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A full-length cDNA encoding taxadiene synthase (designated
as TmTXS), which catalyzes the first committed step in the
Taxol biosynthetic pathway, was isolated from young
leaves of Taxus media by rapid amplification of cDNA ends
(RACE). The full-length ¢cDNA of TmTXS had a 2586 bp
open reading frame (ORF) encoding a protein of 862
amino acid residues. The deduced protein had isoelectric
point (pI) of 5.32 and a calculated molecular weight of
about 98 kDa, similar to previously cloned diterpene
cyclases from other Taxus species such as T. brevifolia and
T. chinenisis. Sequence comparison analysis showed that
TmTXS had high similarity with other members of
terpene synthase family of plant origin. Tissue expression
pattern analysis revealed that TmTXS expressed strongly
in leaves, weak in stems and no expression could be
detected in fruits. This is the first report on the mRNA
expression profile of genes encoding key enzymes involved
in Taxol biosynthetic pathway in different tissues of Taxus
plants. Phylogenetic tree analysis showed that TmTXS had
closest relationship with taxadiene synthase from 7.
baccata followed by those from T chinenisis and T.
brevifolia. Expression profiles revealed by RT-PCR under
different chemical elicitor treatments such as methyl
jasmonate (MJ), silver nitrate (SN) and ammonium ceric

Abbreviations: ACS =ammonium ceric sulphate, MJ = methyl jas-
monate, ORF = open reading frame, RACE = rapid amplification of
c¢DNA ends, SN =silver nitrate, 7. mediar = Taxus media, TmTXS =
Taxus media taxadiene synthase, PCR = Polymerase chain reaction,
pl =isoelectric point, RT-PCR= reverse transcriptase-polymerase
chain reaction
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sulphate (ACS) were also compared for the first time, and
the results revealed that expression of TmTXS was all
induced by the tested three treatments and the induction
effect by MJ was the strongest, implying that TmTXS was
high elicitor responsive.

Keywords: Elicitors, Induction expression, RACE, RT-PCR,
Taxadiene synthase, Taxus media

Introduction

Taxol (paclitaxel), a kind of complex diterpenoid from the
bark of yew, is a potent antimitotic agent with excellent
activity against breast and ovarian cancers (Dieras, 1998), as
well as AIDS-related Kaposi’s sarcoma (Sgadari ef al., 2000).
It binds tubulin heterodimers (Rowinsky et al., 1993),
promotes and stabilizes, microtubule assembly, disrupts the
over-rapid division of cancer cell. The unique mode of action
by this drug ultimately lead to the development of Taxol as
one of the most effective anticancer agents approved by FDA
(the Food and Drug Administration) in current use (Suffness,
1994). The limited supply of this drug from the bark of natural
yew prompted intensive effort to develop alternate means of
production, including isolation from plantation-grown Taxus
species, biosynthesis in tissue culture systems, semisynthesis
of Taxol from 10-deacetyl baccatin III that is more readily
available in the needle of yew, and total synthesis of Taxol
(Hefner et al., 1998) to meet the needs of over 250 kg Taxol/
year to treat multiple types of cancers (Kwon ef al., 1998). It
is clear that in the foreseeable future the supply of Taxol and
its synthetically useful progenitors must depend on biological
methods of production. Several genes coding enzyme responsible
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for the biosynthesis of Taxol in Taxus have been cloned as the
result of a movement towards detailed understanding of the
pathway for Taxol biosynthesis (Wildung et al., 1996; Walker
et al., 2001). It has been reported that the first committed step
of Taxol biosynthesis is the initial cyclization of geranylgeranyl
diphosphate (GGDP, the universal precursor of diterpenoids)
to taxa-4(5)-11(12)-diene to establish the taxane core structure
(Hezari et al.,, 1995; Wildung et al., 1996). The biosynthetic
route to Taxol, therefore, can be divided into three steps
(Walker et al., 2001): the synthesis of GGDP, the cyclization
of GGDP to taxa-4(5), 11(12)-diene (the unique taxane
skeleton), and the hydroxylation and acylation of taxane
skeleton to produce Taxol.

Being a key enzyme in Taxol biosynthetic pathway, taxadiene
synthase has recently been cloned from 7. brevifolia and T
chinensis and functionally expressed in Escherichia coli
(Wildung et al., 1996; Wang ef al., 2002). However, until now
there is no report on the cloning of taxadiene synthase gene
(TXS) from T. media (TmTXS), which is a Taxus species with
its needles containing higher content of Taxol and is one of
the major sources currently for commercial production of
Taxol. To our knowledge, being a promising method, in vitro
cell culture of Taxus to improve Taxol production by various
kinds of treatments such as MIJ elicitor has been most
extensively studied and well documented recently (Laskaris et
al, 1999; Wu et al., 2001), but few report on mRNA expression
profile of genes encoding key enzymes involved in Taxol
biosynthetic pathway either in different tissues of 7axus plants
or under various kinds of elicitor treatments in Zaxus cells.

In this work, we report the cloning and characterization of
taxadiene synthase gene from 7. media. TmTXS gene expression
profiles induced by different elicitors such as methyl jasmonate,
silver nitrate and ammonium ceric sulphate treatment were
compared firstly. The phylogenetic analysis of 7XS gene
family in different 7axus species and the expression pattern of
TmTXS in various tissues including leaves, fruits and stems
of T media plant were also studied for the first time.

Materials and Methods

Plant materials and elicitor treatments 7. media Rehder plants,
provided by Professor Feng Tan at Southwest Normal University in
China, were grown in pots in the greenhouse under 25°C with a
photoperiod of 16 h light and 8 h dark. All tissue materials (1 g)
including leaves, fruits and stems were excised from T. media
plants and immersed separately in liquid nitrogen for RNA
extraction.

