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© FOCUS ON SYNTHETIC BIOLOGY

Semi-synthetic artemisinin: a model
for the use of synthetic biology in
pharmaceutical development

Many drugs are derived from, or inspired by, natural
products. The most famous example is probably aspi-
rin'?, which is a synthetic drug that is derived from sali-
cylic acid — a compound that was originally isolated
from willow bark® and that has a long history of use in folk
medicine. The chemical structure of aspirin is relatively
simple, and it was first synthesized in 1897 by chemists at
the Bayer Company'. However, it is not possible to chem-
ically synthesize all natural products in an economical
manner, despite the advances in synthetic organic chem-
istry during the past century; for example, the potent
antimalarial drug precursor artemisinin cannot be
economically produced by chemical synthesis alone*.
Similarly to salicylic acid, artemisinin is naturally
produced by a plant, Artemisia annua, which has a
long history of use in traditional Chinese medicine.
The antimalarial properties of A. annua extracts were
re-discovered by Chinese scientists in the 1970s, and
the active compound was identified as artemisinin; this
was followed shortly afterwards by the elucidation of its
chemical structure®. Although artemisinin derivatives
were designated first-line antimalarial drugs by the
WHO in 2002 (REF. 6), artemisinin availability has been
difficult to predict owing to the 18 month lag between
initial requisition and eventual supply, which is depend-
ent on the weather and overall harvest. As a result, both
the supply and price of the drug have fluctuated sub-
stantially over the past decade’. Thus, the Semi-synthetic
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Abstract | Recent developments in synthetic biology, combined with continued progress in
systems biology and metabolic engineering, have enabled the engineering of microorganisms
to produce heterologous molecules in a manner that was previously unfeasible. The
successful synthesis and recent entry of semi-synthetic artemisinin into commercial
production is the first demonstration of the potential of synthetic biology for the development
and production of pharmaceutical agents. In this Review, we describe the metabolic
engineering and synthetic biology approaches that were used to develop this important
antimalarial drug precursor. This not only demonstrates the incredible potential of the
available technologies but also illuminates how lessons learned from this work could be
applied to the production of other pharmaceutical agents.

Artemisinin Project was initiated with the aim of provid-
ing an alternative source of artemisinin to stabilize the
supply and price of antimalarial combination therapies
(ACTs) for patients in the developing world®. The project
involved the metabolic engineering of microorganisms
to produce a late-stage chemical precursor of artemisinin
(artemisinic acid), followed by synthetic organic chem-
istry to produce semi-synthetic artemisinin — a product
that is indistinguishable from plant-derived artemisinin.
The term ‘semi-synthetic’ indicates that only the final
few synthetic steps are accomplished by organic chem-
istry, whereas the earlier steps are achieved by biological
synthesis. The success of the project was made possible
by advances both in metabolic engineering and in syn-
thetic biology (BOX 1). During the initial stages of devel-
opment, the bacterium Escherichia coli was used as the
producing organism, but as this bacterium is limited in
its ability to produce high concentrations of artemisinic
acid, Saccharomyces cerevisiae (also known as baker’s
yeast) was later used. The industrial production of semi-
synthetic artemisinin by Sanofi has now commenced
and the product will be used to supplement the world
supply of artemisinin.

In this Review, we describe the development of semi-
synthetic artemisinin and highlight the use of synthetic
biology and metabolic engineering approaches for this
purpose. We consider the burden of malaria in the devel-
oping world, the discovery of the antimalarial properties
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Box 1 | Basic principles of metabolic engineering and synthetic biology

The crux of metabolic engineering is the use of recombinant DNA methods to modify
metabolic networks to either increase the production of native metabolites®® or to
re-route metabolism for the synthesis of new chemical products that are not naturally
produced by the host organism, such as the microbial production of 1,3-propanediol,
which is a key component of polymers®. Metabolic engineering is akin to rerouting the
pipes or unit operations in a chemical factory to produce more of a product that it
already produces or to produce an entirely new product. Although it is possible to
reconfigure the unit operations of a chemical factory to make it more productive, a
computerized control system is necessary to ensure that all unit operations in the
factory achieve optimal performance and that each unit is correctly configured to
interact with the next.

One of the major challenges in translating metabolic engineering projects from the
bench to large-scale production is in the control of the primary metabolic pathways
that are directly involved in the production of the desired product (and also all of the
other metabolic reactions inside the cell that may affect the primary metabolic
pathway). Furthermore, although it might be possible to engineer a microbial cell
to produce small amounts of the desired compound, producing that compound in
the titres and yields that are necessary for economic viability can be challenging. In the
chemical factory example, unit operations can be modelled using sophisticated design
software and process control systems, and strategies can be developed to maximize
profit, minimize inventories and maximize safety. Analogous systems for designing and
building biology are in their infancy®** and belong to the field of synthetic biology.
The overall aim of synthetic biology is to simplify biological engineering®* by
applying engineering principles and designs — which emanate from electronic and
computer engineering — to biology®'. The development of solid-phase DNA
synthesis and assembly of oligonucleotides'®* has enabled the construction of synthetic
genes and control elements, such as biological switches® and clocks'®. Recent efforts
to standardize and characterize biological components will make the construction of
larger genetic circuits easier and more reliable®**1021031% Qwing to the inherent
complexity of biological systems, it is difficult to accurately design and control them,
which has necessitated implementation of the design-build-test-analyse (DBTA) cycle
for optimizing microbial production systems?’. This design strategy can be likened to
building millions of variants of a chemical factory, selecting or screening for control
system variants that yield the most product and discarding all but one or two of the
most productive designs. The knowledge that is gained from the DBTA cycle can be
used to improve future designs using computer-aided design software. The better the
software we have for building biology (including the ability to predict all interactions in
the cell) and the more well-characterized the biological components are, the more the
requirement for the DBTA cycle will diminish and biological engineering will move
closer to other engineering disciplines.

of artemisinin and its biosynthesis in A. annua. This is
followed by a discussion of the Semi-synthetic Arte-
misinin Project, which is divided into three stages:
amorphadiene production in E. coli, artemisinic acid
biosynthesis and the switch to yeast-based production,
and the chemical conversion of artemisinic acid to arte-
misinin. Finally, we provide a brief overview of the main
lessons to be learned from the success and shortcomings
of the approaches that were used, which should aid the
development of other pharmaceutical products.

