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Tocopherol belongs to the Vitamin E class of lipid soluble antioxidants that are essential for human nutrition. In plants,
tocopherol is synthesized in plastids where it protects membranes from oxidative degradation by reactive oxygen species.
Tocopherol cyclase (VTE1) catalyzes the penultimate step of tocopherol synthesis, and an Arabidopsis (Arabidopsis thaliana)
mutant deficient in VTE1 (vtel) is totally devoid of tocopherol. Overexpression of VTE1 resulted in an increase in total
tocopherol of at least 7-fold in leaves, and a dramatic shift from a-tocopherol to y-tocopherol. Expression studies demonstrated
that indeed VTE1 is a major limiting factor of tocopherol synthesis in leaves. Tocopherol deficiency in vtel resulted in the
increase in ascorbate and glutathione, whereas accumulation of tocopherol in VTE1 overexpressing plants led to a decrease in
ascorbate and glutathione. Deficiency in one antioxidant in vtel, vtcl (ascorbate deficient), or cad2 (glutathione deficient) led to
increased oxidative stress and to the concomitant increase in alternative antioxidants. Double mutants of vtel were generated
with vtcl and cad2. Whereas growth, chlorophyll content, and photosynthetic quantum yield were very similar to wild type in
vtel, vtcl, cad2, or vtelvtcl, they were reduced in vtelcad2, indicating that the simultaneous loss of tocopherol and glutathione

results in moderate oxidative stress that affects the stability and the efficiency of the photosynthetic apparatus.

Vitamin E encompasses a class of lipid antioxidants
consisting of four forms each of tocopherol and
tocotrienol. Because of its high economical value and
importance for human nutrition, much effort has been
invested to elucidate the tocopherol biosynthetic path-
way in plants and Cyanobacteria and to identify
limiting steps by overexpression of candidate genes
in transgenic plants. The hydroquinone ring of to-
copherol is derived from the shikimate pathway of
aromatic amino acid synthesis. Homogentisate, the
precursor for the synthesis of tocopherol, tocotrienol,
and plastoquinone, is synthesized by p-hydroxyphe-
nylpyruvate dioxygenase (HPPD; Fig. 1; Norris et al.,
1998). After attachment of the hydrophobic side chain
by homogentisate phytyltransferase (HPT1/VTE2;
Collakova et al, 2001; Savidge et al, 2002) and
methylation (VTES3; Cheng et al., 2003; van Eenennaam
et al, 2003), 2,3-dimethyl-5-phytyl-1,4-hydroquinol
(DMPQ) is formed that is converted to y-tocopherol
by tocopherol cyclase (VTE1; Porfirova et al., 2002;
Sattler et al., 2003). An increase in the activity of HPPD
or HPT1 in transgenic plants resulted in an elevated
tocopherol content in seeds and leaves of Arabidopsis
(Arabidopsis thaliana; Tsegaye et al., 2002; Collakova
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etal., 2003a). It was concluded that flux into tocopherol
is predominantly controlled by HPPD and HPT1, but
that biosynthetic steps further downstream in the
pathway, e.g. VTEL, are not limiting (Collakova et al.,
2003a). Final methylation by y-tocopherol methyltrans-
ferase (y-TMT, VTE4) results in the production of
a-tocopherol. a-Tocopherol is the predominant form
in leaves, whereas y-tocopherol is most abundant in
seeds of Arabidopsis (Shintani and DellaPenna, 1998).
Side reactions of VTE1, VTE3, and VTE4 result in the
production of minor tocopherol forms in Arabidopsis
seeds or leaves (8-tocopherol, B-tocopherol; Fig. 1).
Under oxidative stress, the amounts of different
antioxidants strongly increase in plants, and it is
believed that this results in an increased capacity to
scavenge reactive oxygen species (Noctor and Foyer,
1998; Collakova et al.,, 2003b). The accumulation of
antioxidants under stress is at least in part mediated
by induction of gene expression. For example, HPPD
and HPTI, two steps of tocopherol synthesis, were
shown to be induced under light stress (Collakova
et al., 2003b). However, expression of VITE1 was not
strongly altered during stress (Collakova et al., 2003b).
Tocopherol is a strong antioxidant, and it is crucial for
scavenging reactive oxygen species released during
oxidative stress (Fryer, 1992; Munné-Bosch and
Alegre, 2002). Tocopherol is synthesized in the inner
envelope of chloroplasts and accumulates in all chlo-
roplast membranes (Lichtenthaler et al., 1981; Soll
et al, 1985). Therefore, it has been suggested that
tocopherol is involved in the protection of pigments
and proteins of the photosynthetic apparatus and of
thylakoids lipids against oxidative degradation. As
a consequence, loss of tocopherol in plants would
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Figure 1. Tocopherol synthesis in Arabidopsis.
p-Hydroxyphenylpyruvate derived from the shi-
kimate pathway is converted to homogentisate by
action of HPPD. Attachment of a phytyl group by
HPT1 (VTE2) results in the synthesis of MPQ. After
methylation (VTE3), the second ring is formed by
cyclization of DMPQ via the VTE1 reaction. The
product of this reaction, y-tocopherol, is con-
verted to a-tocopherol by y-TMT (VTE4). Side ac-
tivities of VTET and y-TMT in leaves resulting in
the production of 8-tocopherol and B-tocopherol
are indicated by dashed arrows.
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be expected to severely affect growth and photosyn-
thesis. However, isolation and characterization of the
Arabidopsis vtel mutant showed that total loss of
tocopherol has only a minor impact on growth, chlo-
rophyll content, photosynthetic capacity, and fatty
acid composition under normal and high light stress
conditions (Porfirova et al., 2002; Bergmiiller et al.,
2003; Sattler et al., 2003). The SXD1 (Suc export de-
ficient) gene that is orthologous to Arabidopsis VTE1
has previously been isolated from maize (Zea mays;
Provencher et al., 2001; Sattler et al., 2003). Interest-
ingly, the corresponding maize mutant, sxd1, shows
a much more severe phenotype than the Arabidopsis
vtel plant, because anthocyanins, sugars, and starch
strongly accumulate in sxd1 leaves (Russin et al., 1996;
Provencher et al., 2001). Similarly, down-regulation of
VTE1 expression in transgenic potato resulted in re-
duced growth and accumulation of carbohydrates
(Hofius et al., 2004).

