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ABSTRACT: Photosynthesis in plants, green algae, and
cyanobacteria converts solar energy into chemical energy in
the form of ATP and NADPH, both of which are used in
primary metabolism. However, often more reducing power is
generated by the photosystems than what is needed for
primary metabolism. In this review, we discuss the develop-
ment in the research field, focusing on how the photosystems
can be used as synthetic biology building blocks to channel
excess reducing power into light-driven production of
alternative products. Plants synthesize a large number of
high-value bioactive natural compounds. Some of the key
enzymes catalyzing their biosynthesis are the cytochrome
P450s situated in the endoplasmic reticulum. However, bioactive compounds are often synthesized in low quantities in the plants
and are difficult to produce by chemical synthesis due to their often complex structures. Through a synthetic biology approach,
enzymes with a requirement for reducing equivalents as cofactors, such as the cytochrome P450s, can be coupled directly to the
photosynthetic energy output to obtain environmentally friendly production of complex chemical compounds. By relocating
cytochrome P450s to the chloroplasts, reducing power can be diverted toward the reactions catalyzed by the cytochrome P450s.
This provides a sustainable production method for high-value compounds that potentially can solve the problem of NADPH
regeneration, which currently limits the biotechnological uses of cytochrome P450s. We describe the approaches that have been
taken to couple enzymes to photosynthesis in vivo and to photosystem I in vitro and the challenges associated with this approach
to develop new green production platforms.

KEYWORDS: photosystems, cytochrome P450, light-driven biosynthesis, natural products, specialized metabolites,
metabolic engineering

Sunlight is an inexhaustible and abundant source of energy. In
less than two hours, more solar energy reaches the Earth than
what is consumed by humanity in a full year. The average rate
at which sunlight strikes the surface of the Earth is around 120
000 TW, a rate that is about 4 orders of magnitude larger than
the worldwide energy consumption rate, which is currently
around 15 TW.1−3 With the increasing energy demands,
combined with the depletion of the fossil fuel reserves and the
major environmental challenges of climate changes, there is a
growing need for sustainable energy solutions. Since it is
renewable and abundant, solar radiation holds the potential to
be a key component in our future energy supply.1,3,4

Different approaches for conversion of the harvested solar
energy can be used to produce different types of products.
While photovoltaic cells can be used in generation of electrical
current, natural photosynthesis can be used for production of
biomass or chemical products as for instance biofuels.1,2 Plants,
green algae, and cyanobacteria convert solar energy into
chemical energy through oxygenic photosynthesis.5,6 This

review focuses on how light energy, through synthetic
biology-based applications of photosynthesis and particularly
photosystem I (PSI), can be utilized for biotechnological
purposes.
Because the amount of light energy captured in photosyn-

thesis often is larger than what can be used in the
photosynthetic metabolic reactions, excess excitation energy is
lost (e.g., by thermal energy dissipation).7 This provides the
opportunity to take advantage of the excess reducing power
and, through bioengineering approaches, direct it toward
commercially valuable pathways. By tapping directly into the
photosynthetic electron transport chain and redirecting some of
the reducing power generated in photosynthesis, efficient
production of a desired compound may be obtained using
energy that would otherwise have been in excess of cellular
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requirements.4 Especially, plants produce a diverse variety of
chemical compounds, of which many can be utilized as, for
example, pharmaceuticals or food additives. Thus, their
biosynthetic pathways are of interest in this context.8−11

In synthetic biology, natural biological systems are
redesigned and new are constructed. The enzymes constituting
biosynthetic pathways are regarded as biological building blocks
that can be genetically altered or combined in novel ways,
developing biological systems not existing in nature. By learning
from and exploiting nature’s strategies for producing structur-
ally and functionally complex molecules, it is possible to alter
pathways and combine enzymes to make modified compounds
with altered or enhanced properties, or to synthesize
completely novel compounds.4,12

By choosing a genetically well-defined and transformable
fast-growing photosynthetic host, it may be possible via
synthetic biology approaches to construct an in vivo system in
which a valuable natural compound is synthesized in high
amounts fuelled by the excess excitation energy of photosyn-
thesis. In vivo light-driven biosynthesis thus constitutes a
promising approach for sustainable production of high value
natural compounds.4

2. PHOTOSYNTHESIS
2.1. Photosynthesis and the Photosystems. Photosyn-

thesis produces and uses the necessary reducing power
(NADPH), as well as the chemical energy currency (ATP)
for assimilation processes, most notably the fixation of CO2 to
form sugars. Both NADPH and ATP are produced by the
photosynthetic electron transport (PET) chain in the light
reactions of photosynthesis. In plants and algae, the PET chain
is made up of membrane complexes in the thylakoids, the
interconnected internal membrane system of the chloroplast,
and proteins in the lumen and stroma. The thylakoid lumen is
the inner compartment enclosed by the thylakoids, and the
stroma is the space between the thylakoids and the envelope
membranes, which separate the chloroplast from the cell
cytosol, and where CO2 fixation takes place.6

NADP+ is reduced by electrons originating from water, but
water is a weak reducing agent; the redox potential E0′ (at pH
7) of the dioxygen/water redox couple is 0.82 V.13 In contrast,
the redox potential E0′ of the NADP+/NADPH couple is −0.32
V,14 making PET from water to NADP+ an energetically uphill
process. To drive this process, the photosystems of the PET
chain use the energy from absorbed photons.
Two multicofactor and multiprotein complexes in the

thylakoids, photosystem II and I (PSII and PSI), work
sequentially to sufficiently energize the electrons from water
to reduce NADP+ (Figure 1). Photons absorbed by PSII are
used to oxidize water in the oxygen-evolving complex (OEC)
connected to PSII (Figure 1, section a). The extracted electrons
are passed on to PSI via the plastoquinone (PQ) pool, the
cytochrome b6 f complex (Cyt b6/f) and the lumenal electron
transfer protein plastocyanin (PC) (Figure 1, section b). Upon
light excitation, PSI transfers the electrons from the lumenal
side to the stromal side of the membrane, where it uses them to
reduce the soluble electron transfer protein, ferredoxin (Fd). Fd
transfers the electrons to ferredoxin-NADP+ oxidoreductase
(FNR), which reduces NADP+ to form NADPH (Figure 1,
section c). The pH gradient formed over the thylakoid
membrane during light-driven electron transport through PSII
and PSI is concomitantly utilized by the ATP synthase
(ATPase) for ATP formation (Figure 1, section d). When

the Calvin−Benson cycle is fully active, the vast majority of
ATP and NADPH are used to drive the reductive steps of the
CO2 fixation.
PSI has a quantum efficiency very close to 1, meaning it is

very efficient in utilizing absorbed photons for the translocation
of electrons from PC to Fd. Additionally; it generates the most
negative redox potential in nature.15 PSI is composed of a core
complex responsible for charge separation and the first steps of
electron transport and a peripheral antenna system, which is
involved in light-harvesting and transfer of excitation energy to
the reaction center.16

2.2. Coupling of PSI and Hydrogenases. In the research
field investigating utilization of sunlight for light-driven
production of chemical compounds through engineering of
proteins from the photosynthetic machinery, the initial main
focus has been on the generation of hydrogen (H2) as a highly
energetic biofuel, using primarily PSI as supplier of electrons.
The interest in using PSI can be attributed to the highly
negative reducing potential it generates, its high quantum
efficiency, high stability, and the ease by which its well-
described subunits may be manipulated.16 A recent review by
Winkler et al.17 focuses on the efforts that have been made to
obtain photobiological H2 production, so here, we provide just
a few examples of the progress in this area of research.
A focus area in the development of systems for PSI-driven H2

production has been the tethering of a hydrogenase to PSI.
Ihara and co-workers made the first hybrid complex of PSI and
a hydrogenase, fusing a hydrogenase to the PsaE subunit (see
Figure 1) of cyanobacterial PSI by genetic engineering and then
reconstituting the PsaE-hydrogenase fusion protein into a PsaE-
deficient cyanobacterial PSI in vitro.18 Production of H2 by the
fusion protein was observed; however, the H2 generation was
strongly inhibited due to competition for electrons from Fd and
FNR. As the long-term aim was the development of an in vivo
functional system, an alternative construct was made in which
cytochrome c3, which is a natural electron donor to the
hydrogenase, was cross-linked to the docking site of Fd in PsaE,
thus causing electron flow from PSI via the cytochrome c3 to
the hydrogenase. This gave the hydrogenase a competitive

Figure 1. Thylakoid membrane containing the photosynthetic electron
transport chain. The stromal subunits of PSI, PsaC, -D, and -E, are
indicated. The Fe4S4 clusters FA and FB, the terminal cofactors
involved in light-induced electron transport in PSI, are shown in PsaC.
The linear electron flow of photosynthesis is divided in four sections
(a−d) described in the main text. ADP, adenosine diphosphate; ATP,
adenosine triphosphate; Fd, ferredoxin; FNR, ferredoxin-NADP+

oxidoreductase; NADPH, nicotinamide adenine dinucleotide phos-
phate; PC, plastocyanin; PSI, photosystem I; PSII, photosystem II;
PQ, plastoquinone; OEC, the oxygen-evolving complex of PSII; Pi,
inorganic phosphate.
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advantage and resulted in a 7-fold enhanced H2 production in
the presence of Fd, FNR, and NADP+.19

