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Abstract

Artemisinin the sesquiterpene endoperoxide lactone extracted from the herb Artemisia annua,
remains the basis for the current preferred treatment against the malaria parasite Plasmodium
falciparum. In addition, artemisinin and its derivatives show additional anti-parasite, anti-cancer,
and anti-viral properties. Widespread use of this valuable secondary metabolite has been hampered
by low production in vivo and high cost of chemical synthesis in vitro. Novel production methods
are required to accommodate the ever-growing need for this important drug. Past work has focused
on increasing production through traditional breeding approaches, with limited success, and on
engineering cultured plants for high production in bioreactors. New research is focusing on
heterologous expression systems for this unique biochemical pathway. Recently discovered genes,
including a cytochrome P450 and its associated reductase, have been shown to catalyze multiple
steps in the biochemical pathway leading to artemisinin. This has the potential to make a semi-
synthetic approach to production both possible and cost effective. Artemisinin precursor production
in engineered Saccharomyces cerevisiae is about two orders of magnitude higher than from field-
grown A. annua. Efforts to increase flux through engineered pathways are on-going in both E. coli
and S. cerevisiae through combinations of engineering precursor pathways and downstream
optimization of gene expression. This review will compare older approaches to overproduction of
this important drug, and then focus on the results from the newer approaches using heterologous
expression systems and how they might meet the demands for treating malaria and other diseases.
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ARTEMISININ: EFFECTIVE AGAINST MALARIA AND OTHER DISEASES

In low income and developing nations, malaria is the fifth most prevalent infectious disease

and the tenth overall cause of death and is projected to remain at that level until at least 2030
[1,2]. The UN World Health Organization (WHO) estimates that more than 380 million cases
of malaria occur each year and account for more than 1 million deaths. Furthermore, while not
always fatal, the malaria burden has been estimated at more than 46 million disease adjusted
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life years (DALY) [3]. Though virtually eradicated in temperate climates and developed
nations, developing nations still suffer a significant malaria burden.

Artemisinin and its more potent derivatives (Table 1) all contain an endoperoxide bridge that
is required for therapeutic activity and these drugs provide an effective cure of even severe
cerebral malaria. Unfortunately, treatment courses, while effective, remain costly and thus are
often unavailable to the people that need them most. Current treatment centers on artemisinin
combination therapy (ACT) in which artemisinin is used in conjunction with other drugs, or a
variety of chlorogquinone and sulfadoxine-pyramethamine combination courses. ACT is
preferred because it has been shown to minimize the development of resistance by the parasite
when compared to a single artemisinic drug [4]. Artemisinin has a relatively Short half-life
thus requiring significant quantities in prescribed doses and thus there is a large and increasing
need for this important compound. Although ACT remains the preferred treatment for high
risk patients, its use is hampered by cost; it does, however, remain the most cost effective
approach in terms of DALYSs averted [4]. The cost of a single course of ACT treatment for
uncomplicated malaria is approximately 10 times that of monotherapy using one of the more
traditional drugs [5].

Besides malaria, artemisinin and its derivatives (Table 1) have been shown to be effective
against a number of viruses including human cytomegaloviruses, herpes simplex, and hepatitis
B and C [6,7]. The drug is also effective against other prokaryotic and eukaryotic agents such
as Toxoplasma gondii [8], Schistosoma [9,10], and Pneumocystis carinii [11] (Table 1).

Artemisinin has further been shown to be useful in the treatment of some cancers (Table 1).
Various artemisinin derivatives have been tested for their ability to induce apoptosis in cultured
human cancer cell lines [12-14]. Efficacy apparently stems from the anti-angiogenesis
activities of artemisinin along with its possible role in protein alkylation in high iron
environments [15-19]. Cancer cells maintain a higher iron content than do non-cancerous cells,
with the exception of erythrocytes, making this a viable working hypothesis for the specific
activity of artemisinin. In addition, dihydroartemisinin has been shown to induce cell cycle
arrest and apoptosis in certain cancer cell lines [20-22]. Limited clinical trials are in progress
using artesunate in conjunction with standard chemotherapies as a treatment for uveal
melanoma with some positive results [23]. Artemisinin and its derivatives therefore, may have
wide applicability in the treatment of various cancers.

