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Tocopherols are essential components of the human diet and are synthesized exclusively by photosynthetic organisms.
These lipophilic antioxidants consist of a chromanol ring and a 15-carbon tail derived from homogentisate (HGA) and phytyl
diphosphate, respectively. Condensation of HGA and phytyl diphosphate, the committed step in tocopherol biosynthesis,
is catalyzed by HGA phytyltransferase (HPT). To investigate whether HPT activity is limiting for tocopherol synthesis in
plants, the gene encoding Arabidopsis HPT, HPT1, was constitutively overexpressed in Arabidopsis. In leaves, HPT1
overexpression resulted in a 10-fold increase in HPT specific activity and a 4.4-fold increase in total tocopherol content
relative to wild type. In seeds, HPT1 overexpression resulted in a 4-fold increase in HPT specific activity and a total seed
tocopherol content that was 40% higher than wild type, primarily because of an increase in �-tocopherol content. This
enlarged pool of �-tocopherol was almost entirely converted to �-tocopherol by crossing HPT1 overexpressing plants with
lines constitutively overexpressing �-tocopherol methyltransferase. Seed of the resulting double overexpressing lines had a
12-fold increase in vitamin E activity relative to wild type. These results indicate that HPT activity is limiting in various
Arabidopsis tissues and that total tocopherol levels and vitamin E activity can be elevated in leaves and seeds by combined
overexpression of the HPT1 and �-tocopherol methyltransferase genes.

Tocopherols, collectively known as vitamin E, are a
class of lipid-soluble antioxidants synthesized exclu-
sively by photosynthetic organisms. Tocopherols are
essential components of the human diet because they
perform numerous critical functions including
quenching and scavenging various reactive oxygen
species and free radicals and protecting polyunsatu-
rated fatty acids from lipid peroxidation (Fukuzawa
and Gebicky, 1983; Neely et al., 1988; Fryer, 1993;
Bramley et al., 2000). Because of these and other
activities, dietary tocopherols are thought to play an
important role in improving immune function and in
limiting the incidence and progression of several de-
generative human diseases including certain types of
cancer, cataracts, neurological disorders, and cardio-
vascular disease (Brigelius-Flohe and Traber, 1999;
Bramley et al., 2000; Pryor, 2000).

In plants, indirect evidence suggests that toco-
pherols perform antioxidant and radical quenching
functions similar to those in animals (Fryer, 1992)
and that tocopherols may have additional roles re-
lated to photosynthesis (Munne-Bosch and Alegre,
2002). Plants alter their tocopherol levels during de-
velopment (Molina-Torres and Martinez, 1991;
Tramontano et al., 1992) and in response to a variety
of stresses, including high-light, low-temperature,
drought, and salt stress (Gossett et al., 1994; Streb et
al., 1998; Leipner et al., 1999; Havaux et al., 2000;

Munne-Bosch and Alegre, 2000). In addition, during
leaf senescence, a process accompanied by chloro-
phyll degradation and oxidative damage in photo-
synthetic membranes, there is an increased accumu-
lation of tocopherols (Rise et al., 1989). These
combined studies suggest that the synthesis of toco-
pherols is highly regulated during plant growth and
development.

Tocopherols are amphipatic molecules, consisting
of a polar chromanol head group and a lipophilic
isoprenoid tail derived from homogentisate (HGA)
and phytyl diphosphate (PDP), respectively. The to-
copherol biosynthetic pathway is depicted in Figure
1. In plants, the aromatic precursor of tocopherols,
HGA, is synthesized from p-hydroxyphenyl pyru-
vate (HPP) by a cytosolic HPPD (Norris et al., 1995;
Garcia et al., 1997, 1999). The biosynthetic source of
HPP in tissues is unclear because HPP can originate
from the shikimate pathway via prephenate or by
transamination of Tyr (Threlfall and Whistance, 1971;
Fiedler et al., 1982; Garcia et al., 1999; Lopukhina et
al., 2001). PDP is formed by the sequential action of
the plastidic GGPS1 and GGDR (Kuntz et al., 1992;
Addlesee et al., 1996; Keller et al., 1998; Addlesee and
Hunter, 1999; Okada et al., 2000). As with other
plastid-synthesized isoprenoids, PDP is derived from
the DXP pathway (Eisenreich et al., 1998; Lichtentha-
ler, 1998).

In photosynthetic organisms, condensation of HGA
and PDP, the committed step in tocopherol biosyn-
thesis, is catalyzed by HPT (Soll et al., 1980, 1984;
Soll, 1987; Collakova and DellaPenna, 2001; Savidge
et al., 2002). The product of this reaction, MPBQ, is
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the first prenylquinol intermediate in the pathway
and can be methylated to 2,3-dimethyl-6-phytyl-1,4-
benzoquinol (DMPBQ) by MPBQ methyltransferase
(MPBQ MT; Soll and Schultz, 1979, 1980; Hutson and
Threlfall, 1980; Marshall et al., 1985; Soll, 1987;
Shintani et al., 2002). Both MPBQ and DMPBQ are

substrates for TC to yield the first tocopherols of the
pathway, �-tocopherol and �-tocopherol, respec-
tively (Stocker et al., 1996; Arango and Heise, 1998;
Porfirova et al., 2002). Both �- and �-tocopherol can
be methylated by �-TMT to yield �- and
�-tocopherol, respectively (D’Harlingue and Camara,
1985; Shintani and DellaPenna, 1998).

