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The Arabidopsis genome project has recently re-
ported sequences with similarity to members of the
terpene synthase (TPS) gene family of higher plants.
Surprisingly, several Arabidopsis terpene synthase-
like sequences (AtTPS) share the most identity with
TPS genes that participate in secondary metabolism
in terpenoid-accumulating plant species. Expression
of a putative Arabidopsis terpene synthase gene, des-
gnated AtTPS03, was demonstrated by amplification
f a 392-bp cDNA fragment using primers designed to
onserved regions of plant terpene synthases. Using
he AtTPS03 fragment as a hybridization probe, a sec-
nd AtTPS cDNA, designated AtTPS10, was isolated
rom a jasmonate-induced cDNA library. The partial
tTPS10 cDNA clone contained an open reading frame
f 1665 bp encoding a protein of 555 amino acids. Func-
ional expression of AtTPS10 in Escherichia coli
ielded an active monoterpene synthase enzyme,
hich converted geranyl diphosphate (C10) into the

acyclic monoterpenes b-myrcene and (E)-b-ocimene
nd small amounts of cyclic monoterpenes. Based on
equence relatedness, AtTPS10 was classified as a
ember of the TPSb subfamily of angiosperm mono-

erpene synthases. Sequence comparison of AtTPS10
ith previously cloned monoterpene synthases sug-
ests independent events of functional specialization
f terpene synthases during the evolution of terpenoid
econdary metabolism in gymnosperms and angio-
perms. Functional characterization of the AtTPS10
ene was prompted by the availability of Arabidopsis
enome sequences. Although Arabidoposis has not
een reported to form terpenoid secondary metabo-

1 The nucleotide sequence reported in this paper will appear in
GenBank under Accession Nos. AF178535 and AF180366.

2
 To whom correspondence should be addressed. E-mail:
bohlmann@ice.mpg.de. Fax: 1149-3641-643650.
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ites, the unexpected expression of TPS genes belong-
ng to the TPSb subfamily in this species strongly sug-
ests that terpenoid secondary metabolism is active in
he model system Arabidopsis. © 2000 Academic Press

Key Words: monoterpenoid biosynthesis; monoter-
pene synthase; terpene cyclase; Arabidopsis thaliana;
genome; myrcene; ocimene; gene family.

INTRODUCTION

The Arabidopsis genome project has recently re-
ported several sequences with similarity to members of
the terpene synthase (TPS) gene family of higher
plants (1, 2). Terpene synthases use the prenyl diphos-
phate substrates geranyl diphosphate (GPP)3 (C10), far-
nesyl diphosphate (FPP) (C15), and geranylgeranyl
diphosphate (GGPP) (C20) to generate the carbon skel-
tons characteristic of the many terpenoid natural
roducts (3–5). The TPS gene family includes monoter-
ene (C10), sesquiterpene (C15), and diterpene (C20) syn-
hases that participate in secondary metabolism (6). In
ddition, the terpene synthases copalyl diphosphate
ynthase (CPS) and ent-kaurene synthase (KS) cata-
yze sequential cyclization reactions converting GGPP
o ent-kaurene in gibberellin biosynthesis. CPS and KS
ere cloned and functionally characterized in Arabi-
opsis thaliana (7, 8) and several other plant species
9–12). Terpene synthases participating in secondary

etabolism have been cloned as cDNAs from a number

3 Abbreviations used: FID, flame ionization detection; nt(s), nucle-
otide(s); dNTP, deoxyribonucleotide triphosphate; ORF, open read-
ing frame; PCR, polymerase chain reaction; SSPE, saline–sodium
phosphate–EDTA; GPP, geranyl diphosphate; FPP, farnesyl diphos-
phate; GGPP, geranylgeranyl diphosphate; CPS, copalyl diphos-

phate synthase; KS, ent-kaurene synthase; SDS, sodium dodecyl
sulfate; BSA, bovine serum albumin; LPP, linalyl diphosphate.
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262 BOHLMANN ET AL.
of species, including the gymnosperms Abies grandis
(13–17) and Taxus brevifolia (18) and members of the
Lamiaceae (mint family) (19–22) and the Solanaceae
(nightshade family) (23–26). Secondary metabolite ter-
penoid synthases are involved in the formation of co-
nifer oleoresin (27, 28), floral volatiles (29), phytoalex-
ins (30), and essential oil components of many plant
species (29). Arabidopsis has not been reported to pro-
duce terpenoid secondary metabolites. Thus, the recent
identification of TPS-like sequences (AtTPS) in the
Arabidopsis genome, which are most similar to mem-
bers of the TPS gene family involved in secondary

etabolism, was not anticipated. It is not known
hether AtTPS genes are transcriptionally expressed
nd, if so, what biochemical activities are catalyzed by
he encoded enzymes.

