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Microorganisms and plants represent major sources of natural compounds with a plethora of bioactive
properties. Among these, plant natural products (PNPs) remain indispensable to human health. With few
PNP-based pharmaceuticals come from plant specialized metabolisms and display
a structure far too complex for a profitable production by total chemical synthesis. Accordingly, their

exceptions,

industrial processes of supply are still mostly based on the extraction of final products or precursors
directly from plant materials. This implies that particular contexts (e.g. pandemics, climate changes) and
natural resource overexploitation are main drivers for the high production cost and recurrent supply
shortages. Recently, biotechnological manufacturing alternatives gave rise to a multitude of benchmark
studies implementing the production of important PNPs in various heterologous hosts. Here, we
Received 1st December 2020 spotlight unprecedented advancements in the field of metabolic engineering dedicated to the

heterologous production of a prominent series of PNPs that were achieved during the year 2020. We

DOI: 10.1039/d0np00092b also discuss how the knowledge accumulated in recent years could pave the way for a broader
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1 Introduction

For millennia, bacteria, fungi, and plants have been considered
as major sources of natural compounds with a multitude of
bioactive properties and associated applications in the fields of
nutrition and human health. Among the most valuable plant
natural products (PNPs), humans have identified those used to
treat serious pathologies such as cancers, infectious illnesses,
neuromuscular disorders, or even cardiovascular diseases, and
for which selected PNPs have been further processed and
manufactured into active pharmaceutical ingredients at
industrial scale. With few exceptions, PNP-based pharmaceuti-
cals come from plant specialized metabolism and encompass
many different families of complex molecules. Some of the most
prominent PNPs, and their associated applications, include
wormwood sesquiterpene lactones (antimalarial drugs), tro-
pane alkaloids from Solanaceae (mostly anticholinergics), yew
taxane-type terpenoids (anticancer drugs), poppy isoquinoline
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manufacturing palette of natural products from a wide range of natural resources.

alkaloids (antitussives, antimicrobials, analgesics, vasodila-
tors), mayapple lignans (anticancer and immunosuppressive
drugs), and monoterpene indole alkaloids of Apocynaceae
(antihypertensive and anticancer drugs).!

While their potency and indispensability to human health is
undisputed, a major drawback concerning most PNPs is still the
requirement of plant materials used for extraction of final
products or precursors (in that case completed by semisyn-
thesis).> Indeed, most of these molecules display a structure far
too complex for a profitable production by total chemical
synthesis. Beyond climatic variations (natural disasters) or
particular health-care contexts (pandemics) that can drastically
impact PNP sourcing from natural resources, the low accumu-
lation of these compounds (or targeted precursors) in planta
combined with natural resource overexploitation, is commonly
considered to be main drivers for the high production costs of
most of these PNPs, while at the same time be the root-cause of
recurrent supply shortages.* With the aim of remediating these
limitations, biotechnological PNP manufacturing alternatives
began to appear along the emergence of the synthetic biology
era in the early 2000's. Initially, this consisted in transferring
genes encoding functionally characterized biosynthetic
enzymes from plants into genetically tractable hosts (e.g. the
bacterium Escherichia coli, the yeast Saccharomyces cerevisiae, or
Nicotiana benthamiana leaves) for the heterologous production
of corresponding PNPs.*® In the past fifteen years, this general
strategy has been further refined, benefitting from the
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tremendous technological and scientific advancements within
genome sequencing, genome engineering, plant pathway
discovery, and metabolic engineering. This has given rise to
a multitude of seminal studies on the heterologous production
of important PNPs. A historical summary of the major
achievements within the largest PNP families (polyphenols,
terpenes, taxanes, lignans, indole alkaloids, opioids, cannabi-
noids, etc.) is depicted in Fig. 1, starting from the beginning of
the 21st century.®** While such examples were initially scarce,
PNP productions continuously diversified, and notably over the
last five years, along with improvements of the molecular toolkit
including CRISPR/Cas9 genome editing.*** Even more exciting,
2020 stood-out as a milestone providing unprecedented break-
throughs in the field of synthetic biology and metabolic
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engineering dedicated to the production of plant-derived drugs
in heterologous hosts. By highlighting benchmark articles
published in this domain during 2020, we summarize here
recent key facts concerning innovative tools for (i) accelerating
discovery of PNP biosynthetic pathways, (ii) facilitating the
transfer of biosynthetic pathways in heterologous hosts, (iii)
optimizing PNP biosynthesis up to industrial scale, (iv) and
expanding the chemical space of produced PNPs into new-to-
nature products. We included concrete examples of authors’
discoveries to facilitate understanding and to further illustrate
the possible outputs of the described strategies. Finally, we
discuss how the knowledge accumulated in recent years could
pave the way for rational engineering of cellular metabolism for
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historical summary of the major achievements within the largest PNP