Because of the importance of vitamin E in human
and plant physiology, the tocopherol biosynthetic
pathway has become a focus for plant metabolic en-
gineering. To successfully manipulate the tocopherol
content and/or composition of various plant tissues,
enzymes with high flux coefficients must be identi-
fied in the pathway. This requires the cloning of
individual tocopherol biosynthetic enzymes and a
detailed understanding of the molecular and bio-
chemical regulation of individual steps of the path-
way. In recent years, several genes encoding en-
zymes directly or indirectly involved in tocopherol
biosynthesis have been cloned and overexpressed in
plants to test whether they are limiting for tocopherol
synthesis in various tissues (Garcia et al., 1997, 1999;
Norris et al., 1998; Shintani and DellaPenna, 1998;
Collakova and DellaPenna, 2001; Estevez et al., 2001;
Schledz et al., 2001; Savidge et al., 2002; Tsegaye et
al., 2002).

Precursor feeding studies with safflower (Cartham-
us tinctorius) cell cultures suggested that levels of
HGA, PDP, or both might be limiting for flux
through the tocopherol biosynthetic pathway (Fu-
ruya et al., 1987). HPPD produces HGA from HPP
and has been cloned and characterized from a variety
of plants (Garcia et al., 1997, 1999; Norris et al., 1998).
Overexpression of HPPD in Arabidopsis leaves and
seeds resulted in a 10-fold increase in HPPD specific
activity but only a 10% to 30% increase in total to-
copherol levels (Tsegaye et al., 2002). This result may
be attributable to enhanced degradation of HGA in
transgenics or to a low flux coefficient of HPPD in the
tocopherol pathway (Tsegaye et al., 2002). Plastidic
phytol levels may also be limiting for tocopherol
synthesis because feeding phytol to safflower cell
cultures stimulated tocopherol levels to an even
higher extent than HGA (Furuya et al., 1987). Other
studies suggest that DXP pathway-derived isopente-
nyl diphosphate, which is used for the synthesis of
phytol and PDP, may limit isoprenoid synthesis in
Arabidopsis chloroplasts (Estevez et al., 2001). Con-
stitutive overexpression of the first enzyme of the
DXP pathway, DXP synthase (DXPS) in Arabidopsis
leaves resulted in elevated levels of several plastidic
isoprenoids including tocopherols, which were in-
creased up to 2-fold relative to wild type (Estevez et
al., 2001).

Arabidopsis leaves accumulate predominantly
�-tocopherol, whereas the major tocopherol present
in Arabidopsis seeds is �-tocopherol (Shintani and
DellaPenna, 1998). This difference was shown to be
the result of low-seed �-TMT activity because over-

Figure 1. The tocopherol biosynthetic pathway in plants. Dashed
arrows represent multiple steps. Enzymes are indicated by circled
numbers: 1, HGA phytyltransferase (HPT); 2, p-hydroxyphenyl pyru-
vate dioxygenase (HPPD); 3, HGA dioxygenase; 4, geranylgeranyl
diphosphate reductase (GGDR); 5, geranylgeranyl diphosphate syn-
thase (GGPS); 6, 1-deoxy-D-xylulose-5-phosphate synthase (DXPS);
7, 2-methyl-6-phytyl-1,4-benzoquinol methyltransferase (MPBQ); 8,
tocopherol cyclase (TC); and 9, �-tocopherol methyltransferase
(�-TMT).
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expression of �-TMT in Arabidopsis seeds led to the
conversion of more than 95% of the �-tocopherol to
�-tocopherol. In these experiments, total tocopherol
levels remained unchanged in the transgenic seed.
These results indicated that �-TMT was a key enzyme
controlling seed tocopherol composition but had no
effect on flux through the pathway (Shintani and
DellaPenna, 1998).

HPT is one of the most recent tocopherol biosyn-
thetic enzyme to be cloned and characterized (Colla-
kova and DellaPenna, 2001; Schledz et al., 2001; Sav-
idge et al., 2002). HPT catalyzes the committed step
of tocopherol biosynthesis (Fig. 1), making it a likely
candidate for an enzyme with a high flux coefficient.
To test whether HPT activity is limiting for tocoph-
erol synthesis in different tissues, HPT was overex-
pressed in Arabidopsis leaves and seeds, and the
resulting transgenic lines were characterized at both
the molecular and biochemical levels. In addition,
simultaneous overexpression of HPT and �-TMT in
Arabidopsis leaves and seeds was performed to de-
termine whether the transgenic phenotypes con-
ferred by these two genes were additive.

RESULTS

Biochemical and Molecular Characterization of
Wild-Type and 35S::HPT1 Plants

Using a genomics-based approach, we have re-
cently cloned HPT1, the gene encoding HPT in Ara-
bidopsis, which catalyzes the condensation of HGA
and PDP in tocopherol synthesis (Collakova and Del-
laPenna, 2001). Because both HGA and PDP are sub-
strates for other prenyltransferases (Threlfall and
Whistance, 1971; Schulze-Siebert et al., 1987; Oster et
al., 1997) and HPT activity is low in plant chloro-
plasts, we hypothesized that HPT could be a highly
regulated enzyme with a high flux coefficient (Col-
lakova and DellaPenna, 2001). To assess whether
HPT activity is limiting for tocopherol synthesis in
different tissues, the enzyme was expressed under
the control of the cauliflower mosaic virus 35S rRNA
(CaMV 35S) promoter in Arabidopsis. Sixty-six inde-
pendent primary transformant lines (35S::HPT1)
were generated and analyzed (data not shown).
35S::HPT1 lines showing antibiotic resistance segre-
gation ratios consistent with a single insertion locus
and exhibiting leaf tocopherol levels higher than wild
type were taken to homozygosity.

To address the question of whether HPT activity
was limiting for tocopherol synthesis in photosyn-
thetic tissue, tocopherol composition and levels were
analyzed in leaves of wild-type and homozygous
35S::HPT1 lines. Plants overexpressing HPT1 con-
tained 3- to 4.4-fold higher total tocopherol levels
than wild type that were highly significant (P � 0.01;
Fig. 2). Both wild-type and 35S::HPT1 leaves
contained predominantly �-tocopherol, although
�-tocopherol levels were also elevated in 35S::HPT1.