The TPS gene family of higher plants has been di-
ided into six subfamilies (6). Sequence comparison of
erpene synthases within and between subfamilies and
haracterization of the corresponding enzymes demon-
trated that sequence relatedness allows identification
f members of the three major classes of terpene syn-
hases, monoterpene, sesquiterpene, and diterpene
ynthases (6). However, sequence relatedness is not
ufficient for identification of the exact biochemical
unctions of these diverse catalysts (6, 27). Expression
f active enzymes in a recombinant form is required for
unctional characterization of new TPS genes. This
aper reports on the expression of two TPS genes in

Arabidopsis, the cloning and expression in Escherichia
coli of the AtTPS10 cDNA, and functional character-
ization of active AtTPS10 monoterpene synthase as
myrcene/(E)-b-ocimene synthase.

EXPERIMENTAL PROCEDURES

Substrates, reagents, and cDNA library. [1-3H]Geranyl diphos-
hate (250 Ci/mol) (31), [1-3H]farnesyl diphosphate (125 Ci/mol) (32),
nd [1-3H]geranylgeranyl diphosphate (120 Ci/mol) (33) were gifts of

Dr. Rodney Croteau, Washington State University, Pullman. Terpe-
noid standards were from our own collection. All other biochemicals
and reagents were purchased from Sigma Chemical Company or
Aldrich Chemical Company, unless otherwise noted. The jasmonic
acid-induced lgt11 cDNA library prepared from Arabidopsis thali-

na ecotype C24 (34) was a gift of Dr. Jose J. Sanchez-Serrano,
niversidad Autonotia de Tiadrid, Madrid, Spain.
PCR-based probe generation. Two rounds of PCR were performed

ach in a total volume of 50 ml containing 20 mM Tris/HCl (pH 8.4),
0 mM KCl, 5 mM MgCl2, 200 mM of each dNTP, 0.1 mM of primer
-1 (59-AGG TTT ACT CTC TCT ATA CGA AGC-39), 0.1 mM of

primer 2-2 (59-AAT AAC TCT CTG TGA TTC GGT CTC-39), 1 U of
Taq polymerase (BRL), and 5 ml of template. As template in the

rimary PCR, 5 ml of the Arabidopsis cDNA library (2 3 108 pfu/ml)
as used. Five microliters of the completed primary reaction served
s template in a secondary amplification. The temperature program
or PCR was denaturation at 95°C for 2 min, followed by 35 cycles of
mplification employing the following temperature program in a

radient 96 Robocycler (Stratagene): 1 min at 95°C, 1 min at 45°C,
min at 72°C. PCRs were analyzed by agarose gel electrophoresis

p
a

35). A 392-bp amplicon of the secondary reaction was ligated into
CR2.1-TOPO (Invitrogen), and transformed into E. coli TOP10F9
ells (Invitrogen). Plasmid DNA was prepared from individual trans-
ormants and the inserts were sequenced (DyeDeoxy Terminator
ycle Sequencing, Applied Biosystems). A 392-bp insert sequence
as identified and was designated as probe AtTPS03.
Library screening. Fifty nanograms of probe AtTPS03 was am-

lified by PCR, purified by agarose gel electrophoresis and extraction
sing the Qiagen (Hilden, Germany) gel extraction kit, randomly

abeled with [a-32P]dATP (36), and used to screen replica filters of
2 3 105 plaques of the jasmonic acid-induced Arabidopsis cDNA
ibrary plated on E. coli Y1090r2. Hybridization was performed for

