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Abstract

Diterpenoid ginkgolides having potent platelet-activating factor
antagonist activity are major active ingredients of ginkgo extract.
Class 2-type 1-deoxy-p-xylulose 5-phosphate synthase (GbDXS2)
and 1-deoxy-p-xylulose 5-phosphate reductoisomerase (GhbDXR),
the first two enzymes in 2-C-methyl-p-erythritol 4-phosphate
(MEP) pathway, operating in the earlier step of ginkgolide bio-
synthesis, were cloned from embryonic roots of Ginkgo biloba
through a homology-based polymerase chain reaction for role
assessment of the enzymes. Plasmids harboring each gene res-
cued the respective knockout E. coli mutants. The levopimara-
diene synthase gene (LPS), responsible for the first committed
step in ginkgolide biosynthesis, and GbDXS2 were transcribed
exclusively in embryonic root, suggesting a specific role of
GbDXS2 in ginkgolide biosynthesis. GbDXR retained a higher
transcription level in roots than in leaves, whereas class 1 DXS
(GbDXS1) showed 30 to 50% higher level in leaves. Ginkgolides
and bilobalide were found both in leaves and roots from an ear-
lier stage of the embryo culture. Exclusive transcription of gink-
golide biosynthesis-specific LPS and GbDXS2 in roots and the ap-

pearance of ginkgolides in leaves was consistent with transloca-
tion of the compounds from roots to leaves.

Key words
Ginkgo biloba - 1-deoxy-p-xylulose 5-phosphate synthase - 1-
deoxy-p-xylulose 5-phosphate reductoisomerase - ginkgolide

Abbreviations

dd:  double distilled

DXR: 1-deoxy-p-xylulose 5-phosphate reductoisomerase
DXS: 1-deoxy-p-xylulose 5-phosphate synthase
LB: Luria-Bertani

LPS: levopimaradiene synthase

ME: 2-C-methyl-p-erythritol

MEP: 2-C-methyl-p-erythritol 4-phosphate
ORF: open reading frame

PCR: polymerase chain reaction

RACE: rapid amplication of cDNA end

RT:  real time

Introduction

Terpenoids, found in various plants, have interesting bioactiv-
ities suitable for human use, with some finding their ways into
the cellular machineries, such as ubiquinone, heme, and phytol,

to execute pivotal roles in life processes. Many examples of ter-
penoids used in human health care have been reported [1]. Gink-
golides are highly modified diterpene lactones found uniquely in
Ginkgo biloba (Ginkgoaceae), and, as one of the salient examples,
have potent platelet-activating factor antagonist activity [2]. The
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popular use of ginkgo extract, whose estimated world-wide sales
in 2004 exceeded US $ 1 billion, relies, in part, on the inhibition of
blood clotting by ginkgolides. Recently, an excellent review on the
chemistry and pharmacology of ginkgolides was published [3].

Biosynthesis of the isoprene unit, the building block of terpe-
noids, had long been believed to originate from the mevalonate
pathway. However, a novel 2-C-methyl-p-erythritol 4-phosphate
(MEP) pathway has recently been mapped in bacteria and plant
plastid; in general, mono-, di-, and tetraterpenoids originate
from the MEP pathway, while sesqui- and triterpenoids arise
from the mevalonate pathway [4]. Therefore, the biosynthetic
precursor of diterpenoid ginkgolides is expected to arise from
the MEP pathway (Fig.1). While cloning and functional identifi-
cation of the MEP pathway genes were first achieved in a bacter-

O —
’JL (o{e]o )
NADPH

+
0 WOP% DXR
HJ\(‘opos-
OH

1-deoxy-D-xylulose
5-phosphate

farnesyl diphosphate

levopimaradiene

ium E. coli, studies on the genes of plant origin have been lagging.
A number of 1-deoxy-p-xylulose 5-phosphate synthase (DXS)
and 1-deoxy-p-xylulose 5-phosphate reductoisomerase (DXR)
genes from Arabidopsis thaliana [5], [6] and tomato [7], [8] have
been cloned and functionally identified. While DXR catalyzes the
first committed step in MEP pathway, DXS plays a dual role -
providing vital precursor to MEP pathway, and thiamine and pyr-
idoxal biosyntheses (Fig.1). It is noteworthy that Walter et al. [9]
recognized two classes of DXS, DXS1 and DXS2, with distinctive
amino acid sequences and functions, and, recently, a putative
class 1 DXS from G. biloba (GbDXS1, GenBank Accession Number
AY599128) was functionally identified [10].