T. media cell line, initiated from zygotic embryo, maintained in
1/2 modified Bs medium supplemented with 25 g/L sucrose, 2 mg/
L a-naphthalene acetic acid (NAA), 0.15 mg/L 6-BA, and 1 g/L
enzymatic hydrolyzed casein and subcultured every 4 weeks. The
cells were grown on the rotary shaker (120 rpm) at 25°C in the dark.
Four-day-old cells were subjected to various kinds of treatments
such as 8 pmol/l SN (Shanghai chemical reagent Co. LTD, China),
80 umol/l ACS (Shanghai Chemical Reagent Co. LTD, China) and

80 pmol/l MJ (Sigma Chemical Co., St. Louis, USA) respectively
(Kai et al., 2005a), using cell lines without any treatment as control
at the same time. The samples were then harvested at different time
points (0, 6, 12, 24, 48, 96, 192 h) after treatments and stored at
—70°C respectively for further analyses of expression profile of
TmTXS by RT-PCR. For the time-course experiment, three
independent samples for each time point were assayed in triplicate.
All the data were presented as means + standard deviation (SD).

Molecular cloning of TmTXS The first strand cDNA was
synthesized from 5 pg of total RNA according to the protocol of the
3' RACE System for Rapid Amplification of cDNA Ends (GIBCO
BRL, Gaithersburg, USA) using the adapter primer (AP, 5'-GGCC
ACGCGTCGACTAGTAC(T),s-3") provided within the kit. For the
amplification of 3' end of TmTXS, a specific primer F2 (5'-CGCTG
AAGATGAACGCATTGG-3") was designed and synthesized
according to the conserved region of known TXS sequences from
other Taxus species such as T. brevifolia and T. chinensis. The 3'
RACE was performed using primer F2 as the forward primer and
the Abridged Universal Amplification Primer (AUAP, 5'-GGCCAC
GCGTCGACTAGTAC-3'") as the reverse primer in a total volume
of 50 pl containing 2 pl cDNA, 10 pmol of F2, 10 pmol of AUAP,
10 pmol dNTPs, 1 x Ex PCR buffer and 5U Ex Taq polymerase.
PCR was performed using the following protocol: the template was
denatured at 94°C for 3 min followed by 35 cycles of amplification
(94°C for 50 sec, 58°C for 50 sec, 72°C for 180 sec) and by 10 min
at 72°C. The amplified product was purified and subcloned into
pGEM-T vector (Promega, USA), and transformed into E. coli
DHS5o.. Based on the color reaction using Xgal-IPTG System and
PCR identification, the positive clones were picked out and
sequenced by ABI 377 Sequencer (Perkin-Elmer, Norwalk, USA).

The 5' end of the cDNA sequence was obtained according to the
protocol of the 5' RACE System for Rapid Amplification of cDNA
Ends (GIBCO BRL, USA). Complementary reverse gene specific
primer R2 (5'-CATCCTGGAGCTGGTTGTTGA-3’) was designed
and synthesized based on the 3> RACE product. Total RNA was
reversely transcribed followed by tailing cDNA with oligo (dC). 5'
RACE-PCR was performed using R2 as the reverse primer and
Abridged Anchor Primer (AAP, 5-GGCCACGCGTCGACTAGTA
CGGGIIGGGIIGGGIIG-3") as the forward primer. PCR was carried
out by denaturing cDNA at 94°C for 2 min followed by 35 cycles of
amplification (94°C for 50 sec, 56°C for 50 sec and 72°C for 2 min)
and by 7 min at 72°C The PCR product was purified and cloned
into pGEM-T vector followed by sequencing.

By aligning and assembling the sequences of the 3' RACE and 5'
RACE products, the full-length cDNA sequence of TmTXS was
obtained which was subsequently amplified via PCR using a pair of
primers F1 (5-TTTAAAGTGGGTATTCAACGC-3") and AUAP,
and sequenced. The PCR amplification and sequencing for the full-
length cDNA of TaTXS was repeated three times. The full-length
sequence of TmTXS was subsequently analyzed for molecular
characterization such as sequence homology, the presentation of
conserved motifs, and secondary and three-dimensional structures
etc.

Computer analysis DNA sequences and associated molecular
information were analyzed using programs from PSI-Blast, SOPMA,
SWISS-Model and CLUSTAL W1.82. The phylogenetic tree of
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TmTXS and TXS from other Taxus species retrieved from GenBank
was constructed by the neighbor-joining method (Thompson et al,
1994).

RNA isolation and RT-PCR analysis Total RNA was extracted
by the cetyltrimethylammonium bromide (CTAB) based RNA
isolation method (Jaakola ef al., 2001; Kai et al., 2005b), because
of the high concentration of phenolic components, polysaccharides
and the complexity of secondary products in 7 media tissues. The
quality and concentration of the extracted RNA were checked by
agarose gel electrophoresis and by spectrophotometer (DU-640,
Beckman, USA) analysis and the RNA samples were stored at
—70°C prior to RT-PCR analysis.

Tissue expression pattern analysis by semi-quantitative One-step
RT-PCR was carried out to investigate the expression of 7m7TXS in
different tissues including leaves, fruits and stems of 7 media.
Expression profiles of 7mTXS under different kinds of elicitors
including MJ, SN and ACS were also investigated. Aliquots of total
RNA (0.5 pg) extracted from leaves, fruits, stems and cells of 7
media were used as templates in one-step RT-PCR reaction with the
forward primer KF1 (5-ATGGCTCAGCTCTCATTTAATG-3') and
reverse primer KR1 (5-TCATACTTGAATTGGATCAATA-3") specific
to coding sequence of TmTXS using one-step RNA PCR kit
(Takara, Japan) respectively. Meanwhile, the RT-PCR reaction for
the house-keeping gene (actin gene, which is highly conserved in
plants) using specific primers actF (5'-GTGACAATGGAACTGGA
ATGG-3'") and acfR (5-~AGACGGAGGATAGCGTGAGG-3') designed
according to the conserved regions of plant actin genes was
performed to estimate if equal amounts of RNA among samples
were used as an internal control in RT-PCR (Kai et al., 2004).
Amplifications were performed under the following condition:
50°C for 30 min, 94°C for 2min followed by 25 cycles of
amplification (94°C for 30 sec, 60°C for 30 sec and 72°C for 3 min).
The amplified products were separated on 1% agarose gel and
analyzed with Gene analysis software package (Gene company,
USA).