18 h at 50°C in 33 SSPE and 0.1% SDS. Filters were washed three
imes for 10 min at 50°C in 33 SSPE with 0.1% SDS and exposed for
7 h to Kodak BioMax-MS film at 280°C. Thirty clones yielding

positive signals with probe AtTPS03 were purified through a second
ound of hybridization. Inserts of purified lgt11 clones were ampli-

fied by PCR using primers lgt11-F (59-GGT GGC GAC GAC TCC
GG AGC CCG-39) and lgt11-R (59-TTG ACA CCA GAC CAA CTG

GTA ATG-39). PCR was performed in a total volume of 50 ml con-
aining 10 mM KCl, 10 mM (NH4)2SO4, 20 mM Tris/HCl (pH 8.75), 2

mM MgSO4, 0.1% Triton X-100, 5 mg BSA, 200 mM of each dNTP, 0.1
mM of primer lgt11-F, 0.1 mM of primer lgt11-F, 1 U of high-fidelity
cloned Pfu polymerase (Stratagene), and 10 ml of phage solution.
After a denaturation step at 95°C for 2 min, 30 cycles of amplification
were performed employing the following temperature program in a
Gradient 96 Robocycler: 1 min at 94°C, 1 min at 60°C, 2 min at 72°C,
followed by a 10-min final extension at 72°C. PCR-amplified cDNA
inserts were ligated into pCR-Blunt (Invitrogen) and transformed
into E. coli TOP10 cells (Invitrogen). Plasmid DNA was prepared
from individual transformants and the inserts were sequenced.

cDNA expression in E. coli and enzyme assays. The AtTPS10
insert fragment of plasmid pCR-Blunt-J1 was subcloned in frame
into the pSBETa expression vector (37). Restriction sites NdeI and
BamHI for subcloning a version of cDNA AtTPS10 without the
presumptive plastidial targeting peptide (38) were introduced by
sticky-end PCR (39). Fragments were amplified by PCR using primer
1-J1-RR (59-TAT GCG TCG TTC TGC GAA CTA TCA GCC-39) in
combination with primer 3-J1-RR (59-CTC AAT CTA AAG GAA TCG
GAT TG-39) and primer 2-J1-RR (59-TGC GTC GTT CTG CGA ACT
ATC AGC C-39) in combination with primer 4-J1-RR (59-GAT CCT
CAA TCT AAA GGA ATC GGA TTG-39). PCRs were performed in
volumes of 100 ml containing 20 mM Tris/HCl (pH 8.8), 10 mM KCl,
10 mM (NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 5 mg BSA, 200
mM of each dNTP, 0.1 mM of each primer, 2.5 U of high-fidelity Turbo

fu polymerase (Stratagene), and 10 ng plasmid pCR-Blunt-J1. After
denaturation step at 95°C for 2 min, 30 cycles of amplification were
erformed employing the following temperature program in a Gra-
ient 96 Robocycler (Stratagene): 30 s at 95°C, 30 s at 50°C, 2 min at
2°C, followed by a 10-min final extension at 72°C. The resulting
CR products were purified by agarose gel electrophoresis and ex-
raction using the Qiagen gel extraction kit. Purified PCR products
ere adjusted to concentrations of 10 ng/ml and equal volumes were

combined, denatured at 94°C for 10 min, and reannealed at 25°C for
30 min. One hundred nanograms of reannealed PCR products were
ligated into NdeI/BamHI-digested pSBETa to yield plasmid pSBET-
AtTPS10(R). Plasmid pSBET-AtTPS10(R) was then transformed
into E. coli BL21(DE3). For functional expression, bacterial strain E.
coli BL21(DE3)/pSBET-AtTPS10(R) was grown to A 600 5 0.5 at 37°C
in 5 ml of LB medium supplemented with 30 mg kanamycin/ml.

ultures were then induced by addition of 1 mM isopropyl-1-thio-b-
-galactopyranoside and grown for another 12 h at 20°C. Cells were
arvested by centrifugation and disrupted by sonication using a
odel HD2070, MS72 sonicator (Bandeln, Berlin, Germany) at 20%
ower for 15 s, and the resulting soluble enzyme preparations were
ssayed for monoterpene, sesquiterpene, and diterpene synthase
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263CLONING AND EXPRESSION OF Arabidopsis MONOTERPENE SYNTHASE
activity using the appropriate radiolabeled substrates as described
previously (14). A modified buffer for monoterpene synthase extrac-
tion and assays consisted of 50 mM Tris/HCl, pH 7.0, 10 mM MgCl2,
1 mM MnCl2, 10% (v/v) glycerol, 5 mM dithiothreitol. In the case of
he monoterpene synthase and sesquiterpene synthase assays, the
ssay mixture (1 ml) was overlaid with 1 ml of pentane to trap
olatile products. In all cases, after incubation at 30°C for 1 h, the
eaction mixture was extracted with pentane (3 3 1 ml) and the
ombined extract was passed through a 1.5-ml column of anhydrous
gSO4 and silica gel (Sigma, 60 Å) to provide the terpene hydrocar-

