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trans-Long-chain prenyl diphosphate synthases catalyse the
sequential condensation of isopentenyl diphosphate (C;) units
with allylic diphosphate to produce the C,—-C;, prenyl
diphosphates, which are precursors of the side chains of prenyl-
quinones. Based on the relationship between product specificity
and the region around the first aspartate-rich motif in trans-
prenyl diphosphate synthases characterized so far, we have
isolated the cDNA for a member of trans-long-chain prenyl
diphosphate synthases from Arabidopsis thaliana. The cDNA
was heterologously expressed in Escherichia coli, and the recom-
binant His;-tagged protein was purified and characterized. Prod-
uct analysis revealed that the cDNA encodes solanesyl di-
phosphate (C,;) synthase (At-SPS). At-SPS utilized farnesyl
diphosphate (FPP; C,,) and geranylgeranyl diphosphate (GGPP;

C,,), but did not accept either the C, or the C, , allylic diphosphate
as a primer substrate. The Michaelis constants for FPP and
GGPP were 5.73 uM and 1.61 uM respectively. We also per-
formed an analysis of the side chains of prenylquinones extracted
from the A. thaliana plant, and showed that its major prenyl-
quinones, i.e. plastoquinone and ubiquinone, contain the C,;
prenyl moiety. This suggests that At-SPS might be devoted to the
biosynthesis of either or both of the prenylquinone side chains.
This is the first established frans-long-chain prenyl diphosphate
synthase from a multicellular organism.

Key words: isoprenoid, nonaprenyl diphosphate, plastoquinone,
prenyltransferase, ubiquinone.

INTRODUCTION

The trans-long-chain prenyl diphosphate synthases catalyse the
consecutive condensation of isopentenyl diphosphate (IPP; C;)
with allylic diphosphate in the trans-configuration to yield the
C,,—C,, prenyl diphosphates [1]. These compounds are utilized
for the side chains of prenylquinones found in almost all
organisms; these side chains serve to anchor the molecule in
membranes [2].

In plants, the major prenylquinones are plastoquinone and
ubiquinone. Although both prenylquinones share the structural
feature of the trans-polyprenyl tail attached to a benzoquinone
skeleton, their subcellular localization and biochemical roles are
distinct [3]. Plastoquinone exists in the thylakoid membrane of
chloroplasts, and acts as an electron carrier between Photosystem
IT'and the cytochrome b—fcomplex in the photosynthetic electron
transfer reaction [4]. In contrast, ubiquinone exists in the inner
membrane of the mitochondrion, and transfers electrons from
the NADH dehydrogenase complex to the cytochrome b—c,
complex in the respiratory chain reaction [5]. In addition to their
function in electron transfer, both prenylquinones, in reduced
form, are involved in antioxidant activity [6,7].

The lengths of the polyprenyl side chains differ between
plastoquinone and ubiquinone, and even among plant species. It
isassumed that the chain lengths depend on the product specificity
of trans-long-chain prenyl diphosphate synthases that yield their
precursors (Scheme 1). However, in plants, the enzymes are
largely unknown, except for the identification of their enzymic
activity [8].

Farnesyl diphosphate (FPP; C,;) synthase and geranylgeranyl
diphosphate (GGPP; C,;) synthase catalyse similar trans-type
condensations to give the C,; and C,, products respectively. To
date, many genes encoding these short-chain prenyl diphosphate
synthases have been isolated from various organisms, including
higher plants, and well characterized [9-15]. In addition, the
molecular cloning of frans-long-chain prenyl diphosphate
synthases from two yeasts [16,17] and several prokaryotes [18-21]
has been conducted. These enzymes share several functionally
conserved regions [1]. In particular, two aspartate-rich motifs are
crucial for the binding of two kinds of substrate: allylic
diphosphate, which binds to the first aspartate-rich motif
(FARM), and IPP, which binds to the second aspartate-rich
motif. Furthermore, mutagenic studies [22] and the three-
dimensional structure of avian FPP synthase with an allylic
substrate analogue [23,24] have revealed the outline of a basic
mechanism of product specificity that is applicable to all trans-
prenyl diphosphate synthases. According to this mechanism, the
processes of chain elongation and termination occur as follows.
After binding of the diphosphate moiety of the allylic substrate
via bivalent metal ions to the aspartate residues of the FARM,
the prenyl chain extends into a hydrophobic pocket surrounded
by «-helices in the enzyme during the sequential condensation of
IPP [23,24]. Chain elongation is terminated precisely at a defined
length by the direct interaction of the w-terminus of the product
with bulky residues upstream of the FARM [22,25-28]. In the
case of plant FPP synthase, the two aromatic residues at the fifth
and fourth positions before the FARM act as a steric hindrance
to define the product length as C,; [9-12,27]. On the other hand,
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the insertion of two residues within the FARM acts to shorten
the product length, independent of the residues preceding the
FARM. Plant GGPP synthase has two residue insertions in
the FARM (instead of aromatic residues at the fifth and the fourth
positions before the FARM) which, consequently, gives the C,,
product [13-15,27]. In the case of long-chain prenyl diphosphate
synthases from micro-organisms, a lack of insertions in the
FARM and of aromatic residues immediately before the FARM
set the product length to range between C,, and C,, [21,29,30].
Hence we may expect the region around the FARM of plant
long-chain prenyl diphosphate synthases to show the same profile
as the enzymes from micro-organisms.

