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Pathway engineering for functional isoprenoids

Norihiko Misawa

Pathway engineering is to engineer biosynthetic pathways for
compounds of interests in heterologous organisms such as
microbes and higher plants, which has also been one of the
most important fields in metabolic engineering and synthetic
biology. This review focuses on pathway engineering
researches for the production of functional isoprenoids
containing monoterpenes, sesquiterpenes, diterpenes, and
triterpenes as well as carotenoids and for the elucidation of
relevant biosynthesis genes and enzymes, which have been
performed in the last two years. As microbial hosts, Escherichia
coli and Saccharomyces cerevisiae have often been employed,
since they, specifically the former, are fully amenable to genetic
manipulations with extensive molecular resources. Various
crops have also been used as the hosts for engineering
pathways of functional isoprenoids of the plant origin,
particularly carotenoids.
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Introduction

Isoprenoids, also referred to as terpenes or terpenoids, are
the most diverse class of natural products consisting of over
40,000 structurally different compounds, which have been
isolated from animal and microbial species as well as a wide
variety of plant organs [1,2]. Isoprenoids, which contain
monoterpenes, sesquiterpenes, diterpenes, and triterpenes
as well as carotenoids (tetraterpenes), can exert a wide
range of functions in the plant kingdom and in human
health and societal issues, and have extensively been
applied to pharmaceuticals (e.g., artemisinin, sesquiter-
pene; paclitaxel (Taxol); diterpene), herbal medicines
(e.g., glycyrrhizin and ginsenosides; triterpenes), nutraceu-
ticals (e.g., astaxanthin and lycopene; carotenoids), flavors
(e.g., limonene and linalool; monoterpenes), fragrances
(e.g., citronellol and geraniol; monoterpenes), cosmetics

(e.g., astaxanthin), colorants (e.g., B-carotene; carotenoid),
or agrichemicals (e.g., gibberellins; diterpenes). However,
many of such functional isoprenoids are present in minute
quantities in nature or low yielding from their natural
sources, which has hindered their wide industrial use.
Chemical synthesis approach of these metabolites has been
hampered because of high cost due to their structural
complexity, although it was successful for some monoter-
penes and carotenoids [3,4]. Past work on their increased
production through traditional breeding approaches
remained in limited success. Modern biotechnology should
offer an alternative and promising approach for the econ-
omical production of such functional isoprenoids. Pathway
engineering is to engineer biosynthetic pathways for com-
pounds of interests in heterologous organisms such as
microbes and higher plants, which has also been one of
the most important fields in metabolic engineering and
synthetic biology [1,5]. Understanding biosynthetic path-
ways of the isoprenoids via the incorporation of biosyn-
thesis genes and enzymes that are often uncovered is of
great importance for their heterologous production. As
microbial hosts, Esdherichia coli and Saccharomyces cerevisiae
have often been employed in pathway engineering of
functional isoprenoids, since they, specifically the former,
are fully amenable to genetic manipulations with extensive
molecular resources. E. co/i is also likely to possess con-
siderable solvent-resistance [6°,7]. Various crops have also
been used as the hosts for engineering pathways of func-
tional isoprenoids of the plant origin, particularly caroten-
oids. This review focuses on pathway engineering
researches for the production of functional isoprenoids
and for the elucidation of relevant biosynthesis genes
and enzymes, which have been performed in the last
two years.

Biosynthetic pathways for monoterpenes,
sesquiterpene, diterpenes, triterpenes and
carotenoids

Biosynthetic routes to isoprenoids are regularly and
‘simply’ organized, despite their enormous structural
diversity. They are all biosynthesized from the same
basic isoprene units, isopentenyl diphosphate (pyropho-
sphate) (IPP) and its isomer dimethylallyl diphosphate
(DMAPP) (Figure 1a) [1,8]. Most prokaryotes including
E. co/i and plant plastids synthesize IPP and DMAPP
through the non-mevalonate [2-C-methyl-D-erythritol 4-
phosphate (MEP)] pathway starting with the reaction
between pyruvate and glyceraldehyde-3-phosphate,
while some bacteria and all eukaryotes in the cytoplasm
synthesize IPP via the mevalonate pathway [2,9,10].
DMAPP and IPP are condensed to generate geranyl
diphosphate (GPP, Cy(), which is further converted with
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IPP into farnesyl diphosphate (FPP, Cis), with prenyl
transferase such as FPP synthase (Figure 1a). FPP is
further condensed with IPP to form geranylgeranyl dipho-
sphate (GGPP, C,() with GGPP synthase. GPP, FPP, and
GGPP are the precursors of monoterpenes, sesquiter-
penes, and diterpenes, respectively. Two molecules of
FPP and GGPP are typically condensed to squalene and
phytoene, which are the first hydrocarbon precursors of
triterpenes (and sterols) and carotenoids, respectively
(Figure 1b). The chemical diversity of the monoterpenes,
sesquiterpenes, diterpenes, and triterpenes is primarily
determined with the functional diversity of terpene
synthases (terpene cyclases), which has been evolutionally
acquired. Subsequent terpene-modifying enzymes,
particularly cytochromes P450 (P450s), are secondarily
responsible for the structural diversity of these chemicals
(Figure 1b). On the other hand, carotenoid biosynthesis is
interestingly contrasting, that is, phytoene is dehydroge-
nated to form conjugated double bonds to generate acyclic
carotenes (hydrocarbon carotenoids) such as lycopene,
frequently cyclized, and subjected to series of modifi-
cations to form a variety of xanthophylls (oxygen-contain-
ing carotenoids) (Figure 1b) [5]. Thus, the structural
diversity of carotenoids attributes the major part to the
functional diversity of carotene-modifying enzymes and
subsequent tailoring enzymes, following to the biosyn-
thesis of relatively small numbers of carotenes.

