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Abstract

Two periwinkle cDNAs (crdxr and crmecs) encoding enzymes of the non-mevalonate terpenoid pathway were characterized using reverse
transcription-PCR strategy based on the design of degenerated oligonucleotides. The deduced amino acid sequence of crdxr is homologue to
1-deoxy-p-xylulose 5-phosphate reductoisomerases. Crmecs represents the first plant cDNA encoding a protein similar to the 2C-methyl-p-
erythritol 2,4-cyclodiphosphate synthase from Escherichia coli. Expression of crdxr and crmecs genes was up-regulated in periwinkle cells
producing monoterpenoid indole alkaloids. Involvement of the 2C-methyl-p-erythritol 4-phosphate pathway in alkaloid biosynthesis is
discussed. © 2000 Elsevier Science B.V. All rights reserved.
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Until recently, the biosynthesis of isopentenyl diphos-
phate (IPP), the common precursor of all isoprenoids,
was assumed to proceed exclusively via the cytosolic me-
valonate pathway. It is now clear that in eubacteria, algae
and higher plants, an alternative non-mevalonate pathway
leads to IPP [1,2]. In plants, evidence has recently emerged
that shikonin, sterols and many sesquiterpenes originate
from the mevalonate pathway [3—5] whereas plastidic iso-
prenoids such as monoterpenes, carotenoids, plastoqui-
nones and the phytol side-chain of chlorophylls derive
from the alternative pathway [4,6]. For some isoprenoids,
a mixed origin was reported. Thus, chamomile sesquiter-
penes are formed via both pathways [7].

The first step of the non-mevalonate pathway (also des-
ignated 2C-methyl-p-erythritol 4-phosphate (MEP) path-
way, see below) is the condensation of glyceraldehyde 3-
phosphate and pyruvate into 1-deoxy-p-xylulose 5-phos-
phate (DXP) by the DXP synthase. The corresponding
gene (dxs) has been isolated in bacteria [8,9] and several
plant species [10-12]. In the second step, DXP is converted
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! The nucleotide sequence data reported in this paper have been sub-
mitted to the GenBank database under accession no. AF250235 for crdxr
and AF250236 for crmecs.

into MEP. The reaction is catalyzed by the DXP reduc-
toisomerase specified by the dxr gene, which has been
characterized for bacteria [13], Arabidopsis thaliana [14]
and Menthax piperita [15]. The following two steps have
been elucidated in Escherichia coli and more recently
in higher plants [16]. The sequential action of the two
enzymes, 4-diphosphocytidyl-2C-methyl-p-erythritol syn-
thase [17,18] and 4-diphosphocytidyl-2C-methyl-p-erythri-
tol kinase [19,20], converts MEP into 4-diphosphocytidyl-
2C-methyl-p-erythritol 2-phosphate. Thereafter, the latter
compound is transformed into 2C-methyl-p-erythritol 2,4-
cyclodiphosphate (MEC) by the MEC synthase specified
in E. coli by the unannotated yghB gene [21]. Other so far
unknown steps lead to IPP.

We are currently studying the regulation of biosynthesis
of the therapeutically valuable monoterpenoid indole al-
kaloids (MIAs) in periwinkle (Catharanthus roseus [L.] G.
Don). Recent '3C nuclear magnetic resonance studies have
given evidence that the MEP pathway is involved in the
biosynthesis of the terpenoid moiety of the MIA precur-
sors loganin [22] and secologanin [23]. We previously char-
acterized the dxs cDNA in periwinkle [12]. We report here
on the isolation of two other cDNAs of the MEP path-
way, crdxr and crmecs, encoding C. roseus DXP reducto-
isomerase and MEC synthase, respectively. This is the first
characterization of a cDNA encoding MEC synthase in
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CGGCACGAGGTTTGGCCAA TTCGTTTGTTTTGTTGTGAATCTTTGCGAGCTTAATTTGAAGTTGGGTTACTGAT

ATGGCTTTGAATTCGCTGTCCCCACCTAAAATCAAGACTATTTCGTTCTTGGATTCCTCCAAGTCGAATTATAATCTTAATCTTCTCAAG
M AL NS L S PP K I KTTI S FULDS S K S NJYNTILNTILTL K 30

