acetoacetyl-CoA (138), into the normal MVA
pathway to generate compound 136 (Figure 10a). By heterolo-
gously expressing the LMVA pathway with a propionyl-CoA
ligase and TSs, researchers have successfully produced several
novel terpenes containing 16 carbon atoms in E. coli albeit at
low titers [61]. To increase C16 terpene titers, a later study redi-
rected the 3-ketovaleryl-CoA formation step from the previous
thiolase-dependent LMVA pathway to a β-oxidation LMVA
pathway, and combined it with a promiscuous phosphatase,
NudB, to produce C6- and C7-isoprenol. Notably, the final
products, 3-ethyl-3-buten-1-ol (139) and 3-propyl-3-buten-1-ol
(140), have potent fuel properties, highlighting the potential of
this strategy for producing isoprenol analogs as next-generation
biofuels (Figure 10b) [62].

Conclusion
During terpenoid biosynthesis, most TSs have strict substrate
selectivity; nevertheless, some promiscuous TSs accept multiple
prenyl substrates and produce various products. In nature, the
biosynthesis of prenyl substrates may have subcellular loca-
tions, and the available types of prenyl substrates are limited,
especially for noncanonical substrates in living cells. Therefore,
the potential of TSs to generate terpenoids has been underesti-
mated. With the development of synthetic biology technologies,
an efficient precursor-providing chassis was constructed.
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Figure 10: a) Precursors and final products of the MVA pathway and LMVA pathway. b) The structure of C6- and C7-isoprenols 139 and 140.

Together with the accumulation of genome sequencing
data, we systematically evaluated the function of TSs and
discovered new terpenoids via genome mining. Nevertheless,
for drug development, the accumulated terpene skeletons still
require further functionalization, which requires additional
genome-mining efforts for the discovery of tailored enzymes.
Researchers have successfully expanded the chemical space of
terpenoid biosynthesis using noncanonical prenyl substrates,
which were synthesized using chemical approaches or via
biosynthetic pathways. Many new terpenoids have been derived
from chemically prepared prenyl analogs for decades, and until
recently, the conversion of enzymatically modified noncanon-
ical substrates has been utilized. New building blocks with ir-
regular carbon numbers broaden the diversity of terpenoid
structures. However, more systematic studies on noncanonical
terpenoids are needed to study their biological activities.

Acknowledgements
The authors thank Dr. Yuchen Zhang from the University of
Tokyo for critical reading and helpful discussion.

Funding
This work was financially supported by the National Key R&D
Program of China (2023YFA0916200), the Fundamental
Research Funds for the Central Universities (2042024kf1039),
the Young Elite Scientists Sponsorship Program by CAST
(2022QNRC001), the National Natural Science Foundation of
China, and TaiKang Center for Life and Medical Sciences.

Author Contributions
Min Li: investigation; writing – original draft. Hui Tao: concep-
tualization; investigation; supervision; validation; writing –
review & editing.

ORCID® iDs
Hui Tao - https://orcid.org/0000-0001-7978-5063

Data Availability Statement
Data sharing is not applicable as no new data was generated or analyzed
in this study.

References
1. Dictionary of Natural Products 31.2. https://dnp.chemnetbase.com/

(accessed Dec 11, 2023).
2. Gershenzon, J.; Dudareva, N. Nat. Chem. Biol. 2007, 3, 408–414.

doi:10.1038/nchembio.2007.5
3. Tetali, S. D. Planta 2019, 249, 1–8. doi:10.1007/s00425-018-3056-x
4. Sacchettini, J. C.; Poulter, C. D. Science 1997, 277, 1788–1789.

doi:10.1126/science.277.5333.1788
5. Christianson, D. W. Chem. Rev. 2006, 106, 3412–3442.

doi:10.1021/cr050286w
6. Christianson, D. W. Science 2007, 316, 60–61.

doi:10.1126/science.1141630
7. Degenhardt, J.; Köllner, T. G.; Gershenzon, J. Phytochemistry 2009,

70, 1621–1637. doi:10.1016/j.phytochem.2009.07.030
8. Christianson, D. W. Chem. Rev. 2017, 117, 11570–11648.

doi:10.1021/acs.chemrev.7b00287
9. Zhang, Q.; Tiefenbacher, K. Nat. Chem. 2015, 7, 197–202.

doi:10.1038/nchem.2181
10. Eaton, S. A.; Christianson, D. W. Biochemistry 2023, 62, 2301–2313.