Pathway engineering for functional
monoterpenes

The essential oils of herbal plants contain a variety of
monoterpenes, for example, limonene, citronellol, L-
menthol, linalool, and geraniol, which have been used as
flavors or fragrances with aroma (and pharmaceutical)

Figure 1

value. Various monoterpene synthase genes have been
identified in plants [11]. Chemical synthesis of functional
monoterpenes has often been successful to generate low-
priced materials, since they have relatively simple struc-
tures among isoprenoids. Thus, little pathway-engineering
research has been conducted for their economical pro-
duction, since the research by Carter er a/. [12], that is,
nearly 5 mg/LL of imonene was produced with a pathway-
engincered E. co/i, which expressed the GPP synthase
gene from grand fir (Abies grandis) and the (—)-limonene
(L-limonene) synthase gene from spearmint (Mentha spi-
cata). 'This limonene synthase gene was also constitutively
expressed in spike lavender (Lavandula latifolia) plants
[13]. Their developing leaves were shown to contain
increased limonene contents, which corresponded to more
than 450% increase compared with non-transformed con-
trols [13]. Herrero ez a/. [14] revealed that a recombinant
wine yeast strain of §. cerevisiae, which expressed the (8)-
linalool synthase gene from a higher plant Clarkia brewer:,
efficiently excreted linalool to levels exceeding the
threshold of human perception under micro-brewing con-
ditions. A gene encoding the catalytic domain of endogen-
ous 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, the rare-limiting enzyme in the mevalonate
pathway, was overexpressed in the yeast strain expressing
the linalool synthase genes, and the resultant yeast was
shown to double linalool production [15].

Pathway engineering for functional
sesquiterpenes

Identification and utilization of sesquiterpene synthase
genes

Sesquiterpenes perhaps comprise the largest group (>7000
compounds) in isoprenoids, and can exert important
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(a) Biosynthesis of basic prenyl diphosphates (prenyl pyrophosphates). Abbreviations: MEP, 2-C-methyl-p-erythritol 4-phosphate; IPP, isopentenyl
diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP, geranylgeranyl diphosphate. (b)
Biosynthesis of monoterpenes, sesquiterpenes, diterpenes and triterpenes, and caroteniods from prenyl diphosphates.
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Figure 1. (Continued).

physiological functions in a wide range of organisms. For
example, gossypol is produced as a phytoalexin in cotton in
response to bacterial or fungal infections [16]. Artemisinin,
the sesquiterpene endoperoxide lactone, extracted from
sweet wormwood Arfemisia annua is a greatly important
medicinal agent for the anti-malarial treatment [17]. Zer-
umbone, contained in shampoo ginger (Zingiber zerumber),
is a promising chemopreventive agent for suppressing
atherosclerosis [18]. Sesquiterpene synthases catalyze
the first committed step in sesquiterpene biosynthesis,
that is, the conversion from FPP to a large variety of
sesquiterpene skeletons that are usually volatile cyclic
olefins included in the essential oils (Figure 1b). For the
last three years, novel sesquiterpene synthase genes were
isolated from higher plants, snapdragon (Antirrhinum
majus), Southern Magnolia (Magnolia grandiflora), maize
(Zea mays), melon (Cucumis melo), shampoo ginger, hop
(Humulus lupulus), and oregano (Origanum vulgare) plants,
and were functionally identified by GC-MS analysis of the
in vitro assay products with the encoded enzymes that were
prepared from E. co/i cells expressing the respective genes
[11,19-24,25°,26°]. However, such iz vitro enzyme assays
often result in low product yields, which make their
structural identification difficult. Gopfert ez /. [27] ident-
ified a sesquiterpene synthase gene isolated from sun-
flower (Helianthus annuus) glandular trichomes as the
gene (designated HaCS) encoding an enzyme that syn-
thesizes mainly 8-cadinene, using a 8. cerevisiac strain
(EPY300) that was engineered to synthesize copious
amount of FPP from simple carbon source. Harada ¢z /.
[28] reported an efficient production system for a sesqui-
terpene, using recombinant K. co/i cells that express the
corresponding sesquiterpene synthase gene along with
heterologous D-mevalonate-utilizing or acetoacetate-uti-
lizing genes. This system was adopted to the functional
identification of a novel gene isolated from ginger (Zzngiber
officinale) young rhizomes as the (§)-B-bisabolene synthase

gene [29], as well as the functional confirmation of the B-
eudesmol synthase and a-humulene synthase (ZS857)
genes form shampoo ginger [23,24]. Several sesquiterpene
synthase genes derived from a mushroom-forming fungus
(Coprinus cinereus) were revealed by functionally expres-
sing the respective genes in E. coli and/or 8. cerevisiae [30°].
T'he biosynthetic route from FPP to the sesquiterpene
antibiotic albaflavenone was examined in detail in Strepro-
myces coelicolor A3(2), which is committed by (+)-epi-iso-
zizaene synthase and CYP170A1 (encoded with sc05222
and sc05223, respectively) [31].