Results

Molecular cloning of the full-length cDNA of TmTXS A
single fragment of about 2.6 kb was obtained by 3' RACE-
PCR using cDNA reverse transcribed from leaves RNA. A 3'
untranslated region (UTR) of 53 bp was found downstream
from the stop codon containing a typical poly (A) adenylation
site (AATAAA). Complementary reverse specific primer R2
was designed based on the sequence of 3' RACE product and
used in the 5' RACE. A single and specific fragment of about
650 bp was amplified in which a 5' UTR of 112 bp was found
upstream of the first start codon. Based on the sequences of
the 3" and 5' RACE products, the full-length cDNA of 7TmTXS
was deduced, amplified using a pair of primers F1 and AUAP
and confirmed by sequencing. The cloned full-length cDNA
of taxadiene synthase (7m7XS, Genbank Accession No.
AY461450) from T media was 2771 bp, whose size was
similar to those of other 7axus species. The cDNA contained a
2586 bp ORF encoding a protein of 862 amino acids with an

isoelectric point of 5.32 and calculated molecular weight of
about 98 kDa (Fig. 1). The richest amino acid in deduced
TmTXS was Leu (10% by frequency), followed by Ser (8%),
Glu (7%), Ala (7%) and Val (7%). Acidic and basic acids
constituted 14% and 10% of the polypeptide respectively. A
32% of the total amino acids were charged and the percentages
of polar and hydrophobic amino acids were 26% and 35%
respectively.

Sequence analysis of TmTXS Sequence comparison (http:/
/www.ncbi.nih.gov) revealed that TmTXS had high similarity
with many other terpene synthase from higher plants at the
amino acid level, indicating that TmTXS belonged to terpene
synthase superfamily. TmTXS showed identity of 47, 45, 45
and 45% to E-alpha-bisabolene synthase and abietadiene
cyclase from Abies grandis, levopimaradiene synthase from
Ginkgo biloba and (-)-alpha-pinene synthase from Pinus
taeda respectively. However, TmTXS had much higher
identity to TXS proteins from other Taxus species with the
identity of 98, 96 and 96% to TXS proteins from 7" baccata
(AARO02861), T chinensis (AAG02257) and T brevifolia
(AAC49431, AAKS83566) respectively (Fig. 2), indicating
protein’s key structure and functional sites of this type of
cyclase was strongly conserved. NCBI conserved domain
search results suggested that TmTXS belonged to terpene
synthase superfamily (split into six subgroups on the basis of
phylogeny called tpsa-tpsf) and also contained the specific
conservative DXXDD motif.

A search of the aspartate-rich consensus sequence motifs
(XDDXXD) revealed that there were also two motifs (namely
DDMAD and DSYDD motifs) in TmTXS, which was in
good agreement with those in other TXS proteins previously
reported (Wildung ef al, 1996). The specific conservative
DXXDD motifs were found in most terpene cyclases and
involved in substrate binding, which may play an important
role in biological function of terpenoid cyclases and therefore
it was fairly conserved in evolution, as is a related DXXDD
motif (Fig. 2).

The secondary structure of TmTXS was analyzed by SOPMA
(Geourjon et al., 1995) and the result showed that the putative
TmTXS peptide contained 56% of alpha helices, 10% of
extended strands, 7% of beta turns and 27% of random coils
(Fig. 3a). The random coil and alpha helix constituted
interlaced domination of the main part of the secondary
structure, while alpha helix was the basic element of both N
and C terminal parts.

Swiss-Model structure prediction (Guex et al, 1997) for
the three-dimensional structure revealed that TmTXS had
similar modeling to terpene synthases from plant origin on the
structures and functions, providing evidence for an evolutionary
relationship among the terpene synthases (Fig. 3b). Through
comparison of structures of TmTXS and other plant terpene
synthases, TmTXS was found to have many characters
commonly possessed by terpene synthase superfamily. This
implies that the conserved motifs may play an important role
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1 tttaaagtgggtattcaacgcagagtaceceegggtetecaactcageattt
53 gatttggcatttgcaatttggaactcgtaatttcagtagttcocctecctototgcagaa
13 E:ggctcagctctcatttaatgcagcgctgaagatgaatgcattggggaacaaggcaatc

