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The low amounts of terpenoids produced in plants and the difficulty in synthesizing these complex
structures have stimulated the production of terpenoid compounds in microbial hosts by metabolic
engineering and synthetic biology approaches. Advances in engineering yeast for terpenoid production
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1. Introduction

Plants produce a myriad of small molecules, known as natural
products, to respond to biotic and abiotic threats, interact within
organismal communities and attract pollinators, adapt to specific
habitats, and fight against competitive counterparts." These
molecules have found applications of utmost importance for
human uses® in the fields of medicine,> cosmetics,* food
industry,>® and agriculture.”® Terpenoids (terpenes or iso-
prenoids) are the largest class of natural products,"* with more
than 80 000 known structures. These compounds are synthesized
through modular pathways prone to introducing a high degree of
diversity.>* Terpenoids vary in size, based on a typical 5-carbon
unit, from the simplest compound isoprene to large natural
polymers (natural rubber), and in structural complexity, from
linear (myrcene) to exquisite stereochemistry (taxol)." Moreover,
terpene moieties also occur in hybrid structures, known as mer-
oterpenoids, among which the most notable are monoterpene
indole alkaloids (MIAs)"* or cannabinoids.”> This structural
diversity bestows a variety of properties to terpenoids. Hence, it is
not surprising that their applications are diverse, spanning major
economic sectors from industry to agriculture and medicine.
Several valuable terpenoids, specifically those with complex
chemical structures required for potent activities, are difficult to
obtain in sufficient amounts to meet demand**** due to their low
abundance in plants. Traditional extraction from native
producers or organic synthesis is often inefficient and unfeasible
at the industrial level, leading to high costs or shortages of

This journal is © The Royal Society of Chemistry 2023
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essential products. Thus, the production of these molecules in
genetically amenable organisms, such as yeast, is emerging as an
attractive alternative.” Advances in natural products research
enabled industrial production of the antimalarial drug artemisi-
nin'®"” or the biofuel farnesene.'® Moreover, multiple approaches
(e.g plant cell culture; summarized in Table S1f) have been
developed for the reconstruction of the biosynthetic pathway,
successfully achieved for high-value compounds: carnosic
acid™* forskolin,> ginsenosides,” carotenoids,**
noids,*® strictosidine® or, more recently vinblastine.*

This article will review synthetic biology and metabolic engi-
neering strategies for the production of plant terpenoids using the

cannabi-

microbial cell factories yeast Saccharomyces cerevisiae and other
non-conventional yeast (Tables S2-S61). We will discuss rational
approaches and key limitations identified through metabolic logic
and will illustrate trends to overcome constraints for efficient,
scalable, and inexpensive production of the relevant terpenoids.
Engineering strategies will be examined at the host, pathway, and
enzyme levels. Strategies for intracellular localization of terpenoid
biosynthetic pathways in yeast will also be described.
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2. Host engineering

Yeast Saccharomyces cerevisiae has become a workhorse in
biotechnology due to its robustness and versatility.**** With
a well-studied genome and metabolism, yeast combine features
of the eukaryotic kingdom that support processes specific to
higher organisms, with the simplicity of manipulation
conferred by its unicellular makeup.** Well-established genetic
manipulation, fast growth rate, and the ability to be cultivated
from simple nutrients combined with high-throughput
emerging tools make possible the integration of multiple
genome modifications into yeast cells in a short time. Moreover,
pathways of central metabolism are conserved and partially
shared in yeast and plants enabling the reconstruction of
terpenoid pathways into yeast's metabolism."