The primary cost of ACT comes from the high production costs of the artemisinin component
relative to the primary effector in other treatments. The WHO estimates that the cost of ACT
courses must be brought within the $ 0.10 threshold before widespread adoption and policy
change will be feasible. Current levels have stabilized at between $0.50 and $1.00 per treatment
course. These costs are due primarily to the necessity of harvesting large amounts of the annual
plant, Artemisia annua, with relatively small yields of active compounds per acre [24]. In
addition, the extraction and concentration of active components is both time and labor intensive
and requires the use of a considerable volume of solvents and the associated infrastructure to
carry out the procedures. Numerous in vivo semi-synthetic and synthetic production strategies,
outlined here, are being pursued to significantly increase overall artemisinin production while
reducing cost. While production of precursors to artemisinin in heterologous systems have
been promising, one or more steps in the biosynthetic pathway have yet to be elucidated,
thereby limiting production capability and presenting only a partial solution to the shortage of
this very important drug. As these final enzymes or processes are identified, cost-effective
treatments move closer to reality [25,26]. Indeed if artemisinin is ever to be as broadly useful
as its therapeutic power portends, then considerably greater amounts of this valuable drug must
be produced. Here we review the current status of efforts, beyond some other recent reviews
[25,27,28], to produce artemisinin, focusing mainly on transgenic approaches.
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ARTEMISIA ANNUA: A PLANT WITH LOW LEVELS OF A VALUABLE DRUG

The annual herb, Artemisia annua L. Fig. (1), cultivated in much of Southeast Asia and which
has featured prominently in traditional Chinese medicine since 168 BCE [21,29-31] is the
primary source of artemisinin. Artemisinin is localized to the trichomes, protuberances that are
located on the leaves and flowers [32] and harvested from the shoots. The drug is present in
exceedingly small amounts, usually < 1% of dry mass, thereby hindering sufficient production
for treating malaria let alone any of the other diseases against which it is effective. Seasonal
and cultivar specific variation in artemisinin content is also high and thus makes
biotechnological approaches to production very attractive for maintaining a steady and reliable

supply [33].

ARTEMISININ BIOSYNTHETIC PATHWAY

The artemisinin molecule is a sesquiterpene endoperoxide lactone derived from the common
sesquiterpene precursor, farnesyl diphosphate (FPP), which itself is formed by the
condensation of three isopentenyl diphosphate (IPP) molecules synthesized by either the
mevalonic acid dependent (MVA) or independent (MEP) pathways present in the cytosol and
plastid, respectively [34-36] Fig. (2). We recently showed that similar to other plants within
the Asteraceae, the IPP used in the biosynthesis of FPP leading to artemisinin originates from
both the MV A and the MEP pathways [37]. FPP is then converted by the artemisinin specific
sesquiterpene cyclase, amorpha diene synthase (ADS), to yield amorpha-4, 11-diene (amorpha
diene) Fig. (3) [38-40]. Following this reaction, a cytochrome P450, CYP71AV1, catalyzes
multiple steps yielding artemisinic acid in vitro [41,42]. Beyond this first P450 step, many
possible intermediates have been identified through metabolic fingerprinting of A. annua, and
indeed the primary biosynthetic pathway is not fully known [39,43]. For example, earlier Nair
and Basile (44) proposed that artemisinic acid was a precursor based on the observation of its
conversion in cell free extracts to arteannuin B and subsequently to artemisinin. However,
Wallaart et al. [45] and Sy and Brown [46] both showed evidence that the primary route is
through dihydroartemisinic acid, suggesting that the route through artemisinic acid is merely
a side pathway. This would further suggest that there is a possible competition between the
identified cytochrome P450 and a double bond reductase that would create the balance between
artemisinic acid and dihydroartemisinic acid Fig. (3).