M AOLSFMNAALIEKMNALGNEA.I
173 cacgatccaacgaattgcagagocaaatotgagggecaaatgatetegetttecteccaaa
HDPTNCRAKSEG GOGMMNMWYVYCSK
233 tcagggceaaccagagtaaaaatgtegagaggaagtegtegtoctegtoctetegtaate
SGRTRVYKMNMSRGSGGPGPVVM
293 atgagcagtagcactggcactagcaaggteetttocgagacttocagtaccattgtegat
WS SSTGEGTSKVVYSETSSTI1I VD
353 gatatccctogactctcogocaattatcatggegatotgtegcaccacaatgttatacaa
DI PRLSANYHGDLWHHNYIAQQ
413 actctggagacaccatttogtgagagttctactttccaagaacgggcagacgagetagtt
TLETPFRESSTFOGQERADETLYV
473 gtgaasaattasagatatgttcaatgcgctcggagacggagatatcagtecgtotgcatac
VEKIKDMWFNALGDGDI SPSAY
533 gacactgcgtegetegceageetegogaccetttoctotgatggatotgagaagecacee
DTAWVARVATSSDGSEI KPRV
593 tttoctcaggcccteaactggettttaaacaaccagctecaagatggateatgggetate
FPOALNWVYLMNNOGLOGDGS SWEG.I
653 gaatcgcactttagtttatgogatcgattecttaacacggtoaattetattategocote
ESHFSLCGCDRLLNTVNSVIAL
713 tcggtttggaaaacagggcacagccaagtagaacaaggtactgagtttattgeagagaat
SVWEKTGHSOQVEQGTETFI AEN
773 ctaagattactcaatgaggaagatgagttgteccoggatttogaaataatetttectect
LRLLNEEDELSPDFEIITFPA
833 ctgctgoaaaaggcaaaagogttegggatcaatottccttacgatottccatttateaaa
LLOKAKALGINLPYDLPFIK
893 tctttgtcgacaacacgggaagccaggcttacagatgtttetecgetageagacaatatt
SLSTTREAMRLTDVS AV ADNI
953 ccagccaacatgttgaatgcgttegagegtctegaggaagttattgattggaacaagatt
P ANMLNALEGLETEVWVYIDWNEK.I
1013 atgaggtttcaaagtaaagatgegatctttcctgagetoccotgcotecactgccteteta
MRFOQOSKDGSTFLSSPASTATCUV
1073 ctgatgaatacaggggacgaaaaatgtttcactettcteaacaatetgetegacaaatte
LMNTGDEIEKT CFTLLNMNMNLLDIEKTEF
1133 gecgecteceteccctetatetattocatopatetectegaacecetttogcteetteat
GGCVPCOCNMNYS I DLLERLSLVD
1193 aacattgagcatctcggaatcggtegecatttcaaacaagaaatcaaagtagetettgat
NI EHLGI GRHFIEKO GE I KV ALTD
1253 tatgtctacagacattggagtpaaagggecatcggttegegcagagacagecttetteca
YVYRHWSERGI GWGRDSLVEP
1313 gatctcaacacaacageoctcggcctgcgaactottogeacgcacggatacgatetttot
DLNTTALGLRTLRTHGYDVWVS
1373 tcagatgttttgaataatttcaaagatgaaaacgggceettottetectetgcgggccaa
SDVLNNFIEKDENSGRTFTFSSAGO
1433 acccatgtecgaattegagaagegtegtgaatetttteagagettocgacettecatttect
THVELRSVVNLFRASDLATFTP
1493 gacgaaggagctatggacgatgctagaaaatttgcagaaccatatecttagagacgeactt
DEGAMDDARIEKTFAEPYLRDAL
1553 gcaacgaaaatctcaaccaatacaaaactatacaaagagattgagtacgtggtegagtac
ATKI STNTIEKLYEKETIEYVVEY

1613 ccttggcacatgagtatcccacgectagaagecagaagttatattgattegtatgacgac
PWHMS I PRLEARSY 1 DSYDOD
1673 gattatgtatggcagageaagactttatacagaatgccatetttgagtaattcaaaatet
DY VWAOREKTLYRMPSLSNSIEKTC
1733 ttagaattgecaamaattggacttcaatatcgtacaatctttecatcaagaggagtteaag
LELAKLDTFMNIVGEGSLHOETELHEK
1793 cttctaacaagatggteggaaggaatctggcatggcagatataaatttcactcgacacega
LLTRWWEKTET ST GMADI I NFTRHER
1853 gtgegcgeagetttatttttcatcagetacatttgaaccegaatattoteccactagaatt
VAEVYFSSATFEPEYSATR R
1913 getttcacaaaaattggttgtttacaagtocttttteatgatatgecteacatettteca
AFTKI GCLOGVYLFDDMADTIFA
1973 acactagatgaattgaaaagtttcactgagggagtaaagagatgggatacatctttecta
TLDELGEKSFTEGVYEKRWNDTSLL
2033 catgagattccagagtetatecasacttectttaaagtttegttcaaattaategaagaa
HEIPEGMWHMNOGTCFEKVYWFZEKLWMETE
2093 gtaaataatgatgtggttaaggtacaaggacgtgacatgetcgcteacataagaaaacce
VNNDVYVEKVOQOGRDMLAHIRIEKTEP
2153 tgggagttgtacttcaattgttatgtacaagaaagegagtegcttgaageteggtatata
WELYFNCYVOIEREWLEH ALGTY.I
2213 ccaacctttgaagagtacttaaagacttatgctatatcagtaggccttegaccgtatace
PTFEEYLEKTYAISVGEGLGPTCT
2273 ctacaaccaatactactgatggetgagettet tgatgttgtt tgcac
L@P I LLMWGELVEKDDVVETIEKHVH
2333 tatccctcaaatatgtttgagettgtatecttgagetggcegactaacaaacgacaccaaa
YPSNMFELVSLSWRLTNDTEK
2393 acatatcaggcte gctogag ctcaggecatageatgctatatgaag
TYOQOAEEKARGOQOOQASGI ACYMEK
2453 gataatccaggageaactgaggaagatgecatcaageacatatgtogtettatteacces
DNPGATETETDAIKHICRVVDHR
2513 gocttgaaagaagcaagotttgaatatttcaaaccatccaatgatatcocaatggettec
ALKEASFEYFEKPSNDIPMNMGTEC
2573 aagtcctttatttttaaccttagattgtetgtccaaatettttacaagtttatagatege
KSF I FNLRLCVEGIFYZKFIDEG
2633 tacggaatcgccaatgaggagattaaggattatataagaaaagtttatattgatecaatt
Y G I ANEEI KDY I RKEVY 1 DPI
2693 caagtafgatatatcatgtaaaacctctttttcataataaattgacttattattgtatte
0V *
2753 gcaaaaaaaaaaaaaaaaa

Fig. 1. The full-length cDNA sequence and deduced amino acid sequence of 7' media taxadiene synthase (TmTXS). The start codon (ATG)
was boxed and the stop codon (TGA) was underlined italically. The signal for poly(A) tail-addition (AATAAA) was grey-shaded and the

conserved motifs were underlined.

in the biological functions and thus are preserved in evolution,
while some variations on un-conserved domain can form the
molecular foundation for the diversity of the structures and
functions. The X-ray crystal structure analysis will further
help to elucidate the detailed structure of TmTXS in the
future.

