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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-
ignated AtTPSO03, was demonstrated by amplification
of a 392-bp cDNA fragment using primers designed to
conserved regions of plant terpene synthases. Using
the AtTPS03 fragment as a hybridization probe, a sec-
ond AtTPS cDNA, designated AtTPS10, was isolated
from a jasmonate-induced cDNA library. The partial
AtTPS10 cDNA clone contained an open reading frame
of 1665 bp encoding a protein of 555 amino acids. Func-
tional expression of AtTPS10 in Escherichia coli
yielded an active monoterpene synthase enzyme,
which converted geranyl diphosphate (C,) into the
acyclic monoterpenes B-myrcene and (E)-B-ocimene
and small amounts of cyclic monoterpenes. Based on
sequence relatedness, AtTPS10 was classified as a
member of the TPSb subfamily of angiosperm mono-
terpene synthases. Sequence comparison of AtTPS10
with previously cloned monoterpene synthases sug-
gests independent events of functional specialization
of terpene synthases during the evolution of terpenoid
secondary metabolism in gymnosperms and angio-
sperms. Functional characterization of the AtTPS10
gene was prompted by the availability of Arabidopsis
genome sequences. Although Arabidoposis has not
been reported to form terpenoid secondary metabo-

! The nucleotide sequence reported in this paper will appear in
GenBank under Accession Nos. AF178535 and AF180366.
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lites, the unexpected expression of TPS genes belong-
ing to the TPSb subfamily in this species strongly sug-
gests that terpenoid secondary metabolism is active in
the model system Arabidopsis. © 2000 Academic Press
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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)® (C,,), far-
nesyl diphosphate (FPP) (C,;), and geranylgeranyl
diphosphate (GGPP) (C,) to generate the carbon skel-
etons characteristic of the many terpenoid natural
products (3-5). The TPS gene family includes monoter-
pene (C,,), sesquiterpene (Cys), and diterpene (Cy,) syn-
thases that participate in secondary metabolism (6). In
addition, the terpene synthases copalyl diphosphate
synthase (CPS) and ent-kaurene synthase (KS) cata-
lyze sequential cyclization reactions converting GGPP
to ent-kaurene in gibberellin biosynthesis. CPS and KS
were cloned and functionally characterized in Arabi-
dopsis thaliana (7, 8) and several other plant species
(9-12). Terpene synthases participating in secondary
metabolism have been cloned as cDNAs from a number

® 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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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
metabolism, was not anticipated. It is not known
whether AtTPS genes are transcriptionally expressed
and, if so, what biochemical activities are catalyzed by
the encoded enzymes.

The TPS gene family of higher plants has been di-
vided into six subfamilies (6). Sequence comparison of
terpene synthases within and between subfamilies and
characterization of the corresponding enzymes demon-
strated that sequence relatedness allows identification
of members of the three major classes of terpene syn-
thases, monoterpene, sesquiterpene, and diterpene
synthases (6). However, sequence relatedness is not
sufficient for identification of the exact biochemical
functions of these diverse catalysts (6, 27). Expression
of active enzymes in a recombinant form is required for
functional characterization of new TPS genes. This
paper 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-*H]Geranyl diphos-
phate (250 Ci/mol) (31), [1-*H]farnesyl diphosphate (125 Ci/mol) (32),
and [1-°H]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 Agtll cDNA library prepared from Arabidopsis thali-
ana ecotype C24 (34) was a gift of Dr. Jose J. Sanchez-Serrano,
Universidad Autonotia de Tiadrid, Madrid, Spain.

