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Phytochemicals are important sources for the discovery and development of agricultural and
pharmaceutical compounds, such as pesticides and medicines. However, these compounds are typically
present in low abundance in nature, and the biosynthetic pathways for most phytochemicals are not fully
elucidated. Heterologous production of phytochemicals in plant, bacterial, and yeast hosts has been
pursued as a potential approach to address sourcing issues associated with many valuable
phytochemicals, and more recently has been utilized as a tool to aid in the elucidation of plant
biosynthetic pathways. Due to the structural complexity of certain phytochemicals and the associated
biosynthetic pathways, reconstitution of plant pathways in heterologous hosts can encounter numerous
challenges. Synthetic biology approaches have been developed to address these challenges in areas
such as precise control over heterologous gene expression, improving functional expression of
heterologous enzymes, and modifying central metabolism to increase the supply of precursor
compounds into the pathway. These strategies have been applied to advance plant pathway
reconstitution and phytochemical production in a wide variety of heterologous hosts. Here, we review
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plant communication, sensing, and survival."® In addition,
phytochemicals are pharmaceutically important, with many
used as first-line drugs.® Most phytochemicals have complex
structures; thus, their chemical syntheses are complicated,
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inefficient, and costly. Therefore, phytochemicals are
commonly commercially sourced via extraction from the
natural host plants.” However, as the abundance of phyto-
chemicals in the producing plants is often very low, and given
the complex metabolite background of plants, efficient isola-
tion of target phytochemicals from native producers can be
challenging.®® Plant cell culture of native producers is a poten-
tial alternative to the supply of these molecules,'** but can
encounter operational challenges such as providing adequate
light and mixing while maintaining aseptic conditions and
minimizing wall adhesion. In addition, many plant secondary
metabolites are mainly produced in specialized differentiated
tissues, which makes this approach more challenging.

With advances in recombinant DNA techniques and genome
engineering, DNA synthesis, and synthetic biology, heterolo-
gous production - that is, transferring the synthetic machinery
into a genetically tractable organism - is emerging as
a compelling alternative to traditional production of high-value
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phytochemicals. Numerous examples of heterologous produc-
tion of complex phytochemicals have been demonstrated in
genetically tractable plants, such as Nicotiana benthamiana, and
microbial hosts, such as S. cerevisiae and Escherichia coli. In this
review, we discuss synthetic biology strategies recently applied
to advance production of high-value phytochemicals in heter-
ologous plant, bacteria, and yeast systems, and highlight the
advantages and drawbacks of each system.

2 Heterologous phytochemical
production in plant systems

The biosynthetic pathways of most phytochemicals are highly
complex, including a number of membrane-bound proteins
that require special intracellular infrastructure, which can
make transferring such synthetic machinery to other organisms
challenging. Compared with microbial hosts, heterologous
plant hosts exhibit more similar microenvironments to the
native producer plant for heterologous protein expression, and
have similar core metabolic pathways to native producer plants,
often providing a natural supply of chemical precursors for
downstream biosynthetic pathways. However, heterologous
plant systems, like the native producers, grow slower than
microbial hosts, generally lack convenient stable genomic
engineering approaches, and exhibit a complex metabolite
background - potentially including compounds similar to the
authentic target compound - that can lead to challenges in
isolating the target phytochemical. Heterologous plant-based
systems have also widely been used to investigate plant
secondary metabolism and the biological and ecological func-
tions of these phytochemicals. A number of recent reviews have
focused on the engineering of complex metabolic pathways in
plant hosts.*** In this section, we focus on strategies and
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approaches to consider when engineering heterologous plant
hosts for the production of phytochemicals.

2.1 Selecting a heterologous plant host for phytochemical
production

Most plant hosts are genetically intractable or do not have well-
developed molecular biology tools for expressing heterologous
genes. Thus, a small number of model plants are often
employed for heterologous phytochemical production. The
primary model organism for studying plant biology, Arabidopsis
thaliana, was the first plant to have its genome sequenced™ and
a set of genetic modification approaches have been developed
for genetic modification, including nuclear transformation.
These approaches were applied to heterologously express the
maize terpene synthase TPS10 in A. thaliana, yielding a trans-
genic plant which produced high levels of sesquiterpene prod-
ucts identical to those produced by maize.'® The heterologous
expression of TPS10 in A. thaliana also facilitated the investi-
gation of the ecological functions of TPS10 products, by
showing that compounds produced by this enzyme were suffi-
cient to help females of the parasitoid Cotesia marginiventris
locate their lepidopteran hosts."®

Tobacco plants of the genus Nicotiana are popular organisms
for heterologous reconstitution of plant biosynthetic pathways.
The tobacco BY-2 cell line, derived from the seedlings of Nicotiana
tabacum, has been widely utilized in cell suspension culture'” and
as a model organism to study plant molecular biology and physi-
ology." N. benthamiana can be successfully infected by a large
number of plant viruses, and thus has been employed as a model
organism to investigate plant-pathogen interactions.” A number of
biosynthetic pathways have been reconstituted in N. tabacum and
N. benthamiana for the synthesis of various compounds, including
sesquiterpenes,”?® diterpenes,®>" monoterpenes,’*** lignans,*
glucosinolates,> and flavonoids,® with reconstituted pathways
comprising up to ten heterologous enzymes.*

Although it does not share a similar metabolite background
with the vascular plants, the moss Physcomitrella patens®® has
recently been employed for the heterologous production of

35

sesquiterpenes®” and diterpenes.*® P. patens can be cultivated
with standard plant tissue culturing techniques, and allows
efficient and stable genomic integration via homologous
recombination.** In addition, Solanum lycopersicum (tomato),
as a well-studied model organism with comparatively well-
established molecular biology techniques, has been utilized
for the production of taxadiene,** a biosynthetic precursor to
the anticancer agent paclitaxel (Taxol), because it contains an
abundance of the upstream terpene building block geranylger-
anyl pyrophosphate (GGPP).

Non-model plants have also been chosen as heterologous
hosts for phytochemical production. One of the major reasons
for using non-model plant hosts is the presence of specific
upstream substrates in the selected organism. For example,
Artemisia annua and ginseng (Panax ginseng) have been utilized
to synthesize taxadiene,”** due to the abundance of terpene
precursors in these plants. A. annua grows relatively quickly and
has an efficient genetic transformation system and ginseng root
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cultures can be transformed to functionally express heterolo-
gous plant enzymes. As another example, the lignan sesamin
was synthesized from Forsythia koreana,**** which is an abun-
dant natural producer of various other lignans.

2.2 Genetic strategies for modifying multi-gene expression
in plants

The introduction of heterologous genes and application of
metabolic engineering strategies for enhanced phytochemical
production require genetic modification of the plant host.
Unlike microorganisms such as E. coli and S. cerevisiae, genetic
engineering in plants is more complicated and time-
consuming. Agrobacterium-mediated plant transformation of
plasmids for expression of heterologous proteins is a common
approach that has been established and streamlined in a large
number of plants.*® In one example, a pipeline based on Agro-
bacterium-mediated transient transformation in N. benthamiana
was established that enabled high-throughput identification of
hundreds of terpenoid biosynthetic enzymes within 7 days after
transformation with Agrobacterium.*”

While transient expression of single-gene constructs via
agro-infiltration is well-established, recent advances in
synthetic biology have enabled more powerful tools for
controlling gene expression in plants. In particular, expressing
multiple genes and achieving stable expression through chro-
mosomal integration are facilitated by various multi-gene
expression constructs (Fig. 1A) and integration strategies,
which have been recently reviewed.** These techniques have
been applied to synthesis of the sesquiterpene antimalarial
drug artemisinin in N. tabacum: a “mega-vector” was con-
structed to stably express five biosynthetic genes and a selection
marker, with the expression of each gene controlled by
a distinct set of promoters and terminators.>* Similarly, the final
three steps of the benzylglucosinolate pathway were transferred
from Arabidopsis to tobacco by expressing the three enzymes on
a single peptide chain using a 2A polycistronic open reading
frame (Fig. 1B), which enables the release of each protein C-
terminally fused to the 2A self-cleaving peptide.**

In addition to introducing multiple heterologous genes,
endogenous genes responsible for undesired side products may
be inactivated to enhance the availability of precursors for the
downstream biosynthetic enzymes. The inactivation of endog-
enous genes can be achieved through a number of strategies,
including virus-induced gene silencing (Fig. 1C), RNA interfer-
ence, and agrofiltration.” For example, the heterologous
production of the sesquiterpene (+)-valencene in N. ben-
thamiana was increased 2.8-fold by silencing the expression of
the endogenous squalene synthase (SQS) and the 5-epi-aristo-
lochene synthase (EAS) using an RNA interference approach.””
In another study, taxadiene production in tobacco was
increased 1.9-fold by enhancing the level of the key precursor
GGPP by inactivating the phytoene synthase (PSY) enzyme,
which uses GGPP as the substrate for carotenoid synthesis, by
virus-induced gene silencing.**