Tissue expression pattern analysis To investigate 7Tm7XS
expression pattern in various tissues of 7. media, total RNA
was isolated from different tissues including leaves, fruits and
stems, and subjected to one-step RT-PCR analysis using the
primers KF1 and KR1. The result showed 7TmTXS expression
could be detected in leaves with highest signal and in stems

with weaker signal, but no signal was detected in fruits (Fig.
4). Therefore, the TmTXS was considered to be a non-
constitutively expressing gene.

Molecular evolution anmalysis A phylogenetic tree was
constructed based on the deduced amino acid sequences of
TmTXS and other taxadiene synthases, in order to investigate
the evolutionary relationships among different taxadiene
synthases. The result showed that TmTXS and taxadiene
synthase from 7. baccata (AAR02861) formed a cluster with
the shortest distance and two taxadiene synthases from 7.
brevifolia (AAC49310 and AAKS83566) naturally formed a
close cluster and then joined taxadiene synthase from T
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TmTXS MAGLSFNAALKMNALGNKA | HDPTNCRAKSEGOMMWVCSKSGRTRVKMSRGSGGPGPYVM 60
AARD2861 MAGLSFNAALKMNALGNKA | HDPTNCRAKSEGOMMWVCSKSGRTRVKMSRGSGGPGPVVM 60
AAGO2257 MAGLSFNAALKMNALGNKA | HDPTNCRAKSEGOMMWVCSKSGRTRVKMSRGSGGPGPYVM 60
AAC49310 MAGLSFNAALKMNAL GNKA | HDPTNCRAKSEROMMWVCSRSGRTRVKMSRGSGGPGPVVM 60
AAKB3GE6 MAGLSFNAALKMNALGNKA | HDPTNCRAKSEROMMWVCSRSGRTRVKMSRGSGGPGPYVM 60
Consensus MAGLSFNAALKMNALGNKA |HDPTNCRAKSE OMMWVCS SGRTRVKMSRGSGGPGPVVM
TmTXS MSSSTGTSKVVSETSST IVDDIPRLSANYHGDLWHHNY | QTLETPFRESSTFOERADELV 120
AARO2B61 MSSSTGTSKVVSETSST IVDD | PRLSANYHGDLWHHNY | QTLETPFRESSTFOERADELY 120
AAGD2257 MSSSTGTSKVVSETSST IVDDIPRLSANYHGDLWHHNY | QTLETPFRESSTYQERADELV 120
AACA9310 MSSSTGTSKVVSETSST IVDD | PRLSANYHGDLWHHNY | QTLETPFRESSTYQERADELY 120
AAKB3566 MSSSTGTSKVVSETSST IVDDIPRLSANYHGDLWHHNY | QTLETPFRESSTYQERADELV 120
Consensus MSSSTGTSKVVSETSSTIVDD | PRLSANYHGDLWHHNY | OTLETPFRESST QERADELV
TmTXS VKIKDMFNALGDGD | SPSAYDTAWVARVATVSSDGSEKPRFPOALNWVLNNOLODGSWGI 180
AARO2861 VKIKDMFNALGDGD | SPSAYDTAWVARVATVSSDGSEKPRFPOALNWVLNNOLODGSWG] 180
ARGO2257 VKIKDMFNALGDGD | SPSAYDTAWVARVAT | SSDGSEKPRFPOALNWVFNNOLODGSWGI 180
AAC49310 VKIKDMFNALGDGD | SPSAYDTAWVARLAT | SSDGSEKPRFPOALNWVFNNOLODGSWG] 180