Malaria and the discovery of artemisinin

Malaria is predominantly a disease of the developing
world. Although malaria mortality rates decreased by
26% between 2000 and 2010, an estimated 219 million
cases of malaria were reported and 660,000 malaria-
associated deaths occurred in 2010. About 90% of all
malaria deaths occur in Africa, predominantly among
children under 5 years of age’. The disease is caused
by Plasmodium spp. parasites, primarily Plasmodium
falciparum and Plasmodium vivax, but P. falciparum

causes the most virulent form of malaria. As P, falciparum
resistance to older, widely used and relatively inex-
pensive antimalarial drugs (such as chloroquine and
sulfadoxine-pyrimethamine)® has become widespread,
the development of other antimalarial agents is a priority.

The pharmaceutical agents that have succeeded the
older antimalarial drugs are artemisinin derivatives.
Artemisinin is derived from the sweet wormwood plant
A. annua (known historically as quinghao), extracts of
which were first used in traditional Chinese medicine
almost 1,800 years ago'. The antimalarial properties of
A. annua extracts were re-discovered by Chinese scien-
tists during the Cultural Revolution as part of a research
programme (known as Project 523) to find a drug that
was effective against chloroquine-resistant P, falciparum.
Within a few years, the active compound had been iden-
tified as artemisinin, and its structure was subsequently
elucidated'*2.

Following its recognition by the WHO as an effec-
tive antimalarial drug "%, artemisinin derivatives are now
primary components of ACTs, which are recommended
by the WHO for the treatment of uncomplicated malaria
caused by P. falciparum, and in some cases, by P. vivax®.
ACTs are composed of an artemisinin derivative (that
has improved pharmacokinetic properties compared
with artemisinin) in combination with another drug
that has an independent mode of action and a longer
duration of action. The mode of action of artemisinin is
not fully understood, but it is thought that artemisinin-
derived free radicals probably damage cellular targets
via alkylation'. Several different combination drugs are
available — for example, the combination of artemether
and lumefantrine', which is marketed by Novartis. The
rationale for combining an artemisinin derivative with
another antimalarial drug is twofold; first, the combina-
tion is more effective at reducing treatment times and
the incidence of recrudescence, and second, the poten-
tial for artemisinin resistance to emerge is reduced, as
parasites that develop resistance to artemisinin will be
killed by the companion drug and the probability of the
parasite developing resistance to both drugs is quite low*.
Although reduced parasite clearance rates have recently
been reported in Southeast Asia®'*'® (owing to ACT
resistance), resistance has not yet been widely observed
in Africa, and ACTs remain the mainstay of antimalarial
therapies in the developing world. Recent studies of
genetic loci that are associated with the delayed clearance
of P. falciparum in Southeast Asia'*** have contributed
to the discovery of a molecular marker for artemisinin
resistance (known as K13-propellor alleles) which will
be useful for surveillance efforts to contain the spread
of artemisinin-resistant parasites?..

Following the recommendation by the WHO in 2002
that ACTs be used as the first-line treatment for uncom-
plicated malaria'®, the number of treatments that were
procured by the public sector increased from 11 million
in 2005 to an estimated 287 million in 2010. The price and
availability of artemisinin have fluctuated substantially
during this time period, ranging from shortfalls as a result
of inconsistencies in the agricultural supply (for exam-
ple, unfavourable weather reduced crop yield in 2004) to
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Figure 1| Artemisinin biosynthesis pathway in the plant Artemisia annua. Sugars
that are produced by photosynthesis in plant chloroplasts are converted to acetyl-CoA
in the cytosol. The two-carbon acetyl-CoA feeds into the cytosolic mevalonate
pathway, which produces farnesyl diphosphate (FPP). FPP is converted to the
15-carbon sesquiterpene amorphadiene by the enzyme amorphadiene synthase (ADS).
Amorphadiene is subsequently enzymatically oxidized to either artemisinic acid or
dihydroartemisinic acid; different chemotypes of A. annua produce different ratios of
these products®****8, Dihydroartemisinic acid is the precursor of artemisinin and is
thought to be converted to artemisinin in a non-enzymatic photochemical reaction that
is stimulated by sunlight?.

oversupply in 2007, with concomitant price reductions®.
During times of oversupply, many growers of A. annua
switched to other crops that have a more dependable
price outlook, resulting in shortages in subsequent years.
Since 2007, the price of plant-derived artemisinin has
continued to fluctuate®, varying from a recent high of
over US$600 per kg in early 2012 to under $300 per kg
in late 2013 (REF. 24), and future pricing is unpredictable.
Thus, the Semi-synthetic Artemisinin Project was borne
out of an urgent need and desire to develop an assured
alternative source of affordable artemisinin to stabilize

both the cost and the supply of artemisinin derivatives®.

A major factor to be considered for the development
of a drug that is destined for use in the developing world
is the price-point requirement. For artemisinin, which is
particularly central to healthcare in the developing
world, the price point must be comparable to that of
naturally produced artemisinin if it is to supplement the
plant supply. In addition, the healthcare expenditures
of countries in which the drug is in highest demand
are considered®?. Many malaria-endemic develop-
ing nations have a per capita healthcare expenditure
of under $100. By contrast, developed nations have a
much higher per capita healthcare budget; for example,
the UK has a spend of $3609 and the USA of $8608
(REFS 25,26). Thus, the required price point for semi-
synthetic artemisinin was achieved by considering both
of these fundamental factors to ensure that it is acces-
sible to those populations that have the greatest demand
for the drug.