Pathway engineering research on artemisinin precursors
has focused on their efficient production with £. co/i and §.
cerevisiae [8,32]. T'suruta er al. [33°] expressed the A. annua
amorphadiene synthase (ADS) gene and mevalonate path-
way genes in F. co/i, and achieved the production of 27.4 g/
L of amorpha-4,11-diene (amorphadiene), the first com-
mitted precursor of artemisinin, with the recombinant F.
coli cells by optimizing nitrogen delivery in the fed-batch
fermentation process. It was also shown that the accumu-
lation of HMG-CoA is cytotoxic to E. co/i and its deleter-
ious effect can be counteracted by addition of fatty acid
such as palmitic acid in the growth medium [34]. A precise
and sensitive nonradioactive method was developed for the
simultaneous quantification of FPP and GGPP in E. co/i
cells [35]. Concerning a plant host, the a-zingiberene
synthase gene from lemon basil (Ocimum basilicum) was
fruit-specifically overexpressed in tomato (Solanum lyco-
persicum) fruits, and the resultant tomato fruits were shown
to accumulate high levels of a-zingiberene (up tol.0 pg/g
fresh weight) [36°].

Utilization of sesquiterpene-modifying enzyme genes

Dihydroartemisinic acid, which is an immediate precursor
for chemical synthesis of artemisinin, was elucidated to
generate from amorphadiene with the A. annua P450
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(CYP71AV1) and artemisinic aldehyde A11(13) reductase
(Dbr2) [37]. When the ADS and CYP71AVI genes were
expressed in the . cerevisiae EPY300 strain along with the
A. annua NADPH-cytochrome P450 reductase (CPR)
gene, the resultant yeast produced 250 mg/L. of artemi-
sinic acid in shake-flask culture, while it was likely to
suffer oxidative and drug-associated stresses [38]. A P450
gene homologous to (YP71AVIwas isolated from lettuce
(Lactuca sativa) leaves, and the encoded enzyme was
confirmed to oxidize germacrene A to form germacrene
A acid using the yeast (EPY300 strain) expression system
[39°]. A P450 (designated CYP71BA1) from shampoo
ginger was revealed to convert a-humulene to 8-
hydroxy-a-humulene, the immediate precursor to zerum-
bone [40°]. When the Z887 and CYP71BAI genes were
expressed in K. co/i along with the Arabidopsis thaliana
NADPH-P450 reductase 2 (A7RZ2) gene and heterologous
D-mevalonate-utilizing genes, the resultant E. co/i pro-
duced 3.0 mg/L. of 8-hydroxy-a-humulene with D-meva-
lonolactone supplement [40°].

Instead of using plant P450 genes that are often proble-
matic to be functionally expressed in heterologous
microbes such as K. co/i, substrate-promiscuous P450s
that originate from bacteria can be utilized. P450 BM3
(P450BM-3) from Bacillus megaterium is a natural fusion
enzyme composed of a P450 part and a eukaryote-type
NADPH-P450 reductase domain. Specifically, P450
BM3variants incorporating active site mutations that in-
clude a F87V or F87A substitution attract much ongoing
attention [7,41°42]. One of such P450 BM3 variants
enabled the regio-specific and szereo-specific epoxidation
of amorphadiene, at titers of 250 mg/L. in E. coli [41°].
P450 BM3 variant F87V, which was N-terminally fused to
an archaeal peptidyl-prolyl cis-trans isomerase (PPlase),
was shown to elevate the stability of the P450 protein in
E. coli cells, and biotransform B-eudesomol to 5-hydroxy-
B-eudesomol [42]. CYP109B1 from Bacillus subtilis was
also found to be a substrate-promiscuous P450, and to
regioselectively convert (+)-valencene, a-ionone, and B-
ionone to (+)-nootkatone, 3-hydroxy-a-ionone, and 4-
hydroxy-B-ionone, respectively [6°,43]. CYP109D1 from
Sorangium cellulosum was reported to perform the same
reactions for a-ionone and B-ionone [44].

Pathway engineering for functional diterpenes
and triterpenes

Diterpenes and triterpenes comprise a large variety of
important chemicals as pharmaceuticals, herbal medi-
cines or agrichemicals, for example, Taxol (paclitaxel),
a diterpene including three benzene rings in the mol-
ecule, which was first isolated from the Pacific yew (7axus
brevifolia), is a successful anti-cancer drug, and glycyr-
rhizin is a triterpene glycoside (triterpene saponin),
extracted from the roots and stolons of Glycyrrhiza (licor-
ice) plants, is widely used as a natural sweetener as well as
a pharmacological agent.

Pathway engineering for functional diterpenes has
focused on their efficient production with E. co/i and §.
cerevisiae. Several enzymes involved in Taxol biosynthesis
were functionally elucidated even for the last three years,
since its biosynthetic pathway is not fully understood [45—
47]. Engels er al. [48] expressed not only the Taxus
chinensis taxadiene synthase and truncated HMG-CoA
reductase genes but also an archaeal (Su/folobus acidocal-
darius) GGPP synthase gene in §. serevisiae, and produced
8.7 mg/L. of taxa-4(5),11(12)-diene (taxadiene), the first
committed precursor of Taxol, with the recombinant
yeast cells. Ajikumar ¢z a/. [49°°] succeeded in greatly
increasing titers of taxadine in K. co/i, that is, they
achieved the production of 1 g/L. of taxadiene by over-
expressing genes for the enzymatic bottlenecks in the
MEP pathway as well as the taxadiene synthase and
GGPP synthase genes. They further introduced there a
plasmid for expressing the taxadiene Sa-hydroxylase
(P450) gene, which was C-terminally fused to the Taxus
CPR gene whose transmembrane region was removed, and
produced taxadien-5a-ol (a Taxol precursor) at titer of up
to 58 mg/L. [49°°]. Other diterpenes, abietadiene and
levopimaradiene, were efficiently produced with recom-
binant E. co/i expressing the corresponding diterpene
synthase genes, whose early isoprenoid pathways to
GGPP were properly engineered, at maximum titers of
100 mg/LL and 700 mg/L, respectively [50,51]. Morrone
et al. [52] reported that one amino acid substitution
(T696I) in the syz-primara-7,15-diene synthase from rice
(Oryza sativa; OsKSL4) changed its cyclization-reaction
specificity to form aphidicol-15-ene predominantly.
(E,E,E)-Geranylgeraniol, a perfume agent, was produced
at titers of 134 mg/LL in optimized jar fermentations with
§. cereviase that overexpressed the HMG-CoA reductase
(HMG1I) gene and a fusion gene for two prenyl dipho-
sphate synthases (ERG20-B1S1) [53].