Ascorbate and glutathione are the most abundant
low M, compounds with antioxidant activity in higher
plants (Noctor and Foyer, 1998; Smirnoff, 2000a, 2000b).
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Thus, these two antioxidants are crucial to maintain the
intracellular redox status, and in addition, they are key
substrates and cofactors of many enzymatic reactions.
Similar to tocopherol, ascorbate and glutathione accu-
mulate during oxidative stress (Noctor and Foyer,
1998). The pools of ascorbate and glutathione are linked
via the ascorbate-glutathione cycle, because after
oxidation of ascorbate (e.g. by hydrogen peroxide),
dehydroascorbate can be reduced by a glutathione-
dependent dehydroascorbate reductase (Smirnoff,
2000b). Subsequently, the oxidized form of glutathione
(GSSG) is reduced by glutathione reductase in an
NADPH dependent manner. Therefore, the ascorbate-
glutathione cycle is thought to be critical for the
removal of hydrogen peroxide from metabolism. Pre-
vious experiments already suggested that the oxidized
form of tocopherol (the tocopheroxyl radical) can be
regenerated by interaction with ascorbate and gluta-
thione at the surface of the lipid bilayer (Leung et al.,
1981; Niki et al., 1984; Liebler et al., 1986; Wefers and
Sies, 1988; Kago and Terao, 1995; Kamal-Eldin and
Appelqvist, 1996).
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Different Arabidopsis mutants with deficiencies in
the synthesis of ascorbate or glutathione have been
isolated. The vtcl (synonymous with sozl) mutant
carries a mutation in the gene encoding GDP-Man
pyrophosphorylase involved in ascorbate synthesis,
and therefore this plant contains only 30% of wild-type
amounts of ascorbate (Conklin et al., 1996, 1999). The
vtcl plant has been used to study the function of
ascorbate in growth, photosynthesis, and oxidative
stress (Conklin et al., 1996; Veljovic-Jovanovic et al.,
2001). A glutathione deficient plant (cad2) was isolated
based on an altered sensitivity to cadmium (Howden
et al., 1995). In cad2, the gene encoding y-glutamylCys
synthetase, the first step of glutathione synthesis, car-
ries a short deletion resulting in a reduction of gluta-
thione to about 20% of wild type (Cobbett et al., 1998;
Vernoux et al., 2000; Xiang et al., 2001).

To further our understanding of the regulation of
tocopherol biosynthesis and of the role of tocopherol
in the antioxidant network of Arabidopsis, transgenic
plants overexpressing VTE1 were generated and sub-
jected to tocopherol analysis, and double mutants of
ovtel and lines deficient in the synthesis of ascorbate
(vtcl) or glutathione (cad2) were produced. From these
studies, it became clear that tocopherol cyclase is
limiting tocopherol synthesis in leaves, and that the
simultaneous loss of tocopherol and glutathione af-
fects photosynthesis and growth in a way different
from what was observed for the parental lines.

RESULTS

Overexpression of VTE1 Results in Accumulation of
Tocopherol and in a Shift in Tocopherol Composition
in Leaves

VTE1 catalyzes the cyclization of DMPQ resulting in
the formation of y-tocopherol that is subsequently
converted to a-tocopherol in leaves (Fig. 1; Porfirova
et al,, 2002). To test whether VTE1 is limiting for
tocopherol production in leaves, VTE1 was overex-
pressed in Arabidopsis under the control of two
different promoters. Transformation of the vtel mutant
with a genomic VTEI construct under the control of
the endogenous VTE1 promoter (line vtel-gVTEL)
resulted in the accumulation of tocopherol in trans-
genic plants in amounts very similar to wild type (Fig.
2A). Furthermore, the composition of tocopherol in the
leaves of the transformants (86.5% a-tocopherol, 13.4%
v-tocopherol) was similar to wild type (Fig. 2, A and
B). Polyclonal antiserum was raised to heterologously
expressed VTEL protein and its specificity tested by
western analysis of wild-type and vtel mutant leaf
protein (Fig. 3A). The vtel mutant carries a splicing site
mutation and is devoid of VTEI mRNA (Porfirova
et al., 2002). The anti-VTE1 antibodies immunoreacted
with the VTE1 band at 45 kD in wild type but not in the
vtel mutant, suggesting that they are highly specific.
Complementation of tocopherol deficiency in ovtel
carrying a genomic VTE1 construct (vtel-gVTE1) was
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Figure 2. Overexpression of VTE1 results in accumulation of y-tocoph-
erol in leaves. The cDNA (under control of the cauliflower mosaic virus
35S promoter, 35VTET) or genomic DNA of VTE1 (gVTET) was in-
troduced into Col-2 wild-type or vteT mutant plants as indicated. A, The
amounts of different forms of tocopherol (, B, 7, 8) were determined by
fluorescence HPLC. The numbers above the bars indicate total amount of
tocopherol (nmol g~' fresh weight). Data show mean * s of three ex-
periments. B, HPLC chromatogram of tocopherols extracted from wild-
type leaves. The numbers indicate tocopherol composition in percent. C,
HPLC chromatogram showing tocopherol composition of line WT-
35VTE1 number 40 with overexpression of the VTET cDNA under
control of the 35S promoter. D, HPLC chromatogram of tocopherol and
tocol standards.