CTCCCAGGAGGATTTGCTTTTAAGAAGAAAGATTTTGGAGCAAGTGGCGGARAGARAATTCAATGTTCAGTACAGCCACCTCCACCGGCA
L P GG F A F KK KD F GA S G G KK I QC SV QP P P P A 60

TGGCCGGGGAGGGCTGTTGCAGAGCCTGGTTATAAGACTTGGGAAGGTCAGAAGCCCATTTCAATAGT TGGCTCTACAGGCTCAGTAGGA
W P GRA AV AEZPGY KTWEGA QI K P I S I VG S TG S V G 90
DXRS
ACTCAGACACTAZ;%TATAGTTGCTGAGAATCCAGACAAATTTAGAGTTGTTGCACTTGCTGCCGGTTCAAACGTGACTCTTCTTGCTGAT
T Q T L DI VAENUPUDI KT FRV VAL AAGS SNV TILILAD 120
DXR10
CAGGTCAAAACATTCAAGCCTCAGTTAGTTTCTGTCAGARATGAGTCATTGGT TAATGAACTCARAGAGGCTTTATCTGATGTTGATGAC
Q VXK T F K P QL VS VRNESTILVNZETLIZKEA ALSDV D D 15

AAACCTGARATTATTCCTGGCGAACAAGGTGTTGTTGAGGTTGTCCGTCACTCAGATGCTGTCACCGTTGTTACTGGAATAGTCGGCTGT
K p E I I P GEOQGVVEV VU RHSDA AV TV VTG I V G C 180

GCAGGTCTAAAGCCTACAGTGGCTGCCATAGAAGCTGGAAAAGACATTGCCTTGGCCAATAAAGAGACACTAATCGCTGGTGAWCCTTTT
A G L K PTVAATIEA AGE KU DTIATLANIEKETTULTIASGIX P F 210

GTGCTTCCTCTTGCACACAAGCATAAAGTGAAGATTCTTCCTGCTGATTCAGAACATTCTGCTATATTCCAGTGTATCCAAGGTTTGCCG
VL PLAHIKIHI KV KTILUZPA ADSEUHSA ATIT FIQCTI QG L P 240

GAGGGTGCTCTTAGGCGCATAATTTTAACAGCTTCTGGCGGTGCTTTCAGGGATTGGCCAGTCGAGAAATTGAAAGAAGTTARAGTAGCC

E GALURU RTITIULTA ASGGA AT FRUDWU®PVEZ KT LI KEV K VA 27
DXR12

GATGCTTTGAAGCATCCCAACTGGA}\;ATGGGAAAGAAGATTACGGTGGATTCTGCTACTCTCTTTAATAAGGGTCTGGAAGTTATTGAA

A L K HPNWNMGI K KTITUVDSATTULTFNIZKTSGTLEV I E 300

GCTCACTATCTTTTTGGCGCTGAATATGACAACATCGATATAGTAATTCATCCCCAATCTATCATACACTCAATGGTTGAGACACAGGAT

A HY L F GAEYDNTIDTIUVIHU®PAOQS I I HSMVET QD 330
DXR4

TCATCGGTCTTGGCACAATTGGGGTGGCCTGATATGCGTTTGCCTATTCTTTACACCTTATCCTGGCCAGACAGAATTTCTTGTTCTGAG

§s s v.L AQL GWUPDMA BRILU®PTIULYTTULSWU®PDI RTI S C s E 360

ATTACTTGGCCCCGCCTTGATCTTTGCAAGCTTGGATCTCTGACATTTAAAACCCCCGATAATGTCAAGTACCCATCCATGGACTTGGCA
I T W PRUL DU LCZ KULGS LTV F I KTUPDNUVKY P S MDIL A 39

TATGCTGCTGGTCGAGCAGGAGGGACAATGACGGGAGTTCTAAGTGCAGCARATGAGAAGGCAGTTGAGTTGTTTATTGATGAGAAAATT
Y AAGRAGGTMTSG GV L S AANEI KA AUVETLTFTIDE K I 420

