Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999. 50:47—65
Copyright(©) 1999 by Annual Reviews. All rights reserved

THE 1-DEOXY-D-XYLULOSE-
5-PHOSPHATE PATHWAY

OF ISOPRENOID BIOSYNTHESIS
IN PLANTS

Hartmut K. Lichtenthaler

Botanisches Institut (Plant Physiology and Biochemistry), University of Karlsruhe,
D-76128 Karlsruhe, Germany;

e-mail: Hartmut.Lichtenthaler@bio-geo.uni-karlsruhe.de

KEY WORDS: carotenoid biosynthesis, chloroplast metabolism, isopentenyl diphosphate,
isoprene formation, non-mevalonate IPP formation

ABSTRACT
In plants the biosynthesis of prenyllipids and isoprenoids proceeds via two in-
dependent pathwaysa)(the cytosolic classical acetate/mevalonate pathway for
the biosynthesis of sterols, sesquiterpenes, triterpenoids; rtg alterna-
tive, non-mevalonate 1-deoxy~xylulose-5-phosphate (DOXP) pathway for the
biosynthesis of plastidic isoprenoids, such as carotenoids, phytol (a side-chain of
chlorophylls), plastoquinone-9, isoprene, mono-, and diterpenes. Both pathways
form the active G-unitisopentenyl diphosphate (IPP) as the precursor from which
all other isoprenoids are formed via head-to-tail addition. This review summa-
rizes current knowledge of the novel 1-deamakylulose-5-phosphate (DOXP)
pathway for isopentenyl diphosphate biosynthesis, apparently located in plastids.
The DOXP pathway of IPP formation starts from D-glyceraldehyde-3-phosphate
(GA-3-P) and pyruvate, with DOXP-synthase as the starting enzyme. This path-
way provides new insight into the regulation of chloroplast metabolism.
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INTRODUCTION

The biosynthesis of plant isoprenoids, carotenoids, phytol, sterols, plasto-
qguinone-9 as well as monoterpenes, sesquiterpenes, diterpenes, or polyterpenes
seemed to have been well understood since the late 1950s (36). Labeling ex-
periments witht“C-labeled substrates indicated that the photosynthetic plants
and algae form their isoprenics@nit (IPP) and all isoprenoids—as in ani-
mal systems and fungi—via the acetate/mevalonate (MVA) pathway (23-25,
34, 35, 70), although some observations were not in agreement with the MVA
pathway. For example, photosynthetically fixé@0, was rapidly incorporated

into the plastidic isoprenoids (carotenoids, phytol, plastoquinone-9), whereas
14C-labeled acetate and MVA were readily incorporated into the cytosolic
sterols, but only at low rates into the plastidic isoprenoids (8, 9, 21, 22, 27, 34,
37). Moreover, mevinolin, a highly specific inhibitor of the HMG-CoA re-
ductase, efficiently inhibited the cytosolic sterol and ubiquinone accumulation,
but did not affect the accumulation of phytol, carotenoids, and plastoquinone-9
in plastids (4-6, 13,58). In addition, isolated plastids could not make IPP
from MVA (44). The discovery that the isoprenoid hopanoids (sterol surro-
gates) of certain eubacteria are formed via a non-MVA pathway (53, 55) was
the starting point in 1993 for the author’s group to re-investigate the biosynthe-
sis of plastidic isoprenoids, in cooperation with Michael Rohmer (Strasbourg),
and Frieder W. Lichtenthaler (Darmstadt). Applyfitg- and’H-labeling tech-
niques, NMR spectroscopy, and GC-MS analyses, it was shown that green algae
(chlorophyta), higher plants, and other algal groups synthesize their plastidic
isoprenoids including isoprene via the novel 1-deoxyylulose-5-phosphate
(DOXP) pathway (3, 38, 39, 41,42, 63-68, 75). This pathway is also involved
in the biosynthesis of various other terpenoids (16, 17, 30, 46).
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13C-LABELING OF PLASTIDIC ISOPRENOIDS
FROM [143C]GLUCOSE