doi:10.1021/acs.biochem.3c00247
11. Rudolf, J. D.; Chang, C.-Y. Nat. Prod. Rep. 2020, 37, 425–463.

doi:10.1039/c9np00051h
12. Yang, Y.; Zhang, Y.; Zhang, S.; Chen, Q.; Ma, K.; Bao, L.; Tao, Y.;

Yin, W.; Wang, G.; Liu, H. J. Nat. Prod. 2018, 81, 1089–1092.
doi:10.1021/acs.jnatprod.7b01033

13. Harms, V.; Kirschning, A.; Dickschat, J. S. Nat. Prod. Rep. 2020, 37,
1080–1097. doi:10.1039/c9np00055k

14. Pazouki, L.; Niinemets, Ü. Front. Plant Sci. 2016, 7, 1019.
doi:10.3389/fpls.2016.01019

https://orcid.org/0000-0001-7978-5063
https://dnp.chemnetbase.com/
https://doi.org/10.1038%2Fnchembio.2007.5
https://doi.org/10.1007%2Fs00425-018-3056-x
https://doi.org/10.1126%2Fscience.277.5333.1788
https://doi.org/10.1021%2Fcr050286w
https://doi.org/10.1126%2Fscience.1141630
https://doi.org/10.1016%2Fj.phytochem.2009.07.030
https://doi.org/10.1021%2Facs.chemrev.7b00287
https://doi.org/10.1038%2Fnchem.2181
https://doi.org/10.1021%2Facs.biochem.3c00247
https://doi.org/10.1039%2Fc9np00051h
https://doi.org/10.1021%2Facs.jnatprod.7b01033
https://doi.org/10.1039%2Fc9np00055k
https://doi.org/10.3389%2Ffpls.2016.01019


Beilstein J. Org. Chem. 2024, 20, 959–972.

971

15. Karunanithi, P. S.; Zerbe, P. Front. Plant Sci. 2019, 10, 1166.
doi:10.3389/fpls.2019.01166

16. Sharkey, T. D.; Gray, D. W.; Pell, H. K.; Breneman, S. R.; Topper, L.
Evolution 2013, 67, 1026–1040. doi:10.1111/evo.12013

17. Ashaari, N. S.; Ab. Rahim, M. H.; Sabri, S.; Lai, K. S.; Song, A. A.-L.;
Abdul Rahim, R.; Wan Abdullah, W. M. A. N.; Ong Abdullah, J.
PLoS One 2020, 15, e0235416. doi:10.1371/journal.pone.0235416

18. Johnson, S. R.; Bhat, W. W.; Sadre, R.; Miller, G. P.; Garcia, A. S.;
Hamberger, B. New Phytol. 2019, 223, 323–335.
doi:10.1111/nph.15778

19. Chen, Y.-G.; Li, D.-S.; Ling, Y.; Liu, Y.-C.; Zuo, Z.-L.; Gan, L.-S.;
Luo, S.-H.; Hua, J.; Chen, D.-Y.; Xu, F.; Li, M.; Guo, K.; Liu, Y.;
Gershenzon, J.; Li, S.-H. Angew. Chem., Int. Ed. 2021, 60,
25468–25476. doi:10.1002/anie.202110842

20. Karunanithi, P. S.; Berrios, D. I.; Wang, S.; Davis, J.; Shen, T.;
Fiehn, O.; Maloof, J. N.; Zerbe, P. Plant J. 2020, 103, 781–800.
doi:10.1111/tpj.14771

21. Chen, F.; Tholl, D.; Bohlmann, J.; Pichersky, E. Plant J. 2011, 66,
212–229. doi:10.1111/j.1365-313x.2011.04520.x

22. Dhandapani, S.; Tjhang, J. G.; Jang, I.-C. Metab. Eng. 2020, 61,
397–405. doi:10.1016/j.ymben.2020.08.002

23. Nieuwenhuizen, N. J.; Wang, M. Y.; Matich, A. J.; Green, S. A.;
Chen, X.; Yauk, Y.-K.; Beuning, L. L.; Nagegowda, D. A.; Dudareva, N.;
Atkinson, R. G. J. Exp. Bot. 2009, 60, 3203–3219.
doi:10.1093/jxb/erp162

24. Nagegowda, D. A.; Gutensohn, M.; Wilkerson, C. G.; Dudareva, N.
Plant J. 2008, 55, 224–239. doi:10.1111/j.1365-313x.2008.03496.x