Tools are also being developed to simplify existing tech-
niques for genetic engineering of plant systems. One such tool

n
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Fig.1 Methods for gene expression control in heterologous plant systems. A variety of strategies have been developed to induce expression of
heterologous genes or repress unwanted expression of host genes. Such methods include: (A) multigene expression constructs; (B) expression
of multiple enzymes from a single polypeptide, separated by 2A self-cleaving peptide sequences; (C) RNAi-mediated silencing of host genes by
virus-induced gene silencing (VIGS); (D) targeting of enzyme expression to plastid organelles containing a high concentration of enzyme
substrates for enhanced efficiency. “LB", "RB": left and right boundary sequences for Agrobacterium-mediated expression (respectively); "ML":

mitochondrial localization tag.

is a Gateway®-based high-throughput viral vector cloning
system from Narcissus Mosaic Virus (NMV), which was developed
in N. benthamiana and shown to enable production of flavonoid
compounds, among other applications.* In addition, CRISPR/
Cas9 genome editing systems have been recently demon-
strated in Arabidopsis and N. benthamiana, and have been
shown to enable mutagenesis of phytoene desaturase genes in
both systems.>*** These tools will likely increase the ease of
genome editing and thereby advance heterologous production
of phytochemicals in these organisms.

2.3 Subcellular localization as a way to enhance
phytochemical production

Plant metabolic pathways are highly compartmentalized, such
that different sections of a biosynthetic pathway take place in
different subcellular locations.?” Plants even have two complete
sets of terpene biosynthetic pathways: the cytosolic mevalonate
(MVA) pathway, predominantly responsible for biosynthesis of
Ci15-derived terpenes, and the plastidic nonmevalonate
pathway (referred to either as the methyl-erythritol phosphate
(MEP) or the 1-deoxy-p-xylulose 5-phosphate (DXP) pathway),
which mainly synthesizes monoterpenes (C10), diterpenes
(C20), and carotenoids (C40). Thus, localizing the terpene
biosynthetic enzymes in different cellular compartments can

This journal is © The Royal Society of Chemistry 2018

alter production levels of the corresponding terpenes (Fig. 1D).
Redirecting amorpha-4,11-diene synthase (ADS) and farnesyl
diphosphate synthase (FPS) from the cytosol to plastids in N.
tabacum led to an improved production of the artemisinin
precursor amorpha-4,11-diene, of more than 40 000-fold to over
25 ng g ' fresh weight (FW).>> Similarly, production of the
monoterpene limonene was enhanced by up to tenfold through
targeting the expression of limonene synthase (LMS) from the
cytosol to plastids in N. tabacum.*® This approach has also been
applied to larger pathways; a 12-enzyme pathway was intro-
duced into N. tabacum chloroplasts, allowing for the synthesis
of artemisinic acid at levels of 0.1 mg per gram of fresh plant
matter — comparable to the levels seen in the native producer,
Artemisia annua. However, this engineering also substantially
impacted the growth of the transplastomic plants, possibly due
to the stress induced by overexpression of a large number of
heterologous enzymes.*

Heterologous biosynthetic enzymes have been redirected to
organelles other than the plastids to achieve phytochemical
production. In particular, redirecting the expression of certain
terpene biosynthetic enzymes to mitochondria may enhance
the production of corresponding terpenes due to higher avail-
ability of the terpene substrate in this organelle.®® The targeted
expression of amorphadiene synthase (ADS) in the mitochon-
dria of N. tabacum led to a six-fold enhancement in artemisinin

Nat. Prod. Rep., 2018, 35, 902-920 | 905
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production compared to expression of ADS in the cytosol.>* In
addition, redirecting germacrene A synthase (GAS) from the
cytosol to mitochondria resulted in a 15-fold increase in
production of the sesquiterpene germacrene A in N.
benthamiana.*®

2.4 Pathway reconstitution in heterologous plants as an
approach to elucidate biosynthesis schemes

Heterologous reconstitution of phytochemical biosynthesis in
A. thaliana and tobacco has been widely utilized for the char-
acterization of plant biosynthetic pathways. For example,
putative biosynthetic enzymes for the sesquiterpene lactone
parthenolide were proposed based on their expression profile in
the native producer, feverfew (Tanacetum parthenium), charac-
terized initially in yeast, and verified through reconstitution of
the biosynthetic pathway in N. benthamiana.”® Similarly, in
reconstituting the early steps of the paclitaxel pathway in
Nicotiana sylvestris, the activity of taxadiene 5a-hydroxylase
(CYP725A4) in catalyzing the conversion of taxadiene to 5(12)-
oxa-3(11)-cyclotaxane was identified.>® These approaches were
also used to study the biosyntheses of monoterpene indole
alkaloids (MIAs) and the lignan podophyllotoxin. Candidate
genes were proposed from transcriptome mining of Cathar-
anthus roseus and Podophyllum hexandrum, the activities of
these genes were reconstituted in N. benthamiana, and the
biosyntheses of the MIA strictosidine and the podophyllotoxin
derivative bietoposide aglycone, respectively, were elucidated
and achieved.*>*

While the relative biological similarity of model plants to the
native producers of phytochemicals makes them promising
hosts for heterologous production, the historical difficulties of
genetic modification in these systems has made progress in this
area challenging. However, advances in synthetic biology are
enabling more efficient genetic modification strategies and thus
novel approaches to plant genetic engineering, which are
facilitating projects ranging from individual enzyme charac-
terization by expression in heterologous systems to reconstitu-
tion of entire pathways.

3 Bacterial production of
phytochemicals

The rapid growth and high target molecule productivity of
microbial cultures make microbial production of phytochemi-
cals through metabolic engineering an attractive potential
source of these compounds. Despite the evolutionary distance
separating bacteria and plants, numerous plant biosynthetic
pathways have been reconstituted in bacterial systems.
Furthermore, heterologous pathways from non-plant organisms
have been adopted to improve the supply of precursor
compounds; in particular, while early efforts to synthesize iso-
prenoid compounds relied on the native nonmevalonate (e.g.,
methylerythritol 4-phosphate, MEP) pathway to supply iso-
prenoid precursors,*** recent work in this area generally
imports enzymes from the eukaryotic mevalonate (MVA)
pathway. The MVA pathway is speculated to outperform the

906 | Nat. Prod. Rep., 2018, 35, 902-920
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native pathway because its enzymes are not inhibited by the
bacterial host's regulatory machinery,*® even though its theo-
retical maximum productivity is less than that of the native
nonmevalonate pathway.”” E. coli, the workhorse model
organism for bacterial synthetic biology, is commonly used in
phytochemical biosynthesis research. In addition, photosyn-
thetic cyanobacteria, such as Synechococcus, have attracted
interest due to their ability to grow in the absence of a carbon
feedstock.>**°

Synthetic biologists have developed approaches that seek to
address challenges associated with heterologous expression of
biosynthetic pathways and high productivity. Progress in gene
expression control strategies has facilitated optimization of
enzyme expression levels. Synthetic biology techniques have
also been applied to ensure heterologous plant enzymes are
functional once expressed in the microbial environment.
Additionally, pathway expression constructs can be optimized
through selection and screening workflows enabled by the
development of novel biosensors.

3.1 Tuning expression of plant biosynthetic genes in
bacteria

Productivity of a bioprocess is often sensitive to enzyme
expression level and timing. In some cases, strategies that
express all pathway enzymes constitutively at high levels may be
sufficient to achieve production goals. However, in other cases
expression control techniques supporting graded, inducible, or
even feedback-regulated expression may result in a more stable,
energy-efficient, targeted design that ultimately leads to
increased productivity toward the desired phytochemical
product.