The 13C-labeling of R-carotene, lutein, phytol, and the nona-prenyl chain of
plastoquinone-9 in green algae and higher plants, grown photoheterotrophically
on [1-3C]glucose, provided &C-labeling pattern (Figure 1) that was not in
agreement with the formation of the IPP precursor unit from acetate and MVA
(39-42, 63-68). The IPP£units of these plastidic isoprenoids did not exhibit
the expected®C-enrichment in the three C-atoms C-2, C-4, and C-5, but rather
showed labeling in the two C-atoms C-1 and C-5 (Figure 1). Thisfinding clearly
indicated the existence of a completely different IPP biosynthesis pathway in
green algae and higher plants for the biosynthesis of plastidic isoprenoids.
Examination of thé*C-labeling pattern of cytosolic sterols from {¥]glucose
revealed that green alggegenedesmus, Chlorella, Chlamydomgeagibited

the same non-MVA labeling pattern for sterols as for plastidic isoprenoids

A.. ®C-labeling pattern of B-carotene, phytol and B. ®C-labeling of IPP
plastoquinone-9 in higher plants and green algae from [1-*C] glucose
B-carotene 5

N1 opp

4
Py DOXP-pathway
CH,OH

phytol
5
; N Nopp
g plastoquinone-9 4
0 9 acetate/MVA-pathway
(@) iLabeling vie [1-7'C) glucose: DOXP-pathway.

(Q) Expected labeling pattern via the acetate/ MVA-pathway.

Figure 1 Labeling patterns inA) plastidic isoprenoids of higher plants and various algae when
supplied with [113C]glucose. B) Two labeling patterns in isopentenyl diphosphate (IPP) resulting
from the DOXP pathwayuppel) and the MVA-pathway [ower). The labeling of the plastidic
isoprenoids and IPP proceeded only via the DOXP pathway; the expected labeling via the MVA
pathway could not be detecte@lack circles Labeling of C-atoms from [£3C]glucose via the
DOXP pathwaywhite circles expected labeling of C-atoms via the acetate/MVA pathway of IPP
formation.
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(12,65, 67), whereas in higher plants (barley, carrot, duckweed) sitosterol was
labeled via the classical acetate/MVA pathway (38, 41). Thus, unicellular green
algae only have the DOXP pathway for IPP formation, whereas higher plants
possess two different IPP biosynthesis pathways (36, 38).

THE DOXP PATHWAY OF IPP BIOSYNTHESIS

The 1-Deoxy-Xylulose-5-Phosphate Synthase,

First Enzyme of the DOXP Pathway

The starting substrates of the DOXP pathway are glyceraldehyde-3-phosphate
(GA-3-P) and pyruvate. In a thiamin-dependent transketolase-type reaction, a
C,-unitderived from pyruvate (hydroxyethyl-thiamine) is transferred to GA-3-P,
whereby DOXP is formed (Figure 2). This step is catalyzed by the enzyme
DOXP-synthase, or DXS. For photosynthetic organisms this enzymic step was
first verified in green algae by extensit#-NMR studies using various glu-
coses!3C-labeled at different C-atoms, and uniformly labeled'fQz]glucose
(63-68). It was subsequently also demonstrated in higher plants applying la-
beling from [143C]glucose (39, 41). The labeling pattern of the@its of

IPP (Figure 1) is identical to that found in eubacteria (53-55). Further evi-
dence for this initial step was the efficient incorporation of 1-depx¥ylulose
(DOX) into plastidic isoprenoids (3, 68, 75) (see below). As final proof for
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- ~_ D
®CH; TPP
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+ ® oL_op
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Figure 2 Steps and possible intermediates in the thiamin (TPP)-dependent biosynthesis of isopen-
tenyl diphosphate (IPP) from pyruvate and GA-3-P. The label arising frofdlglucose in the

final product IPP is marked bilack circles The DOXP pathway requires an intramolecular
rearrangement of the carbon atoms in the step following 1-deoxy-D-xylulose-5-phosphate. 2-C-
methyl-D-erythrose-4-P and 2-C-methglerythritol-4-P are possible intermediates. The further
enzymatic steps and intermediates are not yet known.

