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Abstract: Isoprenoids, namely terpenoids, are the largest and the most structurally varied groups of natural
products, which contain more then 30,000 known compounds. All the 1soprenoids are biosynthesized from only
two C; precursors in plants, isopenteny] diphosphate and its isomer, dimethylallyl diphosphate. Two distinct
pathways of isopentenyl diphosphate biosynthesis exist in plants: the classical mevalonate pathway and the
recently unveiled deoxyxylulose 5-phosphate pathway. In this study, we summarize the recent progress on the
molecular genetics of the two pathways, specializing m pathways, genes, enzymes, ntermediates, subcellular
compartments of isoprenoid biosynthesis, crosstalk of the two pathways and metabolic regulation and

engineering.
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INTRODUCTION

There are enormous varieties of metabolites m
plants that can be classified mto two basic groups
according to their functions: the primary metabolites and
secondary metabolites™. The primary metabolites include
nucleic acids, proteins, fatty acids and others that
participate m plant basic functions. The secondary
metabolites influence ecological interactions between
plants and environment™. The structurally and
functionally  diversified 1soprenoids (also called
terpenoids) are among the largest and the most
structurally varied groups of the natural products with
over 30,000 known compounds, which have many
essentially biological functions in plants, 1.e. sterols as the
essential components of bio-membranes, carotenoids and
chlorophyllins as photosynthesis  pigments, plant
hormones as the regulators of plant growth, development
and defense isoprencids. Additionally,
1soprenolds are important economic chemicals including
flavors, pigments, waxes, rubbers, vitamins, taxcl™,

some of

artemisinin', ginkgolides™. Currently there are very active

studies on isoprenoid biosynthesis worldwide, and the
knowledge and interests in isoprenoid biosynthesis
pathways and bioengineering, the unportant economic
1soprenoids, have been recently mcreased tremendously.
This article focuses on the molecular genetics of the two
pathways of isoprenoid bicsynthesis, including genes,
enzymes, intermediates, subcellular compartments and
metabolic regulation.

ISOPRENOID BIOSYNTHESIS

All isoprencids are biosynthesized from just two
universal C, precursors: IPP and its isomer DMAFPP™,
The isoprencids can be classified into different groups
according to the number of C; units that are used to build
the skeletons of 1soprenoids. The known simplest
isoprenoid, isoprene, contains only a single C, unit which
is named hemiterpenes. The complex terpenes consist of
different number of C; units. Monoterpenes consist of two
C; units. Sesquiterpenes have three C, units. Diterpenes
are C,; terpenes built by four C,units. Triterpenes are C,
terpenes utilizing six C; umts and polyterpenes contain
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more than eight C; units. Although TPP and DMAPP are
the universal precursors for isoprenoid biosynthesis,
there are two distinet pathways to biosynthesize
isoprencid in plant kingdom: the well-studied mevalonate
(MVA) pathway and the recently unveiled deoxyxylulose
5-phosphate/2-C-methyl-D-erythritol 4-phosphate
(DXP/MEP) pathway (also called DXP pathway), and the
later 18 mevalonate-independent pathway (Fig.1).
Furthermore, the two distinct pathways are localized in
different compartments at the subcellular level: the MVA
pathway predominates in cytosol and the DXP pathway
in plastid™.

Isoprenoid biosynthesis in cytosol through the MVA
pathway: Cytosolic and mitochondrial i1soprenoids are
derived from acety-CoA which is obtamed from CO,
fixation. Two acetyl-CoA molecules are condensed to
acetoacetyl-CoA catalyzed by acetyl-CoA: acetyl-CoA C-
acetyltransferase (AACT, EC 2.3.1.9), and acetcacetyl-
CoA and acetyl-CoA are condensed to HMG-CoA by 3-
hydroxy-3-methylglutaryl-CoA  synthase (HMGS, EC
4.1.3.5", HMG-CoA is finally reduced to MV A catalyzed
by 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR,
EC 1.1.1.34HM MVA biosynthesis is the first committed
step of the pathway and mevalonate 5-diphosphate from
mevalonate biosynthesized by two-step
phosphorylation respectively catalyzed by mevalonate
kinase (MK, EC 2.7.1.36)"" and phosphomevalonate
kinase (PMK, EC 2.7.4.2)"¥ in order. Finally, mevalonate
5-diphosphate decarboxylase (MDC, EC 4.1.1.33)"? leads
to the conversion of mevalonate 5-diphosphate to IPP,
which 18 the end product of MVA pathway for
isoprenoid biosynthesis in cytosol and mitochondria. TPP
and DMAPP can be converted mto each other and this
reaction is catalyzed by IPP iscmerase (IPI, EC 5.3.3.2)M
IPP and DMAPP form the basic skeleton of some
sesquiterpenes, sterols and the side-chain of

ubiquinone™.

