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Abstract Plastoquinone plays critical roles in photosyn-
thesis, chlororespiration and carotenoid biosynthesis. The
previously isolated pds2 mutant from Arabidopsis was defi-
cient in tocopherol and plastoquinone accumulation, and
the biochemical phenotype of this mutant could not be
reversed by externally applied homogentisate, suggesting a
later step in tocopherol and/or plastoquinone biosynthesis
had been disrupted. Recently, the protein encoded by
At3g11950 (AtHST) was shown to condense homogentisate
with solanesyl diphosphate (SDP), the substrate for plasto-
quinone synthesis, but not phytyl diphosphate (PDP), the
substrate for tocopherol biosynthesis. We have sequenced
the AtHST allele in the pds2 mutant background and identi-
fied an in-frame 6 bp (2 aa) deletion in the gene. The pds2
mutation could be functionally complemented by constitu-
tive expression of AtHST, demonstrating that the molecular
basis for the pds2 mutation is this 6 bp-lesion in the AtHST
gene. Confocal microscopy of EGFP tagged AtHST sug-
gested that AtHST is localized to the chloroplast envelope,
supporting the hypothesis that plastoquinone synthesis
occurs in the plastid.
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Abbreviations

EGFP Enhanced green fluorescence protein
HGA Homogentisate

HGGT Homogentisate geranylgeranyltransferase
HPP Hydroxyphenylpyruvate

HPPDase Hydroxyphenylpyruvate dioxygenase

HPT Homogentisate phytyltransferase
HST Homogentisate solanesyltransferase
PDP Phytyl diphosphate

PQ-9 Plastoquinone-9

SDP Solanesyl diphosphate

SPS Solanesyl diphosphate synthase
Introduction

Plastoquinone is located in the thylakoid and envelope
membranes of the chloroplast and acts as an electron
carrier in the light-dependent reactions of photosynthesis
(Soll et al. 1980). Plastoquinone is also involved in the
chlororespiratory pathway catalyzed by plastoquinone
oxidoreductase, and as an electron carrier in carotenoid
biosynthesis (Norris et al. 1995; Nievelstein et al. 1995).
Plastoquinone consists of an aromatic head group derived
from homogentisate (HGA), and an isoprenoid side chain
derived from solanesyl diphosphate (SDP). HGA is
produced from hydroxyphenylpyruvate (HPP) by the
action of hydroxyphenylpyruvate dioxygenase (HPPDase)
(Garcia et al. 1997). SDP is synthesized from condensation
of nine isoprene units, catalyzed by solanesyl diphosphate
synthase (SPS) (Hirooka etal. 2003). HGA and SDP
are condensed by homogentisate solanesyltransferase
(HST) to form 2-demethylplastoquinol-9, which is then
methylated and oxidized to form plastoquinone-9 (PQ-9)
(Fig. 1).
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Fig. 1 Biosynthesis of plastoquinone-9 and a-tocopherol in higher
plants. The steps blocked by the pds! and pds2 mutations in Arabidop-
sis are indicated. HPPDase hydroxyphenylpyruvate dioxygenase;
HPT homogentisate phytyltransferase; HST homogentisate solanesyl-
transferase

In an earlier forward genetics screening for Arabidopsis
mutants that were disrupted in carotenoid biosynthesis, two
non-allelic albino mutants, pds!/ and pds2, were identified,
both of which accumulated phytoene and were deficient in
plastoquinone and tocopherol (Norris et al. 1995). The fact
that neither mutation mapped to the Arabidopsis phytoene
desaturase locus suggested that PDS1 and PDS2 were
required for electron transport associated with phytoene
desaturation. The albino phenotype of the pds/ mutant
plants could be rescued by growth on HGA, and the PDS/
gene was cloned from Arabidopsis and shown to encode
HPPDase (Norris et al. 1995, 1998).