This pre-artemisinic acid split is bolstered by the work of Brown and Sy [47] who fed 13C
labeled artemisinic acid to intact plantlets through cut shoots and observed no conversion to
artemisinin. However, a large enrichment of arteannuin B was observed suggesting this may
be the end product in the artemisinic acid pathway and not artemisinin as had been previously
hypothesized [48]. Additionally, Brown and Sy saw no conversion to dihydroartemisinic acid
which suggested that the chemotypes proposed by Wallaart et al. [33] are in fact differences
in the balance between these two pathways. Although recent work by Zhang et al. [49] has
shown the existence of a double bond reductase (DBR 2, Fig. 3) seemingly capable of the
conversion of artemisinic aldehyde to dihydroartemisinic aldehyde, it is still not clear at which
point the reduction to the 11,13-dihydro metabolites occurs. This would suggest the presence
of a final aldehyde dehydrogenase enzyme capable of the final conversion to
dihydroartemisinic acid. It should also be noted that while this split in the pathway between
the reduced and non-reduced forms likely exists in planta, the concentrations of certain
precursors, notably artemisinic acid and dihydroartemisinic acid, are often an order of
magnitude higher than that of artemisinin itself and seem to vary depending on environmental
conditions, genetic, or epigenetic factors [33,43].

Others later offered evidence suggesting that certain late steps in the pathway may be non-
enzymatic and might instead be spontaneous photo-oxidative reactions Fig. (3). For example,
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Wallaart et al. [45] demonstrated that dihydroartemisinic acid incubated in the presence of
chlorophyll a was slowly converted to artemisinin. They further proposed that the reaction was
a combination of photo- and air oxidation reactions that served to limit reactive oxygen species
(ROS) through sequestration. This hypothesis was supported by Wallaart et al. [50] who
observed that the cDNA for ADS could not be amplified using RT-PCR unless tissues were
drought and photo stressed prior to harvest, thereby increasing levels of ROS. Contrary to these
results, the Covello lab and ours have been readily able to isolate, from unstressed greenhouse
and in vitro cultured plants, full length cDNAs of ADS using RT-PCR [41] (Unpublished
results). This may, however, be due to a difference in chemotypes, the result of selective
breeding of high yielding cultivars, or plants that no longer induce ADS in response to ROS.
Brown and Sy [51] reported that feeding isotope-labeled dihydroartemisinic acid to intact A.
annua plants via the roots resulted in labeled sesquiterpene metabolites present in shoot tissue.
However, they observed no enrichment of labeled artemisinin suggesting that artemisinin is
not produced from dihydroartemisinic acid. However, they also observed that a variety of other
labeled sesquiterpenes were present, though, interestingly, no conversion to artemisininc acid
was observed. Included in these metabolites was a carboxyenol derivative of
dihydroartemisinic acid that when incubated in chloroform will convert spontaneously to
artemisinin. Brown and Sy [51] hypothesized that this conversion may only happen in a
lipophillic environment capable of stabilizing the hydroxyl groups and that in planta this could
explain the observed enrichment of artemisinin in the lipophillic glandular trichomes and would
offer the most complete picture of artemisinin biosynthesis.

Although artemisinic acid lacks the key endoperoxide bridge that has been shown to be
important for anti-plasmaodial action in vivo, semi-synthetic processing can produce either
artemisinin or a derivative that contains this important moiety [52]. Unfortunately the semi-
synthetic processing of artemisinin precursors leads to environmental and economic costs that
contribute heavily to the cost per treatment for ACT [42]. The semi-synthetic approach may
never be entirely avoided, however, because some artemisinin derivatives are more efficacious
than their parent molecules [14]. Notably compared to artemisinin, dihydroartemisinin has
been shown to have elevated anti-plasmodial activity, and artesunate is more effective against
certain forms of cancer (Table 1) [13,14].

