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Two solanesyl diphosphate synthases, designated SPS1
and SPS2, which are responsible for the synthesis of the iso-
prenoid side chain of either plastoquinone or ubiquinone in
Arabidopsis thaliana, were identified. Heterologous expres-
sion of either SPS1 or SPS2 allowed the generation of UQ-9
in a decaprenyl diphosphate synthase-defective strain of fis-
sion yeast and also in wild-type Escherichia coli. SPS1-GFP
was found to localize in the ER while SPS2—-GFP localized
in the plastid of tobacco BY-2 cells. These two different sub-
cellular localizations are thought to be the reflection of
their roles in solanesyl diphosphate synthesis in two differ-
ent parts: presumably SPS1 and SPS2 for the side chains of
ubiquinone and plastoquinone, respectively.

Keywords: CoenzymeQ — Solanesyl diphosphate synthase —
Ubiquinone.

Plastoquinone and ubiquinone are known to be major pre-
nylquinones in plants. Plastoquinone is essential for photosyn-
thetic electron transfer in the chloroplast and ubiquinone is
essential for respiratory electron transfer in the mitochondrion
(Swiezewska 2004). Both quinones have the isoprenylated tail
in the quinone structure moiety and the length of the prenyl
side chain differs between species. Most plants possess nine or
10 units of the isoprenoid side chain of plastoquinone (PQ) and
ubiquinone (UQ): e.g. Arabidopsis contains PQ-9 and UQ-9.

Ubiquinone was initially identified as an essential factor in
aerobic growth and oxidative phosphorylation in the electron
transport system (Turunen et al. 2004). Recently, however, mul-
tiple additional functions of ubiquinone have been proposed,
such as a lipid-soluble antioxidant found in many organisms
(Turunen et al. 2004), involvement in disulfide bond formation
in Escherichia coli (Kadokura et al. 2003), sulfide oxidation in
the fission yeast Schizosaccharomyces pombe (Uchida et al.
2000) and relevance to life span in nematode Caenorhabditis
elegans (Larsen and Clarke 2002). Thus, it is widely accepted
that ubiquinone appears to play multiple roles. However, very
little is known about the functions of ubiquinone in plants.

The ubiquinone biosynthetic pathway has been developed
mostly from the studies of respiratory-deficient mutants of E.
coli and Saccharomyces cerevisiae (Kawamukai 2002). The
length of the isoprenoid side chain of ubiquinone varies
between organisms, e.g. S. cerevisiae, E. coli and S. pombe
contain UQ-6, UQ-8 and UQ-10, respectively. The length of
the side chain is determined by polyprenyl diphosphate syn-
thase, but not by 4-hydroxybenzoate-polyprenyl-diphosphate
transferases, which catalyze the condensation of 4-hydroxyben-
zoate and polyprenyl diphosphate (Okada et al. 1996, Okada et
al. 1997b, Okada et al. 1998a, Suzuki et al. 1994).

The genes encoding the long-chain polyprenyl diphos-
phate synthases have been cloned from various organisms rang-
ing from bacteria to yeast (Okada et al. 1997a, Okada et al.
1998b, Koyama 1999, Liang et al. 2002, Saiki et al. 2003). All
long-chain polyprenyl diphosphate synthases that synthesize
the side chain of ubiquinone had been thought to be
homodimeric enzymes (Kawamukai 2002). But our group
found that decaprenyl diphosphate synthase of S. pombe
formed a heterotetramer (Suzuki et al. 1997, Saiki et al. 2003).
This finding prompted us to test the nature of other eukaryotic
enzymes. It has been shown very recently that a solanesyl
diphosphate synthase (SPS1) from Arabidopsis is functional by
itself, indicating that this enzyme is a homomeric bacterial type
(Hirooka et al. 2003).

In this study, we independently analyzed two solanesyl
diphosphate synthases, namely, SPS1 and SPS2, and showed
that both solanesyl diphosphate synthases from Arabidopsis are
functional by themselves, and that SPS1 localized in the ER
while SPS2 localized in the plastid (chloroplast). These two
different localizations were assumed to be a reflection of the
localization of plastoquinone in the chloroplast and ubiquinone
in the mitochondrion.