Wild-type leaves accumulated �-tocopherol at 19.1 �
1.5 pmol mg�1, whereas �-tocopherol levels in leaves
of 35S::HPT1 ranged between 55 and 80 pmol mg�1.
Leaf �-tocopherol content was 0.6 � 0.1 pmol mg�1

in wild type and 1 to 9 pmol mg�1 in HPT1 overex-
pressers. The levels of �- and �-tocopherols in both
wild type and 35S::HPT1 were below detection.
MPBQ and DMPBQ, prenylquinol intermediates in
tocopherol biosynthesis, were not detectable in wild-
type and 35S::HPT1 leaves (data not shown). These
results suggest that MPBQ MT and TC are not limit-
ing activities for tocopherol synthesis in leaf tissue.
Two independent transgenic lines exhibiting rela-
tively high �- and �-tocopherol levels, 35S::HPT1-11
and -54 (Fig. 2), were selected for subsequent
analyses.

To confirm that the increased tocopherol levels in
transgenic lines were attributable to elevated HPT
activity resulting from overexpression of HPT1, HPT
mRNA levels and specific activity were measured in
wild-type and transgenic lines. Real-time PCR
showed that HPT mRNA levels were extremely low
in wild type and 20- to 100-fold higher in 35S::HPT1
lines (data not shown). Using isolated chloroplasts,
prenyltransferase assays demonstrated that HPT spe-
cific activity in 2-, 4-, and 6-week-old wild-type
plants was also very low (0.11–0.34 pmol h�1 mg�1

protein) and that transgenic lines had 4- to 10-fold
higher HPT specific activity than the corresponding
wild-type plants (Table I). In general, the highest
HPT specific activity in both wild type and 35S::HPT1

Figure 2. Tocopherol composition and levels in leaves of 4-week-old
wild-type and homozygous 35S::HPT1 Arabidopsis plants. Thirty
milligrams of leaf tissue was extracted, and individual tocopherols
were separated and quantified by reverse-phase HPLC. Each line is
represented as an average � SD of tocopherol levels in three plants
analyzed in duplicate. Total tocopherol levels in picomoles per
milligram of leaf are indicated above the error bar of each line. Total
tocopherol levels of 35S::HPT1 lines were significantly higher than
wild-type levels (P � 0.01). �- and �-tocopherols were not detected.
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was observed in chloroplasts isolated from young,
2-week-old plants. The specific activity of both wild-
type and HPT1 overexpressing lines decreased ap-
proximately by 2-fold by 6 weeks of age. However,
the elevated specific activity in transgenics relative to
wild type was maintained throughout plant develop-
ment (Table I). These results are consistent with pre-
vious findings that HPT activity is highest in young
plants and diminishes with age (Hutson and Threl-
fall, 1980).

In addition to HPT, the enzymes shown in Figure 1,
HPPD, HGAD, GGPS1, GGDR, and �-TMT, are also
directly or indirectly involved in tocopherol synthe-
sis. Given the elevated levels of tocopherols in
35S::HPT1 lines, it is possible that the expression of
other enzymes involved in tocopherol synthesis
might also be indirectly affected in the transgenics.
To test this hypothesis, the mRNA levels of all avail-
able genes of the pathway in wild-type and
35S::HPT1 leaves were measured. With the exception
of the 20- to 100-fold increase in HPT mRNA levels in
35S::HPT1, no significant differences in the expres-
sion of these other tocopherol-related genes were
observed between wild-type and 35S::HPT1 Arabi-
dopsis plants (data not shown).

Effects of HPT1 Overexpression on Tocopherol
Levels in Arabidopsis Seed

Molecular and biochemical analyses of the tocoph-
erol biosynthetic pathway in leaves of wild-type and
35S::HPT1 transgenic plants demonstrated that HPT
expression and activity are limiting for tocopherol
synthesis in Arabidopsis leaf tissue. To test whether
HPT is also limiting in seeds, total and individual
tocopherol levels were determined in seeds of wild-
type and homozygous 35S::HPT1 plants. Total tocoph-
erol levels in wild-type Arabidopsis seeds were 838 �
18 pmol mg�1 seed. In eight of the nine homozygous
35S::HPT1 lines shown in Figure 3, 35S::HPT1-16 being

the exception, highly significant increases (P � 0.001)
in total seed tocopherol content were observed. The
best HPT1 overexpressing lines (11 and 54) contained
up to 37% higher seed tocopherol levels than wild
type, corresponding to an additional 310 pmol toco-

Figure 3. Tocopherol composition and levels in seed of wild-type
and homozygous 35S::HPT1 Arabidopsis plants. Seed was extracted
and analyzed for tocopherols by normal phase HPLC. Tocopherol
levels are expressed as an average � SD of three analyses per each
line in a representative experiment. Total tocopherol levels in pico-
moles per milligram of seed are indicated above the error bar of each
line. Arabidopsis seeds accumulate predominantly �-tocopherol,
which increased up to 40% in 35S::HPT1 compared with wild type.
The levels of �-tocopherol did not change significantly, whereas
�-tocopherol increased up to 2-fold in some transgenic lines.
�-Tocopherol was not detected. With the exception of
35S::HPT1-16, statistical significance for total tocopherol levels of all
transgenic lines relative to wild type was P � 0.001.

Table I. HPT specific activity in chloroplasts isolated from 2-, 4-,
and 6-week-old wild-type and 35S::HPT1-11 and -54 leaves.