Numerous well-characterized promoters are available for
achieving high-level constitutive or inducible protein expres-
sion in bacteria. The lac promoter and its hybrid derivatives,
such as the tac promoter,” allow gene expression to be
controlled by addition of the inducer molecule isopropyl -p-1-
thiogalactopyranoside (IPTG). Driving expression of all pathway
enzymes with IPTG-inducible promoters is a common initial
configuration in pathway engineering efforts. Inducer concen-
trations can also be titrated to identify an optimum enzyme
expression level for phytochemical production. In one example,
the arabinose-inducible Py, promoter was used to modulate
expression of the enzymes synthesizing the terpenoid precursor
isopentyl pyrophosphate (IPP) and thereby optimize production
of the carotenoid lycopene.>® The T7 bacteriophage promoter,
which provides strong protein expression in the presence of the
T7 RNA polymerase, is also a commonly used promoter system
in metabolic engineering. Multiple expression systems can be
combined to optimize enzyme expression levels; for instance,
a variety of combinations of ¢rc and T7 promoters, as well as
high- and low-copy plasmids, were used to optimize expression
of a five-enzyme pathway converting tyrosine to the stilbenoid
compound resveratrol. This strategy achieved a titer of
35 mg L', an almost 30-fold increase over an unoptimized
strain.®> While these common promoter systems are well-
validated in E. coli, other promoters have been shown to

n
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function better in other bacterial systems — when the pea plant
chloroplast psbA promoter was used to overexpress spearmint
limonene synthase in cyanobacteria, an over-100-fold increase
in limonene productivity (to 885.1 pg per L per OD per d) was
achieved relative to a system based on the IPTG-inducible trc
promoter.*

Engineered promoters designed to cover a range of expres-
sion levels can be used to balance the expression of pathway
enzymes to achieve an optimal flux through the pathway.
Mutagenesis of a natural promoter has been used to generate
families of promoter variants that span a range of expression
strengths. In one application of this strategy to production of
phytochemicals, mutagenized promoters generated through
error-prone  PCR of the constitutive bacteriophage Pyi-A
promoter were used to optimize the relative production of
enzymes in the lycopene pathway in E. coli, nearly doubling
lycopene titers to over 2.0 mg L™ *.%

Inducible promoters that are controlled by a pathway-related
compound can also be used to impart dynamic feedback regu-
lation over parts of a pathway, which can dynamically balance
expression levels and robustly optimize yield over changing
conditions during the course of a fermentation. Flux can be
dynamically redirected away from toxic side products by using
promoters induced by the side product to drive expression of
pathway genes (Fig. 2A). In one study illustrating this approach,
a natural acetate-inducible promoter, ginAp2, was used to
increase yields of lycopene by increasing expression of the
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isoprenoid biosynthetic enzymes isopentenyl-diphosphate
isomerase and phosphoenolpyruvate synthase in the presence
of acetate.** The regulatory strategy dynamically redirected
metabolic flux away from the toxic side product acetate and into
the desired pathway. Whereas constitutive overexpression of pps
had previously been shown to reduce growth,* the dynamic
regulatory strategy did not impart a growth defect to the
system.®* More recently, promoter engineering has been applied
in the context of feedback control. Overaccumulation of
a metabolic intermediate can be prevented by using a promoter
repressed by the intermediate to downregulate the enzyme
which produces it, or using promoters induced by the inter-
mediate to upregulate the enzyme catalyzing the next reaction
in the pathway (Fig. 2B). This approach has been explored using
the Bacillus subtilis-derived transcription factor FapR. This
transcription factor is inhibited by the compound malonyl-CoA,
a precursor in biosynthesis of many compounds including the
phytochemical triacetic acid lactone.®® Engineered promoters
that are either activated or repressed by malonyl-CoA via FapR
regulation have been developed and used to regulate produc-
tion of malonyl-CoA through feedback regulation of enzymes in
its biosynthetic pathway.*~*°

Assuming a promoter responsive to a metabolite of interest
is available, implementing an effective feedback control strategy
requires thorough characterization of the promoter's strength
and sensitivity to the target metabolite. For example, charac-
terization methods for a set of metabolite-sensitive bacterial
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Fig. 2 Synthetic biology tools for expression control and pathway optimization in bacterial systems. Synthetic biology strategies incorporating
transcriptional and post-transcriptional control have been applied for phytochemical pathway optimization in bacteria. (A) Metabolite-responsive
promoters can be used to reduce levels of side products by increasing expression of desired pathway enzymes in response to side product
accumulation. (B) Similarly, levels of pathway intermediates can be moderated by using feedback to control reactions producing and consuming
these compounds. (C) sRNA is used to inhibit gene expression at the translational level. (D) dCas9 is used to inhibit transcription by binding
a target site in a promoter region (yellow) and obstructing RNA polymerase (RNAP).

This journal is © The Royal Society of Chemistry 2018
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promoters, including to the plant flavonoid naringenin,”® were
described by measuring the population distribution of fluores-
cent protein expression over a range of inducer concentrations
in the context of both high- and low-copy plasmids. While the
need for a metabolite-responsive promoter can limit the utility
of this approach, systems biology methods have been applied to
identify natural metabolite-responsive promoters. For instance,
a microarray-based approach was used to find promoters
responsive to the toxic isoprenoid precursor farnesyl pyro-
phosphate (FPP). A series of pathway constructs for production
of amorpha-4,11-diene were constructed using these promoters
to achieve dynamic FPP-responsive control over gene expres-
sion. The resulting optimized construct displayed a two-fold
increase in amorphadiene titers (to 1.6 g L™') over similar
constructs using inducible or constitutive promoters.”™

Post-transcriptional regulation strategies for controlling
enzyme expression in bacteria have also been demonstrated.
The sequence of a ribosome binding site (RBS) can be altered to
change the rate of translation initiation and thus enzyme
expression levels. Computational tools have been developed to
alter the strength of an RBS in a predictable manner, offering
a rational strategy for tuning expression strength.”>”® One study
applying these tools to phytochemical production used a set of
RBS variants generated using the “RBS Calculator”” to
predictably alter expression levels of three mevalonate pathway
genes, as well as amorphadiene synthase, in an E. coli strain
producing amorphadiene. This enabled a five-fold increase in
amorphadiene production (to 3.6 g L ') over the original
strain.” Similarly, a library of RBS variants was used to modu-
late expression of enzymes in the mevalonate pathway for
optimized production of the carotenoid B-carotene, yielding
a 51% increase in cell density-normalized product titers.”

A number of other synthetic biology devices that modulate
gene expression post-transcriptionally have been leveraged for
phytochemical production in bacteria. An early example of
engineered post-transcriptional control is a family of RNA
sequences referred to as TIGRs (Tunable Intergenic Regions),
which were designed to modulate RNA stability and translation
rates when placed between genes in an operon.” In the context
of phytochemical production, a set of TIGR variants was used to
create a library of mevalonate pathway constructs expressing
pathway enzymes at a range of levels. The best designs from the
library were shown to reduce levels of the toxic intermediate 3-
hydroxy-3-methylglutaryl-CoA (HMG-CoA) and boost mevalo-
nate production by a factor of 7 to 6 mM after 24 hours.”
Additionally, small regulatory RNAs (sRNAs), which inhibit
translation and accelerate RNA degradation (Fig. 2C) in
a sequence-dependent manner,”” have been used to reduce the
expression of large sets of targeted genes. Using this strategy,
combinations of knockdowns of 130 E. coli genes were rapidly
tested for impact on production of the quinolizidine alkaloid
precursor cadaverine. The approach identified that knockdown
of murE, an essential gene that would not have been identified
by a more conventional gene-deletion approach such as
screening a deletion library,” led to a 55% increase in cadav-
erine titer (to 2.15 g L") relative to a previously reported E. coli
strain.” sRNAs can also be used to finely modulate expression
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levels of heterologously expressed genes. In another example,
a “pool” of sRNAs inducing varying degrees of repression was
used to tune the expression of genes in a pB-carotene pathway.
This approach led to a strain producing 200 mg L™" of B-caro-
tene, a five-fold increase relative to the original, unoptimized
strain.®

More recently, CRISPR-Cas9-based tools have been used to
develop flexible strategies for achieving targeted gene repres-
sion. Catalytically dead Cas9 (dCas9) can be targeted to regions
of DNA to block transcription initiation (Fig. 2D). The efficiency
of knockdown is tunable by changing the position at which
dCas9 binds or the degree of base pairing between the Cas9
¢RNA and the target DNA.*" In one application of this technique
to phytochemical production, dCas9-based gene repression was
used to achieve a 7.4-fold increase in titers of the flavonoid
naringenin (to over 400 mg L ') by identifying genes whose
repression increased levels of the precursor compound
malonyl-CoA.*” Additionally, this strategy was used to achieve
a 2-fold increase in titers of the anthocyanin peonidin 3-O-
glucoside (to 51 mg L™") by reducing production of the SAM-
responsive transcriptional repressor met], which disregulated
production of the cofactor S-adenosyl methionine.** The level of
dCas9 repression can also be titrated by modulating the level of
dCas9 via an inducible promoter. Such an approach was applied
to optimizing expression of genes in the mevalonate pathway,
resulting in an approximately 7-fold increase in lycopene titers
(to approximately 70 mg L™1).%

3.2 Strategies for functional expression of plant enzymes in
bacteria

The vast evolutionary distance between plants and prokaryotes
raises a number of challenges when attempting to reconstitute
plant biosynthetic pathways in bacteria. Achieving functional
expression of complex enzymes in such a different context can
be difficult. In particular, the activities of members of the
cytochrome P450 oxidoreductase enzyme family, which
commonly catalyze oxidation and hydroxylation reactions, are
dependent on proper folding and integration into the endo-
plasmic reticulum to interact with reductase partners also
located within this endomembrane. Thus, plant P450s are often
nonfunctional when heterologously expressed in prokaryotes,
which lack an endoplasmic reticulum. An additional challenge
is ensuring that each enzyme in the pathway expresses stably
and at an appropriate level, so that potentially toxic interme-
diates do not accumulate. Progress in synthetic biology has
made both individual enzymes and entire enzyme pathways
easier to functionally express.

