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Opportunities in metabolic engineering to enable scalable

alkaloid production

Effendi Leonard, Weerawat Runguphan, Sarah O’Connor & Kristala Jones Prather

Numerous drugs and drug precursors in the current
pharmacopoeia originate from plant sources. The limited yield
of bioactive compounds in plant tissues, however, presents

a significant challenge for large-scale drug development
reliant on whole plant extracts. Metabolic engineering has
facilitated the development of plant cell and tissue systems for
the overproduction of high-value plant pharmaceuticals that
can be conveniently scaled up in a controlled environment.
Nevertheless, effective metabolic engineering approaches

and the predictability of genetic transformations are often
obscured owing to the myriad complexities of cellular biology.
Progress in systems biology has aided the understanding of
the genome-wide interconnectivity in plant-based systems.

In parallel, the bottom-up assembly of plant biosynthetic
pathways in microorganisms demonstrated the possibilities of
a new means of production.[AU: OK?] In this Perspective, we
discuss the advances and challenges of metabolic engineering
implementation in various scalable production platforms for the
bio-based synthesis of natural and unnatural plant alkaloids.

Bioactive compounds with “privileged structures” are highly sought
paradigms in drug development. Functionally, a privileged structure is
a molecular scaffold that can accommodate various pharmacophores
arranged to promote interaction with biological targets'™. Though
many have been synthetically designed, nature remains the largest source
of highly sophisticated biologically active privileged compounds because
presumably they play a key role in increasing the survival fitness of
organism55‘7. In fact, about one third of the ~980 new pharmaceuticals
in the past two and a half decades originated from or were inspired by
natural products®.

With over 10,000 structurally characterized members, plant alk
loids are important privileged compounds of many pharmacologi-
cal activities” 12.[AU: “with many pharmacological activities”?] The
endogeneous[AU: endogenous?] role of alkaloids in plants has not been
fully elucidated. However, current evidence suggests that alkaloids are
generally involved in plant defense against pathogens, insects and her-
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bivores owing to their potent toxicity'?. For example, the indolizidine,
indolizine and B-carbolines paradigmatic alkaloid backbone structures
can exert over 25 biological activities, such as dopamine reuptake inhibi-
tor, glucosidase inhibitor, sodium channel blocker and SHT1D agonist9.
In fact, alkaloid-containing plants have been recognized and exploited
since ancient human civilization, from the utilization of Conium mac-
ulatum (hemlock) extract containing neurotoxin alkaloids to poison
Socrates, to the use of coffee and tea as mild stimulants!!. Today, numer-
ous alkaloids are pharmacologically well characterized and are used as
clinical drugs, ranging from cancer chemotherapeutics to analgesic
agents (Table 1).

Despite their importance, the inefficiency of extracting some alkaloids
remains a significant barrier toward inexpensive bioprospecting for drug
development. The process of separating, purifying and structurally char-
acterizing compounds of interest from a myriad of other metabolites
is time-consuming and expensive. Bioactive alkaloids are also usually
present in small quantities (Table 1). Furthermore, the yield consistency
cannot always be guaranteed because it depends heavily on the source
organisms and the geographical and climate conditions. The scarcity
of some alkaloids in plants is exemplified by vincristine (1), the cancer
chemotherapeutic compound in Catharanthus roseus, which exists at
concentrations that only reach 0.0003% by dry weight!*.

The field of organic synthesis has advanced tremendously in the
past decades in creating various methodologies suitable for construct-
ing bisindole alkaloids with multiple functionalities and stereocen-
ters'4~17, Nevertheless, total or semisynthesis of many other alkaloids
remains a daunting challenge that is far from being practical at the
industrial level. Plant tissue and cell cultures can serve as alterna-
tive production platforms in which the biosynthesis of alkaloids has
been improved through various elicitation and culture manipulation
strategies. In addition, metabolic engineering, which is supported
by the availability of systems biology datasets, now has the potential
to more effectively maximize the capacity for alkaloid biosynthesis
in cellular systems.[AU: Sentence correct as edited?] For the most
part, major advancements in alkaloid metabolic engineering occurred
within the last decade. In this Perspective, we first focus on the mile-
stones and challenges in engineering plant tissue and cell lines for
improving natural alkaloid production, and for facilitating the syn-
thesis of unnatural alkaloids. Recently, there has been an increasing
interest in the engineering of microorganisms for the synthesis of
high-value metabolites. To this end, we highlight the recent construc-
tion of artificial alkaloid biosynthetic pathways in Escherichia coli
and Saccharomyces cerevisiae and discuss the potential for the use of
microbes as novel alkaloid production platforms.
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Table 1 Examples of medicinally important alkaloids

Approximate yield*

Pharmaceutical

amine (3) and 4-hydroxyphenylacetaldehyde
(4) to form (S)-norcoclaurine (5). Through a
series of methylations and hydroxylations, 5
is converted into (S)-reticuline (6), the piv-
otal intermediate of many pharmaceutically
important BIAs in the downstream pathways
(Scheme 1a). The second subclass, the monot-
erpenoid indole alkaloids (MIAs), are derived
from tryptophan metabolism. MIAs are some
of the most structurally diverse natural prod-
ucts. With over 2,000 structures, they are
mainly found in the Apocynaceae, Loganiaceae
and Rubiaceae!®. Much like BIA biosynthesis,
the committed step of MIA biosynthesis begins
with the condensation of tryptamine (7)
(derived from tryptophan (8)) and secologa-
nin (9) (derived from terpene biosynthesis) to
form strictosidine (10)%°. Following the deglu-
cosylation of 10, equilibrium of the unstable
aglycon intermediates leads to the forma-
tion of 4,21-dehydrogeissoschizine (11), the
branchpoint precursor of MIAs (Scheme 1b).
Tropane alkaloids are the third subclass whose
biosynthetic pathways have been investigated.
They are found primarily in the Solanaceae?!.
The first committed step of tropane biosyn-
thesis is the N-methylation of putrescine
(12) (derived from L-ornithine (13)) to form
N-methylputrescine (14). Following the con-
version to 1-methyl-A! pyrrolinium cation
(15), its condensation with nicotinic acid (16)

Alkaloid Type (organ) Source plant applications
Ajmaline (46) MIA 1 (root)83 Rauwolfia sellowii Anti-arrhythmic
Berberine (43) BIA 1 (root)84 Berberis vulgaris Antimicrobial
Caffeine (19) Purine 1 (bean)8® Coffea arabica Stimulant
Camptothecin (47)  MIA 0.05 (bark)8® Camptotheca acuminata Chemotherapeutics
Cocaine (48) Tropane 0.8 (leaves)8’ Erythroxylon coca Stimulant
Codeine (24) BIA 0.5 (seed capsule)®®  Papaver somniferum Antitussive, analgesic
Hyoscyamine (22)  Tropane 0.4 (leaves)®? Hyoscyamus muticus Anticholinergic,

antimuscarinic
Irinotecan (49) MIA (ss) - - Chemotherapeutics
Morphine (23) BIA 10 (seed capsule)8  Papaver somniverum Analgesic
Nicotine (17) Tropane 3 (leaves)?© Nicotiana tabacum Stimulant
Noscapine (50) BIA 2 (seed capsule)?! Papaver somniverum Analgesic, antitussive
Oxycodone (51) BIA (ss) - - Analgesic
Oxymorphone (52)  BIA (ss) - - Analgesic
Papaverine (53) BIA 1 (seed capsule)?! Papaver somniverum Vasodilator
Quinidine (54) MIA 0.2 (bark)92 Cinchona ledgeriana Antiarrhythmic
Quinine (55) MIA 6 (bark)92 Cinchona ledgeriana Antimalarial, analgesic
Reserpine (56) MIA 0.03 (root)%3 Rauwolfia nitida Antihypertensive
Sanguinarine (57)  BIA 0.001 (root)?3 Sanguinaria canadiensis Antibacterial