PLASTID VS. CYTOSOL AND COMPARTMENTALIZATION OF ARTEMISININ
BIOSYNTHESIS

To further complicate artemisinin biosynthesis, IPP is a product of two distinct biochemical
pathways located in two separate cellular compartments Fig. (2). These compartments have
been shown to give rise to discrete subsets of terpenoids often with some evidence of IPP flow
or cross-talk, between plastid and cytosol [34,53}. Additionally, the MV A pathway leading to
IPP also plays a role in sterol biosynthesis. A major regulatory step in this pathway is at the
enzyme HMG-CoA Reductase (HMGR). Molecular studies and sequence analyses have shown
that plant HMGRs show high levels of similarity between species [54] and exist in small gene
families ranging from 2 to > 12 isoforms in, for example, A. thaliana and potato, respectively
[55] These isoforms exhibit complex developmental and environmental regulation for altering
carbon shunting towards sterols. For example, in tobacco transformed with hmg1 from
Arabidopsis, phytosterols were increased in seeds, but not in leaves [56]. This carbon shunting
can be an advantage for increasing production levels, although the necessity of carefully
balancing production of other products and the after effects of reduced carbon flux elsewhere
must be considered. Although there is no significant evidence for “cross-talk” in A. annua, it
can be either limited or extensive in other higher plants including Arabidopsis where cross-
talk seems bi-directional and extensive [57] or as in carrot and snapdragon where cross-talk is
uni-directional with plastidal IPP from the MEP pathway supporting the production of both
plastidal monoterpenes and cytosolic sesquiterpenes [35,58].
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STRATEGIES FOR INCREASING PRODUCTION OF ARTEMISININ

At least three different approaches have been used to increase production of artemisinin:
nontransgenic, transgenic A. annua, and heterologous transgenic systems. Nontransgenic
approaches include selective breeding, alteration of nutrient and environmental conditions, use
of in vitro cultures, and exploitation of a plant’s natural defense system through elicitation.
Transgenic A. annua plants have also been produced using a variety of different genes. The
most recent approach for increasing artemisinin is via heterologous systems, insertion of key
artemisinin biosynthetic genes into organisms other than A. annua.

Nontransgenic Efforts

Much of the nontransgenic work to increase artemisinin content in A. annua has focused
primarily on selective breeding and in vitro cell culture approaches including the formation
and testing of calli, suspension cells, hairy root and shoot cultures [59-61]. This section will
focus mainly on the in vitro work.

With the exception of certain hairy root cultures and recent work with elicited suspension cells,
very little, if any, artemisinin has been observed using these in vitro approaches. Interestingly,
although A. annua shoot cultures produce small amounts of artemisinin, rooted shoots produce
considerably more [62]. Indeed we have confirmed that rooted shoots produce almost 10 fold
more artemisinin than unrooted shoots (Weathers, unpublished data). Other attempts at
optimizing culture conditions have been marginally successful at inducing higher levels of
artemisinin, usually focusing on effects of added plant hormones [63,64], chitosan [65],
nutrient cues [66], light [67,68], or other abiotic elicitors [59,69]. Most attempts at stimulating
artemisinin production, however, have not been encouraging. For example, although glucose
was shown to increase artemisinin production compared to sucrose, yields were at best doubled
at the studies used 2—-3 week old seedlings [60,70]. In another case, addition of chitosan to the
medium increased yields in A. annua hairy roots 6 fold, but the final concentration was only
1.8 mg/g DW [65].

There are clearly numerous points of control for artemisinin. One control point occurs after
IPP condensation at the decision to synthesize sterols or sesquiterpenes. These two pathways
are under coordinate control as demonstrated in both yeast and plants through either genetic
engineering or inhibition of specific enzymes [42,71]. For example, when miconazole, an
inhibitor of squalene synthase, was fed to A. annua shoots [64,72] and seedlings [37]
artemisinin concentrations rose significantly compared to uninhibited controls. These studies
indicate that inducible shunting of carbon may be a reasonable approach for engineering
increased levels of artemisinin in planta.