AAKB3566 VKIKDMFNALGDGD | SPSAYDTAWVARVAT | SSDGSEKPRFPOALNWVFNNGLODGSWGI 180
Consensus VKIKDMFNALGDGD | SPSAYDTAWVAR AT SSDGSEKPRFPOALNWY NNOLGDGSWGI
TmTXS ESHFSLCDRLLNTVNSV | ALSVWKTGHSQVEQGTEF | AENLRLLNEEDELSPDFE| IFPA 240
AARD2861 ESHFSLCORLLNTVNSY | ALSVWKTGHSQVEQGTEF | AENLRLLNEEDELSPDFEI IFPA 240
AAGO2257 ESHFSLCDRLLNTTNSV | ALSVWKTGHSQVEQGTEF | AENLRLLNEEDELSPDFE| IFPA 240
AAC49310 ESHFSLCDRLLNTTNSY | ALSVWKTGHSQVQQGAEF | AENLRLLNEEDELSPDFQ1 IFPA 240
AAKB3566 ESHFSLCDRLLNTTNSV | ALSVWKTGHSQVOOGAEF | AENLRLLNEEDELSPDFQI IFPA 240
Consensus ESHFSLCORLLNT WSVIALSVWKTGHSQV OG EF | AENLRLLNEEDELSPDF 1IFPA
TmTXS LLOKAKALGINLPYDLPF IKSLSTTREARLTDVSAVADN | PANMLNALEGLEEV IDWNKI 300
AARO2861 LLOKAKALG INLPYDLPF IKSLSTTREARLTDVSAAADN | PANMLNALEGLEEV IDWNKI 300
AAGD2257 LLOKAKALGINLPYDLPF IKYLSTTREARLTDVSAAADN | PANMLNALEGLEEVMDWKK I 300
AAC49310 LLOKAKALG INLPYDLPF IKYLSTTREARLTDVSAAADN | PANMLNALEGLEEV IDWNKI 300
AAKB3566 LLOKAKALGINLPYDLPF IKYLSTTREARLTDVSAAADN | PANMLNALEGLEEV IDWNKI 300
Consensus LLOKAKALGINLPYDLPF IK LSTTREARLTDVSA ADN|PANMLNALEGLEEV DW KI
TmTXS MRFOSKDGSFLSSPASTACVLMNTGDEKCF TLLNNLLDKFGGCVPCMYS | DLLERLSLVD 360
AARD2861 MRFOSKDGSFLSSPASTACVLMNTGDEKCF TLLNNLLDKFGGCVPCMYSIDLLERLSLVD 360
AAGO2257 MRFOSKDGSFLSSPASTACVLMNTGDEKCF TFLNNLLVKFGGCVPCMYS | DLLERLSLVD 360
AAC49310 MRFOSKDGSFLSSPASTACVLMNTGDEKCF TFLNNLLDKFGGCVPCMYSIDLLERLSLVD 360
AAKB3GE6 MRFOSKDGSFLSSPASTACVLMNTGDEKCF TFLNNLLDKFGGCVPCMYS | DLLERLSLVD 360
Consensus MRFOSKDGSFLSSPASTACVLMNTGDEKCFT LNNLL KFGGCVPCMYSIDLLERLSLVD
TmTXS NIEHLGI GRHFKOE | KVALDYVYRHWSERG | GNGRDSLVPDLNTTALGLRTLRTHGYDVS 420
AARO2B61 NIEHLG | GRHFKQE | KVALDYVYRHWSERG | GNGRDSLVPDLNTTALGLRTLRTHGYDVS 420
AAGD2257 NIEHLGI GRHFKOE | KVALDYVYRHWSERG | GNGRDSLVPDLNTTALGLRTLRTHGYDVS 420
AAGA9310 NIEHLG | GRHFKQE | KGALDYVYRHWSERG | GNGRDSLVPDLNTTALGLRTLRMHGYNVS 420
AAKB3566 NIEHLGI GRHFKOE | KGALDYVYRHWSERG | GNGRDSLVPDLNTTALGLRTLRMHGYNVS 420
Consensus NIEHLG I GRHFKQE |K ALDYVYRHWSERG | GNGRDSLVPDLNTTALGLRTLR HGY VS
TmTXS SDVLNNFKDENGRFFSSAGATHVELRSVVNLFRASDLAFPDEGAMDDARKFAEPYLRDAL 480
AARD2861 SDVLNNFKDENGRFF SSAGATHVELRSVVNLFRASDLAFPDEGAMDDARKFAEPYLRDAL 480
AAGD2257 SDVLNNFKDENGRFFSSAGATHVELRSVV | LFRASDLAFPDEGAMDDARKFAEPYLRDAL 480