The Semi-synthetic Artemisinin Project

The project was funded by a grant from the Bill and
Melinda Gates Foundation in 2004, and led to a part-
nership between the University of California (Berkeley,
USA), Amyris Inc. (previously known as Amyris Bio-
technologies) and the Institute for OneWorld Health
(which is a non-profit pharmaceutical company that is
now known as PATH Drug Solutions; see further infor-
mation). The success of the semi-synthetic production
of artemisinin is based on a thorough understanding of
its production in A. annua®>* (FIC. 1), the development
of rapid methods of microbial genetic manipulation
(using metabolic engineering), the ability to rapidly syn-
thesize genes (using synthetic biology) and the application
of pharmaceutical chemistry.

Artemisinin is an isoprenoid (also known as a ses-
quiterpene or simply terpene) molecule that contains 15
carbon atoms (BOX 2) and a lactone endoperoxide* (FIC. 1).
A. annua uses sugars that are generated by photosynthe-
sis to produce the two-carbon intermediate acetyl-CoA,
which then enters the mevalonate biosynthetic pathway
to produce the 15-carbon intermediate farnesyl diphos-
phate (FPP). The first committed step of artemisinin
biosynthesis is the conversion of FPP to amorphadi-
ene (which is a 15-carbon isoprenoid hydrocarbon) by
the terpene synthase enzyme amorphadiene synthase
(ADS)**. At the commencement of the project, it was
known that A. annua accumulates two oxidation prod-
ucts that were derived from amorphadiene: artemisinic
acid and dihydroartemisinic acid* (FIC. 1). Dihydro-
artemisinic acid is the direct precursor of artemisinin
and its conversion is thought to occur spontaneously in
the presence of sunlight*?.

The overall aim of the Semi-synthetic Artemisinin
Project was to engineer a microorganism to produce an
artemisinin precursor at high titres, rates and yields, fol-
lowed by chemical conversion to artemisinin (FIC. 2). The
decision to produce artemisinic acid rather than dihy-
droartemisinic acid was made because the enzyme that
is responsible for the production of dihydroartemisinic
acid was unknown at the time (it was subsequently
shown to be DBR2 (REF 32)), and the chemical conversion
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Chassis organism

The host microorganism that is
used for the production of a
desired product; it is typically
subjected to genetic
manipulation using the tools of
synthetic biology.

Box 2 | Isoprenoid production in yeast and E. coli

Isoprenoids are a large family of natural products with more than 55,000 members'®. Family members vary in size,
structure and function but they are all derived from two five-carbon precursors: isopentenyl diphosphate (IPP) and its
isomer, dimethylallyl diphosphate (DMAPP). Similarly to all eukaryotes, yeast uses the classical mevalonate pathway for
the synthesis of isoprenoids'®. The pathway commences with acetoacetyl-CoA (AA-CoA) that has been produced in the
cytosol (not mitochondrial acetyl-CoA)'”?, and proceeds through five enzymatic steps via the intermediate mevalonate
(MEV) to IPP. IPP is isomerized to DMAPP by IPP isomerase, and the two molecules are combined to form larger
isoprenoids, such as farnesyl diphosphate (FPP) (see the figure).

During the 1990s, an alternative pathway for IPP synthesis, known as the 1-deoxy-b-xylulose 5-phosphate (DXP)
pathway (also known as the 2-C-methyl-b-erythritol phosphate (MEP) pathway, or simply as the non-mevalonate pathway),
was discovered '%. This pathway is used for the production of isoprenoids in Escherichia coli and several other bacteria'®.
Plants possess both pathways; they have a classical mevalonate pathway in the cytosol for the production of sterols
and sesquiterpenes and a plastid-borne DXP pathway for the biosynthesis of plastidic isoprenoids such as isoprene,
monoterpenes and carotenoids''’. The DXP pathway commences with the glycolytic intermediates glyceraldehyde-
3-phosphate (G3P) and pyruvate and proceeds through seven enzymatic steps to produce both IPP and DMAPP*

(see the figure).

Several attempts have been made to engineer both the mevalonate and DXP pathways for high-level production of
terpenoids, such as the artemisinin intermediate amorphadiene. Thus far, the mevalonate pathway has been more
successful, and the highest reported titres from both E. coli* (25 g per L amorphadiene) and S. cerevisiae (40 g per L
amorphadiene)** were obtained by overexpression of this pathway. Heterologous production of isoprenoids by the DXP
pathway to increase flux through the pathway in E. coli has also been achieved using a combinatorial approach, resulting
in the production of 1 g per L taxol, which is the first committed precursor of the anticancer drug taxadiene®. An attempt
to functionally express the E. coli DXP pathway in yeast was unsuccessful owing to the lack of activity of the final two
enzymes''; this is probably due to the fact that these enzymes are iron-sulphur (FeS) enzymes and yeast has a different
cytosolic FeS-assembly machinery than bacteria!?. CDP-ME, methylerythritol cytidyl diphosphate; CDP-MEP,
4-diphosphocytidyl-2-C-methyl-D-erythritol-2-phosphate; HMBPP, 4-hydroxy-3-methyl-butenyl-1-diphosphate;
HMG-CoA, 3-hydroxy-3-methyl-glutaryl-CoA; MEcPP, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate; MEVP,

phosphomevalonate; MEVPP, mevalonate diphosphate.

G3P

l DXP == MEP ==» CDP-ME = CDP-MEP == MEcPP =—=» HMBPP

DXP way
(& col

Acetyl-CoA | = AA-CoA = HMG-CoA =» MEV =» MEVP = MEVPP =3 |PP <€—3» DMAPP S

of artemisinic acid to dihydroartemisinic acid is rela-
tively simple and industrially feasible. After synthesis
and secretion into the fermentation broth, artemisinic
acid is extracted from the fermentation broth and then
chemically converted to artemisinin (FIC. 2). As originally
envisaged, the project aimed to produce artemisinic acid
in E. coli by fermentation and then use synthetic organic
chemistry to produce artemisinin itself®; however, diffi-
culties that were encountered in the oxidation of amor-
phadiene to artemisinic acid in engineered E. coli led to
the use of S. cerevisiae for the production of artemisinic
acid (FIG. 2). The engineered S. cerevisiae strain was
capable of producing 40 g per L amorphadiene, which
was substantially higher than the 25g perL yield that

FPP

C,; Isoprenoids

was possible with E. coli. This switch in chassis organism
was important as the ability to produce a high concentra-
tion of amorphadiene is a prerequisite for the production
of high concentrations of artemisinic acid.