bon fraction free of oxygenated metabolites. To collect any oxygen-
ated products, assay mixtures were subsequently extracted with 3 3
1 ml of diethyl ether. To test for the formation of phosphorylated
products (21), the aqueous phase was then treated with excess potato
grade III apyrase, adjusted to pH 8.0–8.5, and treated with excess
calf intestinal alkaline phosphatase to hydrolyze monoterpenol
diphosphate esters. The incubation mixtures were subsequently ex-
tracted with 3 3 1 ml of diethyl ether, and water was removed from
combined extracts using anhydrous MgSO4. Aliquots of each fraction
were taken for liquid scintillation counting to determine conversion
rate. To obtain sufficient product for analysis by GC-FID and GC-
MS, the enzyme assay was scaled up by a factor of 20 and assays
were incubated for 5 h. Controls for product formation independent
of AtTPS10 cDNA were performed using extracts of E. coli
BL21(DE3) transformed with plasmid pSBETa.

Monoterpenes were quantified by GC-FID analysis on a Hewlett–
Packard 6890 using a DB-WAX (methyl dodecanoate, J&W Scien-
tific) capillary column (0.25 mm i.d. 3 30 m with 0.25-mm film). A
Cyclodex B (chiral b-cyclodextrin, J&W Scientific) capillary column
(0.25 mm i.d. 3 30 m with 0.25-mm film) was used for chiral sepa-
ration of monoterpene products. Split injections at a ratio of 5:1 were
made at an injector temperature of 220°C and a column flow of 2 ml
He min21. The oven was operated at an initial temperature of 40°C
3-min hold) which was then increased to 80°C at 3°C min21 followed

by a 15°C min21 ramp until 240°C (1-min hold). Compounds were
dentified by comparing retention times with those of authentic stan-
ards and the peak areas were integrated by Hewlett–Packard
hemstation software. GC-MS analysis was performed on a Hew-

ett–Packard 6890 GC–MS system (70 eV) using a Cyclodex B cap-
llary column (0.25 mm i.d. 3 30 m with 0.25-mm film). Splitless
njections were made at an injector temperature of 220°C. The oven
as programmed from 40°C (10-min hold) to 57°C at 3°C min21,

followed by 0.1°C min21 to 62°C, then 0.5°C min21 to 65°C, and
nally 15°C min21 to 230°C (2-min hold) with a constant flow of 1 ml

min21 He. Mass spectra were analyzed using Hewlett–Packard
hemstation software and were compared with those of authentic
tandards. Stereochemistry was assigned based on matching of re-
ention times with enantiomerically pure standards.

Sequence analysis. Inserts of all recombinant plasmids were com-
letely sequenced on both strands via primer walking using the
yeDeoxy Terminator Cycle Sequencing method (Applied Biosys-

ems). Sequence analysis was done using programs from the Wiscon-
in Package Version 9.1, Genetics Computer Group (GCG), Madison;
LUSTALW (http://www2.ebi.ac.uk/clustalw/); and TREECON Ver-
ion 1.3b (Yves van de Peer, University of Antwerp, Belgium).