Yeast naturally synthesizes early precursors of terpenoids,
such as isopentenyl diphosphate (IPP), dimethylallyl diphos-
phate (DMAPP), geranyl diphosphate (GPP), and farnesyl
diphosphate (FPP), via the mevalonate pathway (MVA) (Fig. 1).
These metabolites are essential components in the primary
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Fig.1 Reaction schematics of the mevalonate (MVA) and sterol biosynthetic pathways in yeast. The mevalonate pathway uses two acetyl-CoA
molecules in a condensation reaction to obtain acetoacetyl-CoA, which is subsequently condensed to HMG-CoA. The latest is reduced to
mevalonate by the HMG reductase isoforms Hmglp and Hmg2p, acting as rate limiting enzymes. Mevalonate is phosphorylated in two
successive reactions and further converted to isopentenyl diphosphate (IPP) by decarboxylation. Interconversion of IPP to its isomer dimethylallyl
diphosphate (DMAPP) by the Idilp in a reversible reaction yields the two universal precursors of terpenoids. DMAPP extension by IPP units results
in synthesis of FPP, further converted by Erg9p to squalene, the first committed intermediate for sterol biosynthesis. Subsequent steps enable
squalene epoxidation by Erglp and synthesis of lanosterol by Erg7p. As many as twelve downstream steps are occurring for synthesis of the yeast
sterol, ergosterol. Native enzymes represented in brown, heterologous enzymes of plant or bacterial origin are shown in green or blue,
respectively, * signify engineered enzymes.
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Scheme 1 Physiological roles of prenyl diphosphates in yeast metabolism. Farnesyl pyrophosphate (FPP) is the main product of the MVA
pathway. The isoprenoid is an upstream precursor to several metabolites essential to cell viability, being involved in the biosynthesis of sterols,
dolichols, and ubigquinone. FPP and, its downstream product, geranylgeranyl pyrophosphate (GGPP) is a critical component for post-translational
protein modification providing the lipid moiety for farnesylation or geranylgeranylation, respectively, required for the reversible protein

attachment to intracellular membranes.

metabolism of yeast for sterol (Fig. 1), ubiquinone and dolichol
biosynthesis.>* Moreover, FPP is used for protein prenylation
(Scheme 1). Yeast also produces, albeit in lower amounts, ger-
anylgeranyl diphosphate (GGPP) utilized for post-translational
modifications (geranylgeranylation) of proteins.**** Compared
to other natural products, terpene biosynthesis in higher
eukaryotic hosts is significantly active. By contrast, yeast offer
a terpeneless background that enables engineering of heterol-
ogous pathways with minimal interference from endogenous
enzymatic machinery and low production of undesirable by-
products. Yeast mainly requires targeted engineering of the
central metabolism to minimize ethanol formation and
improve glucose conversion to pyruvate and acetyl-CoA, the
starting precursor in the MVA pathway.** Many strategies for
engineering the acetyl-CoA metabolism in yeast have been re-
ported and previously summarized in®*® and, therefore, not
considered here. In this review, we will focus on host engi-
neering strategies (Fig. 2) and achievements to improve the
yield of precursors along the MVA pathway and redirect the
metabolic flux from sterol to terpene biosynthesis.** These
approaches have targeted the rate limiting steps regulated by
product-driven feedback inhibition, favoring conversion rates at
divergent metabolic nodes.*”*

2.1 Genome editing

The efficient homologous recombination (HR) system of S.
cerevisiae has been instrumental in turning this organism into
the workhorse of the biotechnological industry. Early strategies
for terpene production employed HR for genomic pathway
integration and production of the sesquiterpene amorpha-4,11-
diene,** the carotenoid zeaxanthin®* or products of oxidative
cleavage such as B-ionone from B-carotene.** Coupled with Cre/

1824 | Nat. Prod. Rep., 2023, 40, 1822-1848

LoxP system,** HR allows for selection-free genetic modifica-
tions through the use of recyclable cassettes alongside genetic
elements of interest (Fig. 2A). This strategy was applied to
engineer the yeast genome by promoter exchange, gene inte-
grations, or deletions to produce the monoterpene 1,8-cineole®”
and the sesquiterpene a-santalene.*