We looked for potential polyprenyl diphosphate synthases
by searching the cDNA and genomic DNA sequences of Arabi-
dopsis in the National Center for Biotechnology Information
database. We picked up three different uncharacterized genes
that retain some sequence similarity with prenyl diphosphate
synthases. Then, we obtained cDNA clones of GenBank
accession numbers T44803, AV524823 and AV440463 from
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Fig. 1 Alignment of amino acid sequences of long-chain-producing polyprenyl diphosphate synthases from various organisms. From top to bot-
tom they are: (i) octaprenyl diphosphate synthase encoded by ispB from E. coli (accession no. NP417654); (ii) decaprenyl diphosphate synthase
encoded by ddsA from Gluconobacter suboxydans (accession no. AB006850); (iii) hexaprenyl diphosphate synthase encoded by COQ! from S.
cerevisiae (accession no. J05547); (iv) a component of decaprenyl diphosphate synthase encoded by dps! from S. pombe (accession no. D84311);
(v) solanesyl diphosphate synthase encoded by SPSI from Arabidopsis thaliana (accession no. AB188497); (vi) solanesyl diphosphate synthase
endoded by SPS2 from A. thaliana (accession no. AB188498). Highly conserved amino acids among organisms are indicated by shaded areas.
Underlines show the conserved regions. The DDXXD motifs in II and VI are the putative prenyl diphosphate substrate-binding sites.

Michigan State University and the Kazusa Institute. As the full
sequences of those clones were not known, we determined the
complete sequence of those three cDNAs. The deduced amino
acid sequences of those genes possessed the typical conserved
domains of polyprenyl diphosphate synthases (Fig. 1). We des-
ignated those three genes as GPSI (At2g34630), SPSI
(At1g78510) and SPS2 (Atlg17050). While we were conduct-
ing some experiments on GPS1, it was reported by Bouvier et
al. (2000) that GPS1 encoded geranyl diphosphate synthase.
We then gave up the further characterization of GPSI/ and
focused on SPSI and SPS2. Both SPS1 and SPS2 are highly
homologous to the other characterized prenyl diphosphate syn-
thase within the 45-50% range of sequence similarity. SPS1
and SPS2 are 79% identical to each other. During the course of
our analysis, one solanesyl diphosphate synthase (SPSI)
(Hirooka et al. 2003) was enzymically characterized, but SPS2
has only been assumed to be an enzyme similar to geranyl ger-
anyl diphosphate synthase.

To determine whether SPSI and SPS2 are involved
directly in the activity of solanesyl diphosphate synthase, we
expressed SPSI and SPS2 in the two fission yeast disruptants,
S. pombe dipl and dpsl. In S. pombe, both dipl and dpsl are
necessary to constitute a heteromeric decaprenyl diphosphate
synthase, but we know that heterologous expression of mono-
meric prenyl diphosphate synthase is functional in S. pombe in
both dipl and dpsl mutants (Saiki et al. 2003). This system
was used to test the functional determination of SPS/ and
SPS2. To make prenyl diphosphate synthase functional, it is
necessary to localize it in the mitochondria. Thus, a 45-amino-
acid mitochondrial targeting signal from Pptl, which is known
to be located in the mitochondria (Uchida et al. 2000), was first
added to the SPSI and SPS2 genes. The resulting pptI TP-SPS1
and pptITP-SPS2 fusion genes (Fig. 2) were tested for their
functional complementation. The result was that they success-
fully complemented the phenotype of both dps/ and dipl dis-
ruptants, as both cell types were able to grow well on minimal
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Fig. 2 Plasmid constructs used in this study. pBSSK-SPS1 and
pBSSK-SPS2 express the SPS/ and SPS2 genes under the control of
the lac promoter in E. coli cells. pREP1-TPSPS1 and pREP1-TPSPS2
contain the entire length of the SPS/ and SPS2 genes with mitochon-
drial targeting sequence of S. pombe and they are under the control of
the strong nmtl promoter. pHMS-SPS1(TP) and pHMS-SPS2 contain
the potential targeting sequence of the SPS/ gene fused with the GFP
gene and the entire length of the SPS2 gene fused with the GFP gene,
respectively, in the pHMS vector (Okada et al. 2000), which are under
the control of the strong 35S CaMV promoter, which permits expres-
sion in plant cells.

media, which otherwise they would not (Fig. 3). Ubiquinone-
less fission yeast cannot grow on minimal medium without
cysteine (Saiki et al. 2003), but it grows if fission yeast pro-
duces even a small amount of ubiquinone. We next measured
the ubiquinone content of the dpsl and dIpl disruptants that
express pptI TP-SPS1 and ppt1TP-SPS2 fusion genes. They all
synthesized UQ-9 (Fig. 4C, D, G, H), while no ubiquinone was
detected in the same strains harboring only the vector (Fig. 4B,
F). Thus, both SPSI and SPS2 encode solanesyl diphosphate
synthases of Arabidopsis.