In order to gain more knowledge about the biosynthesis of
prenylquinone side chains in plants, we isolated the cDNA
encoding trans-long-chain prenyl diphosphate synthase from
Arabidopsis thaliana, based on the information described above,
and characterized the recombinant protein.

EXPERIMENTAL
Materials

A. thaliana (ecotype Columbia) seeds were grown on sterile soil
at 23 °C with a light intensity of 50 gmol - m™2 - s™! and a day
length of 16 h. Escherichia coli TOP10F’ and a pCR®2.1 vector
(Invitrogen) were used for the TA cloning. E. coli BL21(DE3)
and a pET-15b vector (Novagen) were used for expression of the
recombinant protein. [4-"*C]IPP was purchased from NEN™
Life Science Products. Non-labelled IPP, dimethylallyl
diphosphate (DMAPP), geranyl diphosphate (GPP), all-trans-
FPP, all-trans-GGPP and acid phosphatase (potato) were from
Sigma. A precoated reverse-phase TLC plate (RP-18) was
from Merck.

DNA sequencing

Plasmid DNA for sequencing reactions was prepared with the
Quantum Prep® Plasmid Miniprep Kit (Bio-Rad). The
sequencing reaction was performed with the BigDye™ Ter-
minator Cycle Sequencing FS Ready Reaction Kit (Applied
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Biosystems) using the M13 forward (—20) primer, the M13
reverse primer or a specifically designed primer. The nucleotide
sequences were obtained by capillary electrophoresis on an ABI
PRISM™ 310NT Genetic Analyser (Applied Biosystems).

cDNA cloning

Total RNA was isolated from the total tissue of 4-week-old
A. thaliana plants using the RNeasy® Plant Mini Kit (QIAGEN),
and purified using the same kit after digestion with DNase 1.
First-strand ¢cDNA was synthesized by reverse transcription
using purified total RNA and ReverTra Ace-«-™ reverse trans-
criptase (TOYOBO), and then treated with RNase H. To isolate
the coding sequence of the candidate A. thaliana trans-long-chain
prenyl diphosphate synthase (accession number NM_106498),
PCR was performed using the first-strand cDNA as the template,
and the specific primers At-trans-F (5'-ATGTCGGAATATA-
GATTTAGGTACGA-3’) and At-trans-R (5-CTAATCAATT-
CTTTCGAGGTTATACAA-3’), which were designed from
sequence information on the database. The PCR product was
ligated into a pCR®2.1 vector to give a plasmid designated pCR-
At-trans-PT. To determine the 5-untranslated region (UTR)
and 3’-UTR of the entire cDNA corresponding to the above-
mentioned coding sequence, 5- and 3’-rapid amplification of
cDNA ends (RACE) were conducted. For 5-RACE, the 5’-Full
RACE Core Set (TaKaRa) was used with the A. thaliana total
RNA as the template and a set of specific primers: At-trans-RT
(5-pPAATAACTTCAAGATTCTC-3') for reverse transcription;
At-trans-1st-F (5-GCGGTGCTAGCTGGAGATTTC-3") and
At-trans-1st-R  (§-CTTGTGCCGAAAAGCTCATGAAC-3')
for the first PCR; and At-trans-2nd-F (5-CGTCATGGT-
ACTTAGCAAATCTC-3") and At-trans-2nd-R (5-CATGT-
CACTCTCGTCTAACACAT-3") for the second PCR. For
3’-RACE, the 3’-Full RACE Core Set (TaKaRa) was used with
the A4. thaliana total RNA as the template and a set of specific
primers (At-trans-1st-F for the first PCR and At-trans-2nd-F for
the second PCR). These sequence data, combined with those of
the coding sequence, were compared with the corresponding
genome sequence, and it was confirmed that non-specific muta-
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genesis had not been introduced during PCR. The sequence of
the full-length cDNA is registered in the DDBJ/GenBank/
EMBL/GSDB DNA databases under accession no. AB071514.
The open reading frame (ORF) of this cDNA was tentatively
designated At-trans-PT (A. thaliana trans-prenyltransferase).

