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Terpenoids comprise the largest family of natural products and
have widespread applications. The overproduction of
value-added terpenoids and the efficient mining of new
terpenoids represent major challenges in the fields of metabolic
engineering and natural product discovery. For terpenoid
overproduction in microbial systems, in vitro reconstitution
strategy guided rational engineering was emphasized, and
-omics studies provide further information for targeted
engineering. In addition, systematic engineering, including host
and pathway engineering for terpenoid overproduction was
reviewed. Furthermore, robust precursor supplies with
optimized high-production hosts can also be used as an
efficient platform to rapidly screen terpene cyclases and
accelerate the process of mining new terpenoids.
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Introduction

T'erpenoids represent the most diverse group of natural
products, and they have been found in almost all life
forms. Their structural diversity endows terpenoids with a
wide range of applications. Developments in metabolic
engineering and synthetic biology provide alternative
methods for producing value-added terpenoids in Escher-
ichia coli, Saccharomyces cerevisiae, and filamentous fungi
with high efficiency (Figure 1). As a milestone achieve-
ment, Paddon ez 4/. reported that after overexpressing key
enzymes of the mevalonate (MVA) pathway and the
artemisinic acid forming pathway, decreasing the produc-
tion of squalene, and optimizing the cytochrome P450s
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and their reductases, a high titer of artemisinic acid could
be acquired in engineered . cerevisiae [1]. Ajikumar e al.
developed a multivariate modular approach and increased
the yield of taxadiene about 15 000-fold by balancing the
upstream methylerythritol-phosphate (MEP) pathway
and downstream terpenoid-forming pathway [2]. To fully
utilize mitochondrial acetyl-CoA, Lv ¢ a/. overexpressed
the genes of the MVA pathway in the cytoplasm and
mitochondria, increasing the production of isoprene to
2.5 g/LL [3°]. All of these approaches have increased the
production of terpenoids greatly; however, due to insuffi-
cient insight into steady-state Kinetic information and an
incomplete understanding of the terpenoid biosynthetic
pathway, researchers were still hard to build an efficient
terpenoid overproduction platform.

In addition, compared with the 80 000 terpenoids with
known structures [4], the characterization of biosynthetic
elements (e.g., terpene cyclase and cytochrome P450)
involved in the production of value-added terpenoids
remains limited. For example, in the production of pacli-
taxel, the enzyme involved in catalyzing some key steps
(e.g., oxetane ring formation and C1, C9, and C2’ hydrox-
ylation) has not yet been identified [5], representing a
serious impediment to the engineering of paclitaxel pro-
duction. In addition to the numerous terpenoids with
known structures, it remains unknown how many terpe-
noids exist in nature that are yet to be discovered. The
excavation of novel terpenoids may provide additional
candidates for bioactivity screening and other applica-
tions. Early strategies, such as the direct isolation and
characterization of terpenoids, provided a large number of
value-added terpenoids (e.g., paclitaxel, artemisinin, and
ginsenoside). However, as the number of characterized
terpenoids increases dramatically, the mining of new
terpenoids using this strategy becomes more difficult.
Therefore, a universal platform that can provide sufficient
precursors for the characterization of biosynthetic ele-
ments and the efficient mining of novel terpenoids is
urgently needed.

Herein, according to the above major concerns, we review
recent strategies for the engineering of value-added ter-
penoid production and genome mining of new terpenoids.

Basic biochemistry-directed terpenoid
overproduction

The lack of detailed information regarding the steady-
state kinetics and the factors that influence metabolic
flux toward terpenoid biosynthetic pathways requires
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Production of value-added terpenoids using the universal precursors IPP an

d DMAPP. Abbreviations: C5, C10, C15, C20, C25, C30, and C40

represent hemiterpene, sesquiterpene, diterpene, sesterterpene, triterpene, and tetraterpene, respectively; IPP, isopentenyl diphosphate; DMAPP,

dimethylallyl diphosphate; Idi, isopentenyl diphosphate isomerase; GPP, ger:

anyl diphosphate; FPP, farnesyl diphosphate; GGPP, geranylgeranyl

diphosphate; GFPP, geranylfarnesyl diphosphate; FPPS, GGPPS, and GFPPS represent the FPP, GGPP, and GFPP synthases, respectively.

researchers to construct numerous mutants to obtain
high-yield strains. For those terpenoids that cause con-
spicuous phenotypes, such as a color change or change in
growth rate (e.g., lycopene), high-throughput screening
methods provide an ideal way for screening for high-yield
mutants [6°], compensating for the shortcomings of these
methods to a certain extent. However, for others (e.g.,
valencene), such methods would represent time-consum-
ing and labor-consuming processes [7].