Levopimaradiene synthase (LPS) performs the first committed
step of cyclization of geranylgeranyl diphosphate in ginkgolide
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Fig.1 Biosynthesis of ginkgolides in G. biloba through MEP pathway.
Table 1 List of primers used in this study

Usage Primer name Sequence (5" — 3’)

PCR of the conserved regions DXS3 TBTTYGARGARCTBGGNHT
DXS4 GYTCNGCDATNCCDACRTC
DXR4 CKCATMTCNGGCCANCC
DXR5 ATHGGNACNCARACNYTNGA

RACE GeneRacer 5-nested GGACACTGACATGGACTGAAGGAGTA
GeneRacer 3~-nested CGCTACGTAACGGCATGACAGTG
DXS-F GGGCTACCCTCCTGCAGAGAAA
DXS-B AGCCGGGTCAAAGTTCACCACA
DXR-F ACCACAAGGTGGTCTGCGGCGTA
DXR-B GAACTGCCGCACCTGATCTGCAA

ORF PCR TDXS-START CGCGGATCCAAAATTGTCACGGCA
DXS-STOP CGCGGATCCTTAATTACTAAGTTGTAGA
TDXR-START CGCGGATCCTGTTCTCTGAATGGC
DXR-STOP CCGGAATTCTTAAACTGCAATGGGC

RT-PCR RTDXS2-F GGTTGCATTTTACAAGAAGG
RTDXS2-B CCTAATCAAATCTCCATCCA
RTDXR-F GAAGTCAAAGTTTCAGACGC
RTDXR-B TAGTCAGCCCCATAAAGGTA
RTLevo-F ATTGGACTTCAATATGGTGC
RTLevo-B ATACTAACCGCCACTGAGAA
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GbDXS1 HAHLHASTAILRPHSKOSPSHFFGLLPCGLROOIKPGHLEFEQSRRKYGKAYARALSEKGEYYSEKPPTPLLDTI
GbDX52 HARSSHOARYSFPOYDCOSHFHSIPELGSFSGLRKILPATTAYNRSARTKKKGCALYTKANANNSDGGESRKIVTAG=-YEYGGKIDFSGEKPATPLLODTI
HLDXS2 HALSSCLLKPNHSLLOCHKFKAPNPNHGF RNQF CYHASS =======550GERTIIRK==EKDEHKINF SREKPPTPLLDTY
CrDXS HAYSGAYIGLNPPISPAY=-HTYPRLNYTARKQF CLRASSYNSSH=-DAEEGKNISIKK=-EKDGHKIDFSGEKPPTPLLDTI
HpDXS HASSCGYIKSSFLPSLHSEDSTFLSRAPTSLPLKNHKLNYYARLQADSSHDYYPSGDRLSRPK=-=5SR===ALSFTGEKPPIPILDTI