PCR-based probe generation. Two rounds of PCR were performed
each in a total volume of 50 ul containing 20 mM Tris/HCI (pH 8.4),
50 mM KCI, 5 mM MgCl,, 200 uM of each dNTP, 0.1 uM of primer
2-1 (5"-AGG TTT ACT CTC TCT ATA CGA AGC-3'), 0.1 uM of
primer 2-2 (5'-AAT AAC TCT CTG TGA TTC GGT CTC-3’), 1 U of
Tag polymerase (BRL), and 5 ul of template. As template in the
primary PCR, 5 ul of the Arabidopsis cDNA library (2 X 10° pfu/ml)
was used. Five microliters of the completed primary reaction served
as template in a secondary amplification. The temperature program
for PCR was denaturation at 95°C for 2 min, followed by 35 cycles of
amplification employing the following temperature program in a
Gradient 96 Robocycler (Stratagene): 1 min at 95°C, 1 min at 45°C,
1 min at 72°C. PCRs were analyzed by agarose gel electrophoresis
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(35). A 392-bp amplicon of the secondary reaction was ligated into
pCR2.1-TOPO (Invitrogen), and transformed into E. coli TOP10F’
cells (Invitrogen). Plasmid DNA was prepared from individual trans-
formants and the inserts were sequenced (DyeDeoxy Terminator
Cycle Sequencing, Applied Biosystems). A 392-bp insert sequence
was identified and was designated as probe AtTPSO03.

Library screening. Fifty nanograms of probe AtTPS03 was am-
plified by PCR, purified by agarose gel electrophoresis and extraction
using the Qiagen (Hilden, Germany) gel extraction kit, randomly
labeled with [a-**P]dATP (36), and used to screen replica filters of
2 X 10° plagues of the jasmonic acid-induced Arabidopsis cDNA
library plated on E. coli Y1090r . Hybridization was performed for
18 h at 50°C in 3X SSPE and 0.1% SDS. Filters were washed three
times for 10 min at 50°C in 3X SSPE with 0.1% SDS and exposed for
17 h to Kodak BioMax-MS film at —80°C. Thirty clones yielding
positive signals with probe AtTPS03 were purified through a second
round of hybridization. Inserts of purified Agtll clones were ampli-
fied by PCR using primers Agtll-F (5'-GGT GGC GAC GAC TCC
TGG AGC CCG-3') and Agtl1l-R (5'-TTG ACA CCA GAC CAA CTG
GTA ATG-3’). PCR was performed in a total volume of 50 ul con-
taining 10 mM KCI, 10 mM (NH,),SO,, 20 mM Tris/HCI (pH 8.75), 2
mM MgSO,, 0.1% Triton X-100, 5 ug BSA, 200 uM of each dNTP, 0.1
uM of primer Agtll-F, 0.1 uM of primer Agtll-F, 1 U of high-fidelity
cloned Pfu polymerase (Stratagene), and 10 wl 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 Ndel 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 (5'-TAT GCG TCG TTC TGC GAA CTA TCA GCC-3’) in
combination with primer 3-J1-RR (5'-CTC AAT CTA AAG GAA TCG
GAT TG-3’) and primer 2-J1-RR (5'-TGC GTC GTT CTG CGA ACT
ATC AGC C-3’) in combination with primer 4-J1-RR (5'-GAT CCT
CAA TCT AAA GGA ATC GGA TTG-3'). PCRs were performed in
volumes of 100 ul containing 20 mM Tris/HCI (pH 8.8), 10 mM KCl,
10 mM (NH,),SO,, 2 mM MgSO,, 0.1% Triton X-100, 5 ng BSA, 200
uM of each dNTP, 0.1 uM of each primer, 2.5 U of high-fidelity Turbo
Pfu polymerase (Stratagene), and 10 ng plasmid pCR-Blunt-J1. After
a denaturation step at 95°C for 2 min, 30 cycles of amplification were
performed employing the following temperature program in a Gra-
dient 96 Robocycler (Stratagene): 30 s at 95°C, 30 s at 50°C, 2 min at
72°C, followed by a 10-min final extension at 72°C. The resulting
PCR products were purified by agarose gel electrophoresis and ex-
traction using the Qiagen gel extraction kit. Purified PCR products
were adjusted to concentrations of 10 ng/ul 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 Ndel/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 Agy,, = 0.5 at 37°C
in 5 ml of LB medium supplemented with 30 pg kanamycin/ml.
Cultures were then induced by addition of 1 mM isopropyl-1-thio-B-
D-galactopyranoside and grown for another 12 h at 20°C. Cells were
harvested by centrifugation and disrupted by sonication using a
Model HD2070, MS72 sonicator (Bandeln, Berlin, Germany) at 20%
power for 15 s, and the resulting soluble enzyme preparations were
assayed for monoterpene, sesquiterpene, and diterpene synthase
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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/HCI, pH 7.0, 10 mM MgCl,,
1 mM MnCl,, 10% (v/v) glycerol, 5 mM dithiothreitol. In the case of
the monoterpene synthase and sesquiterpene synthase assays, the
assay mixture (1 ml) was overlaid with 1 ml of pentane to trap
volatile products. In all cases, after incubation at 30°C for 1 h, the
reaction mixture was extracted with pentane (3 X 1 ml) and the
combined extract was passed through a 1.5-ml column of anhydrous
MgSO, and silica gel (Sigma, 60 A) to provide the terpene hydrocar-
bon fraction free of oxygenated metabolites. To collect any oxygen-
ated products, assay mixtures were subsequently extracted with 3 X
1 ml of diethyl ether. To test for the formation of phosphorylated
products (21), the aqueous phase was then treated with excess potato
grade 111 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 X 1 ml of diethyl ether, and water was removed from
combined extracts using anhydrous MgSO,. 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. X 30 m with 0.25-um film). A
Cyclodex B (chiral pB-cyclodextrin, J&W Scientific) capillary column
(0.25 mm i.d. X 30 m with 0.25-um 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 min'. The oven was operated at an initial temperature of 40°C
(3-min hold) which was then increased to 80°C at 3°C min* followed
by a 15°C min~* ramp until 240°C (1-min hold). Compounds were
identified by comparing retention times with those of authentic stan-
dards and the peak areas were integrated by Hewlett—Packard
Chemstation software. GC-MS analysis was performed on a Hew-
lett—Packard 6890 GC-MS system (70 eV) using a Cyclodex B cap-
illary column (0.25 mm i.d. X 30 m with 0.25-um film). Splitless
injections were made at an injector temperature of 220°C. The oven
was programmed from 40°C (10-min hold) to 57°C at 3°C min*,
followed by 0.1°C min™* to 62°C, then 0.5°C min* to 65°C, and
finally 15°C min* to 230°C (2-min hold) with a constant flow of 1 ml
min~' He. Mass spectra were analyzed using Hewlett—Packard
Chemstation software and were compared with those of authentic
standards. Stereochemistry was assigned based on matching of re-
tention times with enantiomerically pure standards.