A number of strategies have been developed to address the
challenges that arise in achieving high activities of plant cyto-
chrome P450s in heterologous bacterial hosts, including rede-
signing pathways to remove the reliance on P450-catalyzed
reactions and expressing the P450 enzyme as a soluble protein
fusion. In one example of the former strategy, the bacterial
enzymes hpaB and hpaC, which together act as a p-hydrox-
yphenylacetate 3-hydroxylase, were used in a redesigned
pathway in E. coli in place of a plant cytochrome P450 that
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catalyzes a similar reaction in the biosynthesis of the phenyl-
propanoid caffeic acid.*® In a more complex instance of pathway
redesign, a pathway for the production of the benzylisoquino-
line alkaloid (BIA) reticuline was constructed in E. coli without
the cytochrome P450 CYP80B1, which catalyzes a required
hydroxylation on the 1-benzylisoquinoline alkaloid scaffold.*®
The plant biosynthetic pathway to reticuline begins with the
condensation of dopamine and 4-hydroxyphenylacetaldehyde
to form the 1-benzylisoquinoline scaffold norcoclaurine, which
subsequently undergoes a series of three methylation and one
hydroxylation reactions to form reticuline. The redesigned
pathway leveraged the substrate promiscuity of the plant
enzymes and engineered an upstream pathway that produces
dopamine and 3,4-dihydroxyphenylacetaldehyde, which when
condensed provide the 1-benzylisoquinoline scaffold with the
hydroxyl group added in such a way that only the methylation
reactions were required to form reticuline from this modified
scaffold.

Strategies have been developed to functionally express plant
cytochrome P450s in bacterial hosts. An important consider-
ation for functional P450 expression is the approach used to
engineer the protein's N-terminal domain. The native N-
terminal domain, which anchors into the ER membrane in
eukaryotes and is often insoluble, is usually truncated® or
replaced with other sequences, such as an 8-residue peptide
from bovine 170 hydroxylase, to improve solubility.?®* In
concert with N-terminal engineering, P450s can be expressed as
a soluble fusion with the appropriate reductase partner; an
approach which mimics the structure of the well-studied
bacterial P450 BM3 (Fig. 3A). This recoding approach has
been shown to provide solubility and enable efficient coupling
between the cytochrome P450 and reductase partner. In one
example, a P450 flavonoid 3’-hydroxylase was fused to a P450
reductase with a glycine-serine-threonine tripeptide linker,
enabling soluble, functional expression.”® Similarly, the P450
IFS1 was functionally expressed in E. coli for the conversion of
the flavonoid naringenin to genistein. Optimizing the P450 N-
terminal truncation and choice of linker domain increased
genistein productivity five-fold over the original fusion
construct; ultimately, a titer of over 10 mg g~ cell weight of
genistein was achieved.®* This approach has also been validated
in the context of expressing the P450 taxadiene 5-o. hydroxylase
for generating oxygenated taxanes from taxadiene.”” One
drawback of the fusion approach is that it enforces a 1:1
stoichiometry of P450s and reductases, which may not be
optimal. Further work on taxadiene 5-o hydroxylase expression
found that expressing the P450 and the reductase separately
allowed for independent optimization of their expression levels,
which enabled efficient catalysis without stressing the cell by
overexpression of insoluble protein, and helped lead to a more
than ten-fold increase in oxygenated taxane titers, to over
500 mg L%

Despite this drawback, enzyme fusions have been shown to
be useful in contexts beyond P450 expression; they can increase
pathway efficiency by co-localizing enzymes that catalyze
subsequent reactions in a pathway. For example, as part of an
effort to increase yields of the sesquiterpene plant defense
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Fig. 3 Fusion and scaffolding approaches for heterologous enzyme
expression. (A) P450-CPR complexes can be solubilized by protein
fusion, circumventing the need for a eukaryotic endoplasmic retic-
ulum. The solubilizing N-terminal peptide 'MALLLAVF" was used by
Biggs et al.,®® among others, and the linker peptide ‘GST' was used by
Zhu et al®° (B) Pathway enzyme colocalization at a defined stoichi-
ometry via scaffolding, after the approach of Dueber et al.**

compound a-farnesene,” farnesyl pyrophosphate synthase and
a-farnesene synthase, which acts on FPP, were fused with
a (GGGGS), linker peptide. The resulting strain achieved o-far-
nesene titers of 86.8 mg L' - approximately 50% more than
a strain expressing the enzymes separately - and produced no
detectable amount of the side product farnesol, supporting the
conclusion that the protein fusion enabled efficient coupling
between the two enzymes.

In order to co-localize enzymes while retaining control over
ratios of enzyme expression, synthetic biologists have devel-
oped macromolecular scaffolds for enzyme co-localization
(Fig. 3B). One such scaffold was designed using a set of
protein—protein interaction pairs from metazoans. One
member of each pair was fused to an enzyme of interest, and
one or more copies of each interacting protein's partner were
fused together to form a scaffold, where the relative numbers of
each interacting domain included in the scaffold determined
the stoichiometric ratio of co-localized enzymes. This system
was used to co-localize mevalonate pathway enzymes in order to
reduce the concentration of the toxic intermediate HMG-CoA
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and boost mevalonate levels for a 77-fold improvement in
product titer over a non-scaffolded implementation of the
pathway.** Protein—nucleic acid interactions can also be used as
the basis for a scaffold. Enzymes fused to zinc finger DNA-
binding domains targeting specific DNA sequences were co-
localized on DNA scaffolds designed with specified numbers
of zinc finger binding sites to determine the ratio of co-localized
enzymes. This strategy was applied to a pathway converting 4-
coumaric acid to the stilbenoid compound resveratrol, leading
to a five-fold increase in yield (to over 10 mg L") versus
a random-scaffold control.*

In addition to balancing enzyme activity levels, ensuring
pathway stability is a common challenge. Heterologously
expressed plant biosynthetic pathways impose stress on the
host cell, creating a selective pressure for loss of function.
Strategies for improving genetic stability can improve product
yields. One such approach is chemically inducible chromo-
somal evolution (CIChE), in which the pathway's genes are
integrated into a bacterial genome with an antibiotic resistance
marker. RecA-mediated homologous recombination and growth
in increasing concentrations of the antibiotic are used to
increase the number of integrated pathway copies. Deleting recA
then stabilizes the bacterial genome, yielding a strain that
stably expresses integrated enzymes for long periods without
antibiotic selection. This strategy was applied to increase titers
of lycopene by 60% relative to a plasmid-based control (to over
12 000 ppm).°® An extension of this system using copies of the E.
coli essential gene fabl to confer resistance to increasing
concentrations of the antibacterial compound triclosan was
developed and used to overproduce lycopene without the need
for antibiotic resistance markers at any stage of the strain
construction process.””

3.3 Co-culture fermentation for enhanced efficiency towards
synthesis of phytochemicals

Plant biosynthetic pathways can comprise a large number of
biosynthetic enzymes, including membrane-bound proteins,

E. coli
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which can lead to expression burden and growth deficiency
when introduced into the heterologous microbial host. This
expression burden can be shared among multiple microbial
strains through compartmentalization, by breaking the
complete pathway into separate modules and expressing each
module in a dedicated microbial strain. Reconstructing
a complex biosynthetic pathway across multiple production
hosts can be used to address challenges associated with burden
from expressing large numbers of heterologous enzymes - some
of which may misfold or otherwise stress the cell - in a single
host.