Consensus ‘oaoa.oaa040Q0441Q040Qoso41041440-040--440-04--.t4k¢0c1~~a041l-ono-o&og¢r4o-ok4t¢o4onki‘xngKPPtpll—DT!
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GbDX51 NYPIHHKNLSLRELKOLADELRADLIFDYSRTGGHLGSSLGYIEL TYATIHYYFNAPEDKIFHDYGHOARYPHKIL TGRRDKHPTLROTNGLSGF TKRSESE
GbDX52 NYPIHHKNLSVEDLROLASELRAETYFGYSKTGGHLGASLGYYDLTYALHHYFNTPEDRITHDYGHOAYPHKIL TGRRSRHHTIROTSGLAGFPKRDESE
HLDXS2  NFPYHHKNLTTEDLEQLAREL RADIVHSYSOTGGHLSSSLGYYELSYALHHYFOTPDDKIIHDYGHOAYPHKIL TGRRSRHHTIRKTSGLAGF PKRDESY
CrDXS NYPYHHKNLSAHDLEQLARELRAETYYSYAKTGGHLSASLGYYDL TYALHHYFNTPEDRIIHDYGHOAYPHKIL TGRRSKHHTIROTSGLAGFPKRDEST
HpDXS NYPNHHKNLSYEEL ANLADELREETYYTYSKTGGHLSSSLGYSEL TYALHHYFNTPDDKIIHDYGHOAYPHKIL TGRRARHHTIRQTFGLAGFPKRDESA
Consensus NAP,.HHKNLs.e#L.%LA.ELRa#i!,  YskTGGHL=sSLGYw#LLYALHKYF SLP #DKTiHDYGHOAYPHKILTGRR=rHhTiRqTsGLaGFpKRAES .
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GbDXS1 YDSFGAGHSSTSISAGLGHAYGRDLKGRNNHYISYIGDGAHTAGOAYEANNNAGYLDSHHIYILNONKOYSLPTANLDGPIPPYGALSSALSRLOSSRPL
GbDXS2 HDAFGAGHSSTSISAGLGHAYGROLLGKRNHYYAYIGDGAHTAGOAYEANNNSGYLDSHNHITTL NONKOYSLPTATLDGAARPPYGALSSAL TKPOSSKKL
HLDXS2 HDAFGYGHSSTSISAGLGHAYARDLLGKKNSYISYIGDGAHTAGOAYEANNNAGF IDSHLIYILNONKOYSLPTATLDGPATPYGALSSTLSKIQASRKF
CrDXS YDAFGAGHSSTSISAGLGHAYARDILGKNNNYISYIGDGAHTAGOAYEAHNNAGFLDANLIVYLNDNKOYSLPTATLDGPATPYGALSSALSKLOASPKF
HpDXS HDAFGAGHSSTSISAGLGHAYARDLLOKNNHYISYIGDGAHTAGOAYEALNNAGFLOSHLITYLNDNKQYSLPTATYDGPAPPYGALSKAL TKLOASRKF
Consensus hDaFGaGHSSTSISAGLGHAYaRD11gknHhY ! sYIGDGAHTAGOAYEASHNaGXLDsHET ! | LHDNKQVSLPTAL LDGpapPYGALSsal sk1QaSrkf
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GbDXS1 RELREYAKGYTKOLGGSHHELAAKYDEYARGHISGSRSTLFEEHGLYYIGPYDGHNIDDLYTILREYKATHTTGPYLIHYYTEKGRGYPYAERAADKYHG
GbDXS2 RKLREARKSLTKOIGGOTHEIASKYDEYARGHISPAGSSLFEELGLYYIGPYDGHNHEDHYTILDKYKSHPAPGPYLIHLYTDKGKGYPPAEKARDKLHG
HLDXS2 RKLREATKNITKOIGGOTHLYASKYDKYARDFISGSGSSLFEELGHYYIGPHDGHNIEDLYNIFEKYKAHPAPGPYLIHIYTEKGKGYPPALAARDRHHG
CrDXS ROLREAAKSITKOIGPOAHEYAAKYDEYARGHLSATGSTLFEELGLYYIGPYDGHSIEDLYTIFOKYKAHPAPGPYLIHIYTEKGKGYPPAEYARDKHHG
HpDXS ROLREARKSHTKOHGAPAHEIASKLTOYYKGHHGKPGASLFEELGIYYIGPYDGHNVEDLYY IFKKYKEHPAPGPYLIHIITEKGKGYPPAEIARDKHHG
Consensus R.LREaaKs,TK(iGgg.He.AsKvdeYargnis, .gssLFEE$GLYYIGPvDGHni #0$YLIF  kYKanpapGPYLIHi ! T#KGkGYPpAe . ARDknHG
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GbDXS1 YYKFDPATGKOFKGKAQTASYTTYFAEAL IREREYDKNIYAIHARHGGG TGLRHFLKRFPSRCFDYGIAEQHAYTFAAGLACEGLKPFCALYSSFLARAY
GbDXS2 YYNFDPATGKOFKSKSSTLSYTQYFADAL IREREEDSKIYAIHARHGGGTGLRYFAQKRFPDRCFDYGIAEQHAYTFAAGHATEGLKPFCALYSTFLARGY
HLDXS2  YYKFDPKTGHOFKPKPSTLAYTQYFADSLIKEREHDNKIYAIHARHGGGTGLRYFAKRFPDRCFDYGIAEQHAYTFAAGLAREGLKPFCALYSSFLARGY
CrDXS YYKFDPKTGKOFKSKSPTLSYTQYFAESLIKEREIDNKIIAIHARHGGGTGLNYFOKRFPDRCFDYGIAEQHAYTFAAGLATEGLKPFCALYSSFLAORGY
HpDXS YYKFDAKTGKOHKTKRKTKSYTQYFAESLYAEREHDDKIVAIHARHGGGTGLNIFQKQFPDRCFDYGIAREQHAYTFAAGHAREGLKPFCALYSSFLAORGY
Consensus YVkFDpkTGkOFK.K..TlsYTqYFA#sL!abERE.D.kI!AIHARNGGGTGLHyFqKrFPdRCFDYGIREQHAYTFAAGEA . EGLKPFCALYSsFLORgY
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GbDXS1 DOYYHDYDYDLOKLPYRFAHDRAGLYGADGP THCGAFDYTYLSCLPHHYYHAPSDERELFHHYATARRIDDRPSCFRYPRGNGIGYOLPIGNKGYPLEYG
GbDXS2 DOYYHDYD--LOKLPYRFAHDRAGLYGADGP THCGAFDITYHACLPHHYYHAPSDEAELHHHIATARRIDDRPSCFRFPRGNGYGYPLPPGNRGIPLELG
HLDXS2  DOYYHDYD--LOKLPYRFAHDRAGLYGADGP THCGAFDITFHACLPHHIYHAPSDEAELHNHYATARRIDDRPSCFRFPRGNGIGANLPLHNKGTPLELG
CrDXS DOYYHDYD--LOKLPYRFAHDRAGLYGADGP THCGAFDYAYHACLPRHIYHAPSDERELHHHYATAAKIDDRPCCFRFPRGNGIGYALPPRNKGTPLEIG
HpDXS DOYYHDYD--LOKLPYRFHHDRAGYYGADGP THCGAFDTTYHACLPRHYYHAPSDEAELHNHIATAALIDDRPSCYRYPRGNGIGYALPSHNKGTPLEIG
Consensus DOYYHDVYD. .LOKLPYRFaHDRAG1YGADGPTHCGAFD. tX$aCLPHH ! YHAPSDEAEL nhi ! ATARaIDDRPsCFREZPRGNG! Gv.LP .nNkGEPLE ! G
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GbDXS1 KGRILAEGDRYALLGYGTYYONCLARGALLEEQGLSLTYADARFCKPLDRDLIRSLAREHEYLITYEEGSIGGFGSHYSOFLSLDGLLDGKLKHRPLYLP
GbDXS2 KGCILOEGSRYAILGCGAIYQNCYARRHLLKEHDISITIADARFCKPLDGDLIROLAKEHEIL YTYEEGAIGGFGSHYPHFLALNGLLDGHLKHRARYLP
HLDXS2 KGRILLEGSRYAILGYGCHYQOCHKAREHLRAYGYYYTYADARFCKPLDTDLIRLLAREHEILITYEEGSIGGFGSHYSOFLSLAGLLDGPLKLRSHHLP
CrOXS KGRILYEGSRYAILGYGSIVOOCLGAAEHLKSHNYSPTYARDAKFCKPLDGDLIKTLAKEHEILITYEEGSIGGFGSHYTHFLSLTGILDGPIKYRSLFLP
HpDXS KGRILKEGSKYAILGFGTIVONCHARANLLEOHGISYTYADARFCKPLDGDLIKKLYOEHEYLITYEEGSIGGFSAHISHFLSLNGLLDGRLKHRPHYLP
Consensus KGrIL.EGsrYAilGyG.iYO#C.afa, $L. . .hg.s . T!ADArFCKPLDgDLIr La,EHE!L ! TYEEGSIGGF gsH! shFLsL .G1LDG. 1KuR, $vLP