Homogentisate is the common substrate for the prenyla-
tion steps of tocopherol and plastoquinone biosyntheses in
the chloroplasts of higher plants (Fig. ). Because both
tocopherol and plastoquinone levels were below detection
in the pds2 mutant, it was proposed that pds2 might be a
lesion in a prenyltransferase gene required for the biosyn-
theses of both tocopherols and plastoquinone. In an attempt
to clone the Arabidopsis PDS2 locus (mapped to chromosome
3) by a genomics approach, the gene encoding homogenti-
sate phytyltransferase (AtHPT) was identified from
Arabidopsis and Synechocystis (Collakova and DellaPenna
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2001; Savidge et al. 2002). AtHPT belongs to the UbiA
aromatic prenyltransferase family, contains a conserved
prenyl diphosphate binding motif and specifically catalyzes
the condensation of HGA and phytyl diphosphate (PDP),
forming the first committed intermediate in tocopherol syn-
thesis, 2-methyl-6-phytylbenzoquinol (Siebert et al. 1992;
Collakova and DellaPenna 2001; Savidge etal. 2002).
Because AtHPT is localized on chromosome 2, does not
utilize SDP as a substrate and disruption of the gene elimi-
nates tocopherol synthesis without affecting plastoquinone
synthesis, it was concluded that PDS2 was not an AtHPT
and that distinct prenyltransferases were required for
tocopherol and plastoquinone synthesis (Collakova and
DellaPenna 2001; Savidge et al. 2002).

Using a bioinformatics-based approach, a gene encoding
HST was identified and characterized from Arabidopsis
(Sadre et al. 2006; Venkatesh et al. 2006). Like AtHPT,
AtHST (At3g11950) also contained conserved motifs that
place it in the UbiA family of aromatic prenyltransferases.
In vitro enzyme assays with E. coli membrane fractions
containing recombinant AtHST protein showed that the
enzyme specifically condensed SDP and HGA to produce
the predicted prenylated PQ-9 biosynthetic intermediate,
2-demethyl plastoquinol-9 (Sadre et al. 2006). Overex-
pression of AtHST in wild type Arabidopsis led to a
modest increase in PQ-9 levels in the transgenic plants
compared to the controls (Sadre et al. 2006). Interest-
ingly, ectopic expression of AtHST in Arabidopsis had a
pleiotropic effect on tocopherol accumulation, as the level
of tocopherols increased in both leaves and seeds of the
transgenic plants (Sadre etal. 2006; Venkatesh et al.
2006).

The chromosomal location of AtHST, its specific prenyl-
transferase activity in plastoquinone synthesis, and the
biochemical phenotype of AtHST transgenic plants, sug-
gested that a disruption in the AtHST gene might account
for the pds2 mutant phenotype. We here report the identifi-
cation of an in-frame 6 bp deletion in AtHST in the pds2
mutant background, functional complementation of pds2 by
overexpressing an AtHST cDNA and subcellular localiza-
tion of the AtHST protein.

Materials and methods
Plant materials

Arabidopsis thaliana (ecotype Columbia) and tobacco
(Nicotiana tobacum NC Cornell) plants were used in this
study. Arabidopsis seeds were sewn on soil and stratified
at 4°C for 3 days before transfer to a growth chamber
(16 h light 22°C/8 h dark 19°C cycle). Tobacco plants
used for the transient expression study were grown
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under previously described conditions (Tian and Dixon
2006).

Genomic DNA isolation and sequence analysis

All of the PCR reactions for sequencing and subsequent
cloning were performed using high fidelity Pfu DNA poly-
merase (Stratagene, La Jolla, CA, USA) and the correctness
of all cloned, amplified products was confirmed by DNA
sequencing. Immature albino pds2 seedlings were germi-
nated on Murashige and Skoog (MS) plus 3% sucrose agar
plates (Murashige and Skoog 1962). Genomic DNA from
homozygous pds2 seedlings and corresponding wild type
Arabidopsis (ecotype Wassilewskija, Ws) was extracted
using the Qiagen DNeasy Plant mini kit (Qiagen, Valencia,
CA, USA). The primers used for amplification and
sequencing of the coding region of AtHST (At3g11950) in
Ws and pds2 are listed in Table 1. Three independent sets
of PCR reactions were performed for each amplification,
the reactions were pooled, gel purified and used as tem-
plates for sequencing. DNA sequencing was performed on
an ABI 3700 sequence analyzer (Applied Biosystems,
Foster City, CA, USA). DNA sequence analysis was done
using the Lasergene DNA Star software (Skirball Institute
of Biomolecular Medicine, New York City, NY, USA).
Multiple sequences were aligned with ClustalX (Thompson
et al. 1997; http://www-igbmc.u-strasbg.fr/Biolnfo/Clustal X/
Top.html) and edited using GeneDoc (Nicholas et al. 1997,
http://www.psc.edu/biomed/genedoc).