HPT specific activity was determined using radiolabeled HGA and
unlabeled PDP and expressed as an average � SD of two to three
independent experiments performed in triplicate. Values in paren-
theses represent -fold increases in the specific activity of transgenics
compared with wild-type plants of the corresponding age. HPT
specific activity in leaves of both 35S::HPT1 overexpressers was
significantly higher than wild type (P � 0.05). Though there was a
general trend of HPT specific activity decreasing in older relative to
younger plants in each line, this was only statistically significant
between 2- and 4-week-old wild-type plants (*, P � 0.01).

Plant Age
Specific Activity

Wild Type 35S::HPT1-11 35S::HPT1-54

weeks pmol h�1 mg�1 protein (-fold change)

2 0.34 � 0.06* 1.69 � 0.39 (5.1) 1.36 � 0.11 (4.1)
4 0.11 � 0.03* 1.14 � 0.48 (10.3) 0.84 � 0.27 (7.6)
6 0.15 � 0.10 0.71 � 0.41 (4.7) 0.75 � 0.36 (5.0)
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pherols mg�1 seed (Fig. 3). The majority of this in-
crease was attributable to elevation of �-tocopherol
levels, the predominant tocopherol in wild-type Ara-
bidopsis seeds, although in some transgenic lines,
�-tocopherol levels also doubled. �-Tocopherol levels
did not change significantly (Fig. 3).

We have previously demonstrated that 35S::HPT1-11
and -54 have significantly higher HPT specific activity
relative to wild type (Table I). HPT specific activity in
seeds was also determined to assess whether the ob-
served differences in seed tocopherol levels between
wild-type and 35S::HPT1 lines were correlated with
increased HPT activity. Both transgenic lines (-11 and
-54) exhibited nearly a 4-fold increase in HPT specific
activity relative to wild-type seeds (Table II). When
compared with leaf HPT specific activities, the HPT
specific activity in seeds was similar to that of chloro-
plasts from 6-week-old plants (Tables I and II). These
results collectively suggest that as in photosynthetic
tissues, HPT activity is limiting for tocopherol synthe-
sis in Arabidopsis seed.

Tocopherol Analysis of Arabidopsis Leaves and Seeds
Overexpressing Both HPT1 and �-TMT Transgenes

Constitutive HPT1 overexpression in Arabidopsis
led to a maximal 4.4-fold and 40% increase in total
leaf and seed tocopherol levels, respectively. The in-
crease in leaves was primarily attributable to an ele-
vation in �-tocopherol levels and to a lesser extent
�-tocopherol. In Arabidopsis seed, �-tocopherol was
the major contributor to the 40% increase (Fig. 3).
This is a result of a limitation in seed �-TMT activity,
which catalyzes methylation of �- and �-tocopherols
to �- and �-tocopherols, respectively, and this meta-
bolic block can be overcome by overexpressing
�-TMT during seed development (Shintani and Del-
laPenna, 1998).

To test whether the traits conferred individually by
�-TMT and HPT overexpression are additive, indi-
vidual 35S::HPT1 and 35S::�-TMT lines were crossed,
double homozygotes were selected, and their leaf
and seed tocopherol content and composition were
determined. The levels of individual tocopherols in
leaves of wild-type, double overexpressers, and the
corresponding single-transgene homozygous parent

lines are shown in Figure 4. The total leaf tocopherol
levels of 35S::HPT1-11 and -54 in Figure 4 are some-
what lower than in Figure 2. Leaf tocopherol content
is extremely sensitive to environmental stimuli and
plant developmental stage (Munne-Bosch and
Alegre, 2002), and these differences are consistent
with the normal range of interexperiment variation
observed in tocopherol content (data not shown).

There was no significant difference in tocopherol
composition or levels between wild-type and
35S::�-TMT leaves. However, the leaf �-tocopherol
present in 35S::HPT1-11 and -54 was converted to
�-tocopherol in 35S::HPT1/35S::�-TMT double ho-
mozygotes (Fig. 4). In seed of double overexpressers,
nearly the entire pool of �- and �-tocopherols was
similarly methylated to �- and �-tocopherols, respec-
tively (Fig. 5, A and B). These data indicate that the
traits conferred by each single transgene are additive.

Effects of Increased Tocopherol Levels on
Chlorophyll, Carotenoid, and Plastoquinone-9 (PQ-9)
Content in 35S::HPT1

In plastids, the HGA and isopentenyl diphosphate
(as geranylgeranyl diphosphate [GGDP] or PDP)
used in tocopherol synthesis are also used in the
synthesis of chlorophylls, carotenoids, and PQ-9
(Threlfall and Whistance, 1971; Schulze-Siebert et al.,
1987; Oster et al., 1997). Several studies suggest that

Figure 4. Tocopherol composition and levels in leaves of 5-week-old
wild-type, 35S::�-TMT, 35S::HPT1, and double 35S::�-TMT/
35S::HPT1 overexpressers. Leaf tissue (approximately 70 mg) was
extracted, and individual tocopherols were separated and quantified
by normal phase HPLC. Each line is represented as an average � SD

from three plants. Total tocopherol levels of 35S::HPT1 and
35S::�-TMT/35S::HPT1 plants were significantly higher than wild-
type levels (P � 0.005). The excess �-tocopherol in double transgen-
ics was methylated to �-tocopherol.

Table II. HPT specific activity in seed of wild-type and 35S::HPT1
overexpressers (lines 11 and 54)

Protein extracts from dry Arabidopsis seeds were used to deter-
mine HPT specific activity as described. Values are an average � SD

of three independent experiments performed in triplicate. HPT
specific activity in seed of both 35S::HPT1 overexpressers was
significantly higher than wild type (P � 0.01).