18

Isoprenoid biosynthesis in plastid through DXP pathway:
In the past few decades, MVA pathway was considered
as the universal pathway of isoprenoid biosynthesis. The
other distinct 1soprenoid biosynthetic pathway, that is
mevalonate-independent, was discovered recently in
eubacteria"” and plants"”. Pyruvate and glyceraldehyde
3-phosphate (G3P) are the precursors for synthesizing
1soprenoids on the newly-found 1soprencid biosynthetic
pathway. In plants, the pathway 1s localized in plastid.
Pyruvate and glyceraldehyde are condensed to 1-deoxy-
D-xylulose 5-phosphate (DXP) by 1-deoxy-D-xylulose
5-phosphate synthase (DXPS, EC 4.1.3.37)' and this is
the first committed step on the plastid 1soprenoid
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biosynthesis!'”.  Thus, the mevalonate-independent

isoprenoid biosynthetic pathway is also called DXP
pathway. DXP 13 subsequently rearranged and reduced to
2-C-methyl-D-erythritol 4-phosphate (MEP) catalyzed by
1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR,
EC 1.1.1.267)"". Then MEP is conjugated with CDP by
MEP cytidyltransferase (MCT, EC 2.7.7.600%! to form
4-(eytidine 5-diphospho)-2-C-methylerythritol (CDP-ME).
4-(Cytidine  5-diphospho)-2-C-methylerythritol  kinase
(CMK, EC 2.7.1.148)* catalyzed the phosphorylation of
CDP-ME to form CDP-MEP. CDP-MEP 1s subsequently
converted to 2-C-methylerythritol 2,4-cyclodiphosphate
(ME-cPP) by 2-C-methylerythritol Z,4-cyclodiphosphate
synthase (MECPS, EC 4.6.1.12)*). The final two steps
of DXP pathway include the formation of
hydroxymethylbutenyl 4-diphosphate (HMBPP) from ME-
cPP catalyzed by hydroxymethylbutenyl 4-diphosphate
synthase (HDS)™, and the direct conversion of HMBPP
mto a 5:1 mixture of IPP and DMAPP by IPP and DMAPP
synthase (IDS)*1.

THE GENES AND ENZYMES INVOLVED IN THE
MVA PATHWAY

The MV A pathway has been discovered over half a
century and the molecular genetics of MVA pathway has
been elucidated. The genes mvolved m MVA pathway
have been characterized by molecular genetics and
biochemistry approaches.

Acetyl-CoA: Acetyl-CoA C-acetyltransferase (AACT):
AACT catalyses the first step, the condensation of two
acety-CoA molecules to form acetoacetyl-CoA involved
in the MV A biosynthetic pathway. AACT belongs to the
thiolase family that has two conserved cysteine residues,
which 1s important for thiolase activity. The first one 1s
located in the N-terminal section of the enzymes and
involved in the formation of an acetyl-enzyme
intermediate; the second i1s located in the C-terminal
extremity and it 13 the active site nvolved m
deprotonation in the condensation reaction™. The full-
length ¢cDNA of ATCC have been characterized from
Arabipsis thaliana, para rubber tree, rice and radish®”.
The genomic orgamzation of ATCC 1s different among
plants. According to the genomic database, AACT
belongs to a small gene family in Arabidopsis thaliana,
but there 13 only a single AT7CC copy in radish and it 1s
regulated by light™®”.