(in dental products)
Scopolamine (21)  Tropane 0.1 (leaves)®? Hyoscyamus muticus Anticholinergic,

antimuscarinic
Strychnine (58) MIA 2 (root)94 Strychnos nux-vomica  Stimulant, pesticide
Topotecan (59) MIA (ss) - - Chemotherapeutics
Vinblastine (35) MIA 0.0001 (whole plant)?> Catharanthus roseus Chemotherapeutics
Vincristine (1) MIA 0.0003 (whole plant)!4 Catharanthus roseus Chemotherapeutics
Vindesine (60) MIA (ss) - - Chemotherapeutics
Vinflunine (34) MIA (ss) - - Chemotherapeutics
Vinorelbine (61) MIA (ss) - - Chemotherapeutics
Yohimbine (62) MIA 1 (bark)96 Pausinystalia yohimbe  Erectile dysfunction

leads to nicotine (17) synthesis while other
chemical conversions lead to the formation
of tropinone (18), the branchpoint interme-

treatment diate of many tropane alkaloids (Scheme 2a).

*Yield represents percentage dry weight. ss indicates semisynthetic derivative.

Alkaloid biosynthesis and manipulations in plants

The significance of alkaloids has motivated the characterization of their
biosynthetic pathways. Mechanistic elucidation of enzymatic steps typi-
cally begins by tracking isotopically labeled metabolites in differentiated
plants or plant cell cultures. Further steps commonly involve reverse
genetics, in which (following plant enzyme isolation and purification)
partial sequence data of the purified protein are used to obtain the
corresponding gene from a complementary DNA library. This allows
the identification of the starting substrates, and enables the proposal
of a series of logical biosynthetic transformations. Recently, genomic
and transcriptomic technologies have been used to rapidly identify
biosynthetic steps. There are currently over 40,000 expressed enzyme
tags (ESTs) generated from alkaloid-producing plants that have been
used to isolate genes involved in the alkaloid pathway'?. Nevertheless,
the availability of genome sequences of alkaloid producer plants is
urgently needed to further speed the elucidation of their biosynthesis.
So far, the biosynthetic routes of four alkaloid subclasses have been
partially characterized: the benzylisoquinoline, monoterpenoid indole,
purine and tropane alkaloids. Benzylisoquinoline alkaloids (BIAs) are
derived from tyrosine (2) and are comprised of ~2,500 defined struc-
tures found mainly in the Papaveraceae, Ranunculaceae, Berberidaceae
and Menispermaceae'®, The first committed step of BIA biosynthesis
begins with the stereoselective Pictet-Spengler condensation of dop-

The fourth alkaloid subclass is derived from
purine nucleotides instead of amino acids.
A well-known example of a purine alkaloid
is caffeine (19), whose biosynthetic route has been largely studied in
Camellia, Coffea, Theobroma and Ilex?2. Its upstream pathway involves
four enzymatic steps that consist of three SAM-dependent methyl
transfers and one nucleotide removal reaction from xanthosine (20)
(Scheme 2b).

While efforts to complete elucidation of alkaloid metabolism are pro-
gressing, known enzymatic steps have been used as a basis for plant met-
abolic engineering strategies to increase the biosynthesis of alkaloids of
interest or to eliminate undesired metabolites. For example, a transgenic
coffee cultivar with 70% reduction of caffeine content was created by the
introduction of RNA interference constructs in order to downregulate
threobromine synthase (MXMT)?3. A more pest resistant tobacco cul-
tivar has also been engineered by expressing three N-methyltransferases
from coffee to divert flux from 20 to synthesize 1924, Furthermore, up to
1.2% dry weight of the pharmaceutically valuable scopolamine (21) has
been made available in Atropa belladonna, a plant that normally accu-
mulates hyoscyamine (22), by expressing Hyoscyamus niger hyoscyamine
6B-hydroxylase (H6H), the enzyme that converts 22 into 212,

Although there are many examples of successful attempts to achieve
a desired alkaloid production phenotype, the outcome of plant meta-
bolic engineering strategies is often unpredictable. For instance, consider
CORI,[AU: Please ensure that only official (Entrez Gene) gene symbols
for the appropriate organism are used.] which encodes for codeinone
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reductase, the final enzyme in morphine biosynthesis. By overexpressing
this single gene, morphine (23) and codeine (24) content in transgenic
opium poppy were moderately increased by ~22% and ~58%, respec-
tive1y26. However, thebaine (25), an upstream metabolite in the 23 branch
pathway, was also unexpectedly and significantly amplified?®. The out-
come of the downregulation of codeinone reductase with RNAi was also
puzzling. It was expected that this strategy would lead to suppression of
23 formation and the accumulation of codeinone (26) and morphinone
(27), the immediate precursors of codeinone reductase. Although the
amount of the morphinan alkaloids was decreased, biosynthesis of 6, an

HOm

NH

HO 2
3

—_—
NH
~ HO

Terpene biosynthesis

OH

PERSPECTIVE

early upstream metabolite in the pathway, was increased instead of 26 or
2727 On the other hand, the overexpression of another enzyme in the
pathway, the cytochrome P450 monooxygenase (S)-N-methylcoclaurine
37 -hydrolase (CYP80B3), resulted in an up to 450% increase of total
morphinan alkaloids without altering the product distribution?®, This
result suggests that although there are multiple control points in the BIA
pathway, CYP80B3 is an important target toward improving morphine
biosynthesis. The suppression of this gene by an antisense construct,
which led to a reduced total alkaloid content in the transgenic opium
poppy, supported this hypothesis?®.

Morphine (23), R1 =H
HO NMe Codeine(24), R1 = Me

[

Sanguinarine (57)

MeO~3 =
\

Yohimbine (62) O

' HO,
1
N X

= P
N

Quinine (55)

Ajmaline (46)

Vinblastine (35), Ry = CO,Me; Ry = H
1, Ry = CO,Me; Ry = CHO

Scheme 1 The general biosynthetic schemes of BIA and MIA alkaloid subclasses. Some important alkaloid products are represented. (a) BIA (NCS,
norcoclaurine synthase). (b) MIA (TDC, tryptophan decarboxylase; STR, strictosidine synthase).
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Scheme 2 The general biosynthetic schemes for tropane and purine alkaloids. (a) Tropane alkaloid (ODC, ornithine decarboxylase; PMT, putrescine
N-methyltransferase). (b) Purine alkaloid (XMT, xanthosine N-methyltransferase/7-methylxanthosine synthase; XN, 7-methylxanthosine nucleotidase; MXMT,
7-methylxanthine N-methyltransferase/theobromine synthase; DXMT, dimethylxanthine N-methyltransferase/caffeine synthase).