25. Quin, M. B.; Flynn, C. M.; Schmidt-Dannert, C. Nat. Prod. Rep. 2014,
31, 1449–1473. doi:10.1039/c4np00075g

26. Schmidt-Dannert, C. Biosynthesis of Terpenoid Natural Products in
Fungi. In Biotechnology of Isoprenoids; Schrader, J.; Bohlmann, J.,
Eds.; Advances in Biochemical Engineering/Biotechnology, Vol. 148;
Springer: Cham, Switzerland, 2015; pp 19–61.
doi:10.1007/10_2014_283

27. González-Hernández, R. A.; Valdez-Cruz, N. A.;
Macías-Rubalcava, M. L.; Trujillo-Roldán, M. A.
World J. Microbiol. Biotechnol. 2023, 39, 194.
doi:10.1007/s11274-023-03635-y

28. Bian, G.; Han, Y.; Hou, A.; Yuan, Y.; Liu, X.; Deng, Z.; Liu, T.
Metab. Eng. 2017, 42, 1–8. doi:10.1016/j.ymben.2017.04.006

29. Qin, B.; Matsuda, Y.; Mori, T.; Okada, M.; Quan, Z.; Mitsuhashi, T.;
Wakimoto, T.; Abe, I. Angew. Chem., Int. Ed. 2016, 55, 1658–1661.
doi:10.1002/anie.201509263

30. Cane, D. E.; Ikeda, H. Acc. Chem. Res. 2012, 45, 463–472.
doi:10.1021/ar200198d

31. Yamada, Y.; Kuzuyama, T.; Komatsu, M.; Shin-ya, K.; Omura, S.;
Cane, D. E.; Ikeda, H. Proc. Natl. Acad. Sci. U. S. A. 2015, 112,
857–862. doi:10.1073/pnas.1422108112

32. Dickschat, J. S. Nat. Prod. Rep. 2016, 33, 87–110.
doi:10.1039/c5np00102a

33. Reddy, G. K.; Leferink, N. G. H.; Umemura, M.; Ahmed, S. T.;
Breitling, R.; Scrutton, N. S.; Takano, E. PLoS One 2020, 15,
e0232220. doi:10.1371/journal.pone.0232220

34. Li, Z.; Jiang, Y.; Zhang, X.; Chang, Y.; Li, S.; Zhang, X.; Zheng, S.;
Geng, C.; Men, P.; Ma, L.; Yang, Y.; Gao, Z.; Tang, Y.-J.; Li, S.
ACS Catal. 2020, 10, 5846–5851. doi:10.1021/acscatal.0c01575

35. Sato, T.; Yamaga, H.; Kashima, S.; Murata, Y.; Shinada, T.;
Nakano, C.; Hoshino, T. ChemBioChem 2013, 14, 822–825.
doi:10.1002/cbic.201300035

36. Ueda, D.; Yamaga, H.; Murakami, M.; Totsuka, Y.; Shinada, T.;
Sato, T. ChemBioChem 2015, 16, 1371–1377.
doi:10.1002/cbic.201500138

37. Fujihashi, M.; Sato, T.; Tanaka, Y.; Yamamoto, D.; Nishi, T.; Ueda, D.;
Murakami, M.; Yasuno, Y.; Sekihara, A.; Fuku, K.; Shinada, T.; Miki, K.
Chem. Sci. 2018, 9, 3754–3758. doi:10.1039/c8sc00289d

38. Köksal, M.; Chou, W. K. W.; Cane, D. E.; Christianson, D. W.
Biochemistry 2013, 52, 5247–5255. doi:10.1021/bi400797c

39. Vattekkatte, A.; Gatto, N.; Schulze, E.; Brandt, W.; Boland, W.
Org. Biomol. Chem. 2015, 13, 4776–4784. doi:10.1039/c5ob00506j

40. Hou, A.; Dickschat, J. S. Chem. – Eur. J. 2021, 27, 15644–15649.
doi:10.1002/chem.202103049

41. Li, H.; Dickschat, J. S. Org. Chem. Front. 2022, 9, 795–801.
doi:10.1039/d1qo01707a

42. Oberhauser, C.; Harms, V.; Seidel, K.; Schröder, B.; Ekramzadeh, K.;
Beutel, S.; Winkler, S.; Lauterbach, L.; Dickschat, J. S.; Kirschning, A.
Angew. Chem., Int. Ed. 2018, 57, 11802–11806.
doi:10.1002/anie.201805526

