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Abstract: Terpenoids, a group of natural products possessing diverse chemical structures and
biological activities, have been widely used in the production of food additives, medicines, and
cosmetics. Terpenoids are mainly produced by plants. With the rapid development of synthetic
biology, heterologous production of terpenoids by engineered microbial strains is more economical
and environmentally friendly compared with the conventional methods of extraction from plants
and chemical synthesis. The catalytic activities of terpene synthases and the structural specificity of
their products are pivotal for the heterologous biosynthesis of terpenoids. Directed evolution and
rational design can be adopted to optimize the catalytic properties and product profile of target
terpene synthases. However, this requires a feasible high-throughput method to screen mutant
libraries. In recent years, various high-throughput screening methods have been developed to boost
the sensitivity and efficiency in screening terpene synthases. We review recently established
high-throughput screening methods for terpene synthases and briefly outline the principles and
advantages and disadvantages of each method. Eventually, we envision the future directions of the
application of high-throughput screening in the engineering of terpene synthases.

Keywords: high-throughput screening; terpene synthase; directed evolution; terpenoid
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Figure 1 Schematic overview of terpenoid biosynthesis. Cs: Hemiterpenoids; C;o: Monoterpenoids; C;s:
Sesquiterpenoids; Cyo: Diterpenoids; C,s: Sesterterpenoids.
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Figure 2 The cyclization mechanism of FPP analogue 1 under the action of TPS and the enzyme-coupled
assay for the quantification of the by-product methanol®?.
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Figure 3 The pyrophosphate/malachite green assay for determination of the by-product inorganic pyrophosphate
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Figure 6 Principle of the P;Per'™ pyrophosphate assay.
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Figure 7 The DPPH reaction mechanism®’".
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FrEh s m SRl B, T 5 E
B RIBEREPUIER pBR322 &l 1Ay 22 3 [H 21
SCHEEJRRL(pZE2V)AESS , %A BRI\ T 1 i
A EE R PR pISA EiHilFH pASc ik
o FEAE TR pASc-MBIS f# K B T ik
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AN, ZSERE A T 2 AR IR,
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WA # 78 E Pk LowMut. LowMut F ik k£
5 525 TG 5% 1) 5 IR 4 4 AT 81 (insertion
sequence, IS)JCI 15 45 DNA J 4 Mg S5 X9
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pZE21-GFP 43 Iy BHAE R B X IR . 38 23X
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HOR I TR Bk e M e TS10F1, 7EE 4
PR PG T B w2 b R P A A i 2 7 B-vk e Y

3 R4XVAP PERBEERL
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TEA IR N R ETIR AL Y o R e Y
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DA 3L TR 7 1 2 € R R A T PEA

Umeno 5250 % FI| FIX B S0 H- & 1 —F ]
B TPS MR ISP kBT AT TR T
i V& Fk: pAC-MN H1 pAC-EBI, 1, pAC-MN
JRORE 2 18 A U5 T 46 2 €03 %6 B ERT Y ortM A ertN
FED, ATLLKE FPP b B i) Cy K% MR
i 56 743 (diaponeurosporene) (& 9)5%%1
T 40 ANfE7E GGPP Y, k& i
(diterpene synthase, DTPS)H % A 52 M i% it
PG Cio ZEWE PRGN Bk 2
HF LA FPP MW B9 A%k 5 il (sesquiterpene

pASc-MBIS

I
Mevalonate == MVA-P == MVA-PP == [PP <= DMAPP _L. GPP —I-bFPI’

8 pA5c-MBIS Rz

A ? J

Terpene

Figure 8 Structure of pA5c-MBIS plasmid”". The synthetic operon overexpressing the prenyl pyrophosphate
precursors is driven by the IPTG-inducible Pjacuys promoter.
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Figure 9 Carotenoid pathways compete with TPS for isoprenyl pyrophosphate precursors”’!. A: Carotenoid
pathways compete with TPSs for isoprenyl pyrophosphate precursors. B: DTPS competes for GGPP with Cyq
carotenoid enzymes. C: MTPS or STPS competes for FPP with Cs, carotenoid enzymes.