Production of Artemisinin via Transgenic A. annua

Early attempts at using transgenic approaches for increasing artemisinin levels in A. annua
have included the insertion of genes affecting flowering [73,74], phytohormone levels [75],
and farnesyl diphosphate synthesis [76]. Since artemisinin levels have been reported as highest
during flowering, genes stimulating flowering were transferred into A. annua. The flowering
promoting factor 1 gene (fpfl) and CONSTANS (CO), an early flowering gene, both from
Arabidopsis, were transferred into A. annua using Agrobacterium tumefaciens. Although
fpfl plants flowered 20 d earlier than nontransgenic plants, no significant difference in
artemisinin levels was observed upon flowering [73]. Similar results were observed for CO
transformed plants; flowering occurred earlier than in the controls with no change in
artemisinin concentration leading Wang et al. [74] to conclude that there appears to be no direct
link between artemisinin production and flowering.
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Artemisinin is produced in the shoots of A. annua so Sa et al. [75] considered that increasing
cytokinin, the phytohormone that stimulates shoot production, may also increase artemisinin
productivity. After using A. tumefaciens containing the isopentenyl transferase gene (ipt) to
transform A. annua plants, they observed that some of the transformed lines constitutively
produced 2-3 times more cytokinins than nontransgenic plants. Although chlorophyll and
artemisinin also increased as much as 60 and 70%, respectively, above controls, these levels
were still disappointingly low.

FPP is the starting molecule for the committed step in sesquiterpene biosynthesis. Chen et
al. [77] hypothesized that increasing FPP by over expression of FPS in A. annua should result
in enhanced yields of artemisinin. They first transformed A. annua with an A. rhizogenes
containing a Gossypium (cotton) FPS cDNA construct to obtain hairy roots that produced 2—
3 mg/g DW artemisinin, 3—4 times greater than controls. Later Chen et al. [76] transfected A.
annua plants with A. tumefaciens containing the same FPS gene and obtained five lines showing
artemisinin levels at 8-10 mg/g DW which were 2—3 times greater than controls. These results
would suggest, to some degree, that FPP synthesis is a rate-limiting step in artemisinin
biosynthesis. This result, however, contradicts metabolic profiles showing dihydroartemisinic
acid in very high quantities suggesting a bottleneck instead at that much later step [43].
Unfortunately long term productivity of many of these more successful transformations has
not, to our knowledge, been reported and little is known about the clearly complex mechanisms
of control.

Heterologous Production of Artemisinin

Because in planta production of artemisinin has thus far been somewhat disappointing,
heterologous systems have been identified as potentially more productive platforms for
pathway engineering. A number of terpenoid and plant secondary metabolite pathways have
been engineered into a variety of hosts including, E. coli, Saccharomyces cerevisiae, and other
microbial organisms [71,78,79]. In addition, several plant species have been used to
heterologously express enzymes from a variety of sources, including tomato, potato, and
tobacco [80-82]. For example, various carotenoid pigments have been engineered in novel
systems for increased nutritional benefit Most notably, genes encoding the -carotene
biosynthetic pathway have been introduced into rice endosperm [83]. Production of valuable
compounds not intended for direct human consumption, like artemisinin or artemisinic acid,
can be made using microbial systems or nonfood crops.

Two enzymes specific to artemisinin biosynthesis, ADS and CYP71AV1, have also been
targeted for heterologous expression and genetic engineering mainly into microbes (Table 2)
[41,42,84,85]. Unfortunately, the genes encoding the catalytic steps beyond CYP7IAV1 have
not yet been identified. Most of these efforts have been focused in the labs of Jay Keasling
(University of California, Berkeley, CA) and Patrick Covello (plant Biotechnology Institute,
Saskatoon, Canada).

Promising work done with carotenoids has shown that E coli can potentially be a viable
platform for isoprenoid biosynthesis [86]. Martin et al. [87] engineered a mevalonate pathway
for IPP production from yeast into E coli in anticipation of creating a microbial factory for
terpenoids (Table 2) [87]. This group made an important improvement in codon optimization
of the ADS gene co-expressed with an engineered MV A pathway. Their efforts yielded a 10—
36 fold improvement in amorpha diene production compared to wild type ADS mRNA
sequences; maximum yield was approximately 112.2 mg/L when 0.8% glycerol was added as
an additional feedstock [87]. Amorpha diene is volatile, so they further optimized its extraction
by using a two phase bioreactor incorporating a dodecane layer to trap it. Further improvements
were seen altering culture conditions to allow production of compounds well into stationary
phase [84]. Use of dodecane trapping and media supplementation subsequently resulted in total
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yields of more than 450 mg/L after a 60 h fermentation in a 6 L bioreactor (Table 2) [84]. These
are the highest reported levels to date and represent at least a 4-fold improvement over previous
work [84]. ADS has also been a target for expression in S. cerevisiae. The work done by the
Brodelius group [88] showed that a plasmid encoded ADS gene yielded 0.6mg/L of amorpha
diene over a 16 day fermentation. Further work by the Keasling group has shown that by
mutating a squalene synthese, introduction of a truncated HMGR reductase, and
overexpressing a transcription factor controlling sterol biosynthesis, they were able to obtain
yields of amorpha diene on the order of 153 mg/L (Table 2) [42]. While this is not as high as
the levels obtained in optimized E. coli bioreactors, the ability to engineer bacteria to produce
terpenoids has been limited due to difficulty in expressing various plant cytochrome P450s for
isoprene anabolism.