43. Harms, V.; Schröder, B.; Oberhauser, C.; Tran, C. D.; Winkler, S.;
Dräger, G.; Kirschning, A. Org. Lett. 2020, 22, 4360–4365.
doi:10.1021/acs.orglett.0c01345

44. Tran, C. D.; Dräger, G.; Struwe, H. F.; Siedenberg, L.; Vasisth, S.;
Grunenberg, J.; Kirschning, A. Org. Biomol. Chem. 2022, 20,
7833–7839. doi:10.1039/d2ob01279k

45. Harms, V.; Ravkina, V.; Kirschning, A. Org. Lett. 2021, 23, 3162–3166.
doi:10.1021/acs.orglett.1c00882

46. Weigel, B.; Ludwig, J.; Weber, R. A.; Ludwig, S.; Lennicke, C.;
Schrank, P.; Davari, M. D.; Nagia, M.; Wessjohann, L. A.
ChemBioChem 2022, 23, e202200211. doi:10.1002/cbic.202200211

47. Johnson, L. A.; Dunbabin, A.; Benton, J. C. R.; Mart, R. J.;
Allemann, R. K. Angew. Chem., Int. Ed. 2020, 59, 8486–8490.
doi:10.1002/anie.202001744

48. Li, H.; Dickschat, J. S. Angew. Chem., Int. Ed. 2022, 61, e202211054.
doi:10.1002/anie.202211054

49. Gu, B.; Dickschat, J. S. Angew. Chem., Int. Ed. 2023, 62, e202307006.
doi:10.1002/anie.202307006

50. Piechulla, B.; Zhang, C.; Eisenschmidt-Bönn, D.; Chen, F.; Magnus, N.
FEMS Microbiol. Rev. 2021, 45, fuab024. doi:10.1093/femsre/fuab024

51. Drummond, L.; Haque, P. J.; Gu, B.; Jung, J. S.; Schewe, H.;
Dickschat, J. S.; Buchhaupt, M. ChemBioChem 2022, 23, e202200091.
doi:10.1002/cbic.202200091

52. Drummond, L.; Kschowak, M. J.; Breitenbach, J.; Wolff, H.; Shi, Y.-M.;
Schrader, J.; Bode, H. B.; Sandmann, G.; Buchhaupt, M.
ACS Synth. Biol. 2019, 8, 1303–1313. doi:10.1021/acssynbio.8b00525

53. Kschowak, M. J.; Wortmann, H.; Dickschat, J. S.; Schrader, J.;
Buchhaupt, M. PLoS One 2018, 13, e0196082.
doi:10.1371/journal.pone.0196082

54. Ignea, C.; Pontini, M.; Motawia, M. S.; Maffei, M. E.; Makris, A. M.;
Kampranis, S. C. Nat. Chem. Biol. 2018, 14, 1090–1098.
doi:10.1038/s41589-018-0166-5

55. Tsutsumi, H.; Moriwaki, Y.; Terada, T.; Shimizu, K.; Shin-ya, K.;
Katsuyama, Y.; Ohnishi, Y. Angew. Chem., Int. Ed. 2022, 61,
e202111217. doi:10.1002/anie.202111217

56. Kschowak, M. J.; Maier, F.; Wortmann, H.; Buchhaupt, M.
ACS Synth. Biol. 2020, 9, 981–986. doi:10.1021/acssynbio.9b00432

57. von Reuss, S.; Domik, D.; Lemfack, M. C.; Magnus, N.; Kai, M.;
Weise, T.; Piechulla, B. J. Am. Chem. Soc. 2018, 140, 11855–11862.
doi:10.1021/jacs.8b08510