715



Kanwischer et al.

A

— UH.___ H ~ | VTE1 (45 kDa)
- -

c . _ AV - e HPT1 (1300 b)

D

d
Twr 'Tver! Tvter' Tver ' Twr ' Tt ' vier

35VTE1 35VTE1 35VTE1 35VTE1 gVTE1
#1 #4 #37 #40

Figure 3. Expression of HPT1 and VTET in VTET overexpression lines.
A, Expression of VTET was measured by western analysis with anti-
VTE1 antiserum. B, Accumulation of mRNA in transgenic lines was
measured by northern hybridization using VTET cDNA as a probe. C,
HPT1T mRNA was detected after hybridization with a HPT1 probe
amplified from genomic DNA by PCR. D, 25S rRNA bands of the
northern gel after ethidium bromide staining.

accompanied by the accumulation of a 45-kD protein
corresponding to the size of VTE1 that reacted with
anti-VTE1 antibodies (Fig. 3A).

A second construct that was introduced into Arabi-
dopsis wild type and vtel mutant contained the VTE1
cDNA under the control of the strong constitutive 355
promoter (lines WT-35VTE1 and vte1-35VTE1). Over-
expression of VTE1 with 35S promoter resulted in an
up to 7-fold increase in tocopherol in several lines,
including transgenic plants with wild-type or vtel
mutant background (Fig. 2C). Furthermore, the dra-
matic increase in tocopherol led to a shift in tocopherol
composition, because leaves of transgenic plants ac-
cumulated large amounts of +y-tocopherol (80.5%)
instead of a-tocopherol (16.5%) and low amounts
of 8-tocopherol (2%; Fig. 2C). The accumulation of
v-tocopherol can be explained by a low activity of
v-TMT, which might become limiting for a-tocopherol
synthesis in the transgenic lines (Fig. 1). The presence
of low amounts of 5-tocopherol is supposedly derived
from conversion of 2-methyl-6-phytyl-1,4-hydro-
quinol (MPQ) to é-tocopherol in VTE1 overexpressing
lines. The high accumulation of total tocopherol in the
355 promoter plants correlated with a dramatic in-
crease in VIE1 expression as shown by western anal-
ysis (Fig. 3A) and northern analysis (Fig. 3B). It is
interesting to note that transgenic VTE1 plants of wild-
type background (WT-35VTE1 no. 37) with low ex-
pression level had wild-type amounts of tocopherol.
Therefore, accumulation of tocopherol was correlated
with high expression of VTEL. It was previously re-
ported that HPT1 limits tocopherol synthesis and that
HPT1 overexpression leads to elevated tocopherol con-
tent in transgenic plants (Collakova and DellaPenna,
2003b). Therefore, expression of HPT1 was analyzed in
VTEL1 overexpression plants to study whether in these
transgenic plants induction of HPT1 contributes to
the increased tocopherol content (Fig. 3C). However,
expression of HPT1 in the strongVTEl overexpres-
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sion lines number 1 and number 40 was only slightly
increased (2- and 1.5-fold, respectively) as compared
to wild type or vfel carrying a genomic fragment of
VTEI1. Therefore, we concluded that the high tocoph-
erol content observed for the VTEl overexpression
plants results from increased expression of VTE1
rather than HPT1.

Tocopherol Content and VTE1 Expression Are Increased
under Oxidative Stress and in Antioxidant Mutants

It is well established that the amount of tocoph-
erol increases during oxidative stress in leaves (e.g.
Collakova and DellaPenna, 2003b). The increase in to-
copherol under oxidative stress was accompanied by a
shift in tocopherol composition from 5% y-tocopherol
in nonstressed wild type to about 15% after high light
stress (Collakova and DellaPenna, 2003b). These re-
sults were explained by the strong induction of HPPD
and HPT1, accompanied by a limitation in y-TMT
(VTE4) activity. Expression of VTEl as measured
by quantitative reverse transcription (RT)-PCR was
found to be up-regulated at day 3 of high light stress
but indistinguishable from wild type at later time
points (Collakova and DellaPenna, 2003b).

To unravel the contribution of VTE1 for tocopherol
synthesis during stress, gene expression was mea-
sured in wild-type leaves exposed to high light con-
ditions using northern hybridization. Expression of
VTE1l was strongly induced, particularly during
the early time points (days 1 to 4) of high light stress
(Fig. 4B).