Expression and purification

In order to introduce restriction endonuclease sites at both ends
of At-trans-PT, PCR was performed with pCR-At-trans-PT
as the template and a pair of primers, At-trans-Ndel-F
(5-CATATGATGACGTCATGTCGGAATATAGATTTA-
GGTACG-3") and At-trans-BamHI-R (5'-GGATCCCTAATC-
AATTCTTTCGAGGTTATAC-3'); the Ndel and BamHI sites
respectively are underlined. The PCR product was subcloned
into a pCR®2.1 vector and sequenced. The At-trans-PT fragment
was then excised with Ndel and BamHI and ligated into the same
sites of a pET-15b vector, yielding the expression plasmid pET-
15-At-trans-PT, which encodes an N-terminal in-frame fusion of
At-trans-PT protein with the His; tag. E. coli BL21(DE3) was
used as a host for the expression of pET-15-At-trans-PT.

Transformed cells carrying pET-15-At-trans-PT were grown
at 37 °C in 1.8 litres of a Luria—Bertani medium supplemented
with 60 pg/ml ampicillin until 4,,, reached 1.0. Subsequently,
isopropyl p-bD-thiogalactopyranoside was added to a final con-
centration of 1 mM, followed by further cultivation for 3 h at
30 °C. Cells were harvested by centrifugation (4000 g, 10 min)
and then disrupted by the addition of BugBuster™ HT (Novagen)
supplemented with 1 mM PMSF. All subsequent operations
were carried out at 4 °C. After centrifugation (8000 g, 30 min)
and filtration (0.45 xm), the supernatant was applied to a HiTrap
Chelating HP column (Amersham Biosciences) charged with
Ni?* and equilibrated with buffer 1 (20 mM sodium phosphate,
0.5 M NacCl, pH 7.4) containing 10 mM imidazole. The column
was washed with buffer 1 containing 50 mM imidazole, and
eluted with a stepwise gradient of 100-500 mM imidazole in
buffer 1. The fractions of the At-trans-PT protein were subjected
to gel filtration performed on a Superdex 200 HR 10/30 column
(Amersham Biosciences) at 0.3 ml/min with buffer 2 (50 mM
Mops, 150 mM NaCl, pH 8.0).

After purification, the homogeneity of the At-trans-PT protein
was confirmed by SDS/PAGE with Coomassie Brilliant Blue
staining [31]. Protein concentrations were measured by the
method of Bradford with BSA [32] as a standard.

Measurement of enzymic activity and product analysis

Enzymic activity was measured by determination of the amount
of [4-1*C]IPP incorporated into butanol-extractable polyprenyl
diphosphates. The standard assay mixture contained, in a total
volume of 200 1, 100 mM Mops buffer (pH 8.0), 8 mM MgCl,,
0.059, (w/v) Triton X-100, 50 M [4-*C]IPP (37 GBq - mol™),
50 uM allylic substrate (DMAPP, GPP, FPP or GGPP) and
40-50 ng of the purified enzyme. The incubation was carried out
at 30 °C for 10 min, and stopped by adding 200 xl of NaCl-
saturated water before 10 9, of the substrate had been consumed.
We confirmed that the addition of NaCl-saturated water com-
pletely terminates this enzymic reaction by carrying out the
control experiment (results not shown). The reaction products
were then extracted with 1 ml of butan-1-ol saturated with NaCl-
saturated water, and the radioactivity in the butan-1-ol extract
was measured in the d.p.m. mode with an LS 6500 Multi-
Purpose Scintillation Counter (Beckman Coulter) and Scintisol®
500 scintillation cocktail (Dojindo).