Line HPT Specific Activity

pmol h�1 mg�1 protein

Wild type 0.17 � 0.05
35S::HPT1-11 0.66 � 0.10
35S::HPT1-54 0.67 � 0.08
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the plastidic GGDP pool originating from the DXP
pathway may be limiting for isoprenoid synthesis
(Fray et al., 1995; Shewmaker et al., 1999; Estevez et
al., 2001). Increased flux through the tocopherol path-
way may therefore have an effect on the levels of
other compounds formed from GGDP or HGA. To
test this hypothesis, levels of HGA-derived PQ-9 and
two major GGDP-derived compounds, chlorophylls
and carotenoids, were measured in leaves and seeds
of wild type and 35S::HPT1-11 and -54. No statisti-
cally significant differences in total chlorophyll, caro-
tenoids, or PQ-9 levels were observed between wild-
type and transgenic plants (Table III). In leaf, the
average chlorophyll and carotenoid levels were ap-
proximately 1 and 0.44 nmol mg�1 tissue, respec-

tively. In wild type and 35S::HPT1, PQ-9 levels were
approximately 82 pmol mg�1 leaf tissue. In seed,
chlorophylls and PQ-9 were not detected, whereas
carotenoid levels were approximately 31 pmol mg�1

seed (Table III).

DISCUSSION

HPT is a likely candidate for an enzyme with a
high flux coefficient in tocopherol biosynthesis. HPT
uses HGA and PDP to catalyze formation of the first
committed prenylquinol intermediate in the tocoph-
erol biosynthetic pathway, MPBQ. Because HGA and
PDP are also used in the synthesis of plastoquinones,
phylloquinones, and chlorophylls (Threlfall and
Whistance, 1971; Schulze-Siebert et al., 1987; Oster et
al., 1997) and because HPT acts at the branch-point
for these plastidic prenyllipid pathways, it could be a
key enzyme controlling flux through the tocopherol
pathway. To test this hypothesis, the Arabidopsis
HPT1 cDNA was constitutively expressed under the
control of the CaMV 35S promoter. Significant in-
creases in HPT specific activity and total tocopherol
levels were observed in both leaf and seed of
35S::HPT1 plants compared with wild type.

In leaves, HPT1 overexpression resulted in a 4.4-
fold increase in total tocopherols, the highest percent-
age increase in engineering leaf tocopherol content
yet reported in Arabidopsis. Three other enzymes
affecting tocopherol biosynthesis, DXPS, HPPD, and
�-TMT, have been overexpressed in Arabidopsis
leaves with varying degrees of success in altering leaf
tocopherol levels. Estevez et al. (2001) reported sig-
nificantly elevated levels of several plastidic isopre-
noids, including a 2-fold increase in tocopherols,
when DXPS was constitutively expressed in Arabi-
dopsis leaves. Only a 30% increase in total leaf to-
copherol content was observed in transgenic Arabi-
dopsis lines overexpressing HPPD (Tsegaye et al.,
2002). Constitutive overexpression of �-TMT in Ara-
bidopsis had no effect on tocopherol composition or
total tocopherol levels in leaves (Shintani and Della-
Penna, 1998). With the exception of �-TMT, it appears
that HPT, DXPS, and HPPD activities all limit to-
copherol accumulation to some degree in wild-type
Arabidopsis leaves.

In seeds, HPT1 overexpression resulted in accumu-
lation of 37% more total tocopherols than wild type,
which corresponds to an additional 310 pmol mg�1

seed versus 70 pmol mg�1 tissue for the 4.4-fold
increase in leaf tocopherol levels. The increase in the
absolute tocopherol levels in leaf tissue appears less
significant than in seed until one considers the rela-
tive water content of the two tissues. Because Arabi-
dopsis leaves contain 92% water, total tocopherol
levels increased from 250 to 1,100 pmol mg�1 dry
weight in wild-type and 35S::HPT1 leaves, respec-
tively. In contrast, because mature Arabidopsis seed
contain 11% water, total tocopherol content increased

Figure 5. Tocopherol composition and levels in seed of wild-type,
35S::�-TMT, 35S::HPT1, and 35S::�-TMT/35S::HPT1 overexpressers.
A, �-, �-, �-, and �- tocopherols; B, �- and �-tocopherols. Tocopherol
analysis of mature dry seed was performed as described in “Materials
and Methods.” Each line is presented as an average of three inde-
pendent measurements of three replicates. Total tocopherol levels of
35S::HPT1 and 35S::�-TMT/35S::HPT1 lines were significantly
higher than wild type (P � 0.05). The majority of �- and
�-tocopherols was converted to �- and �-tocopherols in
35S::�-TMT/35S::HPT1 overexpressers.
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from 940 to 1,290 pmol mg�1 dry weight in wild-type
and 35S::HPT1 leaves, respectively. Thus, overex-
pressing HPT1 elevated the HPT specific activity of
seeds and leaves to similar levels, leading to similar
final levels of total tocopherols in the two tissues but
a proportionately higher impact on tocopherol accu-
mulation in leaves. These data suggest that HPT has
a relatively high flux coefficient in both leaves and
seed, although indirect evidence suggests HPT activ-
ity is still limiting for tocopherol synthesis in
35S::HPT1 seeds. Savidge et al. (2002) reported that
HPT1 overexpression driven by the strong, seed-
specific napin promoter resulted in a 75% increase in
seed tocopherol levels relative to wild type, which
would correspond to approximately 1,650 pmol to-
copherols mg�1 dry weight. Although HPT activity
was not determined in these studies (Savidge et al.,
2002), the higher tocopherol levels obtained are con-
sistent with reports that the CaMV 35S promoter is
less effective in developing seed than the napin pro-
moter (Eccleston and Ohlrogge, 1998). Despite these
differences, both studies demonstrate that HPT activ-
ity is limiting for tocopherol synthesis in wild-type
Arabidopsis seed and is a key enzyme regulating
tocopherol accumulation in plant tissues.