Further work has been done to express the final known gene in the pathway, CYF71AV1, in
S. cerevisiae in combination with FPS and ADS genes as described above. This work focused
on engineering both a precursor pathway optimized for FPP production and also down
regulating sterol biosynthesis through alteration of the erg9 gene of yeast in an attempt to shunt
carbon towards the engineered pathway [42,71]. The genes for ADS and also CYP71AVI with
its associated NADPH oxido-reductase were all introduced into an engineered yeast strain. The
products obtained were artemisinic alcohol, artemisinic aldehyde, and most prominently
artemisinic acid [41]. Additional work, using an E. coli strain with a myriad of optimizations
including codon usage, N-terminal engineering, and isolation improvements yielded a strain
able to produce 105 mg/L of artemisinic acid compared to 115 mg/L in the engineered yeast
strain from the same group [42,78]. Together these approaches hold great promise; the synthetic
conversion of artemisinic acid to artemisinin and other derivatives is well understood and
production, with scale up, has the potential to be far less expensive than harvesting field-grown
A. annua and subsequent extraction and purification of artemisinin. Even after including the
costs of carbon feed stocks and the capital costs of large scale fermenters, this microbial
approach may yield more cost-effective artemisinin than current field-based production
methods.

The strength of these microbial approaches lies in the yield of precursor obtained per day of
growth. However, maximizing expression of these genes has been slow and metabolic flux
analysis is on-going [89]. Given the high amounts of artemisinic acid present in planta relative
to downstream products, it is possible that the steps directly preceding its production may
represent a bottleneck in biosynthesis [49]. Accurate analytical standards for many of the
precursors to artemisinin have been difficult to produce and are not commercially available,
thereby making large scale flux analysis in either heterologous or natural systems difficult at
best. Further work with heterologous systems will likely focus on carbon flux through the
pathways and how that flux is controlled. Is flux regulated mainly by differences in enzymatic
efficiency, by pre- or post-translational controls, or by some yet to be described mechanism?
Eventually these microorganisms will likely be engineered for high level production that would
far exceed the natural production potential of A. annua, though the final steps in the pathway
for complete biosynthetic production of artemisinin must still be identified for that to occur.

Currently all artemisinin is obtained from field-grown plants and production relies heavily on
a semi-synthetic approach using harvested artemisinin precursors, costly organic solvents and
production facilities. If additional steps in biosynthesis can be performed in a higher yield in
genetically engineered systems than in field-grown plants, then the overall cost per treatment
course should similarly decrease. Efforts at engineering other terpenoid products have shown
that a variety of strategies from engineered control loops, in vitro evolution, and combinatorial
biosynthesis have been able to increase yield of desired or novel terpenoid products in
engineered systems [90,91]. Increased yield per liter of culture would also serve to decrease
costs through the elimination of costly feed stocks for growing cultures.

