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Abstract Naturally occurring vitamin E, comprised
of four forms each of tocopherols and tocotrienols, are
synthesized solely by photosynthetic organisms and
function primarily as antioxidants. These different
forms vary in their biological availability and in their
physiological and chemical activities. Tocopherols and
tocotrienols play important roles in the oxidative sta-
bility of vegetable oils and in the nutritional quality of
crop plants for human and livestock diets. The isolation
of genes for nearly all the steps in tocopherol and to-
cotrienol biosynthesis has facilitated efforts to alter
metabolic flux through these pathways in plant cells.
Herein we review the recent work done in the field,
focusing on branch points and metabolic engineering
to enhance and alter vitamin E content and composi-
tion in oilseed crops.
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HPP p-Hydroxyphenylpyruvate

HPPD Hydroxyphenylpyruvate dioxygenase

HPT Homogentisate phytyltransferase

PDP Phytyldiphosphate

PK Phytol kinase

PMP Phytylmonophosphate

PrBOMT 2-Methyl-6-prenylbenzoquinol
methyltransferase

PrDP Prenyldiphosphate

SDP Solanesyldiphosphate

TC Tocopherol/tocotrienol cyclase

T™T Tocopherol/tocotrienol methyltransferase

Introduction

Tocopherols and tocotrienols comprise the vitamin E
family of antioxidants and are synthesized by plants
and other photosynthetic organisms. These molecules
consist of a chromanol head group linked to an iso-
prenoid-derived hydrophobic tail. The aliphatic tail of
tocopherols is fully saturated, while the side-chain of
tocotrienols contains three trans double bonds (Fig. 1).
Four different forms of tocopherols and tocotrienols
occur in nature and differ by the numbers and positions
of methyl groups on the aromatic portion of the
chromanol head group (Fig. 1). The « form of tocot-
rienols and tocopherols has three methyl groups, the f
and y forms have two methyl groups, and the é form
has one methyl group on the aromatic ring. In the case
of the f§ and y forms, the methyl groups are at positions
5 and 8 or 7 and 8§, respectively, of the chromanol head
group. The a, f3, 7, and § forms of tocopherols and
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Fig. 1 Naturally occurring
vitamin E molecules (or
tocochromanols) have one of
eight forms, varying in the
saturation of the prenyl group
and methylation pattern on
the chromanol ring.
Tocopherols contain fully
saturated tails, while
tocotrienol tails contain three

trans double bonds. The §
hydrophilic head group has

one, two, or three methyl

groups. The hydrophobicity

of the tail is greater than the

hydrophilicity of the head Y o)
group, thus vitamin E CH
molecules are extracted with :
other lipids. Differences in
methylation patterns are
denoted by circles

HO

tocotrienols are often referred to collectively as
“tocochromanols.”

Tocopherols occur widely in plants, but the form of
tocopherol often differs in the leaves and seeds of the
same species. o-Tocopherol is typically the primary
form of tocopherols in leaves of plants and in photo-
synthetic prokaryotes such as Synechocystis. Seeds of
different plant species, however, can be enriched in any
of the four forms of tocopherol (Fig. 2). Soybean seeds,
for example, contain primarily y-tocopherol and lesser
amounts of J- and a-tocopherol. The occurrence of
tocotrienols is more limited in plants. Tocotrienols are
the principal tocochromanol of the seed endosperm of
monocots, including important cereal grains such as
wheat, rice, and barley (Fig. 2). Tocotrienols are also
the major tocochromanol class in seeds of some dicots,
including species of the Apiaceae (or Umbelliferae)
family (e.g., coriander, celery) [1, 32]. Given their lipid
soluble nature, tocopherols and tocotrienols are readily
extracted as components of vegetable oils during the
commercial processing of oilseeds. Soybean oil and
palm oil, for example, are major commercial sources of
tocopherols and tocotrienols, respectively.