In another approach for direct coupling of a hydrogenase to
the PSI-mediated supply of photoelectrons, Lubner et al. took
advantage of the presence of Fe4S4 clusters in both PSI (see
Figure 1) and the [FeFe]-hydrogenase.14,20,21 To enable
transfer of electrons from FB, the terminal Fe4S4 cluster in
the electron transport chain of PSI, to the distal Fe4S4 cluster in
the hydrogenase, the two components were covalently coupled
to each other via a molecular wire. The molecular wire used was
a thiolated organic molecule, which could chemically rescue a
PsaC mutant lacking one of the FB-coordinating cysteines. The
same approach was used to anchor the other end of the
molecular wire to the hydrogenase, allowing electrons to tunnel
through the wire from PSI to the hydrogenase. Self-assembly of
the PSI-wire-hydrogenase complex was obtained in vitro, and
the wiring resulted in high rates of light-driven H2
production.20

Yacoby et al. investigated the in vitro hydrogen production by
a hydrogenase, reduced by Fd, its natural electron donor, alone
or in competition with photoreduction of NADP+ by FNR,
using electron delivery from either purified PSI or isolated
thylakoids.22 Presence of FNR and NADP+ caused an inhibition
of the hydrogen production of at least 75%. To increase the
partitioning of the electrons toward the hydrogenase this was
genetically fused to Fd. In competition with FNR and NADP+,
but in the absence of free Fd, 90% of the photosynthetic
electrons were directed to H2 production, whereas, in the
presence of free Fd, only 60−70% of the electrons were
diverted to the Fd-hydrogenase fusion.22

PSI-mediated hydrogen production has also been achieved in
biohybrid systems, in which photocatalysis of H2 is taking place
on a noble metal (Pt or Au) surface associated with PSI, which
supplies an input of electrons. Studies have focused both on
connecting metal particles to PSI through molecular wires and
on adsorption of nanosized particles onto PSI.23−25

Light-driven hydrogen production is thus an extensively
researched topic, and a number of interesting systems have
been developed. There are, however, several challenges
associated with photobiological hydrogen production. The
[FeFe]-hydrogenases, which are capable of high rates of H2
generation, are extremely sensitive to O2 and irreversibly
inhibited and degraded under aerobic conditions, while the less
oxygen-sensitive [NiFe]-hydrogenases show a much lower
catalytic efficiency and can be strongly product inhibited by
H2.

17,26 The anaerobic requirements of hydrogenases compli-
cate the development of in vivo production systems, and most
in vitro systems would be expensive and difficult to scale up.

3. BIOACTIVE NATURAL COMPOUNDS
3.1. Moving from Bulk Energy Production toward

High-Value Fine Chemicals. Despite the challenges in using
photosynthesis for H2 production, the advantages of chemical
production in vivo in a photosynthetic organism are obvious:
energy self-sufficiency (electrons are derived from water), self-
maintenance and -repair, system robustness, and possibilities
for scale-up. Methods to harness the energy supplied by PET in
vivo are therefore valuable. Production of high-value bioactive
natural compounds in photosynthetic organisms is another area
where electrons supplied directly from PET can be utilized
advantageously.
3.2. Different Groups of Bioactive Natural Com-

pounds. Plants produce an immense number of bioactive

compounds known interchangeably as secondary metabolites,
natural products, phytochemicals or specialized metabolites.
Whereas primary metabolites are directly involved in growth,
development, or reproduction and are found in all, or nearly all,
plants, specialized metabolites are not essential to the plant’s
immediate survival but are important in the interactions
between the plant and its environment and allow the plant to
adapt to its specific ecological niche.9,27−30 These compounds
often function as chemical defense compounds, for example, to
protect against pathogens or herbivores or to suppress the
growth of other nearby plants, as attractants of pollinators or
seed dispersers, or they can be synthesized in response to
environmental stresses such as drought or salt stress or to
protect against ultraviolet (UV) radiation.8,31−34

More than 200 000 bioactive natural compounds have been
identified to date, but the actual number is expected to be much
higher.8,28 Specialized metabolites are often only synthesized in
limited taxonomic groups in the plant kingdom and represent
adaptations to the specific environments inhabited by a group.
The accumulation of the specialized metabolites is also often
restricted to specific cell types at specific developmental
stages.8,9,28

Most plant derived specialized metabolites can be divided
into three major groups on the basis of their chemical
structures and biosynthesis: (1) the terpenoids, (2) the
alkaloids, and (3) the phenylpropanoids and related phenolic
compounds.9,27

The terpenoids, also known as the isoprenoids, is a very large
and diverse group of specialized metabolites all derived from
precursors from the mevalonate (MEV) or methylerythritol-
phosphate (MEP, also known as DXP) pathways.9,35 More than
43 000 terpenoids are known, most of which are produced by
plants.36 They consist of joined five-carbon isoprenoid units
and are classified according to the number of the units they
contain as for instance hemiterpenes (5 carbon atoms),
monoterpenes (10 C), sesquiterpenes (15 C), diterpenes (20
C), triterpenes (30 C), and tetraterpenes (40 C).9,37 Larger
terpene molecules have also been reported.38 The terpenoids
have a broad range of biological functions, including defensive
and attractive, and have been shown often to act in complex
mixtures where their joint function can be synergistic.27

Alkaloids are low-molecular-weight compounds containing
basic nitrogen atoms. Around 12 000 different alkaloids are
known. Most alkaloids are derived from amino acids such as
tyrosine, tryptophan, phenylalanine, histidine, and lysine. In
plants, they are primarily engaged in defense against pathogens
and herbivores; however, alkaloids are also well-known for their
pharmaceutical properties.9,39

The diverse array of phenylpropanoids and related phenolic
compounds are derived from the amino acids phenylalanine
and tyrosine synthesized in the shikimate pathway and includes,
for instance, the flavonoids, coumarins, lignans, lignins, and
stilbenes.40,41 They have a wide array of different functions and
take part in all aspects of plant responses to environmental
challenges.
Apart from these three major groups, nonprotein amino

acids, cyanogenic glucosides, and glucosinolates are other
minor but important groups of secondary metabolites.34,42

3.3. Applications of Bioactive Natural Compounds.
The medicinal potential of plants has been known since ancient
times, and plant specialized metabolites are still acknowledged
for their pharmaceutical properties. Specialized metabolites
often have properties that make them useful as for instance
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pharmaceuticals, biopesticides, flavors, fragrances, or food
additives. Some notable examples are summarized in Table 1,
and examples of structures of a few specialized metabolites are
shown in Figure 2.
3.4. High value−low yield. Many bioactive natural

products derived from plants have a high market value. Some
compounds, such as menthol, are produced in amounts where
they relatively easily can be extracted directly from the native
plants in quantities that are economically feasible. However, for
many specialized metabolites, the biosynthesis in the native
plants is tightly regulated, often causing production levels to be
low or highly variable and confined to specific growth stages
and cell types, thus making extraction, purification, and
separation from structurally similar compounds diffi-
cult.4,8,9,39,58

The structures of specialized metabolites are often highly
complex with many chiral carbon atoms and cis-trans isomers
(Figure 2), which are important for the biological functions of
the molecules. This makes them difficult to produce by

chemical synthesis, requiring many steps and often resulting in
low overall yields.8,39,59−61

Plant specialized metabolite biosynthesis pathways are thus
appropriate targets for bioengineering and extensive research
efforts are focusing on developing new strategies to produce
these bioactive compounds, attempting to enzymatically
synthesize larger quantities than what is being made in the
native plants in other biological production systems.9,39,62,63

The potent anticancer drug paclitaxel, also known by the
trademark name Taxol, and the effective antimalarial agent
artemisinin (Figure 2) are examples of pharmaceutically
important compounds for which extensive research efforts are
focused on elucidating and expressing the biosynthetic
pathways. Both can be prepared by total chemical synthesis
but with too high costs and low yields.39,60,64,65 Biosynthesis of
paclitaxel from the common diterpenoid precursor geranylger-
anyl diphosphate presumably occurs in 19 steps, resulting in a
highly complex structure. Through metabolic engineering it has
been possible to produce early intermediates of the pathway in

Table 1. Examples of Well-Known Plant-Derived Specialized Metabolites Produced and Used As Pharmaceuticals, Flavors, and
Fragrances

active compound application compound nature plant reference

linalool fragrance monoterpene many fruits and flowers, e.g. strawberry (Fragaria × ananassa) and
Clarkia breweri

43−45

menthol flavor monoterpene Mentha species 46
gingerols and shogaols flavor phenolic compounds ginger (Zingiber of f icinale Roscoe) 47
vanillin flavor phenolic compound vanilla orchid (Vanilla planifolia) 48
paclitaxel anticancer agent diterpene Pacific yew tree (Taxus brevifolia) 49
ingenol-3-angelate anticancer agent diterpene petty spurge (Euphorbia peplus) 50
forskolin heart failure treatment diterpene Indian coleus (Coleus forskohlii) 51, 52
vincristine and
vinblastine

anticancer agents terpenoid indole
alkaloids

Madagascar periwinkle (Catharanthus roseus) 49, 53

quinine antimalarial agent alkaloid quinine bark (Cinchona of f icinalis) 54
morphine and codeine analgesics alkaloids opium poppy (Papaver somniferum) 55
galanthamine treatment of Alzheimer’s

disease
alkaloid Amaryllidaceae family (e.g., snowdrops (Galanthus spp.) and daffodils

(Narcissus spp.))
56

cinnamaldehyde flavor phenolic compound cinnamon (Cinnamomum verum) 45
artemisinin antimalarial agent sesquiterpene sweet wormwood (Artemisia annua) 57

Figure 2. Specialized metabolites often have complex structures difficult to produce by chemical synthesis. Shown here are the terpenoids paclitaxel,
ingenol-3-angelate, artemisinin, and forskolin, the alkaloids morphine and galanthamine, and the phenolic compound vanillin.
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E. coli and Saccharomyces cerevisiae.64,66,67 The late artemisinin
precursors amorpha-4,11-diene and artemisinic acid, which can
be chemically converted to a semisynthetic version of
artemisinin, can also be produced in these organisms; however,
the complete biosynthesis pathways for both paclitaxel and
artemisinin have not been determined yet.35,68−73

4. CYTOCHROME P450S
While many different kinds of enzymes, such as glycosyl-, acyl-,
and O-methyl transferases and terpene and polyketide
synthases, take part in the formation of bioactive natural
products, the cytochrome P450s (P450s) play a key role in
catalyzing the regio- and stereospecific reactions functionalizing
the core structures of the molecules in the biosynthetic
pathways.31,39,74,75 For instance, in the biosynthesis of the
complex diterpene paclitaxel (Table 1 and Figure 2), almost
half of the anticipated ∼19 enzymatic steps committed to the
paclitaxel pathway from the common precursor geranylgeranyl
diphosphate are thought to be catalyzed by P450s.72,76,77 A
simplified schematic representation of a diterpene biosynthetic
pathway is shown in Figure 3.