Fig. 2. Multiple alignment of TmTXS with other taxadiene synthases.

AAC49310 SDVLNNFKDENGRFFSSAGOTHVELRSVVNLFRASDLAF PDERAMDDARKFAEPYLREAL 480
AAKB3566 SDVLNNFKDENGRFFSSAGOTHVELRSVVNLFRASDLAFPDERAMDDARKFAEPYLREAL 480
Consensus SDVLNNFKDENGRFFSSAGOTHVELRSVV LFRASDLAFPDE AMDDARKFAEPYLR AL
TmTXS ATKISTNTKLYKE | EYVVEYPWHMS | PRLEARSY | DSYDDDYVHORKTLYRMPSLSNSKC 540
AARO2861 ATKISTNTKLYKE IEYVVEYPWHMS | PRLEARSY | DSYDDDYVWORKTLYRMPSLSNSKC 540
AAGD2257 ATKISTNTKLFKE | EYVVEYPWHMS | PRSEARSY | DSYDDDYVWERKTLYRMPSLSNSKC 540
AAC49310 ATKISTNTKLFKE IEYVVEYPWHMS | PRLEARSY | DSYDDNYVWORKTLYRMPSLSNSKC 540
AAKB3566 ATKISTNTKLFKE | EYVVEYPWHMS | PRLEARSY | DSYDDNYVHORKTLYRMPSLSNSKC 540
Consensus ATKISTNTKL KEIEYVVEYPWHMSIPR EARSYIDSYDD YVW RKTLYRMPSLSNSKC
TmTXS LELAKLDFNIVOSLHOEELKLLTRWWKESGMAD | NFTRHRVAEVYFSSATFEPEYSATR1 600
AARD2861 LELAKLDFNIVOSLHOEELKLL TRWWKESGMAD | NF TRHRVAEVYFSSATFEPEYSATRI 600
AAGO2257 LELAKLDFNIVOSLHOEELKLLTRWWKESGMAD | NFTRHRVAEVYFSSATFEPEYSATR1 600
AAC49310 LELAKLDFNIVQSLHOEELKLL TRWWKESGMAD | NF TRHRVAEVYFSSATFEPEYSATRI 600
AAKB3566 LELAKLDFNIVOSLHOEELKLLTRWWKESGMAD | NFTRHRVAEVYFSSATFEPEYSATRI 600
Consensus LELAKLDFNIVOSLHOEELKLLTRWWKESGMAD | NFTRHRVAEVYFSSATFEPEYSATRI
TmTXS AFTK | GCLOVLFDDMAD | FATLDELKSF TEGVKRWDTSLLHE | PECMOTCFKVWFKLMEE 660
AARO2861 AFTKIGCLOVLFDOMAD IFATLDELKSFTEGVKRWDTSLLHE | PECMQTCFKVIWFKLMEE 660
AAGD2257 AFTK | GCLOVLFDDMAD | FATLDELKSFTEGVKRWDTSLLHE | PECMOTCFKVWFKLIEE 660
AAC49310 AFTKIGCLOVLFDDMAD IFATLDELKSFTEGVKRWDTSLLHE | PECMQTCFKVIWFKLMEE 660
AAKB3566 AFTK | GCLOVLFDDMAD | FATLDELKSFTEGVKRWDTSLLHE | PECMOTCFKVWFKLMEE 660
Consensus AFTKIGCLOVLFDOMAD IFATLDELKSFTEGVKRWDTSLLHE | PECMGTCFKVINFKL EE
TmTXS VNNDVVKVOGROMLAH | RKPWELYFNCYVOEREWLEAGY I PTFEEYLKTYAISVGLGPCT 720
AARD2861 VNNDVVKVOGROMLAH | RKPWEL YFNCYVOEREWLEAGY | PTFEEYLKTYAI SVGLGPCT 720
AAGO2257 VNNDVVKVOGROMLAH | RKPWELYFNCYVOEREWLDAGY IPTFEEYLKTYAISVGLGPCT 720
AAC49310 VNNDVVKVOGROMLAH | RKPWEL YFNCYVOEREWLEAGY | PTFEEYLKTYAI SVGLGPCT 720
AAKB3566 VNNDVVKVOGROMLAH | RKPWELYFNCYVOEREWLEAGY I PTFEEYLKTYAISVGLGPCT 720
Consensus VNNDVVKVOGROMLAH | RKPWEL YFNCYVOEREWL AGY |PTFEEYLKTYAISVGLGPCT
TmTXS LOPILLMGELVKDDVVEKVHYPSNMFELVSLSWRLTNDTKTYOAEKARGOOASGI ACYMK 780
AARD2861 LOPILLMGELVKDDVVEKVHYPSNMFELVSLSWRLTNDTKTYQAEKARGOOASG I ACYMK. 780
AAGO2257 LOPILLMGELVKDDVVEKVHYPSNMFELVSLSWRLTNDTKTYOAEKARGOOASG I ACYMK 780
AAC49310 LOPILLMGELVKDDVVEKVHYPSNMFELVSLSWRLTNDTKTYOAEKARGOQASGI ACYMK 780
AAKB3566 LOPILLMGELVKDDVVEKVHYPSNMFELVSLSWRLTNDTKTYOAEKVRGOOASGI ACYMK 780
Consensus LOPILLMGELVKDDVVEKVHYPSNMFELVSLSWRLTNDTKTYOAEK RGOOASGIACYMK
TmTXS DNPGATEEDAIKH | CRVVDRALKEASFEYFKPSND | PMGCKSF | FNLRLCVOIFYKFIDG 840
AARO2861 DNPGATEEDA|KHICRVVDRALKEASFEYFKPSND | PMGCKSF | FNLRLCVQIFYKFIDG 840
AAGD2257 DNLGATEEDAIKH | CRVVDRALKEASFEYFKPSND | PMGCKSF | FNLRLCVOIFYKF1DG 840
AAC49310 DNPGATEEDA I KH | CRVVDRALKEASFEYFKPSND | PMGCKSF | FNLRLCVOIFYKFIDG 840
AAKB3566 DNPGATEEDAIKH | CRVVDRALKEASFEYFKPSND | PMGCKSF | FNLRLCVOIFYKF1DG 840
Consensus DN GATEEDAIKHICRVVDRALKEASFEYFKPSND | PMGCKSF | FNLRLCVG I FYKF DG
TmTXS YGIANEE IKDY IRKVY IDPIQV 862

AARD2861 YGIANEE IKDY IRKVYIDPIOQV 862

AAGO2257 YGIANEE IKDY IRKVY IDPIQV 862

AAC49310 YGIANEE IKDY IRKVYIDPI1QV 862

AAKB3566 YGIANEEIKDY IRKVYIDP IOV 862

Consensus YGIANEE IKDY IRKVY IDP1QV

The completely identical amino acids were indicated with single

capital letter. AAR02861, T. baccata taxadiene synthase; AAC49310 and AAK83566, T brevifolia taxadiene synthases; AAG02257, T.

chinensis taxadiene synthase.

chinensis (AAG02257) to form a higher group (Fig. 5). The
three groups of taxadiene synthases were derived from a
common ancestor in evolution, suggesting that taxadiene
synthases share a common evolutionary origin based on their
similar roles and conserved structural and sequence characteristics
such as amino acid homologies, conserved domain motifs and
signal cleavage sites.

Induction expression profile under different elicitors RT-
PCR was performed to investigate the expression profile of
TmTXS under various kinds of elicitors including MJ (80
pmol/l), SN (8 umol/I) and ACS (80 umol/l) treatments. The
results revealed that all the given elicitors could effectively
induce 7mTXS mRNA expression, and the accumulation of
TmTXS mRNA uniformly reached the peaks at 24 h under all
the treatments (Fig. 6). Significant differences (p <0.05) of
TmTXS mRNA expression were detected between the treated
cells and the control.