We speculated that if SPS! and SPS2 are sufficient for
solanesyl diphosphate synthase activity, transformation of E.
coli DH5a with the pBSSK-SPS1 plasmid, which expresses the
SPSI gene, or the pPBSSK-SPS2 plasmid, which expresses the
SPS2 gene (Fig. 2) may result in the formation of a functional
enzyme that generates the UQ-9 species. While the cells that
were transformed with only the vector produced only UQ-8,
which is synthesized by the endogenous E. coli octaprenyl
diphosphate synthase, the pBSSK-SPS1 or pBSSK-SPS2 trans-
formant produced a small amount of UQ-9 (Fig. 4). This result
further supports the idea that both SPS1 and SPS2 encode
solanesyl diphosphate synthases and they are functional by
themselves.

We next investigated the subcellular localization of SPS1
and SPS2 in tobacco cells. To determine their subcellular local-
ization, SPS1 and SPS2 were fused with GFP (Fig. 2) and
expressed in tobacco BY-2 cells. SPS1-GFP was found to be
localized in the periphery of the nucleus, typically assumed to

(B) PMA+Cys

(C) PMA (D) PMA+Cys

Fig. 3 Recovery of the growth of KS10 or RS312 on minimal
medium by expression of TP45-SPS1 or TP45-SPS2. Wild-type SP66
harboring pREP1, and KS10(Adps!::ura4) harboring pREP1-DPS1,
pREP1-TPSPS1, pREP1-TPSPS2 or pREP1 were grown on PM
medium supplemented with 75 pug ml™ adenine (A). The same strains
were grown on PM medium supplemented with adenine and 400 pg
ml™  cysteine (B). Wild-type SP66 harboring pREPI, and
RS312(AdIp1::ura4) harboring pREPI-DLP1, pREPI-TPSPSI,
pREP1-TPSPS2 or pREP1 were grown on PM medium supplemented
with 75 ug ml™! adenine (C). The same strains were grown on PM
medium supplemented with adenine and 400 ug ml™' cysteine (D).

be the ER localization (Fig. 5B) (Saito et al. 1999). Then we
stained the same tobacco BY-2 cells with ER Tracker (Molecu-
lar Probes, Inc., OR, U.S.A.) and found that the same regions
were concomitantly stained (Fig. 5C, D). Thus, we concluded
that SPS1 was localized in the ER. In contrast, granular fluo-
rescence dispersed throughout the cytosol was observed with
expression of SPS2-GFP (Fig. 5F). As this granular fluores-
cence is assumed to be either plastid or mitochondria, we
stained the same BY-2 cells with the mitochondria-staining dye
Mito-tracker (Molecular Probes, Inc.), but apparently different
granular areas were stained when both images were merged
(Fig. 5G, H). We concluded that this localization of SPS2 is in
the plastid, judged together with the notion that the N-terminal
sequence of SPS2 contains the typical chloroplast targeting sig-
nal (http://psort.nibb.ac.jp/). The production of both SPS1-GFP
and SPS2-GFP with their expected molecular weights (31K
and 73K, respectively) were verified by Western blotting using
anti-GFP (data not shown).

In this study, we identified a novel gene named SPS2 as
well as the previously reported SPSI as both encoding solane-
syl diphosphate synthases in Arabidopsis. Both SPS1 and SPS2
proteins contain conserved regions of domains II and VI, which
are likely to be the prenyl diphosphate synthase substrate-bind-
ing sites. Because the sequence similarity itself does not define
which enzymic property they possess, it is absolutely neces-
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Fig. 4 Detection of UQ-9 in S. pombe and E. coli strains. Ubiquinone was extracted from KS10(Adpsi::ura4) harboring pREP1-DPS1 (A),
pREPI1 (B), pREP1-TPSPS1 (C) or pREP1-TPSPS2 (D) and RS312(Adlp1::ura4) harboring pREP1-DLP1(E), pREP1 (F), pREP1-TPSPS1(G) or
pREP1-TPSPS2 (H). Ubiquinone was also extracted from E. coli DH5a harboring pBSSK (I), pBSSK-SPS1 (J) or pBSSK-SPS2 (K). Ubiqui-
none was extracted as described previously (Okada et al. 1996, Saiki et al. 2003).