Cytochrome P450s constitute one of the largest superfamilies
of enzymes known with members spread over all biological
kingdoms.78−80 The term P450 refers to a characteristic
absorption band obtained at 450 nm when the reduced form
of a P450 is incubated with carbon monoxide. P450s contain a
heme as a prosthetic covalently bound group, which mediates
catalytic activation of oxygen. Although they share a common
structural fold, their amino acid sequences are highly diverse
with as little as ∼15% identity.81 P450s are named based on
their sequence identity as the letters CYP followed by a number
designating the family, a letter specifying the subfamily and
finally a number identifying the individual gene.78,81 In general,
prokaryotic P450s are soluble while eukaryotic P450s are
membrane-bound, typically to the endoplasmic reticulum (ER)
or inner mitochondrial membranes through an N-terminal
transmembrane spanning segment.80,82,83 The catalytic domain

of the ER-bound P450s is facing the cytoplasm while the
catalytic domain of the mitochondrial membrane-bound P450s
is in the mitochondrial matrix.78,82

4.1. Function of P450s. P450s are usually monooxyge-
nases, catalyzing the heterolytic cleavage of molecular oxygen
and the subsequent exceptionally regio- and stereospecific
insertion of one of the oxygen atoms into a substrate, generally
a hydrocarbon, while the other oxygen is reduced to water.78−81

P450s can modify an immense array of substrates.80,81 While
some P450s are highly selective toward a specific substrate,
others are more promiscuous and may react with numerous
structurally diverse xenobiotics.84 The reactions carried out by
P450s are highly diverse. Most often, they are C-hydroxylations,
but they also include heteroatom oxygenations, dehydrogen-
ations, deaminations, desulfurations, dehalogenations, perox-
idations, and epoxide formations.72,78,79 Though most P450
catalyzed reactions are redox reactions, with the great majority
being oxidations, P450s catalyzing nonredox isomerization
reactions also exist.85

P450s are involved in several functions in different
organisms. In addition to the major role they play in the
biosynthesis of specialized metabolites, they also participate in
for example the biosynthesis of other physiologically important
compounds such as fatty acids or steroid hormones important
in regulation of growth and development, and in detoxification
of xenobiotics such as pesticides, pollutants, carcinogens and
drugs.75,78,80,81,86

4.2. Classification and Redox Partners. P450s generally
receive the two electrons needed for their catalytic reactions
from NADPH or NADH. There is, however, a significant
variety of electron donor systems involved in the electron
delivery.87

P450s can be divided into classes based on their redox
partners. Class I P450s, which include most bacterial P450s
(Figure 4A) and the mitochondrial P450s in eukaryotes, receive

electrons from an iron−sulfur cluster-containing ferredoxin
(Fd), which is reduced by a flavin adenine dinucleotide (FAD)-
containing ferredoxin reductase (FNR or FdR) that extracts
electrons from NADPH or NADH. The P450, ferredoxin and
ferredoxin reductase are all soluble in bacteria, while in
eukaryotes the P450 is membrane-bound and the reductase is
membrane-associated.78,81

Figure 3. Simplified schematic representation of a diterpene
biosynthesis pathway in a plant cell. Geranylgeranyl diphosphate
(GGPP), the common diterpene precursor, is synthesized in the
chloroplast, where diterpene synthases (diTPS) tailor the molecule by
cyclization. The resulting molecule (P1, precursor 1) is functionalized
by a number of ER-localized cytochrome P450s, which oxygenate P1
to P2 (precursor 2). Various types of transferases (stabilizing
enzymes), for instance methyl-, acetyl-, acyl-, or glycosyl-transferases,
decorate the molecule to form the final functionalized diterpenoid.

Figure 4. Reductase systems of bacterial class I (a) and eukaryotic
class II (b) P450s. (a) The ferredoxin reductase (FNR, contains the
cofactor FAD as redox center), transfers electrons from NADH or
NADPH to the ferredoxin (Fd, iron−sulfur cluster as redox center),
which reduces the P450 (heme as redox center). (b) The NADPH-
cytochrome P450 oxidoreductase (POR, contains the cofactors FAD
and FMN) transfers electrons from NADPH to the P450.

ACS Synthetic Biology Review

dx.doi.org/10.1021/sb400136f | ACS Synth. Biol. 2014, 3, 1−125



The most common class of P450s in eukaryotes, which
includes the majority of P450s involved in specialized
metabolism in plants, is class II, in which the enzymes are
located in the ER membranes. Here, electrons are delivered to
the P450 by a NADPH-cytochrome P450 oxidoreductase
(POR), a diflavin enzyme (Figure 4b).78,81,88

POR is thought to have evolved from a fusion of a flavin
mononucleotide (FMN)-containing flavodoxin and a FAD-
containing ferredoxin-NADP+ reductase (FNR).88,89 Upon
transfer of the electrons from NADPH through the FAD and
FMN cofactors of POR to the P450, POR changes
conformation from a closed to an open structure to expose
the reduced FMN cofactor and facilitate interactions with the
P450.82 A single POR may serve as redox partner to several
different P450s.87,88 A possible mechanism for control of the
POR-P450 interactions could be an increase in the affinity of a
P450 for the POR by substrate binding-induced conformational
changes in the P450.88

Apart from these two most common classes, several
additional P450 classes can be designated based on various
other electron transfer systems.78,87 For example, some P450s
are reduced by an FMN-containing flavodoxin (Fld) instead of
ferredoxin in a system similar to the class I system, and some
can extract electrons directly from NADPH. Other systems
consist of reductase-dependent fusions of the P450 and a
ferredoxin or flavodoxin, or self-sufficient fusions of POR and
the P450, while yet other systems are even more unusual.78,81,87

The electron transfer to the P450 is often the rate-limiting step
in P450 catalysis.90

Figure 4 shows a schematic representation of the bacterial
class I and eukaryotic class II reductase systems. P450 redox
partners have been comprehensively reviewed by Hannemann
et al., and an in depth overview of the reductase systems can be
found in this article.78

4.3. Plant P450s and Biosynthesis of Natural Bioactive
Compounds. While the genes encoding the P450s (CYP
genes) exist in nearly all organisms, the number of these genes
is significantly higher in plants than in other organisms. The
model plant Arabidopsis thaliana has 245 full-length CYP genes,
while only 57 CYP genes are found in human, 102 in mouse
(Mus musculus), 109 in the filamentous fungus Aspergillus
nidulans, and 20 in Mycobacterium tuberculosis.74,91−94 Some of
the P450s in plants are related to P450s in other organisms and
have a conserved function in, for example, metabolism of
sterols or fatty acids, while about two-thirds are plant-specific
and involved in natural product biosynthesis.80

4.3.1. Heterologous Expression of Plant Cytochrome
P450s in Microbial Hosts. Of the many enzymes participating
in specialized metabolite biosynthesis, the P450s and their
redox partners can be particularly challenging to express
functionally, especially in prokaryotic expression hosts.72,95

Expressed unaccompanied, P450s often show little or no
activity if interactions with redox partners endogenous to the
host are not effective, and coexpression or purification and
subsequent reconstitution with their redox partner is thus often
necessary.96,97 Expression of the redox partners can, however,
also be a challenge in microbial systems.95

The limitations of expressing plant and other eukaryotic
P450s in prokaryotes include improper translation and
membrane insertion, and lack of post-translational modifica-
tions.39,72 Incorrect folding and problems with incorporation of
the heme can also hinder successful prokaryotic expression of

eukaryotic P450s, but this can be improved with the
coexpression of a chaperonin system.98−100

Eukaryotic P450s are, as previously mentioned, bound
through one transmembrane domain to membranes of the
mitochondria and ER, and the eukaryotic signal peptides
directing the proteins to these organelles may not be efficiently
recognized as membrane localization signals in prokaryotes.
This can lead to low expression levels of the P450s, but
modifications of the N-terminal sequence to either direct the
full-length P450 to a membrane localization in the plasma
membrane or modification and truncation of the N-terminal
sequence including the membrane anchor for soluble
expression in the cytosol has in some cases circumvented this
problem.100−103

E. coli itself does not contain any P450s naturally, thus
providing a clean background. A few of the many existing plant
P450s have been successfully expressed in E. coli.72,80 Successful
expression of P450s resulting in in vivo activity in E. coli have
focused on changing the membrane anchor or fusing the P450
to the redox partner or the enzyme producing the substrate of
the P450.39,104 Strain and promoter variation, codon
optimization, and similar strategies have also been used to
improve expression and activity.39,104 Silent mutations in the
gene sequence to prevent formation of secondary mRNA
structures causing difficulties in ribosome binding and
processing has also proven helpful to enhance P450 expression
in E. coli. Mutation of the second codon to encode an alanine
has been shown to be particularly efficient in this
context.99,100,105