Curr Med Chem. Author manuscript; available in PMC 2010 February 15.
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Recompartmentalizing Artemisinin Biosynthesis

Engineering of higher plants for small molecule production has also yielded some promising
results. Specifically efforts at engineering a tobacco plant to produce amorpha diene yielded
some surprising data. A construct containing the genes for both an avian farnesyl diphosphate
synthase and the gene for ADS was introduced through Agrobacterium-mediated
transformation into tobacco [81]. Each gene was also introduced with a transit peptide to mark
the enzymes for transport into chloroplasts. This shifted normally cytosolic biosynthetic steps
into a different cell compartment, the plastid, where the enzymes are not normally found.
Results showed that levels of sesquiterpene production were markedly higher in transgenic
plants with the plastid targeted proteins. Labeled carbon was used to further show that pools
of IPP were relatively isolated in the production of amorpha diene and that very little “cross-
talk” was occurring during biosynthesis. Furthermore, similar results were obtained for plants
engineered using the same approach but to produce a different sesquiterpene, patchoulol. The
enhanced yields for both products suggested that the effects of the subcellular compartmental
shift were not isolated to one particular set of enzymes. Indeed it appeared that the plant “lost
control” of a normally cytosolic enzyme once it was moved into the plastid. Also, through the
use of a mutant background with a truncated HMGR that accumulated tenfold higher levels of
sterols, they Saw as much as a 13 fold increase in production of patcholul over wild type
transformed plants [81]. Together these results suggest that pathways may be engineered for
high level production in plants in a similar fashion to microbial systems. Transformed tobacco
plants expressing amorpha diene synthase targeted to plastids yielded approximately 10-25
ug/g FW of amorpha diene compared to the 0.1-1 ng/g FW observed with non-targeted
enzymes (Table 2) [81].

The reason behind the observed 4-5 orders of magnitude increase in sesquiterpene production
when genes are targeted to alternative compartments is not entirely understood but does hold
promise for future engineering of metabolic pathways. This approach, bolstered by careful
control of metabolic flux through regulation of other genes, may yield a plethora of biosynthetic
factories not constrained by the need for costly equipment, media, or feed stock as required by
engineered microbial systems [91,92]. While not suffering from the high initial capital costs
of microbial systems, it remains to be seen if productivity (mg/g DW), or absolute production
(mg/g DW/ha) levels in plants can be cost-effective. The high producing tobacco lines produced
by Wu et el. [81] still produced only 25 pg/g FW of amorpha diene, far less than its engineered
microbial counterparts. However, FPS transgenic A. annua have yields of artemisinin of 8-10
mg/gDW. Furthermore, transformed hairy root clones of A annua have been able to produce
as much as 1.8 mg/g DW in bioreactor set-ups [76,65]. The possibility of introducing other
genes with far less pre-engineering and optimization than required with the microbial systems
makes heterologous plants systems still an attractive platform and one worthy of further study.

Current work in artemisinin production focuses both on elucidating the last steps in the
biosynthesis of artemisinin and its precursors, and finding those final genes. Although the
yields of artemisinin precursors from engineered yeast are promising, [41,42], the problem of
semi-synthesis is still an important economic consideration. Artemisinic acid lacks the
endoperoxide bridge, the key feature needed to make artemisinin and its derivatives
therapeutically effective. Artemisinic acid produced by yeast cultures still must be extracted
and then synthetically modified to produce a useful form of the drug and this also results in
increased cost.

NON BIOLOGICAL PROSPECTS

To be therapeutically active, artemisinin requires both the endo-peroxide bridge and the tri-
oxane ring. These are cleaved in an iron-dependant Fenton reaction to yield an active molecule.
There are two competing mechanisms for artemisinin’s therapeutic activity. Artemisinin has
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been shown to inactivate a SERCA protein (sarco/endoplasmic reticulum Ca2*-ATPase) which
is eventually fatal to the parasite. Other data suggest artemisinin inhibits haemozoin formation
as part of the mechanism for limiting the effects of reactive oxygen species [93,94]. In support
of the first hypothesized mechanism, homology modeling has shown that artemisinin may bind
similar to thapsigargin, another sesquiterpene lactone that has been shown to bind and inhibit
SERCA proteins. Single point mutations in the SERCA thapsigargin binding cleft also confer
resistance to artemisinin as predicted. These results suggested that the two molecules act
similarly to inhibit SERCA activity and show the importance of the sesquiterpene backbone
for proper docking of active molecules [95,96]. It is still not entirely clear, however, by which
mechanism artemisinin acts in vivo.