In vitro assays (reviewed by Lowry ez a/. [8]) are powerful
methods for capturing detailed information regarding
enzymatic reaction mechanisms, kinetics, and the iden-
tity of natural products. These have been widely used to
direct the engineering of value-added natural product
production efficiently [9°°,10°]. Instead of constructing
a series of mutants to evaluate the contributions of
enzymes to the yield of terpenoids [11], key information
provided by iz wvitro assays reveals directions for the

engineering of terpenoid production in microorganisms
[9°°]. Zhu ez al. reported the in vitro reconstitution-based
targeted metabolic engineering approach (Figure 2) for
rationally and accurately engineering terpenoid produc-
tion in microorganisms with high efficiency. In this sys-
tem, eight enzymes from the MVA pathway in K. co/i and
8. cerevisiae and farnesene synthase from the apple were
reconstructed 7z vitro. Previously unavailable key infor-
mation that significantly influences the production of
terpenoids, such as the concentration of isopentenyl
diphosphate (IPP) isomerase (Idi) and the optimum ratios
among components for terpenoid overproduction, can be
acquired, providing a clear direction for the /# vivo engi-
neering of terpenoid production. Then, the relative
expression levels of enzymes and the accumulation of
intermediates and co-factors provided by proteomics and
metabolomics analyses enable the identification of the
rate-limiting steps for researchers to further engineer
terpenoid production and increase performance step by
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Figure 2
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In vitro reconstitution-based targeted engineering of terpenoids. In vitro

reconstitution of the mevalonate pathway provides key information for

terpenoid overproduction, enabling researchers to select appropriate promoters for engineering terpenoid production. Targeted-omics data can
help increase the production of terpenoids step by step, making it possible for researchers to overproduce terpenoids with a high yield by simply

constructing a limited number of mutants.

step [9°°]. By using the same high efficiency IPP and
DMAPP (dimethylallyl diphosphate) platforms, the
overproduction of lycopene in E. co/i was realized by
overexpressing the lycopene-forming enzymes CrtE,
CrtB, and Crtl and was further enhanced after the inte-
gration of another copy of Idi. As a result, the titer of
lycopene was increased to 1.23 g/L. (34.3 mg/gDCW) in a
100-L. fermenter [12]. For astaxanthin overproduction,

the same farnesene precursor-providing platform,
together with the lycopene-forming pathway and the
optimal CrtY, CrtZ, and CrtW were selected and inte-
grated, achieving the highest yield of 8.64 mg/gDCW in
E. coli using only one-step construction [13]. In addition
to the engineering of terpenoid overproduction in K. co/i,
this strategy can also be used for engineering the produc-
tion of terpenoids (e.g., taxadiene) in filamentous fungi
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[14], demonstrating the high efficiency and extensive
applicability of the targeted engineering strategy.

Whole-cell pathway balance and the
production of terpenoids

Except an efficient precursor-providing platform, the
systematic engineering of terpenoid production should
comprehensively optimize the precursor supply, balance
the redox reactions, and introduce a dynamic regulating
system. The 7z vitro reconstitution strategy has been used
to realize terpenoid and fatty acid overproduction by
using glucose as substrate, which provides a clear bio-
chemical background and a series of clear targets for
optimizing the host and pathways [10°,15]. For the ace-
tyl-CoA supply, Meadows ¢z a/. developed a fantastic and
efficient strategy to rewrite the central carbon metabolism
by introducing four non-native enzymes (xPK, PTA,
ADA, and NADH-HMGr) to reduce the ATP required
for the production of acetyl-CoA, reducing the loss of
carbon and ensuring redox balance simultancously. As a
result, the production of farnesene was increased by 25%
with a decrease in the consumption of oxygen of 75%
[16°°]. For redox balance, Zhao e al. engineered the
tricarboxylic acid (TCA) cycle (sucAB, gltA, and
sdhABCD), the pentose phosphate pathway (PPP; 774
and za/B), and the ATP synthesis pathway (nuo, cyd,
¢yo, and azp) to increase the supply of ATP and NADPH.
A synergistic effect was observed when the T'CA and PPP
modules were engineered together, resulting in a 64%
increase in the B-carotene yield [17]. In addition, Liu ez /.
engineered the PPP and Entner—-Doudoroff (ED) path-
way to provide sufficient precursors and NADPH for the
2-C-methyl-p-erythritol-4-phosphate  (MEP) pathway,
increasing isopentenol production 1.9-fold [18]. Further-
more, the efficient regulation system is essentially a
safeguard for maximizing the production of terpenoids,
minimizing the burdens of accumulated metabolic inter-
mediates and competitive metabolic pathways [19,20°].
For dynamic regulation, the dynamic sensor-regulator
system (DSRS) was developed by Zhang ¢z 4/. and has
been widely used in fatty acid and terpenoid overproduc-
tion [21,22°]. Dahl ez a/. used stress-response promoters to
regulate farnesyl pyrophosphate production. As a result,
the production of amorphadiene in E. co/i was increased
twofold without the need of expensive inducers [22°].
Similarly, Xie ez a/. developed the inducer/repressor-free
sequential control strategy (based on the concentration of
glucose) to dynamically control the expression of genes
related to the biosynthesis of carotenoids and the com-
petitive squalene pathway (ERG9) [20°]. In addition, the
accumulation of hydrophobic terpenoids (e.g., nootka-
tone) intracellularly may result in cell toxicity and restrict
the production of terpenoids with high yields and titers.
The overexpression of 70/C together with ABC family or
MFS family exporters therefore increases the efflux of
terpenoids [23].