Eukaryotes such as the yeast S. cerevisiae can better support
the expression of the membrane-localized P450s, and of the
microorganisms often used in biotechnology, yeasts have been
shown to be well-suited expression systems for P450s.39,96,106

Many of the functionally expressed Arabidopsis P450s have thus
been expressed in yeast.96 As plants are a natural background
for P450 expression, engineered model plants could be suitable
host organisms for heterologous expression of P450s.107,108

4.4. Supply of Reducing Equivalents. Although the
unique catalytic abilities of P450s provide a great potential for
applications as industrial biocatalysts, P450s are only used
scarcely in biotechnology. Reasons for this are reviewed by
O’Reilly and co-workers and include instability under the
conditions they are exposed to during isolation, storage and
use, intolerance of organic solvents, narrow substrate specificity,
requirement of costly cofactors, and limitations in electron
supply.90 The NADPH and NADH cofactors are expensive, and
additionally, in the absence of substrate, NADPH or NADH
can potentially inactivate the P450, which makes close
monitoring of the cofactor/substrate ratio necessary in
biotechnological in vitro production systems.109,110 However,
due to the stability issues under in vitro conditions, a
production system based on intact microbial cells, where the
P450s are kept under physiological conditions, is often the
approach of choice.111 In microbial production systems such as
bacteria and yeast, the native NADPH regenerating metabolism
is typically not sufficient to support high levels of P450 activity.
One approach of cofactor supply, which can be used both in
vivo and in vitro, is enzyme-coupled cofactor regeneration, but
nonenzymatic NAD(P)H regeneration systems have also been
developed.112,113

To avoid the use of NADPH and NADH, several approaches
relying on application of alternative electron supplies have been
investigated. These include zinc dust as electron source with
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cobaltsepulchrate as mediator or electrochemical methods (e.g.,
with the P450 immobilized on platinum electrodes).90,109,113,114

The peroxide shunt pathway, in which P450s are able to use
peroxides such as hydrogen peroxide as a source of both oxygen
and electrons, has also been employed. This system eliminates
the use of NADPH and a reductase, and thus also the rate-
limiting electron transfer steps, but is limited by peroxide-
mediated heme degradation, which causes rapid inactivation of
the P450.115

Another approach, which has so far not been used widely, is
coupling of P450s to the photosynthetic electron generation.
Retargeting of the P450s to the thylakoids either in chloroplasts
or in cyanobacteria will position the P450 in an environment
where reducing power is generated continuously and should
thus ensure ample supply of reducing equivalents.

5. REDIRECTING PHOTOSYNTHETIC REDUCING
EQUIVALENTS

The photosynthetic electron transport chain would be an
excellent producer of reducing power to directly support P450s.
Also, since availability of dioxygen for oxygenase activity in
addition to host respiration has been proposed as a challenge in
P450 heterologous expression in yeast or bacteria,116 P450
expression in an oxygenic photosynthetic organism would serve
to alleviate such an issue.
Though most plant P450s are located in the ER membranes,

P450s are also known to exist naturally in chloroplasts,
presumably employing the soluble electron transfer partners
ferredoxin and ferredoxin reductase.94

5.1. Combining Cytochromes P450 with the Photo-
synthetic Machinery. The potential of directly combining
P450-mediated monooxygenations with photosynthesis was
first investigated in 1996 by Kim et al.117 By combining spinach
chloroplasts with microsomes from yeast expressing a fusion
enzyme of rat CYP1A1 and a reductase, they developed an in
vitro system where, under illumination, NADP+ was photo-
synthetically reduced to NADPH. Via the reductase, this
NADPH then served as electron supply for the P450, thus
enabling light-driven conversion of the P450 substrate 7-
ethoxycoumarin to 7-hydroxycoumarin.
Recently, the approach of employing photosynthetic

electrons in P450 reactions in vitro was further developed and
simplified by Jensen et al.118 It was found that electrons
supplied by PSI from barley (Hordeum vulgare) could be
transferred directly to Sorghum bicolor CYP79A1 by ferredoxin
with high efficiency, thus eliminating the need of an NADPH
recycling system and POR. The turnover rate of this system,
with CYP79A1 catalyzing the hydroxylation of L-tyrosine to p-
(E)-hydroxyphenylacetaldoxime, was reported to be twice as
high as when the native reductase was used for electron supply
to the P450.118

The versatility of this system was tested by replacing the
plant CYP79A1 with another P450, the soluble bacterial
CYP124 from Mycobacterium tuberculosis catalyzing ω-hydrox-
ylations of methyl-branched lipids.119 This demonstrated the
flexibility in the PSI-driven P450 approach and suggested the
potential of a modular system, in which production of diverse
compounds could be possible dependent on the employed
substrate and P450.
As described above, some classes of P450s, including the

CYP124 from Mycobacterium tuberculosis, natively use ferredox-
in or flavodoxin as electron donor with electrons supplied from
NAD(P)H via a ferredoxin reductase.78,119 In such systems,

other Fds than the endogenous have been reported to support
electron delivery to the P450 in vitro.120 In accordance with
this, it has been demonstrated that the P450 CYP106A2 from
Bacillus megaterium could be reduced by Fd and Fld from the
photosynthetic electron transport chain of the cyanobacterium
Anabaena sp. PCC 7119, which received electrons from
NADPH via FNR, showing that hybrid systems combining
electron carrier proteins from different electron transfer chains
can be made.89

In a similar setup, genetic fusion constructs of the rat
CYP1A1 with Fd and FNR from the photosynthetic electron
transfer chains of maize and pea, respectively, were produced by
Lacour and Ohkawa.121 P450-Fd, P450-FNR, P450-Fd-FNR,
and P450-FNR-Fd fusions were expressed in S. cerevisiae. In
vitro assays showed that the highest catalysis rate could be
obtained with the P450-Fd-FNR construct with NADPH as
electron donor. The P450-Fd and P450-FNR constructs
showed low activities similar to the P450 in the absence of
any electron transfer proteins, demonstrating that the
simultaneous presence of Fd and FNR was necessary to obtain
an efficient electron transport chain.121

O’Keefe et al. heterologously expressed the CYP105A from
the soil bacterium Streptomyces griseolus in tobacco, finding that
only localization in the chloroplast supported enzymatic
activity, N-dealkylation of a sulfonylurea (2-methylethyl-2,3-
dihydro-N-[(4,6-dimethoxypyrimidin-2-yl)aminocarbonyl]-1,2-
benzoisothiazole-7-sulfonamide-1,1-dioxide).120 This suggests
that the endogenous P450 reductases localized on the
cytoplasmic surface of the ER could not function as electron
donor for this soluble bacterial P450 in the cytoplasm and that
the activity of the chloroplast-targeted version was supported
only by electron delivery by reduced Fd. Thus, bacterial P450s
can be expressed in plant chloroplasts and be driven by
electrons from the PET chain with Fd as mediator.
Using transient expression in Nicotiana benthamiana as

experimental system, it was recently shown that it is possible to
transfer the P450-catalyzed dhurrin pathway122−124 from the
cytosol of S. bicolor to the tobacco chloroplast.108 This was
achieved using gene constructs encoding fusion proteins
between the transit peptide of the chloroplast stroma localized
Fd and the coding regions of two P450 enzymes and a UDP
glucosyl transferase, which constitute the dhurrin biosynthetic
pathway.108 The three enzymes were successfully expressed in
the chloroplast of transiently transformed tobacco leaves. The
chloroplast was able to provide the heme cofactor for proper
assembly of the P450s and also the tyrosine and UDP-glucose
substrates. The energy-demanding P450-catalyzed synthesis of
dhurrin was driven by directly tapping into light-driven
reduction of Fd by PSI. Thus, P450s normally residing in the
ER membranes can be targeted to the chloroplast, driven by
photosynthesis, and be able to biosynthesize dhurrin. This
constitutes a proof-of-concept for establishing new biosynthetic
pathways in plant chloroplasts and thereby bringing the
biosynthetic machinery close to the source of reducing power
and place of synthesis of precursors for many specialized
metabolites. The next obvious step will be to establish stably
transformed plants, algae or cyanobacteria.