3-hydroxy-3-methylglutaryl-CoA synthase (HMGS):
HMGS catalyzes the condensation of acetyl-CoA with
acetoacetyl-CoA to produce HMG-CoA and CoA. HMGS
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has the consensus pattern of amino acids as the

following: N-x-[DN]-[TV]-E-G-[TV]-D=x(2)-N-A-C-[FY ]-x-G,
i which cysteine acts as the catalytic nucleophile in the

first step of the reaction as well as the acetylation of the

enzyme by acetyl-CoAl®. F244, a specific inhibitor of
HMGS, can break the MV A pathway and is a useful tool

for IMGS research™. In plants, HAGS expression shows

correlation with rapid cell division and growth like HMGR,

which is regulated by many factors. Wound, methyl

jasmonate, salicylic acid® and czene induce HMGS

expression suggesting that HMGS 13 mvolved m the

activities of plant defenses™. In para rubber tree, the

mRNA expression level and enzymatic activity of HMGS

showed positive relationship with the accumulation of
rubber™ . These results suggest that HMGS is a highly

regulated gene 1n the beginming of the MV A pathway.

3-hydroxy-3-methylglutaryl-CoA reductase (HMGR):
HMGR, a rate-limiting enzyme that can be mnhibited
specifically by lovastamn, catalyzes the NADP-dependent
synthesis of mevalonate from HMG-CoA, which 15 the
most important committed step of the MV A biosynthetic
pathway™. HMGR is well studied in archecbacteria,
bacteria, fungi, plants and animals. Structurally, it consists
of 3 domams: the N-termmal region that contains a
variable number of transmembrane segments (7 in
mammals, msects and fungi; 2 mn plants), a linker region
and a C-terminal catalytic domain of approximately 400
amino-acid residues. Although little sequence similarity is
found among the transmembrane domains of HMG-CoA
reductases from different species, the C-terminal catalytic
domain is highly conserved. The structure of this region
1s predicted to consist of amphipathic helices flanking an
extended -pleated sheet™. The catalytic domains of plant
HMGR consist of three domains: the small helical amino-
terminal N-domain; the large, central T.-domain harboring
two HMG-CoA bmding motifs (EMPIGYVQIP and
TTEGCLVA) and a NADP(H)-binding motif (GTVGGGT).
Moreover, its architecture resembled a prism with an alpha
helix forming the central structural element; the small
helical s-domain harboring a NADP(H)-binding motif
characterized by the sequence DAMGMNE. The
nucleotides correlated to these motifs are well conserved
which can usually be used for designing degenerate
primers for 1solating the members of smgr gene family.
In plants, the mevalonate is the general precursor of
many identified isoprenoid compounds, many of which
are vital for plant normal growth, development and variety
of other normal physiological activities. Loss of function
of 3-hydroxy-3-methylglutaryl coenzyme A reductase 1
(HMG1) in Arabidopsis leaded to dwarfing, early
senescence and male sterility, and reduced sterol levels.
The results suggested that HMG1 plays a critical role in
triterpene  biosynthesis, and that sterols and/or
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triterpenoids contribute to cell elongation, senescence,
and fertility™”. The genes encoding HMGRs have been
cloned and characterized from angiosperm species such
as Camptotheca acuminata™, Catharanthus roseus™,
melon™, tomato!™ and Arabidepsis thaliand®™. We
reported for the first time on cloning and characterization
of a HMGR gene from gymnosperm plant, Taxus media
(Tm-HMGR) and found Tm-HMGR was more ancient than
other plant HMGRs because it was from gymnosperm®".
In ammals, AMGR is a single copy gene, but in plant there
is a small Amgr gene family with at least two members™?
and different expression patterns. Many research results
show that HMGRs in plants determine the flux to
1soprenoid pathway and HMGRs are regulated by a
variety of developmental and environmental signals such
as light, wound, infection, hormones, herbicides and
sterols™*d.

The two kinases of the MVA pathway: mevalonate kinase
(MK) and mevalonate 5-diphosphate kinase (PMK):
Mevalonate 5-diphosphate 1s  biosynthesized from
mevalonate by two-step phosphorylation respectively
catalyzed by mevalonate MK and PMK in order. Both MK
and PMK belong to GHMP kinase ATP-binding protein
family containing, in their N-terminal section, a conserved
Gly/Ser-rich region which 1s probably mvolved mn the
binding of ATP®. MK and PMK have a conserved
motif named GHMO motif with the pattern as below:
[LIVM]-[PK]-x-[GSTA]-x(0,1)-G-[LM]-[GS]-S-S-[GSA]-
[GSTAC]. In A. thaliana, the expression pattern of the
MVK gene suggests that the role of MK is the production
of a general pool of mevalonate 5-phosphate for the
synthesis of different classes of isoprenoids inwvolved
both basic and specialized plant cell functicns". Till now,
only two full-length ¢DNAs enceding PMK, from A.
thaliana and H. brasiliensis, have been registered in Gen
Bank without functional information details.