families, including polyphenols, terpenes, taxanes, lignans, indole alkaloids, opioids, and cannabinoids among others, is depicted here starting

from the beginning of the 21st century.

a broader palette of natural products from a wide range of
natural resources.

2 A booming discovery of PNP
biosynthetic pathways

As an obvious starting point, transferring biosynthetic pathways
in heterologous hosts to create PNP cell factories requires
comprehensive knowledge of the enzymatic reactions involved
in the biosynthesis of the compound of interest in the native
host organisms (i.e. plants). While examples of completely
elucidated PNP biosynthetic pathways remained scarce during
the 90's and 2000's, the development of new technical
approaches recently resulted in a booming discovery of
biosynthetic routes of many pharmaceutical compounds from
plants. This includes for instance next generation sequencing
leading to genomic and massive transcriptomics resources,
candidate gene prediction strategies and functional genomic
tools.” Combining or integrating at least a part of these
approaches has yielded a benchmark procedure widely used to
decipher PNP metabolisms such as syntheses of lignans
(podophyllotoxin) and Vinca alkaloids (vindoline, cathar-
anthine).”>** Besides these latterly published PNP routes,
biosynthetic pathways of several other valuable PNPs remain
under investigation including notably camptothecin, quinine
and taxol. Within this group of remaining PNPs, the recent
discovery of the nearly complete pathway of colchicine synthesis
by Elizabeth Sattely's research group is a perfect example of
a successful combination of multi-omics approaches leading to

This journal is © The Royal Society of Chemistry 2021

pathway elucidation without prior knowledge of biosynthetic
genes.”

Colchicine is a prominent alkaloid mainly found in plants
from the Liliaceae family (Colchicum autumnale, Gloriosa
superba) and is biogenetically very close to the isoquinoline
alkaloids. This age-old drug has been used as a traditional
medicine for more than 2000 years and is still of importance in
the current human pharmacopeia, as illustrated by its recent
approbation as a treatment for acute gout by the U.S Food and
Drug Administration. While the current supply of colchicine
still relies on the low yield purification from G. superba seeds,
pioneering works have initiated pathway discovery by charac-
terizing metabolic intermediates from isotope-labelled feeding
studies. The resulting putative biosynthetic scheme thus
involves the joining of 4-hydroxydihydrocinnamaldehyde and
dopamine through a Pictet-Spengler reaction to form a 1-phe-
nethylisoquinoline scaffold that is further decorated, notably
through hydroxylation and methylation. From this hypothesis,
the authors initiated the prediction of candidate genes for
methylation through a “guilt by association” study. Basically,
metabolites accumulated in a tissue-specific manner should be
produced by a series of enzymes sharing a similar spatio-
temporal expression pattern, which could be identified at the
transcript level (Fig. 2A). Since no previously characterized
genes could be used to guide candidate gene identification, Nett
et al. used existing and newly created RNA-sequencing data-
bases from C. autumnale and G. superba to search for genes
displaying a methyltransferase domain and highly expressed in
rhizomes that accumulate the highest levels of colchicine.
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Fig. 2 A tale of 4 main stories leading to widening and improvement of metabolic engineering for plant natural products in 2020. (A) The
synthesis of a colchicine precursor in tobacco,?® (B) the production of the tropane alkaloid scopolamine and hyoscyamine in yeast,* (C) the
production of the benzylisoquinoline alkaloid intermediate (S)-reticuline at an industrial scale,” (D) the synthesis of new-to nature PNPs in