For kinetic studies, the concentration of the allylic substrate
(FPP/GGPP) or of [4-"C]IPP was varied, while the counter-

substrate ([4-1*C]IPP or FPP/GGPP respectively) was kept at
saturating concentration. Kinetic parameters and their standard
errors were estimated by non-linear regression analysis using
EnzymeKinetics software version 1.5 (Trinity Software).

To analyse the radioactive reaction products, the extracted
prenyl diphosphates were hydrolysed to the corresponding
alcohols with potato acid phosphatase according to the method
reported previously [33]. It was verified that prenyl diphosphates
shorter than C,, can be hydrolysed completely, and prenyl
diphosphates longer than C,; can be hydrolysed to some degree,
to the corresponding alcohols by this method [29,33]. The
alcohols were extracted with n-pentane and analysed by TLC on
a reverse-phase RP-18 plate with a solvent system of acetone/
water (19:1, v/v). The positions of authentic standards were
visualized with iodine vapour, and the absolute radioactivities of
the spots were detected with a Bio-image Analyser BAS2000
(Fuji). The product distributions were determined on the basis of
the molar ratios of the products that were obtained by division
of the absolute radioactivity of each spot by the number of the
IPPs incorporated into the corresponding prenyl alcohol.

Analysis of plant prenylquinones

Samples of 10 g (wet weight) of the above-ground parts of
4-week-old A. thaliana plants were frozen in liquid nitrogen and
ground in a blender. Lipid components including prenylquinones
were extracted from the homogenate by reflux of chloroform/
methanol (2:1, v/v) for 3 h. The extract was evaporated to
dryness, dissolved in n-hexane, and then loaded into a silica gel
SepPak column (Waters). The column was washed with
n-hexane, followed by elution with n-hexane/diethyl ether (4:1,
v/v). The eluate was concentrated and then subjected to HPLC
(Shimadzu; LC-10 series) equipped with a photodiode array
detector (YMC-Pack ODS-A column; 5 gm; 4.6 mm x 250 mm)
at a flow rate of 1.0 ml/min (temperature 40 °C). After injection
on to the column equilibrated with 100 9%, solvent A (methanol/
water, 9:1, v/v), the column was eluted with a linear gradient
from 09, to 1009, solvent B (methanol/propan-2-ol, 4:1, v/v)
in 40 min, followed by isocratic elution with 100 %, solvent B for
20 min. Oxidized forms of plastoquinone and ubiquinone were
identified by their absorption spectra, with a A, of 256 nm
(plastoquinone) and 275 nm (ubiquinone). Their reduced forms
were detected by their absorption spectra at A, = 290 nm [34].
To determine the molecular mass of each prenylquinone, we
performed liquid chromatography—MS (LC-MS) using a QP8000
LC-MS system (Shimadzu) equipped with an electrospray
ionization source [Mightysil column (Kanto Chemical); 5 gm;
2.0 mm x 250 mm] at a flow rate of 0.2 ml/min. After injection
on to a column equilibrated with 100 9, solvent A" (solvent A
containing 0.1 9, formate), the column was eluted by a linear
gradient from 09, to 1009, solvent B” (solvent B containing
0.19%, formate) in 45 min, followed by isocratic elution with
100 9, solvent B” for 35 min.

RESULTS

Searching the A. thaliana database for trans-long-chain prenyl
diphosphate synthase

Although the mechanism for the determination of product length
was identified for trans-prenyl diphosphate synthases of archaeal,
bacterial and animal origin, we assumed that the same mechanism
should hold for plant enzymes producing trans-long-chain
(C,,—C,,) prenyl diphosphates [21-30]. Therefore it is likely that
these plant enzymes have non-aromatic residues at the fifth and
fourth positions before the FARM, and contain no insertions in
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1321 CTCGAAGTGGCTTCAGGTCGGCTCTAGAAGATATGGT GTTGTATAACCTCGAAAGAATTGATTAGCTTTCCAAAAGAAGTTGGAAACACTGAGACATGCTTATAGACTTATAGTACAGTA
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1441 AAACACACACAAAAGAGGAATGATTGTAACTCCTATTTCAAAAGTAATAACACATGATTTCGATTAAAAAAAAAAARAAAA

Figure 1

Nucleotide and deduced amino acid sequences of the candidate trans-long-chain prenyl diphosphate synthase from A. thaliana

Numbers on the left refer to nucleotides; those on the right refer to amino acids. Two aspartate-rich motifs for substrate binding and two non-aromatic residues essential for product specificity

are boxed. A putative chloroplast transit peptide is underlined.

the FARM [21,29,30]. Moreover, when a phylogenic tree was
constructed among various trans-prenyl diphosphate synthases,
all non-plant trans-long-chain prenyl diphosphate synthases were
placed nearer to the group of plant GGPP synthases than to that
of plant FPP synthases [22]. This implies that trans-long-chain
prenyl diphosphate synthase is more similar to GGPP synthase
than to FPP synthase in plants.