Sequence analysis. Inserts of all recombinant plasmids were com-
pletely sequenced on both strands via primer walking using the
DyeDeoxy Terminator Cycle Sequencing method (Applied Biosys-
tems). Sequence analysis was done using programs from the Wiscon-
sin Package Version 9.1, Genetics Computer Group (GCG), Madison;
CLUSTALW (http://www2.ebi.ac.uk/clustalw/); and TREECON Ver-
sion 1.3b (Yves van de Peer, University of Antwerp, Belgium).

RESULTS AND DISCUSSION
c¢DNA 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
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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. 297341,
nucleotides 164983-170504), and AtTPS03 (Accession
No. 297341, 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 x 10° 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
libraries tested, two rounds of PCR were necessary to
yield detectable amounts of a 392-bp amplicon (Gen-
Bank Accession No. AF180366), the sequence of which
was identical to the genomic sequence of AtTPS03 (Fig.
1). No amplicon was detected after primary PCR, sug-
gesting a low level of representation of the genes At-
TPS02 and AtTPSO03 in these libraries. The 392-bp
AtTPS03 probe was subsequently used for filter hy-
bridization of 2 X 10° 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-
cession No. AF178535) is not identical to the genes
AtTPSO01, AtTPS02, and AtTPS03. However, a genomic