Alkaloid production in plant tissue and cell lines

The demand for highly abundant plant alkaloids (Table 1), such as the
morphinan opiates, can be met through plant extraction®®. However, for
some scarcely available alkaloids, alternative production platforms are
desirable. It was discovered as early as the 1950s that undifferentiated plant
cells have the capacity to produce many of the same secondary metabo-
lites as whole plants®°. Today, several plant cell lines have been developed
to synthesize some important pharmaceuticals at industrial levels. For
example, concentrations of paclitaxel as high as 0.5% of dry weight have
been achieved in plant cell culture with methyl jasmonate elicitation®!.
This is a stark yield improvement over the concentration of paclitaxel in
Pacific yew, which makes up as little as 0.01% of the dry weight>2.[AU:
Sentence correct as edited?] Shikonin, a naphthoquinone pigment used
in cosmetics, has also been successfully derived from Lithospermum eryth-
rorhizon cell suspension cultures.

Extensive efforts have focused on optimizing plant cell cultures for
improving the yield, controllability and reproducibility of several phar-
maceutically important alkaloids®*. However, because the activation of
many alkaloid biosynthetic pathways is tissue specific and a function of
developmental stage®, plant tissue cultures (rather than cell lines) are
often used as production platforms®®.[AU: Correct as edited?] For both
tissue and cell culture systems, the elicitation of alkaloid synthesis often
involves the utilization of certain small molecules'! and light*”-*8, Aside
from developing optimal culture conditions, various metabolic engineer-
ing manipulations have also been explored in plant tissue and cell lines
to obtain alkaloid overproduction phenotypes. An example of a success-
ful metabolic engineering strategy is the simultaneous overexpression of
putrescine N-methytransferase and H6H, which resulted in the synthesis
of ~400 mg I"! of 21 in transgenic H. niger hairy root culture (~ninefold

increase over the wild-type line)?. As in whole plants, however, the out-
comes of chosen metabolic engineering strategies in plant tissue and cell
lines are often difficult to predict or control. In one instance, while the
overexpression of STR[AU: Spell out.] (the key enzyme in the MIA path-
way; Scheme 1b) in C. roseus cell lines improved the levels of ajmalicine
(28), serpentine (29), catharanthine (30) and tabersonine (31), the highly
productive lines were deemed to be unstable??, In another case, it was
previously known that the biosynthesis of 8 is feedback inhibited; hence
its availability might be a limiting factor in MIA biosynthesis. However,
the introduction of Arabidopsis thaliana feedback-resistant anthranilate
synthase (AfAS) and induction of tryptophan decarboxylase (TDC) in C.
roseus hairy roots did not significantly improve downstream MIAs even
though the levels of early MIA precursors 7 and 8 were increased*!=#3.
Again, this result suggested that the availability of the early amino acid
precursor is not limiting for MIA biosynthesis, which confirms the find-
ing that the availability of 9 was the important rate-limiting step in MIA
biosynthesis. Improvements in the precursor branch pathway of 9 success-
fully increased MIA synthesis in suspension cells and hairy roots*4¢.[ AU:
Correct as edited?] When the activity of the terminal step of vindoline (32)
biosynthesis was amplified in C. roseus hairy roots by the overexpression
of deacetylvindoline-4-O-acetyltransferase (DAT), the accumulation of
horhammericine (33), an alkaloid not in the 32 pathway, was elevated
by fourfold®”. Further experiments revealed the existence of cross-talk
by DAT overexpression because this enzyme inhibited the activity of
minovincinine-19-O-acetyltransferase (MAT), the enzyme that turns
over 33.

As with whole-plant systems, the intricate relationships among meta-
bolic pathways and regulatory schemes in plant cells and tissues are among
the many factors that limit the robustness of a metabolic engineering
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design to achieve a specific overproduction target. Various systems biol-
ogy approaches have been developed to portray the complex metabolic
interplay in plant tissue and cell systems. In one instance, flux analysis
using isotopomer*®*° and ‘bond-isomer’>%>! labeling and balancing has
been used to profile flux distribution in the central metabolism of C.
roseus hairy roots. Significant progress has also been made toward eluci-
dating the genome-wide interconnectivity among biological functions,
resulting in datasets that contain gene-to-gene and gene-to-metabolite
networks that reveal regulatory differences in key alkaloid pathways in C.
roseus cells®2. Alkaloid metabolic regulatory machineries have also been
probed by using transcriptome analysis, leading to the identification of
several transcription factors in MIA biosynthesis>*>*. All together, this
information can potentially be useful in determining metabolic engi-
neering targets that can effectively deliver a desired improvement in a
specific alkaloid branch pathway. For instance, a metabolic engineering
strategy to increase MIA production was devised to exploit the utility of
the ORCA3 transcription factor to upregulate the expression of many
MIA biosynthetic genes simultaneously®*. However, initial ORCA3 over-
expression in C. roseus cell cultures did not significantly improve MIA
synthesis. It was discovered that even though ORCA3 positively regulates
the expression of many genes that lead to the synthesis of 10, it does
not upregulate the expression of geraniol 10-hydroxylase (G10H), the
enzyme in the terpenoid pathway that leads to the synthesis of 9. Upon
supplemental feeding of loganin, the precursor of 9, the overexpression
of ORCA3 resulted in ~0.6% of dry weight of MIAs (~threefold increase).
Another transcriptome study revealed the complexity of MIA biosyn-
thetic control by a variety of transcriptional regulators. In this case, it
was discovered that although the MIA biosynthetic enzymes that were
upregulated upon ORCA3 overexpression in C. roseus hairy root lines are
similar to those upregulated upon ORCA3 overexpression in cell lines, the
transcriptional repressors ZCT1 and ZCT2 were also upregulated in the
hairy root lines>.[AU: Sentence correct as edited?] This finding provided
an explanation for the insignificant improve-

ment of MIA synthesis in C. roseus hairy roots

PERSPECTIVE

loid pathways opened the possibility of generating enzyme variants
with increased selectivity toward unnatural substrate analogs, thereby
improving the efficiency of precursor-directed biosynthesis and increas-
ing the number of unnatural alkaloids. Several STR variants with altered
substrate specificity have been successfully engineered. In one instance,
the structural elucidation of Rauvolfia serpentina STR® led to the iden-
tification of several amino acid residues that form the binding pocket of
C. roseus STR®!. Using in vitro assays that incorporated 9 derivatives, an
enzyme variant containing a D177A mutation that exhibited increased
selectivity toward an analog of 9 (with a pentynyl group) was identified.
This strategy clearly demonstrated the benefit of re-engineering STR
plasticity for mutasynthetic purposes. However, the ability to explore a
widely diverse mutational space was still limited owing to the lack of a
facile screening assay. In approaching this challenge, a medium-through-
put colorimetric assay was developed in order to identify functional
STR mutants that can accept 7 analogs®?. The medium-throughput
assay took advantage of the formation of products downstream of STR
that can be visualized when metabolized by strictosidine glucosidase.
By applying a saturation mutagenesis strategy on several residues that
form the binding pocket, two STR mutants (V214M and F232L) that
turned over unnatural 7 compounds to synthesize 3-carboline analogs
were identified using the in vitro assay®!. When the newly synthesized 10
analogs were fed to C. roseus hairy root cultures, a number of novel MIA
analogs were obtained (Scheme 3). This finding set the stage for rational
metabolic engineering of unnatural products within the plant cell envi-
ronment, or “plant metabolic reprogramming”®3. Indeed, upon feeding
with the tryptamine analogs that the reengineered enzyme was designed
to accept, transgenic C. roseus hairy roots expressing the V214M mutant
enzyme produced a variety of unnatural alkaloid compounds (28, 29,
30 and 31). These results show the power of biocatalysis to facilitate
the synthesis of unnatural alkaloids—an approach that has now been
demonstrated to be applicable to plant cell culture.