& i
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GbDXS1 DRYIEHG
GbDXS2 DRYIEHGSPEDOQIEEAGLSSRHIASTYHSPLGRPHDALALSH
HLDXS2 DRYIDHGAPHDOIDEAGLSSKHILATYLSLLDMPKEALLFK
CrDXS DRYIDHGRPYDOIEEAGLSSRHICATILSLLGKPKEALKLO
HpDXS DRYIDHGAOSDOIEEAGLSPKHIAGTYYSLIGGGKDSLHLINNL
Consensus DRYI#HGap.dgieeaglss.hi..tv.sllg.pk.al.l....

Fig.2 Alignment of amino acid sequences of plant DXSs. Full-length sequences of G. biloba DXSs were compared with those of MtDXS2 (M.
truncaluta, AJ430048), CrDXS (C. roseus, A|J011840), and MpDXS (Mentha piperita, AF019383). Black arrow indicates the predicted N-terminus of
the mature proteins.

biosynthesis [11]. The modification of the initial cyclization prod- their degradation product, bilobalide, are mostly found in leaves,
uct, levopimaradiene, into ginkgolides needs extensive oxidative ginkgolides are biosynthesized in roots, which necessitates the
and skeletal rearrangements (Fig.1). While the ginkgolides and translocation of ginkgolides from roots to leaves [12].
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This paper describes the cloning and functional identification of
class 2 DXS and DXR from ginkgo for the first time, with attempts
to correlate the location among organs and timing of the gene
transcription with the accumulation of ginkgolides. Functional
identification of the genes was achieved through complementa-
tion with the knockout E. coli mutants. Transcription patterns of
DXSs and DXR, as well as LPS, were also assessed with respect to
the ginkgolide accumulation.