Stage 1: amorphadiene synthesis in E. coli

Isoprenoids are produced in nature by two different
pathways: the mevalonate pathway (in eukaryotes and
some prokaryotes) and the more recently discovered
1-deoxy-D-xylulose 5-phosphate (DXP) pathway (in
bacteria and plant chloroplasts)®® (BOX 2). To increase
the production of heterologous isoprenoids in E. coli
(C10 and C20 isoprenoids in this case), the rate-limiting
enzymes of the native DXP pathway were overexpressed
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Figure 2 | The main stages involved in the synthesis of semi-synthetic artemisinin. The initial stage involved the
engineering of the parent Saccharomyces cerevisiae strain to produce >25 g per L amorphadiene by overexpression of
nine genes of the mevalonate pathway and expression of the Artemisia annua amorphadiene synthase. Subsequent
engineering steps, involving expression of the A. annua cytochrome P450 enzyme, CYP71AV1, its cognate reductase CPR1,
cytochrome b, and two dehydrogenases enabled the oxidation of amorphadiene to artemisinic acid, which was extracted
from fermentation broth and chemically converted to artemisinin. The maximum titre achieved using this procedure was
25 g per L artemisinic acid. Figure is modified, with permission, from REF. 55 © Macmillan Publisters Ltd. All rights reserved.

to increase flux through the pathway, and the genes that
encode isoprenoid synthases were also overexpressed.
However, this strategy had only limited success and pro-
duced terpenes in the low mg per L range*. Although
an increase in isoprenoid production was observed, the
low titres suggested that production was limited by con-
trol mechanisms that inhibited synthesis in the native
host. However, a dramatic increase in production was
observed when the yeast mevalonate pathway was het-
erologously expressed in E. coli along with a synthetic
version of the A. annua amorphadiene synthase (ADS)*,

which is required for the conversion of endogenously
produced FPP to amorphadiene (FIC. 1; FIG. 3).

An earlier attempt to produce sesquiterpenes in E. coli
using native plant synthases had only succeeded in pro-
ducing a low titre of these products, which was assumed
to be due to poor expression of the plant synthases
in E. coli*®. Thus, a synthetic version of ADS that was
codon-optimized for E. coli was engineered and proved
to be successful, which is one of the earliest examples of
a synthetic biology application. The mevalonate pathway
was expressed in E. coli on two plasmids: one encoding
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the mevT operon (known as the ‘top pathway’), which
comprises three genes (atoB, ERG13 and tHMG]) that are
needed for the conversion of acetyl-CoA to mevalonate,
and the second plasmid encoding the mevB operon
(known as the ‘bottom pathway’), which comprises five
genes (idi, ispA, MVD1, ERG8 and ERG12) for the con-
version of mevalonate to FPP (FIG. 3). Cultures of E. coli
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strains that expressed the MevT and MevB plasmids
and the codon-optimized ADS produced 112 mg per L
amorphadiene. Optimization of the fermentation condi-
tions further increased production to 0.5 g per L (REF. 37),
although this was still 50-fold lower than the 25 g per L
estimate concentration that is required for the economical
production of semi-synthetic artemisinin.
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<« Figure 3 | Engineering approaches required for pathway construction and
semi-synthetic artemisinin production. Escherichia coliwas initially used as the
chassis organism for the optimization of the mevalonate expression pathway, but steps
subsequent to amorphadiene synthesis were difficult to recapitulate in E. coli, and
Saccharomyces cerevisiae was therefore used as the chassis organism for engineering
the entire synthesis pathway. The mevalonate pathway was heterologously expressed
in E. coli on two plasmids (MevB and MevT), along with a plasmid encoding the
Artemisia annua amorphadiene synthase (ADS), which enabled the conversion of
acetyl-CoA to amorphadiene. The yeast strain was engineered to overexpress the
mevalonate pathway, and all genes were integrated into the genome, with the exception
of ADS and CYP71AV1, which were plasmid-borne, and were required for the conversion of
amorphadeine to artemisinic alcohol. Chromosomal insertion of two more genes (ADH1
and ALDH1) was required for conversion to artemisinic acid. The final step of the
pathway, which is the conversion of artemisinic acid to artemisinin, required chemical
conversion. The genes expressed encode the following enzymes: ADH1, artemisinic
alcohol dehydrogenase; ADS, amorphadiene synthase; ALDH1, artemisinic aldehyde
dehydrogenase; atoB and ERG10, Acetoacetyl-CoA thiolase; CPR1, cytochrome P450
reductase; CYB5, cytochrome b; CYP71AV1, cytochrome P450 enzyme that converts
amorphadiene to artemisinic alcohol; ERG8, phosphomevalonate kinase; ERG12,
mevalonate kinase; ERG13 and mvaS, HMG-CoA synthase; idi and IDI1, isopentenyl
diphosphate isomerase; ispA and ERG20, farnesy diphosphate (FPP) synthase; mvaA,
HMG-CoA reductase; MVD1, mevalonate diphosphate decarboxylase; tHMG1,
truncated HMG-CoA reductase (tHMGR). Genes coloured blue are derived
from E. coli, yellow genes are derived from S. cerevisiae, purple genes are derived from
Staphylococcus aureus and green genes are derived from A. annua. All A. annua genes
were synthetic and codon-optimized for the chassis organism.

Tunable intergenic regions
(TICRs). Stretches of DNA that
are located between genes and
that can be modified (for
example, by the insertion of
hairpins and cleavage sites) to
enable each gene in an operon
to be varied independently of
all others in a random manner.

Fed-batch fermentation
process

A batch culture that is fed
continuously with nutrient
medium. It differs from
continuous culture owing to the
variation in culture volume
from beginning to end.

Cytochrome P450 enzyme
A member of a superfamily of
monooxygenase enzymes that
catalyse the oxidation of
organic substrates. Plant
microsomal cytochrome P450
enzymes require a reductase
enzyme (CPR) to transfer
electrons from NADPH and
may also require

cytochrome b, to supply
electrons.