Mutants deficient in antioxidant synthesis offer an
alternative approach to study the effects of oxidative
stress on plant physiology. We selected two lines, vtcl
and cad2, which are deficient in ascorbate and gluta-
thione synthesis, respectively (Howden et al., 1995;
Conklin et al., 1996). In agreement with the hypothesis
that oxidative stress is increased in these lines, the total
amount of tocopherol was increased by approximately
50% in vtcl and cad2 (Fig. 4A). Interestingly, we
observed a slight shift in tocopherol composition to-
ward an increased content of a-tocopherol and a de-
crease in y-tocopherol in vtc1 (90.0% a-tocopherol; 9.9
y-tocopherol) and cad2 (90.2% «; 9.7% vy) as compared
to wild type (86.6% «; 13.3 vy; Fig. 4A). Thus, in contrast
to the change in tocopherol composition observed
under oxidative stress, the increase in tocopherol in
vtcl and cad2 was accompanied by a relative increase
in a-tocopherol, suggesting that y-TMT was not lim-
iting in antioxidant mutants. To address the question
of whether the stimulation of tocopherol synthesis
observed in leaves of vtcl and cad2 originates from
induction of gene expression, northern analysis was
done. Indeed, we observed a strong up-regulation of
VTE1 expression (Fig. 4B) in these two mutants. As
judged by northern hybridization, expression levels
for HPT1 and HPPD in vtc1 and cad2 were in the range
of wild type (data not shown). Therefore, the increase
in tocopherol synthesis observed under oxidative

Plant Physiol. Vol. 137, 2005
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Figure 4. Accumulation of tocopherol and induction of VTE1 under
high light stress and in oxidative stress mutants. A, Total tocopherol was
determined by fluorescence HPLC. The black and the gray parts of the
stacked bars indicate y-tocopherol and a-tocopherol, respectively. The
amounts of B-tocopherol and §-tocopherol were below detection limit.
Data represent the means and st of at least five measurements each.
Asterisk, Total amount of tocopherol is significantly different to wild
type after t test analysis (P < 0.05). B, Induction of VTET expression in
Arabidopsis plants under high light conditions and in the antioxidant
mutants vtcl and cad2 as determined by northern analysis. C, 255
rRNA (photo of northern gel) as loading control.

stress and in antioxidant mutants (vicl and cad2)
clearly correlates with induction of VTE1 expression.

Deficiency in Tocopherol, Ascorbate, or Glutathione in
Mutant Plants Results in Compensatory Increases in
Alternative Antioxidants

Growth and photosynthetic efficiency of the vtel
mutant of Arabidopsis were very similar to wild type
under standard growth conditions (Porfirova et al.,
2002; Bergmiiller et al., 2003; Sattler et al., 2003). To test
the hypothesis whether other antioxidants compen-
sate for the loss of tocopherol in vtel, double mutants
were created of vtel, vtcl, and cad2. The two double
mutant lines vtelvtcl and vtelcad2 were fertile and
easily grown on soil. Growth of vtelvtcl was very
similar to vtcl, but these two lines were always smaller
than wild type (Fig. 5A). As previously demonstrated,
vtc]l mutant plants flower about 1 week later than wild
type (Veljovic-Jovanovic et al., 2001). Flowering time of
the ovtelvtcl was similar to that of vtcl (data not
shown). Apparently, the combination of the two mu-
tations affecting tocopherol and ascorbate synthesis
had no further effect on growth and physiology. How-
ever, growth of vtelcad? was more severely retarded as
compared with vfel or cad2 (Fig. 5B), suggesting that
the simultaneous deficiency in tocopherol and gluta-
thione in vtelcad? affects plant antioxidant status and
might have an impact on photosynthesis.
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Ascorbate and glutathione were quantified in single
and double mutant lines deficient in antioxidants (Fig.
6). Furthermore, vtel carrying a genomic VTEI con-
struct and a VTEI overexpression line were included
in these analyses. Deficiency in tocopherol (in vtel) or
glutathione (cad2) led to a moderate but significant
increase in ascorbate (Fig. 6A). The accumulation of
ascorbate was also visible when comparing vtelvtcl
with vtcl and resulted in an even stronger ascorbate
accumulation in vtelcad2 as compared to vtel or cad2.
Interestingly, the VTE1 overexpression line accumu-
lated significantly reduced amounts of ascorbate as
compared with wild type. The redox state of ascorbate
was not affected by the vtel or cad2 mutations (Fig. 6B).
Total glutathione was increased in lines deficient for
tocopherol (vtel) and increased even further in the
vtelvtcl double mutant (Fig. 6C). Glutathione was
reduced to less than 10% of wild-type amounts in lines
homozygous for cad2. The VTE1 overexpression lines
contained reduced amounts of glutathione as com-
pared to wild type. No change in the redox state of
glutathione was observed (Fig. 6D). Taken together
(Figs. 4A and 6), the reduction in one of the three anti-
oxidants, tocopherol, ascorbate, or glutathione, re-
sulted in an increase in the remaining antioxidants
in single and double mutant plants, whereas high
tocopherol contents resulted in a reduction of ascor-
bate and glutathione in VTE1 overexpression lines.

Single and double mutant lines were exposed to
high light stress conditions (800 nE light for 4 d) and
antioxidant contents determined. Under high light, all
antioxidants (tocopherol, glutathione, and ascorbate)
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Figure 5. The growth phenotype of antioxidant mutants. A, Growth
curves were recorded by measuring fresh weight of the aerial part of the
plants wild type (WT), vtel, vtcl, and vtelvtcl (mean * st of five
experiments). B, Growth curves for WT, vtel, cad2, and vtelcad2.
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Figure 6. Glutathione and ascorbate content in antioxidant mutants. A, Dehydroascorbate and ascorbate and (C) total
glutathione were measured in leaves of 5-week-old single and double mutant plants in a VTET overexpression line (WT 35VTE1)
and in vteT carrying a genomic DNA construct (vteT gVTET). B, The redox status of ascorbate is presented as the ratio of ascorbate
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increased severalfold (data not shown). A large vari-
ation of antioxidant contents was observed under
stress conditions. Furthermore, the differences in an-
tioxidant levels as observed under control conditions
(Figs. 4A and 6) were smaller under high light stress,
probably because under oxidative stress, antioxidants
increased to a maximal level in all mutant lines re-
gardless of the deficiency in alternative antioxidants.