Mevalonate 5-diphosphate decarboxylase (MDC): The last
step of the MVA pathway leads to the conversion of
MVPP to IPP catalyzed by MDC. In 4. thaliana, there 1s
a small MDC gene family and two-hybrid assay in yeast
demonstrated that MDC functioned either as homodimer

or heterodimer™?.

TPP isomerase (IPT): TPP and its isomer DMAPP are the
umversal blocks for building isoprenoids. IPP and
DMAPP are converted into each other catalyzed by TPP
isomerase. In plants, there are multiple-copy IP/ genes™?.
Unlike the relatively restricted cytosolic compartment of
other genes/enzymes involved in the MVA pathway, TPT
1s not only located m cytosol but also in mitochondia,

peroxisomes'” and plastids'®.
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THE GENESANDENZYMESINVOLVEDIN THEDXP
PATHWAY

The DXP pathway is firstly discovered in plants in
1994 when Dr. Schwarz focused on the biosynthesis of
the ginkgolides in Ginkgo biloba. Due to the rapid
development of bioinformatics and comparative genomics
that are revolutiomzing the study of plant metabolism, the
genes involved in the DXP pathway have been
identified in different organisms, including the model
plant, A. thaliana.

1-Deoxy-D-xylulose 5-phosphate synthase (DXPS): DXPS
has been found in bacteria and plants which catalyzes the
thiamine pyrophosphoate-dependent acyloin
condensation between carbon atoms 2 and 3 of pyruvate
and glyceraldehyde 3-phosphate to yield 1-deoxy-D-
xylulose-5-phosphate!'®. In plants, DXPS is the first
enzyme and a rate-limiting enzyme of the DXP pathway!'”,
and a potential target for metabolic engineermg. In plants,
DXPS may be encoded by more than one gene. In
A. thaliara, there are three genes encoding DXPS,
whereas the rest enzymes in DXP pathway in Arabidopsis
appear to be encoded by a single gene according to the
database search. In tomato, DXPS gene shows
developmental and organ-specific regulation of mRNA
accumulation, and a strong correlation with carotenoid
synthesis during fruit development™. In pepper, DXPS
gene over-expression during the chloroplast-to-
chromoplast transition, and the reason probably is to
furnish the IPP necessary for increased carotenoid
biosynthesis®”. The transformed root cultures of
Artemisia annua grown in continuous light showed
substantial increases in DXPS transcript levels compared
to dark-grown transformed root cultures®™ . These studies
strongly demonstrate that DXPS gene 1s regulated
developmentally to synthesize the umversal precursor for
isoprenoids that are essential for plant growth and
development.

1-Deoxy-D-xylulose 5-phosphate reductoisomerase
(DXR): DXR catalyzes the rearrangement and subsequent
reduction of DXP to form 2-C-methyl-D-erythritol 4-
phosphate (MEP). The herbicide fosmidomyein
specifically blocks the activity of DXR, so DXR is a new
target protein for developing new herbicides®™. The
nuclear-encoded DXRs m plants share the highest
similarity with the homologues from Synechocystis, which
may suggest DXR genes in plants were acquired from
Synechocystis by gene transfer to the nucleus in the
process of the endosymbiotic origin of plastid®. Unlike
the microbial reductoisomerase, DXR orthologs mn plans
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encode a precursor harhoring the N-terminal plastidial
transit peptide which directs the enzyme to plastids where
the mevalonate-independent pathway operates in plants.
In A. thaliana, DXR, encoded by a single gene, 1s also a
committed enzyme of the DXP pathway proven by the
transgenic method and analysis of the metabolites”™. In
antitumor-alkaloid-producing Catharansus roseus, DXP
pathway provides isoprene blocks for building the
monotepenoid indole alkaloids, the expression of DR
gene isolated from C. roseus was up-regulated in cells in
parallel with the production of monoterpenoid ndole
alkaloids®®. As an important rate-limiting enzyme on the
DXP pathway, DXR is an ideal target for engineering the
isoprenoid biosynthesis, developing new herbicides and
drugs. There are five enzymatic steps in the DXP pathway
below, of which molecular genetics knowledge 1s limited
but absolutely worth discovering.