AGCTACTTGGATATTTTCAAGGTCGTTGAGCTGACATGCGCGAAGCATCAAGCAGAACTGGTAACTTCACCATCACTCGACGAAATCATA
$ YL DI F KV VETLTTCAZ KU HOQAETLUVTS PSS L DE I I 45

CATTACGACTTGGGGGCAAGGGACTATGCTGCAAGTTTTCAGAACAGTCTTGGTTTGAGCCCTGCCCTTGTATGACGATGAACGAGATTT
HY DULGAURUDYAASVFQNSLGL S P ALV * 474

ATAAGTTGGGTTTTCTTTGTATTGGTACAATCTTTGCCTAAAT TCAGCAGATGGGTTGATGCAAAAAGTGTCATATTCAAGAAAATGAAA
GATGTGATCAATCAAATATTGGTCCATCATTATAGGCTATAATACATGTCTTGATGTCTTTTTGCTTTATAGTTCTTTATAAGATCAAAT

AAAACAGTGATGGTTTCCTTAAAAAAAAAAAAAAAAAAAAAA

CGGCACGAGAAGAAAAACTCCCCAAATTCTTTTTTTAGCATTTCTTCGAGCAGTGGCAGAA

ATGGCTATGGCGACTTCTTTCTACTGCTCCACTGCAATTCCAAGTAAAAAARCCAATCAGAATAGAGAGAATTTCCTCTGTTCACCTGTC
M AMAT S F Y CS T ATIUPS KK KT TN QNI RIENTFTILTCS P V 30

GGAGGCTCTAAAACGACGCCGTCTTATATTCGGTTATCGACAAGGCAGTCGCGGACTTTGTCTCTAGTTGTCTCCGCCGCAGCTTCCGGC
G 6Gs K TTU®PSYTIURILSTA RZ QS RTIULSULVV S AAA ASG 60

GCTGCTGTAGAAGCTGAGCCAAAATTCGCTGCCGTTACTCCTTCTAAGATTTTGTCCTTCCGCGTTGGTCACGGCTTCGATCTTCATCGT
A AV EA AEUZPIEKT FAAVTZPSKTIULST FRUVGHGT FUDTULHR 90
YB2

TTGGAACCTGGATATCCTCTTATAATTGGTGGAATTAATATTCCTCATGATAGAGGATGCGAGE%TCACTCTGATGGGGATGTGCTACTA

L EP GY PULTITIGS GTINTIUZPHDI RSGTCEA AHSU DTG DV L L 120
YB8 YB6

CACTGTGTTGTTGATGCAATTTTGGGTGCTTTGGGGTTACCGGACATAGGGmTTTTTCCAGATACAGATCCTAﬁTGGAAAGGAGCA

HCVVDAILGALSGLZ®PDTISGSO QTITFU®PDTUDTZPIEKUWIEKGA 15
YB4

CCTTCTTCAGTTTTTATTAAAGAAGCTGTGAGGCTGAi‘GGACGI-\GGCAGGTTATGAACTAGGAAACTTGGACGCGACTTTGATTTTGCAG

P S sV FIKEAVRILMDEA AGYZ EILSGNTILDATTULTITUL Q 180

AGGCCAAAGGTAAGCCCCCATAAAGAGGCTATCAGGCAAAATTTATGTCAACTGCTCGGCGCAGATCCTTGTGTTGTTAATTTGAAAGCA
R P KV S PHZKEA ATIRI QNILTCSOQLULGADTZPTCVVNTLKA 210

ARAACTCATGAGA TTGACAGTCTT ACCGAAGTATTGCCGCACATACAGTAGTACTTCTTATGAGGAAGTAGGAGATAGGC
K T HE K VDS L GGEN RSTIAAHTUVVIL L MTR RK * 236

AATGTCATTGGCAACTGTAACARATAGTGTCACAGCCATTGTTAAGATATATCTACTGATAGATGATGAATGAGGGARAATTTGGATCTG

CCACAACCTCAAGGTTTCTATARATGTARAATTTTAGAGCTGGAACTCATTCTGTTTTGCTTCTCTTTTTTTCATACATAAGAATGTTGT

TCTGCCAAAAAAAAAAARAAAAAAAAAAARAARA

Fig. 1. cDNA nucleotide and deduced amino acid sequences of periwinkle crdxr (A) and crmecs (B). Nucleotide positions are shown on the left and
amino acid positions are shown on the right. Arrows delineate the primers used for amplifications. The translation stop codon is designated with an as-

terisk (*).