6. CONCLUSIONS, PERSPECTIVES, AND CHALLENGES
Plants produce a wide variety of bioactive natural compounds,
many of which are used as pharmaceuticals and have a high
value. The naturally occurring abundance of these compounds
in the plants are, however, often low or highly variable, and
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development of alternative production systems are accordingly
beneficial. In this context, the cytochrome P450s, which
constitute a large enzyme family in plants and catalyze key
hydroxylation steps in the biosynthesis of the bioactive natural
compounds, require electrons often delivered from NADPH or
NADH by a reductase, a process that at least in a
biotechnological context often is limiting. The use of
photosynthetically produced reducing power to directly
support the activity of P450s is a promising approach for
production of complicated-to-produce bioactive products or
biosynthesis intermediates interesting for the chemical or
pharmaceutical industries.118,119 Thus, production systems
based on photosynthetic hosts offer alternatives to the classical
biotechnological hosts such as bacteria and yeast. In addition,
production in a photosynthetic organism offers a true
sustainable alternative, since the precursor compounds, the
energy and reducing power are derived from photosynthesis via
water splitting, CO2 fixation and light-driven electron transport.
The chloroplast is a well-suited compartment for expression

of foreign genes. Chloroplast genome transformation has been
used successfully to introduce new genes and multigene
constructs into the plastid genome, which is attractive for
several reasons: the plastids have a potential for high-level
foreign protein expression, it is possible to express multiple
genes from operons, and there are no reported position effects
or epigenetic gene silencing mechanisms in the chloroplast.125

Integration of foreign DNA into the plastid genome occurs
exclusively by homologous recombination, facilitating precise
engineering approaches.126

There are, however, also several challenges associated with
development of light-driven specialized metabolite production
systems. Although P450s targeted to the chloroplast will be
close to the source of reducing power of the cell, an important
challenge will be to direct a sufficient fraction of the electrons
generated in the PET chain toward the P450s. In vivo the
introduced P450s will compete with other proteins reduced by
Fd for the available reducing equivalents, most notably with
FNR catalyzing the reduction of NADP+, but also with enzymes
involved in several other essential processes (e.g., cyclic electron
transport, biosynthesis of chlorophyll, lipids, and glutamate, and
reduction of nitrite, sulfite, and thioredoxins).127−131 With
inspiration from photobiological hydrogen production, a
strategy to increase the electron flow toward a P450 could be
to fuse it to Fd, which was shown to increase the in vitro
competitiveness of a hydrogenase by Yacoby and co-workers.22

Alternatively, Fds have to be redesigned to preferentially
interact with the P450s.
The substrate of the first enzyme specific to the pathway also

needs to be produced in the chloroplast in sufficient amounts
to sustain the pathway, and it may be necessary to upregulate
the substrate biosynthesis to obtain a satisfactory production
level of the target compound.71

Many specialized metabolite biosynthetic pathways have not
been fully discovered yet, and finding the optimal combination
of enzymes may require considerable efforts before a
heterologous light-driven production system for a high-value
natural compound can be developed.9 Another challenge for
specialized metabolite production in all heterologous host
systems is the potential metabolic crosstalk between
endogenous and engineered pathways. Additionally, toxicity
of foreign compounds can be encountered; however, if the
compound is an intermediate, balancing the activity of the

enzymes producing and consuming it can be a way to minimize
the problem.132

The plug-and-play approach of synthetic biology opens a
variety of possibilities for production of specialized metabolites.
In addition to formation of novel or altered compounds, many
other approaches, such as manipulation of production levels
through compartmentalization, synthetic protein scaffolds or
dynamic regulation of enzyme expression, can be applied to
optimize the metabolic potential of the cell for production of a
specific product and simultaneously present the opportunity to
learn more about how these systems function in nature.133,134

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: peje@life.ku.dk.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support (1) from
the VILLUM Center of Excellence “Plant Plasticity”, (2) from
the “Center of Synthetic Biology” funded by the UNIK research
initiative of the Danish Ministry of Science, Technology and
Innovation, (3) from “bioSYNergy” funded by the UCPH
Excellence Programme for Interdisciplinary Research, and (4)
from “Plant Power: Light-Driven Synthesis of Complex
Terpenoids Using Cytochrome P450s” (12-131834) funded
by the Danish Council for Strategic Research, Programme
Commission on Strategic Growth Technologies.

■ ABBREVIATIONS

ADP, adenosine diphosphate; ATP, adenosine triphosphate;
DPX, 1-deoxy-D-xylulose-5-phosphate; ER, endoplasmic retic-
ulum; FAD, flavin adenine dinucleotide; Fd, ferredoxin; Fld,
flavodoxin; FMN, flavin mononucleotide; FNR, ferredoxin-
NADP+ oxidoreductase; MEP, methylerythritol-phosphate;
MEV, mevalonate; NADH, nicotinamide adenine dinucleotide;
NADPH, nicotinamide adenine dinucleotide phosphate; P450,
cytochrome P450; PC, plastocyanin; PET, photosynthetic
electron transport; POR, NADPH-cytochrome P450 oxidor-
eductase; PSI, photosystem I; PSII, photosystem II; PQ,
plastoquinone; UV, ultraviolet

■ REFERENCES
(1) Blankenship, R. E., Tiede, D. M., Barber, J., Brudvig, G. W.,
Fleming, G., Ghirardi, M., Gunner, M. R., Junge, W., Kramer, D. M.,
Melis, A., Moore, T. A., Moser, C. C., Nocera, D. G., Nozik, A. J., Ort,
D. R., Parson, W. W., Prince, R. C., and Sayre, R. T. (2011)
Comparing photosynthetic and photovoltaic efficiencies and recogniz-
ing the potential for improvement. Science 332, 805−809.
(2) Zhu, X.-G., Long, S. P., and Ort, D. R. (2008) What is the
maximum efficiency with which photosynthesis can convert solar
energy into biomass? Curr. Opin. Biotechnol. 19, 153−159.
(3) Gust, D., Moore, T. A., and Moore, A. L. (2009) Solar fuels via
artificial photosynthesis. Acc. Chem. Res. 42, 1890−1898.
(4) Jensen, K., Jensen, P. E., and Moller, B. L. (2012) Light-driven
chemical synthesis. Trends Plant Sci. 17, 533−539.
(5) Jordan, P., Fromme, P., Witt, H. T., Klukas, O., Saenger, W., and
Krauss, N. (2001) Three-dimensional structure of cyanobacterial
photosystem I at 2.5 angstrom resolution. Nature 411, 909−917.
(6) Nelson, N., and Ben-Shem, A. (2004) The complex architecture
of oxygenic photosynthesis. Nat. Rev. Mol. Cell Biol. 5, 971−982.

ACS Synthetic Biology Review

dx.doi.org/10.1021/sb400136f | ACS Synth. Biol. 2014, 3, 1−128

mailto:peje@life.ku.dk


(7) Foyer, C. H., and Noctor, G. (2009) Redox regulation in
photosynthetic organisms: signaling, acclimation, and practical
implications. Antioxid. Redox. Signal 11, 861−905.
(8) Balandrin, M. F., Klocke, J. A., Wurtele, E. S., and Bollinger, W.
H. (1985) Natural plant chemicals: Sources of industrial and medicinal
materials. Science 228, 1154−1160.
(9) Marienhagen, J., and Bott, M. (2012) Metabolic engineering of
microorganisms for the synthesis of plant natural products. J.
Biotechnol. 163, 166−178.
(10) Morant, M., Bak, S., Moller, B. L., and Werck-Reichhart, D.
(2003) Plant cytochromes P450: Tools for pharmacology, plant
protection, and phytoremediation. Curr. Opin. Biotechnol. 14, 151−
162.
(11) Schuler, M. A., and Werck-Reichhart, D. (2003) Functional
genomics of P450s. Annu. Rev. Plant Biol. 54, 629−667.
(12) Winter, J. M., and Tang, Y. (2012) Synthetic biological
approaches to natural product biosynthesis. Curr. Opin. Biotechnol. 23,
736−743.
(13) Hervas, M., Navarro, J. A., and De La Rosa, M. A. (2003)
Electron transfer between membrane complexes and soluble proteins
in photosynthesis. Acc. Chem. Res. 36, 798−805.
(14) Lubner, C. E., Knorzer, P., Silva, P. J. N., Vincent, K. A., Happe,
T., Bryant, D. A., and Golbeck, J. H. (2010) Wiring an FeFe−
hydrogenase with photosystem I for light-induced hydrogen
production. Biochemistry 49, 10264−10266.
(15) Nelson, N., and Yocum, C. F. (2006) Structure and function of
photosystems I and II. Annu. Rev. Plant Biol. 57, 521−565.
(16) Jensen, P. E., Bassi, R., Boekema, E. J., Dekker, J. P., Jansson, S.,
Leister, D., Robinson, C., and Scheller, H. V. (2007) Structure,
function, and regulation of plant photosystem I. Biochim. Biophys. Acta,
Bioenerg. 1767, 335−352.
(17) Winkler, M., Kawelke, S., and Happe, T. (2011) Light driven
hydrogen production in protein based semi-artificial systems. Bioresour.
Technol. 102, 8493−8500.
(18) Ihara, M., Nishihara, H., Yoon, K. S., Lenz, O., Friedrich, B.,
Nakamoto, H., Kojima, K., Honma, D., Kamachi, T., and Okura, I.
(2006) Light-driven hydrogen production by a hybrid complex of a
[NiFe]-hydrogenase and the cyanobacterial photosystem I. Photochem.
Photobiol. 82, 676−682.
(19) Ihara, M., Nakamoto, H., Kamachi, T., Okura, I., and Maeda, M.
(2006) Photoinduced hydrogen production by direct electron transfer
from photosystem I cross-linked with cytochrome c(3) to [NiFe]-
hydrogenase. Photochem. Photobiol. 82, 1677−1685.
(20) Lubner, C. E., Applegate, A. M., Knorzer, P., Ganago, A., Bryant,
D. A., Happe, T., and Golbeck, J. H. (2011) Solar hydrogen-producing
bionanodevice outperforms natural photosynthesis. Proc. Natl. Acad.
Sci. U.S.A. 108, 20988−20991.
(21) Lubner, C. E., Grimme, R., Bryant, D. A., and Golbeck, J. H.
(2010) Wiring photosystem I for direct solar hydrogen production.
Biochemistry 49, 404−414.
(22) Yacoby, I., Pochekailov, S., Toporik, H., Ghirardi, M. L., King, P.
W., and Zhang, S. G. (2011) Photosynthetic electron partitioning
between [FeFe]-hydrogenase and ferredoxin:NADP(+)-oxidoreduc-
tase (FNR) enzymes in vitro. Proc. Natl. Acad. Sci. U.S.A. 108, 9396−
9401.
(23) Grimme, R. A., Lubner, C. E., Bryant, D. A., and Golbeck, J. H.
(2008) Photosystem I/molecular wire/metal nanoparticle bioconju-
gates for the photocatalytic production of H-2. J. Am. Chem. Soc. 130,
6308−6309.
(24) Grimme, R. A., Lubner, C. E., and Golbeck, J. H. (2009)
Maximizing H(2) production in photosystem I/dithiol molecular
wire/platinum nanoparticle bioconjugates. Dalton Trans., 10106−
10113.
(25) Utschig, L. M., Dimitrijevic, N. M., Poluektov, O. G.,
Chemerisov, S. D., Mulfort, K. L., and Tiede, D. M. (2011)
Photocatalytic hydrogen production from noncovalent biohybrid
photosystem I/Pt nanoparticle complexes. J. Phys. Chem. Lett. 2,
236−241.