Trichomes

Hair-like or glandular
structures on the surface of
plants. Glandular trichomes are
the major biosynthetic site of
many natural plant products,
including artemisinin.

Shortcomings of the E. coli strain. Despite the production
of amorphadiene, there were obvious shortcomings with
the strain; the most notable being that increased expres-
sion of the mevT operon inhibited growth®. To elimi-
nate this problem, a synthetic combinatorial approach
was used®. It was reasoned that expression of the three
enzymes encoded by the mevT operon was imbalanced,
leading to the accumulation of an unknown intermediate
that inhibited growth. In the absence of a priori knowl-
edge of optimal enzyme expression levels, an approach
was developed using libraries of tunable intergenic regions
(TIGRs) followed by screening for increased mevalonate
production using a bioassay**. This approach revealed
that reduced expression of 3-hydroxy-3-methyl-glutaryl-
coenzyme A synthase (HMGS) and a truncated HMG-
CoA reductase (tHMGR; BOX 2) led to a sevenfold
increase in mevalonate production®. Systematic analysis
of gene expression and metabolite build-up subsequently
showed that accumulation of the pathway intermedi-
ate HMG-CoA caused the observed growth inhibition
and that an increase in tHMGR activity (as a result
of overexpressing the enzyme) resulted in higher titres of
mevalonate®. Finally, transcriptomic and metabolomic
analyses of strains that accumulated HMG-CoA showed
that build-up of HMG-CoA inhibits fatty acid biosyn-
thesis. This was prevented by the addition of palmitic
acid to the medium*, which illustrates the contribution
of systems biology to strain engineering.

Considering that the expression of yeast HMGR
(encoded by tHMG1), and possibly of HMG-CoA syn-
thase (encoded by ERG13), was imbalanced or limiting,
further effort was directed towards improving the pro-
duction of amorphadiene by concentrating on this node.
An earlier study showed that high titres of mevalonate
could be produced in E. coli by expressing a type II

HMGR from Enterococcus faecalis*; thus, the expres-
sion of type Il HMGRs* was investigated as part of an
integrated strategy that also included the development
of the fermentation step**. Replacement of the yeast
HMGR (encoded by tHMG1) with type Il HMGR from
either E. faecalis or Staphylococcus aureus was tested, and
the S. aureus HMGR (encoded by mvaA) was found to
produce the highest concentrations of amorphadiene;
subsequent replacement of the yeast HMGS (encoded by
ERG13) with S. aureus HMGS (encoded by mva$) fur-
ther increased production. Together with the develop-
ment of a novel nitrogen- and carbon-limited fed-batch
fermentation process, this led to an average titre of more
than 25 g per L amorphadiene*. Interestingly, although
the cell lysate from the E. coli strain expressing E. faecalis
HMGR had a higher HMGR specific activity than the
strain expressing the yeast enzyme, it produced lower
concentrations of amorphadiene. This observation,
along with the earlier unexpected observation from the
unbiased combinatorial screen, that reduced HMGS and
HMGR expression increased mevalonate production®,
illustrates the limitations of rational engineering (such
that an increase in enzyme activity does not necessar-
ily result in more product), and that strain engineering
requires the exploration of many permutations. This is
an example of the design-build-test-analyse (DBTA)
cycle that is described in BOX 1.

Stage 2: the switch to yeast-based production
Although the production of 25 g per L amorphadiene in
E. coli was a key step forwards, the oxidized derivative of
amorphadiene (artemisinic acid) is the preferred substrate
for chemical conversion to semi-synthetic artemisinin*°.
Cell-free assays indicated that the oxidation of amor-
phadiene is accomplished by a cytochrome P450 enzyme
that is located in the trichomes of A. annua®, and a strat-
egy was developed to identify and functionally express
this enzyme in S. cerevisiae. In order to test the function-
ality of the identified P450 (CYP71AV1) in S. cerevisiae,
it was expressed along with its cognate reductase (CPR1)
in an amorphadiene-producing yeast strain, which enabled
the production of 100 mg per L artemisinic acid®.

The identification of CYP71AV1 and the ability to
produce artemisinic acid in S. cerevisiae placed the pro-
ject team in a quandary, given that the concentration
of amorphadiene that was produced in yeast (150 mg
per L) was much lower than that in E. coli (25 g per L).
However, E. coli is typically unsuitable for the expres-
sion of eukaryotic P450 enzymes and it was unclear
whether high titres of artemisinic acid were obtainable.
After considering a number of possibilities (for exam-
ple, extraction of amorphadiene from E. coli, followed
by the use of S. cerevisiae for bioconversion to arte-
misinic acid), it was concluded that a single fermenta-
tion step would be needed to produce artemisinic acid
at the price point that is required for the developing
world (the per capita expenditure on healthcare in the
developing world is only 1-10% of that in the devel-
oped world®). Two project teams (one of which worked
with E. coli and one of which worked with S. cerevisiae)
examined which organism was optimal and found that
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S. cerevisiae was the superior organism. Although E. coli
could produce oxidized intermediates of amorphadiene
(for example, artemisinic alcohol) following the expres-
sion of CYP71AV1, it could only produce more than
1 g per L artemisinic acid when grown at 20 °C — an
unsustainably low temperature for industrial fermen-
tation*® (D. Pitera, unpublished observations). By opti-
mizing the production pathway in yeast, synthesis of
2.5 g per L artemisinic acid was achieved®, and further
improvements in titre were possible using an alternative
yeast strain.