Thus our attempt to isolate a cDNA coding for a plant trans-
long-chain prenyl diphosphate synthase was carried out as
follows. We first searched the A. thaliana sequence database for
homologues of GGPS1 (accession no. AAA32797) [13], one of
the A. thaliana GGPP synthases, using the BLAST search
program (http://www.ncbi.nlm.nih.gov/BLAST/). The possible
sequences were then screened according to the criterion of
whether they had no insertions in the FARM. Consequently, an
amino acid sequence (accession no. NP_177972) was selected as
the candidate for trans-long-chain prenyl diphosphate synthase.
This sequence seemed to contain an N-terminal chloroplast
transit peptide according to the prediction programs of protein
sorting signals and localization sites such as ChloroP (http://
www.cbs.dtu.dk /services/ChloroP/) [35,36].

Isolation of the cDNA of the candidate trans-long-chain prenyl
diphosphate synthase

The coding sequence of NP_177972 (accession no. NM_106498)
was obtained by PCR with sequence-specific primers, and first-
strand cDNA derived from 4. thaliana total tissue as the template.
Subsequently, 5’- and 3’-UTRs were determined by 5-RACE
and 3’-RACE respectively (Figure 1). The previously registered
coding sequence of NM_106498 was constructed using computer
programs connecting the putative exons on the genome sequence.
We found that the first ATG codon of the ORF of the full-length
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Table 1 Allylic substrate specificity of At-SPS

Enzymic reactions were carried out with 50 #M [4-"*C]IPP and 50 uM of the indicated allylic
substrate at 30 °C for 10 min. Relative activities were determined based on the activity with
FPP.

Allylic substrate Relative activity (%)

DMAPP 0.34
GPP 0.00
FPP 100
GGPP 111

cDNA obtained here precedes that of the calculated coding
sequence. The sequence around this first ATG codon is consistent
with the Kozak consensus sequence (RNNAUGR). Thus we
supposed that the translation starts from this ATG codon, and
we tentatively termed the ORF At-trans-PT (for A. thaliana
trans-prenyltransferase). The At-trans-PT protein consists of 406
amino acids. Re-execution of the computer programs for in-
tracellular localization predicted that the At-trans-PT protein is
also transported into the chloroplast. Hydropathy and trans-
membrane motif analyses of the At-trans-PT protein using the
SOSUI system indicated that this protein is a soluble protein
and does not contain transmembrane helices large enough to
span the lipid bilayers (http://sosui.proteome.bio.tuat.ac.jp/
sosuiframe0.html) [37].

The At-trans-PT protein shows 23-24 9, identity with two
A. thaliana FPP synthases (accession nos. AAF44787 and S71182)
[9-11], 32-38 9, identity with five A. thaliana GGPP synthases
(accession nos. AAA32797, AAB67730, BAB02387, AAD12206
and BAA23157) [13,14], and 33-36 9, identity with trans-long-
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Figure 2 TLC autoradiochromatograms of prenyl alcohols obtained by
enzymic hydrolysis of the products formed by At-SPS

The products obtained following incubation of [4-'*C]IPP plus FPP (left) or GGPP (right) were
analysed by reverse-phase RP-18 TLC, as described in the Experimental section. Ori., origin;
S.F., solvent front.

chain prenyl diphosphate synthases derived from four bacteria
(accession nos. P19641, P55785, BAA22867 and BAA32241)
[18-21] and two yeasts (accession nos. XUBYTP and BAA12314)
[16,17]. It is noteworthy that the At-frans-PT protein has
significant similarity (39 9, identity) with 4. thaliana GPP (C,,)
synthase (accession no. CAC16849), which catalyses only a
single condensation of IPP with DMAPP (C,) [38].