tobacco.*®

Concretely, the 11 candidate genes thus predicted were func-
tionally assayed through a coupled Agrobacterium-mediated
overexpression in leaves of N. benthamiana and a biochemical
methyltransferase test with leaf protein crude extracts with 1-
phenethylisoquinoline as substrate. This first step led to the
identification of both N- and O-methyltransferases from G.
superba, named GsNMT and GsOMT1, which was further used to
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guide the identification of downstream genes of the pathway
through measurement of a gene co-expression correlation.
Besides identifying two other O-methyltransferases (GsOMT2
and GsOMT3), this allowed the characterization of two cyto-
chrome P450s (GsCYP75A109 and GsCYP75A110) catalyzing
complementary hydroxylation and oxidative phenol coupling of
biosynthetic intermediates, respectively. Finally, through

This journal is © The Royal Society of Chemistry 2021
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additional correlation studies and notably hierarchical clus-
tering, authors identified GsCYP71FB1 which ensures the ring
expansion of the intermediate O-methylandrocymbine. This
ultimately resulted in the formation of the tropolone ring
present in colchicine as demonstrated by the transient co-
expression of the eight newly identified genes in N. ben-
thamiana leaves yielding N-formyldemecolcine, a direct
precursor of colchicine. Undoubtedly, the combination of
metabolomics and transcriptomics data exploitation together
with functional genomic tools has emerged as a relevant and
efficient tool for elucidating PNP pathways over the last years.*
Fig. 2A and 3 thus summarizes the first steps of this procedure
notably including approaches for candidate gene identification,
prioritization, and functional validation.*”

The existence of evolutionary selected biosynthetic modules
(P450 and OMT concatenation, for instance) and their conser-
vation in distinct PNP routes are further allies to guide identi-
fication of missing biosynthetic steps. In addition, the ongoing
accumulation of genomic resources as well as the development
of powerful machine learning algorithms has already begun to
strengthen our set of pathway discovery tools.”® It is also highly
plausible that the increasing efficacy of enzyme prediction will
ease identification of novel catalytic reaction as reported by
Hafner et al. (2020) in the ATLAS database.*

3 Refactoring PNP biosynthetic
pathways in yeast

Once a complete pathway is identified, the transfer of the cor-
responding biosynthetic genes in heterologous hosts can be
initiated to create engineered cell factories heterologously
producing PNPs of interest. The presence of membrane-bound
proteins or the specific requirement of post-translational
protein modifications can orientate the selection of the host
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organisms towards the use of microbial chassis (Escherichia coli,
S. cerevisiae) or plants (N. benthamiana). In this context, S. cer-
evisiae (bakers' yeast) has progressively gained momentum as
an unmissable chassis for fermentation-based production of
PNPs. While both E. coli and S. cerevisiae have extensive
synthetic biology toolboxes, by which exogenous genes can be
readily expressed from auto-replicative plasmids or genomic
integrative constructs for fast PNP pathway prototyping,* yeast
is regarded particularly relevant as a chassis for refactoring PNP
biosynthetic pathways due to its endomembrane capacity and
compartmentalization of organelles (e.g. nucleus, vacuoles).
This supports expression of membrane anchored enzymes (e.g.
P450s) and intracellular routing of PNP pathway modules,
respectively.®* Still, as with any heterologous host, iterative
cycles between strain engineering, the pathway identification in
plants, and its reconfiguration in yeast is often needed for
successful PNP biosynthetic pathway refactoring in yeast. As
described in Fig. 2B and 3, improved gene transfer technologies
combined with selection of efficient enzyme isoforms and
optimized protein subcellular localization are first required.
The recent article of Christina Smolke's group, describing the
biosynthesis of medicinal tropane alkaloids (TA) in yeast, is one
prominent example of this process.**