Complementation of the Arabidopsis pds2 mutation

All of the restriction enzymes used for digestions were pur-
chased from New England Biolabs (Boston, MA, USA).
The open reading frame of AtHST was amplified with 5'-C
GGAATTCATGGAGCTCTCGAT-3' and 5'-GGGGTAC
CCTAGAGGAAGGGGAATA-3' primers, digested with
EcoRI and Kpnl, and ligated to EcoRI and Kpnl digested
pRTL2 vector (Restrepo et al. 1990). The pRTL2-AtHST
plasmid was digested with Hindlll, and the HindIll fragment

Table 1 Sequences of primers used for amplification and sequencing
of AtHST in the Ws and pds2 backgrounds

Orientation Sequence

Forward 1 5'-GGAATCAAGATCTCACCCAAAAA-3’
Forward 2 5'-ATGGAGCTCTCGATCTCACAA-3'
Forward 3 5'-AAACAACATCTTATCTTACT-3'
Forward 4 5'-TTGCCACGGTAAATGCTGTT-3'
Forward 5 5'-GCTTCAGGCTTAATTTTCCAGGTA-3’
Reverse | 5'-GAGGAAGGGGAATAACAGATA-3'
Reverse 2 5'-GAGCGGAAAGAAAATGGTTATGC-3'
Reverse 3 5'"-TAAATAATAATAGTGACCAA-3'

containing AtHST under the control of a double 35S
promoter and a nos terminator was ligated into Hindlll-
digested pPCAMBIA3300 vector. pPCAMBIA3300-AtHST was
transformed into Agrobacterium 1L.LBA4404 competent cells
(Invitrogen, Carlsbad, CA, USA) by electroporation. Agrobac-
terium containing pCAMBIA3300-AtHST was transformed
into Arabidopsis plants heterozygous for the pds2 mutation by
the floral dip method (Clough and Bent 1998).

Transformed Arabidopsis plants were selected for
resistance to Basta (the active ingredient is glufosinate).
Genomic DNA from the leaves of Basta-resistant plants
was extracted and used as template for PCR reactions to
specifically amplify a fragment of AtHST spanning the 6 bp
pds2 deletion (primers 5'-CACTTTCAGGTCTTCTTGCT
CT-3' and 5'-GTGCTGCATACTTGTCG-3"). The Basta-
resistant, pds2 heterozygous T1 plants were identified
based on the different amplicon sizes resulting from the
6 bp deletion in the pds2 allele, and were allowed to self-
pollinate. Developing embryos in siliques of mature T1
plants were scored for green to white ratio as previously
described (Norris et al. 1995). The T2 seeds were also col-
lected at maturity and plated on MS2 plates (Norris et al.
1995) with glufosinate (at 10 mg/l) to determine Basta
resistance.

Transient expression and confocal microscopy

An in-frame fusion of AtHST and the EGFP gene was gen-
erated by two-step PCR as previously described (Tian and
Dixon 2006). The open reading frames of AtHST and
EGFP were amplified with 5'-CGGAATTCATGGAGCTC
TCGAT-3" and 5'-GCCCTTGCTCACCAT/GAGGAAG
GGGAATAA-3' primers and 5'-TTATTCCCCTTCCTC/
ATGGTGAGCAAGGGC-3' and 5'-AGTTATCTAGAGT
CGCGGCC-3' primers, respectively. One pl of each of the
first step PCR reactions was used as template for the second
step amplification with 5'-CGGAATTCATGGAGCTCTC
GAT-3’and 5'-AGTTATCTAGAGTCGCGGCC-3" prim-
ers. The second step PCR reaction product was gel-purified,
digested with EcoRI and Xbal, and ligated to EcoRI and
Xbal digested pRTL2 vector.