2-C-Methyl-D-erythrose-4-P 2-C-Methyl-p-erythritol-4-P
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DOXP-synthase as the starting step, it was demonstrated that a plant DOXP-
synthase oMentha(33) and a bacterial DOXP-synthaseEscherichia coli
(43, 69), both overexpressedincoli, form DOXP from GA-3-P and pyruvate.

C-Skeleton Rearrangement

Infurther steps that are not yet fully clarified DOXP is transformed into IPP, pos-
sibly via 2-C-methylp-erythrose-4-phosphate and 2-C-methydrythritol-4-
phosphate (Figure 2). These steps from DOXP to IPP require several reduc-
tases, dehydratases, and a kinase, and as co-factors possibly 3 NADPH and
one ATP. This transformation of DOXP to IPP is based on an intramolecu-
lar C-skeleton rearrangement, whereby theu@it of DOXP, originating from
pyruvate, is inserted between the C-atoms C-1 and C-2 of GA-3-P (Figure 2).
The incorporation of the complete,Gand G-units from glucose into IPP was
shown by thé3C/A3C coupling constants of the NMR spectra seen after grow-
ing Scenedesmuen uniformly labeled [U¥C]glucose (63, 67). Whether IPP

is formed as the first isoprenoids@nit or its isomer DMAPP in the DOXP
pathway is unresolved.

1-Deoxyp-Xylulose as Precursor Substrate

Evidence for DOXP as the first intermediate in the alternative IPP biosyn-
thesis pathway came from the specific incorporation of deuterium (d)-labeled
[1-°H,]deoxy-D-xylulose (d-DOX) and its methyl-glycoside (methyl-d-DOX)
into the plastidic isoprenoid phytol in green alg&cénedesmus, Chlamy-
domonay, a red algaCyanidiun), and a higher plant.emng (68), as well as

into isoprene Populus, Chelidonium, Sa)ix68, 75, 76) as analyzed by NMR
and/or GC-MS spectra®C-MVA, when applied at a high concentration to a
leaf, can be incorporated into isoprene and phytol, albeit to a lower extent (68).
Plants and most algae apparently have the capacity to readily hydrolyze the
applied xyluloside methyl-d-DOX to the free pentulose d-DOX, and to phos-
phorylate it to DOXP as the endogenous intermediate that is incorporated into
the final isoprenoid. The transfer of methyl-d-DOX and d-DOX via IPP into
isoprene and phytol (68) is additional evidence for the C-skeleton rearrange-
ment in the DOXP pathway occurring in one of the steps after the formation
of DOXP. The specific incorporation of'dC-labeled DOX into 3-carotene of
Catharanthug3), and of doublé3C-labeled DOX into ubiquinone d&. coli

(52) provides additional corroboration.

2-C-Methyle-Erythritol-4-Phosphate
as a Possible Intermediate

The further enzymic steps in the biosynthesis of IPP from DOXP have not
yet been established in plants. One highly probable candidate is 2-C-methyl-
D-erythritol-4-phosphate, which, after further reduction, dehydration and
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phosphorylation steps should yield IPP or DMAPP (Figure 2). When applied to
plants or green algae, however, deuterium-labeled methyl-erythritol (14) was
not incorporated into isoprenoids or isoprene (76), possibly due to the lack of a
kinase that could convert 2-C-methyerythritol to its phosphate being the pu-
tative endogenous intermediate. In bacteria, by contrast, this deuterium-labeled
methyl-erythritol is incorporated into the prenyl side-chain of menaquinone and
ubiquinone atalowrate (15), and DOXP is transformeil.icolito 2-C-methyl-
D-erythritol-4-phosphate in the presence of NADPH by a reducto-isomerase
(32). In CorynebacteriummethylD-erythritol-2,4-cyclodiphosphate is accu-
mulated and marked frofC-glucose according to the DOXP pathway (14). In
Liriodendron a3C-labeled 1-DOX was converted into 2-C-metimykrythritol

(56): A 2-C-methyl-erythronolactone has been detected in higher plants (18, 31,
60). DOXP could possibly yield this lactone after oxidation and benzilic acid
rearrangement. Although the intermediates following 2-C-methgtythritol-
4-phosphate in the DOXP pathway of IPP-formation have not yet been iden-
tified, their structure can be presumed to be two reduction and dehydration
steps, with one phosphorylation step being involved in these final steps of IPP
formation.