Pathway engineering for the efficient production of func-
tional triterpenes has not been active, since many of their
relevant biosynthesis genes and enzymes remains
unknown. Hopanoid genes encoding squalene/phytoene
synthases and FPP synthase from Streptomyces peucetius
were overexpressed in E. co/i along with the native E. co/i
1-deoxy-D-xylulose 5-phosphate synthase (dxs) and IPP
isomerase (idi) genes, and resultant bacteria were shown
to produce 11.8 mg/LL of squalene [54]. B-Amyrin 11-
oxidase gene that encodes the first modification enzyme
in the glycyrrhizin pathway was first identified in licorice
(Glyeyrrhiza uralensis) plants [55°].

Pathway engineering for functional
carotenoids

Carotenoids comprise a large group (>750 compounds) in
isoprenoids, and can exert important physiological func-
tions in a wide range of organisms. Some of the caroten-
oids attract on-going attention as necutraceutical agents,
for example, lycopene, a red carotenoid pigment
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contained in tomato and watermelon, is considered to
prevent prostate cancer [56], and another red carotenoid
astaxanthin, which is found in red sea animals such as
crab, shrimp and red fish (red sea bream and salmon), is
likely to prevent cardiovascular disease and (UV-)light
aging in human body [57]. Pathway engineering research
for the efficient production of such functional carotenoids
has widely been performed up to the present, since the
biosynthetic pathway via the incorporation of biosyn-
thesis genes and enzymes is well elucidated [5,58].

Analysis on catalytic functions of carotenoid biosynthesis
enzymes is facile, since immediate carotenoid precursors
of the enzyme products can accumulate in recombinant
E. coli cells that harbor the biosynthesis gene clusters
starting with the GGPP synthase gene. Using this system,
some new carotenoid biosynthesis enzymes (genes) that
originated from higher plants, cyanobacteria and actino-
mycetes were functionally identified for the last three
years [59-62]. Production of lycopene reached high levels
(near to 20 mg/g cell) in 24-h batch flask culture in
pathway-engineered K. co/i, which reflected results of
multi-dimensional gene target search or gene-knockout
analysis [63]. As for astaxanthin production, although
relevant studies are done in heterologous microbes, K.
coli [28] and §. cerevisiae [64], the main research field is
likely to have move to higher plants as heterologous hosts
[57,65,66°,67,68]. Astaxanthin and other ketocarotenoid
intermediates were shown to accumulate in carrot (Daucus
carota) roots, maize endosperms, and canola (Brassica
napus) seeds by introducing and expressing there caroten-
oid 4,4'-ketolase (oxygenase; bkz1 or crtW) gene [65,67,68].
The biosynthesis genes of astaxanthin from [3-carotene
(¢ertZ and crtW) were directly transformed to the chlor-
oplast of tobacco (Nicotiana tabacum) leaves, and the
resultant tobacco leaves were shown to accumulate the
maximum level of astaxanthin (more than 5 mg/g dry
weight) [66°]. Such a chloroplast transformation strategy
is promising towards efficient astaxanthin production in
edible crops, although it is adaptable to limited numbers
of crops such as lettuce and tomato plants.

Conclusions

Pathway engineering for the efficient production of
functional isoprenoids containing monoterpenes, sesqui-
terpenes, diterpenes, triterpenes, and carotenoids (tetra-
terpenes) has been performed with microbial hosts such
as E. coli and §. cerevisiae, or with higher plants as the
hosts. Understanding biosynthetic pathways of the iso-
prenoids via the incorporation of biosynthesis genes and
enzymes that are often uncovered is also greatly import-
ant for their heterologous production. This review has
focused on advances achieved in such pathway engineer-
ing fields for the last two years. Semi-synthesis precursors
of the crucial terpene drugs, artemisinin and Taxol, were
successfully produced in microbial hosts, specifically F.
coli. On the other hand, carotenoid pigments, lycopene

Pathway engineering for functional isoprenoids Misawa 631

and astaxanthin, were successfully produced in E. co/i and
tobacco leaves, respectively.

Acknowledgements

This work was supported in part by the Research and Development
Program for New Bio-industry Initiatives (2006-2010) of the Bio-oriented
Technology Research Advancement Institution (BRAIN) of Japan.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1.  Ajikumar PK, Tyo K, Carlsen S, Mucha O, Phon TH,
Stephanopoulos G: Terpenoids: opportunities for biosynthesis
of natural product drugs using engineered microorganisms.
Mol Pharmaceutics 2008, 5:167-190.

2. Roberts SC: Production and engineering of terpenoids in plant
cell culture. Natur Chem Biol 2007, 3:387-395.

3. Kusama H, Hara R, Kawahara S, Nishimori T, Kashima H,
Nakamura N, Morihira K, Kuwajima |: Enantioselective total
synthesis of (—)-Taxol. J Am Chem Soc 2000, 122:3811-3820.