264

(1)
(2)
(3)
(4)
(5)

(1)
(2)
(3)
(4)
(5)

(P)
(1)
(2)
(3)
(4)
(5)

(P)
(1)
(2)
(3)
(4)
(5)

(P)
(1)
(2)
(3)
(4)
(5)

(1)
(2)
(3)
(4)
(5)

(1)
(2)
(3)
(4)
(5)

(1)
(2)
(3)
(4)
(5)

AtTPS10
sss

sbs
Mslim
scs

XXXW

PSRWDHHHLL
QSLWDFNYIQ
QSLWDFNYIQ
QSRWDVNFIQ
PTLWDFSTIQ

.RTNIQE...
HNN.......
HNN. . EVEKM
KNPFPKEER.
eeess.DE..

YTTKRLRKFV
FATOQLRDFV
PSTRSLREKF
FATKCLOKKL
FATKFLEEKV
FATKFLHKRV

DELKSLFSWW
EELKNVSSﬂH
EELKDISRWW
QELKDLSR“W
EELKESFRWW
QELKEASRWW

NWDINRLDEL
RWDNKSISQL
RWDTESITRL
Rmn:n&:ngj
RWDIESMKQL

ISSPTIFVHF
ISARPTIISQL
VASPAIISPT
ISGRPCMLTHI
IGGIPILSHL

VRQMINDLWD
VKFLIREAWK
VKFLIREAWK
VKWLIAEVWK
VRSLIDQTWE

~~~~MSSIST
~~~eeMSTISM
MALKVLSVAT
~~~~MSSLIM

SVENKFAKDK
SLNTPYKEQR
SLNTP!kﬁQR
SLLSDYKEDK
LFDSEYKEER

SDLHA@ALEF
.DLXFTALG?
.DLYFTALGP
.DL?SQSLAP
SDLYSTALRF

EVN. .RNET.
DTH. . SNEDF
DEGG....DE
DEGG....NE
NEGGVDGD. .
L.......VD

SKTGLTKHLD
METGLGKQLY
NSSCLAEKLP
SRLCFPEKLP
RNTGFVEKLP
NSTGLVHELD

PEYMRLCFLV
PYYMOVCYLA
PYYMQLCYWG
L PDYMQLCFLA
PPYMQICYLA

YCVFSDQLSI
YFSLANSIDE
YFTFANASHD
FFRVTDSFTK
FFRLTDSIEE

EMNYEKMAHS
EMNTVTTA.S
DM&T AIA.A
KMNAERVS ..K
MMNKEMMT .

BOHLMANN ET AL.

~mmmeo~mm~eMA TLLQIGSGVI
NIAM. ..PLN SLHNFERK.P
NVSILSKPLN CLHNLERR.P
QMATPSNLTT CLQPSHFKSS
QVVIP.KPAK IFHNNLFSVI

RVRERDLLKE KVRKMLNDEQ
HFNRQAELIM QyRMLLKVKM
SFNRQAELIM QVRILLKEKM
EVIRASELVT LVKMELEKET
HLMRAAGMIA QVNMLLQEEV

RLFROHCENY SEDVFDVE.M
RILRQHGFNV SEDVFBCFKI
RLLROHGFNI SQDVFNCFKN
RLUREHGFQV AQEVFDSFEN
KLLROYDFSY SQEVFDCFEN

KSYTLRRMVI HALEMPYHRR
GSCDMVEIVV QALDMPYYWQ
IDEDLSSWIR HSLDLPLHWR
IDENLLLWIR HSLDLPLHWR
«...LLTRIA YSLDIPLHWR
KDINLLSSIE RALELETHWR

Primer 2-2
L] Ll L ] L]
FVRDRITESL ~r~~m~~m~m~~
FARDRIVENY FWTIGQIQEP
FVRDRIVECF FWAIAAFEPH
EVRDRLvESF FWAVGMFEPH
FARDRLVECY FWNTGIIEPR
FVRDRIVECY YWITGVVERR

IYNEVNSIAC EILRTKNINV
LYRFVSERAI DILKDQHFNS
VHNYISDAA? DILKEHGFFC
LNNFVDDTSY bVMKEKGVNV
LFNFVNEMAY DTLRDKGFNS

QVLETLSQHQ QNVVRCSSSV
TA.IESLYQY HNILYLSGTI
TAVIDSLYQY HDILCLAGII
.ETVDSLYKY HDLVRWSSFV
.EDAESMHKY HDIVRASCTI

SSILHHDFME TVINLARMSO
DCPFTDDLVA AAANLARAAQ
GYPFPDGMVA GAANIGRVAQ
DSPFGKDFIG CAVDLGRMAQ
.SSPSKYFVQ VSANLARMAQ

YSNALRKTLR
SKAWSTSCTA
SKALLVPCTA
PRLLSSTNSS
SKRHRFSTTI

KTYLDOEEFE
EA.IQQLELT
EP.VQQLELT
DQ.IRQLELI
DS.IQRLELT

L]
ENCGKFDR. .
EKCSDFNANL
EKGIDPKASL
EEG.EFKESL
DKGTDFKPSL

VGRLEARWYI
MRRLSTRWYI
VQGLEARWFL
IQSVEARWFI
IKRPNAPVWI
VQMPNARSFI

L]
QYGYVRQTMT
QYSYQRKMAA
QHGYQRKMAA
QHASARIMMG
EHGYERIMLT

IPFLKKSWTD
IPYLORSWVS
LOYLRKSVVD
IPYLRQSWVD
TPYLRKAWVD

RPQSSTCIIV
PAARLR.ASS
PTARLR.ASC
SRSRLR....

TTRGGRWAHC

DDLQKLGVSY
ﬂbﬁQYﬁGLSY
HDLKY&GLSD
DDBQRMG&SD
DQERRLGISC

TEPTPCNKSP
SLOQEKPHQT
SLOQEKPHQT
. .VYCSSSQL
SLOM. .GNET

HFEAEIDNIL
FFQDEIKQIL
FFQDETIKETL
HFQNEFKEIL
HFDREIVEIL

Primer 2-1

YEASYLSTRI

~m~meGLLSL

DDIYGLISL
AQDTKGMLOL,
AQDTKGMLOL
SDDTRGLLOL
VDDTRGLLOL

EVYGERHD.M
DVYGKRONYK
DAYARRPD.M
DAYARRPD M
EWYRKRPD.M
DAYKRR?D M

D
KINALLYTID