The discovery of the CRISPR/Cas9 system has revolutionized
genome editing and has been applied in various organisms.*®
Notably, it has been proven an excellent approach for inte-
grating genes of interest in yeast chromosomes due to the
highly efficient homology-directed repair (HDR) when double-
stranded breaks (DSB) are induced.*”*®* CRISPR/Cas9 was used
to engineer target genes of MVA pathway to produce the tri-
terpene friedelin* at 37.07 mg L' and sesquiterpene guaia-
6,10(14)-diene as the precursor for the semi-synthesis of eng-
lerin A.*® Exploiting the high prevalence of the delta sites in the
yeast genome, the CRISPR-Cas9 system has also been used to
integrate multiple copies of the biosynthetic pathways,
achieving a high protein expression in a stable manner.*** This
strategy was applied to the biosynthesis of santalenes and
santalols, reaching production rates of 164.7 and 68.8 mg L™,
respectively.”* Recently, a method (HapAmp), which utilizes
haploinsufficiency as an evolutionary-driven force for in vivo
gene amplification, was implemented for terpenes production.
Using this method, it was possible to integrate up to 47 copies of
target genes into the yeast genome in a stable and controlled
manner and significantly improved the production of repre-
sentative terpenes, such as the monoterpene limonene, the
sesquiterpene nerolidol, and the tetraterpene lycopene.>

Moreover, CRISPR-based approaches were developed for
simultaneous editing of multiple targets, a process known as
multiplex gene editing, reviewed by Utomo et al.>* Several of

This journal is © The Royal Society of Chemistry 2023
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mediated degradation to dynamically control enzyme localization.
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these systems were developed and used for the production of -
carotene, CasEMBLR,* CrEdit,”® Wicket,”” or astaxanthin, PCR
& Go,*® due to ease of visual screening conferred by color (yellow
or red, respectively) saturation of productive colonies. Recently,
an SGM-CRISPR system employing yeast strains harboring
preinstalled synthetic gRNA was used for the production of
sesquiterpene lactone, kauniolide.*

CRISPR/Cas9 has also contributed to advances in engineering
non-conventional yeast for the production of terpenoids. Yarro-
wia lipolytica, which naturally produces large amounts of acetyl-
CoA, has proven a promising chassis for the production of
carotenoids. Accordingly, a standardized CRISPR/Cas9-mediated
markerless gene integration strategy was developed for lycopene
production,” and a p-carotene hyper-producing strain was
engineered by CRISPR/Cas9-directed overexpression of MVA key
genes and multi copies of P-carotene biosynthetic gene.”
Combined with the optimization of bioreactor fermentation, the
latest approach enabled 4.5 ¢ L™" B-carotene production. An
alternative method to the labor-intensive HDR-based editing,
a CRISPR/Cas9 approach employing the non-homologous end-
joining (NHE]) in a targeted fashion was constructed by opti-
mization of the cleavage efficiency of Cas9 nuclease and through
rational regulation of the NHE] repair pathway and the cell cycle.
This attractive, fast engineering was confirmed by the production
of 36.1 mg L' of canthaxanthin.®

2.2 Transcriptional regulation

Naturally, the MVA pathway is tightly regulated at transcriptional
and post-transcriptional levels resulting in a limited supply of
terpene precursors.”® Thus, the main direction of metabolic
engineering in the production of terpenes is the overexpression
of genes in the MVA pathway (described in Section 3.1), leading
to the accumulation of target terpenes. However, unbalanced
gene expression can cause the accumulation of intermediates
that inhibit the activity of enzymes by the feedback mechanism.®
Therefore, combinatorial methods (described in Section 2.3)
make it possible to optimize the expression of target genes and,
as a result, achieve a balanced metabolic flux, which can improve
the production of target terpenoids.”

CRISPR-cas9 systems have also been developed for modula-
tion of the transcriptional regulation in different organisms,
including yeast.®*** A deactivated Cas9 (dCas9) fused with an
activation or repression domain, CRISPRa or CRISPRI, respec-
tively, can be used to modulate gene expression by targeting the
upstream region of the gene of interest.®#* It has been shown
that the use of CRISPRa/i to modulate the expression level of
genes involved in the MVA pathway and B-carotene pathway
enzymes directly correlates to an increase or decrease in the
final yield of the strain® (Fig. 2B).