plants. We also investigate the expression of the MEP viously cloned genes encoding DXP reductoisomerases

pathway genes in C. roseus cell suspensions. from A. thaliana [14], M. piperita [15], and Synechocystis
We first isolated a C. roseus cDNA fragment by a strat- sp. PPC6803 (accession number Q55663). Regions of

egy based on identifying sequence similarities among pre- high homology were used to design the two degenerated
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MALNSLSPPKIKTISFLDSSKSNYNLNLLKLPGGFAFKKKDFGASGGKKIQCSVQP--PP

Synechocystis Sp. === - == oo oo e o
#HfHA

C.roseus PAWPGRAVAEPGYKTWEGQKPISIVGSTGSVGTQTLDIVAENPDKFRVVALAAGSNVTLL
A.thaliana = ---------- APRQSWDGPKPISIVGSTGSIGTQTLDIVAENPDKFRVVALAAGSNVTLL
M. x piperita PAWPGRAFPEPGRMTWEGPKPISVIGSTGSIGTQTLDIVAENPDKFRIVALAAGSNVTLL
Synechocystis sp.  —-—==-==—--—c--——- MVKRISILGSTGSIGTQTLDIVTHHPDAFQVVGLAAGGNVALL

* **::*****:********:.:** kooook kokkok kok .ok ok
C.roseus ADQVKTFKPQLVSVRNESLVNELKEALSDVDD-KPEIIPGEQGVVEVVRHSDAVTVVTGI

A.thaliana
M. x piperita

ADQVRRFKPALVAVRNESLINELKEALADLDY-KLEIIPGEQGVIEVARHPEAVTVVTGI
ADQK-AFKPKLVSVKDESLISELKEALAGFED-MPEIIPGEQGMIEVARHPDAVTVVTGI

Synechocystis sp. AQQVAEFRPEIVAIRQAEKLEDLKAAVAELTDYQPMYVVGEEGVVEVARYGDAESVVTGI

* * * * :* H . A *k ke B H **:*: ** * sk akkkokok
C.roseus VGCAGLKPTVAAIEAGKDIALANKETLIAGXPFVLPLAHKHKVKILPADSEHSAIFQCIQ
A.thaliana VGCAGLKPTVAAIEAGKDIALANKETLIAGGPFVLPLANKHNVKILPADSEHSAIFQCIQ
M. x piperita VGCAGLKPTVAAIEAGKDIALANKETLIAGGPFVLPLAKKHNVKILPADSEHSAIFQCIQ
Synechocystis sp. VGCAGLLPTMAAIAAGKDIALANKETLIAGAPVVLPLVEKMGVKLLPADSEHSAIFQCLQ

Kok ok ok ok ok Kkokkk  kkkokokokokokokkkokokok ok ok *.****__* **:*************:*
C.roseus GLPEGALRRIILTASGGAFRDWPVEKLKEVKVADALKHPNWNMGKKI TVDSATLFN-KGL
A.thaliana GLPEGALRKIILTASGGAFRDWPVEKLKEVKVADALKHPNWNMGKKI TVDSATLFN-KGL
M. x piperita GLPEGALRRIILTASGGAFRDLPVEKLKEVKVADALKHSNWNMGKKNTVRLLQLFFNKGL
Synechocystis sp. GVPEGGLRRIILTASGGAFRDLPVERLPFVTVQDALKHPNWSMGQKITIDSATLMN-KGL

*:***.**:************ ***:* *.* *****.**.**:* *: *: * kK
C.roseus EVIEAHYLFGAEYDNIDIVIHPQSIIHSMVETQDSSVLAQLGWPDMRLPILYTLSWPDRI
A.thaliana EVIEAHYLFGAEYDDIEIVIHPQSIIHSMIETQDSSVLAQLGWPDMRLPILYTMSWPDRV
M. x piperita EVIKAHYLFGAEYDDIEIVIHSPSIIHSMVETQDSSVLAQLGWPDMRLPILYTLSWPERV
Synechocystis sp. EVIEAHYLFGLDYDHIDIVIHPQSIIHSLIEVQDTSVLAQLGWPDMRLPLLYALSWPERI