4. Jackson H, Braun CL, Ernst H: The chemistry of novel
xanthophyll carotenoids. Am J Cardiol 2008, 101:50D-57D.

5. Harada H, Misawa N: Novel approaches and achievements in
biosynthesis of functional isoprenoids in Escherichia coli. Appl!
Microbiol Biotechnol 2009, 84:1021-1031.

. Girhard M, Machida K, Itoh M, Schmid RD, Arisawa A, Urlacher VB:

. Regioselective biooxidation of (+)-valencene by recombinant
E. coli expressing CYP109B1 from Bacillus subtilis in a two-
liquid-phase system. Microb Cell Factories 2009, 8:36.

A high added-value sesquiterpene found in grapefruit juice, (+)-nootka-

tone, was efficiently biotransformed from (+)-valencene, using E. coli cells

that express the CYP109B1 gene and the putidaredoxin reductase

(camA) and putidaredoxin (camB)genes from Pseudomonas putida, when

aqueous-organic two-liquid systems (e.g., 10% dodecane) were set up.

7. Schewe H, Holtmann D, Schrader J: P450gy_3-catalyzed whole-
cell biotransformation of a-pinene with recombinant
Escherichia coli in an aqueous-organic two-phase system.
Appl Microbiol Biotechnol 2009, 83:849-857.

8. Muntendam R, Melillo E, Ryden A, Kayser O: Perspectives and
limits of engineering the isoprenoid metabolism in
heterologous host. App/ Microbiol Biotechnol 2009, 84:1003-
1019.

9. Daun M, Herrmann S, Wilkinson B, Bechthold A: Genes and
enzymes involved in bacterial isoprenoid biosynthesis. Curr
Opin Chem Biol 2009, 13:180-188.

10. Kirby J, Keasling JD: Biosynthesis of plant isoprenoids:
perspectives for microbial engineering. Annu Rev Plant Biol
2009, 60:335-355.

11. Degenhardt J, Kollner TG, Gershenzon J: Monoterpene and
sesquiterpene synthases and the origin of terpene skeletal
diversity in plants. Phytochemistry 2009, 70:1621-1637.

12. Carter OA, Peters RJ, Croteau R: Monoterpene biosynthesis
pathway construction in Escherichia coli. Phytochemistry 2003,
64:425-433.

13. Mufoz-Bertomeu J, Ros R, Arrillaga |, Segura J: Expression of
spearmint limonene synthase in transgenic spike lavender
results in an altered monoterpene composition in developing
leaves. Met Eng 2008, 10:166-177.

14. Herrero O, Ramén D, Orejas M: Engineering the Saccharomyces
cerevisiae isoprenoid pathway for de novo production of
aromatic monoterpenes in wine. Metab Eng 2008, 10:78-86.

15. Rico J, Pardo E, Orejas M: Enhanced production of a plant
monoterpene by overexpression of the 3-hydroxy-3-
methylglutaryl coenzyme A reductase catalytic domain in

www.sciencedirect.com

Current Opinion in Biotechnology 2011, 22:627-633



632 Tissue, cell and pathway engineering

Saccharomyces cerevisiae. Appl Environ Microbiol 2010,
76:6449-6454.

16. Townsend BJ, Poole A, Blake CJ, Llewellyn DJ: Antisense
suppression of a (+)-8-cadinene synthase gene in cotton
prevents the induction of this defense response gene during
bacterial blight infection but not its constitutive expression.
Plant Physiol 2005, 138:516-528.

17. Enserink M: Infectious diseases. Source of new hope against
malaria is in short supply. Science 2005, 307:33.

18. Eguchi A, Kaneko Y, Murakami A, Ohigashi H: Zerumbone
suppresses phorbol ester-induced expression of multiple
scavenger receptor genes in THP-1 human monocytic cells.
Biosci Biotechnol Biochem 2007, 71:935-945.

19. Nagegowda DA, Gutensohn M, Wilkerson CG, Dudareva N: Two
nearly identical terpene synthases catalyze the formation of
nerolidol and linalool in snapdragon flowers. Plant J 2008,
55:224-239.

20. Lee S, Chappell J: Biochemical and genomic characterization
of terpene synthases in Magnolia grandiflora. Plant Physiol
2008, 147:1017-1033.

21. Kollner TG, Schnee C, Li S, Svato$ A, Schneider B, Gershenzon J,
Degenhardt J: Protonation of a neutral (S)-B-macrocarpene
formation by the maize sesquiterpene sythases TPS6 and
TPS11. J Biol Chem 2008, 283:20779-20788.

22. Portnoy V, Benyamini Y, Bar E, Harel-Beja R, Gepstein S,
Giovannoni JJ, Schaffer AA, Burger J, Tadmor Y, Lewinsohn E
et al.: The molecular and biochemical basis for varietal
variation in sesquiterpene content in melon (Cucumis melo L.)
rinds. Plant Mol Biol 2008, 66:647-661.

23. Yu F, Harada H, Yamazaki K, Okamoto S, Hirase S, Tanaka Y,
Misawa N, Utsumi R: Isolation and functional characterization
of a B-eudesmol synthase, a new sesquiterpene synthase
from Zingiber zerumbet Smith. FEBS Lett 2008, 582:565-572.

24. Yu F, Okamoto S, Nakasone K, Adachi K, Matsuda S, Harada H,
Misawa N, Utsumi R: Molecular cloning and functional
characterization of a-humulene synthase, a possible key
enzyme of zerumbone biosynthesis in shampoo ginger
(Zingiber zerumbet Smith). Planta 2008, 227:1291-1299.

25. Wang G, Tian L, Aziz N, Broun P, Dai X, He J, King A, Zhao PX,
. Dixon RA: Terpene biosynthesis in grandular trichomes of hop.
Plant Physiol 2008, 148:1254-1266.