2.3 Combinatorial and genome-scale engineering

The modulation of the yeast's genome by the previously
described engineering is effective at increasing the yield of
terpenoids. The application of a single strategy, however, in
most cases, does not unlock the full potential of rewiring
metabolic fluxes. Thus, combining multiple approaches has

1826 | Nat. Prod. Rep., 2023, 40, 1822-1848
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been employed to provide synergistic metabolic adjustment to
improve system performance further.®®®” Recently, a CRISPR
system (CRISPR-AID) containing three orthogonal CRISPR
proteins with different activities was developed for combinato-
rial metabolic engineering. This system consists of a transcrip-
tional activation domain (CRISPRa), a transcriptional
interference domain (CRISPRi), and a -catalytically active
CRISPR protein for gene deletions (CRISPRd).** Utilizing B-
carotene production as a colorimetric screen, CRISPR-AID was
implemented to increase simultaneously the HMG1 expression
(CRISPRa), downregulate the ERG9 expression (CRISPRi), and
delete ROX1 (CRISPRd). As a result, the application of the
CRISPR-AID system improved the final B-carotene yield by 3-
fold. CRISPR systems have also been used to develop yeast-
based auxin-inducible protein degradation strategies and have
also emerged as a strategy to modulate metabolic fluxes for
improved terpene production.®® The strategy was developed for
mono and sesquiterpenes production chassis, yielding signifi-
cant improvements in limonene and nerolidol production.®®

CRISPR-AID strategy is suitable for the metabolic rewiring of
biosynthetic pathways where key enzymatic steps or bottlenecks
are obvious. However, metabolic pathways are frequently regu-
lated by complex mechanisms that involve hidden interaction.®
Therefore, the modulation of individual genes involved in
complex pathways has generally low throughput. To alleviate
this issue, a rapid combinatorial method for the assembly of
biosynthetic pathways (COMPASS) was developed.®” This
approach is a high throughput cloning method of DNA parts of
interest (promoters, genes, and synthetic transcription factors)
based on the positive selection of correctly assembled pathway
fragments.”” The cloning and stable integration of these
diversely assembled modules allow high throughput pathway
reconstruction while tuning the enzyme expression level to
maximize terpenoid production.®” The application of COMPASS
to the production pathway of B-ionone led to a 4.2-fold increase
over the control strain.®”

CRISPR-Cas9 system has been used to make untargeted
genome-wide modifications™ to randomly shift the gene
expression across the genome to improve the production of
a target product. The CRISPR-Cas9 assisted random mutation
(CARM) technique was developed to introduce non-oriented
genomic modifications into the yeast genome using a random
gRNA library” until acquiring the improvement of a target
compound (Fig. 2C). Thus, several rounds of CARM mutagen-
esis in the BY4741 yeast strain resulted in a 10.5-fold improve-
ment in B-carotene production via altering the expression level
of over 2500 distinct genes.”

2.4 Adaptive evolution

A non-directed genomic modification strategy developed for
terpene production in yeast is the adaptive laboratory evolution
(ALE).” The ALE strategy is commonly used to adapt industrial
strains through selective environmental conditions to produce
the specialized metabolites that are often toxic. Using an ALE
approach, the natural activity of the terpenoid-type metabolite
was exploited to respond to an induced stressor for either

This journal is © The Royal Society of Chemistry 2023
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increasing the yields of a compound of interest or introducing
a desired trait. As a result of an introduced evolutionary pres-
sure, the yeast strain can adapt to stress through acquired
mutations and altered gene dosage.” Exploiting the antioxidant
features of carotenoids and intermittent exposure to hydrogen
peroxide as an adaptive pressure force, a 3-fold improvement in
carotenoid production was estimated in the yeast producer
strain.” Similarly, utilizing oxidative stress as the driving force
of ALE, B-caryophyllene production in yeast increased 4-fold in
just a few generations™ (Fig. 2D).