Currently, work is being done on cheaper synthetic tri-oxane molecules that may be able to
replicate the effects of artemisinin on Plasmodium [97]. Although combinations of
chloroquinine-like motifs with moieties from artemisinin have shown some positive results,
most results have shown only limited efficacy of non-artemisinin derived tri-oxanes [98]. This
less than desirable response may be due to the lack of a sesquiterpene backbone known to be
an important factor in the efficacy of artemisinin [93]. Transport of artemisinin intra-cellularly
also affects Plasmodium and it is unlikely that the significantly smaller tri-oxane derivatives
will be able to match that property in vivo [93]. Despite some of the advances in developing
these synthetic trioxane drugs, it appears that biologically produced artemisinin still offers
significant therapeutic advantages over use of synthetic versions of the drug.

CONCLUSIONS AND NEW DIRECTIONS

Thus far, work in heterologous systems has made some progress in the goal to produce enough
artemisinin to meet world demand. Microbial systems offer good prospects, but process
optimization along with more precise engineering of metabolic pathways are needed in order
to maximize artemisinin yields. A complete understanding of all the steps in the biosynthetic
pathway will provide new opportunities as well as challenges in metabolically engineering the
production of this important drug. It remains to be seen, however, if this will be a truly cost-
effective strategy. Although transgenic A. annua systems have also shown some recent
progress, they are still less productive than microbial counterparts. Production in heterologous
plant systems is in its infancy, and yields are still far below that of microbial systems and
transgenic A. annua. Further efforts are needed to optimize their production potential.
Improvements in synthetic derivatives may yield not only less expensive production
methodologies but new molecules with greater variety of potential applications; however, it is
not clear they will provide the same therapeutic benefit as the natural products they are intended
to replace.
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Fig. 1.
a) Greenhouse grown A. annua, b) hairy root culture, c) In vitro propagated shoot cultures.
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Table 1

Potential Non-Malarial Therapeutic Uses of Artemisinin and its Derivatives

Compound

Therapeutic target Structure

Artemisinin

Toxoplasma gondii [8]; P. Carinii [11]

e
\
Ot

Dihydroartemisinin

Ovarian Cancer [18]
Oral Cancer [13]; Antiangiogenesis [19]

OH
Artesunate Leukemia [22]; Uveal Melanoma [23]
Prostate Cancer [97] :
Hepatitis B [7]
Cytomegalovirus [6]
¢ OH
Artemether Schistosomiasis [9] =
Acrteether C. neoformans [98]
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Table 2

Transgenic Approaches Used for Amorpha 4,11- Diene Production

Species Heterologous target Yield
Cytosolic Avian FPS A. annua ADS [79] 0.3-1 ng/g FW
N. tabacum
Plastidal Avian FPS. A. annua ADS [79] 10-25 ug/g FW
1. Codon optimized ADS [85] 0.086 g/L/ODgq at 10h.
2. Asin “1” + SOE4 operon of DXS pathway [85] 0.3133 g/L ODgy at 5h.
) 3. As in “1” With engineered mevalonate pathway and 40mM 3.1 mg/L/ODygyo at 9h.2
E. coli mevalonate [85]
4. As in “3” with addition of 0.8% glycerol [85] 24 mg/L/ODgqg at 120
5. As in “3” using dodecane trap bioreactor (6L) and additional >450 mg/L at 60h. (ODggo
carbon [82] approx. 25)
1. Plasmid encoded ADS gene alone [86] 0.6 mg/L at 384h.
2. As in “1” with plasmid encoded ADS under inducible promoter | 4.4 mg/L at 144h
[42]
S. cerevisiae | 3. Asin “2” with truncated soluble tHMGR [42] 20 mg/L at 144h.
4. As in “3” with downregulation of squalene synthase (erg9) [42] | 40 mg/L at 144h
5. As in “4” with additional chromosomal tHMGR, upregulation 153 mg/L at 144h.
of transcription factor upc2-1 and overexpression of FPS [42]

aEstimated as high as 22.6 mg/L when accounting for effect, of air-stripping

k)Estimated as high as 112.2 mg/L when accounting for effects of air-stripping
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