Use of an alternative yeast strain. The yeast strain that
was initially used for the production of artemisinic
acid was derived from S. cerevisiae strain S288C — the
workhorse of yeast genetics® and the first eukaryote to
have its whole genome sequenced®'. However, because
S288C sporulates poorly®, strain construction using
Mendelian genetics is difficult and little information is
available on its performance in industrial fermentations.
By contrast, S. cerevisiae strain CEN.PK2 was shown to
have characteristics that are desirable for industrial fer-
mentation, and is capable of sporulating sufficiently>.
Initially, strain CEN.PK2 was engineered to have the
same properties as the S288C-derived strain*’, and
comparable artemisinic acid production was obtained
in small-scale cultures. However, growth of the engi-
neered CEN.PK2 strain in bioreactors led to the accu-
mulation of acetate, which resulted in growth arrest. This
was found to be due to the overexpression of a single
gene (UPC2-1; C.J. P, unpublished observations). Thus,
§288C and CEN.PK2 clearly differ as chassis organisms
for the production of artemisinic acid in ways that were
unanticipated. Rather than attempting to identify the
underlying reason for the detrimental effect of UPC2-1
expression in CEN.PK2, every enzyme of the mevalonate
pathway up to and including ERG20 (the final step for
the production of FPP; BOX 2) was overexpressed in
CEN.PK2 in an effort to increase the production of
amorphadiene™. In addition, glucose was used as the
carbon source instead of galactose, as it is approxi-
mately 100-fold cheaper than galactose and the use of
galactose would have made the fermentation process
prohibitively expensive for a pharmaceutical product
that was destined for the developing world. The engi-
neered CEN.PK2 strain produced fivefold higher con-
centrations of amorphadiene compared with the original
S288C-derived strain, and, following further improve-
ments in the fermentation process, the strain produced
40 g per L amorphadiene®. However, disappointingly,
the increase in amorphadiene production did not result
in a corresponding increase in artemisinic acid produc-
tion when CYP71AV1 was expressed, and amorphadi-
ene production was tenfold higher than artemisinic acid
production.

High-level artemisinic acid production. Further inves-
tigation of artemisinic acid production by the engi-
neered CEN.PK2 strain expressing CYP71AV1 and its
cognate reductase showed that artemisinic acid pro-
duction resulted in a severe decrease in viability, which

did not occur in amorphadiene-producing strains that
lacked CYP71AV1 (REF. 55). It was initially suggested that
yeast cells were unable to cope with the export of such
a high flux of artemisinic acid, as it had previously been
shown that production of artemisinic acid in the original
§288C-derived strain caused the high-level induction of
transporter gene expression®. However, transcript analy-
sis indicated that cells that express CYP71AV1 experi-
ence severe oxidative stress, which was subsequently con-
firmed by use of the redox dye dihydrorhodamine 123
(K. Benjamin, personal communication). It was noted
that poor coupling between cytochrome P450 enzymes
and their cognate reductases can result in the release
of reactive oxygen species*” and that cytochrome P450
enzymes are normally present in molar excess compared
to their cognate reductases®. CYP71AV1 and its reduc-
tase (CPR1) were expressed in the yeast strain from
strong galactose-regulated promoters on a multicopy
plasmid, and it was therefore assumed that the proteins
were expressed at similarly high concentrations. The
expression of CPR1 was consequently reduced, which
led to improved viability; albeit with reduced production
of artemisinic acid. It was also noted that the reaction
rate of some cytochrome P450 enzymes increases fol-
lowing interaction with cytochrome b, (REFS 59,60).
Thus, a cytochrome b5 from A. annua was expressed
in the CEN.PK2 production strain, which resulted in
increased production of artemisinic acid, but the
concentration achieved was still considerably lower
than the target concentration of 25 g per L (REF. 55).
Worryingly, this strain also produced a high concen-
tration of artemisinic aldehyde, which is an oxidation
intermediate that is highly reactive and is presumed to
be toxic.

Owing to the difficulties of producing the required
high concentrations of artemisinic acid in S. cerevisiae,
the A. annua artemisinic aldehyde dehydrogenase®
(ALDHT) was expressed, and this resulted in a substan-
tial increase in the production of artemisinic acid. A
gene that encodes a putative alcohol dehydrogenase was
also found in the A. annua trichome-specific expressed
sequence tag (EST) library. The gene was isolated and
the encoded alcohol dehydrogenase was subsequently
characterized, which revealed that it was an NAD-
dependent artemisinic alcohol dehydrogenase (ADH1).
The combined expression of ADHI and ALDH1 pro-
duced the highest concentration of artemisinic acid that
had been achieved so far®® (FICS 2,3). Finally, to ensure
constitutive expression of the overexpressed mevalonate
pathway enzymes and the A. annua-derived genes, the
GAL80 gene was deleted, which also made production
independent of galactose (galactose had previously been
required as a non-metabolized inducer). Coupled with
development of the fermentation process (see below),
this strain was capable of attaining the target titre of 25 g
per L artemisinic acid that had been set at the beginning
of the project™.

It had been observed with the initial S288C-derived
strain that artemisinic acid could be efficiently extracted
from the cell pellet, presumably as a result of efficient
transport out of yeast cells and subsequent extracellular
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Figure 4 | Molecules amenable to synthetic production using similar principles to those described for
semi-synthetic artemisinin. These molecules include vincristine, a vinca alkaloid; morphine, a benzylisoquinoline
alkaloid; prostratin, an isoprenoid; paclitaxel, an isoprenoid and bleomycin, a glycopeptide. Vincristine and paclitaxel are
anticancer drugs, morphine is an analgesic, prostratin has anti-HIV properties and bleomycin is an antibiotic.

Hock fragmentation

A reaction of hydroperoxides
connected to an unsaturated
system, leading to cleavage of
the C—C bond and the
formation of two carbonyl
compounds.

Photochemical conversion
A chemical reaction that is
initiated by the absorption of
energy in the form of visible,
ultraviolet or infrared light.

Alkaloids
Nitrogen-containing natural
products, many of which have
pharmacological properties.
Examples include cocaine,
caffeine and the antimalarial
drug quinine.

accumulation®. Following the increased production
owing to ALDHI and ADH] expression, artemisinic
acid was found to precipitate out of the growth medium
and was actually visible to the naked eye. It was sub-
sequently found that solubilization of artemisinic acid
in the medium by the addition of isopropyl myristate
(a hydrophobic overlay) enabled the extraction of
higher concentrations (25 g per L) of artemisinic acid at
reasonably high purity.