Using terbinafine as the inhibitor of downstream steps in
sterol biosynthesis, a 16.5-fold increase of squalene accumula-
tion over the basic strain was achieved by an ALE approach.”
Moreover, ALE has been employed to alleviate the toxicity of the
target product.”® The robustness of a yeast strain producing
a blend of highly toxic terpenes (10% cymene, 50% limonene,
40% farnesene) for the production of a jet fuel product was
improved by subjecting the strain to repeated rounds of limo-
nene supplementation.” Following the treatment with the toxic
monoterpene, the tolerance towards jet fuel production was
improved by 4-fold.” In addition, the tolerance towards the
production of other toxic monoterpenes, B-pinene, and myr-
cene, was also improved 11- and 8-fold, respectively.”® Similarly,
the tolerance of Yarrowia lipolytica to limonene was improved by
8-fold over the base production strain.”” To acquire desirable
traits for industrial applications, such as thermotolerance, yeast
was ALE-evolved to survive at =40 °C by modifying its sterol
profile.”®
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2.5 Co-culture systems

Co-culture systems have also been investigated to improve the
production of terpenes in yeast. The co-culture of yeast and
bacteria was developed to separate the biosynthetic pathways for
terpene production into modules expressed in the two
microbes.” The pathway division alleviated the total metabolic
burden placed on either species while engineering a mutually
dependent growth to prevent one species from significantly
outperforming the other.” The co-culture system was applied to/
for the production of oxygenated taxanes,”® yielding the first
microbial-based production of taxa-4(20),11(12)-dien-5a-acetoxy-
10B-ol and other terpenes, such as nootkatone and ferruginol™
(Fig. 2E). More recently, a similar system was used for exploring
the biosynthesis of strigolactones, plant hormones derived from
all-trans-p-carotene.®® Reconstruction of early steps of strigo-
lactone pathways was successfully achieved in E. coli while
functionalizing the key intermediate carlactone was only
possible in yeast. This bacteria-yeast consortium enabled the
functional characterization of CYP722Cs from different plants
involved in the oxygenation of carlactone and improved the titer
of 5-deoxystrigol by a metabolic engineering approach.®

3. Reconstruction of biosynthetic
pathways

Built from two universal isomer substrates, isoprenyl diphos-
phate (IPP) and dimethylallyl diphosphate (DMAPP), terpenoids

Module 1 Module 2 Module 3
)\/\OPP ld—lﬂ N OPP L )\/
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Scheme 2 Reaction schematics of different modules involved in terpene biosynthesis. (A) Overview of terpene biosynthesis via diphosphate
prenylation (Module 1), terpene skeleton cyclization (Module 2), and product decoration (Module 3). Overexpressed native enzymes represented

in brown, heterologous enzymes are represented in green.
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pyrophosphate group on DMAPP produces a positively charged C1, which is attacked by the C3-C4 double bond on IPP and generates a tertiary
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is followed by the elongation of GPP molecule into FPP (C15) and GGPP (C20) through successive additions of one and two IPP units to GPP,
respectively.

are synthesized in modular pathways"*' (Scheme 2). In the first
module, prenyltransferases typically catalyze the initial elon-
gation of the diphosphate chain by sequential head-to-tail (1'-4)
addition of IPP units,* producing a handful of building blocks
of increasing size by 5 carbon atoms (geranyl diphosphate C10,

NADPH

NADP*

farnesyl diphosphate C15, geranylgeranyl diphosphate C20)
(Scheme 3).