Co-culture of multiple E. coli strains, each harboring part of
a complete biosynthetic pathway, has been used to increase
production of phytochemicals including resveratrol®® and other
flavonoids.®® In contrast, co-culture of E. coli and S. cerevisiae
strains has been used to address challenges associated with
plant P450 expression in bacteria. One such bacterial-yeast co-
culture was used to produce the benzylisoquinoline alkaloids
magnoflorine, corytuberine, and scoulerine; the scaffold mole-
cule reticuline was synthesized in E. coli and subsequently
converted to other BIAs in engineered S. cerevisiae strains
expressing pathway cytochrome P450s.' In another study,
a mutualistic yeast-bacteria co-culture system (Fig. 4) was
developed by engineering an E. coli strain that metabolized
xylose to acetate, which in turn inhibited bacterial growth and
served as the carbon source for the yeast strain.”® By expressing
a taxadiene biosynthetic pathway in E. coli and taxadiene-
oxygenating P450s in S. cerevisiae, a co-culture system
produced oxygenated taxanes and other oxygenated plant iso-
prenoids. Bacteria-yeast co-culture leverages the fast growth
rate and efficient metabolic processes of E. coli and the ability of
S. cerevisiae to functionally express plant P450s without exten-
sive enzyme engineering.

3.4 Screening and selection for pathway optimization

Given the complexity of biological systems, a complementary
strategy to rationally designing a relatively small set of genetic

S. cerevisiae

AT ]
H e

1

Fig. 4 Subdividing metabolic pathways among cocultured strains. Heterologous pathways can be expressed in consortia of bacteria and yeast,
with the yeast expressing enzymes that may be challenging to functionally express in bacteria, such as plant cytochrome P450s. A mutualistic
relationship can be engineered between the two organisms by engineering yeast to subsist on a bacterial fermentation product, ensuring that
both microbes are available to carry out their designated roles. Xylose and acetate, shown here as carbon sources for E. coli and S. cerevisiae,
respectively, were used by Zhou et al.°® in one implementation of this strategy.
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constructs is to generate a large library of candidate constructs
and screen them for desired activities. In a screen, a phenotype
of interest (such as production of a phytochemical) is measured
for each member of the library - either directly by an analytical
technique such as LC-MS, or indirectly, by coupling the
phenotype of interest to another trait that can be measured in
higher throughput, such as pigment formation or fluorescence.
In a selection, the phenotype of interest is coupled to the
strain's ability to survive, such that strains with the desired
activities are enriched in the library over time. High-throughput
screens and/or efficient selections enable researchers to sample
a larger design space.

While production of almost any natural product can be
measured by mass spectrometry, this is typically a relatively low-
throughput approach that allows for characterizing only thou-
sands of design variants. However, some compounds produce
a visible phenotype such as a change in colony color, enabling
higher-throughput screens for increased production levels.
Lycopene, which produces red colonies that can be visually
screened on agar plates, is commonly used in plate-based
screening strategies. The related pigment astaxanthin has also
been used for screening carotenoid production.'” However,
lycopene has been shown to degrade in the presence of
hydrogen peroxide and other reactive oxygen species produced
by oxidative stress, meaning it may not always be an accurate
reporter of isoprenoid pathway flux.'*?

Synthetic biology strategies can be used to correlate the
production of phytochemicals to a readily-screenable pheno-
type. Developing and characterizing biosensors - genetically
encoded systems that respond to a stimulus, such as presence
or absence of a compound - is a major area of interest in
synthetic biology, which has been discussed in detail in recent
reviews.'**'** Many biosensors can be coupled to a screenable
phenotype or to cell growth to enable screens or selections for
a natural product (or a pathway intermediate). In one example,
production of the isoprenoid precursor mevalonate was opti-
mized through a biosensor-enabled screen. A mevalonate
biosensor was first engineered through saturation mutagenesis
of the transcriptional repressor AraC'® and a GFP-based screen
for variants which enabled significant increases in GFP
production in the presence of mevalonate when GFP expression
was controlled by the araC-regulated PBAD promoter. A library
of mevalonate pathway variants was then constructed by
modifying an existing plasmid expressing several genes from
the pathway®® and randomizing the ribosome binding site
controlling production of the key enzyme HMG-CoA reductase.
The resulting mevalonate-responsive araC variant was used to
screen a library of 10> mevalonate pathway constructs by using
the araC biosensor to drive expression of the reporter gene lacZ.
The best constructs identified in this screen produced approx-
imately 17 mM mevalonate - a three-fold increase over the
original construct.'® In another study leveraging a biosensor-
enabled screen, a biosensor for the phytochemical triacetic
acid lactone (TAL) was developed by directed evolution of araC,
and used to screen a library of mutants of the TAL-generating
enzyme 2-pyrone synthase, naturally found in the plant
Gerbera hybrida, for increased activity in E. coli, leading to a 19-
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fold improvement in the enzyme's catalytic efficiency.®® This
biosensor was further applied to screen for increased produc-
tion of TAL, as well as its precursor, malonyl-CoA, in an E. coli
library generated by random transposon insertion, leading to
the isolation of a strain producing over 30 mg per L per ODggo Of
TAL, a 4.2-fold improvement over the unmutagenized control.**®

Beyond the design of the selection strategy, another impor-
tant consideration in optimizing a heterologous pathway via
selection or screening is the approach used for library genera-
tion. These approaches can induce changes throughout the
bacterial genome, or target a small set of loci. Simple genome-
wide approaches have been shown to be useful in the context
of lycopene overproduction. “Shotgun” approaches, in which
libraries of restriction enzyme-digested genomic fragments are
transformed into E. coli and screened for product over-
production by colony phenotype, have been used to identify
genes whose overexpression increases production of lyco-
pene.’””'*®® For instance, combinatorial optimization of 15
candidate genes for overexpression was performed leading to
a strain that produced over 16 000 ppm lycopene, double the
levels produced from a control strain.'®” Random genome-wide
overexpression to increase lycopene titers has also been ach-
ieved by generating mutagenized libraries of the transcription-
inducing sigma factor ¢,”® changing its binding specificity and
causing it to upregulate randomly chosen sets of genes.'® This
approach led to a 50% increase in lycopene production (to
6.3 mg L) over the original strain.

Strategies have also been developed that allow for a more
targeted mutagenesis strategy. One such strategy is Multiplex
Automated Genome Engineering (MAGE), in which cells are
repeatedly transformed with oligonucleotide libraries targeting
the RBSes of genes of interest to efficiently generate pathway
libraries that sample a range of expression levels of the target
genes."™ In one study applying this approach to phytochemical
production, a selection system was developed by using ¢gR,
a transcriptional repressor that is inactivated in the presence of
naringenin, to control the expression of t0lC, a gene which
confers resistance to sodium dodecyl sulfate (SDS) but sensitivity
to colicin E1.""* The system was used to couple growth in SDS-
containing media to naringenin production while exposure to
colicin E1 was used to eliminate escape mutants that had evolved
constitutive tolC expression. The selection system was used to
carry out four rounds of MAGE and achieved a 36-fold increase in
naringenin titers up to 39 mg L™, where further optimization in
bioreactor culture resulted in a titer of over 60 mg L™ *. The MAGE
strategy was also used to evolve higher-titer lycopene strains,®
modulating expression levels of genes identified as relevant for
lycopene production in earlier shotgun screens'*”'*® and in
computational modeling of the lycopene pathway."*?

While the quick growth and potential for high product titers
associated with bacterial cultures makes bacteria attractive
heterologous hosts for phytochemical pathways, the evolutionary
distance between plants and bacteria can pose challenges for
efficient engineering. The recent development of strategies that
facilitate the functional expression of plant enzymes in bacteria,
as well as the process of selecting optimal variants of designed
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pathways, is helping to facilitate the development of bacterial
systems for producing phytochemicals.

4 Yeast production of
phytochemicals

Yeast systems are widely utilized in the heterologous produc-
tion of plant secondary metabolites.”® Like bacterial systems,
yeast systems such as Saccharomyces cerevisiae are metabolically
and genetically well-studied,"** especially as compared to plant
systems. In addition, compared to bacterial systems, yeast
exhibits a more similar microenvironment and metabolite
profile to plants, which can lead to higher activity of certain
plant enzymes and less expression burden than in bacteria. In
particular, although multiple studies have shown E. coli to be
a feasible organism for the heterologous expression of plant
P450s, it is generally believed that functional expression of this
group of endoplasmic reticulum (ER)-bound enzymes in yeast is
relatively easier.™® However, as unicellular eukaryotic organ-
isms, yeast are quite distinct from plants. Therefore, difficulties
in heterologous expression of certain types of plant enzymes
and inefficient conversion of pathway intermediates remain as
challenges in yeast systems. Recently, a number of studies have
demonstrated the potential of non-Saccharomyces yeasts as
heterologous hosts for the biosynthesis of plant molecules.*****”
However, S. cerevisiae remains the most common choice when
utilizing yeast to synthesize plant molecules,**® largely because
S. cerevisiae is one of the best-studied and genetically accessible
microorganisms.™* In this section, we discuss synthetic biology
strategies utilized in yeast, to reconstruct plant pathways and to
achieve efficient yeast-based bio-production of phytochemicals.