VIITFITIID
TIIVLATVID
KVNALITVID
KINALVYPTID

.
VSKAYLVEAK
LVEGYLKEAY
LVEAYFHEAK
LADKYMVEAR
ILVESYLIEAK

CM¥QY . GDGH
FIYLD.gngn

LMY HNGDGH
WIYQHESDGF

QHELERGDVP
YFELARGD??
i VEEVSRGDVE
LDEVERGDVE

GSPEKAKIVD
GV.QHSETHQ
GV .0OHSKTYE
GT.QHPITHQ
GM. QHSLVNK

¥E%SYLSTKL
¥£AS?LLREG

YEASFLSAQG

NPILLELAKL
NLVVVEFAKI
NPLIFKLAKL
NPLIFELAKL
N?VVLELRIL
NPTVLELAKL

DxxD
bI&inGQLE
DVYDVYGTIE
DIYDVYGTLD
DIXDVYGTLE
DVFDIYGTLE

WYRSGHKPNY,
WYYNGYKPEL
WYHSGYTPSL
WFYGGHKESL,
WYYMCHKPSL

KSIQCYMSET
RKATOCYMNDT
KTIQCYMKET
KSLOCYMSDY
KSVOCYMNEK

RVMSL&?NPI
QMGGLLFQPY
HIAGLLFERPY
QMTRTLEERPF
MLRGLLEDRY

‘%Rxxxxx
TVORRSANYQ
.- .BRSGDYD
. . .RRSGDYQ
TTERRSGNYN
QTGRRTGGYH

TSSYKKD...

SSIHNEPRYF
GVIYNEHKCF
SSIYLDHHYY
NSKYYTNNEI

DTKLKESIY.
DKNLQIFIRP
EDTLELA.RR
EDTLELA.RE

G ETTLESA.RE

EETLHLA.RD

DFNFVQATHQ
DFNIVOATHQ
NFNIVQATYQ
NFNIIOATHQ
DLNIVOAQFQ
DFNMVQAQFQ

ELQLETVAFE
ELELLTDMIR
ELELFTDTFK
ELEQFTDLIR
ELQLFTTAIQ

EEYMQNARIS
EEYLNNAKIS
DEXLNIAKIS
EEYLENSWQS
EEYMKNSWIS

GASEDKARSH
NASEREAVEH
NASEEE&VE&
NASEAEARKH
NASEEEAREH

PLD*
Vo
A%~
A*~n
E*~~

(591)
(590)
(598)
(599)
(591)

(52)
(58)
(61)
(64)
(63)

(129)
(137)
(140)
(143)
(142)

( 24)
(201)
(208)
(216)
(219)
(213)

(100)
(279)
(283)
(291)
(292)
(285)

(130)
(359)
(363)
(371)
(372)
(365)

(439)
(443)
(451)
(452)
(445)

(519)

(522)

(530)
(531)
(524)

FIG. 1. Alignment of deduced amino acid sequences of monoterpene synthases of the TPSb group of the plant TPS gene family. (1)
Arabidopsis thaliana, myrcene/(E)-B-ocimene synthase AtTPS10, (2) Salvia officinalis, (+)-sabinene synthase (21); (3) S. officinalis, (+)-
bornyl diphosphate synthase (21); (4) Mentha spicata, (—)-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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)l syn. Meonth p P,
(-)-limonene syn. Mentha candicans
()-li syn. Perilla frutescens

1,8-cineole syn. Salvia officinalis
| (+)-sabi syn. Salvia officinalis
——|—— (+)-bornyl diphosphate syn. Salvia officinalis
AtTPS10 myrcene / E-B-ocimene syn.
AtTPS01 unknown function

E-B-far syn. Mentha piperita
§-cadi syn. Gossypium arboreum
germacrene C syn. Lycopersicon esculentum
[~ vetispiradiene syn. Hyoscyamus muticus
L 5-epi-aristolochene syn. Nicotiana tabacum

TPSh

TPSa

(-)-li
(-)-B-phellandrene syn. ag8 Abies grandis
_'—I—— myrcene syn. ag2 Abies grandis
terpinolene syn. ag9 Abies grandis
‘ l (-} pl syn. ag6 Abies grandis
(-)-pinene syn. ag3 Abies grandis
( (-)-copalyl diphosphate syn. Cucurbita maxima
L (-)-copalyl diphosphate syn. Arabidopsis thali } TPSc
{ AtTPS04 unknown function
L linalool syn. Clarkia breweri } TPSf
[ ent-kaurene B syn. Cucurbita maxima
ent-kaurene B syn. Arabidopsis thaliana } TPSe

syn. agl0 Abies grandis

TPSd

FIG. 2. Sequence relatedness of AtTPS10 [myrcene/(E)-B-ocimene synthase] and other members of the plant TPS gene family. A