https://doi.org/10.3389%2Ffpls.2019.01166
https://doi.org/10.1111%2Fevo.12013
https://doi.org/10.1371%2Fjournal.pone.0235416
https://doi.org/10.1111%2Fnph.15778
https://doi.org/10.1002%2Fanie.202110842
https://doi.org/10.1111%2Ftpj.14771
https://doi.org/10.1111%2Fj.1365-313x.2011.04520.x
https://doi.org/10.1016%2Fj.ymben.2020.08.002
https://doi.org/10.1093%2Fjxb%2Ferp162
https://doi.org/10.1111%2Fj.1365-313x.2008.03496.x
https://doi.org/10.1039%2Fc4np00075g
https://doi.org/10.1007%2F10_2014_283
https://doi.org/10.1007%2Fs11274-023-03635-y
https://doi.org/10.1016%2Fj.ymben.2017.04.006
https://doi.org/10.1002%2Fanie.201509263
https://doi.org/10.1021%2Far200198d
https://doi.org/10.1073%2Fpnas.1422108112
https://doi.org/10.1039%2Fc5np00102a
https://doi.org/10.1371%2Fjournal.pone.0232220
https://doi.org/10.1021%2Facscatal.0c01575
https://doi.org/10.1002%2Fcbic.201300035
https://doi.org/10.1002%2Fcbic.201500138
https://doi.org/10.1039%2Fc8sc00289d
https://doi.org/10.1021%2Fbi400797c
https://doi.org/10.1039%2Fc5ob00506j
https://doi.org/10.1002%2Fchem.202103049
https://doi.org/10.1039%2Fd1qo01707a
https://doi.org/10.1002%2Fanie.201805526
https://doi.org/10.1021%2Facs.orglett.0c01345
https://doi.org/10.1039%2Fd2ob01279k
https://doi.org/10.1021%2Facs.orglett.1c00882
https://doi.org/10.1002%2Fcbic.202200211
https://doi.org/10.1002%2Fanie.202001744
https://doi.org/10.1002%2Fanie.202211054
https://doi.org/10.1002%2Fanie.202307006
https://doi.org/10.1093%2Ffemsre%2Ffuab024
https://doi.org/10.1002%2Fcbic.202200091
https://doi.org/10.1021%2Facssynbio.8b00525
https://doi.org/10.1371%2Fjournal.pone.0196082
https://doi.org/10.1038%2Fs41589-018-0166-5
https://doi.org/10.1002%2Fanie.202111217
https://doi.org/10.1021%2Facssynbio.9b00432
https://doi.org/10.1021%2Fjacs.8b08510


Beilstein J. Org. Chem. 2024, 20, 959–972.

972

58. Ignea, C.; Raadam, M. H.; Koutsaviti, A.; Zhao, Y.; Duan, Y.-T.;
Harizani, M.; Miettinen, K.; Georgantea, P.; Rosenfeldt, M.;
Viejo-Ledesma, S. E.; Petersen, M. A.; Bredie, W. L. P.; Staerk, D.;
Roussis, V.; Ioannou, E.; Kampranis, S. C. Nat. Commun. 2022, 13,
5188. doi:10.1038/s41467-022-32921-w

59. Duan, Y.-T.; Koutsaviti, A.; Harizani, M.; Ignea, C.; Roussis, V.;
Zhao, Y.; Ioannou, E.; Kampranis, S. C. Nat. Chem. Biol. 2023, 19,
1532–1539. doi:10.1038/s41589-023-01445-9

60. Ignea, C.; Trikka, F. A.; Kourtzelis, I.; Argiriou, A.; Kanellis, A. K.;
Kampranis, S. C.; Makris, A. M. Microb. Cell Fact. 2012, 11, 162.
doi:10.1186/1475-2859-11-162

61. Eiben, C. B.; de Rond, T.; Bloszies, C.; Gin, J.; Chiniquy, J.;
Baidoo, E. E. K.; Petzold, C. J.; Hillson, N. J.; Fiehn, O.; Keasling, J. D.
ACS Synth. Biol. 2019, 8, 2238–2247. doi:10.1021/acssynbio.9b00230

62. Pang, B.; Li, J.; Eiben, C. B.; Oksen, E.; Barcelos, C.; Chen, R.;
Englund, E.; Sundstrom, E.; Keasling, J. D. Metab. Eng. 2021, 68,
210–219. doi:10.1016/j.ymben.2021.10.007

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.86

https://doi.org/10.1038%2Fs41467-022-32921-w
https://doi.org/10.1038%2Fs41589-023-01445-9
https://doi.org/10.1186%2F1475-2859-11-162
https://doi.org/10.1021%2Facssynbio.9b00230
https://doi.org/10.1016%2Fj.ymben.2021.10.007
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.86

	Abstract
	Introduction
	Review
	MSTSs using canonical prenyl diphosphate substrates
	MSTSs from plants
	MSTSs from fungi
	MSTSs from bacteria

	TSs using noncanonical prenyl diphosphate substrates
	Chemically synthesized noncanonical prenyl substrates
	Naturally occurring noncanonical prenyl substrates


	Conclusion
	Acknowledgements
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