(26) Reisner, E. (2011) Solar hydrogen evolution with hydrogenases:
From natural to hybrid systems. Eur. J. Inorg. Chem., 1005−1016.
(27) Kennedy, D. O., and Wightman, E. L. (2011) Herbal extracts
and phytochemicals: Plant secondary metabolites and the enhance-
ment of human brain function. Adv. Nutr. 2, 32−50.
(28) Pichersky, E., and Lewinsohn, E. (2011) Convergent evolution
in plant specialized metabolism. Annu. Rev. Plant Biol. 62, 549−566.
(29) Jensen, N. B., Zagrobelny, M., Hjerno, K., Olsen, C. E.,
Houghton-Larsen, J., Borch, J., Moller, B. L., and Bak, S. (2011)
Convergent evolution in biosynthesis of cyanogenic defence
compounds in plants and insects. Nat. Commun. 2, DOI: 10.1038/
ncomms1271.
(30) Zagrobelny, M., Bak, S., Ekstrom, C. T., Olsen, C. E., and
Moller, B. L. (2007) The cyanogenic glucoside composition of
Zygaena f ilipendulae (Lepidoptera: Zygaenidae) as effected by feeding
on wild-type and transgenic lotus populations with variable cyanogenic
glucoside profiles. Insect Biochem. Mol. Biol. 37, 10−18.
(31) Pichersky, E., and Gang, D. R. (2000) Genetics and
biochemistry of secondary metabolites in plants: An evolutionary
perspective. Trends Plant Sci. 5, 439−445.
(32) Gu, X.-D., Sun, M.-Y., Zhang, L., Fu, H.-W., Cui, L., Chen, R.-Z.,
Zhang, D.-W., and Tian, J.-K. (2010) UV-B induced changes in the
secondary metabolites of Morus alba L. leaves. Molecules 15, 2980−
2993.
(33) Neilson, E. H., Goodger, J. Q. D., Woodrow, I. E., and Moller, B.
L. (2013) Plant chemical defense: At what cost? Trends Plant Sci. 18,
250−258.
(34) Moller, B. L. (2010) Functional diversifications of cyanogenic
glucosides. Curr. Opin. Plant Biol. 13, 338−347.
(35) Martin, V. J. J., Pitera, D. J., Withers, S. T., Newman, J. D., and
Keasling, J. D. (2003) Engineering a mevalonate pathway in
Escherichia coli for production of terpenoids. Nat. Biotechnol. 21,
796−802.
(36) Goto, T., Takahashi, N., Hirai, S., and Kawada, T. (2010)
Various terpenoids derived from herbal and dietary plants function as
PPAR modulators and regulate carbohydrate and lipid metabolism.
PPAR Res., DOI: 10.1155/2010/483958.
(37) Tholl, D. (2006) Terpene synthases and the regulation,
diversity, and biological roles of terpene metabolism. Curr Opin Plant
Biol 9, 297−304.
(38) Vranova, E., Coman, D., and Gruissem, W. (2012) Structure and
Dynamics of the Isoprenoid Pathway Network. Molecular Plant 5,
318−333.
(39) Chemler, J. A., and Koffas, M. A. (2008) Metabolic engineering
for plant natural product biosynthesis in microbes. Curr Opin
Biotechnol 19, 597−605.
(40) Buchanan, B. B., Gruissem, W., and Jones, R. L. (2000)
Biochemistry & Molecular Biology of Plants, American Society of Plant
Physiologists, Rockville, MD.
(41) Vogt, T. (2010) Phenylpropanoid biosynthesis. Mol. Plant 3, 2−
20.
(42) Schafer, H., and Wink, M. (2009) Medicinally important
secondary metabolites in recombinant microorganisms or plants:
Progress in alkaloid biosynthesis. Biotechnol. J. 4, 1684−1703.
(43) Aharoni, A., Giri, A. P., Verstappen, F. W. A., Bertea, C. M.,
Sevenier, R., Sun, Z. K., Jongsma, M. A., Schwab, W., and
Bouwmeester, H. J. (2004) Gain and loss of fruit flavor compounds
produced by wild and cultivated strawberry species. Plant Cell 16,
3110−3131.
(44) Gang, D. R. (2005) Evolution of flavors and scents. Annu. Rev.
Plant Biol., 301−325.
(45) Schwab, W., Davidovich-Rikanati, R., and Lewinsohn, E. (2008)
Biosynthesis of plant-derived flavor compounds. Plant J. 54, 712−732.
(46) Croteau, R. B., Davis, E. M., Ringer, K. L., and Wildung, M. R.
(2005) (−)-Menthol biosynthesis and molecular genetics. Natur-
wissenschaften 92, 562−577.
(47) Wohlmuth, H., Leach, D. N., Smith, M. K., and Myers, S. P.
(2005) Gingerol content of diploid and tetraploid clones of ginger
(Zingiber of f icinale Roscoe). J. Agric. Food Chem. 53, 5772−5778.

ACS Synthetic Biology Review

dx.doi.org/10.1021/sb400136f | ACS Synth. Biol. 2014, 3, 1−129



(48) Hansen, E. H., Moller, B. L., Kock, G. R., Bunner, C. M.,
Kristensen, C., Jensen, O. R., Okkels, F. T., Olsen, C. E., Motawia, M.
S., and Hansen, J. (2009) De novo biosynthesis of vanillin in fission
yeast (Schizosaccharomyces pombe) and baker’s yeast (Saccharomyces
cerevisiae). Appl. Environ. Microbiol. 75, 2765−2774.
(49) Cragg, G. M., and Newman, D. J. (2005) Plants as a source of
anti-cancer agents. J. Ethnopharmacol. 100, 72−79.
(50) Fallen, R. S., and Gooderham, M. (2012) Ingenol mebutate: an
introduction. Skin Therapy Lett. 17 (2), 1−3.
(51) Baumann, G., Felix, S., Sattelberger, U., and Klein, G. (1990)
Cardiovascular effects of forskolin (HL-362) in patients with
idiopathic congestive cardiomyopathyA comparative study with
dobutamine and sodium nitroprusside. J. Cardiovasc. Pharmacol. 16,
93−100.
(52) Bristow, M. R., Ginsburg, R., Strosberg, A., Montgomery, W.,
and Minobe, W. (1984) Pharmacology and inotropic potential of
forskolin in the human heart. J. Clin. Invest. 74, 212−223.
(53) Liu, D. H., Jin, H. B., Chen, Y. H., Cui, L. J., Ren, W. W., Gong,
Y. F., and Tang, K. X. (2007) Terpenoid indole alkaloids biosynthesis
and metabolic engineering in Catharanthus roseus. J. Integr. Plant Biol.
49, 961−974.
(54) Wink, M. (2012) Medicinal plants: A source of anti-parasitic
secondary metabolites. Molecules 17, 12771−12791.
(55) Weid, M., Ziegler, J., and Kutchan, T. M. (2004) The roles of
latex and the vascular bundle in morphine biosynthesis in the opium
poppy, Papaver somniferum. Proc. Natl. Acad. Sci. U.S.A. 101, 13957−
13962.
(56) Heinrich, M., and Lee Teoh, H. (2004) Galanthamine from
snowdropThe development of a modern drug against Alzheimer’s
disease from local Caucasian knowledge. J. Ethnopharmacol. 92, 147−
162.
(57) Covello, P. S., Teoh, K. H., Polichuk, D. R., Reed, D. W., and
Nowak, G. (2007) Functional genomics and the biosynthesis of
artemisinin. Phytochemistry 68, 1864−1871.
(58) Babu, K. G. D., Singh, B., Joshi, V. P., and Singh, V. (2002)
Essential oil composition of Damask rose (Rosa damascena Mill.)
distilled under different pressures and temperatures. Flavour Fragrance
J. 17, 136−140.
(59) Anthony, J. R., Anthony, L. C., Nowroozi, F., Kwon, G.,
Newman, J. D., and Keasling, J. D. (2009) Optimization of the
mevalonate-based isoprenoid biosynthetic pathway in Escherichia coli
for production of the anti-malarial drug precursor amorpha-4,11-diene.
Metab. Eng. 11, 13−19.
(60) Nicolaou, K. C., Yang, Z., Liu, J. J., Ueno, H., Nantermet, P. G.,
Guy, R. K., Claiborne, C. F., Renaud, J., Couladouros, E. A.,
Paulvannan, K., and Sorensen, E. J. (1994) Total synthesis of taxol.
Nature 367, 630−634.
(61) Jorgensen, L., McKerrall, S. J., Kuttruff, C. A., Ungeheuer, F.,
Felding, J., and Baran, P. S. (2013) 14-step synthesis of (+)-ingenol
from (+)-3-carene. Science 341, 878−882.
(62) Rao, S. R., and Ravishankar, G. A. (2002) Plant cell cultures:
Chemical factories of secondary metabolites. Biotechnol. Adv. 20, 101−
153.
(63) Lim, E. K., and Bowles, D. (2012) Plant production systems for
bioactive small molecules. Curr. Opin. Biotechnol. 23, 271−277.
(64) Ajikumar, P. K., Xiao, W. H., Tyo, K. E., Wang, Y., Simeon, F.,
Leonard, E., Mucha, O., Phon, T. H., Pfeifer, B., and Stephanopoulos,
G. (2010) Isoprenoid pathway optimization for Taxol precursor
overproduction in Escherichia coli. Science 330, 70−74.
(65) Schmid, G., and Hofheinz, W. (1983) Total synthesis of
qinghaosu. J. Am. Chem. Soc. 105, 624−625.
(66) Engels, B., Dahm, P., and Jennewein, S. (2008) Metabolic
engineering of taxadiene biosynthesis in yeast as a first step towards
Taxol (paclitaxel) production. Metab. Eng. 10, 201−206.
(67) Jiang, M., Stephanopoulos, G., and Pfeifer, B. A. (2012)
Downstream reactions and engineering in the microbially recon-
stituted pathway for Taxol. Appl. Microbiol. Biotechnol. 94, 841−849.
(68) Keasling, J. D. (2012) Synthetic biology and the development of
tools for metabolic engineering. Metab. Eng. 14, 189−195.