Terpenoid overproduction and discovery Bian, Deng and Liu 237

The combination of these well-developed strategies
makes it possible for researchers to engineer and produce
terpenoids efficiently. On the basis of the sequential
control strategy, Xie et al. reported that after systematic
engineering of the lycopene production pathway together
with the directed evolution of CrtE and CrtYB and an
optimized two-stage feeding process of fed-batch fermen-
tation, the yield of lycopene was increased to 1.61 g/LL
[6°]. By deleting potential distant genetic targets and
overexpressing transcription factors together with the
selection of key enzymes and the optimization of the
lycopene-forming pathway, the production of lycopene
was increased 22-fold for a maximum yield of 55.56 mg/
gDCW [24]. By iteratively integrating multi-copy path-
way genes and implementing fed-batch fermentation
with an optimized medium, Gao e a/. overproduced
B-carotene in Yarrowia lipolytica with a titer of 4 g/LL
[11]. We expect that a targeted engineering-directed
high-efficiency terpenoid overproduction platform,
together with the optimization of the precursor supply,
restoration of redox balance, and dynamic regulation
system, would provide a rational way for engineering
terpenoid production efficiently.

Genome mining of terpenoids: robust
precursor supply and optimized host as a
platform

The mining of new terpenoids is the basis for researchers
to enrich the structural diversity and screening of
new bioactive compounds. The direct fermentation of
microorganisms, a traditional strategy for natural product
discovery, made great contributions to the process of
terpenoid discovery [25,26]. However, for those com-
pounds with very low production levels, it is difficult
for researchers to obtain a sufficient amount of compound
for structural characterization. In addition, researchers are
unable to determine terpenoid biosynthetic information
using this strategy. In# vitro enzymatic reaction-based
strategies provide a rapid method for characterizing the
functions of enzymes and for mining new terpenoids [27].
However, the very low expression levels of some enzymes
[28], the high costs of the substrates, and the complexity
of the reactions (e.g., the reaction catalyzed by cyto-
chrome P450) restricts widespread application to some
extent.

Improvements in genome sequencing technologies and
the exploitation of bioinformatics tools, such as anti-
SMASH and SMURF [29,30], have provided a large
number of genes with unknown functions that are rele-
vant to the biosynthesis of terpenoids [31,32°°]. To take
advantage of this large amount of genetic information,
genome mining approaches have been developed to
identify new terpene cyclases and new terpenoids
[13,33]. Using Aspergillus oryzae as a heterologous host
coupled with prenyltransferase domain swapping, Qin
et al. characterized the function of the chimeric terpene
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cyclase EvSS and discovered terpenoids with new ske-
letons, variediene and cericerene [34]. Likewise, the
silent terpene cyclase NfSS was characterized in A. oryzae
and the sesterterpenes sesterfisherol and sesterfisheric
and their derivatives with novel, complicated skeleton
were characterized [35°]. However, owing to the lack of
an efficient precursor-providing platform, it remains chal-
lenging for researchers to acquire enough products from
compounds with extremely low expression levels.