NPQ of vtel Is Increased under High Light

The susceptibility of the photosynthetic apparatus
to oxidative stress prompted us to analyze the effi-
ciency of photosynthesis in antioxidant mutants in
more detail. Therefore, light response curves of chlo-
rophyll fluorescence were recorded for wild-type and
mutant plants. The maximum photochemical effi-
ciency of PSII in the dark-adapted state (F,/F) was
very similar for all lines (0.816, 0.815, 0.816, 0.816,
0.813,0.821, and 0.808 for wild type, vtel, vtcl, vtelvicl,
cad2, and vtelcad2, respectively). In addition, nonpho-
tochemical quenching (NPQ) was calculated to reveal
the fraction of light energy that is dissipated by means
other than photosynthesis, e.g. heat. In accordance
with previous studies (Smirnoff, 2000; Miiller-Moulé
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etal., 2002), a decrease in NPQ was observed for vtcl at
high photon flux densities (PPFD; Fig. 7C). Interest-
ingly, all lines homozygous for the vtel mutation
showed a slight increase (about 10%) in NPQ at high
PPFD (Fig. 7, C and D). Transformation of vtel with
a genomic fragment of VTEI resulted in reduction of
NPQ, almost reaching wild-type values (Fig. 7E).

Deficiency in Tocopherol and Glutathione in vtelcad?2
Affects Photosynthetic Efficiency and Pigment Content

The quantum yield of PSII (®PSII) was determined
as a measure of the efficiency of PSII light reactions.
®PSII was comparable at all light intensities for wild
type, vtel, vtcl, cad2, and the vtelvtcl double mutant
(Fig. 7, A and B). However, ®PSII in vtelcad? was
reduced at elevated light intensities by approximately
37% as compared to wild-type and the parental
mutant lines (Fig. 7B), indicating that the simultaneous
loss of tocopherol and glutathione affects photosyn-
thetic efficiency in a way not observed in the parental
lines.

Because antioxidants, in particular tocopherol, were
implicated in protecting the photosynthetic apparatus
from oxidative damage, chlorophyll and carotenoids

Plant Physiol. Vol. 137, 2005
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were quantified in the mutant lines. Total chlorophyll
content was only slightly reduced in vtel, vtc1, and the
respective double mutant as compared to wild type
(Fig. 8A). The chlorophyll a to chlorophyll b ratio was
close to 2.90, except for lines homozygous for vicl,
where it was reduced to about 2.65. Chlorophyll con-
tent was lower in cad2, and the vtelcad2 double mutant
showed the lowest chlorophyll content of all lines
analyzed. To unravel whether the reduction in chlo-
rophyll observed in vtelcad2 was caused by a general
decline in photosynthetic units, carotenoids (neoxan-
thin, lutein, B-carotene, and xanthophyll cycle compo-
nents) were quantified by HPLC in wild-type and
mutant lines (see Fig. 8B). The contents of the carote-
noids were very similar to wild type for the vtel and
vtcl mutants, except for the vtelcad? double mutant. In
vtelcad2, the amounts of neoxanthin, lutein, B-carotene,
and xanthophyll cycle components (violaxanthin, an-
theraxanthin, and zeaxanthin) were reduced to about
60% of wild type, indicating that the simultaneous
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reduction of tocopherol and glutathione in this plant
led to a concerted decrease of all photosynthetic pig-
ments.

DISCUSSION

Overexpression of VTE1 under the strong constitu-
tive 35S promoter resulted in the accumulation of large
amounts of tocopherol in leaves of transgenic plants.
Tocopherol in transgenic VTEI leaves was increased
by a factor of 7 (Fig. 2A), representing the largest
increase in total tocopherol content obtained in any
transgenic plant to date. Previous studies reported an
increase in leaf tocopherol by a factor of 1.4 and 4.4
by overexpression of HPPD or HPTI, respectively
(Tsegaye et al.,, 2002; Collakova and DellaPenna,
2003a). Overexpression of homogentisate geranylger-
anyl transferase resulted in a strong increase in toco-
trienols of 10- to 15-fold as compared to the tocopherol
content of Arabidopsis wild-type leaves (Cahoon et al.,

719



Kanwischer et al.

150 I i

A 2.90:0.08 5954004
1000 - - 2.98£0.10 2.65:0.07
S 2.66+0.11
& 00 q_ 1} = 2.800.11
o *-0
> 2.9110.07|
2 600 e
z
a 400 -
o
o
§ 200
B 0
mmm Neoxanthin
200 - == Lutein
E mmm (-Carotene
‘TD)
]
E
£
w
B
[=]
c
o
o
1]
o

100
o : I ‘ A
I b 1 v
S50 1 o i e . il |
| 0
) i

vte1- cad2 vtei-
cad?2

Figure 8. Photosynthetic pigment content in antioxidant mutants. A,
Total chlorophyll in leaves was measured spectrophotometrically. The
numbers indicate the chlorophyll a to chlorophyll b ratio. B, The
content of neoxanthin, lutein, B-carotene, and xanthophyll cycle com-
ponents (violaxanthin, antheraxanthin, zeaxanthin; V+A+Z) in leaves
was determined by HPLC analysis. Data represent the mean and st of at
least five experiments. Asterisk, white circle, or black circle indicates
significantly different as compared to wild type, vtel or cad2, re-
spectively, after t test analysis (P < 0.05).
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2003). Interestingly, expression of HPPD and a yeast
prephenate dehydrogenase in tobacco leaves resulted
in a 10-fold increase in total tocol content, predomi-
nately tocotrienols (Rippert et al., 2004). The use of
geranylgeranyl-pyrophosphate instead of phytyl-
pyrophosphate for tocol synthesis is unusual in leaves.
However, no tocotrienols were detected in VTE1 over-
expressing lines (Fig. 2C).