In the MJ-induction experiment, 7m7XS mRNA expression
was clearly induced within 6 h after the start of MJ treatment
with a rapid increase up to 24 h, and reached the peak at 24 h
and then decreased. At 192 h the expression of 7Tm7XS was
very weak. The variation tendency of 7m7XS mRNA expression
induced by SN and ACS were very similar to those by MJ.
Comparing the induction effects by these three elicitors above,
we could find that the MJ-induced strength of the 7TmTXS
mRNA was the highest among all the given elicitors, implying
that 7mTXS was probably elicitor responsive and especially
MlJ-responsive gene. Our results revealed that MJ was one of
most effective elicitors for improving 7mTXS expression at
least at the transcriptional level, which was in good agreement
with its great induction effect for improving the Taxol
production as reported previously (Ketchum ef al, 1996;
Robert et al, 1997; Yukimune et al, 2002). The induction
effects of the two metal ions were weaker compared to that of
MIJ, which may be associated with their comparatively higher
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(A)

[ TmTXS
AARDZE61
AAGO2257

Fig. 3. Predicted secondary and three-dimensional structures of
TmTXS. (a) The secondary structure of TmTXS. The helix,
sheet, turn and coil were indicated respectively with blue, red,
green and yellow vertical lines. (b) The three-dimensional
structure of TmTXS. o-helix and &-sheet were indicated as red
ribbon and blue patch respectively. The turn and loop were
indicated by lines in white.
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Fig. 4. Expression pattern of 7mTXS in different 7. media
tissues. Total RNA (0.5 pg/sample) was isolated from the leaf,
fruit and stem respectively, and subjected to one-step RT-PCR
amplification (upper panel). The actin gene was used as the
control to show the normalization of the amount of templates
used in PCR reactions (lower panel). Data represented the means
of three replicates + SD.

treatment concentrations and action mechanisms (Wu et al,
2001).
Discussion

Plants develop different complex and effective self-protection
mechanisms to adapt to environmental stresses including

AAC49310
AAKS3IS66

S ——

Fig. 5. Phylogenetic tree analysis of TmTXS and other taxadiene
synthases. AAR02861, T baccata taxadiene synthase; AAC49310
and AAKS83566, T. brevifolia taxadiene synthases; AAG02257, T
chinensis taxadiene synthase.

abiotic and biotic factors. Taxol is a kind of phytoalexin
produced by Taxus cells as part of the plants defense
responses to pathogenic attack, so the production of Taxol
may be directly associated with outer stimulus. Nowadays
Taxus cell culture is an alternative source of paclitaxel and
related taxane production, and the use of elicitors, such as
fungal elicitors and MJ, has been recently one of the most
effective strategies for the elicitation of taxol production
which is well documented (Ketchum ef al,, 1996; Robert et
al, 1997; Yukimune et al, 2002), while there are a few
studies reporting on the effects of heavy metals such as La*
and Ce*" (Yuan ef al,, 1998; Wu ef al., 2001). However, very
little is known about mRNA expression profile of genes
encoding related enzymes involved in Taxol biosynthetic
pathway either in different tissues of Zaxus plants or under
various kinds of elicitors treatments in Zaxus cells, which is
very important for the understanding of the expression and
regulation of those genes.

In the present study, we successfully isolated the 7XS gene
from 7. media whose deduced amino acid sequence showed
high similarities to those genes from terpene synthase superfamily.
The purification of TmTXS protein from 7 media and
associated analysis will further elucidate the structure and
function of TmTXS. Furthermore, the transcript levels of the
TmTXS under the three kinds of common elicitors including
MJ, SN and ACS were also measured and compared in
suspension cultures of 7. media, and our results revealed that
all the tested treatments could effectively induce 7TmTXS
mRNA expression at least at the transcriptional level. Among
the given treatments, MJ was found to be significantly the
most effective in activating gene transcription in cells,
compared to SN and ACS. The elicitation effect of SN and
ACS may be involved with an increase in the membrane
permeability due to interactions of the cells with metal ions
(Wu et al, 2001). As taxadiene synthase, dependent on
divalent positive metal ions especially Mg™, catalyzes the first
committed step of taxol biosynthesis (Wildung et al., 1996),
its enzymatic activity directly influence the Taxol production.
Some metal ions such as Ce* with low concentration have
been reported to effectively improve Taxol production through
affecting some key enzymes’ activities (Yuan ef al, 1998).
Sometimes, the induction effects were influenced by several
factors such as the type of elicitors, the treatment concentration
and period, the growth state of cells and the composition of
culture medium efc. We ever investigated the effects on the
mRNA expression of different elicitors such as MJ, arachidonic
acid (AA) and salicylic acid (SA) with different concentrations,
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Panel A — Methyl jasmonate (MJ) treatment
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Panel B — Silver nitrate (SN) treatment
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Panel C — Ammonium ceric sulphate (ACS) treatment
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Fig. 6. Time courses of TmTXS expression profiles under different treatments in treated cells and the control. Total RNA (0.5 pg/
sample) was isolated from cells after various treatments respectively, and subjected to one-step RT-PCR amplification (upper panel).
The actin gene was used as the control to show the normalization of the amount of templates used in PCR reactions (lower panel).

Data represented the means of three replicates + SD.

and the results indicated that too-high concentration of elicitors
inhibited the transcription while too-low concentration could
not induce the transcription effectively (data not shown).

Our current study revealed that the MJ-induced strength of
the 7mTXS mRNA was the highest among all the three kinds
of elicitors, indicating that MJ was a more effective elicitor
than heavy metal ions, implying that 7m7TXS was MIJ-
responsive. MJ is a kind of plant stress hormones that act as
global regulators of defense response. The mechanisms
whereby jasmonate signaling triggers gene expression are just
starting to be elucidated (Van der Fits ef al,, 2001). Recently
ORCA3 in Catharanthus roseus, as a master regulator of
metabolism, was overexpressed with greatly increased TIA

production (Van der Fits ef al, 2000), implying that
transcription factor can act as another promising tool for
metabolic engineering in plants in the future. The cloning of
TXS gene will enable us to isolate its promoter. Once special
element involved in jasmonate- and elicitor-responsive gene
expression was identified, we could use yeast one-hybrid
screening system with this element as a bait to clone the
transcription factor, which is important and interesting for
Taxus metabolic engineering in the future.
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