Material and Methods

Plants

Seeds of ginkgo, purchased from Nammun Market, Suwon, Kor-
ea, were carefully dehulled and sterilized in 4% NaOCI solution
for 20 min. After extensive washing in distilled water, the seeds
were cut to remove the cotyledon, and the embryo was placed on
hormone-free MS medium and incubated at 23 °C under 16 h/8 h
light/dark regimen. Plantlets were harvested every week.

RNA isolation and cDNA synthesis

Total RNA was isolated from a 1-month-old embryo culture
through the cetyltrimethylammonium bromide (CTAB) method
[13]. Messenger RNA was prepared from total RNA using the
PolyATract mRNA Isolation System (Promega), and cDNA was

1 10 20 30 40

prepared using the GeneRacer Kit (Invitrogen). For real-time
polymerase chain reaction (RT-PCR), 2 ug total RNA in 12 uL
RNase-free water were added with 8 uL reverse transcription re-
action solution (2 uL supplied 10x RT buffer, 2 uL of 5 mM each
dNTP, 2uL of 10 uM oligo dT primer, 1 uL of 10 unit/uL RNase
inhibitor, 1uL of 4 unit/uL Qiagen Omniscript Reverse Transcrip-
tase) to make a total 20 uL mixture, which was incubated for 60
min at 37 °C. Finally, the temperature was raised to 95 °C and held
for 5 min to stop the reaction. The mixture was store at -20°C
until use.

Rapid amplication of cDNA end (RACE)

All primers used in the PCR reactions are listed in Table 1. Degen-
erate primer pairs, DXS-3 and -4, and DXR-4 and -5 for DXS and
DXR, respectively, were designed based on the conserved regions
of the previously known DXSs and DXRs, and PCR was performed
using a cDNA template as follows. The reaction mixture con-
tained 20 uL PCR premix (Bioneer, Daejeon, Korea), 1 uL each pri-
mers (100 pmole), 1 uL ¢cDNA (50 ng), and 17 uL dd H,0. The re-
action was run at 94°C for 5 min for the first cycle, 94°C for 1
min, 55 °C (DXR) or 50°C (DXS) for 1 min, and 72 °C for 1 min for
35 cycles, and for the last cycle 72 °C for 5 min. The PCR products
were cloned into pGEM-T Easy vector (Promega) and sequenced.
New pairs of primers for RACE were designed based on the se-
quence information. The primer pairs of Generacer 5-nested
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HALRIAS-PHEL GRASLLDHSPGLASSESSOSTGRKIOYGLSHRHNRTKPA-FERTYNCSL-——--HGPPPAHPGRAYYDEDRKYHDGPKPFSIYGSTGS
HALNSLS-PPKIKTISFLD-———-S5KSHYHLHLLKL PGGFAFKKKDFGASGGKKIACSY-—-—-0PPPPAHPGRAVAEPGYKTHEGOKPTSIVGS TGS
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AIEAGKDIALANKETLIAGGPFYLPLAHKHKYKILPADSEHSAIFQCIOGLPEGALRRIILTASGGAFROHPYGKLKEVKYSDALKHPNHNHGKKITYDS
AIEAGKDIALANKETLIAGXPFYLPLAHKHKYKILPADSEHSAIFQCIOGLPEGALRRIILTASGGAFROHPYEKLKEVKYADALKHPNHNHGKKITYDS
AIEAGKDIALANKETLIAGGPFYLPLANKHNYKILPADSELSATFOCTOGLPEGALRKTITL TRASGGAFROHPYEKLKEYKYADALKHPHHNHGKKITYDS

ALEAGKDIALANKETLIAGGPFYLPLAQKHKYKILPADSEHSALFQCIOGLPEGALRRIIL TRSGGAFRDHPYDKLKEYKYADALKHPHHNHGKKLTYDS
AIEAGKDIALANKETLIAGePFYLPLAKKHkYKILPADSEHSALF QCIOGLPEGALRrIIL TASGGAFRDKPY . KLKEYKYaDALKHPNHNHGKKITYDS

270

GbDXR

ALDXR
0sDXR
Consensus
301 310 320 330 340 350 360

| + + + * |
ATLFNKGLEYIEAHYLYGADYDNIEIYIHPQSIVHSHYETODSSYLAOLGHPDHRLPILY THSHPERYPCSEY THPRLDLCKSGSL TFKAPDCYKYPSHD
ATLFHKGLEYIEAHYLFGREYDNIDIYIHPOSITHSHYETADSSYLAQLGHPDHRLPILYTLSHPDRISCSEI THPRLDLCKLGSLTFKTPDNYKYPSHD
ATLFHKGLEYIEAHYLFGREYDDIEIYIHPOSITHSHIETADSSYLAQLGHPDHRLPILY THSHPDRYPCSEY THPRLDLCKLGSL TFKKPDNVEKYPSHD
ATLFNKGLEVIEAHYLFGAEYDDIEIYIHPOSITHSHIETODSSYLAQLGHPDHRIPILY THSHPDRIYCSEYTHPRLOLCKLGSL TFEAPDNYKYPSHD