RESULTS AND DISCUSSION

cDNA Cloning of AtTPS03 and AtTPS10

The TPS gene family of higher plants represents a
probable monophyletic group of highly specialized
monoterpene, sesquiterpene, and diterpene synthases
of primary and secondary metabolism (6). Recently, the

Arabidopsis genome project reported several genes A
with sequence similarity to members of the TPS gene
family (1, 2). Only two terpene synthases involved in
the biosynthesis of gibberellins, CPS and KS, which
catalyze the two-step cyclization of GGPP, have been
previously cloned and characterized from Arabidopsis
(7, 8). The newly discovered Arabidopsis TPS-like
genes show only low similarities to CPS and KS, and
are more closely related to sequences of monoterpene,
sesquiterpene, and diterpene synthases of secondary
metabolism described from other plant species. At the
initiation of this study, three different Arabidopsis
gene sequences with significant similarities to mem-
bers of the TPS gene family were available in Gen-
Bank. Following a previously introduced nomenclature
(14) and following the numbering system suggested by
Aubourg et al. (1), the putative Arabidopsis TPS genes
were designated AtTPS01 (Accession No. Y11187, nu-
cleotides 6093–8668), AtTPS02 (Accession No. Z97341,
nucleotides 164983–170504), and AtTPS03 (Accession
No. Z97341, nucleotides 172598–178554). Expression
of these, or any other, TPS genes with similarity to
known terpenoid synthases of secondary metabolism
has not yet been demonstrated in Arabidopsis. To test
for AtTPS gene expression and to identify a source for
cDNA isolation, several Arabidopsis cDNA libraries
made from whole plants, including rosette leaves,
stems, and flowers, from flower buds (40), or from jas-
monate-induced plants (34), were screened using PCR.
Libraries were adjusted to equal titers of 2 3 108 pfu/
ml. Two regions of the putative terpene synthase genes
AtTPS02 and AtTPS03 were selected as primer bind-
ing sites for PCR (Fig. 1). These positions are highly
conserved among TPS genes of plant origin (6) and
identical for AtTPS02 and AtTPS03. With all template
ibraries tested, two rounds of PCR were necessary to
ield detectable amounts of a 392-bp amplicon (Gen-
ank Accession No. AF180366), the sequence of which
as identical to the genomic sequence of AtTPS03 (Fig.
). No amplicon was detected after primary PCR, sug-
esting a low level of representation of the genes At-
PS02 and AtTPS03 in these libraries. The 392-bp
tTPS03 probe was subsequently used for filter hy-
ridization of 2 3 105 cDNAs of the jasmonate-induced

library, yielding a single strong hybridization signal,
J1, and 29 weaker signals. All clones yielding positive
signals with probe AtTPS03 were purified through a
second round of hybridization. cDNA inserts of purified
phage clones were then amplified by PCR using high-
fidelity polymerase, subcloned into plasmid vector
pCR-Blunt, and partially sequenced from both ends.
Sequence analysis revealed similarities to TPS genes
only for cDNA clone J1, which was subsequently des-
ignated AtTPS10. The AtTPS10 cDNA (GenBank Ac-
ession No. AF178535) is not identical to the genes

tTPS01, AtTPS02, and AtTPS03. However, a genomic
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FIG. 1. Alignment of deduced amino acid sequences of monoterpene synthases of the TPSb group of the plant TPS gene family. (1)
rabidopsis thaliana, myrcene/(E)-b-ocimene synthase AtTPS10, (2) Salvia officinalis, (1)-sabinene synthase (21); (3) S. officinalis, (1)-
bornyl diphosphate synthase (21); (4) Mentha spicata, (2)-limonene synthase (19); (5) S. officinalis, 1,8-cineole synthase (21). The alignment
was created using the PILEUP program. Residues that are identical among at least four of the five monoterpene synthases are shaded in
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265CLONING AND EXPRESSION OF Arabidopsis MONOTERPENE SYNTHASE
sequence identical to the AtTPS10 cDNA was submit-
ed to GenBank (Accession No. AC005967) after this
tudy was completed.

equence Analysis of AtTPS10

The deduced 555-amino-acid sequence of the longest
RF (1665 bp) of the partial AtTPS10 cDNA closely

esembles the predicted proteins of the genomic se-
uences of AtTPS02 (62.0% similarity, 52.6% identity)
nd AtTPS03 (66.1% similarity, 56.0% identity). Over-
ll sequence relatedness places AtTPS10 into the TPSb
roup of the TPS gene family (6) (Fig. 2). Genes of the
PSb group have been previously described only from