Stage 3: chemical conversion to artemisinin

For the final step, a novel chemistry process was devel-
oped for the conversion of the purified artemisinic acid
to artemisinin®. The chemical process that was initially
used® involves a four-step conversion: reduction of arte-
misinic acid to dihydroartemisinic acid, esterification of
the carboxylic acid moiety on dihydroartemisinic acid
(to block the subsequent formation of side products),
generation of singlet oxygen to produce the 3-hydro-
peroxide and acid-catalysed Hock fragmentation and
rearrangement, which leads to the generation of arte-
misinin in the presence of molecular oxygen. It is possible
to scale-up this chemical process using batch reactors in
organic chemical manufacturing sites worldwide, which
does not require large amounts of capital or large-scale
photoreactors that are expensive to operate. However,
it should be noted that the commercial process that is

used by Sanofi involves an alternative high-efficiency
photochemical conversion process®?, which requires the
use of specialized large-scale photoreactors.

Outlook: production of other pharmaceuticals
The production of semi-synthetic artemisinin is the
first success story for the combined use of metabolic
engineering and synthetic biology in the production
of a pharmaceutical agent at industrial scale. As semi-
synthetic artemisinin is functionally equivalent to the
plant-derived drug®, it has now been approved by
the WHO for the preparation of approved artemisinin
derivatives (such as artesunate) for incorporation into
ACTs®.

In the future, we predict that it will be possible to
produce many different pharmaceutical products using
similar techniques to those that were developed in the
Semi-synthetic Artemisinin Project (FIC. 4). For exam-
ple, biosynthesis of the potent anticancer drug Taxol
has already been attempted in both E. coli and yeast**®.
This pathway contains many P450 enzymes and other
enzymes that decorate the diterpene backbone of the
molecule, which complicates its production in micro-
organisms. The candidate HIV drug prostratin might
be more amenable to synthetic production, as the bio-
synthetic pathway that is involved seems to be less com-
plex. Furthermore, precursors to several useful alkaloids
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Box 3 | Overcoming developmental obstacles

A number of obstacles were overcome during the course of semi-synthetic artemisinin
development to ensure that the process would deliver the final product at an affordable
price for the developing world. For example, to divert carbon flux to artemisinic acid
production in Saccharomyces cerevisiae, the expression of squalene synthase was
reduced. In both the original S288C-derived strain and the production strain CEN.PK2,
the methionine-repressible S. cerevisiae MET3 promoter was used to inhibit the
production of squalene synthase and channel flux into amorphadiene production***!,
This strategy required the addition of 1 mM methionine to the growth medium, which
added to the cost of the process. Thus, for the production of artemisinic acid, the MET3
promoter was replaced with the CTR3 promoter, which is repressed by high copper
concentrations. This modification enables the repression of squalene synthase by
simply adding copper sulphate (CuSO,) to the growth medium, which is a much
cheaper alternative to methionine®.

Much effort was devoted to optimizing the oxidation of amorphadiene to artemisinic
acid, as it was unclear whether CYP71AV1 was capable of providing the flux that is
required for the commercial production of semi-synthetic artemisinin. Thus, an
alternative metabolic approach was investigated. Eukaryotic P450s, such as CYP71AV1,
are anchored on the outer face of the endoplasmic reticulum, as are the cognate
reductase (CPR1) and cytochrome b,. However, cytochrome P450 enzymes from
prokaryotes are soluble enzymes, and P450,, . from Bacillus megaterium has the highest
turnover rate of any known P450 protein'*®. In addition, this enzyme was previously
engineered to function on alternative substrates'®. Thus, P450,, . was mutagenized to
find a variant of the enzyme that was capable of oxidizing amorphadiene to artemisinic
epoxide in Escherichia coli, followed by selective chemical transformation of the epoxide
to dihydroartemisinic acid'’. However, owing to concerns about the stability of the
epoxide, combined with further characterization of CYP71AV1, it was decided that
CYP71AV1 would be used for the oxidation of amorphadiene.

Recent work has characterized two different alleles of the gene that encodes
CYP71AV1 (REF. 118). There are two chemotypes of Artemisia annua: high artemisinin
producers (HAP chemotype; with low artemisinic acid production) and low
artemisinin producers (LAP chemotype; with high artemisinic acid production). The LAP
allele (which has a seven-amino-acid amino-terminal extension, unlike the HAP allele)
that was used in the project produces substantially more oxidized product than the
HAP allele when transiently expressed in the plant Nicotiana benthamiana. The allelic
differences were unknown at the time that the strains were engineered, but, if the HAP
allele of CYP71AV1 had been used, it is likely that substantially less product would have
been produced. The fact that two alleles of a pathway gene could potentially have such
an effect on production illustrate that both a thorough understanding of the native
pathway and a means to rapidly test different alleles is needed. Strain engineers are
frequently confronted by multiple alleles of the same gene, with little knowledge about
whether variants show differences in activity. Thus, the availability of a fast, reliable and
cheap method of strain engineering, implicit in the vision of synthetic biology, to test
multiple engineered variants would be very useful.

Chemotypes

Plants that are morphologically
similar or identical but that are
distinguished by differences in
the production of secondary
metabolites.

(such as analgesics, muscle relaxants and antioxidants)
have been produced in E. coli and yeast®®®. As many
of these molecules are naturally produced in plants, it
might soon be possible to engineer plants to produce
these molecules in higher yields®®. Plant production
might offer more advantages, particularly for metabolic
pathways that have many cytochrome P450 enzymes or
in which intermediates of the metabolic pathway might
be toxic (such that it would be an advantage to sequester
the intermediates in a cellular compartment).

So, what lessons can be taken from the project that
could be applied to other metabolic engineering or
synthetic biology projects? As outlined in this Review,
it is crucial to thoroughly understand the production
pathway in the native organism; however, the degree of
knowledge that is required varies according to the par-
ticular goal of the project. For example, the mevalonate
pathway is relatively well understood, so if the final

desired product had been amorphadiene (which is the
hydrocarbon precursor to artemisinin) it would have
been possible to engineer the production organism
using pre-existing knowledge; this is the approach that
was taken for the initial work on amorphadiene produc-
tion in E. coli**. However, the oxidation of amorphadiene
to artemisinic acid was not well understood (see BOX 3
for an alternative approach, along with descriptions of
other developmental obstacles that were overcome to
enable the production of semi-synthetic artemisinin at
the required price point). Although CYP71AV1 is capa-
ble of the three-step oxidation reaction that is required
for the conversion of amorphadiene to artemisinic acid®,
the essential role of the two dehydrogenases (ADH1 and
ALDH1) was not appreciated until later in the project.
The expression of these two enzymes in the production
yeast proved to be vital for obtaining the titres and yields
that are required to meet the economics of production
for a drug for the developing world™.