***:****** :ﬁ*'*:****_ *****::*'**:**************:**::***:*:
C.roseus SCSEITWPRLDLCKLGSLTFKTPDNVKYPSMDLAYAAGRAGGTMTGVLSAANEKAVELFI

A.thaliana
M. x piperita

PCSEVTWPRLDLCKLGSLTFKKPDNVKY PSMDLAYAAGRAGGTMTGVLSAANEKAVEMFI
YCSEITWPRLDLCKVD-LPFKKPDNREI PAMDLAYAAWKSRSTMTGVLSAANEKAVEMFI

Synechocystis sp. YT---DWEPLDLVKAGSLSFREPDHDKYPCMQLAYGAGRAGGAMPAVLNAANEQAVALFL
* *ok ok ok . * * ** 4 * * *** * HE .:*. ** **** * %k :*
C.roseus DEKISYLDIFKVVELTCAKHQAELVTSPSLDEIIHYDLGARDYAASFQNSLGLSPALV
A.thaliana DEKISYLDIFKVVELTCDKHRNELVTSPSLEEIVHYDLWARE YAANVQLSSGARPVHA
M. x piperita DEKIGYLDIFKVVELTCDKHRSEMAVSPSLEEIVHYDQWARDYAATVLKSAGLSPALV
Synechocystis sp. QEKISFLDIPRLIEKTCDLYVGQNTASPDLETILAADQWARRTVLENSACVATRP———
*** i** P * * * H H . ** * *: * * * . .
C.roseus MAMATSFYCSTAIPSKKTNQONRENFLCSPVGGSKTTPSYIRLSTRQSRTLSLVVSAAASG
A.thaliana = ----- MATSSTQLLLSSSSLFHSQITKKPFLLPATKIGVWRPKKSLSLSCRPSASVSAAS
E.coli e
C.roseus AAVEAEPKFAAVTPSKILSFRVGHGFDLHRLEPGYPLIIGGINIPHDRGCEAHSDGDVLL
A.thaliana SAVDVNESVTSEKPTKTLPFRIGHGFDLHRLEPGYPLIIGGIVIPHDRGCEAHSDGDVLL
E.coli = memmmmmmmmeee MRIGHGFDVHAFGGEGPIIIGGVRIPYEKGLLAHSDGDVAL
:*:*****:* H *:****: **:::* hkhkkkkk K
C.roseus HCVVDAILGALGLPDIGQIFPDTDPKWKGAPSSVFIKEAVRLMDEAGYELGNLDATLILQ
A.thaliana HCVVDAILGALGLPDIGQIFPDSDPKWKGAASSVFIKEAVRLMDEAGYEIGNLDATLILQ
E.coli HALTDALLGAAALGDIGKLFPDTDPAFKGADSRELLREAWRRIQAKGYTLGNVDVTIIAQ
*‘:.**:*** .* ***::***:** :*** * :::** * ] * x :**:*‘*:* *
C.roseus RPKVSPHKEATRQNLCQLLGADPCVVNLKAKTHEKVDSLGENRS IAAHTVVLLMRK- -
A.thaliana RPKISPHKETIRSNLSKLLGADPSVVNLKAKTHEKVDSLGENRS IAAHTVILLMKK-—
E.coli APKMLPHIPQMRVFIAEDLGCHMDDVNVKATTTEKLGFTGRGEGIACEAVALLIKATK

*k g kk ok sy kk kk gk Kk kk * * ok ek kkoe .