FIG. 2. Sequence relatedness of AtTPS10 [myrcene/(E)-b-ocimen
phylogenetic tree of the plant TPS gene family was reconstructe
CLUSTALW to create the multiple sequence alignment and TREECO
nto six subfamilies TPSa through TPSf (6). Arabidopsis sequences,

represented in five of the six TPS subfamilies. The Arabidopsis TPS
two-step cyclization of geranylgeranyl diphosphate to ent-kaurene
ent-kaurene synthase are the initial steps in the biosynthesis of gibb
group of angiosperm monoterpene synthases. Functional expressio
identified the AtTPS10 gene product as myrcene/(E)-b-ocimene synt
ene encoding a secondary metabolite terpene synthase. The Arabid
randis myrcene synthase, ag2 (14), a member of the TPSd group of
ynthases resemble most closely members of the TPSa subgroup of a
o. Y11187 (1)] and linalool synthase in the TPSf subgroup (AtTPS

gray. A cDNA fragment of the A. thaliana AtTPS03 gene (P) was am
region) and used as a hybridization probe. The arrow indicates the sit
(17, 38). Dots indicate highly or absolutely conserved residues of m

conserved RRX8W motif of monoterpene synthases and the absolutely

arked. The truncated region of the transit pepetide of AtTPS10, whic
embers of the Lamiaceae, and the corresponding en-
ymes have all been identified as monoterpene cycla-
es, including limonene synthase (19, 20), bornyl
iphosphate synthase, 1,8-cineole synthase, and sab-
nene synthase (21). Comparisons of the amino acid
equence deduced from the AtTPS10 cDNA with its
orresponding genomic sequence and with sequences of
ther terpene synthases of the TPSb group indicated
hat the AtTPS10 cDNA is truncated at the 59 termi-
us (Fig. 1). The truncation represents 36 amino acid
esidues of a presumptive transit peptide region at the
-terminus of the deduced protein. All previously de-

cribed monoterpene and diterpene synthases of the

synthase] and other members of the plant TPS gene family. A
sing the neighbor joining method (48) and using the programs

o calculate sequence relatedness. The TPS gene family is subdivided
ich resemble members of the TPS gene family of higher plants, are
nd TPSe genes encode the diterpene synthases, which catalyze the
a (2)-copalyl diphosphate. (2)-Copalyl diphosphate synthase and
llic acid-derived phytohormones. AtTPS10 is a member of the TPSb
f the AtTPS10 cDNA and characterization of recombinant enzyme
e. AtTPS10 is the first functionally characterized Arabidopsis TPS
is myrcene/(E)-b-ocimene synthase is only distantly related to Abies

nosperm terpenoid synthases. Other putative Arabidopsis terpene
osperm sesquiterpene synthases [e.g., AtTPS01, GenBank Accession
GenBank Accession No. AC002294).

ed using primer 2-1 (underlined region) and primer 2-2 (underlined
truncation of monoterpene synthases for removal of transit peptides
bers of the plant TPS gene family (6). Positions of the absolutely
e
d u
N t
wh
c a
vi

ere
n o
has
ops
gym
plifi
e of
em
conserved aspartate rich region DDXXD of terpene synthases are
h was deduced from the genomic sequence, is shown in italics.
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TPSb and TPSd groups have transit peptides of ap-
proximately 50–60 amino acids (6, 38, 41) which facil-
itate the import of these nuclear encoded gene products
into plastids, a process that involves cleavage of the
preproteins to the mature active enzymes. Although
the precise cleavage site is not yet known for any
terpene synthase preprotein, truncation of monoter-
pene synthases upstream of a conserved tandem argi-
nine motif (RRX8W) has been demonstrated to result in
fully active enzymes (17, 38). The tandem arginine
motif (RRX8W) is conserved in the deduced protein of
AtTPS10, as are other previously described motifs com-
mon to the TPSa, TPSb, and TPSd subfamilies of plant
terpene synthases (6) (Fig. 1). The molecular weight of
the AtTPS10-encoded preprotein was predicted based
on the corresponding genomic sequence (GenBank Ac-
cession No. AC005967) to be 69,278 Da, and to have a
pI of 6.01, similar to previously characterized monoter-
pene synthases of the TPSb and TPSd groups. Trun-
cation of the AtTPS10-encoded protein immediately
upstream of the RRX8W motif results in a protein of
predicted molecular weight 64,417 Da and pI of 5.56.
Since the deletion in the AtTPS10 deduced protein is
within the putative transit peptide, the truncated
cDNA was expected to yield an active terpene synthase
enzyme when expressed in E. coli.