ATLFHKGLEVIEAHYLXGA#YDAI4IYIHPOST ! HSH! ETQDSSYLAQLGHPDHRIPILYTSSHP &R ! pCSE ! THPRLDLCK1GSL TFKaPDnYKYPSHD

401 480 486
| + I
LAYSAGRAGETHTGYLSAARNEKAYELFIEEKISYLDIFKYYEHTCOKHKNELYLAPSLEEITYYDOHAROYATSLYRSS-LEPTAY
LAYARGRAGGTHTGYLSAARNEKAVELF IDEKISYLDIFKYVELTCAKHORELYTSPSLDEIIHYDLGARDYAASFONSLGLSPALY
LAYAAGRAGGTHTGYLSARNEKAYENF IDEKISYLDIFKYYELTCOKHRNELYTSPSLEEIYHYDLHAREYRARNVOLSSGARPYHA
LAYAAGRAGGTHTGYLSARNEKAYELF IDEKIGYLDIFKYYEL TCORHRNELYTRPSLEETITHYDLHAREYRARSLOPSTGLSPYPY
LAYaAGRAGe THTGYLSAANEKAYESF LEKL=YLDIFKYYESTCdkH . nELYE .PSL¥EL! hYDLuAR#YRaslq, 5=l P, v

370 380 390 400

GbDXR
CrDXR
ALDXR
DsDXR
Consensus

410 420 430 440 450 460 470

GbDXR
CrDXR
ALDXR
0sDXR
Consensus

Fig.3 Alignment of amino acid sequences of plant DXRs. Premature amino acid sequence of G. biloba DXR was aligned with those of CrDXR (C.
roseus, AF250235), AtDXR (A. thaliana, AF148852), OsDXR (Oryza sativa, AF367205). Black arrow indicates the putative cleavage site of transit
peptide sequence.
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and B primer of each gene were used for the 5’-RACE, while the
primer pairs of Generacer 3"-nested and F primer of each gene
were used for the 3-RACE. The reaction mixture for RACE con-
tained 35 uL dd H,0, 5 uL 10x buffer, 3 uL of 2.5 mM each dNTP,
2 uL of 10 uM each primer, 1 uL ¢cDNA (50 ng), and 0.5 uL of 5
units/uL Takara Ex-Taq. The reaction was run as follows: 5 min
at 94°C for the first cycle; 94°C for 1 min; 63°C for DXS 5~
RACE, 65 °C for DXS 3"-RACE, 67 °C for DXR 5-RACE or 69°C for
DXR 3’-RACE for 1 min, and 72°C for 1 min for 35 cycles; and
72°C for 5 min for the last cycle. The RACE products were cloned
and sequenced as above. Open reading frame (ORF) of mature
DXS without predicted plastid-target sequence was cloned by
PCR using the primer pair of TDXS-START and DXS-STOP. For
DXR, the TDXR-START and DXR-STOP primer pair was used. The
resulting ORFs were cloned into pMW118 vector (Nippon Gene,
Toyama, Japan) and named as pMW-DXS and pMW-DXR.

Complementation assay

E. coli dxs disruptant DXM3 [10] and dxr disruptant DYM1 [14]
were maintained on Luria-Bertani (LB) medium supplemented
with 0.01% 2-C-methyl-p-erythritol (ME) and kanamycin at
15 ug/mL, transformed with pMW-DXS and pMW-DXR, respec-
tively, and selected on LB medium without ME.

RT-PCR

The reaction was run in triplicate for 40 cycles on Rotor-Gene
2000 Real Time Amplification System (Corbett Research) using
Qiagen Quantitect SYBR Green PCR system, which consisted of
1x master mix, 0.5 uM each primer, and 100 ng cDNA to a final
volume of 50 uL with RNase-free water. cDNAs for the quantifica-
tion were prepared from about 10 plants. Temperature program
was as follows: 95°C for 15 min for the first cycle, and 94 °C for
15, 45°C for 30s, and 72°C for 30 for the rest of the run. For
quantification standard, the PCR products of each gene were ob-
tained from cDNA by PCR, and the concentrations of the products
were measured at 260 nm to calculate the number of cDNA co-
pies in the sample as described by Yin et al. [15]. The range of
cDNA concentrations in standardization reactions was 104 to
108 copies/uL.