2-C-Methyl-D-erythritol 4-phosphate cytidyltransferase
(MCT): MCT catalyzes the third step of the DXP pathway
to form CDP-ME by conjugating CDP and MEP. In plants,
the gene encoding MCT and the MCT enzyme have been
1solated and characterized from A. thaliana. The AtCMT
gene has an ORF of 909 bp specifying a protein of 302
aniino acid residues. The aniino acid sequence of MCT of
A. thaliana comprises a putative plastid transit leader
sequence, well in line with the assumed plastid location of
the deoxyxylulose phosphate pathway! The catalytic
domain of enzyme in plants is about 30% identical to the
enzyme inFE. coli.

4-(Cytidine  5’-diphospho)-2-C-methyl-D-erythritol
kinase (CMK): CMK, a member of the GHMP protein
family like MK and PMK on the MV A pathway, catalyzes
the phosphorylation of CDP-ME to form CDP-MEP. There
are only a few CMK ¢DN As reported in plants. Generally,
the studies on CMK are very preliminary in plants.
Rohdich et al”” reported a putative catalytic domain
(residues 81-401) of a predicted protemn from tomato
similar to CMK of E. coli, when expressed m E. cofi, the
recombinant protein showed the activity to catalyze the
phosphorylation of the position 2-hydroxy group of CDP-
ME. Moreover, divalent metal ions, preferably Mg™, were
required for its activity.

2-C-Methylerythritol 2,4-cyclodiphosphate synthase
(MECPS): MECPS catalyzes the conversion of CDP-MEP
to 2-C-methylerythritol 2,4-cyclodiphosphate (ME-cPP).
In plants, only one functional MECPS orthologs from
C. roseus was teported and the paper reported that the
expression level of MECPS was positively related to the
alkaloids®™. In

accumulation of terpenoid indole
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microorgamsms, there are relatively rich knowledge about
genomic orgamzation and functional identification by
functional genomic tools™, structure resolution and
catalytic mechanism of MECPSPY,

Hydroxymethylbutenyl 4-diphosphate synthase (HDS):
The final two steps on the DXP pathway include the
formation of hydroxymethylbutenyl 4-diphosphate
(HMBPP) from ME-cPP catalyzed by HDS, and the direct
conversion of HMBPP into a 5:1 mixture of IPP and
DMAPP by IPP/DMAFPP synthase (IDS). HDS belongs to
GCPE protein family whereas 1DS to LytB protein family
respectively. These two genes have been characterized in
bacteria®*!. According to the genome sequence of
Arabidopsis, some full-length ¢cDNAs of HDS and 1DS
can be found in GenBank'™. Quercl et al. 1™ identified a
protein from 4. thaliana that is homology to the product
of gepE. A polypeptide from plants, GCPE, contains two
structural domains that are absent in £. coli the N-
terminal extension and the central domain of 30 kDa. They
demonstrate that the N-terminal region targets the protein
to chloroplasts ir vive in Arabidopsis, which
consistent with its role in plastid 1soprenoid biosynthesis.
Although the presence of the internal extra domain may
have an effect on activity, the mature GCPE protein in
Arabidopsis is able to complement a gepF defective
E. coli stramn, indicating the HDS protein in plants 1s truly
a functional homologue of the bacterial gepE gene
product mediating HMBPP bicsynthesis. Tt has been
concluded that HDS is not a rate-limiting enzyme but an
important house-keeping gene n planta m the non-
mevalonate pathway (Bioinformatic and molecular
analysis of hydroxymethylbutenyl diphosphate synthase
(GCPE) gene expression during carotenoid accumulation
in ripening tomato fruit™

is

The last enzyme on the DXP pathways: IPP/DMAPP
synthase (IDS): TDS directly converts HMBPP into a
mixture of IPP and DMAPP with the ratio of 5:11%1. Only a
few full-length ¢cDNAs encoding IDS were cloned from
plants. IytB gene from the flowering plant Adonis
aestivalis expressed in F. coli was found to act as the
function of IDSY!. When the gene encoding HDS was
posttranscriptionally silenced 1n tobacco, the IDS-
silenced plants had albino leaves that contained less than
4% of the chlorophyll and carotenoid pigments of control
leaves; and Albmmo leaves from IDS-silenced plants
displayed a disorganized palisade mesophyll, reduced
cuticle, fewer plastids, and disrupted thylakoid
membranes.  These findings the
participation of IDS m the DXP pathway in plants, and
supported the view that plastid isoprenoid biosynthesis

demonstrated
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is metabolically and physically segregated from the
mevalonate pathway (Functional analysis of the final
steps of the 1-Deoxy-D-xylulose S5-phosphate (DXP)
pathway to isoprenoids in plants using virus-induced
gene silencing™.