upon ORCA3 overexpression. H_O _
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from the discovery that several fluorinated tro-
pane alkaloids could be produced by simply
feeding fluorinated phenyllactic acid analogs to
Datura stramonium root cultures®. Similarly, a
wide variety of 7 and 9 analogs could be intro-
duced into C. roseus root cultures and seedlings
in order to synthesize unnatural MIAs>®>%,
The apparent flexibility of downstream alka-
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N
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Scheme 3 Mutasynthetic strategy for generating unnatural alkaloids. STR mutants (identified from the
development of colorimetric medium-throughput assay) that can efficiently turn over substrate analogs
were used to synthesize unnatural strictosidine (10) from unnatural tryptamine (7) and secologanin
(9). Unnatural complex alkaloids can be generated from feeding the unnatural 10 into C. roseus

hairy root culture. Analogs of 7 can also be directly converted into complex alkaloids by metabolically
reprogramming C. roseus hairy root.
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Engineering alkaloid biosynthesis in microorganisms

Owing to the smaller genome size, the degree of complexity in microor-
ganisms is significantly lower than that of plants. Moreover, microorgan-
isms have fewer intracellular organelles compared to plant cells; hence
metabolite transport between enzymatic steps can be negligible. Indeed,
the relative simplicity and tractability of microorganisms has sparked
significant interest in their engineering for the synthesis of high-value
plant metabolites. To this end, the bacterium E. coli and yeast S. cerevisiae
were recently explored as production hosts of plant alkaloids. In both
cases, the metabolic engineering efforts in microorganisms entailed the
reconstruction of the plant biosynthetic pathways (Scheme 4a). In plants,
6, the direct precursor of many BIAs, is derived from the condensation
of 3 and 4 by norcoclaurine synthase (NCS) to form 5. Subsequently,
5 is methylated by norcoclaurine 6-O-methyltransferase (6-OMT)
and coclaurine-N-methyltransferase (CNMT), hydroxylated by the
cytochrome P450 CYP80B3 and further methylated by 3’ -hydroxy-
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To assemble an artificial pathway to achieve 6 biosynthesis in E. coli,
Micrococcus luteus monoamine oxidase (MAO) was introduced together
with Coptis japonica NCS, 6-OMT, CNMT and 4" -OMT in plasmid-
based expression systems® (Scheme 4b). In this strategy, the utilization
of the microbial MAO allowed the incorporation of the hydroxyl group
early in the reticuline pathway through the synthesis of 3,4-dihydroxy-
phenylacetaldehyde (36) from 3, hence obviating the need to express
the plant P450 CYP80B3 in the bacterium, which is often problematic.
Upon induction of enzyme expression, and supplementation with ~780
mg ! 3, ~11 mg 1! (R,S)-reticuline (37) could be detected in the cul-
ture medium of the recombinant E. coli. Because plant NCS exclusively
synthesizes S enantiomers, the generation of the racemic products by
the artificial pathway was confounding. Further investigation concluded
that when 36 and 3 were sufficiently available, a spontaneous chemical
conversion that resulted in the synthesis of 37 occurred. Nevertheless,
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Scheme 4 Reconstruction of BIA pathway in microorganisms. (a) Native plant pathway. (b) Microbial biocatalysts using both E. coliand S. cerevisiae.
(c) A microbial biocatalyst using only S. cerevisiae. Enzymatic and metabolite modifications are indicated in red. NCS, norcoclaurine synthase; 6-OMT,
norcoclaurine 6-O-methyltransferase; CNMT, coclaurine-N-methyltransferase; 4 -OMT, 37 -hydroxy-N-methylcoclaurine-4’ -O-methyltransferase; DRS, 1,2-
dehydroreticuline synthase; DRR, 1,2-dehydroreticulene reductase; BBE, berberine bridge enzyme; SMT, scoulerine 9-O-methyltransferase; MAO, bacterial
monoamine oxidase; CYP2D6, human cytochrome P450 enzyme; CYP80G2, CYP719B1 and CYP719A1, plant cytochrome P450 enzymes.[AU: Correct as

edited? If not, please define CYP80G2 and CYP719B1.]
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the synthesis of 37 allowed the biosynthe-
sis of downstream BIAs. By coculturing the
reticuline-producing E. coli with S. cerevisiae
expressing the C. japonica berberine bridge
enzyme (BBE) or CYP80G2 in the presence of
3, (S)-scoulerine (38) and magnoflorine (39)
could be detected at ~8 mg ™! and ~7 mg 171,
respectively, after 48 to 72 h of incubation.[AU:
Sentence correct as edited?]

The use of two microbial systems for pathway
construction reduced the efficiency of alkaloid
synthesis owing to necessary metabolite trans-
port between cells. In another study, S. cerevi-
siae was used as a sole host organism for the
assembly of artificial BIA pathways® (Scheme
4c¢). In this work, the biosynthesis of 37 from
(R,S)-norlaudanosoline (40) was enabled
by expressing 6-OMT, CNMT and 4" -OMT
derived from either Thalictrum flavum or
Papaver somniferum. After stable insertion into
the yeast genome under a reduced-strength
promoter variant (TEF7)%, the heterologous
gene expression resulted in the creation of an
artificial plant pathway with reduced transcrip-
tional activities, while maintaining high cata-
lytic activities. Furthermore, the plasmid-based
expression of P. somniferum BBE together with
T. flavum (S)-scoulerine 9-O-methyltrans-
ferase (SMT) in (R,S)-reticuline—producing
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Figure 1 [AU: Please provide a brief overall title sentence that does not refer to specific parts or
panels.](a,b) Metabolic engineering (ME) of a plant system (a) and a microorganism (b). Multiple
branch pathways exist (A-F) in plant cells that lead to the formation of diverse alkaloid products (P1,
P1, P3). These pathways are also fragmented in different intracellular compartments such as the
vacuole (blue triangle), plastid (purple square) and endoplasmic reticulum (red curve). Moreover,
alkaloid biosynthesis in plant cells is also regulated by transcription factors (tf). Microorganisms, on the
other hand, have fewer (or no) intracellular organelles, and are devoid of preexisting alkaloid pathways
and transcription factors. Rational metabolic engineering strategies (overexpression, green arrow;
deletion, red cross) to increase a particular alkaloid product (for example, P1) often lead to unexpected
outcomes (for example, the significant amplification of P3 and P4) due to the inherent complexities of
plant cellular biology and the lack of understanding of alkaloid biosynthetic networks. Microorganisms
can facilitate the biosynthesis of a single alkaloid product (for example, P1) by the construction of an
artificial biosynthetic pathway.[AU: Correct as edited?] However, synthetic intermediates (X) have to be
provided.[AU: Please check that color descriptions match the figure.]