By alleviating the HPT limitation in the tocopherol
pathway, it is possible that other enzyme activities
downstream of HPT (TC, MPBQ MT, or �-TMT) or
their substrates might become limiting in 35S::HPT1
plants. A limitation in TC activity would result in the
accumulation of DMPBQ, whereas a limitation in
MPBQ MT activity would lead to the increased levels
of �- and �-tocopherols. If both enzymes were limit-
ing, MPBQ in addition to DMPBQ and �- and
�-tocopherols would accumulate. None of these com-
pounds were detected in leaves of wild-type or
35S::HPT1 plants. In 35S::HPT1 seed, �-tocopherol
levels were doubled, but still accounted for less than
5% of the total tocopherol pool. These data indicate
that neither TC nor MPBQ MT are limiting in
35S::HPT1 seeds and leaves. Recent radiotracer stud-
ies using HGA and PDP also suggested that TC and
MPBQ MT are not limiting for �-tocopherol synthesis
in chromoplasts of yellow pepper (Arango and
Heise, 1998).

In wild-type Arabidopsis seeds, but not in leaves,
�-TMT activity has previously been shown to be lim-
iting for �-tocopherol synthesis (Shintani and DellaP-
enna, 1998). In leaves of 35S::HPT1, �-tocopherol levels
were up to 15-fold higher than wild type, whereas
a 37% increase in �-tocopherol levels was observed
in 35S::HPT1 seeds. To test whether �-TMT or
S-adenosyl-l-Met was limiting in 35S::HPT1, the pre-
viously characterized 35S::�-TMT lines (Shintani and
DellaPenna, 1998) were crossed to 35S::HPT1 lines,
and the resulting double homozygous transgenic
progeny were selected and analyzed for tocopherol
content and composition. Overexpression of �-TMT
in the 35S::HPT1 background resulted in almost
complete methylation of the excess �-tocopherol to
�-tocopherol in both leaves and seeds. The persistence
of small quantities of �-tocopherol in 35S::�-TMT and
the double transgenics may reflect a distinct functional
role for �-tocopherol or may indicate that a fraction of
the �-tocopherol pool is not accessible for further
methylation. These data collectively indicate that the
biochemical phenotypes conferred individually by
HPT and �-TMT overexpression are additive in both
seeds and leaves and that S-adenosyl-l-Met is not
limiting for �-tocopherol synthesis in 35S::HPT1 lines.

Altering flux through a metabolic pathway can
have unanticipated effects on compounds synthe-
sized by biochemically related pathways, especially
when some of the substrates are shared among these
pathways (Fray et al., 1995; Shewmaker et al., 1999;
Estevez et al., 2001). Overexpression of DXPS in Ara-
bidopsis leaves increased the levels of several
isoprenoid-derived compounds including carote-
noids, chlorophylls, and tocopherols, suggesting that
availability of chloroplastic GGDP, a common pre-
cursor in their biosynthesis, may be limiting in wild-
type plants (Estevez et al., 2001). In canola (Brassica
napus) seed, overexpression of phytoene synthase led
to a 50-fold increase in carotenoids and a 50% de-
crease in tocopherol levels relative to wild type (Sh-
ewmaker et al., 1999). Constitutive overexpression of
the GGDP-using carotenoid biosynthetic enzyme
phytoene synthase in tomato caused chlorosis and
dwarfism, most likely by redirecting the limited
GGDP pool from the gibberellin and chlorophyll bio-

Table III. Total chlorophyll, carotenoids, and PQ-9 levels in wild-type and 35S::HPT1 Arabidopsis leaves and seeds

In leaves, chlorophyll and carotenoid levels were determined in 90% (v/v) methanol as described previously (Lichtenthaler, 1987). Twenty
milligrams of seed was extracted, and pigments were analyzed by reverse-phase HPLC. Lutein made up �95% of total seed carotenoids (data
not shown), and its levels were taken as total carotenoid levels. Chlorophylls and PQ-9 were not detected (nd) in dry Arabidopsis seed.
Chlorophyll and carotenoid levels in 35S::HPT1 leaves and seeds were comparable with wild-type levels. Pigment levels are an average � SD

of three measurements.

Line
Leaf Content Seed Content

Chlorophylls Carotenoids PQ-9 Chlorophylls and PQ-9 Carotenoids

nmol mg�1 pmol mg�1 pmol mg�1

Wild type 1.00 � 0.06 0.43 � 0.04 82 � 8 nd 30.3 � 0.2
35S::HPT1-11 1.01 � 0.10 0.45 � 0.04 80 � 5 nd 28.3 � 0.6
35S::HPT1-54 0.98 � 0.08 0.43 � 0.05 83 � 4 nd 35.9 � 0.2
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synthetic pathways to carotenoid synthesis (Fray et
al., 1995). In light of these reports, the effects of HPT1
overexpression on the levels of other HGA- and
GGDP-derived compounds in Arabidopsis tissues
were also assessed.