Functional analysis of the candidate trans-long-chain prenyl
diphosphate synthase

For functional analysis, the At-trans-PT protein was hetero-
logously expressed as a His,-tagged fusion protein in E. coli cells
and purified by two chromatographic steps. The M, of the native
At-trans-PT protein was estimated to be 108000 by gel filtration
chromatography on a Superdex 200 HR column, and the
calculated M, of the single His,-tagged At-trans-PT protein
was 46 600. Thus the native form of the At-trans-PT protein was
considered to be dimeric. We performed further investigations
using this purified protein.

When the At-trans-PT protein was incubated with 50 uM FPP
and 50 «M [4-"*C]IPP, condensation activity was clearly detected.
Maximum activity was achieved under the conditions of pH 8.0
(100 mM Mops buffer), 8 mM MgCl, and 0.05 9%, Triton X-100.
Additionally, the At-trans-PT protein was stable below 40 °C (at
pH 8.0 for 10 min).

Four kinds of allylic diphosphates were tested at 50 xM as a
primer substrate with 50 xuM [4-**C]IPP under the optimum
conditions described above. The At-trans-PT protein utilized
FPP and GGPP as a primer substrate, but not DMAPP or GPP
(Table 1). The reaction products with FPP or GGPP were
dephosphorylated and then analysed by reverse-phase TLC.
When either FPP or GGPP was used as the primer substrate,
solanesol (C,;) was predominantly detected by TLC analysis,
indicating that the At-trans-PT protein gave solanesyl
diphosphate (SPP; C,,) as the major product (Figure 2). Hence
we concluded that At-trans-PT encodes SPP synthase (EC

Table 2 Product distribution of At-SPS

Enzymic reactions were carried out with 50 ;M [4-"*C]IPP plus 50 M FPP or GGPP at 30 °C
for 10 min. The products were then hydrolysed and the resulting alcohols were separated by
reverse-phase TLC, as described in the Experimental section. The amount of each prenyl alcohol
was determined by dividing the absolute radioactivity by the number of IPPs incorporated into
the product.

Product distribution (%)

Allylic substrate Cyo Cys Cyp Cas Cyo Cys

FPP 29 5.9 2.9 3.4 6.5 53
GGPP - 12 0.9 2.2 38 82

Table 3 Kinetic parameters of At-SPS

The kinetic parameters of At-SPS were determined at 30 °C for 10 min, as described in the
Experimental section. The concentrations of the counter-substrates were set at saturating levels,
as indicated. The k., value was defined by the unit of nmol of IPP converted into products per
s by 1 nmol of the dimer enzyme.

kK

cat m
Substrate  Counter-substrate A, (M) kg (571 (s7' - pM7
FPP 500 uM IPP 5.734+0.45 29.74+0.8 519
GGPP 100 uM IPP 1.61+0.21 21.0+14 131
IPP 20 uM FPP 151 4+17 147407 0.0968
IPP 4 uM GGPP 200+1.8 150405 0.752

2.5.1.11), and we duly designated this ORF as At-SPS
(A. thaliana SPP synthase), and its translated product as At-SPS.
When GGPP was used as the allylic substrate, At-SPS produced
SPP almost exclusively. In contrast, when FPP was used as the
primer substrate, considerable amounts of intermediates, such as
GGPP, were formed, although the main product was still SPP
(Figure 2 and Table 2). This implies that GGPP should serve as
a native primer substrate in A. thaliana cells.

The same experiments were conducted with At-SPS from
which the His, tag had been removed by thrombin cleavage. We
confirmed that the specific activity and the product distribution
of At-SPS were not affected by the His, tag (results not shown).
Thus we carried out the kinetic analysis using His,-tagged At-
SPS.

Kinetic analysis of At-SPS

Kinetic constants of At-SPS were determined with [4-*C]IPP
and FPP or GGPP as substrates, and the results are summarized
in Table 3. At-SPS showed a 3.6-fold lower K, value for GGPP
than that for FPP, and a slightly lower &, value for GGPP than
that for FPP. Consequently the k. /K|, value for GGPP was 2.5-
fold higher than that for FPP, indicating that At-SPS prefers
GGPP to FPP as the primer substrate. Moreover, when GGPP
was used as the counter-substrate, At-SPS showed a 7.6-fold
lower K value for IPP than that obtained with FPP as the
counter-substrate. Almost equal k_,, values for IPP were observed
in each case. Consequently the k_,, /K value for IPP determined
with GGPP was 7.8-fold higher than that for IPP with FPP. This
result also supports the preference of At-SPS for GGPP over
FPP.