yeasts resulted in the synthesis of ~60 mg 1!
(S)-tetrahydrocolumbamine (41) from ~1 g1-!
of 40 in 48 h. Additional plasmid-based expression of the C. japonica
P450 enzyme CYP719A1 and the integration of the A. thaliana P450
redox partner protein ATR1 in the genome gave rise to the accumula-
tion of an estimated ~30 mg1~! (S)-canadine (42), the direct precursor
of the pharmaceutically important berberine (43). The synthesis of 37
by the engineered yeast strain also enabled the synthesis of salutaridine
(44), an intermediate in the branch pathway of 23, through a shorter
route. In plants, the synthesis of 44 from 6 includes[AU: Correct?] mul-
tiple enzymatic steps, many of which are not characterized. However, by
expressing a human cytochrome P450 involved in morphine metabo-
lism (CYP2D6) together with human CPRI1 reductase in the reticuline-
producing yeasts, ~20 mg 1! 44 could be synthesized from 40. Yeast
have also been engineered to accommodate the biosynthesis of high-
value MIAs from feeding 7 and 9%7. Transgenic yeast were created by
expressing C. roseus STR and strictosidine B-glucoside (SGD) using a
plasmid-based expression system. Upon supplemental feeding of the
STR substrates, ~2 g I"! of 10 was detected in the medium where the
heterologously expressed STR was exported. Permeabilization of yeast
cells to allow the diffusion of strictosidine into the cells was necessary
for its metabolism by SGD to result in the generation of cathenamine
(45), also at the yield of ~2 g 1.

The bottom-up assembly of artificial biosynthetic pathways in E. coli
and yeast enabled the biosynthesis of plant alkaloids in a short period of
time (48-72 h). One advantageous feature of yeast is the ability to support
the functionality of plant membrane-bound cytochrome P450 enzymes
that are rendered difficult in E. coli due to the absence of the endoplasmic
reticulum, which is required for anchorage. However, protein engineering
strategies to allow the functional expression of plant P450s in E. coli have
been reported recently®®%°. In general, the current technology of supplying
alkaloids from engineered microorganisms is not economical because it

still relies on the supplementation of expensive intermediate metabolites.
However, the complete elucidation of alkaloid biosynthetic pathways from
the early amino acid precursors could lead to the generation of inexpensive
microbial production platforms. In fact, the feasibility of high-level plant
metabolite synthesis from inexpensive precursors in both E. coli and S.
cerevisiae has been demonstrated. For example, high-level synthesis of
plant flavonoid at ~400 mg I"! from engineered E. coli’® could be facilitated
by redirecting various metabolic fluxes from glucose toward malonyl-CoA
(a flavonoid building block). This titer was further improved up to ~700
mg I"! by partially repressing fatty acid metabolism in the E. coli hosts’".
In the case of the production of plant natural product in S. cerevisiae, the
synthesis of ~100 mg I"! artemisinic acid from glucose could be achieved
by the upregulation of the mevalonate pathway and the downregulation
of a competing pathway (sterol biosynthesis)”>.

Perspective

Plant tissue and cell cultures are prospective scalable alkaloid production
platforms. The utility of these systems is exemplified by the industrial-
scale production of 21 and 43 from cell culture by Sumitomo Chemical
Industries and Mitsui Petrochemical Industries’>74.[AU: respectively?]
One major drawback of plant tissues and cell lines, however, is the inability
to produce certain alkaloids owing to the lack of specialized cell types”>.
For instance, 1 and 35 are not significantly produced in C. roseus cell
suspension and hairy root cultures because the precursor pathway of 32 is
only fully activated in aerial plant parts’®’”. Metabolic reconstruction will
therefore be required for increasing the utility of plant cell lines and tis-
sues for commercial production systems, and this necessitates the enrich-
ment and development of robust genetic tools for plant transformation.
[AU: Sentence correct as edited?] However, as in whole plant systems,
pathway compartmentalization and the existence of multiple alkaloid
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biosynthetic pathways and regulatory control mechanisms are among
the factors that significantly increase the degree of unpredictability of
metabolic engineering efforts in plant cell lines and tissues (Fig. 1a).[AU:
Sentence correct as edited?] The lack of complete understanding of the
complex alkaloid biosynthetic networks also hinders the determination
of an effective metabolic engineering strategy to achieve a specific pro-
duction phenotype. The development of mathematical models of plant
metabolism’® together with systems biology analyses’® can eventually
be used to aid in determining effective metabolic engineering strategies.
Additionally, because the inherent complexity of plant cellular systems
often causes single gene manipulations to be ineffective for altering a
biosynthetic phenotype, methods that are capable of effecting simultane-
ous changes in multiple metabolic points, such as the use of transcription
factors, are promising®.

Microbes are even more scalable than plant tissue and cell cultures,
with a long and successful history as chemical factories for the large-
scale production of both bulk and specialized chemical products. The
degree of complexity in microorganisms is significantly lower than that of
plant systems (Fig. 1b), such that the lack of preexisting branch alkaloid
pathways and transcription factors in microbes should also simplify the
choice of metabolic engineering targets and approaches. The recent dem-
onstrations of engineering alkaloid pathways in microbes are promising,
but are limited by the need to provide expensive intermediate precursors
exogenously. Thus the complete elucidation of alkaloid biosynthesis is
needed to enable the synthesis of complex downstream alkaloids from
simple precursors. However, this strategy will likely entail the implanta-
tion of numerous biosynthetic steps, which is not trivial. For example, the
reconstruction of the plant biosynthetic pathway of 23 from 2 in microbes
will involve the functional expression of more than 17 enzymes. There
are several other challenges that must be met before microorganisms
can be used as an industrial alkaloid production platform. For example,
because many steps in alkaloid biosynthesis require methylation, high-
level production in microbial systems will likely be limited by the intra-
cellular availability of S-adenosyl-L-methionine (SAM). Therefore, this
bottleneck motivates further metabolic engineering efforts to increase
the SAM pool in the microbial host. The cytotoxicity of alkaloids in yeast
has also been implicated®’, and is presumably a factor in other microbes
as well. Therefore, practical and effective strategies need to be devised to
mitigate toxicity in order to generate alkaloid-overproducing microbes.
A transcriptomic approach has been recently used to diagnose the effect
of metabolite toxicity, and resulted in a strategy to dampen the nega-
tive impact of the toxicity on growth®.[AU: Sentence correct as edited?]
Moreover, a new strategy to increase microbial tolerance toward toxic
metabolites by engineering transcription factors®? can also potentially
be applied in alkaloid-producing microbes.

In conclusion, although both plant cell/tissue and microbial systems
offer tremendous advantages as scalable alkaloid production platforms,
many opportunities still lie in the cellular and metabolic engineering
sectors to create the multifaceted phenotypic traits (for example, high
productivity, product tolerance and stability) required for use in indus-
trial bioprocesses. Moreover, because the characteristics and metabolic
capacities of plant cell/tissue and microbial systems are inherently dif-
ferent, they can serve as complimentary unit operations in order to solve
the long-standing problem of robust alkaloid production.[AU: Sentence
correct as edited?]