Although we did not directly measure gibberellin
levels in leaves of 35S::HPT1 plants, gibberellin me-
tabolism appeared to be unaffected because no obvi-
ous differences in growth, flowering time, dormancy,
or physical appearance were observed relative to
wild type (data not shown). PQ-9, chlorophyll, and
carotenoid levels in leaf and seed were also unaf-
fected by HPT1 overexpression in Arabidopsis. One
molecule of GGDP is used in the synthesis of each
chlorophyll molecule, whereas carotenoids contain
two molecules of GGDP or “GGDP equivalents.” The
total chlorophyll and carotenoid content in leaves
corresponds to 1,900 pmol mg�1 tissue of GGDP
equivalents; the 70 pmol mg�1 increase in incorpora-
tion of GGDP equivalents into leaf tocopherols in
35S::HPT1-11 is negligible by comparison. In mature
wild-type Arabidopsis seeds, this composition is re-
versed, with tocopherols predominating (up to 1,000
pmol mg�1 seed) and carotenoids being a minor
component (approximately 30 pmol mg�1 seed). The
310 pmol mg�1 seed increase in GGDP equivalents
incorporated into tocopherols in 35S::HPT1-11 seed is
highly significant relative to the level of carotenoids,
but apparently did not affect GGDP availability for
carotenoid synthesis. This increased demand for
GGDP in seeds may be compensated in part by in-
creased flux through the DXP pathway. A similar
phenomenon was observed in canola seed engi-
neered for elevated carotenoid synthesis (Shewmaker
et al., 1999). There seems to be a relatively high
flexibility for flux through the seed DXP pathway
leading to GGDP, likely by feedback regulation.

Outlook for Metabolic Engineering of Vitamin E
Levels in Crops

Tocopherols are essential components of the hu-
man diet. Because of the relatively low levels of
�-tocopherol, the most effective form of vitamin E, in

most commonly consumed vegetables and oils (Ei-
tenmiller, 1997; Bramley et al., 2000; Ching and Mo-
hamed, 2001), �-tocopherol is limited in the average
American diet (Grusak and DellaPenna, 1999; Hor-
witt, 2001). It is recommended that 35 �mol (15 mg)
of �-tocopherol be consumed daily (Food and Nutri-
tion Board, Institute of Medicine, 2000). Although
Arabidopsis is not of direct agricultural importance,
it has become a model for metabolic engineering of
the tocopherol pathway and can be used to extrapo-
late the impact of engineering on dietary vitamin E
intakes. In Table IV, we estimate the vitamin E activ-
ity of wild-type and various transgenic lines reported
in this study in terms of the �-tocopherol equivalents
(�-TE) per “serving size” of 100 g of leaves and seeds
(for definition of �-TE see Table IV). In leaves of
35S::HPT1/35S::�-TMT double overexpressers, which
accumulate predominantly �-tocopherol, vitamin E
activity was 3.2-fold higher than wild type. Because
�-tocopherol is the major tocopherol in mature wild-
type Arabidopsis seed, the vitamin E activity is rela-
tively low (3.9 mg of �-TE) despite the high levels of
total tocopherols. In seed of 35S::HPT1/35S::�-TMT
lines, �-tocopherol is the major tocopherol, and the
vitamin E activity increased 12-fold relative to wild
type (Table IV). Similar increases in seed vitamin E
activity are anticipated for genetically engineered
crops (Grusak and DellaPenna, 1999).

MATERIALS AND METHODS

Chemicals

Tocopherol standards and tocol were purchased from Matreya (Pleasant
Gap, PA). PDP was a gift from Dr. Stephanie Sen (Purdue University, West
Lafayette, IN). [U-14C]HPP was prepared from l-[U-14C]Tyr (specific activ-
ity 464 mCi mmol�1; Amersham Biosciences Inc., Piscataway, NJ) according
to Schulz et al. (1993). Minor modifications were introduced to obtain more
concentrated [U-14C]HPP. In brief, l-[U-14C]Tyr was dried under a stream of
nitrogen and dissolved in the original volume of phosphate buffer (0.5 m,
pH 6.5). Catalase (Roche Diagnostics, Indianapolis) and l-amino acid oxi-
dase type IV (Sigma-Aldrich, St. Louis) were both added to the final con-
centration of 0.4 mg mL�1. After 2 h of incubation at room temperature, [U-
14C]HPP was purified on an ion-exchange column (Dowex, Sigma-Aldrich)
equilibrated with 0.1 n HCl and used immediately for prenyltransferase
assays.

Generation of HPT1 Overexpressing Lines

A cDNA encoding HPT was excised from pSKHPT1 (Collakova and
DellaPenna, 2001) by digestion with EcoRI and KpnI and subcloned into
EcoRI and KpnI digested pART7 (Gleave, 1992). The resulting construct was
mobilized by NotI digestion and ligation into the pART27-based vector
pMLBART (Gleave, 1992), which contains the bar gene for selection of
transformed plants. This construct was introduced into Agrobacterium tume-
faciens and used to transform wild-type Arabidopsis plants (ecotype Colum-
bia) by the floral dip method (Clough and Bent, 1998) to obtain 35S::HPT1 T0

sense plants.
Sixty-six independent transformants were selected by glufosinate (120

mg L�1) resistance and analyzed for tocopherol content. Seeds of lines
exhibiting elevated leaf tocopherol levels were harvested and subjected to
segregation analysis. All T235S::HPT1 transgenic plants segregating 3:1 for

Table IV. Vitamin E activity in wild-type, single, and double
overexpressers

Vitamin E activity was calculated for each line using the absolute
levels of individual tocopherols from Figures 4 and 5 and the relative
biological activities of R,R,R-tocopherols. One milligram of �-, �-,
�-, and �-tocopherol corresponds to 1, 0.5, 0.1, and 0.03 mg of �-TE,
respectively (Food and Nutrition Board, Institute of Medicine, 2000).

Line
Vitamin E Activity

Leaves Seeds

mg �-TE 100 g�1 tissue

Wild type 0.75 3.9
35S::HPT1 1.81 5.2
35S::�-TMT 0.87 35.6
35S::HPT1/35S::�-TMT 2.39 47.4
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glufosinate resistance were carried through the next generation, and plants
homozygous for glufosinate resistance were selected for further experi-
ments. Plants overexpressing �-TMT (Shintani and DellaPenna, 1998) under
the control of 35S CaMV promoter were crossed with 35S::HPT1, and double
homozygotes were selected based on their dual resistance to kanamycin and
BASTA. Transgenic lines, 35S::HPT1-11 and -54, and 35S::�-TMT-18 and -49
were used for these crosses.