About 5 pg of pRTL2-AtHST-EGFP DNA was coated
with gold particles as previously described (Liu and Dixon
2001). The particle gun (DuPont, Wilmington, DE, USA)
was fired at 1100 psi. Epidermal cells of young tobacco
plants (Nicotiana tobacum, NC Cornell) transfected with
the pRTL2-AtHST-EGFP plasmid were examined 18 h
after particle bombardment. The fluorescence images were
recorded on a Leica TCS SP2 AOBS confocal laser scan-
ning microscope system (Leica, Bannockburn, IL, USA)
and saved as TIFF files. The TIFF images were assembled
using the Adobe Photoshop software (Adobe Systems, San
Jose, CA, USA).

@_ Springer



1070

Planta (2007) 226:1067-1073

Results and discussion

Through bioinformatics-based motif analysis, At3g11950
was initially identified as a paralog of VTE2 (AtHPT), the
prenyltransferase involved in tocopherol synthesis in
Arabidopsis (Venkatesh et al. 2006). Subsequent biochemi-
cal analysis using different prenyl diphosphate substrates
showed that At3g11950 encoded AtHST, an enzyme in PQ
synthesis that specifically condenses SDP and HGA (Sadre
et al. 2006). AtHST maps to the same chromosomal region
on chromosome 3 as the Arabidopsis pds2 mutation, which
has not yet been characterized.

The Arabidopsis pds2 mutation is a lesion in the AtHST
gene

To determine the molecular basis of the pds2 mutation,
genomic sequences of AzHST from wild type Ws and the
pds2 mutant were determined by DNA sequencing.
Comparison with the wild type AtHST sequence revealed
an in-frame 6 bp deletion (corresponding to Vall48 and
Gly149) in the coding region of AtHST in pds2 (Fig. 2).
AtHST belongs to the UbiA family of prenyltransferases.
No crystal structure of UbiA or other aromatic pren-
yltransferases has been determined to date, but by using
secondary structure predication and homology-based mod-
eling with the photosynthetic reaction center protein of
Rhodopseudomonas virdis as template, a putative structure
was derived for E. coli UbiA prenyltransferase (Briuer
et al. 2004). Further refinement of the structure and docking
studies with various substrate analogs suggested that it had

OsHPT.pro "MNIYIVG
AtHPT.pro MMNIYIVGH
HVHGGT.pro CMNIYVVG

TaHGGT.pro

OsHGGT.pro : CMNIYVVGI
SynHPT.pro : LGNVYIVGHEN
OsHST.pro : CGNGYIVGHM
ALHST.pro : CGNGYIVGHS
CrHST.pro : CGNGYIVGHSOW

MmUbiA.pro
MjUbiA.pro
MbUbiA.pro :
SsUbiA.pro : LIAAGGYV
StUbiA.pro : VIAAGGYI
EcUbiA.pro : LMRAAGCVESIDY

“'7PS§AVQEKEAPA§FVYLV&ISFL

Fig. 2 Multiple sequence alignment of selected aromatic
prenyltransferases from plant, bacteria and archaea. Putative active site |
in the E. coli UbiA prenyltransferase predicted by Briuer et al. (2004)
is underlined. The conserved amino acids Val and Gly (deleted in the
Arabidopsis pds2 allele) in plant aromatic prenyltransferases are indi-
cated by arrows. At, Arabidopsis thaliana; Cr, Chlamydomonas rein-
hardtii; Ec, Escherichia coli; Hv, Hordeum vulgare,; Mb,
Methanococcoides burtonii; Mj, Methanocaldococcus jannaschii,
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two predicted active site with putative active site 1, at the
N-terminus of the enzyme, proposed to be where the 4-
hydroxybenzoate and prenyldiphosphate substrates bind
and the prenylation reaction occurs (Briuer et al. 2004).