Analysis of side chains of prenylquinones from A. thaliana

A precise analysis of the lengths of the side chains of plasto-
quinone and ubiquinone has not been conducted for 4. thaliana.
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Figure 3 Analysis of A. thaliana prenylquinones

Top panel: HPLC chromatogram of A. thaliana lipid compounds recorded with a photodiode
array detector. A single unimodal peak with a A, of 275 nm, assignable to oxidized
ubiquinone, and a single unimodal peak with a A, of 256 nm, assignable to oxidized plasto-
quinone, were observed at retention times of 48 min and 53 min respectively. Bottom
panels: mass spectra of the prenylquinones eluted at 48 min and 53 min. These data indicate
that the peak at 48 min is ubiquinone-9 [m/z 818 (M+Na)*] and that at 53 min is
plastoquinone-9 [m/z 772 (M+ Na)*].

To find out which prenylquinone the C,; product of At-SPS-
catalysed reactions is incorporated into, we analysed the lengths
of the side chains of plastoquinone and ubiquinone in the
A. thaliana plant. Lipid components including prenylquinones
were extracted from the above-ground parts of the plant and sub-
jected to HPLC and LC-MS. HPLC analysis showed a single
unimodal peak with a A, of 275 nm assignable to oxidized
ubiquinone at 48 min, and a single unimodal peak with a A,
of 256 nm assignable to oxidized plastoquinone at 53 min.
Because we did not conduct the extraction procedure under
completely anaerobic conditions, almost all of the reduced forms
of prenylquinones were oxidized, and consequently no peak with
a .. of 290 nm assignable to the reduced forms was observed
(Figure 3, top panel). The oxidized prenylquinones were analysed
by LC-MS, and were identified as ubiquinone-9 [m/z = 818
(M +Na)*]at48 min and plastoquinone-9 [m/z = 772 (M + Na)]
at 53 min (Figure 3, bottom panels). These analytical results
indicate that A. thaliana contains only a single molecular species
of each ubiquinone and plastoquinone, both of which have the
C,; prenyl chain, and suggest the possibility that At-SPS is
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involved in the biosynthesis of either or both of the prenylquinone
side chains.

DISCUSSION

In order to gain a better understanding of the biosynthesis of
prenylquinone side chains in plants, we have isolated the cDNA
for trans-long-chain prenyl diphosphate synthase from A. thal-
iana and performed kinetic characterization of the recombinant
protein.

The product specificity of the purified recombinant protein
revealed that the cDNA encodes a SPP synthase (At-SPS) (Fig-
ure 2, Table 2). At-SPS showed maximum activity at pH 8.0, and
a substrate preference for GGPP over FPP (Tables 1 and 3). In
plant cells, the weakly basic intracellular compartments are the
mitochondrial matrix and the chloroplast stroma [3], and it
has been reported that GGPP is synthesized mainly in the
chloroplastic stroma [14,39]. Moreover, our computer analysis
predicted that At-SPS can be transported into chloroplasts.
Therefore we speculate that At-SPS is localized in the chloroplast
and contributes to plastoquinone biosynthesis, utilizing GGPP
for the condensation initiation. This is consistent with a report
that the enzymes responsible for the final steps of plastoquinone
biosynthesis are localized on the inner envelope membrane of
chloroplasts [40]. A kinetic study also showed that At-SPS
displays 10-100-fold lower affinity for IPP than for GGPP
(Table 3). IPP might be accumulated at high concentrations in
the chloroplastic stroma in which At-SPS is localized.

However, our data presented here are not sufficient to conclude
that At-SPS is imported into the chloroplast and participates in
plastoquinone biosynthesis. Dallner’s group [41-43] reported
that SPP is synthesized by the condensation of IPP to GPP or
GGPP, followed by the transfer of the solanesyl moiety to
p-hydroxybenzoate and homogentisate to produce the precursors
of ubiquinone-9 and plastoquinone-9 respectively in the Golgi/
endoplasmic reticulum system of spinach leaves. To clarify the
localization of ubiquinone and plastoquinone synthesis in plant
cells, it is essential to determine the intracellular localization of
At-SPS by methods such as the use of green fluorescent protein
fusion proteins or in vitro translation followed by incorporation
into isolated organelles.