Overexpression of HPPD or HPT1 resulted in a
strong increase in tocopherol synthesis (Tsegaye et al.,
2002; Collakova and DellaPenna, 2003a). Because the
two substrates of tocopherol cyclase, MPQ and DMPQ
do not accumulate in HPT1 overexpressing plants or
in wild-type plants exposed to high light stress, it was
concluded that VTE1 is not limiting for tocopherol
synthesis (Collakova and DellaPenna, 2003a, 2003b). In
addition, quantitative RT-PCR analysis revealed that
expression of HPPD and HPT1 is induced during high
light stress, but VTE1 expression remains more or less
unchanged (Collakova and DellaPenna, 2003b). VTE1
expression as measured by quantitative RI-PCR was
only slightly increased after 3 d at high light and was
very similar to wild type at later time points (up to 12d
at high light; Collakova and DellaPenna, 2003b). In
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contrast to these studies, we observed a clear induc-
tion of VTE1 expression after 1 to 4 d of high light
stress. The abundance of VTEI mRNA as measured by
northern analysis was increased by a factor of about
10-fold (Fig. 4B). Furthermore, we showed that VTE1
expression was induced in vfcl and cad2, but expres-
sion of HPT1 or HPPD was not induced in these two
mutants. The discrepancy of the results obtained by
RT-PCR or by northern analysis might be caused by
the specificity of the different techniques employed or
by differences in the physiological stress conditions
(e.g. light, plant age, and temperature). However,
taken together, our results clearly demonstrate that
VTEL is strongly induced during oxidative stress and
that it is a major factor limiting tocopherol synthesis in
leaves.

In leaves of plants overexpressing VTE1, tocoph-
erol was increased by a factor of 7, and this increase
could be almost entirely attributed to an increase in
y-tocopherol, whereas the amount of a-tocopherol
remained very similar to wild type. As a consequence,
y-tocopherol accounted for about 80% of total leaf
tocopherol. The relative increase in y-tocopherol in
VTE1 overexpressing plants might be caused by a lim-
itation in y-TMT activity. Similarly, overexpression
of HPT1 resulted in a 4.4-fold accumulation of total
tocopherol accompanied by a slight shift toward
y-tocopherol (10%-30% of total tocopherol; Collakova
and DellaPenna, 2003a). This change in tocopherol
composition was explained by limitation in y-TMT
activity. Indeed coexpression of HPT1 with y-TMT
in leaves resulted in the conversion of a large fraction
of vy-tocopherol into a-tocopherol (Collakova and
DellaPenna, 2003a).

Expression of HPT1 and HPPD in VTE1 overexpres-
sion plants was slightly induced (2- and 1.5-fold as
estimated from scanning northern blots). In contrast,
overexpression of HPT1 or HPPD in transgenic plants
using 35S promoter resulted in a much stronger accu-
mulation of transgenes (e.g. 20-100-fold for HPTI;
Tsegaye et al., 2002; Collakova and DellaPenna, 2003a),
but tocopherol accumulation was lower than in trans-
genic VTE1 plants. Therefore, the high increase in
tocopherol in VTE1 plants can only be explained by
the strong expression of VIE1 rather than by coinduc-
tion of HPT1 or HPPD in the transgenic plants (Fig.
2C). In addition, the VTE1 overexpressing lines show
a totally different tocopherol composition than wild
type or plants overexpressing HPT1 or HPPD, and this
is further evidence supporting the view that the
primary cause of tocopherol increase in VTE1 plants
is overexpression of VTE1 and not of another gene
involved in tocopherol synthesis. These results dem-
onstrate that VTEL1 is limiting for tocopherol biosyn-
thesis, and that the upstream enzymes are capable of
providing sufficient precursor, DMPQ), as substrate for
the VTELI reaction in VTE1 overexpressing plants.

Interestingly, the pools of ascorbate and glutathione
in tocopherol deficient lines were increased (Fig. 6). On
the other hand, the pools of ascorbate and glutathione
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decreased in plants with high amounts of tocopherol.
Ascorbate and glutathione are the two major soluble
antioxidants in plant cells, and it is known that they
are linked via the ascorbate-glutathione cycle (for re-
view, see Noctor and Foyer, 1998; Smirnoff, 2000a,
2000b; Mittler, 2002). The ascorbate-glutathione cycle
was implicated in the reduction of the tocopheroxyl
radical to tocopherol (Fryer, 1992). In vitro experi-
ments showed that the tocopherol mediated protection
against lipid peroxidation is strongly enhanced by the
presence of ascorbate and glutathione (Leung et al.,
1981; Niki et al., 1984; Liebler et al., 1986; Wefers and
Sies, 1988). Furthermore, ascorbate and glutathione
were found to act in concert to keep tocopherol in the
reduced, active state in membranes isolated from
human platelets and erythrocytes (Chan et al., 1991;
Constantinescu et al., 1993). Presumably, the absence
of one or more of these three antioxidants in the single
and double mutants leads to an increase in oxidative
stress in the plant cell, and as a consequence, the
amounts of the remaining antioxidants increase. On
the other hand, the decrease in ascorbate and gluta-
thione observed in VTE1l overexpression plants im-
plies that a sensing mechanism for the different
antioxidants and for the status of oxidative stress
exists, resulting in the production of alternative anti-
oxidants in mutant or transgenic plants.