In the second module, terpene synthases introduce the first
level of diversification through complex reactions of rear-
rangement and cyclization of the hydrocarbon chain.’ Hence,

-OPP

-OPP

squalene

Scheme 4 Head-to-head prenylation mechanism. Triterpene (shown) and carotenoid first committed intermediates are formed by head-to-head
addition reactions, starting from the condensation of two molecules of farnesyl (FPP) or geranylgeranyl diphosphate (GGPP), respectively. The loss
of the pyrophosphate group on one of the FPP (shown) or GGPP molecules produces a positively charged C1, which is attacked by the C3-C4
double bond on the other FPP or GGPP, respectively. A new C—-C bond between the two FPP (shown) or two GGPP molecules is formed following
a proton removal, generating a cyclopropyl intermediate. Subsequently, the loss of the second pyrophosphate group generates a cyclo-
propylcarbinyl cation. An alkyl shift generates a tertiary carbocation, and a NADPH-dependent reduction occurs to obtain the final molecule.
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each building block emerges in distinct classes of thousands of
compounds with the same number of carbon atoms, known as
monoterpenes (C10), sesquiterpenes (C15), and diterpenes
(C20), respectively. Triterpene (C30) and carotenoids (C40) are
synthesized via a head-to-head addition (Scheme 4) of two
molecules of FPP and GGPP, respectively. Subsequent func-
tionalization of terpene scaffold by hydroxylation, reduction,
acetylation, methylation, glycosylation, etc., enables, in the
third module, synthesis of structurally complex isoprenoids,
thus enlarging their chemical variety.

Plants naturally harbor two pathways producing the
universal terpene precursors IPP and DMAPP, the MVA in the
cytoplasm as the main source of FPP and the specialized
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methylerythritol phosphate (MEP) pathway®® present in chlo-
roplasts (Fig. 3). MEP coordinates synthesis of GPP and GGPP
distinct from the cytosolic formation of FPP, circumventing
most of the competition between different metabolic pathways.
However, prenyl diphosphates, such as IPP and DMAPP or
larger (e.g. FPP), can be shared in between pathways despite
their localization in distinct subcellular compartments. Several
exceptions of terpenoids produced from building blocks
supplied from both plastid and cytosolic pathways have been
shown through isotope labeling and feeding studies,**** but the
crosstalk mechanism and its regulation remains unclear
(Fig. 3). Yeast lacking the MEP pathway delivers all terpene
building blocks from the cytoplasmic MVA pathway for the
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Fig. 3 Reaction schematics and localization of MVA (left) and MEP (right) pathways in plant cells. Plants synthesize isoprenoids via two distinct
pathways: MVA pathway (localized in cytosol and ER) and MEP pathway (localized in chloroplast). Crosstalk between the two pathways is enabled
by simple diffusion and transporter protein shuttling (denoted by brown arrows). DMAPP and IPP produced in MEP pathway can enter cytoplasm
and continue as precursors for downstream synthesis in MVA pathway, and FPP generated in MVA pathway can translocate into plastid and be
utilized in MEP pathway. Abbreviations: AACT, acetoacetyl-CoA thiolase; HMGS, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase; HMGR,
3-hydroxy-3-methylglutaryl-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; G3P, p-glyceraldehyde 3-phosphate;
DXS, 1-deoxy-p-xylulose-5-phosphate (DXP) synthase; DXR, DXP reductoisomerase; MCT, MEP cytidyltransferase; 4-CDP-2-C-methyl-p-
erythritol, 4-(cytidine 5’-diphospho)-2-C-methyl-p-erythritol; CMK, CDP-ME kinase; MDS, 2-C-methyl-p-erythritol 2,4-cyclodiphosphate (ME-
2,4cPP) synthase; HDS, 1-hydroxy-2-methyl-2-butenyl 4-diphosphate (HMBPP) synthase; HDR, HMBPP reductase; IDI1, isopentenyl-diphos-
phate delta isomerase; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; GPPs, geranyl diphosphate
synthase; FPP, farnesyl diphosphate; FPPs, farnesyl diphosphate synthase; GGPP, geranylgeranyl diphosphate; GGPPs, geranylgeranyl diphos-
phate synthase.
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reconstruction of downstream biosynthetic pathways of target
compounds. While the production of sesquiterpenes derived
from the cytoplasmatic FPP is relatively straightforward and
industrial yields have been achieved,'”** the production of GPP-
or GGPP-derived terpenes is relatively inefficient and requires
extensive pathway engineering and optimization.