COMPARTMENTATION OF IPP AND ISOPRENOID
BIOSYNTHESIS IN HIGHER PLANTS

In their IPP and isoprenoid biosynthesis, there is a dichotomy in higher plants,
one related to the plastid and the other to the cytosol (36, 41). The acetate/MVA
pathway, producing IPP for sterol biosynthesis (11, 38,41), proceeds in the
cytosol and can be inhibited by mevinolin (4,5, 13, 58). Sesquiterpenes are
formed in the cytosol (2,7), as well as polyterpenes by a consecutive chain
elongation (Figure 3) (19). Given the existence of the DOXP pathway of IPP

formation, polyterpene biosynthesis requires investigation to determine if it is

solely based on the MVA pathway or is partly dependent on the DOXP pathway.

LOCALIZATION OF THE DOXP PATHWAY
IN PLASTIDS

The plastid, in turn, is the site of the DOXP pathway of IPP formation (see

below). This IPP biosynthesis starts from GA-3-P, an intermediate in the pho-
tosynthetic carbon reduction cycle, and pyruvate, which can be formed within
the plastid from 3-phosphoglyceric acid. The DOXP pathway delivers isoprene
(68, 75, 76), carotenoids (3, 38, 39, 41), phytol, and the nona-prenyl chain of
plastoquinone-9 (3,11, 38, 39, 41) as well as mono- (2,17) and diterpenoids
(7,16, 30, 62), as indicated in Figure 3. This IPP and isoprenoid pathway can
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Figure 3 Suggested compartmentation of IPP and isoprenoid biosynthesis in higher plants be-
tween cytosol (acetate/MVA pathway) and plastids (DOXP pathway). The specific inhibition of
the cytosolic HMG-CoA reductase (HMGR) by the antibiotic mevinolin (4-6, 13) is indicated.
The nona- and deca-prenyl chain formation of ubiquinones Q-9 and Q-10 apparently proceeds in
mitochondria from cytosolic IPP. Abbreviations used: DMAPP, dimethylallyl diphosphate; GPP,
geranyl diphosophate; FPP, farnesyl diphosphate; GGPP, geranylgeranyl diphosphate.

easily be labeled from photosynthetically fix$tCO,, as Goodwin et al ob-
served some 40 years ago (8, 21, 22).

At least the final steps of the biosynthesis of the plastidic isoprenoids pro-
ceed in chloroplasts (35). Supporting evidence for the plastid localization of
the DOXP pathway is the observation that the light-dependent emission of
isoprene is formed from DMAPP (74) within the chloroplast (68, 75, 76). Fur-
thermore, the biosynthesis of thiamine and pyridoxal occurs in chloroplasts
(28,29). The DOXP pathway is also present in the cyanobacte8yne-
chocystisfor biosynthesis of phytol and 3-carotene (Table 1) (12, 38, 49). If
cyanobacteria are progenitors of chloroplasts, they could have conserved their
originally bacterial DOXP pathway of IPP biosynthesis during co-evolution
with the eukaryotic host cells. Moreover, the fact that the genes for DOXP
synthase irArabidopsisand Chlamydomonapossess a plastid transit peptide
sequence (40, 47) is strong evidence for the localization of the DOXP pathway in
plastids.
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Tablel Formation of isoprenoids in plants and photosynthetic organisms via the acetate/
mevalonate (MVA) or the new 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway of |PP forma-
tion. The data were obtained by determining the 13C-labeling pattern of the isoprenoids from
13C-glucoses or from deuterium- or 13C-labeled 1-deoxy-D-xylulose via 13C-NMR or mass spec-
trometry. PQ-9 = plastoquinone-9.