phylogenetic tree of the plant TPS gene family was reconstructed using the neighbor joining method (48) and using the programs
CLUSTALMW to create the multiple sequence alignment and TREECON to calculate sequence relatedness. The TPS gene family is subdivided
into six subfamilies TPSa through TPSf (6). Arabidopsis sequences, which resemble members of the TPS gene family of higher plants, are
represented in five of the six TPS subfamilies. The Arabidopsis TPSc and TPSe genes encode the diterpene synthases, which catalyze the
two-step cyclization of geranylgeranyl diphosphate to ent-kaurene via (—)-copalyl diphosphate. (—)-Copalyl diphosphate synthase and
ent-kaurene synthase are the initial steps in the biosynthesis of gibberellic acid-derived phytohormones. AtTPS10 is a member of the TPSb
group of angiosperm monoterpene synthases. Functional expression of the AtTPS10 cDNA and characterization of recombinant enzyme
identified the AtTPS10 gene product as myrcene/(E)-B-ocimene synthase. AtTPS10 is the first functionally characterized Arabidopsis TPS
gene encoding a secondary metabolite terpene synthase. The Arabidopsis myrcene/(E)-B-ocimene synthase is only distantly related to Abies
grandis myrcene synthase, ag2 (14), a member of the TPSd group of gymnosperm terpenoid synthases. Other putative Arabidopsis terpene
synthases resemble most closely members of the TPSa subgroup of angiosperm sesquiterpene synthases [e.g., AtTPS01, GenBank Accession
No. Y11187 (1)] and linalool synthase in the TPSf subgroup (AtTPS04, GenBank Accession No. AC002294).

sequence identical to the AtTPS10 cDNA was submit- members of the Lamiaceae, and the corresponding en-

ted to GenBank (Accession No. AC005967) after this
study was completed.

Sequence Analysis of AtTPS10

The deduced 555-amino-acid sequence of the longest
ORF (1665 bp) of the partial AtTPS10 cDNA closely
resembles the predicted proteins of the genomic se-
guences of AtTPS02 (62.0% similarity, 52.6% identity)
and AtTPSO03 (66.1% similarity, 56.0% identity). Over-
all sequence relatedness places AtTPS10 into the TPSb
group of the TPS gene family (6) (Fig. 2). Genes of the
TPSb group have been previously described only from

zymes have all been identified as monoterpene cycla-
ses, including limonene synthase (19, 20), bornyl
diphosphate synthase, 1,8-cineole synthase, and sab-
inene synthase (21). Comparisons of the amino acid
sequence deduced from the AtTPS10 cDNA with its
corresponding genomic sequence and with sequences of
other terpene synthases of the TPSb group indicated
that the AtTPS10 cDNA is truncated at the 5’ termi-
nus (Fig. 1). The truncation represents 36 amino acid
residues of a presumptive transit peptide region at the
N-terminus of the deduced protein. All previously de-
scribed monoterpene and diterpene synthases of the