Expression of AtTPS10 in E. coli and
Characterization of Myrcene/Ocimene Synthase

The AtTPS10 cDNA was subcloned into the pSBETa
expression vector, yielding pSBET-AtTPS10(R) and ex-

ressed in E. coli BL21(DE3). The expression vector
mploys the T7 RNA polymerase promoter and con-
ains the argU gene for tRNAs using the arginine
odons AGA and AGG, which are rare in E. coli but
ommonly found in plant terpene synthases (17, 38).
he protein deduced from AtTPS10 contains 16 argi-
ine residues encoded by the AGA or AGG codon.
ecombinant AtTPS10 protein was expressed as a

pseudo-mature” protein as described by Williams et al.
38), which is devoid of the transit peptide and contains

FIG. 3. Identification of the monoterpene products derived from
geranyl diphosphate in vitro by recombinant Arabidopsis thaliana
AtTPS10 myrcene/(E)-b-ocimene synthase. (A) Total ion chromato-
gram of reaction products separated on a chiral phase (b-cyclodex-
trin) column and identified as tricyclene (peak 1), myrcene (peak 2),
2-carene (peak 3), (2)-limonene (peak 4), (1)-limonene (peak 5), and
(E)-b-ocimene (peak 6). Peak 7 represents an unknown monoterpene.
(B) and (C) illustrate mass spectra and retention times of the prin-
cipal AtTPS10 enzyme product, b-myrcene (B), and of the authentic
b-myrcene standard (C). (D) and (E) illustrate mass spectra and

retention times of the AtTPS10 product (E)-b-ocimene (D) and of the

uthentic (E)-b-ocimene standard (E).
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267CLONING AND EXPRESSION OF Arabidopsis MONOTERPENE SYNTHASE
a starting methionine immediately upstream of the
RRX8W motif (Fig. 1). Deletion of the transit peptide
an improve expression of plant terpene synthases in
. coli and reduce the formation of intractable inclu-

sion bodies without affecting product outcome (17, 38).
Extracts of induced E. coli BL21(DE3)/pSBET-

tTPS10(R) were assayed for monoterpene, sesquiter-
ene, and diterpene synthase activity using the corre-
ponding 3H-labeled C10, C15, and C20 prenyl diphos-
hate substrates (14). Enzymatic production of terpene
lefins in extracts of 100 ml culture of E. coli

BL21(DE3)/pSBET-AtTPS10(R) was observed only us-
ng [1-3H]GPP as substrate at the level of 0.5–1.0

nmol/h. Extracts prepared from E. coli BL21(DE3)/
SBETa and heat-denatured extracts of BL21(DE3)/
SBET-AtTPS10(R) served as controls for monoter-
ene formation independent of recombinant AtTPS10
nzyme. These extracts did not yield detectable
mounts of monoterpene product. Monoterpenes gen-
rated by recombinant AtTPS10 enzyme were ana-
yzed by GC-FID and GC-MS (Fig. 3) on both normal
nd chiral phase (b-cyclodextrin) capillary columns.

Compounds were identified by comparison of retention
times and mass spectra with those of authentic stan-
dards (Fig. 3), and quantified based on GC-FID re-
sponse (not shown). The major monoterpene product of
the AtTPS10 enzyme was identified as b-myrcene (56%
of total hydrocarbon product), followed by (E)-b-oci-
mene (20%) and minor amounts (each less than 5%) of
the cyclic monoterpenes (2)-limonene, (1)-limonene,
-carene, and tricyclene and an unknown, possibly
ovel, monoterpene (Fig. 3). Because of the dominance
f the two acyclic monoterpene products, myrcene and

b-ocimene, which distinguishes this enzyme from the
single product myrcene synthase from grand fir (17),
the enzyme encoded by AtTPS10 is designated as a

yrcene/(E)-b-ocimene synthase. No oxygenated or
phosphorylated monoterpene products were detected.
A genomic sequence for AtTPS10 was recently reported
with the annotation “putative limonene cyclase” (Gen-
Bank Accession No. AC005967). However, functional
analysis of the gene product demonstrated that li-
monene, in the form of its two stereoisomers, is only a
minor product of this monoterpene synthase. The clon-
ing of the AtTPS10 cDNA and expression of the en-
zyme, as described here, provide a clear illustration of
the fact that sequence relatedness is insufficient to
determine the catalytic activity of new members of the
TPS gene family. Sequence relatedness and diagnostic
sequence elements, such as the RRX8W motif and pu-
ative transit peptide sequences, allow placement of
ew members of the TPS gene family into subfamilies,
uch as the TPSb group of angiosperm monoterpene
ynthases. Identification of the exact catalytic func-