4.1 Genetic modification strategies for multi-gene pathway
assembly

Plant biosynthetic pathways can require up to 20-30 enzymes
for the synthesis of phytochemicals in heterologous hosts. S.
cerevisiae features efficient homologous recombination, and
a number of cloning techniques have been developed based on
this feature,
such complexity feasible. Recently, yeast recombination has
been adopted to assemble complex pathways in yeast on
a plasmid or on the chromosome, an approach referred to as
“DNA assembler”.”*® This approach has been used for recon-
structing multi-gene pathways (Fig. 5A). To synthesize the MIA

9 which makes the reconstruction of pathways of

strictosidine, a precursor of the anticancer drug vinblastine, 21
different enzymes, 15 of them from the MIA-producing plant
Catharanthus roseus, were required to be introduced into the S.
cerevisiae genome. Each gene was inserted between a promoter
and terminator, and the expression cassettes for the enzymes
were grouped into 7 modules to be introduced into 7 loci in the
S. cerevisiae genome.'”" Similarly, the expression of 21 and 23
enzymes from plants, mammals, bacteria and yeast was
required for the synthesis of the opioid alkaloids thebaine and
hydrocodone, respectively. These biosynthetic pathways were
each split into 6 or 7 genetic modules that were then integrated
into the S. cerevisiae genome.'” More recently, the complete
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biosynthesis of noscapine was established in S. cerevisiae, with
a titers up to 2.2 mg L™ " achieved through protein engineering
and metabolic engineering."® This de novo noscapine biosyn-
thesis requires the expression of 25 heterologous enzymes from
plants and mammals, which not only demonstrates the poten-
tial of yeast as a producer of highly complex phytochemicals,
but also an alternative route for the synthesis of novel derivative
compounds.

To assemble a multi-gene pathway, each gene is typically
placed between a promoter and terminator to form an expres-
sion cassette, and a set of expression cassettes are assembled
using homologous recombination. Therefore, multiple sets of
promoters and terminators are desired for more efficient
pathway assembly."**'** Recently, a synthetic biology platform
was developed to screen for a set of synthetic minimal inducible
and constitutive yeast promoters assembled from libraries of
core elements, upstream activating sequences, and a neutral
AT-rich spacer.”” While these synthetic promoters retain
similar transcription levels to the parent promoters, they are
only 1/6 of the original length.**® Similarly, libraries of synthetic
short terminators have also been designed and verified through
fusing the consensus sequences of yeast terminators with short
random sequences.”””**® The development of such synthetic
short promoters and terminators that retain gene expression
activities has the potential to enable more efficient assembly of
multi-gene pathways in yeast, thereby facilitating phytochem-
ical production.

To reduce the number of promoter-terminator pairs
required for pathway assembly, multiple-gene pathways have
been assembled through fusing them in a single reading frame
using ribosome-skipping sequences called 2A sequences®
(discussed in the context of plant genetic engineering in Section
2.2). In one study, 2A sequences from various viruses were
tested in S. cerevisiae, and the one from the virus Thosea asigna
(T2A) was verified as a functional ribosome-skipping sequence
in S. cerevisiae. Three genes encoding enzymes involved in the
synthesis of B-carotene from the carotenoid-producing yeast
Xanthophyllomyces dendrorhous were then expressed on a single
expression cassette using the verified T2A, which enabled
production of B-ionone (at a level of 0.22 mg g~ ' dry weight) by
introducing the expression of a carotenoid-cleavage dioxyge-
nase from raspberry (Rubus ideaus RiCCD1)."*

In addition to promoters and terminators, when assembling
complex heterologous pathways in the yeast genome, multiple
well-characterized integration loci are required. In addition to
the loci such as URA3, HIS3, LEU2, and TRP1 that are commonly
inactivated to enable the use of auxotrophic markers, multiple
integration sites have been examined and verified for the
genomic integration of heterologous genes without affecting
yeast growth."****> To mimic the natural clustering of genes
encoding enzymes responsible for the synthesis of certain
molecules on microbial chromosomes, 14 integration sites
separated by genes essential for survival or growth were verified
on chromosomes X, XI, and XII.**"**> A multi-gene pathway can
thus be constructed through grouping multiple expression
cassettes in a single locus with DNA assembler, or integrating
each gene into the verified clustered locus. No direct
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Fig. 5 Synthetic biology tools for genetic engineering and pathway optimization in yeast systems. (A) The "DNA Assembler” method for mul-
tigene integration relies on regions of shared homology between integration cassettes and the genome to assemble large pathways in a single
step. (B) Homologous recombination can be leveraged to excise selection markers (yellow) via a counterselection strategy for scarless inte-
gration of desired heterologous genes (red).*** (C) Cas9-mediated cleavage increases the efficiency of homology-guided integration. (D)
Biosensor-aided screens in yeast have been implemented by expression of an enzyme that converts a product of interest to a colored,
screenable compound, and by using a product-sensitive riboswitch to couple expression of green fluorescent protein (GFP) to the presence of
the product. (E) Native organelles in yeast, such as the endoplasmic reticulum (gray), have been utilized for compartmentalization strategies. In
one example, compartmentalization was used to separate enzymes in a pathway converting the opioid thebaine into morphine, providing more
time for a spontaneous reaction (“Spont.”) converting thebaine to codeinone to take place and reducing flux into an undesired side pathway
leading to neomorphine.**® TEODM: thebaine 6-O-demethylase; COR: codeinone reductase; CODM: codeine O-demethylase.

comparison has been conducted yet to determine which
approach is more optimal in multi-gene pathway reconstruc-
tion. In most cases, the Cre-LoxP-mediated marker recycling
system is employed to rescue the selection marker,"* but this
method normally leaves scar sequences in the yeast chromo-
some. A set of yeast integrating plasmids was developed to
facilitate a scarless integration after the rescue of the selection
marker (Fig. 5B), by employing two rounds of homologous
recombination.***

Integration efficiency is a key consideration in choosing
a strain assembly method. Recently developed CRISPR/Cas9-based
assembly systems (Fig. 5C) enable efficient, marker-free pathway

This journal is © The Royal Society of Chemistry 2018

assembly in yeast.”*>*** Complementing the CRISPR/Cas9 system
with the efficient homologous recombination machinery in S.
cerevisiae, a one-step method for marker-free yeast genome editing
at multiple loci was developed, called CasEMBLR."” The applica-
tion of CasEMBLR was validated by successfully constructing
a carotenoid pathway and tyrosine pathway, through assembling
15 DNA fragments into three targeted loci and 10 DNA fragments
into two loci, respectively.””” Similarly, a vector toolkit called
EasyClone-MarkerFree was established for marker-less integration
of genes into S. cerevisiae, and showed efficient genetic engi-
neering in a diploid industrial strain for production of 3-hydrox-
ypropionic acid.**® More recently, the expression levels and
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integration efficiencies at 23 different chromosomal loci targeted
by established Cas9-sgRNA plasmids were examined, both of
which exhibited variety along the genome.™®

4.2 Biosensor-driven protein engineering for higher pathway
efficiency

The biosyntheses of phytochemicals, when compared to their
microbial counterparts, are poorly understood. The biosyn-
thetic pathways of most phytochemicals are not fully eluci-
dated; enzymes catalyzing certain steps in the proposed
pathway are unknown. In addition, due to differences in the
microenvironment between plant and microbial hosts, plant
biosynthetic enzymes often exhibit low efficiency in the micro-
bial host, including yeast. Thus, protein evolution or engi-
neering has become an especially useful approach towards
obtaining the enzyme catalyzing the missing step, or enhancing
the enzyme activity in a heterologous host.** For example, the
biosynthetic route to make .-DOPA, one precursor of reticuline,
has not been fully elucidated in plants: the enzyme catalyzing
the 3-hydroxylation of tyrosine has not been identified.
However, beet CYP76AD1 was recently found to catalyze the
conversion of L-DOPA to cyclo-DOPA.*** Protein evolution was
then applied on CYP76AD1 for altered and enhanced activity as
a tyrosine hydroxylase, through establishing a fluorescence-
based screen (Fig. 5D) harnessing the further conversion of
the product (L-DOPA) to the fluorescent compound betaxanthin,
which is partially retained in the yeast cell's vacuole, by a plant
DOPA dioxygenase. Screening of libraries constructed by error-
prone PCR and DNA shuffling led to a variant which produced
2.8-fold more L-DOPA in vivo than the wild-type enzyme, with
compounds further downstream in the reticuline pathway
exhibiting further increases in titer.'** In another example,
a fluorescence-based screen for the methylxanthine alkaloid
theophylline was established by using a theophylline-sensitive
ribozyme switch to couple expression of green fluorescent
protein (GFP) to theophylline levels (Fig. 5D). Seven rounds of
screening libraries of variants of the bacterial P450 enzyme BM3
for caffeine demethylase activity increased in vivo enzyme
activity by 33-fold."*