gray. A cDNA fragment of the A. thaliana AtTPS03 gene (P) was amplified using primer 2-1 (underlined region) and primer 2-2 (underlined
region) and used as a hybridization probe. The arrow indicates the site of truncation of monoterpene synthases for removal of transit peptides
(17, 38). Dots indicate highly or absolutely conserved residues of members of the plant TPS gene family (6). Positions of the absolutely
conserved RRXgW motif of monoterpene synthases and the absolutely conserved aspartate rich region DDXXD of terpene synthases are
marked. The truncated region of the transit pepetide of AtTPS10, which 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 (RRXW) has been demonstrated to result in
fully active enzymes (17, 38). The tandem arginine
motif (RRXgW) 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
pl 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 RRX W motif results in a protein of
predicted molecular weight 64,417 Da and pl 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 pPSBET-AtTPS10(R) and ex-
pressed in E. coli BL21(DE3). The expression vector
employs the T7 RNA polymerase promoter and con-
tains the argU gene for tRNAs using the arginine
codons AGA and AGG, which are rare in E. coli but
commonly found in plant terpene synthases (17, 38).
The protein deduced from AtTPS10 contains 16 argi-
nine residues encoded by the AGA or AGG codon.
Recombinant 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), (—)-limonene (peak 4), (+)-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, 8-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
authentic (E)-B-ocimene standard (E).
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a starting methionine immediately upstream of the
RRX W motif (Fig. 1). Deletion of the transit peptide
can improve expression of plant terpene synthases in
E. coli and reduce the formation of intractable inclu-
sion bodies without affecting product outcome (17, 38).
Extracts of induced E. coli BL21(DE3)/pSBET-
AtTPS10(R) were assayed for monoterpene, sesquiter-
pene, and diterpene synthase activity using the corre-
sponding *H-labeled C,,, C., and C,, prenyl diphos-
phate substrates (14). Enzymatic production of terpene
olefins in extracts of 100 ml culture of E. coli
BL21(DE3)/pSBET-AtTPS10(R) was observed only us-
ing [1-°*H]GPP as substrate at the level of 0.5-1.0
nmol/h. Extracts prepared from E. coli BL21(DE3)/
pSBETa and heat-denatured extracts of BL21(DE3)/
pSBET-AtTPS10(R) served as controls for monoter-
pene formation independent of recombinant AtTPS10
enzyme. These extracts did not yield detectable
amounts of monoterpene product. Monoterpenes gen-
erated by recombinant AtTPS10 enzyme were ana-
lyzed by GC-FID and GC-MS (Fig. 3) on both normal
and 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 (—)-limonene, (+)-limonene,