(69) Wen, W., and Yu, R. (2011) Artemisinin biosynthesis and its
regulatory enzymes: Progress and perspective. Pharmacogn. Rev. 5,
189−194.
(70) Westfall, P. J., Pitera, D. J., Lenihan, J. R., Eng, D., Woolard, F.
X., Regentin, R., Horning, T., Tsuruta, H., Melis, D. J., Owens, A.,
Fickes, S., Diola, D., Benjamin, K. R., Keasling, J. D., Leavell, M. D.,
McPhee, D. J., Renninger, N. S., Newman, J. D., and Paddon, C. J.
(2012) Production of amorphadiene in yeast, and its conversion to
dihydroartemisinic acid, precursor to the antimalarial agent artemisi-
nin. Proc. Natl. Acad. Sci. U.S.A. 109, E111−118.
(71) Ro, D. K., Paradise, E. M., Ouellet, M., Fisher, K. J., Newman, K.
L., Ndungu, J. M., Ho, K. A., Eachus, R. A., Ham, T. S., Kirby, J.,
Chang, M. C. Y., Withers, S. T., Shiba, Y., Sarpong, R., and Keasling, J.
D. (2006) Production of the antimalarial drug precursor artemisinic
acid in engineered yeast. Nature 440, 940−943.
(72) Chang, M. C. Y., Eachus, R. A., Trieu, W., Ro, D. K., and
Keasling, J. D. (2007) Engineering Escherichia coli for production of
functionalized terpenoids using plant P450s. Nat. Chem. Biol. 3, 274−
277.
(73) Paddon, C. J., Westfall, P. J., Pitera, D. J., Benjamin, K., Fisher,
K., McPhee, D., Leavell, M. D., Tai, A., Main, A., Eng, D., Polichuk, D.
R., Teoh, K. H., Reed, D. W., Treynor, T., Lenihan, J., Fleck, M., Bajad,
S., Dang, G., Dengrove, D., Diola, D., Dorin, G., Ellens, K. W., Fickes,
S., Galazzo, J., Gaucher, S. P., Geistlinger, T., Henry, R., Hepp, M.,
Horning, T., Iqbal, T., Jiang, H., Kizer, L., Lieu, B., Melis, D., Moss, N.,
Regentin, R., Secrest, S., Tsuruta, H., Vazquez, R., Westblade, L. F., Xu,
L., Yu, M., Zhang, Y., Zhao, L., Lievense, J., Covello, P. S., Keasling, J.
D., Reiling, K. K., Renninger, N. S., and Newman, J. D. (2013) High-
level semi-synthetic production of the potent antimalarial artemisinin.
Nature 496, 528−536.
(74) Nelson, D., and Werck-Reichhart, D. (2011) A P450-centric
view of plant evolution. Plant J. 66, 194−211.
(75) Robert, F., Pandhal, J., and Wright, P. C. (2010) Exploiting
cyanobacterial P450 pathways. Curr. Opin. Microbiol. 13, 301−306.
(76) Croteau, R., Ketchum, R. E., Long, R. M., Kaspera, R., and
Wildung, M. R. (2006) Taxol biosynthesis and molecular genetics.
Phytochem. Rev. 5, 75−97.
(77) Kaspera, R., and Croteau, R. (2006) Cytochrome P450
oxygenases of Taxol biosynthesis. Phytochem. Rev. 5, 433−444.
(78) Hannemann, F., Bichet, A., Ewen, K. M., and Bernhardt, R.
(2007) Cytochrome P450 systemsBiological variations of electron
transport chains. Biochim. Biophys. Acta, Gen. Subj. 1770, 330−344.
(79) Lamb, D. C., Waterman, M. R., Kelly, S. L., and Guengerich, F.
P. (2007) Cytochromes P450 and drug discovery. Curr. Opin.
Biotechnol. 18, 504−512.
(80) Werck-Reichhart, D., and Feyereisen, R. (2000) Cytochromes
P450: A success story. Genome Biol. 1, 3003.3001−3003.3009.
(81) Hamdane, D., Zhang, H., and Hollenberg, P. (2008) Oxygen
activation by cytochrome P450 monooxygenase. Photosynth. Res. 98,
657−666.
(82) Jensen, K., Osmani, S. A., Hamann, T., Naur, P., and Moller, B.
L. (2011) Homology modeling of the three membrane proteins of the
dhurrin metabolon: Catalytic sites, membrane surface association, and
protein−protein interactions. Phytochemistry 72, 2113−2123.
(83) Moller, B. L. (2010) Dynamic metabolons. Science 330, 1328−
1329.
(84) Lewis, D. F. V., and Ito, Y. (2008) Cytochrome P450 Structure
and Function: An Evolutionary Perspective, Royal Society of Chemistry,
Cambridge, U.K.
(85) Guengerich, F. P., and Munro, A. W. (2013) Unusual
cytochrome P450 enzymes and reactions. J. Biol. Chem. 288, 17065−
17073.
(86) Dobritsa, A. A., Shrestha, J., Morant, M., Pinot, F., Matsuno, M.,
Swanson, R., Moller, B. L., and Preuss, D. (2009) CYP704B1 is a long-
chain fatty acid ω-hydroxylase essential for sporopollenin synthesis in
pollen of arabidopsis. Plant Physiol. 151, 574−589.
(87) Munro, A. W., Girvan, H. M., and McLean, K. J. (2007)
Cytochrome P450Redox partner fusion enzymes. Biochim. Biophys.
Acta, Gen. Subj. 1770, 345−359.

ACS Synthetic Biology Review

dx.doi.org/10.1021/sb400136f | ACS Synth. Biol. 2014, 3, 1−1210



(88) Jensen, K., and Moller, B. L. (2010) Plant NADPH-cytochrome
P450 oxidoreductases. Phytochemistry 71, 132−141.
(89) Goni, G., Zollner, A., Lisurek, M., Velazquez-Campoy, A., Pinto,
S., Gomez-Moreno, C., Hannemann, F., Bernhardt, R., and Medina, M.
(2009) Cyanobacterial electron carrier proteins as electron donors to
CYP106A2 from Bacillus megaterium ATCC 13368. Biochim. Biophys.
Acta 1794, 1635−1642.
(90) O’Reilly, E., Kohler, V., Flitsch, S. L., and Turner, N. J. (2011)
Cytochromes P450 as useful biocatalysts: Addressing the limitations.
Chem. Commun. 47, 2490−2501.
(91) Nebert, D. W., Wikvall, K., and Miller, W. L. (2013) Human
cytochromes P450 in health and disease. Philos. Trans. R. Soc. B: Biol.
Sci. 368, 20120431.
(92) McLean, K. J., and Munro, A. W. (2008) Structural biology and
biochemistry of cytochrome P450 systems in Mycobacterium tuber-
culosis. Drug Metab. Rev. 40, 427−446.
(93) Deng, J., Carbone, I., and Dean, R. A. (2007) The evolutionary
history of cytochrome P450 genes in four filamentous ascomycetes.
BMC Evol. Biol. 7, 30.
(94) Schuler, M. A., Duan, H., Bilgin, M., and Ali, S. (2006)
Arabidopsis cytochrome P450s through the looking glass: A window
on plant biochemistry. Phytochem. Rev. 5, 205−237.
(95) Roberts, S. C. (2007) Production and engineering of terpenoids
in plant cell culture. Nat. Chem. Biol. 3, 387−395.
(96) Duan, H., and Schuler, M. A. (2006) Heterologous expression
and strategies for encapsulation of membrane-localized plant P450s.
Phytochem. Rev. 5, 507−523.
(97) Khosla, C., and Keasling, J. D. (2003) Metabolic engineering for
drug discovery and development. Nat. Rev. Drug Discovery 2, 1019−
1025.
(98) Inoue, E., Takahashi, Y., Imai, Y., and Kamataki, T. (2000)
Development of bacterial expression system with high yield of
CYP3A7, a human fetus-specific form of cytochrome P450. Biochem.
Biophys. Res. Commun. 269, 623−627.
(99) Yamasaki, T., Izumi, S., Ide, H., and Ohyama, Y. (2004)
Identification of a novel rat microsomal vitamin D-3 25-hydroxylase. J.
Biol. Chem. 279, 22848−22856.
(100) Zelasko, S., Palaria, A., and Das, A. (2013) Optimizations to
achieve high-level expression of cytochrome P450 proteins using
Escherichia coli expression systems. Protein Expr. Purif. 92 (1), 77.
(101) Leonard, E., and Koffas, M. A. G. (2007) Engineering of
artificial plant cytochrome p450 enzymes for synthesis of isoflavones
by Escherichia coli. Appl Environ Microb 73, 7246−7251.
(102) Bak, S., Kahn, R. A., Nielsen, H. L., Moller, B. L., and Halkier,
B. A. (1998) Cloning of three A-type cytochromes p450, CYP71E1,
CYP98, and CYP99 from Sorghum bicolor (L.) Moench by a PCR
approach and identification by expression in Escherichia coli of
CYP71E1 as a multifunctional cytochrome p450 in the biosynthesis of
the cyanogenic glucoside dhurrin. Plant Mol. Biol. 36, 393−405.
(103) Halkier, B. A., Nielsen, H. L., Koch, B., and Moller, B. L.
(1995) Purification and characterization of recombinant cytochrome
P450(Tyr) expressed at high-levels in Escherichia coli. Arch. Biochem.
Biophys. 322, 369−377.
(104) Zhang, H., Boghigian, B. A., Armando, J., and Pfeifer, B. A.
(2011) Methods and options for the heterologous production of
complex natural products. Nat. Prod. Rep. 28, 125−151.
(105) Barnes, H. J., Arlotto, M. P., and Waterman, M. R. (1991)
Expression and enzymatic activity of recombinant cytochrome P450
17 α-hydroxylase in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 88,
5597−5601.
(106) Siddiqui, M. S., Thodey, K., Trenchard, I., and Smolke, C. D.
(2012) Advancing secondary metabolite biosynthesis in yeast with
synthetic biology tools. FEMS Yeast Res 12, 144−170.
(107) Farhi, M., Marhevka, E., Ben-Ari, J., Algamas-Dimantov, A.,
Liang, Z., Zeevi, V., Edelbaum, O., Spitzer-Rimon, B., Abeliovich, H.,
Schwartz, B., Tzfira, T., and Vainstein, A. (2011) Generation of the
potent anti-malarial drug artemisinin in tobacco. Nat. Biotechnol. 29,
1072−1074.