4.3 Strategies for gene expression tuning for optimizing
phytochemical production

Higher protein expression levels can be desired to increase
intracellular enzyme concentrations, which can lead to
increased enzyme reaction rates. One common strategy to
increase the expression level of a target protein is through
introducing extra copies of the expression cassette of the target
enzyme on a plasmid or into the host's chromosome. This
approach was applied to synthesize the apocarotenoid B-ion-
one, by introducing the carotenoid cleavage dioxygenase from
Petunia hybrida (PhCCD1), lycopene cyclase (CrtYB), and phy-
toene desaturase (Crtl) into the yeast genome.*** The titer of B-
ionone was increased 8.5-fold (to 0.62 mg g~ ' dry weight) by
increasing the expression levels of CrtYB, CrtYB with Crtl, or
CrtYB with Crtl and PhCCD1, which was achieved through

914 | Nat. Prod. Rep., 2018, 35, 902-920

View Article Online

Review

introducing high-copy plasmids encoding the corresponding
expression cassettes.'**

The expression of heterologous enzymes on high-copy plas-
mids does not always lead to higher production of the target
molecules. In particular, because plant cytochrome P450s and
reductases (CPRs) are ER membrane-bound proteins, higher
expression of this class of enzymes does not always lead to
higher enzyme activity. In one study demonstrating this
concept, cheilanthifoline synthase from Eschscholzia californica
(EcCFS) and one CPR from Arabidopsis thaliana (ATR1) were
introduced into yeast on high-copy plasmids, low-copy plas-
mids, or through genome integration. The lowest cheilanthi-
foline titer was achieved with expression from high-copy
plasmids, whereas expressing cheilanthifoline synthase from
a more stable low-copy plasmid resulted in a 2.6-fold yield
increase.’*® Through fusing green fluorescent protein (GFP)
with EcCFS and imaging fluorescence in the cell population,
this study also indicated that the high-copy plasmids encoding
these enzymes were not as well maintained as the low-copy
plasmids in yeast (90% for low-copy plasmid versus 10.7% for
high-copy plasmid)."** Similarly, when expressing the three
yeast B-carotene synthetic enzymes within a single open reading
frame using the 2A peptide, western blot analysis indicated that
expressing with a low-copy plasmid leads to a higher level of the
heterologous enzymes in S. cerevisiae.”” In another study,
focusing on the synthesis of methylxanthines in S. cerevisiae,
higher methylxanthine production was observed when chro-
mosomally introducing expression of biosynthetic enzymes
compared with expression from a plasmid.**® Recently, through
testing truncated, weakened promoters to regulate the expres-
sion of antibiotic resistance markers, synthetic biologists were
able to engineer high-copy plasmids into tunable-copy plasmids
regulated by varying antibiotic concentration."” This strategy,
named Pathway Optimization by Tuning Antibiotic Concentra-
tions (POTAC), was utilized to enhance the titer of lycopene and
n-butanol by 10- and 100-fold, respectively (to approximately
11 mg g~ dry weight lycopene and approximately 110 mg L™"
n-butanol).'”

Under some circumstances, a certain ratio between the
expression levels of different synthetic enzymes in the pathway
may lead to a relatively higher titer of target molecule. This
strategy was recently demonstrated on the downstream
enzymes in the morphinan biosynthetic pathway, in which
thebaine 6-O-demethylase (T60DM), codeinone reductase
(COR), and codeine O-demethylase (CODM) are required to
convert thebaine to a mixture of morphine and neomorphine in
S. cerevisiae.'*® The titers of morphine and neomorphine vary
from strains harboring different copy numbers of these three
enzymes.'*® The morphine titer nearly doubled when increasing
the copy number of CODM (T60DM : COR : CODM = 1:1: 3)
compared to increasing the copy number of COR (1:3:1)."*

To combine the advantages of high-level expression from
multi-copy plasmids and stable chromosomal expression,
a number of multi-copy chromosomal integration strategies
have recently been developed. More than 100 & sequences of the
Ty element are distributed along the genome of S. cerevisiae,
and this element has been developed as a recombination site

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8np00028j

Published on 13 June 2018. Downloaded by University of California- Riverside on 3/5/2019 5:56:58 PM.

Review

for one-to-multiple-copy integration of heterologous genes.** In
addition to multiple-copy integration of a single gene, & inte-
gration was recently employed for the combinatorial integration
of several genes simultaneously onto the yeast genome, intro-
ducing extra copies of enzymes involved in the synthesis of FPP
so as to enhance the titer of amorpha-4,11-diene.*® Addition-
ally, by using the CRISPR/CAS system together with & integra-
tion, a Di-CRISPR (3-integration CRISPR-Cas) platform was
established recently in S. cerevisiae that enables efficient multi-
copy genomic integration (up to 18 copies) of a multi-gene
pathway of 24 kb.**

In addition to tuning the copy number of expression
cassettes encoding target synthetic enzymes, another major
approach to alter the expression level of heterologous protein is
through using different types of promoters. Strong promoters,
such as the inducible GAL promoters and constitutive TEF1
promoter,****>*>3 are normally adopted to regulate the expres-
sion of heterologous enzymes for relatively high expression
level. However, expression of multiple heterologous enzymes
under strong, constitutive promoters is not always desirable.
For example, three cytochrome P450s are required to synthesize
the alkaloid noscapine from the precursor compound canadine
in yeast. A recent study demonstrated that using either weaker
or late-stage promoters to drive expression of the P450 that
functions in the downstream part of the noscapine pathway
leads to an enhanced titer of noscapine.’® In addition to using
native promoters to control the timing and expression level of
target genes, synthetic promoters have also been developed to
accomplish fine-tuning of gene expression.*** A set of synthetic
core promoter sequences, which are designed from S. cerevisiae
natural strong core promoters, were fused to the cis-regulatory
modules of the Pichia pastoris AOX1 promoter.**® This resulting
library of promoters exhibits activities ranging from 0.3% to
70.6% of the wild-type AOX1 promoter,*** which will enable
precise expression level regulation. In addition, orthogonal
regulation of gene expression has been attempted in S. cer-
evisiae through introducing NAC transcription factors from A.
thaliana, activation domains from yeast or plant, and cognate
binding sites into the yeast transcription system, resulting in
even higher transcription activation output than the commonly
utilized constitutive promoter TDH3."*®

4.4 Central metabolism engineering to increase pathway
substrate and cofactor levels

In addition to developing strategies to alter or tune the
expression level of heterologous genes, strategies to engineer
central metabolism in yeast have been developed to increase the
productivity of heterologous pathways by overproducing the
substrates and cofactors needed to synthesize the desired
phytochemicals. Many of these strategies have been applied to
production of terpenoids via the mevalonate pathway. Plant
terpenoids span a large group of high-value phytochemicals,'*”
which are synthesized from the universal five-carbon building
blocks IPP and dimethylallyl diphosphate (DMAPP). S. cerevisiae
utilizes the mevalonate (MVA) pathway to synthesize IPP and
DMAPP, which are then conjugated to FPP by ERG20p. A
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number of synthetic biology tools and metabolic engineering
strategies have been applied to enhance the supply of IPP and
DMAPP, while at the same time inhibiting the native pathway
for the cell membrane component ergosterol, which consumes
these terpene substrates.'®® While this pathway is also often
imported into bacteria for isoprenoid production, the reverse
process of importing the bacterial nonmevalonate MEP pathway
into yeast was achieved relatively recently." Efforts to produce
plant terpenes in yeast to date have relied on the native MVA
pathway, although the nonmevalonate MEP pathway has
a higher theoretical yield of terpene precursors.””