sary to define the product experimentally. This is especially
true for prenyl diphosphate synthases, which share high
sequence similarity but where each enzyme synthesizes a dif-
ferent length of isoprenoid. SPSI and SPS2 are functional in
both S. pombe and E. coli in generating UQ-9, indicating that
both genes encode a solanesyl diphosphate synthase, although
the direct measurement of the activity of SPS1 and SPS2 will

provide better evidence. All long-chain-producing polyprenyl
diphosphate synthases that synthesize the side chain of ubiqui-
none appear to exist as homodimers (Kainou et al. 2001) except
the one from fission yeast (Saiki et al. 2003). The result that
solanesyl diphosphate synthases from Arabidopsis are func-
tional in the heterologous system indicates that both enzymes
are the typical homomeric type enzymes found in bacteria.
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Fig. 5 Subcellular localization of the SPS1(TP)-sGFP
or SPS2-sGFP fused protein in tobacco BY-2 cells. The
cells of 10-day-old cultures were used for observation of
GFP fused proteins by fluorescence microscopy. The
tobacco cells harboring pHMS-SPS1(TP) were concomi-
tantly stained with ER-Tracker as observed with a DAPI
filter and cells harboring pHMS-SPS2 were stained with
red-Mito-Tracker (579-599 nm). (A, E) Normal micro-
scopic pictures under natural light. (B) Fluorescence
images of SPS1(TP)-sGFP. (C) Blue ER fluorescence

B['ig]]t field GFP Mito Trackel‘ Mel‘ge from the cells stained by ER-Tracker. (F) Fluorescence
images of SPS2-sGFP. (G) Red mitochondria fluores-
cence from the cells stained by red Mito-Tracker. (D) and

e — (H) are the merged images of (B) and (C), and (E) and
200 4 m (F), respectively.

The localization of SPS2 in the plastid (chloroplast) in
BY-2 is as expected from its N-terminal sequence and the
assumption that plastoquinone is synthesized in the chloroplast
(Lange and Ghassemian 2003, Swiezewska 2004) where plas-
toquinone mainly works. The localization of SPS2 in plastid
(chloroplast) is consistent with the idea that the enzyme might
supply for the side chain of plastoquinone. But localization of
SPS1 in the ER is a little unexpected because it has been sug-
gested that ubiquinone is synthesized in the mitochondria from
the observation that Arabidopsis Pptl, which catalyzes the first
step of ubiquinone synthesis, localizes to the mitochondria
(Okada et al. 2004). However, it was reported that in spinach,
prenyl diphosphate synthase is localized in the ER (Swieze-
wska et al. 1993), which is consistent with our result that SPS1
localized in the ER. Thus, the synthesis of the polyprenyl moi-
ety at the ER may help to supply prenyl diphosphate for both
ubquinone and plastoquinone. Combined with those results, we
speculate that one of the isoprenoid side chains is synthesized
in the ER, then transferred to the mitochondria for the synthe-
sis of ubiquinone.

Restriction enzymes and other DNA-modifying enzymes
were purchased from Takara Shuzo Co. Ltd., Kyoto, Japan and
New England Biolabs, Inc., MA, U.S.A. E. coli strain DH5a
was used for the general construction of plasmids. Plasmids

pBluescript SK+/—, pUC119, pT7Blue-T (Novagen), pREP1
(Maundrell 1993) and pTH121 (Zhu et al. 1997) were used as
vectors. Cloning, restriction enzyme analysis and preparation
of plasmid DNAs were performed essentially as described pre-
viously (Sambrook et al. 1989). The S. pombe homothallic hap-
loid wild-type strain SP66 (h*° ade6-M210 leul-32), RS312 (h*
leul-32 ade-M210 ura4-DI18 dlpl::ura4) and KS10 (h* leul-
32 ade6-M216 ura4-DI18 Adps::ura4), have been described
previously (Kawamukai et al. 1992, Suzuki et al. 1997, Saiki et
al. 2003). Yeast cells were grown in YE (0.5% yeast extract,
3% glucose) or PM minimal medium with appropriate supple-
ments as described previously (Kawamukai et al. 1992). YEA
and PMA contain 75 ng of adenine per ml in YE and PM,
respectively. The concentration of the supplemented amino
acids was 100 pug ml™'. Agrobacterium tumefaciens (EHA101)
and Nicotiana tabacum L.cv. Bright yellow (BY-2) were used
for the localization study of SPS1 and SPS2.