Plant aromatic prenyltransferases and bacterial UbiA
prenyltransferases share low homology at the amino acid
sequence level, with the exception of the conserved cata-
lytic domain (Venkatesh et al. 2006). To determine the loca-
tion of Vall48 and Gly149 in AtHST (deleted in the pds2
allele) relative to the E. coli UbiA prenyltransferase active
sites, selected plant aromatic prenyltransferases, all of
which use homogentisate as the prenyl acceptor, and bacte-
rial and archaeal UbiA prenyltransferases, which use other
aromatic compounds as prenyl acceptors, were aligned
using the ClustalX program (Thompson et al. 1997; Fig. 2).
The multiple sequence alignment showed that the putative
active site 1 in the E. coli UbiA prenyltransferase was
highly conserved among all the prenyltransferases analyzed
(Fig. 2). Vall48 and Gly149 are located at the beginning of
the conserved putative active site 1 and are conserved in the
plant aromatic prenyltransferases, but not in the bacterial
and archaeal UbiA enzymes. The conservation and location
of Val148 and Gly149 adjacent to the conserved active site
of aromatic prenyltransferases may explain the severe
impact that deletion of these two amino acids has in the
Arabidopsis pds2 mutant. Because plant aromatic pren-
yltransferases and bacterial UbiA prenyltransferases share a
similar prenylation reaction mechanism but utilize different
aromatic and prenyl diphosphate substrates, this suggests
that the two amino acids deleted in pds2 are important for
substrate binding, rather than general catalysis.

* 220 *

A SEE YEPATGVARVSAFAAMSFG 210
NTGIAMVASFSEMSFW 202
GVFIEVLAFLEMSFS 217

FE) aTGVF&VVTFL SFS 217
GAVIEVLTSLEMS I 213

vaLCG AS 111
MOTAWLEVVLFAAAGFS 19¢
,gSAWLéVIFFAﬂAGLL 197

SE AWG§CLSLAAAGAG 181
&MNAKUFSYSL\/"? GLF 103
KIENEAKKFSAILLHELGLV] 108

P SeK IEKSALYFSLFLFMTGIT 102
P SiEK IRNNKAKAMSTALFIIG I A 103
BPSERTK SRAPS%SIULF VGIV 103

Mm, Methanococcus maripaludis; Os, Oryza sativa; Ss, Sulfolobus
solfataricus; St, Sulfolobus tokodaii; Syn, Synechocystis sp. PCC6803;
Ta, Triticum aestivum. The GenBank accession numbers are: AtHPT,
NM_179653; AtHST, NP_187801; CrHST, AM285678; EcUbiA,
AP_004541; HVHGGT, AY222860; MbUbiA, ZP_00148041; MjU-
biA, NP_247252; MmUbiA, NP_988797; OsHGGT, AY222862;
OsHPT, BAD38343; OsHST, XP_478828; SsUbiA, NP_342106;
StUbiA, NP_377411; SynHPT, CAC18911; TaHGGT, AY222861
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Complementation of the pds2 mutation with AtHST

To determine whether the pds2 mutation can be function-
ally complemented by AtHST, the open reading frame of
AtHST was constitutively overexpressed under the double
35S promoter in Arabidopsis plants heterozygous for the
pds2 mutation. Thirty Basta resistant T1 transformants
were selected and screened for presence of the pds2 muta-
tion by PCR. The Basta resistant T1 plants that were also
heterozygous for pds2 were allowed to self-pollinate and
developing embryos in siliques of the mature T1 plants
were scored for their green to white ratio. If the AtHST
cDNA was able to complement the pds2 mutation, a 15:1
green to white embryo ratio would be expected in the prog-
eny of the heterozygous transformed plants, whereas if
pds2 was not complemented by the transgene, a 3:1 green
to white embryo ratio would be expected. Segregation
analysis of three representative lines is shown in Table 2.
The green to white embryo ratio was statistically significant
for an expected 15:1 ratio, indicating that AtHST did
complement the pds2 mutation in vivo and demonstrating
that PDS2 is indeed AtHST. The T2 seeds of all three lines
segregated for a single transgenic locus as indicated by
Basta segregation (Table 2).