ACKNOWLEDGMENTS

The authors are grateful for the constructive discussion and contribution of

M. Tackett (Whitehead Institute for Biomedical Research and Department of
Biology, MIT). Research in the Prather laboratory is supported by the US National
Science Foundation/Synthetic Biology Engineering Research Center (SynBERC;
grant no. 0540879) and the MIT Energy Initiative (grant no. 6917278). Research

in the O’Connor laboratory is funded by the US National Institutes of Health
(GM074820) and the US National Science Foundation (MCB-0719120).

Published online at http://www.nature.com/naturechemicalbiology/
Reprints and permissions information is available online at http://npg.nature.com/
reprintsandpermissions/

1. Costantino, L. & Barlocco, D. Privileged structures as leads in medicinal chemistry.
Curr. Med. Chem. 13, 65-85 (2006).

2. Evans, B.E. et al. Methods for drug discovery: development of potent, selective, orally
effective cholecystokinin antagonists. J. Med. Chem. 31, 2235-2246 (1988).

3. Horton, D.A., Bourne, G.T. & Smythe, M.L. The combinatorial synthesis of bicyclic
privileged structures or privileged substructures. Chem. Rev. 103, 893-930 (2003).

4. Maclean, D. et al. Glossary of terms used in combinatorial chemistry (technical report).
J. Comb. Chem. 2, 562-578 (2000).

5. Koehn, F.E. & Carter, G.T. The evolving role of natural products in drug discovery. Nat.
Rev. Drug Discov. 4, 206-220 (2005).

6. Maplestone, R.A., Stone, M.J. & Williams, D.H. The evolutionary role of secondary
metabolites—a review. Gene 115, 151-157 (1992).

7. Williams, D.H., Stone, M.J., Hauck, P.R. & Rahman, S.K. Why are secondary metabo-
lites (natural products) biosynthesized? J. Nat. Prod. 52, 1189-1208 (1989).

8. Newman, D.J. & Cragg, G.M. Natural products as sources of new drugs over the last
25 years. J. Nat. Prod. 70, 461-477 (2007).

9. Beghyn, T., Deprez-Poulain, R., Willand, N., Folleas, B. & Deprez, B. Natural com-
pounds: leads or ideas? Bioinspired molecules for drug discovery. Chem. Biol. Drug
Des. 72, 3-15 (2008).

10. Facchini, P.J. & De Luca, V. Opium poppy and Madagascar periwinkle: model non-model

systems to investigate alkaloid biosynthesis in plants. Plant J. 54, 763-784 (2008).

. Kutchan, T.M. Alkaloid biosynthesis—the basis for metabolic engineering of medicinal

plants. Plant Cell 7, 1059-1070 (1995).

12. Verpoorte, R., van der Heijden, R. & Memelink, J. Engineering the plant cell factory
for secondary metabolite production. Transgenic Res. 9, 323-343, discussion 321
(2000).

13. Hartmann, T. Plant-derived secondary metabolites as defensive chemicals in herbivo-
rous insects: a case study in chemical ecology. Planta 219, 1-4 (2004).

14. Kuboyama, T., Yokoshima, S., Tokuyama, H. & Fukuyama, T. Stereocontrolled total
synthesis of (+)-vincristine. Proc. Natl. Acad. Sci. USA 101, 11966-11970 (2004).

15. Miyazaki, T. et al. Synthesis of (+)-vinblastine and its analogues. Org. Lett. 9, 4737-
4740 (2007).

16. Uchida, K., Yokoshima, S., Kan, T. & Fukuyama, T. Total synthesis of (+/-)-morphine.
Org. Lett. 8, 5311-5313 (2006).

17. Yokoshima, S. et al. Stereocontrolled total synthesis of (+)-vinblastine. J. Am. Chem.
Soc. 124, 2137-2139 (2002).

18. Liscombe, D.K. & Facchini, P.J. Evolutionary and cellular webs in benzylisoquinoline
alkaloid biosynthesis. Curr. Opin. Biotechnol. 19, 173-180 (2008).

19. O'Connor, S.E. & Maresh, J.J. Chemistry and biology of monoterpene indole alkaloid
biosynthesis. Nat. Prod. Rep. 23, 532-547 (2006).

20. Maresh, J.J. et al. Strictosidine synthase: mechanism of a Pictet-Spengler catalyzing
enzyme. J. Am. Chem. Soc. 130, 710-723 (2008).

1

—

21. Sato, F. et al. Metabolic engineering of plant alkaloid biosynthesis. Proc. Natl. Acad.
Sci. USA 98, 367-372 (2001).
22. Ashihara, H., Sano, H. & Crozier, A. Caffeine and related purine alkaloids: biosynthesis,

catabolism, function and genetic engineering. Phytochemistry 69, 841-856 (2008).

23. Ogita, S., Uefuji, H., Yamaguchi, Y., Koizumi, N. & Sano, H. Producing decaffeinated
coffee plants. Nature 423, 823 (2003).

24. Uefuji, H. et al. Caffeine production in tobacco plants by simultaneous expression of
three coffee N-methyltrasferases and its potential as a pest repellant. Plant Mol. Biol.
59, 221-227 (2005).

25.Yun, D.J., Hashimoto, T. & Yamada, Y. Metabolic engineering of medicinal plants:
transgenic Atropa belladonna with an improved alkaloid composition. Proc. Natl. Acad.
Sci. USA 89, 11799-11803 (1992).

26. Larkin, P.J. et al. Increasing morphinan alkaloid production by over-expressing codeinone
reductase in transgenic Papaver somniferum. Plant Biotechnol. J. 5, 26-37 (2007).

27. Allen, R.S. et al. RNAi-mediated replacement of morphine with the nonnarcotic alkaloid
reticuline in opium poppy. Nat. Biotechnol. 22, 1559-1566 (2004).

28. Frick, S., Kramell, R. & Kutchan, T.M. Metabolic engineering with a morphine biosyn-
thetic P450 in opium poppy surpasses breeding. Metab. Eng. 9, 169-176 (2007).

29. Ye, K. et al. Opium alkaloid noscapine is an antitumor agent that arrests metaphase
and induces apoptosis in dividing cells. Proc. Natl. Acad. Sci. USA 95, 1601-1606
(1998).

30. Stafford, A.M., Pazoles, C.J., Siegel, S. & Yeh, L.-A. Plant Cell Culture: a Vehicle for Drug

Delivery (John Wiley & Sons, XXX, 1998).[AU: Please provide city of publication.]

. Yukimune, Y., Tabata, H., Higashi, Y. & Hara, Y. Methyl jasmonate-induced overproduc-
tion of paclitaxel and baccatin Il in Taxus cell suspension cultures. Nat. Biotechnol.
14, 1129-1132(1996).

. Witherup, K.M. et al. Taxus spp. needles contain amounts of taxol comparable to
the bark of Taxus brevifolia: analysis and isolation. J. Nat. Prod. 53, 1249-1255
(1990).

33. Touno, K., Tamaoka, J., Ohashi, Y. & Shimomura, K. Ethylene induced shikonin bio-
synthesis in shoot culture of Lithospermum erythrorhizon. Plant Physiol. Biochem. 43,
101-105 (2005).

34. Gamborg, O.L. Plant tissue culture. Biotechnology. Milestones. /n Vitro Cell. Dev. Biol.
Plant 38, 84-92 (2002).[AU: Please check ref. for accuracy as it is not listed on

3

—

3

N

VOLUME 5 NUMBER 5 MAY 2009 NATURE CHEMICAL BIOLOGY



35.