161

Fig. 2. Alignments of protein sequences. A: Comparison of the deduced amino acid sequence CRDXR from C. roseus with DXP reductoisomerase
from A. thaliana (accession number AJ242588), M. piperita (accession number AF116825) and Synechocystis sp. PCC6803 (accession number Q55663).
The putative NADPH binding motif is indicated by the # signs. B: Comparison of the deduced amino acid sequence CRMECS from C. roseus with
the E. coli MEC synthase (accession number AF230738) and the homologue predicted protein of A. thaliana (accession number AF07360).

an internal fragment by reverse transcription (RT)-PCR
using 1 ng of total RNA as template. After cloning into
pGEM-T vector (Promega) and sequence analysis, the am-
plicon was used to isolate the entire coding region of the

primers DXRS5 5'-AT(A,C,T)GG(A,T,G,C)AC(A,T,G,C)-
CA(A,G)AC(A,T,G,C)(C, T)T(A,T,G,C)GA-3"  (forward
primer) and DXR4 5'-C(T,G)CAT(C,A)TC(A,T,G,C)-
GGCCA(A,T,G,C)CC-3’" (reverse primer). We amplified
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cDNA. The 3’-end of the cDNA was characterized
through 3’-rapid amplification of cDNA ends (RACE)-
PCR (Gibco BRL) with the sense primer DXRI12, 5'-
GCTTTGAAGCATCCCAACTGGAAT-3' and an anti-
sense (dT)-adapter primer. To isolate the 5'-upstream ter-
minal region of the cDNA, an asymmetric PCR was per-
formed on a A-ZAPII-oriented cDNA library with the
antisense primer DXR10, 5'-TGACAGAAACTAACT-
GAGGCTTGA-3" and the M13 reverse universal primer
(sense orientation). The resulting PCR fragments were
cloned and sequenced. The full-length cDNA (designated
crdxr) was achieved by a final PCR using primers from the
5’- and 3’-untranslated regions and the oriented cDNA
library as template. The cDNA sequence is 1740 nucleo-
tides long and consists of an open reading frame encoding
a peptide of 474 amino acids (Fig. 1A), with a calculated
molecular mass of 51 kDa and an isoelectric point of 6.1.
The predicted CRDXR amino acid sequence presents high
homologies with A. thaliana and M. piperita DXP reduc-
toisomerases (89% and 76% identity, respectively) (Fig.
2A). Moreover, CRDXR like other DXP reductoisomer-
ases contains in its N-terminal region a conserved motif
with some homology to the NADPH binding site of ketol
acid reductoisomerase [24] (Fig. 2A).

For the characterization of the second cDNA (crmecs),
a BLAST search using the E. coli MEC synthase [21]
allowed identification of EST clones from Zea mays (ac-
cession number AlI712133), Glycine max (accession num-
ber AW202270) and an A. thaliana genomic sequence (ac-
cession number AAF(07360). On the basis of their highly
conserved amino acid sequences, two degenerated oligonu-
cleotides were synthesized. The sense primer YB2, 5'-
GA(T,C)(C,A)G(G,A,C,T)GG(G,A,C,T)TG(T,C)GA(A,
G)GC-3' and the antisense primer YB4, 5'-TA(G,A,
C,T)CC(G,A,C, T)GC(C, T)TC(G,A)T(G,C)CAT-3" were
used to amplify an internal fragment by RT-PCR. This
cDNA was cloned and sequenced. The deduced amino
acid sequence revealed 53% identity with the MEC syn-
thase from E. coli (AF230738). As previously described for
crdxr, the 3’- and 5’-ends of the cDNA were obtained
through 3’-RACE-PCR and 5'-asymmetric PCR using
the specific primers YBS, 5'-GGGTTACCGGACA-
TAGGGCAAA-3" (sense orientation) and YB6, 5'-
TGAAGAAGGTGCTCCTTTCCATT-3' (antisense ori-
entation), respectively. Amplification with primers de-
signed in the 5'- and 3’-untranslated regions allowed us
to obtain the full-length sequence. The 994 bp long cDNA
(referred to as crmecs) contains an open reading frame
encoding a peptide of 236 amino acids (Fig. 1B) with a
calculated molecular mass of 25 kDa and an isoelectric
point of 9.0. The deduced amino acid sequence shows
48% identity with the E. coli MEC synthase and 90%
identity with an unknown protein specified by an A. thali-
ana ortholog (accession number AAF07360) (Fig. 2B).