(108) Nielsen, A. Z., Ziersen, B., Jensen, K., Lassen, L. M., Olsen, C.
E., Moller, B. L., and Jensen, P. E. (2013) Redirecting photosynthetic
reducing power toward bioactive natural product synthesis. ACS Synth.
Biol. 2, 308−315.
(109) Schwaneberg, U., Appel, D., Schmitt, J., and Schmid, R. D.
(2000) P450 in biotechnology: Zinc driven ω-hydroxylation of p-
nitrophenoxydodecanoic acid using P450 BM-3 F87A as a catalyst. J.
Biotechnol. 84, 249−257.
(110) Murataliev, M. B., Klein, M., Fulco, A., and Feyereisen, R.
(1997) Functional interactions in cytochrome P450BM3: Flavin
semiquinone intermediates, role of NADP(H), and mechanism of
electron transfer by the flavoprotein domain. Biochemistry 36, 8401−
8412.
(111) Urlacher, V. B., and Girhard, M. (2012) Cytochrome P450
monooxygenases: An update on perspectives for synthetic application.
Trends Biotechnol. 30, 26−36.
(112) Hollmann, F., Witholt, B., and Schmid, A. (2002) (Cp*Rh-
(bpy)(H2O))2+: A versatile tool for efficient and non-enzymatic
regeneration of nicotinamide and flavin coenzymes. J. Mol. Catal., B,
167−176.
(113) Urlacher, V. B., and Eiben, S. (2006) Cytochrome P450
monooxygenases: Perspectives for synthetic application. Trends
Biotechnol. 24, 324−330.
(114) Holtmann, D., Mangold, K.-M., and Schrader, J. (2009)
Entrapment of cytochrome P450 BM-3 in polypyrrole for electro-
chemically-driven biocatalysis. Biotechnol. Lett. 31, 765−770.
(115) Cirino, P. C., and Arnold, F. H. (2003) A self-sufficient
peroxide-driven hydroxylation biocatalyst. Angew. Chem., Int. Ed. Engl.
42, 3299−3301.
(116) van Beilen, J. B., Duetz, W. A., Schmid, A., and Witholt, B.
(2003) Practical issues in the application of oxygenases. Trends
Biotechnol. 21, 170−177.
(117) Kim, Y. S., Hara, M., Ikebukuro, K., Miyake, J., Ohkawa, H.,
and Karube, I. (1996) Photo-induced activation of cytochrome P450/
reductase fusion enzyme coupled with spinach chloroplasts. Biotechnol.
Tech. 10, 717−720.
(118) Jensen, K., Jensen, P. E., and Moller, B. L. (2011) Light-driven
cytochrome P450 hydroxylations. ACS Chem. Biol. 6, 533−539.
(119) Jensen, K., Johnston, J. B., de Montellano, P. R. O., and Moller,
B. L. (2012) Photosystem I from plants as a bacterial cytochrome
P450 surrogate electron donor: Terminal hydroxylation of branched
hydrocarbon chains. Biotechnol. Lett. 34, 239−245.
(120) O’Keefe, D. P., Tepperman, J. M., Dean, C., Leto, K. J., Erbes,
D. L., and Odell, J. T. (1994) Plant expression of a bacterial
cytochrome P450 that catalyzes activation of a sulfonylurea pro-
herbicide. Plant Physiol. 105, 473−482.
(121) Lacour, T., and Ohkawa, H. (1999) Engineering and
biochemical characterization of the rat microsomal cytochrome
P4501A1 fused to ferredoxin and ferredoxin-NADP(+) reductase
from plant chloroplasts. Biochim. Biophys. Acta, Protein Struct. Mol.
Enzymol. 1433, 87−102.
(122) Jones, P. R., Moller, B. L., and Hoj, P. B. (1999) The UDP-
glucose: p-hydroxymandelonitrile-O-glucosyltransferase that catalyzes
the last step in synthesis of the cyanogenic glucoside dhurrin in
Sorghum bicolorIsolation, cloning, heterologous expression, and
substrate specificity. J. Biol. Chem. 274, 35483−35491.
(123) Kahn, R. A., Bak, S., Svendsen, I., Halkier, B. A., and Moller, B.
L. (1997) Isolation and reconstitution of cytochrome P450ox and in
vitro reconstitution of the entire biosynthetic pathway of the
cyanogenic glucoside dhurrin from sorghum. Plant Physiol. 115,
1661−1670.
(124) Koch, B. M., Sibbesen, O., Halkier, B. A., Svendsen, I., and
Moller, B. L. (1995) The primary sequence of cytochrome P450tyr,
the multifunctional N-hydroxylase catalyzing the conversion of L-
tyrosine to p-hydroxyphenylacetaldehyde oxime in the biosynthesis of
the cyanogenic glucoside dhurrin in Sorghum bicolor (L.) Moench.
Arch. Biochem. Biophys. 323, 177−186.
(125) Bock, R. (2013) Strategies for metabolic pathway engineering
with multiple transgenes. Plant Mol. Biol. 83, 21−31.

ACS Synthetic Biology Review

dx.doi.org/10.1021/sb400136f | ACS Synth. Biol. 2014, 3, 1−1211



(126) Lu, Y., Rijzaani, H., Karcher, D., Ruf, S., and Bock, R. (2013)
Efficient metabolic pathway engineering in transgenic tobacco and
tomato plastids with synthetic multigene operons. Proc. Natl. Acad. Sci.
U.S.A. 110, E623−E632.
(127) Benz, J. P., Lintala, M., Soll, J., Mulo, P., and Bolter, B. (2010)
A new concept for ferredoxin-NADP(H) oxidoreductase binding to
plant thylakoids. Trends Plant Sci. 15, 608−613.
(128) Chitnis, P. R. (2001) Photosystem I: Function and physiology.
Annu. Rev. Plant Phys. 52, 593−626.
(129) Jacquot, J. P., Eklund, H., Rouhier, N., and Schurmann, P.
(2009) Structural and evolutionary aspects of thioredoxin reductases
in photosynthetic organisms. Trends Plant Sci. 14, 336−343.
(130) Knaff, D. B., and Hirasawa, M. (1991) Ferredoxin-dependent
chloroplast enzymes. Biochim. Biophys. Acta 1056, 93−125.
(131) Moolna, A., and Bowsher, C. G. (2010) The physiological
importance of photosynthetic ferredoxin NADP(+) oxidoreductase
(FNR) isoforms in wheat. J. Exp. Bot. 61, 2669−2681.
(132) Kim, J., and Copley, S. D. (2012) Inhibitory cross-talk upon
introduction of a new metabolic pathway into an existing metabolic
network. Proc. Natl. Acad. Sci. U.S.A. 109, E2856−2864.
(133) Medema, M. H., Breitling, R., Bovenberg, R., and Takano, E.
(2011) Exploiting plug-and-play synthetic biology for drug discovery
and production in microorganisms. Nat. Rev. Microbiol. 9, 131−137.
(134) Mukherji, S., and van Oudenaarden, A. (2009) Synthetic
biology: Understanding biological design from synthetic circuits. Nat.
Rev. Genet. 10, 859−871.

ACS Synthetic Biology Review

dx.doi.org/10.1021/sb400136f | ACS Synth. Biol. 2014, 3, 1−1212