THE CROSSTALK BETWEEN THE MVA AND THE
DXP PATHWAYS

The MVA and the DXP pathways are localized in
different compartments in plants. The MVA pathway
operates in the cytoplasm and mitochondria to
predominantly  synthesize sterols,
sesquiterpenes, ubiquinones and etc. The DXP pathway
15 employed m plastid to predommantly synthesize
hemiterpenes, monoterpenes, diterpenes and some
polyterpenes. However, the two distinct pathways are not
absolutely separated spatially. Actually, there exists the
crosstalk between them. Chamonmile sesquiterpenes
derived from both of the pathways® and it is predicted
that the taxol might be also from both of the pathways™.
In 2003, it is a milestone to clarify the crosstalk between
cytosol and plastid reported by several original research
papers (Fig. 1). Laule et al® proved that there was a
crosstalk between cytosolic and plastidial pathways of
isoprenoid biosynthesis in the model plant, A. thaliana®;
Bick and Lange!” provided evidences for the presence of
a unidirectional proton symport system for the export of
specific 1soprenoid intermediates 1nvolved m  the
metabolic crosstalk between cytosolic and plastidial
pathways, which is Ca™ gated. The results of high-
through-put GeneChip (AffyMatrix) suggest that there
must be some limiting plastidial membrane transporters
acting for the exchange of isoprenoid intermediates’
exchange between plastid and cytosol®®. Clearly, cloning
and functionally identifying these putative transporter
genes will be a very interesting, hot and meanmgful goal
to pursuit.

some certan

METABOLIC ENGINEERING OF ISOPRENOIDS

Metabolic engineering of natural products has become
increasingly available recently due to fruitful genomic
research, bioinformatic discoveries and biosynthetic
genes. In this article, we review the recent advances in
metabolic engineering of isoprenoids, focusing on the
molecular genetics that affects pathway engineering
mostly. Examples in different types of isoprenoids
synthesis serve a number of different functions. Steroids
are present i most eukaryotes and they fulfill roles
such as maintaiming membrane fluidity and acting as
hormones and bile acids. Carotenoids are necessary
for photosynthetic orgamsms and they also act as



J. Biol Sci, 6 (1): 209-219, 2006

PLASTID
P e e L TR P L LR EECEEE T
: The DXP/MEP Pathway
H H
: 5 Pyruvate o3P :
0]
i o I !
+
: P i
i * DXs !
' o]
H OH ;
H H
a !
i o :
DXP oF !
i
H
. - !
* DXR.—Fnsmldnmycmi
CYTOSOL H NVE |
e e aeamneal e ees e meie s e e . i MET . H
{ The MVA Pathway !
H OH H
E acetyl-Cod MOT :
i OH :
i CDP-ME . i
E QOPF i
H 1
E acetoacetyl —COM OH E
i CME i
! [ H H
a | &l #" : |3 o i
H :
H HM G-Cod M i CDPMEP —_— !
H HO H :
1 OH H 1
i Luvastati.n—. H H 1
H i: WME CP3 :
H o] H
H JoH P i
| i C))I\></\ : et :
i H Pl ME-cPP :
i H
H [ H H
i o H H OH OH :
i i H
E " @)l\>'i/\ i S I
i H i :
' : WO i
: 9 i HMBPP opP i
i H
i MVPP oH D3 H
H '
H HO i '
H H
i H
; OH H g - i
IP] IPI i
i _ ] i
[ OFP 0PP QFP EE i
5 DMAPP |1 IPP DMAPP A
GGFP: S \
1
T __/ : e
i
{ GEP
prenylation bf proteins FPS
\ GGFPY monoterpenes
dolicho| e FP5 — 0 lyprenols gibb erelling 7GGPP\—‘h—:hlorop hylls
sesquiterpen es/ \ phytosterols saroten oids / \ toz oph encol s
phvll oguin ones ] plasto quinones
other diterpen es, such as taxol, ginkgolides