The N-termini of periwinkle DXP reductoisomerase and
MEC synthase revealed typical features of plastidial tar-

days 3 4 5 6 7

crdxs

crdxr

crmecs

hmgr

rRNA

400

Ajmalicine
pg.g" dry-mass

—_ N

[=] o

o o

0 1 L 1 1 1 1 1
Fig. 3. Time course of crdxs, crdxr, crmecs and hmgr mRNA levels
(upper) and ajmalicine contents (lower) in C. roseus cells grown on MM
(A) or a MIA production medium (B). Total RNA (30 pg) was frac-
tionated by denaturing agarose gel electrophoresis, transferred onto ny-
lon membranes and hybridized with 32P-radiolabeled cDNA probes
(crdxs: the full-length c¢cDNA, crdxr: a 800 bp internal fragment,
crmecs: a 600 bp 3'-end fragment, hmgr: a 1500 bp 3’-end fragment) at
42°C for 12 h. Membranes were washed twice for 30 min at low strin-
gent washing conditions (2XSSC and 0.1% sodium dodecyl sulfate
(SDS) at 42°C) and 10 min at high stringency (0.1 XSSC and 0.1% SDS
at 65°C) and then autoradiographed (Biomax, Amersham-Pharmacia Bi-
otech). Ethidium bromide-stained gel picture indicated uniform loading
and integrity of RNA samples. Indole alkaloids were extracted with
methanol from 25 mg freeze-dried cells. Concentration of ajmalicine, the
chosen marker of alkaloid accumulation, was estimated spectrofluoro-
metrically.

geting sequences [25] which were confirmed by the Chlo-
roP neural network program [26]. This prediction is con-
sistent with the proposed subcellular localization of the
MEP pathway for IPP biosynthesis in plants [2].

The expression of both corresponding genes, and also
that of the crdxs gene encoding C. roseus DXP synthase
[12], was investigated by Northern blot experiments in
periwinkle cell cultures. We previously reported that peri-
winkle cells grown in a maintenance medium (MM) con-
taining 4.5 uM 2.,4-dichlorophenoxyacetic acid (2,4-D) did
not accumulate MIAs. However, transferring the cells in a
2,4-D-free medium (PM) induced MIA production [27]
(Fig. 3). Cells grown in MM and PM were harvested
from day 3 to day 7 for RNA extraction and alkaloid
quantitation [28]. Expression to the MEP pathway genes
was studied in both culture conditions. In the same way,
we looked at the expression of the periwinkle imgr gene
[29], which encodes the key enzyme of the classical meval-
onate pathway [30]. As shown in Fig. 3, neither crdxs nor
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crdxr transcripts were found in cells grown in MM. In
cells cultured in PM, crdxs and crdxr transcripts accumu-
lated from day 4 onward. Crmecs transcripts were present
in cells grown in both media, but their abundance was
greatly increased after 2,4-D suppression. No significant
difference was observed in the hmgr expression profile of
cells grown in MM or PM.

The presence of two pathways leading to IPP raises the
question about the origin of MIAs in periwinkle. Our
results show that the Amgr gene cannot be regarded as
controlling a key step (at the transcriptional level) in the
production of MIAs in periwinkle, although we cannot
exclude a minor participation of the mevalonate pathway
to the production of MIAs [12]. However, we clearly dem-
onstrate a correlation between MEP pathway gene expres-
sion and MIA accumulation. Our results corroborate re-
cent studies showing that the MIAs are mainly formed via
the MEP pathway [23,24]. This view is reinforced by a
preliminary result (Courtois, M., unpublished data) show-
ing that treatment of MIA accumulating cells with fosmi-
domycin, a specific inhibitor of DXP reductoisomerase
[31], led to a complete inhibition of MIA production with-
out affecting the cell growth. The Northern blot profiles
also suggest that the genes encoding CRDXS and
CRDXR enzymes are good candidates for a regulatory
control of MIA production.
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de ’Education Nationale, de la Recherche et de la Tech-
nologie (France) and by a doctoral fellowship from the
Région Centre (to B.V.). We thank Dr. J. Memelink for
the gift of the cDNA library and Dr. C.L. Nessler for the
hmgr cDNA clone.
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