Organism Isoprenoid IPPpathway  References
Cyanobacteria
Synechocystis PCC 6714 Phytol, 3-carotene DOXP 12,38
Green algae
Scenedesmus obliquus Phytol, R-carotene, lutein, DOXP 42
Plastoquinone-9, Chondrilla- DOXP 63, 65
sterol, ergost-7-enal, DOXP 66, 67
Ubiquinone-10 DOXP 12
Chlorella fusca Phytol, R-carotene DOXP 38
Chondrillasterol DOXP 12
Chlamydomonas Phytol, R-carotene DOXP 38, 39
reinhardtii Chondrillasterol DOXP 12
Red algae
Cyanidium caldarium Phytol DOXP 68
Ergosterol MVA 12
Heterokontophyta
Ochromonas danica Phytol DOXP 68
Ergosterol MVA 12
Euglenophyta
Euglena gracilis Phytol MVA 68
Ergosterol MVA 12
Liverworts
Riccocarpus natans Ricciocarpin A (sesquiterpene) MVA 72
Phytol DOXP 1
Conocephalum conicum Bornylacetate (monoterpene) DOXP 72
Phytol DOXP 1
Cubebanoal (sesquiterpene) MVA 1
Higher plants
Carotenoids, phytol,
isoprene, sterols
Lemna gibba Phytol, -carotene, PQ-9, DOXP 3841
Sitosterol, stigmasterol, MVA 3841
campesterol MVA 3841
Daucus carota Phytol, DOXP 3841
Sitosterol, stigmasterol, MVA 3841
campesterol MVA 3841
Hordeum vulgare Phytol DOXP 3841
Sitosterol MVA 3841

(Continued)
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Tablel (Continued)

Organism Isoprenoid PP pathway References
Populus nigra |soprene (hemiterpene) DOXP 75, 76
Chelidonium maius |soprene DOXP 75, 76
Salix viminalis Isoprene DOXP 75,76
Catharanthus roseus Phytol, carotene DOXP 3

Sitosterol MVA 3
Lycopersicon esculentum Lycopene DOXP 64
Nicotiana tabacum Plastogquinone-9 DOXP 11

Sitosteral, stigmasterol MVA 11

Ubiquinone-10 MVA 11

Mono-, sesqui- or diterpenoids

Ginkgo biloba Ginkgolide A (diterpene) DOXP 62
Taxus chinensis Taxol (diterpene) DOXP 16
Marrubium vulgare Marrubiin (diterpene) DOXP 30
Mentha x piperita Menthone (monoterpene) DOXP 17
Mentha pulegium Pulegone (monoterpene) DOXP 17
Pelargonium graveolens Geraniol (monoterpene) DOXP 17
Thymus vulgaris Thymol (monoterpene) DOXP 17
Matricaria recutita Sesquiterpenes DOXP? 2
Hordeum vulgare Sesquiterpenoid derivative DOXP 46
Salvia officinalis Kauren (diterpene) DOXP b
Eucalyptus globul us,} Volatile mono-, sesqui- DOXP b
Clematis vitisalba and diterpenes DOXP b

3Primarily DOXP pathway, third Cs-unit also viaMVA pathway.
bJPiel & W Boland, personal communication.

COOPERATION BETWEEN THE TWO IPP
PATHWAYS OF HIGHER PLANTS

Whether the two cellular IPP pools cooperate and exchange IPP or other prenyl
diphosphates, such as GPP, FPP or GGPP, is unresolved at present (Figure 3).
Several observations suggest at least some exchange. One example is the low
labeling rates of plastidic isoprenoids from applié@-MVA. In 13C-labeling

of the diterpene ginkgolide froffC-glucose, three isoprene units were found

to be labeled via the MVA pathway, and the fourth isoprene unit via the DOXP
pathway (62). In the liverworteteroscyphughe first three isoprenic units of
phytol showed some label from appli€€-MVA, whereas the fourth unit was

not labeled (50, 51). Both observations point to the transfer of a cytosolic FPP
into the plastid where FPP was condensed with a DOXP-derived IPP. In our
13C-labeling studies of phytol and carotenoids fréi@-glucoses, we detected