Fig. 1: Tsoprenoid biosynthesis pathways in plant cells. The MV A pathway is localized in ¢ytosol and the DXP/MEP
pathway in the plastid. There is a crosstalk of IPP between cytosol and plastid. All the genes/enzymes and the
intermediates involved in the pathways are indicated. Additionally, the reactions that can be specially inhibited
by lovastatin and fosmidomycin, are indicated. The subsequent plant terpenes biosynthetic pathways are also
indicated. The crosstalk between the MVA and the DXP pathways is shown by a double-headed arrow
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antioxidants.  Ubiquinone, menaquinone and
plastoquinone are involved in electron transport and
dolichol 13 mvolved m protein glycosylation. Isoprenoids
attached to regulatory proteins have been shown to
regulate cellular development. As is the case\ with
many alkaloids and the quinones involved in electron
transport, 1soprenoids form a number of different classes
of metabolites constructed by mixed biosynthesis. The
other isoprenoid-deviated terpenes (mono-, di-, tri-, etc.)
play less essential roles, but they can be found in many
organism, particularly in plants and marine invertebrates,
many of which have been found to have significant
pharmaceutical importance, such as taxol and ginkgolides
(diterpenes).

The biosynthesis pathway of isoprenoid m plants
has been known for many vears, meanwhile, new
pathways have been discovered and have been further
investigated. The encoding enzymes genes involved in
both the MVA and DXP pathways have been 1dentified.
These may lead to the possibilities for bicengineering the
isoprenoid biosynthetic pathways in plants. Various
novel strategies are likely to further accelerate the
progress of isoprenoid metabolic engineerng®™ ™.
Recently, biomformatic and genomic tools have
revolutionized the studies of plant metabolism. All above
and other novel technologies, including engineering the
isoprenoid-based plant defenses, improving the quality of
crop, such as the golden rice™, breaking the iscprencid
biosynthetic bottleneck in plants to produce a higher
amount of essential oils in peppermint!™, rebuilding a
pathway n bacteria to produce pharmaceuticals such as
artemisinin'™, altering the metabolic flux to the desirable
direction to yield high-content pharmaceutical agents
such as terpencid indole alkaloids™, blocking the
checkpomnt along the pathways to develop new
herbicides™ and anti-parasite drugs "7 Furthermore,
isoprenoid biosynthesis is also important for plant growth
and biomass properties™.

Metabolic engineering of natural products has been
built to aim at medical plant improvement with the
availability of modern molecular biological technologies.
The overproduction or enhancement of isoprenoid might
be addressed by mcreasmg the critical precursor, by
either adding, modifying or deleting regulatory genes, by
altering promoter, terminator or regulatory sequences,
increasing the number of gene copies for (a) bottleneck
reaction(s) or removing competing, unneeded pathways.
The control of flux through each pathway of isoprenoid
biosynthesis in plants, in which both MVA and DXP
pathways operate, and the level and means of interaction
between the two pathways are of considerable interest in
the context of both primary and secondary plant

metabolism. Tt is interesting to determine whether flux
through the DXP pathway 1s limiting during the period of
rapid terpenoid biosynthesis by mamipulating this route
for precursor supply. Such a finding could have important
implications for production of the essential oils and other
terpenoids of commercial significance. In plants, the
inhibition of the DXP pathway might be the basis for the
development of novel herbicides. Detailed knowledge of
the mechanisms and regulation of the pathway will also
benefit the biotechnological production of commercially
interesting isoprenoids, such as carotenoids!™.

With the availability of genes, host organisms, vector
systems and standard molecular biological tools, it is
expected that metabolic engineering of 1soprenoid will be
translated into industrial reality. Moreover, the field of
metabolic engineering of natural products has spawned a
number of biotechnology compames whose business
plans include, or are centered around, the ability to
genetically engineering natural products as drug
development leads. However, up to date few genes have
been introduced nto plants for commercial purposes.

Even though good progress has been made in the
metabolic engineering of 1soprenoids, it 1s still a largely
undiscovered field™™. Information on this pathway could
provide the basis for the development of new antibiotics,
herbicides and anti-malaria agent. As more genes are
characterized and the novel technologies become
available, the field of isoprencid metabolic engineering
holds great prospects.
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