synthase, STPS)ffiik, STPS HiZ'S5 CrtM 3%
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] DL f 3R N I GPP/FPP & il (IspA) B
R AR GPP R/ Cao A DR
REBRIR CoEtHE DRI & GGPP
WMFMLLER, KRG RS BFEMA R T ERE
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EYERTTREM:, S5 R UEBZ O kT LU T 5
SR TPS BT M B B B TE 1, JF
HAAS T mifi vk TEASPT,
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H T GGPP A i (CrtE) i b 3R I it 55
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B R G B 5 — AN G HE R, HLA R R Bl RE R
S APEPLE, ZEad 250y 50 AE B s T
ISR . SQS TE#EfL | 525 % bR G A
XK, R A v 0 A BRI A R

X X X" OPP
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(presqualene diphosphate, PSPP), [ifi)5#]H
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A, ANEZATET, 5 2P i CrtM 1E
%A NADPH HYfEUL T al LUiEfk PSPP j7 4=
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JWE R TR T A/ diapo- A ZL
% (diapolycopene), A UL SQ F 4 F1 A= A%
DSQ. Az, Crtl {Xffi ] DSQ, iMiAREFIH] SQ
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Figure 10 Formation of squalene (SQ) and dehydrosqualene (DSQ) and their conversion into carotenoid

pigments[66].
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virus, HIV)8E & LS5 A4 S mT sk 5 AR (A2
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SRR, A TEE 5 epPCR, ik 4325 W
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D-4-0l, AL LI N403K/L405S RAFMKIEFTH =
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SRR R MR AR, IR L5 CAT WG PE k4 &
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TR LA A N /N o7 B BT, 3 FL s
et E R Y S TN T
J& . et A T A R A S S A R 2
EASE, B RS R A aOEE . POt
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KA & B2 5000 B2 5 ML N 1Y 5 1 —
W BE S IR AR Y A R A B ok B 2 IR
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Toluene-3-monooxygenase operon
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Figure 11 Schematic view of a genetically encoded isoprene biosensor, IspGESS™'. A: Regulation of the
tbu operon by TbuT in the Pseudomonas pickettii PKO1 chromosome. B: Organization of IspGESS. The
genes (tbuT, egfp), promoters (Puce, Pwua1), and terminators (rrnB tl, At 3) are indicated by thick arrows,
bent arrows, and stem loops, respectively. The TbuT-binding site (TBS) and ribosome-binding site (RBS) are
represented by light green and orange boxes, respectively. C: Proposed mechanism for the IspGESS. D:
Schematic representation of T7IspGESS.
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Table 1 The comparison of the high-throughput screening methods

Methods Application Advantages Disadvantages
Radioisotope-labeled substrates Determination of kinetic ~ Convenient Risk of radiation injury;

parameters of TPS
FPP analog containing a vinyl
methyl ether functionality specific cyclization modes
Characterization of TPS

reaction kinetics

Malachite green and phosphate
hydrolase assay pyrophosphate,
and pyrophosphate assay kit
DPPH reagent Monoterpene
Based on substrate toxicity to ~ Almost all TPS
cells

Various TPS or

prenyltransferase

Competition for carotenoids
biosynthetic pathway

Based on soluble expression of Detection of the mutants’
fusion proteins solubility
Biosensor-based screening Almost all TPS
All TPS

All TPS

Based on automation platforms

Computer modeling prediction

Sesquiterpene synthases of High versatility and

specificity
High versatility

Convenient for
qualitative analysis
Cell-based screening
and very convenient
Color-based screening
and very convenient

Convenient

Convenient and
specific
High versatility
Convenient and
specific

Substrate needs to be synthesized
Substrate is unstable under acidic
conditions and needs to be synthesized
Needs purified proteins and can’t
distinguish the specific products

High background

Can’t distinguish the specific products
Can’t distinguish the specific products
Not closely related to protein activity
The biosensors are limited and not
sensitive

High cost on instrument

Adequate mutation data is essential for

constructing the model, and the model
needs to be rebuilt for different TPS
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