The phylogenetic tree connecting At-SPS and other trans-
prenyl diphosphate synthases from A. thaliana shows that At-
SPS is more closely related to GGPP synthases than to FPP
synthases, as expected (Figure 4) [44]. Interestingly, At-SPS is
also placed phylogenetically as close to GPP synthase as to the
GGPP synthases. GPP synthase yields the short-chain product
C,,, although its region around the FARM is the long-chain
type, i.e. with no insertions in the FARM and no aromatic
residues before the FARM [22,38]. This exceptional enzyme
might regulate its product specificity by an unknown mechanism
extraneous to the region around the FARM, and this
mechanism might have been lost from At-SPS. GPP synthase is
known to be localized in the chloroplast [38] together with
GGPS1, the GGPP synthase that is expressed ubiquitously in
every tissue and is the most abundant of the five isoenzymes [14].
If At-SPS is also transported into the chloroplast, these enzymes
might constitute the subfamily of chloroplastic trans-prenyl
diphosphate synthases that are evolutionarily related to each
other.

Analysis of the side chains of native prenylquinones revealed
that A. thaliana contains only a single molecular species of each
ubiquinone and plastoquinone, with the C,; prenyl moiety
(Figure 3). The length and nature of the side chains of ubi-
quinones has been analysed in several plant species. In some



Arabidopsis thaliana solanesy! diphosphate synthase 685

GGpse, GGPS1 ,GGPS4

FPSIL

Figure 4 Molecular phylogenetic tree of amino acid sequences of
A. thaliana trans-prenyl diphosphate synthases

The tree was constructed by the neighbour-joining method [44]. The lengths of the lines indicate
the relative distances between nodes. Numbers indicate tree confidence, calculated by
bootstrapping (iteration count 1000; maximum value 1000). Enzymes used for alignment are
At-SPS  (accession no. BAB86941), FPP synthases (FPST1L and FPS2; accession nos.
AAF44787 and S71182 respectively), GGPP synthases (GGPS1, GGPS2, GGPS3, GGPS4 and
GGPS6; accession nos. AAA32797, AAB67730, BAB02387, AAD12206 and BAA23157
respectively), and GPP synthase (GPS; accession no. CAC16849).

cases, similar ubiquinone spectra have been observed among
plant species in the same family. Poaceae and Asteraceae yield
ubiquinone-9 predominantly [45-47], and Fabaceae and
Solanaceae produce mainly ubiquinone-10 [45,47,48]. However,
in the Brassicaceae family, it appears that the major ubiquinone
differs among species. Brassica oleracea gives mainly ubiquin-
one-10, with a small amount of ubiquinone-9 [45], whereas
A. thaliana produces ubiquinone-9 solely, as shown in the present
study. The lengths of the ubiquinone side chains in these plants
seem to depend on the product specificity of the enzymes that
correspond to At-SPS. Thus the At-SPS homologue that yields
the C,, prenyl diphosphate could be present in plant species in
the Brassicaceae family, such as B. oleracea. By comparing At-
SPS with the At-SPS homologue from B. oleracea, the mechanism
that defines the product length of C,; and C,, might be revealed.

The similarity of the product length of At-SPS with the side-
chain length of the two prenylquinones from A. thaliana implies
that At-SPS serves to supply the precursor of the prenyl tail of
both prenylquinones. There is some degree of disorder in protein
sorting in plant cells, and a given transit peptide might lead to
import into both chloroplasts and mitochondria. At-SPS might
thus undergo translocation into both organelles. In this case, At-
SPS would utilize IPPs derived from different pathways. It has
been reported that, in plants, IPP for the plastoquinone prenyl
chain is synthesized via a non-mevalonate pathway [49], whereas
IPP for the ubiquinone prenyl chain is synthesized via the
mevalonate pathway [50].

By screening the A4. thaliana sequence database using the At-
SPS amino acid sequence as a query, we have identified a
sequence highly similar to At-SPS (accession no. AAD50025).
Judging from the computer programs, this sequence appears to
contain a mitochondrial targeting peptide at the N-terminus.
Thus this At-SPS homologue might be transported into mito-
chondria and be involved in the biosynthesis of the ubiquinone
side chain. Further detailed analyses of At-SPS and of its
homologue may lead to the elucidation of the molecular mech-
anism of the biosynthesis of prenylquinones in plants.
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