A cDNA library was constructed from glandular trichomes of hop cones,
and its expressed sequence tags (EST) were assembled into 3619
unigenes. From them, one monoterpene synthase (HIMTS2) and two
sesquiterpene synthase (HISTS1 and HISTS2) genes were identified as
those encoding B-myrcene, a-humulene (and B-caryophyllene), and
germacrene A synthases, respectively.

26. Crocoll C, Asbach J, Novak J, Gershenzon J, Degenhardt J:

e Terpene synthases of oregano (Origanum vulgare L.) and their
roles in the pathway and regulation of terpene biosynthesis.
Plant Mol Biol 2010, 73:587-603.

Three sesquiterpene synthase and three monoterpene synthase genes

were isolated from glandular trichomes of oregano young leaves, and

functionally identified. The three sesquiterpene synthases, designated

OvTPS3, OvTPS4, and OvTPS6, respectively, synthesized (—)-germa-

crene D, bicycle-germacrene, and (E)-B-caryophyllene, predominantly.

27. Gopfert JC, MacNevin G, Ro DK, Spring O: Identification,
functional characterization and developmental regulation of
sesquiterpene synthases from sunflower capitate glandular
trichomes. BMC Plant Biol 2009, 9:86.

28. Harada H, Yu F, Okamoto S, Kuzuyama T, Utsumi R, Misawa N:
Efficient synthesis of functional isoprenoids from
acetoacetate through metabolic pathway-engineered
Escherichia coli. Appl Microbiol Biotechnol 2009, 81:915-925.

29. Fujisawa M, Harada H, Kenmoku H, Mizutani S, Misawa N:
Cloning and characterization of a novel gene that encodes (S)-
B-bisabolene synthase from ginger, Zingiber officinale. Planta
2010, 232:121-130 (Erratum, 232:131).

30. Agger S, Lopez-Gallego F, Schmidt-Dannert C: Diversity of
e sesquiterpene synthases in the basidiomycete Coprinus
cinereus. Mol Microbiol 2009, 72:1181-1195.

Six sesquiterpene synthase genes (cop7 to cop6) and two subsequent
P450 genes (cox1 and cox2) were isolated from the mycelium of a
basidiomycete Coprinus cinereus, and, except for cop5, functionally
expressed in E. coli and/or S. cerevisiae. Consequently, the functions
of the encoded enzymes were determined by GC-MS analysis, for
example, Cop3 was first identified as a-muurolene synthase.

31. ZhaoB, LinX, LeilL, Lamb DC, Kelly SL, Waterman MR, Cane DE:
Biosynthesis of the sesquiterpene antibiotic albaflavenone in
Streptomyces coelicolor A3(2). J Biol Chem 2008,
283:8183-8189.

32. Arsenault PR, Wobbe KK, Weathers PJ: Recent advances in
artemisinin production through heterologous expression.
Curr Med Chem 2008, 15:2886-2896.

33. Tsuruta H, Paddon CJ, Eng D, Lenihan JR, Horning T, Anthony LC,

. Regentin R, Keasling JD, Renninger NS, Newman JD: High-level
production of amorpha-4,11-diene, a precursor of the
antimalarial agent artemisinin, in Escherichia coli. PLoS ONE
2009, 4:e4489.

The authors constructed E. coli expressing the S. cerevisiae mevalonate
pathway genes, in which the HMG-CoA synthase and reductase genes
were replaced with equivalent genes from Staphylococcus aureus, in
addition to the A annua amorphadiene synthase (ADS) gene, and
achieved the production of 27.4 g/L (more than doubling production)
of amorpha-4,11-diene with the recombinant E. coli cells.

34. Kizer L, Pitera DJ, Pfleger BF, Keasling JD: Application of
functional genomics to pathway optimization for
increased isoprenoid production. App/ Environ Microbiol 2008,
74:3229-3241.

35. Vallon T, Ghanegaonkar S, Vielhauser O, Miiller A, Albermann C,
Sprenger G, Reuss M, Lemuth K: Quantitative analysis of
isoprenoid diphosphate intermediates in recombinant and
wild-type Escherichia coli strains. Appl Microbiol Biotechnol
2008, 81:175-182.

36. Davidovich-Rikanati R, Lewinsohn E, Bar E, lijima Y, Pichersky E,
e  Sitrit Y: Overexpression of the lemon basil a-zingiberene
synthase gene increases both mono- and sesquiterpene
contents in tomato fruit. Plant J 2008, 56:228-238.
The a-zingiberene synthase gene, which was isolated from lemon basil
glandular trichomes, was overexpressed in tomato fruits under the con-
trol of the fruit ripening-specific polygalacturonase promoter, and the
resultant transgenic tomato fruits were shown to accumulate high levels
of a-zingiberene (0.224-1.0 pg/g fresh weight) along with other sesqui-
terpenes and monoterpenes.

37. Zhang Y, Teoh KH, Reed DW, Maes L, Goossens A, Olson DJH,
Ross ARS, Covello PS: The molecular cloning of artemisinic
aldehyde A11(13) reductase and its role in glandular trichome-
dependent biosynthesis of artemisinin in Artemisia annua.

J Biol Chem 2008, 283:21501-21508.

38. Ro DK, Ouelllet M, Paradise EM, Burd H, Eng D, Paddon CJ,
Newman JD, Keasling JD: Induction of multiple pleiotropic drug
resistance genes in yeast engineered to produce an increased
level of anti-malarial drug precursor, artemisinic acid. BMC
Biotechnol 2008, 8:83.