A microscope (Olympus BX51, DP70) equipped with epi-
fluoresence was used for observation of GFP fluoresence. To
transform tobacco BY-2 cells, 1 ml of Agrobacterium was
grown in LB + kanamycin (50 pg ml™") and hygromycin (50 pg
ml™) at 28°C for 2 d, then 75 pl of the bacteria were added to a
Petri dish containing 7.5 ml of 4-day-old BY-2 cells and mixed
thoroughly. Plates were further incubated for 2 d at 22°C. The
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BY-2 cells were washed by BY-2 liquid medium without selec-
tive drugs. Cells were selected on BY-2 plates (kanamycin
200 pg ml™, carbenicillin 500 pg ml™), and incubated at 26°C.
Transformants that grew large enough were transferred to fresh
BY-2 plates in 3—4 weeks.

For construction of pBSSK-SPS1 and pBSSK-SPS2, full
length SPSI and SPS2 genes were amplified by PCR with
oligonucleotide primers of N-SPS1-BamHI (5'-GCGGATC-
CTATGATGACGTCATGTC-3") and C-SPS1-Smal (5'-GTC-
CCGGGCTAATCAATTCTTTCG-3") or N-SPS2-BamHI (5'-
GGG GATCCCATGTCATGTCGGAATATAG-3") and C-SPS2-
Smal (5'-TACCCGGGCTAA TCAATCCTTTCAAGAT-3'), re-
spectively. The amplified products were cloned into the
BamHI-Smal sites of pBluescript SK*, yielding pBSSK-SPS1
and pBSSK-SPS2.

For construction of pREP1-TPSPS1 and pREP1-TPSPS2,
two oligonucleotide primers, namely, Mitoconl (5'-AGGTC-
GACAGATTAGCATGTAAATAG-3") and Mitocon2 (5'-ATG-
GATCCGGGGGTTACAGAGTTTGA-3') were used to amplify
the 345 bp fragment that contains the mitochondrial targeting
peptide from S. pombe Pptl (TP45) (Saiki et al. 2003). The
amplified product was digested with Sall and BamHI, and then
cloned into the same sites of pUC119 to yield pUC119-TP45.
Two other oligonucleotide primers, namely, N-TP-SPS1-B-
NEW (5'-TCGGATCCA TGATGACGTCATGTCGG-3') and
C-SPS1-Sma I were used to amplify the full length of the SPS/
gene. The amplified product was digested with BamHI and
Smal, and then cloned into the same site of pUC119-TP45 to
yield pUC119-TP45-SPS1. The fragment of TP45-SPS1 was
amplified with two oligonucleotide primers of PPT-GFP1 and
C-SPS1-Smal by LA Tag, and then inserted into the pT7Blue-T
vector to yield pT7-TP45-SPS1. The Ndel and Smal fragment
prepared from pT7-TP45-SPS1 was cloned into the same sites
of pREPI vector to yield pREP1-TPSPS1. Similarly, two oligo-
nucleotide primers, namely, SPS2-M3 (5'-TAGGATCCATGT-
CATGTCGGAATATAG-3") and C-SPS2-Smal were used to
amplify the full length of the SPS2 gene. The amplified prod-
uct was digested with BamHI and Smal, and then cloned into
the same sites of pUC119-TP45 to yield pUC119-TP45-SPS2.
The Sall and Smal fragment prepared from pUC119-TP45-
SPS2 was cloned into the same sites of pREP1 vector to yield
pREP1-TPSPS2.

For construction of pHMS-SPS1(TP) and pHMS-SPS2,
four oligonucleotide primers were used to amplify the pre-
dicted targeting sequence of SPS/ and the full length of SPS2:
they were SPS1-BY-2-N (5'-GCTCTAGAATGATGACGT-
CATGTCGG-3") and SPS1-TP-BY-2-C (5'-CGGGATCCAG-
TAAACTTACAAACAGTC-3') or SPS2-BY-2-N (5'-GCTCT-
AGAATGATGATGTCATGTCGG-3") and SPS2-BY-2-C (5'-
CGGGATCCATCAATCCTTTCAAGATT-3"). The amplified
products were digested with Xbal and BamHI, and then cloned
into the same sites of the pTH121 vector (Zhu et al. 1997) to
yield pTH121-SPS1(TP) and pTH121-SPS2, respectively. The
SPS1(TP)-GFP and SPS2-GFP fragments prepared from

pTHI121-SPS1(TP) and pTH121-SPS2 by Sacl were cloned
into the same site of binary vector pHMS. The resulting con-
structs pHMS-SPS1(TP) and pHMS-SPS2 were used to trans-
form tobacco BY-2 cells via Agrobacterium.
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