TAs are predominantly synthesized in the Solanaceae plant
family (belladonna and mandrakes for instance) with a few
exceptions in other clades such as bindweeds and coca plants.
Besides the well-known cocaine and atropine, other TAs possess
valuable pharmaceutical properties including hyoscyamine and
scopolamine used to treat neuromuscular disorders such as
Parkinson's disease. However, for many PNPs, the low abun-
dances in native hosts and the complexity of their chemical
structures, can raise environmental concerns and prevent total
chemical synthesis at competitive costs, respectively, ultimately
impacting recurrent PNP supply chain shortages. This has
prompted researchers to develop yeast cell factories for an
alternative TA supply. By engineering an already existing yeast
chassis producing the TA acyl acceptor precursor tropine, the
authors implemented three additional biosynthetic modules to
synthesize the acyl donor phenylacetic acid glucoside, the
acyltransferase reaction, and the final TA scaffold modifica-
tions, to generate hyoscyamine and scopolamine.** Firstly,
starting from phenylalanine, the synthesis of phenylacetic acid
glucoside was achieved through the concomitant expression of
enzymes of both plant and yeast origins. Authors notably over-
expressed two endogenous yeast aromatic aminotransferases
and compensated the lack of true phenylpyruvate reductase
(PPR) activity by expressing a bona fide PPR. While most of the
tested PPR from E. coli, Lactobacillus, Atropa belladonna only
synthesized trace amounts of the expected product, PPR from
the large yeast Wicherhamia fluorescens resulted in an 80-fold
increase of its synthesis. The production of phenylacetic acid
glucoside also involved the expression of a specific codon-
optimized UDP glucosyltransferase from A. belladonna. Inter-
estingly, the accumulation of this intermediate was further
improved by the invalidation of yeast endogenous glucosidases
hydrolyzing heterologous glucosides. Secondly, reconstituting
an active acyltransferase in yeast appeared as the most difficult

Nat. Prod. Rep., 2021, 38, 2145-2153 | 2149
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concern to address for producing the pivotal intermediate lit-
torine. In A. belladonna, the acyltransferase littorine synthase
(ADLS) efficiently catalyze this reaction after targeting to the
tonoplast. Albeit yeast and plant secretory pathways share
roughly similar processing steps, authors established that the
lack of ABLS activity in yeast mostly resulted from a targeting
default that was fixed by engineering of the N-terminal end of
the protein. Increase in the production of the downstream
products was also achieved through the concomitant over-
expression of intracellular alkaloid transporters ensuring the
vacuolar internalization of biosynthetic intermediates. Lastly,
the synthesis of hyoscyamine and scopolamine necessitated the
identification of the previously unknown hyoscyamine dehy-
drogenase through (1) an RNA-sequencing procedure using
already identified genes as baits for an expression correlation
study in A. belladonna, and (2) the search for the most active
orthologue in related species.

In sum, through no less than 34 genome edits, Srinivasan
and Smolke generated a yeast strain producing two valuable TAs
at laboratory scale. Besides further highlighting the importance
of transcriptomics for the discovery of enzymes and more active
orthologues, this work also demonstrated how control of the
spatial organization of refactored biosynthetic pathways in
yeast is crucial for efficient PNP production. In this context,
a restricted compartmentalization to peroxisomes of norco-
claurine synthase (NCS) that catalyze the first committed steps
of benzylisoquinoline alkaloid (BIA) synthesis was recently
shown to alleviate NCS toxicity in yeasts. Together with the
increase of the peroxisome density triggered by engineered
transcription factors, such an approach substantially improved
BIA production.*® Similarly, in plants, rerouting the diterpene
biosynthesis from the chloroplasts (synthesis through the
methylerythritol pathway) to the cytosol (mevalonate pathway)
dramatically increased synthesis titers and allowed production
of the allopathic momilactone B in N. benthamiana.**