3

[}

3

~

3

o9}

39.

40.

4

—

42.

43.

44,

45,

46.

4

~

48.

49.

5

o

51.

52.

53.

54.

5

[$]

56.

57.

58.

5

©o

60.

6

—

6

N

63.

64.

65.

PubMed.]
Filner, P., Varner, J.E. & Wray, J.L. Environmental or developmental changes cause many
enzyme activities of higher plants to rise or fall. Science 165, 358-367 (1969).

. Shanks, J.V. & Morgan, J. Plant ‘hairy root’ culture. Curr. Opin. Biotechnol. 10, 151~

155 (1999).

. De Luca, V. & St Pierre, B. The cell and developmental biology of alkaloid biosynthesis.

Trends Plant Sci. 5, 168-173 (2000).

. Vazquez-Flota, F.A., St-Pierre, B. & De Luca, V. Light activation of vindoline biosynthesis

does not require cytomorphogenesis in Catharanthus roseus seedlings. Phytochemistry
55, 531-536 (2000).

Zhang, L. et al. Engineering tropane biosynthetic pathway in Hyoscyamus niger hairy
root cultures. Proc. Natl. Acad. Sci. USA 101, 6786-6791 (2004).

Canel, C. et al. Effects of over-expression of strictosidine synthase and tryptophan
decarboxylase on alkaloid production by cell cultures of Catharanthus roseus. Planta
205, 414-419 (1998).

. Hughes, E.H., Hong, S.B., Gibson, S.l., Shanks, J.V. & San, K.Y. Expression of a

feedback-resistant anthranilate synthase in Catharanthus roseus hairy roots provides
evidence for tight regulation of terpenoid indole alkaloid levels. Biotechnol. Bioeng.
86, 718-727 (2004).

Hughes, E.H., Hong, S.B., Gibson, S.I., Shanks, J.V. & San, K.Y. Metabolic engineering
of the indole pathway in Catharanthus roseus hairy roots and increased accumulation
of tryptamine and serpentine. Metab. Eng. 6, 268-276 (2004).

Hong, S.B., Peebles, C.A., Shanks, J.V., San, K.Y. & Gibson, S.I. Expression of the
Arabidopsis feedback-insensitive anthranilate synthase holoenzyme and tryptophan
decarboxylase genes in Catharanthus roseus hairy roots. J. Biotechnol. 122, 28-38
(2006).

Whitmer, S., Canel, C., Hallard, D., Goncalves, C. & Verpoorte, R. Influence of precursor
availability on alkaloid accumulation by transgenic cell line of Catharanthus roseus.
Plant Physiol. 116, 853-857 (1998).

Whitmer, S., van der Heijden, R. & Verpoorte, R. Effect of precursor feeding on alkaloid
accumulation by a tryptophan decarboxylase over-expressing transgenic cell line T22
of Catharanthus roseus. J. Biotechnol. 96, 193-203 (2002).

Morgan, J.A. & Shanks, J.V. Determination of metabolic rate-limitations by precur-
sor feeding in Catharanthus roseus hairy root cultures. J. Biotechnol. 79, 137-145
(2000).

. Magnotta, M., Murata, J., Chen, J. & De Luca, V. Expression of deacetylvindoline-4-0-

acetyltransferase in Catharanthus roseus hairy roots. Phytochemistry 68, 1922-1931
(2007).

Schwender, J., Goffman, F., Ohlrogge, J.B. & Shachar-Hill, Y. Rubisco without the
Calvin cycle improves the carbon efficiency of developing green seeds. Nature 432,
779-782 (2004).

Schwender, J., Ohlrogge, J. & Shachar-Hill, Y. Understanding flux in plant metabolic
networks. Curr. Opin. Plant Biol. 7, 309-317 (2004).

. Sriram, G., Fulton, D.B. & Shanks, J.V. Flux quantification in central carbon metabo-

lism of Catharanthus roseus hairy roots by 13C labeling and comprehensive bondomer
balancing. Phytochemistry 68, 2243-2257 (2007).

Sriram, G. & Shanks, J.V. Improvements in metabolic flux analysis using carbon bond
labeling experiments: bondomer balancing and Boolean function mapping. Metab.
Eng. 6, 116-132 (2004).

Rischer, H. et al. Gene-to-metabolite networks for terpenoid indole alkaloid biosynthesis
in Catharanthus roseus cells. Proc. Natl. Acad. Sci. USA 103, 5614-5619 (2006).
van der Fits, L. & Memelink, J. ORCA3, a jasmonate-responsive transcriptional regulator
of plant primary and secondary metabolism. Science 289, 295-297 (2000).

Menke, F.L., Champion, A., Kijne, J.W. & Memelink, J. A novel jasmonate- and elicitor-
responsive element in the periwinkle secondary metabolite biosynthetic gene Str inter-
acts with a jasmonate- and elicitor-inducible AP2-domain transcription factor, ORCA2.
EMBO J. 18, 4455-4463 (1999).

. Peebles, C.A., Hughes, E.H., Shanks, J.V. & San, K.Y. Transcriptional response of the

terpenoid indole alkaloid pathway to the overexpression of ORCA3 along with jasmonic
acid elicitation of Catharanthus roseus hairy roots over time. Metab. Eng. 11, 76-86
(2009).[AU: Correct as edited per PubMed?]

Chen, S., Galan, M.C., Coltharp, C. & O’Connor, S.E. Redesign of a central enzyme in
alkaloid biosynthesis. Chem. Biol. 13, 1137-1141 (2006).

O’Hagan, D. et al. Fluorinated tropane alkaloids generated by directed biosynthesis in
transformed root cultures of Datura stramonium. J. Chem. Soc. [Perkin 1]1, 2117~
2120 (1999).[AU: Please check accuracy of ref. as it is not listed on PubMed.]
McCoy, E., Galan, M.C. & O’Connor, S.E. Substrate specificity of strictosidine synthase.
Bioorg. Med. Chem. Lett. 16, 2475-2478 (2006).

. McCoy, E. & O'Connor, S.E. Directed biosynthesis of alkaloid analogs in the medicinal

plant Catharanthus roseus. J. Am. Chem. Soc. 128, 14276-14277 (2006).

Ma, X., Panjikar, S., Koepke, J., Loris, E. & Stockigt, J. The structure of Rauvolfia
serpentina strictosidine synthase is a novel six-bladed beta-propeller fold in plant
proteins. Plant Cell 18, 907-920 (2006).

. Loris, E.A. et al. Structure-based engineering of strictosidine synthase: auxiliary for

alkaloid libraries. Chem. Biol. 14, 979-985 (2007).

. Bernhardt, P., McCoy, E. & O'Connor, S.E. Rapid identification of enzyme variants for

reengineered alkaloid biosynthesis in periwinkle. Chem. Biol. 14, 888-897 (2007).
Runguphan, W. & 0’Connor, S.E. Metabolic reprogramming of periwinkle plant culture.
Nat. Chem. Biol. 5, 151-153 (2009).

Minami, H. et al. Microbial production of plant benzylisoquinoline alkaloids. Proc. Natl.
Acad. Sci. USA 105, 7393-7398 (2008).

Hawkins, K.M. & Smolke, C.D. Production of benzylisoquinoline alkaloids in
Saccharomyces cerevisiae. Nat. Chem. Biol. 4, 564-573 (2008).

