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Figure 1. The chemical structures of D—limonene[4](A),
L-limonene”!(B) and D/L-limonene!®(C).
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Table 1. The cloning of D-limonene synthase genes from a variety of plants

Plants Gene cloning methods GenBank Code PDB number  References

Schizonepeta tenuifolia RNA—cDNA—PCR amplification AF282875.2 NO [9]
—selection—target gene

Citrus limon RNA— cDNA library construction— AF514287.1 NO [10]
library screening—target gene

Citrus unshiu RNA-—cDNA library construction— AB110636.1 NO [11-12]
library screening—target gene AB110637.1

Citrus sinensis RNA—cDNA—PCR amplification— KU746814 5UV0 [13]

selection—target gene
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Table 2. Recent researches about producing terpenoids in plants by engineering Saccharomyces cerevisiae

Terpenes Metabolic engineering strategies Titer/ (mg/L) References
Artemisinic acid  Overexpression upc2-1, a global transcription factor regulating the biosynthesis of sterols 100.00 [14]
(Figure 2-18)
Co-overexpression native tHMGR, ERG20 gene and heterologous codon-optimized 4ADS,
CYP71A4V1, CPR gene from Artemisia annua
Downregulation ERGY gene expression using a methionine-repressible promoter (Pyers3)
replace native promoter of ERG9 (Figure 2-16)
Ginsenoside Co-overexpression heterologous PgDDS, PgPPDS, AtCPRI gene through codon 1548.00 [15]
optimization from Panax ginseng and endogenous tHMGR, ERG2, ERGY, ERGI gene
D-limonene Co-overexpression heterologous codon-optimized D-limonene synthase gene from 0.12 [16]
Citrus limon and endogenous mutation ERG20%'”7S gene
Lycopene To mining solely phytoene synthase function, the lycopene cyclase function of the 1610.00 [17]

bifunctional enzyme CrtYB from Xanthophyllomyces dendrorhous was inactivated by
deletion of functional domain and directed evolution to obtain target mutants

To further increase the FPP competitiveness of the lycopene synthesis pathway,
enhancing the catalytic performance of Cr¢E by directed evolution and creating a series
of pathway variants by varying the copy number of Crt genes

Co-overexpression of the resulting CrtYBIIM mutant along with the heterologous

mutation CrtE03M and Crtl genes from X. dendrorhous, and the native tHMGI gene
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Figure 2. The strategy diagram of metabolic pathways that lead to the production of D-limonene in
Saccharomyces cerevisiae. CytoPHD: a pyruvate dehydrogenase in the cytosol of Saccharomyces cerevisiae;
mitochondrionPHD: a pyruvate dehydrogenase in the mitochondrion of Saccharomyces cerevisiae; PDC1/5/6:
pyruvate decarboxylase; UPC2-1: a transcriptional regulation of sterol biosynthesis; MAF1: a negative regulator of
tRNA synthesis; HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; Mev-P: (R)-5-phosphomevalonate; Mev-PP:
(R)-5-diphosphomevalonate; IPP: isopentenyl diphosphate; DMAPP: dimethylallyl diphosphate; GPP: geranyl
diphosphate; FPP: farnesyl pyrophosphate; GGPP: geranylgeranyl diphosphate; HPP: hexaprenyl diphosphate;
ERGI0: acetoacetyl-CoA thiolase; EFRGI3: HMG-CoA synthase; HMGI/2: HMG-CoA reductase; ERGI2:
mevalonate kinase; ERGS: phosphomevalonate kinase; MVDI: mevalonate pyrophosphate decarboxylase; IDII:
isopentenyl diphosphate isomerase 1; FERG20: FPP synthase; FERGY9: squalene synthase; COQI:
hexaprenyl-diphosphate synthase; ADH?2: alcohol dehydrogenase; ALD6: acetaldehyde dehydrogenase; ACS1/2:
acetyl-CoA synthase; The dotted line represents the MEV pathway (Figure 2-7-13).
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Table 3.
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The measures to increase the supply of acetyl-coA in Saccharomyces cerevisiae