4 Optimizing PNP synthesis in yeast
to industrial scale

Up to now, except for a few examples such as artemisinic acid
(25 g L"), the production of PNPs through metabolic engi-
neering in yeast are still mainly represented by proof-of-
principle studies conducted at laboratory scale and with titers
in the pg to low mg range per liter.'®”***%% Media optimization,
culture conditions (fed-batch, high density cultures) and
implementation of bioreactors can increase PNP production.
Still, further molecular modifications of yeast host may be
required to avoid intermediates and to reroute critical native
precursors into PNP biosynthetic pathways without overly
impacting cellular fitness as depicted in Fig. 2C.***® While we
previously discussed the positive effect of expression of more
active orthologues and by extension the copy number of genes
encoding limiting enzymes, adaptation of the yeast endogenous
metabolism is indispensable to reach high production levels. In
this regard, Vincent Martin's group developed a yeast platform
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synthesizing up to 4.6 g L " of the central BIA intermediate (S)-
reticuline.”

Besides identification of more active enzymes and muta-
genic optimization of activities, endogenous yeast genes were
overexpressed to improve BIA precursor supply. Authors also
addressed a recurrent concern in yeast factories, corresponding
to the hijacking of some biosynthetic intermediates to other
metabolic branches. BIA synthesis relies on the condensation of
dopamine with 4-hydroxyphenylacetaldehyde (4-HPAA).
However, 4-HPAA can be converted into non-productive acid or
alcohol shunt products through the fusel metabolism from the
Ehrlich pathway. Since enzymes mediating these redox reac-
tions have evaded from identification so far, a gene deletion
screen of more than 20 candidates was performed and ulti-
mately resulted in the identification of the short-chain dehy-
drogenase Aril as one of the main actors of 4-HPAA rerouting.
Owing to noticeable redundancy in yeast oxidoreductases, four
additional genes encoding NADPH-dependent reductase and
dehydrogenases were deleted to inhibit 4-HPAA reduction
without affecting yeast fitness. Consequently, the abolishment
of this reduction causes a marked increase in 4-HPAA oxidation
that further necessitates the invalidation of the aldehyde
dehydrogenase Hfd1 naturally oxidizing a structurally related
substrate.

Combining all these modifications finally led to a 57 000-fold
increase in BIA precursor synthesis reaching a threshold titer of
5 g L' previously set for commercial-scale production of
opioids. By extension, controlling the catabolism of Ehrlich
pathway amino-acids could have broad applications, specifi-
cally for the synthesis PNPs derived from r-phenylalanine, -
leucine and r-tryptophan building blocks. It is also noteworthy
that this work could find implications in food and beverage
industries given the key role of fusel products in flavour profiles.
Finally, such a high synthesis of BIA related compounds opened
the door to a diversification of the produced alkaloids though
precursor-directed biosynthesis.

5 New-to-nature PNPs: a concrete
and promising field

If optimized cell factories can provide alternative PNP supplies,
they can also offer the possibility to expand the nature of the
produced compounds by diversifying/increasing decorations
thus resulting in the possible synthesis of non-canonical or
new-to-nature NPs (Fig. 2D). For instance, halogenation of NPs,
and notably alkaloids, can broaden their properties and be used
for further chemical derivatization. While scarce in yeast, such
modifications have been already reported in plants through
a direct in planta engineering of NP synthesis.*”

Taking advantage of N. benthamiana transient trans-
formation efficiency, Calgaro-Kozina and co-workers trans-
ferred the glucosinolate biosynthetic pathway and expanded
upon the diversity of the produced biopesticides.*® Glucosino-
late are amino acid-derived compounds with a sulfur bound to
glucose and the nitrogen bound to sulfate notably produced in
crucifers. They belong to the phytoanticipin class of defense