39. Nguyen DT, Gopfert JC, Ikezawa N, MacNevin G, Kathiresan M,

. Conrad J, Spring O, Ro DK: Biochemical conservation and
evolution of germacrene A oxidase in Asteraceae. J Biol Chem
2010, 285:16588-16598.

A P450 gene homologous to CYP71AV1 (designated GAO) and germa-

crene A synthase gene were isolated from lettuce plants, and expressed

with the A. annua CPR gene in the S. cerevisiae EPY300 strain. This
recombinant yeast was shown to synthesize germacrene A acid in
buffered neutral culture.

40. Yu F, Okamoto S, Harada H, Yamasaki K, Misawa N, Utsumi R:

e  Zingiber zerumbet CYP71BA1 catalyzes the conversion of
a-humulene to 8-hydroxy-a-humulene in zerumbone
biosynthesis. Cell Mol Life Sci 2010. e-pub (doi:10.1007/s00018-
010-0506-4)..

Anovel P450 (CYP71BA1) from shampoo ginger was shown to convert a-

humulene to 8-hydroxy-a-humulene. This compound was demonstrated

to accumulate in recombinant E. coli cells that express the Streptomyces
sp. CL190 genes for the biosynthesis of IPP and DMAPP from p-meva-
lonate, when the CYP71BA1 gene was coexpressed with the ATR2 gene.

41. Dietrich JA, Yoshikuni Y, Fisher KJ, Woolard FX, Ockey D,
. McPhee DJ, Renninger NS, Chang MCY, Baker D, Keasling JD:

Current Opinion in Biotechnology 2011, 22:627-633

www.sciencedirect.com



A novel semi-biosynthetic route for artemisinin production
using engineered substrate-promiscuous P450gy3. ACS Chem
Biol 2009, 4:261-267.
The P450 BMS variant (F87A/R47L/Y51F/A328L), which was structurally
optimized, selectively converted amorphadiene to artemisinic-11S, 12-
epoxide at titers of 250 mg/L in E. coli following 48 h of culture. This
compound was shown to be chemo-selectively converted to dihydroar-
temisinic acid.

42. Misawa N, Nodate M, Otomatsu T, Shimizu K, Kaido C, Kikuta M,
Ideno A, lkenaga H, Ogawa J, Shimizu S et al.: Bioconversion of
substituted naphthalenes and B-eudesmol with the
cytochrome P450 BM3 variant F87V. App/ Microbiol Biotechnol
2010. (E-pub).

43. Girhard M, Klaus T, Khatri Y, Bernhardt R, Urlacher VB:
Characterization of the versatile monooxygenase CYP109B1
from Bacillus subtilis. Appl Microbiol Biotechnol 2010, 87:595-
607.

44. Khatri Y, Girhard M, Romankiewicz A, Ringle M, Hannemann F,
Urlacher V, Hutter MC, Bernhardt R: Regioselective
hydroxylation of norisoprenoids by CYP109D1 from
Sorangium cellusosum So ce56. App! Microbiol Biotechnol
2010, 88:485-495.

45. Onillon RD, Herbette G, Lesot A, Werck-Reichhart D, Sallaud C,
Tissier A: CYP725A4 from yew catalyzes complex structural
rearrangement of taxa-4(5),11(12)-diene into the cyclic ether
5(12)-oxa-3(11)-cyclotaxane. J Biol Chem 2008, 283:6067-6075.

46. Long RM, Lagisetti C, Coates RM, Croteau RB: Specificity of the
N-benzoyl transferase responsible for the last step of Taxol
biosynthesis. Arch Biochem Biophys 2008, 477:384-389.

47. Hampel D, Mau CJD, Croteau:: Taxol biosynthesis:
identification and characterization of two acetyl CoA: taxoid-
O-acetyl transferases that divert pathway flux away from
Taxol production. Arch Biochem Biophys 2009, 487:91-97.

48. Engels B, Dahm P, Jennewein S: Metabolic engineering of
taxadiene biosynthesis in yeast as a first step towards Taxol
(paclitaxel) production. Met Eng 2008, 10:201-206.

49. Ajikumar PK, Xiao WH, Tyo KEj, Wang Y, Simeon F, Leonard E,
ee  Mucha O, Phon TH, Pfeifer B, Stephanopoulos G: Isoprenoid
pathway optimization for Taxol precursor overproduction in
Escherichia coli. Science 2010, 330:70-74.
They achieved the production of 1 g/L of taxadiene with recombinant E.
coli in fed-batch bioreactor fermentations, by overexpressing the genes
coding for the enzymatic bottlenecks in the MEP pathway (dxs, ispD, ispF,
and idi) as well as the taxadiene synthase and GGPP synthase genes.
Furthermore, they designed an expression cassette containing a trans-
membrane region-engineered version of the P450 gene for taxadiene 5a-
hydroxylase, which was fused to the N-terminus of the Taxus CPR gene,
via a linker sequence, whose transmembrane region was removed, and
produced taxadien-5«a-ol at titers of up to 58 mg/L, by expressing the
chimeric gene in the above E. coli strain.

50. Morrone D, Lowry L, Determan MK, Hershey DM, Xu M, Peters RJ:
Increasing diterpene yield with a modular metabolic
engineering system in E. coli: comparison of MEV and MEP
isoprenoid precursor pathway engineering. App!/ Microbiol
Biotechnol 2010, 85:1893-1906.

51. Leonard E, Ajikumar PK, Thayer K, Xiao WH, Mo JD, Tidor B,
Stephanopoulos G, Prather KL: Combining metabolic and
protein engineering of a terpenoid biosynthetic pathway for
overproduction and selectivity control. Proc Nat/ Acad Sci USA
2010, 107:13654-13659.