66.

67.

68.

69.

70.

7

—

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

—

82.

8

w

84.

85.

8

(o)}

8

~

88.

89.

90.

—

9

9

N

93.

94.

95.
.Chen, Q. et al. Analysis of yohimbine alkaloid from Pausinystalia yohimbe by non-

PERSPECTIVE

Nevoigt, E. et al. Engineering of promoter replacement cassettes for fine-tuning of gene
expression in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 72, 5266-5273
(2006).

Geerlings, A. et al. Biotransformation of tryptamine and secologanin into plant terpe-
noid indole alkaloids by transgenic yeast. Appl. Microbiol. Biotechnol. 56, 420-424
(2001).

Chang, M.C., Eachus, R.A., Trieu, W., Ro, D.K. & Keasling, J.D. Engineering Escherichia
coli for production of functionalized terpenoids using plant P450s. Nat. Chem. Biol.
3, 274-277 (2007).

Leonard, E. & Koffas, M.A. Engineering of artificial plant cytochrome P450 enzymes for
synthesis of isoflavones by Escherichia coli. Appl. Environ. Microbiol. 73, 7246-7251
(2007).

Leonard, E., Lim, K.H., Saw, P.N. & Koffas, M.A. Engineering central metabolic path-
ways for high-level flavonoid production in Escherichia coli. Appl. Environ. Microbiol.
73, 3877-3886 (2007).

. Leonard, E. et al. Strain improvement of recombinant Escherichia coli for efficient

production of plant flavonoids. Mol. Pharm. 5, 257-265 (2008).

Ro, D.K. et al. Production of the antimalarial drug precursor artemisinic acid in engi-
neered yeast. Nature 440, 940-943 (2006).

McCoy, E. & O’Connor, S.E. Natural products from plant cell cultures. Prog. Drug Res.
65, 329, 331-370 (2008).

Roberts, S.C. Production and engineering of terpenoids in plant cell culture. Nat. Chem.
Biol. 3, 387-395 (2007).

St-Pierre, B., Vazquez-Flota, F.A. & De Luca, V. Multicellular compartmentation of
catharanthus roseus alkaloid biosynthesis predicts intercellular translocation of a path-
way intermediate. Plant Cell 11, 887-900 (1999).

Bhadra, R., Vani, S. & Shanks, J.V. Production of indole alkaloids by selected hairy
root lines of Catharanthus roseus. Biotechnol. Bioeng. 41, 581-592 (1993).
Shanks, J.V., Bhadra, R., Morgan, J., Rijhwani, S. & Vani, S. Quantification of metabo-
lites in the indole alkaloid pathways of Catharanthus roseus: implications for metabolic
engineering. Biotechnol. Bioeng. 58, 333-338 (1998).

Morgan, J.A. & Shanks, J.V. Quantification of metabolic flux in plant secondary metabo-
lism by a biogenetic organizational approach. Metab. Eng. 4, 257-262 (2002).
Rischer, H. & Oksman-Caldentey, K.M. Unintended effects in genetically modified
crops: revealed by metabolomics? Trends Biotechnol. 24, 102-104 (2006).

Gantet, P. & Memelink, J. Transcription factors: tools to engineer the production of phar-
macologically active plant metabolites. Trends Pharmacol. Sci. 23, 563-569 (2002).

. Kizer, L., Pitera, D.J., Pfleger, B.F. & Keasling, J.D. Application of functional genomics

to pathway optimization for increased isoprenoid production. Appl. Environ. Microbiol.
74, 3229-3241 (2008).

Alper, H., Moxley, J., Nevoigt, E., Fink, G.R. & Stephanopoulos, G. Engineering yeast
transcription machinery for improved ethanol tolerance and production. Science 314,
1565-1568 (2006).

. Pakrashi, S.C., Djerassi, C., Wasicky, R. & Neuss, N. Alkaloid studies. IX.1 Rauwolfia

alkaloids. IV.2 Isolation of reserpine and other alkaloids from Rauwolfia sellowii muell.
Argov.3. J. Am. Chem. Soc. 77, 6687-6689 (1955).[AU: Please check accuracy of
ref. as it is not listed on PubMed.]

Kosalec, |. et al. Croatian barberry (Berberis croatica Horvat): a new source of
berberine-analysis and antimicrobial activity. World J. Microbiol. Biotechnol. 25, 145-
150 (2009).[AU: Please check accuracy of ref. as it is not listed on PubMed.]
Carvalho, A., Tango, J.S. & Monaco, L.C. Genetic control of caffeine in coffee. Nature
205, 314 (1965).[AU: Please check accuracy of ref. as it is not listed on PubMed.]

. Wiedenfeld, H., Furmanowa, M., Roeder, E., Guzewska, J. & Gustowski, W. Camptothecin

and 10-hydroxycamptothecin in callus and plantlets of Camptotheca acuminata. Plant
Cell Tissue Organ Eng. 49, 213-218 (1997).[AU: Please check accuracy of ref. as it
is not listed on PubMed.]

.Johnson, E. & Emche, S. Variation of alkaloid content in Erythroxylum coca leaves

from leaf bud to leaf drop. Ann. Bot. (Lond.) 73, 645-650 (1994).[AU: Please check
accuracy of ref. as it is not listed on PubMed.]

Kalant, H. Opium revisited: a brief review of its nature, composition, non-medical use
and relative risks. Addiction 92, 267-277 (1997).

Mateus, L., Cherkaoui, S., Christen, P. & Oksman-Caldentey, K.M. Simultaneous
determination of scopolamine, hyoscyamine and littorine in plants and different
hairy root clones of Hyoscyamus muticus by micellar electrokinetic chromatography.
Phytochemistry 54, 517-523 (2000).

Saunders, J.W. & Bush, L.P. Nicotine biosynthetic enzyme activities in Nicotiana tabacum
L. genotypes with different alkaloid levels. Plant Physiol. 64, 236-240 (1979).

. Hagel, J.M., Weljie, A.M., Vogel, H.J. & Facchini, P.J. Quantitative 1H nuclear magnetic

resonance metabolite profiling as a functional genomics platform to investigate alkaloid
biosynthesis in opium poppy. Plant Physiol. 147, 1805-1821 (2008).

. McCalley, D. Quantitative analysis of alkaloids from Cinchona bark by high-performance

liquid chromatography. Analyst (Lond.) 115, 1355-1358 (1990).[AU: Please check
accuracy of ref. as it is not listed on PubMed.]

Am., M.A.C., W. E. Alkaloids of Rauwolfia nitida root bark. Phytochemistry 20, 2569-
2573 (1981).[AU: Please spell out full last names of all authors. Please check whole
ref. for accuracy as it is not listed on PubMed.]

Baser, K.H., Bisset, N.G. & Hylands, P.J. Protostrychnine, a new alkaloid from Strychnos
nux-vomica. Phytochemistry 18, 512-514 (1979).[AU: Please check accuracy of ref.
as it is not listed on PubMed.]

Tyler, V.E. Medicinal plant research: 1953-1987. Planta Med. 54, 95-100 (1988).

aqueous capillary electrophoresis and gas chromatography-mass spectrometry. J. Sep.
Sci. 31, 2211-2218 (2008).

NATURE CHEMICAL BIOLOGY VOLUMES5 NUMBER5 MAY 2009