no such import of FPP into the plastid.
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Some export of IPP or GPP from plastids into the cytosol may occur, yet such
a transfer cannot proceed to a large extent, as deduced from inhibitor studies
with mevinolin. When cytosolic MVA and sterol biosynthesis were blocked
by the inhibitor mevinolin (4-6, 58), transfer of IPP or higher prenyl homo-
logues from the chloroplast was insufficient for cytosolic sterol biosynthesis
although labeling experiments withC-MVA and deuterium-labeled DOXP in
algae demonstrated some export of IPP or other prenyl diphosphates from the
plastids (68). Also, recent studies in chamomile indicated in sesquiterpenes
the first two G-units were derived fromC-glucose via the DOXP pathway,
and the third G-unit was labeled by either the DOXP or the MVA pathway (1).
Future research must define at what physiological conditions and developmental
stages the plastidic DOXP-dependent biosynthesis of IPP, isoprene, monoter-
pene, diterpene (phytol), and tetraterpenes (carotenoids) is fully autonomous
or partially dependent on the cytosolic IPP pathway, and vice versa.

BIOSYNTHESIS OF THE PRENYL SIDE-CHAINS
OF UBIQUINONES

Mitochondria, which contain ubiquinones with prenyl side-chains (34, 58, 60),
apparently do not possess their own IPP biosynthesis pathway. Their prenyl
chain biosynthesis is dependent on cytosolic IPP formation (11) (see below).
Plant mitochondria contain ubiquinone-9 (Q-9) and ubiquinone-10 (Q-10)
(57,59). The final steps of ubiquinone biosynthesis, the prenylation of the
benzoquinone nucleus, apparently proceed in the mitochondria. The accumu-
lation of sterols and ubiquinones was strongly mevinolin inhibited (4, 5, 13),
which suggests that formation of the prenyl side-chains of ubiquinones is
dependent on cytosolic IPP biosynthesis. Moreover, labeled MVA-5-P was
not incorporated by mitochondria isolated from higher plants, whereas IPP was
(45). In higher plants the mitochondrial ubiquinone biosynthesis is dependent
on the cytosolic IPP formation. It has recently been shown in non-green tobacco
cell cultures that sterols and the prenyl side-chain of Q-10 came from the same
IPP pool synthesized via MVA (11) (Figure 3).

In green algae, however, not only the plastidic isoprenoids are formed via
the DOXP pathway, but so too are the cytosolic sterols (63, 65-68). ¥@th
labeled glucose it was demonstrated that the deca-prenyl chain of ubiquinone
Q-10 inScenedesmus also synthesized via the DOXP pathway (12).

DISTRIBUTION OF THE DOXP-PATHWAY IN ALGAE

The DOXP pathway for IPP biosynthesis is widely distributed in photosynthetic
organisms, such as algae and higher plants, and is required for the synthesis
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of plastidic isoprenoids (Table 1). This pathway also occurs in cyanobacteria
(12), in several green algae (36, 63, 65, 66), the red @ganidium(12, 68),

and in the chrysophyt®chromonag12, 68). InCyanidiumandOchromonas

the cytoplasmic sterols are formed via the classical MVA pathway as in higher
plants (12,49, 68). In contrast, the unicellular green algae tested synthesize not
only their plastidic isoprenoids, but also their sterols via the DOXP pathway
(38,42,63, 65, 66).

In Euglenathe situation is inverse; both the plastidic phytol and the cytoplas-
mic ergosterol ar&*C-labeled from glucose via the MVA pathway (12, 49, 68).
When [223C]MVA is supplied toEuglena a large amount of the label shows up
in ergosterol, and to a lesser degree in plastidic phytol (49, 68). These recent re-
sults confirm the very early labeling studiesafglena-carotene via the MVA
pathway (71).Euglenamay have lost the DOXP pathway during the genetic
rearrangement after the second endosymbiotic event (Figure 4). In contrast, in
Ochromonaswhich is believed to represent a secondary endosymbiotic event
(73), the plastidic DOXP pathway was conserved. Green algae, in turn, seem
to have lost their cytosolic MVA pathway of IPP formation. This suggests that
during the evolution of various extant algal groups different strategies of genetic
and metabolic organization took place.