This journal is © The Royal Society of Chemistry 2021
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molecules, which correspond to non-toxic phytoalexines acti-
vated following herbivory and/or pathogen attack. Glucosino-
lates are more specifically deglucosylated by a specific B-
glucosidase (myrosinase) to yield a reactive isothiocyanate pre-
venting pathogen progression. In this work, authors focused on
brassinin, an indole-sulfur phytoalexin found in many crucif-
erous crop species (e.g. Brassica rapa) and expressed the whole
corresponding pathway in N. benthamiana. While brassinin
synthesis is normally initiated by the tryptophan-specific
CYP79B2, they swapped this enzyme with other phenylala-
nine-, tyrosine-, isoleucine- or valine-oxidizing cytochrome
P450s from distinct plant species. By exploiting the substrate
promiscuity of the downstream enzymes, authors extended the
set of primary metabolites that can be used by the core pathway
to produce brassinin-like and new-to-nature compounds,
derived from other amino acids, and named crucifalexins. In
addition, they pushed the capacity of the pathway beyond the
canonical amino acids to produce halogenated brassinin
analogues, known to be more bioactive. A transient expression
of the brassinin pathway was performed along with a combina-
tion of bacterial halogenases/reductases PyrH/RebF producing
5-chlorotryptophan or RebH/RebF producing 7-chloro and 7-
bromotryptophan as already observed for alkaloid diversifica-
tion in Catharanthus roseus.*® For each specific combination, the
formation of 5-chlorobrassinin, 7-chlorobrassinin and even 7-
bromobrassin after watering plants with potassium bromide,
was monitored thus opening concrete perspectives for the
production of halogenated variants in planta.

This enlightening study provides pioneering demonstration
of the potential of synthetic biology and metabolic engineering
approaches for the biosynthesis of new biopesticides. Beyond
this benchmark demonstration, this works shades light on the
primordial importance of enzyme substrate promiscuity to
produce new-to nature PNPs, as has been brought to light in
recent studies carried out in other models (Fig. 2D and 3).7**2°

6 Concluding remarks

Fifteen years after isolating the first milligrams of artemisinic
acid from engineered yeast, who would have imagined that such
a spectacular advancement in the development of heterologous
platforms producing PNPs could have been reached?' In recent
years, we assisted indeed not only to the expansion of our ability
to develop metabolic engineering strategies for a growing range
of different PNP classes but also to an acceleration of the
implementation processes up to industrial production titers. As
illustrated by excellent articles published this year and high-
lighted is this piece, this tremendous progress first relies on the
emergence of omics-based strategies to facilitate the identifi-
cation of genes from complex PNP biosynthetic metabolic
pathways as summarized in Fig. 3. Together with the contin-
uous development of cutting-edge synthetic biology toolboxes
and comprehensive genome-scale mechanistic models of
metabolism enabling advanced engineering for optimal
precursor supplies as well as dynamic regulation of metabolic
pathway fluxes, we can now reasonably expect that this booming
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field will enable true drop-in solutions for marketed PNPs under
supply shortages (Fig. 3).%*

Having said this, for microbial production of PNPs to
become a relevant supply chain of human therapeutics, efforts
(i) to maximise activity of hard-to-express plant enzymes, (ii)
relieve effects of toxic PNP intermediates, (iii) limit shunt
product formation, (iv) stabilize titers/rates/yields of microbial
PNP cell factories over prolonged cultivations, and (v) efficient
down-stream processing, are all aspects needing further atten-
tion in the near future.

Finally, beyond natural PNPs, we further expect the system-
atic elucidation of increasingly complex and diversified new-to-
nature chemical structures with improved pharmacokinetic
properties. By describing concrete results and approaches from
each of these articles, we gave an overview of the newly devel-
oped benchmark strategies to follow to reach a PNP industrial
scale production. Finally, we also anticipate that all these efforts
and advancements will benefit to the supply of other difficult-to-
access biological compounds, particularly marine natural
products (Fig. 3).#>*
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