A growing amount of bioinformatics data has shown that a
large number of genes related to the biosynthesis of
terpenoids have not yet been characterized [36-38]. Ter-
pene cyclase catalyzes the synthesis of the terpenoid core
framework, which is the basis of the structural diversity of
terpenoids. Thus, the excavation of new terpene cyclases
and new terpene skeletons is a decisive step in enhancing
the structural diversity of terpenoids. For example, the
terpene cyclases FgMS and FgGS, which belong to a
family of enzymes that are potentially with promiscuous
feature, are reported to produce a series of new sester-
terpene and diterpene [32°°]. To fully display this pro-
miscuous feature, Bian ez /. established the combinatorial
biosynthesis platform (Figure 3), composed of an opti-
mized MVA pathway, a prenyltransferase (FPPS,
GGPPS, and GFPPS) module, and a promiscuous terpene
cyclase module [32°°]. With a sufficient supply of targeted
precursors, mutants for sesquiterpene, diterpene and
sesterterpene production were constructed. As a result,
the potential of the chimeric FgMS was fully displayed,
with 35 terpenoids produced, including five terpenoids

Figure 3

with characterized structures and two new sesterterpenes.
Similarly, based on the combinatorial biosynthesis plat-
form, the biosynthetic potential of the promiscuous ter-
pene cyclase FgGS was exhibited, and five new diter-
penes were characterized with three new skeletons [32°°].
To further enhance product diversity, rational site-
directed mutagenesis was carried out. On the basis of
the theory that exchanging non-aromatic hydrophobic
residues and aromatic hydrophobic residues in the bind-
ing pocket can significantly influence the overall pocket
volume, 13 potentially non-catalytic sites within the
binding pocket were engineered. With the help of an
efficient precursor-providing platform, a series of poten-
tially new sesterpenoids were produced by FgMS-F65L
and FgMS-F159G, with one new sesterterpene confirmed
[32°°]. This represents the first time that researchers have
produced a novel sesterterpene through enzymatic engi-
neering. The integration of combinatorial biosynthesis
and rational site-directed mutagenesis strategies with the
genome mining of terpenoids provides a promising
method for accelerating the characterization of terpene
cyclases and new terpenoids. Furthermore, by using well-
engineered precursor-providing  platforms, various
sources of class II (which produce bicyclic diphosphate
intermediates for class I terpene synthase) and class 1
diterpene synthase-based combinatorial biosynthesis can
also enable researchers discover new terpenoids with high
efficiency [39,40]. It is possible for researchers to apply
the combinatorial biosynthesis strategy to other plat-
forms, such as §. cerevisiae, Streptomyces, and filamentous
fungi, to produce terpenoids and other products [41-44].
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Accelerated mining and characterization of new terpene cyclases and skeletons via combinatorial biosynthesis. Terpene cyclases (TCs) are
predicted and classified by bioinformatics and phylogenetic analysis. Then, targeted substrates are provided via a high-efficiency
precursor-providing platform, allowing researchers to discover new terpene cyclases and skeletons efficiently. The novel skeletons, combined with
the promiscuous cytochrome P450 (P450s) and other post-modification enzymes, enables researchers to further expand the diversity of new

terpenoids.
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Conclusion and future perspectives

In vitro reconstitution provides a better understanding of
the rate-limiting steps and working mechanisms of the
MVA pathway. Key information provided by this system
(e.g., the concentration of Idi and optimum component
ratios) provides clear directions for engineering research.
As briefly reviewed in this paper, in order to engineer
terpenoid pathways for commercial production, the plat-
form and the pathway should systematically and selec-
tively integrate the advantages of various strategies, such
as optimizing pathways using the targeted engineering
approach, balancing the flux of acetyl-CoA and redox
reactions, dynamically controlling the fermentation pro-
cess and competitive metabolic pathways [9°°,16°%,17].
Additionally, emerging tools such as CRISPR-Cas9 and
CRISPR1, as well as protein engineering combined with
high-throughput screening, should promote advances in
terpenoid overproduction [45-48]. With the help of effi-
cient terpenoid overproduction platforms, it is possible
for researchers to discover new terpene cyclases and
skeletons. Moreover, these platforms can be extended
by combining terpene cyclase and downstream enzymes
of the terpenoid biosynthetic pathway (Figure 3), such as
cytochrome P450 and other post-modification enzymes,
to further enlarge the diversity and accelerate the mining
of new terpenoids [49°,50], providing an elegant blueprint
for improving the excavation of new terpenoids. After the
active or target compounds are selected, overproduction
can be achieved by increasing the selectivity and catalytic
capability of enzymes using the direct evolution and
semi-rational design methods [6°,51-53]. The large num-
ber of uncharacterized enzymes relevant to the biosyn-
thesis of terpenoids and the existence of promiscuous
enzymes provide the potential for broad applications of
the results of genome mining for terpenoids.
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