The vtcl and cad? mutants used in this study still
contain residual amounts of ascorbate and glutathione,
respectively (Conklin et al., 1996; Cobbett et al., 1998).
Furthermore, although vtel represents a null allele and
is totally devoid of tocopherol, DMPQ), the precursor of
the tocopherol cyclase reaction, accumulates in vtel
(Porfirova et al., 2002), and recent studies indicated that
this hydroquinol lipid might partially compensate for
tocopherol deficiency in germinating seedlings (Sattler
etal., 2004). However, no data on the activity of DMPQ
are available for leaves, and the fact that all higher
plants produce tocopherol instead of DMPQ suggests
that conversion of DMPQ to tocopherol by VTE1 has
physiological significance. Furthermore, the electron
carrier of photosynthesis, plastoquinone, which is
abundant in chloroplasts of leaves, contains the same
head group as DMPQ. Therefore, plastoquinone could
also serve as antioxdant and replace tocopherol or
DMPQ in tocopherol mutants.

Chlorophyll content was slightly decreased in all
mutant lines (Fig. 8A), supposedly as a result of
accumulation of reactive oxygen species. Neverthe-
less, photosynthetic efficiency of PSII was not affected
in vtel, vtcl, vtelvtcl, and cad2, but was affected in the
vtelcad2 double mutant (Fig. 7, A and B). Furthermore,
the pool sizes of carotenoids (neoxanthin, lutein,
B-carotene, and xanthophyll cycle components) were
decreased in vtelcad? (Fig. 8B). This result implies a
concerted reduction of chlorophyll and all carotenoids,
i.e. reduction of entire photosynthetic units. The fact
that growth, chlorophyll, and carotenoid content as
well as photosynthetic ®PSII are reduced in vtelcad?
as compared to the parental lines suggests that the
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presence of at least one of the two antioxidants,
tocopherol or glutathione, is required to sustain nor-
mal photosynthetic efficiency. Previously, it was sug-
gested that oxidized tocopherol is reduced via the
ascorbate-glutathione cycle (Leung et al., 1981; Niki
et al., 1984; Liebler et al., 1986; Wefers and Sies, 1988).
Although the exact mechanism is unclear, the simul-
taneous deficiency in tocopherol and glutathione
might result in an accumulation of reactive oxygen
species, finally leading to a degradation of chlorophyll
and a decrease in photosynthetic quantum yield.
However, additional experiments are required, includ-
ing the analysis of additional mutants affected in
oxidative stress, to address these questions.

MATERIALS AND METHODS
Origin of Mutant Lines and Plant Growth Conditions

Plants were grown on soil at long day conditions (16 h light, 8 h dark)
under a light intensity of 120 umol m 2 s~ 60% relative humidity, and
temperatures of 20°C (day) and 18°C (night). Isolation of the tocopherol
deficient vtel mutant (Columbia [Col]-2 background) was described pre-
viously (Porfirova et al., 2002). The ascorbate mutant vtc1 (Col-0 background;
Conklin et al., 1996, 1999) was obtained from the Nottingham Arabidopsis
Stock Center. The glutathione deficient plant cad2-1 (Col-0; Howden et al.,
1995; Cobbett et al., 1998) was provided by Dr. C. Cobbett (University of
Melbourne, Australia).

Overexpression of Tocopherol Cyclase in Arabidopsis

The entire open reading frame of VTE1 was amplified from first strand
c¢DNA (RT of leaf mRNA; Superscript II, Invitrogen, Karlsruhe, Germany) by
PCR using the oligonucleotides PD211 (AGCTGGTACCTATGGAGATACG-
GAGCTTGATTGTTT) and PD212 (GACTTCTAGAGTTACAGACCCGGTG-
GCTTGAAGAAA), introducing an Asp718 and Xbal site at the 5 and 3’ end
of the PCR product, respectively. The VTET ¢cDNA was first cloned into the
pGEM-Teasy vector (Promega, Mannheim, Germany) and then ligated into
the Asp718, Xbal sites of the binary vector pBINAR containing the strong
constitutive cauliflower mosaic virus 35S promoter (Hofgen and Willmitzer,
1990).

A genomic fragment encompassing the VTE1 locus from chromosome 4
was isolated by colony hybridization of a cosmid library using the VTE1 PCR
fragment as a probe. This library contains genomic DNA fragments (about
20,000 bp) from wild-type Arabidopsis (Arabidopsis thaliana) cloned into the
HindIII site that is located inside a T-DNA cassette (Meyer et al., 1996). The
positive clone was purified by cell plating/hybridization and characterized by
HindIII restriction and Southern blotting using VTEI as a probe.

Binary vectors containing the VTEI gene or cDNA were transferred into
Arabidopsis plants by Agrobacterium mediated infiltration (Bent et al., 1994).
Transgenic plants were selected by kanamycin resistance and screened by
tocopherol measurements.