52. Morrone D, Xu M, Fulton DB, Determan MK, Peters RJ: Increasing
complexity of a diterpene synthase reaction with a single
residue switch. J Am Chem Soc 2008, 130:5400-5401.

53. Ohto C, Muramatsu M, Obata S, Sakuradani E, Shimizu S:
Production of geranylgeraniol on overproduction of a prenyl
diphosphate synthase fusion gene in Saccharomyces
cerevisiae. Appl Microbiol Biotechnol 2010, 87:1327-1334.

Pathway engineering for functional isoprenoids Misawa 633

54. Ghimire GP, Lee HC, Sohng JK: Improved squalene production
via modulation of the methylerythritol 4-phophate pathway
and heterologous expression of genes from Streptomyces
peucetius ATCC 27952 in Escherichia coli. Appl Environ
Microbiol 2009, 75:7291-7293.

55. Seki H, Ohyama K, Sawai S, Mizutani M, Ohnishi T, Sudo H,

e  Akashi T, Aoki T, Saito K, Murakami T: Licorice B-amyrin 11-
oxidase, a cytochrome P450 with a key role in the biosynthesis
of the triterpene sweetener glycyrrhizin. Proc Nat/ Acad Sci
USA 2008, 105:14204-14209.

A P450 gene (named CYP88D6), isolated from the stolons of licorice

plants, was identified as the B-amyrin 11-oxidase gene, and shown to

produce 11-oxo-B-amyrin in recombinant S. cerevisiae cells expressing
the Lotus japonicus B-amyrin synthase and CPR genes as well as

CYP88D6.

56. Giovannucci E, Ascherio A, Rimm EB, Stampfer MJ, Colditz GA,
Willett WC: Intake of carotenoids and retinol in relation to risk
of prostate cancer. J Nat Can Inst 1995, 87:1767-1776.

57. Misawa N: Pathway engineering of plants toward astaxanthin
production. Plant Biotechnol 2009, 26:93-99.

58. Sandmann G: Evolution of carotene desaturation: the
complication of a simple pathway. Arch Biochem Biophys 2009,
483:169-174.

59. Bai L, Kim EH, DellaPenna D, Brutnell TP: Novel lycopene ¢-
cyclase activities in maize revealed through perturbation of
carotenoid biosynthesis. Plant J 2009, 59:588-599.

60. Alquézar B, Zacarias L, Rodrigo MJ: Molecular and functional
characterization of a novel chromoplast-specific lycopene
B-cyclase from Citrus and its relation to lycopene
accumulation. J Exp Bot 2009, 60:1783-1797.

61. Makino T, Harada H, Ikenaga H, Matsuda S, Takaichi S, Shindo K,
Sandmann G, Ogata T, Misawa N: Characterization of
cyanobacterial carotenoid ketolase CrtW and hydroxylase
CrtR by complementation analysis in Escherichia coli. Plant
Cell Physiol 2008, 49:1867-1878.

62. Kim SH, Park YH, Schmidt-Dannert C, Lee PC: Redesign,
reconstruction, and directed extension of the Brevibacterium
linens C4 carotenoid pathway in Escherichia coli. App Environ
Microbiol 2010, 76:5199-5206.

63. Alper H, Stephanopoulos G: Uncovering the gene knockout
landscape for improved lycopene production in E. coli. Appl/
Microbiol Biotechnol 2008, 78:801-810.

64. Ukibe K, Hashida K, Yoshida N, Takagi H: Metabolic engineering
of Saccharomyces cerevisiae for astaxanthin production and
oxidative stress tolerance. App/ Environ Microbiol 2009,
75:7205-7211.

65. Jayaraj J, Delvin, Punja Z: Metabolic engineering of novel
ketocarotenoid production in carrot plants. Transgenic Res
2008, 17:489-501.

66. Hasunuma T, Miyazawa S, Yoshimura S, Shinzaki Y, Tomizawa K,

. Shindo K, Choi SK, Misawa N, Miyake C: Biosynthesis of
astaxanthin in tobacco leaves by transplastomic engineering.
Plant J 2008, 55:857-868.

The carotenoid 3,3'-hydroxylase (crt2) and crtW genes were functionally

expressed in the chloroplast of tobacco leaves. The resultant transplas-

tomic tobacco leaves accumulated 5.44 mg/g dry weight of astaxanthin,
which corresponded to more than 70% of the total carotenoid content.

67. Zhu C, Naqvi S, Breitenbach J, Sandamnn G, Christou P, Capell T:
Combinatorial genetic transformation generates a library of
metabolic phenotypes for the carotenoid pathway in maize.
Proc Natl Acad Sci USA 2008, 105:18232-18237.

68. Fujisawa M, Takita E, Harada H, Sakurai N, Suzuki H, Ohyama K,
Shibata D, Misawa N: Pathway engineering of Brassica napus
seeds using multiple key-enzyme genes involved in
ketocarotenoid formation. J Exp Bot 2009, 60:1319-1332.

www.sciencedirect.com

Current Opinion in Biotechnology 2011, 22:627-633



	Pathway engineering for functional isoprenoids
	Introduction
	Biosynthetic pathways for monoterpenes, sesquiterpene, diterpenes, triterpenes and carotenoids
	Pathway engineering for functional monoterpenes
	Pathway engineering for functional sesquiterpenes
	Identification and utilization of sesquiterpene synthase genes
	Utilization of sesquiterpene-modifying enzyme genes

	Pathway engineering for functional diterpenes and triterpenes
	Pathway engineering for functional carotenoids
	Conclusions
	Acknowledgements
	References and recommended reading