Plastids with Chlorophyll a and b Plastids with Chlorophyll | Plastids with

a and Phycobilisomes Chlorophyll a and ¢
DOXP DOXP DOXP
MVA + MVA DOXP ?? + MVA +MVA
Euglenophyta Higher plants Chlorophyta Glauco- Rhodophyta Heterokontophyta
Euglena Lemna, Chlorelia, phyta Cyanidium Ochromonas

Daucus, Scenedesmus,
Hordeum  Chlamydomonas

SECONDARY
ENDOSYM-
BIOSIS

SECONDARY
ENDOSYM-
BIOSIS

DOXP
C b ia Fl
Synechocystis

!

Cyanobacteria-like
Ancestors

Flagellate

PRIMARY
ENDOSYM-
BIOSIS

Flagellate

Figure 4 Putative evolution of some photosynthetic algae and higher plants with indication of
the presence of one or both types of isopentenyl diphosphate (IPP) biosynthesis: MVA and/or
DOXP pathway. Primary and secondary endosymbiotic events (73) leading to chloroplasts with an
envelope consisting of 2, 3, or 4 biomembranes are indicated.
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Low labeling of phytol with [233C]MVA was observed irCyanidiumand
Ochromonag49, 68), but not in the green al@cenedesmusVhen applying
intermediates of the DOXP pathways, such asH]POX to Cyanidiumand
Ochromonasthe deuterium label showed up not only in phytol, but also in er-
gosterol (49, 68), indicating that in both algae some exchange may exist between
the two IPP pools of different biosynthetic origin. Incorporation of minor label
of methyl[1°H,]DOX into phytol and ergosterol &uglena(49, 68) is thought
to be caused by a breakdown of d-DOX.

THE DOXP PATHWAY AND BIOSYNTHESIS
OF TERPENOIDS

The new DOXP pathway for IPP biosynthesis has now been established un-
equivocally in eubacteria (53-55), cyanobacteria (12, 49), various algal groups
(42,63, 65,66), and higher plants (3,16,17,30,41,68). In higher plants, it
is further responsible for the formation of the volatile hemiterpene isoprene
(68, 75, 76), diterpenes, such as ginkgolides (62), taxol (16), marrubiin (30), the
monoterpenes menthone (17), and borneol (72); for the secondary carotenoid ly-
copene in tomato fruits (36, 64); for sesquiterpenoid biosynthesis in chamomile
(2) and in mycorrhizal barley roots (46) and the volatile mono-, sesqui- and
diterpenoids of several flowers (Table 1). Although the DOXP pathway for IPP
and terpenoid biosynthesis is widely distributed in higher plants (Table 1), it
has yet to be determined whether the basic carbon skeleton of the numerous
other plant terpenoids is derived from the MVA or plastidic DOXP pathway, or
by a cooperation of both.

GENES OF 1-DEOXY-D-XYLULOSE-5-PHOSPHATE
SYNTHASE (DXS)

1-Deoxy-d-xylulose-5-phosphate synthase (dxs) is the firstenzyme of the DOXP
pathway to be characterized at the enzymatic and molecular level. DXS of
E. coliis a transketolase-like enzyme with a molecular weight of about 65 KDa
(43,69). Itis one of a distinct family of DXS-like protein sequences that have
been found in several bacteria and plants (See Figure 5). The DXS are highly
conserved and share sequences of a special class of transketolases (Figure 5).
The sequence motif (between “VILNDN” and “VGAL") allows the bacterial and
plant DXS sequencesto be distinguished from each other. One of these DXS-like
genes iCLAL(47), a single copy gene that is positively regulated by light. The
protein sequence includes a predicted chloroplast transit peptide. ThAg,

is likely a plastidic enzyme with a key function in pigment biosynthesis (47). A
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highly similar gene was recently cloned froktentha piperitaand the ex-
pressed protein was shown to be active in DOXP synthesis (33)MEm¢ha
gene sequence predicts 68% identical amino acid residues with thGse\af