Prenyllipid Analyses of Transgenic Plants

For leaf prenyllipid analyses, plants were grown in a 16-h photoperiod
(70–100 �E) at 22°C/19°C day/night cycle for 4 to 5 weeks. For tocopherol
analysis, lipids from 30 to 35 mg of leaf tissue or 10 to 13 mg of seeds were
extracted in the presence of butylated hydroxytoluene (2 mg mL�1) to
prevent tocopherol degradation (Bligh and Dyer, 1959). Tocol was used as
an internal standard. For leaf analysis, tocopherols were separated on a
reverse-phase HPLC (C18, ODS2, 4.6 � 250 mm; Column Engineering,
Ontario, Canada; VP HPLC system, Shimadzu, Kyoto) using an isocratic
solvent system of 5% (v/v) isopropanol in methanol at 2 mL min�1. For
leaf and seed analyses, where separation of �- and �-tocopherols was
required, a normal phase HPLC system (LiChrosorb 5 Si60A 4.6- �
250-mm silica column, Column Engineering; HP 1100 series HPLC system,
Agilent Technologies, Palo Alto, CA) and a 10-min isocratic method using
17% (v/v) di-isopropyl ether in hexane at 42°C at 2 mL min�1 were used.
Tocopherols were detected by fluorescence at 290-nm excitation and
325-nm emission. Chlorophylls, carotenoids, and PQ-9 were analyzed as
described (Collakova and DellaPenna, 2001). For PQ-9 analysis, 50 mg of
leaves or 15 mg of seeds was used for extractions. Detection limit for PQ-9
was 4 pmol in seed.

Real-Time PCR

To obtain sufficient amounts of tissue, plants (wild type and
35S::HPT1-11 and -54) were grown at a 10-h photoperiod at 75 to 100 �E for
6 weeks. Tissue from six representative plants was harvested 2 to 3 h after
the start of the light cycle and immediately frozen in liquid nitrogen. Total
RNA was isolated and any contaminating genomic DNA was removed by
treatment with RQ1-RNase free DNase (Promega, Madison, WI). Ten mi-
crograms of total RNA was reverse transcribed to generate cDNA in two
50-�L reactions for each sample using a Taq-Man kit according to manu-
facturer’s recommendations (Applied Biosystems, Foster City, CA). An
aliquot of cDNA corresponding to 100 to 200 ng of total RNA was used in
each Taq-Man real-time PCR assay (Applied Biosystems). Elongation factor
EF1� was used to normalize RNA concentrations. Standard curves were
constructed for each gene and were used to calculate the corresponding
mRNA concentrations. Sequences of the primers and probes used in the
real-time PCR assays and their optimal final concentrations are available
upon request.

Prenyltransferase Assays

HPT assays were performed using crude chloroplast preparations or seed
protein extracts from wild-type plants and 35S::HPT1-11 and -54 lines
grown as described for real-time PCR assays. Chloroplasts were prepared
from 25 to 30 g of leaf tissue. Tissue was disrupted using a blender in a
buffer containing 0.6 m sorbitol, 0.5 m HEPES, pH 8.4, 4 mm EDTA, 4 mm
EGTA, 10 mm Na2CO3, 0.2% (w/v) bovine serum albumin, 1 �m benzami-
dine, and 5 �m 4-aminocaproic acid. Chloroplasts were filtered through two
layers of Miracloth and centrifuged at 4,000g for 5 min at 4°C. Crude
chloroplasts were washed once in a buffer containing 50 mm HEPES, pH 7.6,
4 mm MgCl2, 1 �m benzamidine, and 5 �m 4-aminocaproic acid and once
more in the same buffer lacking proteinase inhibitors.

Each prenyltransferase reaction (0.1 mL) contained 0 or 100 �m PDP,
approximately 5 �m [U-14C]HPP (1 �Ci), 20 �g of HPPD protein, and
chloroplasts corresponding to about 0.45 to 0.65 mg of protein (0.10–0.15 mg
of chlorophyll) in HPT reaction buffer (50 mm HEPES, pH 7.6, 4 mm MgCl2,
1 mm KF, 0.2% [v/v] Tween 80, and 50 mm potassium ascorbate). Reactions

were incubated at room temperature for 2 h with shaking and quinones
were extracted with two volumes of acetone:light petroleum ether (1:1,
v/v). After centrifugation, the ether phase was loaded on a 4-mL silica
column (pore size, 60 �m; Sigma-Aldrich), and quinones were eluted with
4 volumes of 20% (v/v) diethyl ether in petroleum ether. After drying, 5
mL of scintillation liquid was added to each sample and radioactivity was
determined by scintillation counting. Background activities obtained from
control reactions containing 14C-labeled HGA without exogenous PDP
were subtracted from the activities when both substrates were added,
which was always at least 3.5-fold higher than the background activities to
obtain HPT specific activity. Chloroplasts were extracted with 90% (v/v)
methanol and centrifuged to determine chlorophyll concentration (Licht-
enthaler, 1987). Proteins present in the remaining pellet were solubilized
by NaOH in the presence of SDS and determined by the method of Lowry
(Stoscheck, 1990).

In seeds, protein extracts were prepared as follows: Dry mature seeds
were ground in 50 mm HEPES (pH 7.6) containing 4 mm MgCl2 and
centrifuged. The resulting pellet of water-insoluble proteins was resus-
pended in HPT reaction buffer to a protein concentration of 20 to 30 mg
mL�1. HPT assays containing 2 to 3 mg of seed protein were performed in
a volume of 0.2 mL as described for chloroplasts. Seed HPT specific activ-
ities were about 3-fold higher than the corresponding background activities.
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