Western Analysis

The open reading frame of VTE1 lacking the apparent transit peptide was
ligated into the Escherichia coli expression plasmid pQE31 (Qiagen, Hilden,
Germany) and used for expression of a protein with N-terminal His, fusion as
described in Porfirova et al. (2002). VTE1 was purified by nickel affinity
chromatography (Qiagen, Hilden, Germany) and used to generate polyclonal
anti-VTE1 antiserum in rabbits. Total protein was isolated from Arabidopsis
leaves with phenol according to Cahoon et al. (1992), separated in SDS
polyacrylamide gels, and blotted onto nitrocellulose membranes following
standard protocols (Sambrook et al., 1989). Inmunoblots were incubated with
anti-VTE1 antiserum and goat anti-rabbit antibodies coupled to alkaline
phosphatase. VTE1 bands were visualized with nitroblue tetrazolium/
5-bromo-4-chloro-3-indolyl-phosphate p-toluidine salt (Roche, Mannheim,
Germany).
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Northern Analysis

Total RNA was isolated from leaves and used for northern hybridization
according to standard protocols (Sambrook et al., 1989). The VTE1 probe was
obtained after PCR amplification of the entire VTE1 ¢cDNA in pGEM-Teasy
using the oligonucleotides PD211 and PD212 (see above). The HPT1 probe
represented an approximately 3,000-bp fragment obtained after PCR ampli-
fication of genomic DNA using the primers PD255 (ATGCCGATTCCTC-
CCTTGTCTAAA) and PD256 (AAATTGGAGCGCATAAAAAGGCAGTA).

Isolation of Double Mutants

A double homozygous mutant vtelvtcl was isolated from an F, population
of a cross between vtel and vtcl by first selecting F, plants homozygous for
vtel using HPLC analysis of tocopherol. Subsequently, the VTCI locus was
amplified from genomic DNA of candidate plants by PCR using the primers
PD323 (GATTTGATGACATAATGTCCCAGCCTT) and PD324 (TCCTTCAA-
GAAGTTCAGCATCACCTGT) and the PCR products sequenced. The vtcl
mutation results in a C-to-T base exchange in exon 1 of the structural gene
encoding GDP-Man pyrophosphorylase (Conklin et al., 1999). One double
homozygous vtelvtc] line was identified by sequencing DNA of the progeny
of two tocopherol deficient F, plants.

The vtel mutant was crossed to cad2-1 and tocopherol deficient lines were
selected in the F, population by HPLC analysis. A cleaved amplified poly-
morphic sequences marker (Konieczny and Ausubel, 1993) was developed for
cad2-1 based on PCR with the primers PD290 (CCAAATGGCGTCGGGAG-
GATA) and PD291 (TGTAAAGCAAGACCAGCACGAAACT) and BslI re-
striction of the PCR product. Because of a 6-bp deletion in exon 6 of the cad2-1
locus (Cobbett et al., 1998), the mutant PCR product is lacking one BslI site.
Screening of 20 F, lines homozygous for vtel resulted in the isolation of only
one line heterozygous for cad2-1. This line was used to obtain double homo-
zygous vtelcad2-1 plants in the F; progeny. The non-Mendelian segregation in
the F, generation can be explained by the fact that the VTEI and CAD2 loci are
genetically linked, because they are located within a distance of only 14 cM on
chromosome 4 of Arabidopsis.

Quantification of Tocopherol, Ascorbate, and Glutathione

Tocopherol was extracted from leaves in 300 uL of 1 M KC1/0.2 M Hy,PO,
and 1 mL diethylether. The organic phase was removed and the solvent
evaporated under a stream of nitrogen gas. Tocopherols were dissolved in 100
uL hexane and quantified by fluorescence HPLC using tocol as internal
standard (Thompson and Hatina, 1979).

Ascorbate and dehydroascorbate were extracted from frozen leaf mate-
rial with 6% (w/v) TCA. Ascorbate was quantified by reduction of Fe’* to
Fe’* and detection of a Fe** complex with 2,2'-dipyridyl as described by
Kampfenkel et al. (1995). The Fe®* to Fe** assay does not cross-react with free
thiol groups (e.g. glutathione; data not shown) and has been successfully em-
ployed to detect ascorbate in plant material (Gatzek et al., 2002). The sum of
ascorbate and dehydroascorbate was determined after reduction of dehydro-
ascorbate with dithiothreitol and the redox state calculated as Asc/(Asc +
DHA) (Kampfenkel et al., 1995).

Glutathione was extracted from frozen Arabidopsis leaves with 6% (v/v)
TCA. The extract was neutralized with 1 M K,CO,. Total glutathione was
determined using a cycling assay based on the reaction with 2-nitrobenzoic
acid and the reduction by glutathione reductase as described by Griffith
(1980). The amount of GSSG was determined after masking reduced gluta-
thione (GSH) with 2-vinylpyridine. The redox state was calculated as the ratio
of reduced (total glutathione — 2 X GSSG) to total glutathione.

Quantification of Carotenoids and Chlorophyll

Pigments were isolated from frozen leaf material with 80% acetone and
analyzed by HPLC using a C18 reverse phase column according to Thayer and
Bjorkman (1990). Peaks were identified by comparing their retention times
with commercially available standards and by their UV spectra. Chlorophyll
was extracted from leaves with 1 mL 80% (v/v) acetone and quantified
photometrically as described by Lichtenthaler (1987).

Chlorophyll Fluorescence

Chlorophyll fluorescence of leaves was measured with a pulse amplitude
modulation fluorimeter (PAM-2000, Heinz Walz, Effeltrich, Germany). A
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saturating light pulse was applied to dark-adapted plants and subsequently
the PPFD stepwise increased to record light-response curves. The photosyn-
thetic quantum yield of PSII was calculated from (F,.—F,)/F,,. (Schreiberetal.,
1986; Krause and Weis, 1991). The NPQ was obtained according to the
fluorescence ratio (F,,—F,,)/F,,.
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