Intracellular localization of AtHST

AtHST contains a putative 69 aa chloroplast transit peptide
at its N-terminus, as determined by the TargetP program
(Nielsen et al. 1997; Emanuelsson et al. 2000), indicating
the possible chloroplast localization of the protein. To deter-
mine the subcellular localization of AtHST, the open read-
ing frame of EGFP was fused in-frame to the C-terminus of
AtHST, and subcloned in the pRTL2 vector under the con-
trol of a double 35S promoter. The pRTL2-AtHST-EGFP
construct was used for transient expression analysis in
tobacco. Young leaves of tobacco plants were transfected
with gold particles coated with the pRTL2-AtHST-EGFP
plasmid DNA. Eighteen hours after biolistic bombardment,
the green fluorescence from EGFP and red chlorophyll auto-
fluorescence were monitored by laser scanning confocal

microscopy. The emission of green fluorescence was col-
lected at 500-535 nm and the red fluorescence was collected
at 555-700 nm. The overlaid image of green fluorescence
from EGFP and red autofluorescence from chlorophyll
clearly indicated that AtHST was specifically associated
with chloroplasts, and there was no direct correlation
between green and red fluorescence (Fig. 3c). Notably, the
green fluorescence was predominantly localized to the chlo-
roplast envelope as shown in the overlaid image of red and
green fluorescence (Fig. 3f).

There have been conflicting reports on the subcellular
localization of the plastoquinone biosynthetic enzymes and
reactions. Isolated Golgi vesicles from spinach leaves were
enriched for HST activity (Swiezewska etal. 1993;
Osowska-Rogers et al. 1994; Wanke et al. 2000) and it was
proposed that plastoquinone was synthesized in the endo-
plasmic reticulum/Golgi system and then transferred to its
final location in the chloroplast (Swiezewska 2004). In
contrast, Soll et al. used isolated enriched inner and outer
membrane fractions from spinach chloroplasts to show that
the HST catalyzed reaction and final methyltransferase reac-
tion in PQ synthesis were localized to the inner envelope
membrane (Soll etal. 1985). Recently, two Arabidopsis
solanesyl diphosphate synthases were cloned and their sub-
cellular localizations analyzed (Hirooka et al. 2003; Hirooka
et al. 2005). The localization of AtSPS1 was inconclusive
based on imaging of an AtSPS1-GFP fusion protein, but
imaging of the AtSPS2-GFP fusion protein showed that
AtSPS2 was targeted to the chloroplast and it was hypothe-
sized to localize in the chloroplastic stroma based on the
lack of any transmembrane domain in the protein and the
optimal enzyme activity at pH 8.0 (Hirooka et al 2005). Our
confocal images of the AtHST-EGFP fusion protein clearly
indicate that the AtHST protein is located in the chloroplast,
most likely on the envelope membrane (Fig. 3).

Taken together, the map location of AtHST, DNA
sequence analysis of the pds2 mutant allele, and complemen-
tation of the pds2 mutant with the AtHST cDNA conclusively
demonstrate that pds2 is a mutation in the AtHST gene. The
subcellular localization of AtHST provides additional evidence
supporting chloroplastic synthesis of PQ. The pleiotropic effect

Table 2 Functional complementation of the Arabidopsis pds2 mutant by AtHST

Transgenic lines Green:white P Basta resistant:Basta 7°

sensitive
pds2/AtHST #1 163:16 242 (P>0.1) 115:47 1.62 (P>0.2)
pds2/AtHST #2 280:25 201 (P>0.1) 206:58 1.29 (P >0.2)
pds2/AtHST #5 229:21 1.66 (P >0.1) 151:60 1.23(P>0.2)

Heterozygous pds2 mutants were transformed with the AtHST gene and Basta resistant, pds2 heterozygous T1 plants were self-pollinated.
Segregation analysis was performed with the T2 progenies. The P values are indicated in parentheses

3 Calculated x> values were based on an expected 15:1 ratio
® Calculated y* values were based on an expected 3:1 ratio
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GFP

Fig. 3 Confocal micrograph of green fluorescence from EGFP (a, d).
red autofluorescence from chlorophyll (b, e). and merged green and red
signal (c. f) in an epidermal cell of tobacco expressing the AtHST-
EGFP fusion. Figure d-f are higher magnification images of a single

of PQ on tocopherol accumulation, when PQ synthesis/accu-
mulation is perturbed by either the pds2 mutation or the
ectopic expression of AtHST (Normis et al 1995; Sadre et al.
2006; Venkatesh etal. 2006), suggests that an interaction
exists between the tocopherol and PQ pathways. It remains to
be addressed at what level this interaction occurs.
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