Chromatographic analysis of ginkgolides and bilobalide

Ten samples of ginkgo culture were ground, allowed to stand
overnight in 10 mL methanol, and sonicated for 10 min. The ex-
tracts were filtered through a 0.45-um Target Nylon filter (Na-
tional Scientific, CA, U.S.A.) and concentrated to 1.5 mL under
the stream of N,. The samples were then analyzed in duplicate
on a Shimadzu LC-10ADVP HPLC equipped with an Alltech 500
Evaporative Light Scattering Detector operating at a drift tem-
perature set at 110°C and N, flow at 3.2 standard liter per minute
(SLMP). C18 column (4.6 mm x 150 mm, 3.5 um particle size,
ZORBAK SB-C18, Agilent Technologies) was run at 30°C under
the following gradient conditions: A:B = 90:10 for initial 20
min, 80:20 for subsequent 20 min, and 75:25 for the last 10
min, where A and B were 10 mM ammonium acetate buffer at
pH 5.0 and methanol:isobutyl alcohol = 9: 1, respectively. After
each analysis, the column was washed with B for 5 min and equi-
librated with the initial buffer for 10 min. Flow rate was 0.5 mL/
min, and the sample size was 20 uL. Standard solutions were pre-
pared from ginkgolide A, ginkgolide B, and bilobalide (Sigma) to
a final concentration of 30.0 ug/mL.

Kim S-M et al. Identification of Class... Planta Med 2006; 72: 234-240

Results and Discussion

Initial PCR with the primers designed for the conserved regions
gave fragments of the expected sizes: 368 bp-long for DXS and
764 for DXR. Comparison of the amino acid sequences with those
of CLA1 and DXR of A. thaliana showed high homologies at 84
and 89%, respectively, indicating that the fragments were de-
rived from the putative genes. New pairs of primers for 3~ and
5’-RACE were designed based on the sequences of the conserved
regions. By combining the sequence information of 3~ and 5*-
RACE fragments, respectively 1345 and 1263 bp-long, ORF se-
quence of DXS consisting of 2217 bp was obtained and cloned by
PCR. In the same manner, the ORF of DXR, 1434 bp-long, was se-
cured from the fragments of 919 bp-long 3-RACE and 498 bp-
long 5-RACE. The nucleotide sequences, designated as GbDXS2
and GbDXR, were submitted to GenBank with accession numbers
AY494185 and AY494186, respectively.

The deduced amino acid sequence of GbDXS2 consisting of 739
residues (Fig.2) was compared with those of the known plant
DXSs. The phylogenic clustering revealed that the cloned enzyme
belonged to class 2 DXS (Fig.4). The enzyme formed a separate
group from the angiosperm DXSs in the dendrogram. Recently,
yet another ginkgo DXS, belonging to class 1, was reported [10];
this gene was also separated from the angiosperm DXS1s (Fig. 4).
Interestingly, the putative transit sequence of GbDXS2, needed
for chloroplast targeting, was the longest among the known
plant DXSs, consisting of about 70 amino acid residues. The puta-
tive mature protein, cut at Ry, to exclude the predicted transit

3 CLDXS2 B 0sDXR
TeDXS _E;mp;m
MpDXS HuDXR
NpDXS [——atxr
MiDXS2 P
CroXs
LeDXR
AtDXS—CLA1
CrDXR
——— AaDXS
MLDXS1 AmisR
_[Lenxsr Y PbDAR
CaDXS-TKT2 _|:TC-'5»V R
GbDXS1 CLDXR
EcDXS EcDXR

Fig.4 Phylogenic trees of DXS and DXR constructed using the pro-
gram Clustalw with Phylip output format in default parameters. A
DXS; AtDXS-CLA1 (A. thaliana, U27099), AaDXS (A. annua, AF182286),
MtDXS1 (M. truncaluta, AJ430047), LeDXST (L. esculentum, AF143812),
CaDXS-TKT2 (C. annuum, Y15782), TeDXS (T. erecta, AF251020),
MpDXS (M. piperita, AF019383), NpDXS (N. pseudonarcissus,
AJ279019), MtDXS2 (M. truncaluta, AJ430048), CrDXS (C. roseus,
AJ011840). GbDXS1 (G. biloba, AY505128), GbDXS2 (G. biloba,
AY494815). EcDXS (E. coli, AE005174). B DXR; TcDXR (T. cuspidata,
AY575140) OsDXR (O. sativa, NM_183490), LeDXR (L. esculentum,
AF331705) ZmDXR(Z. mays, ZMA297566), AtDXR(A. thaliana,
AY091405), HVDXR(H. vulgare subsp. vulgare, AJ583446), AMDXR (A.
majus, AY770406), CrDXR (C. roseus, AF250235), PbDXR (P. barbatus,
AY515699), LuDXR (L. usitatissimum, A]623266), GbDXR (G. biloba,
AY494816), ECDXR (E. coli, ABO13300).
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peptide region [16], was expected to have M, of 71.5 kD and pl of
6.30, and showed about 80% homology with the other class 2
DXSs. The putative GbDXR had 478 amino acid residues (Fig. 3).
The mature form predicted by ChloroP 1.1, devoid of a 55 residue-
long transit sequence, had M, of 46 kD and pl at 5.57. GbDXR
clustered with Taxus cuspidata DXR in the phylogenic tree and
was also distinctively different from the angiosperm DXRs
(Fig.4). The homology of GbDXR to other DXRs ranged from 85
to 92 %.