2-carene, and tricyclene and an unknown, possibly
novel, monoterpene (Fig. 3). Because of the dominance
of 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
myrcene/(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 RRX W motif and pu-
tative transit peptide sequences, allow placement of
new members of the TPS gene family into subfamilies,
such as the TPSb group of angiosperm monoterpene
synthases. ldentification of the exact catalytic func-
tion, however, requires functional characterization.
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FIG. 4. Proposed reaction mechanism for the conversion of geranyl
diphosphate (GPP) to myrcene and (E)-B-ocimene. OPP denotes the
diphosphate moiety. Formation of monoterpenoids is initiated by the
ionization of GPP and subsequent isomerization to form linalyl
diphosphate (LPP). After ionization of LPP, the resulting linalyl
carbocation can undergo deprotonation at the C3 methyl group (a) to
form myrcene or at the C4 methylene group (b) to form (E)-B-oci-
mene. Formation of the monocyclic and bicyclic minor products of
AtTPS10, limonene, 2-carene, and tricyclene proceeds via the a-ter-
pinyl cation.

The catalytic mechanism of monoterpene synthases
proceeds through either a (3R)- or (3S)-linalyl diphos-
phate intermediate, yielding products of two opposing
stereochemical series (3). The formation of both ()
and (+) 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
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-
ization of monoterpene synthases evolved indepen-
dently in angiosperms and gymnosperms (6).

Arabidopsis has not been reported to produce myr-
cene, ocimene, or other terpenoid secondary metabo-
lites which occur in many plant species as components
of essential oils, resins, or floral scents (42). However,
other members of the Brassicaceae are known to emit
myrcene and ocimene from foliar or floral tissues (43—
45). Certain species, including members of the
Pinaceae, Myrtaceae, Rutaceae, Lamiaceae, and Aster-
aceae, possess specialized anatomical structures for
terpenoid biosynthesis and accumulation, such as resin
ducts, secretory cavities, and glandular trichomes. The
majority of plant species, including Arabidopsis, do not
develop conspicuous compartments for terpenoid for-
mation and storage, and may therefore produce terpe-
noid secondary metabolites only in small quantities,
e.g., in floral tissues, or in response to environmental
challenges, such as pathogen attack and damage
caused by herbivores (46, 47). Based on the surprising
expression of TPSb genes in Arabidopsis, additional
investigations are now in progress to determine the
spatial and temporal patterns of expression of mem-
bers of the AtTPS gene family and to identify terpenoid
secondary metabolites in Arabidopsis.
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