ion, however, requires functional characterization.
The catalytic mechanism of monoterpene synthases
roceeds through either a (3R)- or (3S)-linalyl diphos-
hate intermediate, yielding products of two opposing
tereochemical series (3). The formation of both (2)
nd (1) antipodes of limonene at a ratio of 3:2 by the

AtTPS10 gene product indicates that this enzyme does
not possess complete stereochemical fidelity, a trait

FIG. 4. Proposed reaction mechanism for the conversion of geranyl
diphosphate (GPP) to myrcene and (E)-b-ocimene. OPP denotes the

iphosphate moiety. Formation of monoterpenoids is initiated by the
onization of GPP and subsequent isomerization to form linalyl
iphosphate (LPP). After ionization of LPP, the resulting linalyl
arbocation can undergo deprotonation at the C3 methyl group (a) to
orm myrcene or at the C4 methylene group (b) to form (E)-b-oci-
ene. Formation of the monocyclic and bicyclic minor products of
tTPS10, limonene, 2-carene, and tricyclene proceeds via the a-ter-

pinyl cation.
also found in several other monoterpene synthases
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(17). Nevertheless, the acyclic nature of the major
AtTPS10 products precludes determination of the ma-
jor stereochemical mode of catalysis without adminis-
tration of additional labeled substrates. The coproduc-
tion of myrcene and (E)-b-ocimene by a single terpene
synthase is not surprising given the close biosynthetic
relationship of these two acyclic monoterpene olefins
(Fig. 4). The proposed reaction mechanism for all
monoterpene synthases is thought to be initiated by
the ionization of GPP and subsequent isomerization to
form (3R)- or (3S)-linalyl diphosphate (LPP) as an en-
zyme-bound intermediate (3). After ionization of LPP,
the resulting linalyl carbocation can undergo deproto-
nation at the C3 methyl group (path a) to form myrcene
or at the C4 methylene group (path b) to form (E)-b-
ocimene. Thus, both acyclic products of this new ter-
pene synthase can be seen to arise from a single car-
bocationic intermediate.

The Arabidopsis myrcene/ocimene synthase is the
first functionally characterized monoterpene synthase
of the TPSb group that was not cloned from a member
of the Lamiaceae, and represents the only known mem-
ber of this group that forms mainly acyclic monoter-
penes. A myrcene synthase previously cloned from the
conifer Abies grandis is a member of the distantly
related TPSd group (14) (Fig. 2), which comprises
monoterpene, sesquiterpene, and diterpene synthases
of gymnosperm origin. Cloning and functional charac-
terization of AtTPS10 confirms that functional special-
zation of monoterpene synthases evolved indepen-
ently in angiosperms and gymnosperms (6).
Arabidopsis has not been reported to produce myr-

ene, ocimene, or other terpenoid secondary metabo-
ites which occur in many plant species as components
f essential oils, resins, or floral scents (42). However,
ther members of the Brassicaceae are known to emit
yrcene and ocimene from foliar or floral tissues (43–

5). Certain species, including members of the
inaceae, Myrtaceae, Rutaceae, Lamiaceae, and Aster-
ceae, possess specialized anatomical structures for
erpenoid biosynthesis and accumulation, such as resin
ucts, secretory cavities, and glandular trichomes. The
ajority of plant species, including Arabidopsis, do not

evelop conspicuous compartments for terpenoid for-
ation and storage, and may therefore produce terpe-
oid secondary metabolites only in small quantities,
.g., in floral tissues, or in response to environmental
hallenges, such as pathogen attack and damage
aused by herbivores (46, 47). Based on the surprising
xpression of TPSb genes in Arabidopsis, additional
nvestigations are now in progress to determine the
patial and temporal patterns of expression of mem-
ers of the AtTPS gene family and to identify terpenoid

econdary metabolites in Arabidopsis.
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