In our laboratory a cDNA clone was isolated fra@dhlamydomongswvhich
is highly similar toCLA1 (85% homologous amino acid residues) and with a
predicted plastid transit peptide. We also detected a second DXS-homologous
sequence ithlamydomonasThus,Chlamydomonaappears to have two dif-
ferent DXS genes, possibly for cytosolic and plastidic IPP formation. Whether
the plant DXS has a regulatory role in IPP and isoprenoid biosynthesis is not yet
clear. One could expect several isoforms of DXS, assuming that biosynthesis
of photosynthetic isoprenoids, of essential oils in oil glands, and of terpenoid
phytoalexins are dependent on particular DXS activities.

BRANCH POINTS WITH OTHER CHLOROPLAST
BIOSYNTHETIC PATHWAYS

The early observations th¥iC-labeled CQ, GA-3-P, and pyruvate are better
precursors of plastidic isoprenoids thHi€-acetate of“C-MVA (8,9, 21, 22,

27) are now being clarified with the operation of the DOXP pathway of IPP for-
mation, in which case GA-3-P and pyruvate are direct substrates of the DOXP
synthasel“CO, is rapidly transferred into 3-phosphoglyceric acid (3-PGA) and
GA-3-P via photosynthetic C{assimilation (Figure 6). The quick formation

of IPP and DMAPP from C&via GA-3-P and pyruvate also explains the rapid
isoprene emission under heat stress conditions (74) and the fast labeling and
emission of isoprene from photosynthetically fixé@€0, (10). Exogenously
applied'“C-acetate is quickly incorporated into fatty acids via the plant’s plas-
tidic de novo fatty acid synthetase (e.g. 20), but not into carotenoids and other
plastid isoprenoids, since acetate is not a substrate of the DOXP pathway.
DOXP, in turn, is an intermediate not only in the plastidic IPP biosynthesis,
but also in the synthesis of thiamine and pyridoxal (28, 29). Pyruvate, in turn,
is an essential branch point of the plastid metabolism; it serves as substrate of
the DOXP pathway, of acetyl-CoA formation, and de novo fatty acid biosyn-
thesis, and is also required for the biosynthesis of valin, leucin, and isoleucin
(61) (Figure 6). Whether pyruvate is made in plastids from 3-PGA or arises
as a byproduct of the ribulosebisphosphate carboxylase activity (2a) or may
be delivered, in part, from the cytosol, has yet to be determined. Moreover,
phosphoenol pyruvate (PEP) is a substrate of the shikimic acid pathway that,
in plants, also occurs in plastids. Thus, there are many branch points in the
use and metabolite flow of the primary photosynthetic products 3-PGA and
GA-3-P to the various end products that require a fine regulation of chloroplast
metabolism.
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Figure 6 Metabolic pathways and branch points in plastids. The flow of metabolites from the
photosynthetic reductive pentosephosphate cycle (Calvin cycle) into different end products, such
as IPP, plastidic isoprenoids, isoprene, fatty acids, amino acids as well as thiamine and pyridoxal,
is indicated. The central role of GA-3-8nd pyruvatein the formation of 1-deoxy-D-xylulose-5-
phosphate, IPP, and plastidic isoprenoids is emphasized.

CONCLUSION AND OUTLOOK

The incorporation studies over the past four years demonstrated that the DOXP
pathway of IPP and isoprenoid biosynthesis is widely distributed in photo-
synthetic organisms. Future research should be directea) tucidating the
individual enzymatic steps between DOXP and IBR;iaracterizing the corre-
sponding genes and enzymes, addejaluating the regulation of the DOXP
pathway with respect to other metabolic pathways in chloroplasts. Finally,
the possibility must also be examined of a partial cooperation of the two IPP
yielding cellular pathways, the MVA and DOXP routes, in the biosynthesis of
plant terpenoids. Enzymes of the DOXP pathway represent targets for new
inhibitors. We may therefore anticipate the development of novel herbicides
against plants and algae as well as antibacterial substances against pathogenic
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bacteria possessing the DOXP pathway. In fact, fosmidomycin has now been
described as the first herbicide blocking the DOXP pathway (77).
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