The production process that is used can either be com-
pletely biosynthetic (such as conversion of a simple car-
bon substrate to the final product in a living organism),
semi-synthetic (such as the biosynthetic production
of artemisinic acid, followed by chemical conversion to
artemisinin®) or even a bioconversion of one interme-
diate into another (in those situtaions in which a chemi-
cal conversion pathway is not possible, bioconversion
is preceded by, and frequently followed by, organic
chemical synthesis). The production of benzylisoqui-
noline alkaloids, many of which are pharmacologically
active (such as morphine) in either E. coli or yeast®
is another example of semi-synthetic production; how-
ever, in this case, the synthesis pathway relies on com-
mercially available intermediates, as many of the plant
enzymes that catalyse early biosynthetic steps have not
yet been isolated and cloned.

It is also important that the chassis organism can be
engineered to produce the required product under man-
ufacturing conditions. Some biosynthetic enzymes in
the native host might have reduced activity in the desired
chassis organism, which complicates optimization of the
production process. For example, in the Semi-synthetic
Artemisinin Project, the plant cytochrome P450 enzyme,
CYP71AV1, could not be expressed in E. coli at 30°C
(REF. 48), which necessitated the switch to production in
yeast. It is possible to bypass the need for such enzymes;
for example, to produce the benzylisoquinoline alkaloid
precursor (S)-reticuline (which is a precursor of many
pharmaceutically active alkaloids, such as morphine
and codeine) in E. coli, a modified biosynthetic path-
way was constructed to eliminate the need to express
a cytochrome P450 enzyme®. However, production of
the bioactive alkaloid magnoflorine requires expres-
sion of the cytochrome P450 enzyme CYP80G2, which
was expressed in yeast cells that were co-cultured with
(S)-reticuline-producing E. coli¥”. A similar co-culturing
approach for the semi-synthetic production of arte-
misinin was considered, but was not feasible on an
industrial scale to meet the required price point. None-
theless, this study®” provides proof-of-concept for the
value of co-culturing approaches.
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Yeast homologous
recombination

A method to assemble DNA
fragments with overlapping
homology regions by
transforming yeast and using
its innate homologous
recombination ability to
correctly assemble the
fragments.

Ligase chain reaction

(LCR). A method to assemble
DNA fragments using

bridging oligonucleotides, a
thermostable DNA polymerase
and multiple denaturation—
annealing—ligation
temperature cycles.

Circular polymerase
extension cloning

(CPEC). A polymerase chain
reaction (PCR)-based method
for the assembly of multiple
DNA fragments.

Gibson isothermal assembly
A single-temperature
enzymatic method of
assembling multiple DNA
fragments.

© FOCUS ON SYNTHETIC BIOLOGY

The Semi-synthetic Artemisinin Project used the best
understood and most genetically tractable chassis micro-
organisms — E. coli and S. cerevisiae — as the basis for
all biological engineering. The ability to engineer these
organisms using the tools of synthetic biology, and thus
rapidly progress through the DBTA engineering cycle
(BOX 1), makes them attractive hosts. Progress in synthetic
biology since the completion of the Semi-synthetic Arte-
misinin Project, such as the discovery and development of
the CRISPR-Cas system for genome engineering of yeast”™
and bacteria” and the development of multiplex genome
engineering technologies for both E. coli”* and yeast”,
only add to the allure of these organisms. However, some
pharmaceutical agents, especially those of microbial ori-
gin, might be more amenable to production in the native
organism. Whole-genome sequencing has shown that
many fungi encode biosynthetic modules for many more
natural products than are currently known — for example,
the polyketides (which are a class of complex secondary
metabolites, many of which are pharmacologically active,
such as the antibiotic erythromycin) and meroterpenoids
(which are molecules produced from both polyketide
and terpenoid precursors, some of which are known
to be pharmacologically active’™) that are produced by
Aspergillus nidulans™”. The development of efficient gene
targeting for the replacement of the native promoters of
polyketide synthase genes with controllable, regulated
promoters has enabled the production of novel polyketides
in A. nidulans™. A similar synthetic biology approach
(known as promoter replacement), assembly of the recon-
stituted gene cluster by yeast homologous recombination’®"®

and integration into the genome of a tractable heterolo-
gous host has enabled the activation and characteriza-
tion of a novel macrolactam gene cluster in Streptomyces
griseus”. For large-scale production of such natural prod-
ucts, it will be necessary to assess whether to construct the
biosynthetic pathways in the native host or to heterolo-
gously engineer production in a more amenable chassis
organism, such as yeast or E. coli.

Irrespective of the chassis organism that is chosen
or the pharmaceutical product that is under develop-
ment, the ability to rapidly engineer the organism and
manipulate the pathways involved (for optimization pur-
poses) are fundamental requirements of synthetic biol-
ogy. A standardized system of DNA assembly is needed
to implement this vision. Several methods have been
developed for restriction enzyme-independent assem-
bly of large DNA modules, including yeast homologous
recombination’®7%% ligase chain reaction (LCR)®., circular
polymerase extension cloning (CPEC)* and Gibson isother-
mal assembly®. A recent comparison of these assembly
methods indicates that yeast homologous recombination
and LCR enable the most reliable assembly of up to 12
DNA components (for example, promoters, genes and
markers), but suggests that LCR provides the fastest
and easiest workflow®!. The implementation of auto-
mated DNA-assembly methods, preferably designed
and implemented using a standardized, roboticized,
computer aided design-computer aided manufactur-
ing (CAD-CAM) system® (BOX 1) will hasten the DBTA
cycle® and accelerate the pace of pharmaceutical drug
development using synthetic biology.
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