To confirm the functionality of GhDXS2 in the MEP pathway, the
mature protein cut at R;, was expressed as His-tagged in E. coli.
The resulting protein, purified on a Ni-NTA column, failed to
show enzyme activity (data not shown). Therefore, complemen-
tation of the mature sequence with E. coli DXM3, a dxs disrup-
tant, was adopted as an alternative strategy to confirm the en-
zyme function [10]. The result indicated that the gene could res-
cue the disruptant, an indication that the mature protein was
functionally active (Fig. 5). Complementation strategy was again
employed for functional identification of GbDXR, because the
expressed protein was not catalytically competent, and a dxr dis-
ruptant DYMT1 [14] was rescued by the complementation with
GbDXR (Fig.5).

Transcription levels of the genes involved in ginkgolide bio-
synthesis were traced with respect to the age and distribution

DXM3 DYM1

FS1576
LB+ME

among organs of the cultured embryo. Transcriptions of
GbDXS2, GbDXR, and LPS in roots were most active 1 week after
the initiation of embryo culture and gradually decreased there-
after (Fig. 6). It is noteworthy that LPS, specific in the ginkgolide
biosynthesis, was exclusively detected in roots. The transcript of
GbDXS2 was also predominantly found in roots. On the other
hand, GbDXR transcription was found both in the leaves and
roots, albeit its level in leaves was 50 to 70% of that in roots. On
the contrary, GhDXS1 was more actively transcribed in leaves
than in roots, except during the later stage of culture.

Walter et al., who first recognized the two classes of DXSs, sug-
gested that class 1 DXS performs house-keeping function, while
class 2 is involved in the carotenoid biosynthesis in the root of
Medicago truncaluta in response to the microbial invasion [9].
The present data that the transcription pattern of GbDXS2 faith-
fully follows the pattern of LPS during the time course and organ
distribution, strongly support that GhDXS1 and GbDXS2 play se-
parate roles. A similar pattern was followed even by GbDXR,
though in a lesser degree, because active DXR transcription was
necessary for the biosynthesis of ginkgolide. The construction of
a GbDXS2-knockout mutant would provide the proof for the
specific involvement of GbDSX2 in ginkgolide biosynthesis.
Whether the detected basal transcription of DXS2 in the leaves
represents the biosynthesis of ginkgolide in the leaves, in con-
trast to the known biosynthesis of ginkgolide in the roots [12],

Fig.5 Complementation assay using E. coli
dxs and dxr disruptants DXM3 and DYM1,
respectively. A Unlike the wild-type
FS1576, both disruptants could not grow
on the medium without ME. B Both disrup-
tants grew on LB medium containing ME. C
After each disruptant was transformed with
the plasmid pMW-DXS or pMW-DXR, trans-
formants could grow without ME.

DY
(PMW=BXR)

Fig.6 Gene transcription patterns of DXSs,

120

DXR, and LPS in G. biloba. White, embryonic
roots; black, leaves. A GbDXST; B GbDXS2; C
GbDXR; D LPS.
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Fig.7 Contents of ginkgolides and biloba-
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or cross-reactivity of the PCR primers, although not likely, is yet
to be determined.

To further justify the predominant transcriptions of DXS2 and LPS
in the roots, contents of ginkgolides and its degradation product
bilobalide were measured, and the results showed that ginkgo-
lide content in the root directly reflected the transcription level
of the two genes, further supporting the roles of GhDXS2 and
LPS (Fig.7) in the biosynthesis of ginkgolides; however, the root
content was 1/3 to 1/4 of that in leaves throughout the culture
period, except at week 1, when the contents were comparable.
This high content of ginkgolides in leaves, despite the exclusive
transcription of ginkgolide biosynthesis genes in roots, could be
easily justified by the purported translocation of ginkgolide from
root to leaves [12].
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