Position in

the Figure 2 Metabolic engineering strategies Results References
Figure 2-5 Overexpression acetyl-CoA synthase gene (A4CS1, ACS2) The content of Acetyl-CoA and ATP [18]
increased The eight key gene expression levels
of MEV pathway were also significantly
increased
Figure Co-overexpression native alcohol dehydrogenase gene Reducing the consumption of acetyl-CoA and [19]
2-3,4,6 (ADH2), aldehyde dehydrogenase gene (ALD6) and greatly increasing the content of acetyl-CoA in
heterologous codon-optimized acetyl-CoA synthase cytosol, and then pulling acetyl-CoA towards
mutation gene (ACS™*'") from Salmonella enterica the products of interest
To decrease consumption of acetyl-CoA, knockouting
peroxisomal citrate synthase gene (C/72) and cytosolic
malate synthase gene (MLSI)
Figure 2-1 To reconstitution the high energy input requirement and The efficiency of acetyl-CoA utilization was [20]
feedback inhibition of PDH metabolic bypass, greatly improved

reconstruction four PDH pathways in the cytosol of yeast
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Table 4. The fusion expression and localization of enzymes
Methods The fusion strategies of enzymes Results References
The fusion of Co-fusion expression endogenous  farnesyl Enhancing the combination efficiency of [24]
two enzymes diphosphate synthase mutation (ERG20™°WN'2"W)  GPP and geraniol synthase, and then the
and heterologous codon-optimized geraniol synthase yield of geraniol was greatly improved
(CrGES truncated at S43, t3CrGES) from
Catharanthus roseus
Co-fusion  expression  endogenous  farnesyl The yield of (S)-linalool increased by 69.7%  [30]
diphosphate synthase mutation (ERG20%'"’®) and and the final yield was 0.24 mg/L
heterologous codon-optimized (S)-linalool synthase
(AaLSI) from Actinidia arguta
The fusion of To further closer the distance of enzymes in space, By changing the number of scaffolds to [31]
multi-enzymes  the protein GBD, SH3 and PDZ were used as proetin  optimize enzyme expression quantity, when
scaffold, and then three enzymes of the MEV ArB, HGMS and HMGR by 1:2:2
pathway (AtoB, HGMS and HMGR) were connected combined, the content of mevalonic acid
on the scaffold increased 77 times to 5 mmol/L
To further closer the distance of enzymes in space, Optimizing the ratio of enzymes and [32]
nonimmunoglobulin affinity proteins were used as scaffolds, the yield of farnesene increased by
protein scaffolds, which were based on the 135%
recognition of affibodies to their anti-idiotypic
partners in  vivo, such as  Zpganti-Zrg;
Zigp:anti-Zygs.  They  were  employed  for
co-localization of farnesyl diphosphate synthase
(FPPSyn) and farnesene synthase (FarnSyn) in S.
cerevisiae
The In order to improve the efficiency of acetyl-CoA Proposing dual metabolic engineering of [33]
relocalization utilization, mitochondrial localization peptide (MLS) cytoplasmic and mitochondrial regulation
of enzymes was used to relocate and fuse expression the acetyl-CoA utilization to boost isoprene
enzymes of MEV pathway (ERGI0, HMGS, synthesis in S. cerevisiae and the final yield
tHMGI, ERGI2, PMK, MVDI, IDII) in ofisoprene reached2.527 g/L
mitochondria
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Strategies of metabolic engineering Saccharomyces cerevisiae to
produce plant-derived D-limonene

Zhihui Hu, Bingxu Chen, Aiqun Yu, Dongguang Xiao

Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education, College of Biotechnology, Tianjin University of
Science & Technology, Tianjin 300457, China

Abstract: Plant terpenoids are the natural secondary metabolites derived from units of isoprene with a molecular
formula of CsHg from different types of plants. D-Limonene is recognized as monoterpene and widely used in food
and medical industry because of many functions, such as anti-bacteriostasis, aroma enhancement, anti-cancer and
anti-cough. At present, the industrial production of D-limonene is generally obtained by extraction from the peel or
pulp of plants. However, the extraction of D-limonene from plants suffers from complex separation and
purification, low efficiency and high energy consumption. At the beginning of this century, the rise of synthetic
biology technology has brought new ideas and tools for the synthesis of natural active compounds, which has
broken the boundary between species and has become a reality of synthesis of D-limonene from microbes. It is of
great economic and social benefit to construct a targeted and efficient microbial cell factory for the synthesis of
D-limonene, and to replace the traditional method of plant extraction with microbial fermentation. We reviewed
recent achievements of metabolic engineering of Saccharomyces cerevisiae to synthesize terpenoids and elaborated
Saccharomyces cerevisiae as microbial chassis, using the method of metabolic engineering and synthetic biology to
build high heterologous production of D-limonene synthetic strategies.

Keywords: metabolic engineering, Saccharomyces cerevisiae, D-limonene, synthesis strategies
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