Gene expression tuning has been applied to increase flux
through the MVA pathway and FPP production. One common
strategy to enhance the level of metabolites along the MVA
pathway is to overexpress a truncated version of HMG-CoA
reductase isoenzyme 1, which lacks an anchoring trans-
membrane domain and is more soluble and active.'®*'* In
addition, overexpression of key endogenous yeast enzymes,
such as Erg20p and Idilp, has been applied to enhance
production of FPP.'?1160162164 Another common strategy is to
upregulate the expression level of a global transcription factor
regulating sterol biosynthesis, Upc2p, or its mutant Upc2-
1p,*¢01*1% Jeading to increased levels of enzymes involved in
the synthesis of IPP and ergosterol from squalene.*®%*¢51¢¢

Beyond increasing flux through the MVA, another strategy to
increase target production is to eliminate side products.
However, certain native metabolites generated from MVA inter-
mediates are required by the cell, such that the enzymes
responsible for their production are essential for cell viability.
Downregulating of enzymes responsible for the conversion of
FPP to downstream primary metabolites, such as Erg9p, has
been achieved through replacing the native ERG9 promoter with
the glucose-sensing HXT1 promoter,'®* a methionine-repressible
MET3 promoter,'®® or a copper-regulated CTR3 promoter.** In
addition, tRNA synthesis requires DMAPP, overexpression of
negative regulators in tRNA biosynthesis such as Mfalp can
increase the production of target terpenoids."*'** Lastly, ger-
anylgeranyl diphosphate synthase (GGPPS) or geranyl pyro-
phosphate synthase (GPPS) from heterologous hosts have been
employed to draw metabolite flux from the terpene pathway
towards GGPP and GPP, building blocks for diterpenes'®* and
monoterpenes,**' respectively. Similar approaches to those used
to optimize the MVA have been applied to the primary metabolic
pathways towards the synthesis of tyrosine and malonyl-CoA,
which are involved in the synthesis of benzylisoquinoline alka-
loid5122,123,168,169 and ﬂavonoids.170—172

In addition to the supply of pathway substrates, strategies to
enhance the supply of pathway cofactors have been developed
and employed to enhance the efficiencies of heterologous path-
ways in yeast. In one study, enzymes synthesizing NADPH, such
as NAD-dependent glutamate dehydrogenase GDH2 (ref. 163) and
NADP'-dependent glyceraldehyde-3-phosphate dehydrogenase
gapN,"”® were introduced into an engineered yeast strain to
increase NADPH supply, and therefore the efficiency of pathways
involving enzymes such as cytochrome P450s. In another
example, an enzyme involved in synthesizing SAM, S-adeno-
sylmethionine synthetase SAM2, was upregulated to enhance the
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production of the monoterpene strictosidine by increasing
cofactor supply for a plant methyltransferase in the pathway."*

Another strategy to enhance the efficiency of heterologous
pathways is to adjust metabolite concentrations in the cell, so as
to push the reaction balance towards the desired product. To
enhance the synthesis of resveratrol in S. cerevisiae, the low-
affinity, high-capacity bacterial araE transporter - which
natively transports arabinose, a molecule that, like resveratrol,
belongs to the family of polyhydric alcohols — was introduced
into a resveratrol-producing yeast strain, and led to a 2.44-fold
increase in resveratrol production.”* Metabolite export can also
be enhanced by changes to the culture medium, as opposed to
the engineered strain itself; in one study, when utilizing yeast to
synthesize the triterpene saponins, methylated B-cyclodextrin
was applied to the culture. This compound sequesters tri-
terpenes and facilitates their export to the medium, leading to
an enhanced production of saponins.'”®

Heterologous pathways can be better adapted to yeast central
metabolism using inducible promoters. In one study, through
using ergosterol-repressed promoters to regulate the expression
of Erg9p, the metabolite flux towards the synthesis of ergosterol
from FPP was reduced via feedback regulation, and thus the
production of amorpha-4,11-diene from FPP was enhanced."”®
Promoters which respond to stress conditions can also be used
in this approach: when a set of low pH-responsive promoters
were developed and utilized to drive expression of lactate
dehydrogenase in an industrial yeast strain in later stages of
fermentation, a tenfold enhancement of the production of the
target molecule lactic acid was observed versus a control strain
driving lactate dehydrogenase expression with the TEF1
promoter.’”” However, this set of low pH-responsive or stress-
responsive promoters has not yet been applied to plant heter-
ologous pathways in yeast.

4.5 Heterologous enzyme compartmentalization for
enhanced protein-protein interaction

Biosynthetic enzymes associated with plant secondary metabo-
lism are commonly distributed across different organelles and
cell types. However, when transferring the synthetic machinery
from plants to yeast, all pathway enzymes are typically expressed
within single yeast cells. Yeast subcellular compartmentalization
of heterologous enzymes has been employed to examine the
effects of altered localization on the activity of heterologous
enzymes and pathways. For example, enhanced production of
sesquiterpenes was achieved when targeting FPP to mitochon-
dria, which indicates that there are significant amounts of
DMAPP and IPP in S. cerevisiae mitochondria.'”® Similarly, 1-
ornithine, an intermediate of r-arginine biosynthesis, can be
synthesized in yeast in the mitochondria and cytosol. Relocal-
izing the mitochondrial r-ornithine biosynthetic pathway to the
cytosol leads to an increase of r-ornithine production, while
relocalization from the cytosol to the mitochondria leads to
decreased r-ornithine production.'” These examples highlight
that the effect of relocalization strategies can vary on different
pathways, and thus such strategies need to be carefully consid-
ered and designed based on the specifics of the pathway and the
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host cell's metabolism. In addition, heterologous enzymes have
also been de-localized to direct specificity towards certain reac-
tions. One study applying this concept focused on the conver-
sion of morphine from thebaine, which requires at least three
biosynthetic enzymes - codeinone reductase (COR) and the
dioxygenases thebaine 6-O-demethylase (T6ODM) and codeine
O-demethylase (CODM) - and relies on the spontaneous
conversion of neopinone (product of T6ODM) to codeinone
(substrate of COR) (Fig. 5E). However, data from the heterolo-
gous expression of these enzymes in the yeast cytosol indicated
that neopinone can also be reduced by COR. The pathway was
redesigned such that COR and T60DM were localized to distinct
subcellular compartments to allow additional time for neo-
pinone to be converted to codeinone before coming in contact
with COR, which enhanced selectivity toward the morphine
branch of the pathway from 44% to 86%."*

The development of synthetic biology techniques for engi-
neering more efficient enzymes and optimizing yields from
complex heterologous pathways in yeast has enabled the rapid
reconstruction of plant pathways and higher titers of phyto-
chemicals. Additionally, yeast's intracellular compartments
have been exploited to enable engineered localization strate-
gies, further increasing product selectivity. Yeast production of
phytochemicals also enables the potential of synthesizing novel
“unnatural natural products”.?®'?%18%1%1 Heterologous phyto-
chemical pathway reconstruction will benefit from continued
advances in synthetic biology; precise expression tools,
biosensors, and other techniques will facilitate the process of
plant pathway reconstitution.

5 Conclusion

Phytochemicals have been vital to medicine and society for
millennia, but the supply of many of these compounds is
limited by the need to cultivate the organism that produces
them. In recent years, progress in synthetic biology has enabled
reconstituting metabolic pathways in tractable heterologous
hosts. Pathway reconstruction in plant, bacterial, and yeast
hosts has enabled phytochemical production for research and
industrial applications. Ongoing progress in identifying the
underlying biosynthetic pathways in native producers, such as
identification of biosynthetic gene clusters in plant genomes,*?
continues to fuel progress in this area.

Several major challenges are currently impeding efforts to
produce phytochemicals in heterologous hosts rapidly, cheaply,
and at commercially relevant titers and scales. First, the
biosyntheses of the majority of phytochemicals, especially those
of complex structures, are under-investigated. Thus, the
knowledge of biosynthetic machinery to transfer from native
producers to heterologous hosts is limited. However, heterolo-
gous reconstruction of plant pathways in a simpler plant model
organism or yeast has proven to be a useful strategy for enzyme
discovery, thereby filling in the missing links in phytochemical
biosyntheses. Second, although pathways involving large
numbers of enzymes, including membrane-bound proteins,
have been successfully reconstituted in heterologous hosts, the
resulting product titers are much lower than would be needed
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for a commercially viable bioprocess. This challenge could
potentially be addressed through engineering the hosts them-
selves to enable higher expression levels of heterologously
expressed enzymes. Additionally, the process of strain engi-
neering and optimization could be facilitated by the continued
development of biosensors - particularly by biosensor design
strategies generalizable to a large number of target phyto-
chemicals - to enable high-throughput screening of strain
libraries.

The abundance of most phytochemicals in nature is low, and
heterologous production of these valuable molecules is
considered to be a promising alternative for their supply. Recent
advances in synthetic biology strategies for phytochemical
production in heterologous plant, bacterial, and yeast hosts
demonstrate the potential of heterologous bioproduction in
addressing challenges in the sourcing of these molecules, and
also as a platform for foundational investigations into plant
secondary metabolism. In the future, many phytochemicals
may be primarily obtained not from the original plant source,
but from bioengineered organisms developed using synthetic
biology tools.
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