3.1 Endogenous pathway modulation

Traditionally, the first steps in the production of terpenes in
yeast are aimed at increasing the performance of the MVA
pathway (Fig. 1) and downregulating sterol biosynthesis to
redirect accumulating prenyl diphosphate precursors to the
synthesis of target terpenes.**° Engineering hubs can be
identified at the HMG-CoA reductase (HMGR), converting
HMG-CoA to mevalonic acid, a rate-limiting step of the
upstream pathway. Prenyl diphosphate synthesis by the
sequential activity of Erg20p and squalene or lanosterol
synthesis by Erg9p or Erg7p, respectively, in the downstream
pathway, are also key points of intervention according to the
target terpene class of interest. The two yeast isozymes, Hmg1p
and Hmg2p, are highly regulated by different mechanisms at
transcriptional,® translational,®” and post-translational levels.®®
These enzymes are key engineering targets towards lifting the
negative feedback inhibition at this step. Overexpression of
a truncated version of Hmglp (tHmglp) devoid of regulatory
sequences after the removal of the transmembrane anchor
renders the protein soluble and alleviates an early pathway
bottleneck. The truncation of the first 552 amino acids signifi-
cantly improved the enzyme's catalytic turnover, removing the
bottleneck in the pathway.* This approach has been conven-
tionally used to increase the precursor supply in yeast for the
production of various terpenoids,'**® meroterpenoids,”®*** and
even non-natural compounds.®* Targeting HMG2, Ignea and co-
workers introduced a stable variant, Hmg2p(K6R), resistant to
ubiquitination into the yeast genome to improve monoterpene
and sesquiterp ene production.’” They also engineered tandem
heterozygous deletions of HMG2 positive genetic interactors
that regulate protein turnover and stability.*® It has been
demonstrated that the upregulation of other key genes in the
pathway was shown to have synergistic effects with HMGR
stabilization.”® Specifically, overexpression of ERG10, ERG13,
and ERG12, in conjunction with tHmg1, enhanced the meta-
bolic flux through the MVA pathway, increasing the yield of
amorpha-4,11-diene 13-fold.”

To reroute the carbon flux dedicated to sterol biosynthesis to
terpenoid production, diverging points have been rationally
engineered according with the first committed substrate for
different classes of terpenes.?® FPP, the first dedicated precursor
of sterols, is thus the primary endpoint of the pathway.'
Combined with inhibition of HMGR feedback regulation, FPP is
efficiently accumulated in yeast and readily converted into
sesquiterpenes. This advantageous metabolic flux supported
the early breakthroughs for the production of artemisinin
precursor'*'” and the highest titers of any terpene reported in
yeast to date of 130 g L™ of farnesene.'® Effective strategies for
sesquiterpene production also surround FPP synthesis in yeast
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and its conversion to squalene by the Erg20 and Erg9 enzymes,
respectively.”” Among these, overexpression of the Erg20p and
downregulation of ERG9 have become standard strategies that
expand beyond the production of sesquiterpenes.***° The use of
ergosterol-sensitive promoters from ERG11, ERG1, ERG2, and
ERG3, was shown to downregulate the expression of Erg9p,
increasing the yield of amorpha-4,11-diene between 2-5-fold.**
The best-performing promoter was shown to be ERGI
promoter.”* The methionine-sensitive (MET3) and the copper-
regulated CTR3 promoters were also used to downregulate
Erg9p."” The use of both promoters and Erg20p upregulation
increased amorpha-4,11-diene production up to 1.4-1.6 g L™ "
titers'” (Table S27).

With the tight regulation of the synthesis of FPP and
downstream intermediates in yeast, the availability of other
diphosphate precursors, such as GPP and GGPP, for mono- and
diterpene or carotenoid biosynthesis, respectively, is limited.
The Erg20p yeast prenyl transferase naturally produces GPP.
However, it is not released 