Tocochromanols are potent lipid soluble antioxi-
dants that protect plant cells against oxidative stresses.
Tocopherols, for example, contribute to the mainte-
nance of photosynthesis by mitigating photooxidative
damage to photosystem II through the quenching of
singlet oxygen [19]. In addition, seeds from Arabid-
opsis mutants that lack tocopherol display reduced
storage life and accumulate increased amounts of
compounds derived from the oxidation of stored oils
[45]. The growth of these mutants at low temperatures
is also reduced, suggesting that tocopherols contribute
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to the cold-adaptation of plants [31]. It is likely that
tocotrienols are also important for reducing oxidative
stresses in plants, but the physiological role of these
compounds in plants has yet to be established.
Tocopherols and tocotrienols are classified as vita-
min E based on their ability to prevent the resorption
of rat fetuses maintained on defined diets, the classical
measure of ‘“vitamin E activity.” In this assay, o-
tocopherol displays the greatest efficacy of the eight
natural tocochromanols because of its ability to be
more readily absorbed and retained by cells of the
body [24]. As such, a-tocopherol is considered to have
the highest nutritional value of the different forms of
tocopherols and tocotrienols, and has thus received the
greatest attention for the vitamin E biofortification of
crop plants. By comparison, a-tocotrienol has about
one-third of the vitamin E activity displayed by o-
tocopherol, while y-tocopherol has only about one-
tenth of the vitamin E activity of a-tocopherol [24].
Regardless, all forms of tocochromanols are able to
reduce free-radical damage to membrane lipids, and in
model membrane studies, tocotrienols are better an-
tioxidants than tocopherols [57, 48]. In addition, di-
verse health-promoting properties have been
attributed to the various forms of tocochromanols. For
example, low levels of 7y-tocopherol, but not o-
tocopherol, in serum correlate with the incidence of
coronary heart disease [34]. Likewise, tocotrienols
have physiological properties that are distinct from
those of a-tocopherol. Tocotrienols inhibit cholesterol
synthesis [39], and y-tocotrienol is the most active
inhibitor in studies with human hepatoma HepG2 cells
[36]. Tocotrienols also reduce the in vitro growth of
breast cancer cells [33], and a-tocotrienol provides the
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Fig. 2 Cl18-reverse phase HPLC analysis of tocochromanols in
extracts from soybean seeds (a), sunflower seeds (b), rice seeds
(¢), and coconut endosperm (d). Tocochromanols were detected
in crude lipid extracts by fluorescence (292 nm excitation/330 nm
emission). Cl8-reverse phase HPLC columns are typically
unable to resolve f and y forms of tocotrienols and tocopherols.
These molecules can be resolved by normal phase (e.g., silica)
HPLC columns. In the soybean seed extract (a), the f/y
tocopherol peak is composed almost entirely of y-tocopherol,
and in the rice seed extract (¢), the fS/y tocotrienol peak is
composed almost entirely of y-tocotrienol

greatest protection against oxidative damage to neu-
ronal cells of any of the tocochromanols [35].

From a commercial standpoint, the oxidative sta-
bility that tocochromanols confer to vegetable oils is
perhaps their most important functional property. This
property is especially valuable for reducing fatty acid
oxidation and the formation of off-flavor compounds
such as hexanals in foods fried or processed using
vegetable oils [65, 67]. Of the different forms of to-
copherol, 6- and y-tocopherols are the most effective
at reducing the oxidative breakdown of vegetable oils
in frying applications [65, 66]. In addition, J- and y-
tocotrienols have a slightly greater ability than the
corresponding tocopherols to reduce the formation of
fatty acid oxidation products during the frying of foods
[66]. As interest in the use of vegetable oils as
high-temperature lubricants grows [12], the ability to

genetically enhance the tocochromanol content of
oilseeds, particularly the ¢ and y forms, to improve
oxidative stability will likely become increasingly
important. Recent efforts to engineer oilseeds to
produce long-chain -3 polyunsaturated fatty acids
(e.g., eicosapentaenoic acid), which are prone to oxi-
dation, will also likely benefit from genetic enhance-
ment of tocochromanol content [11]. In addition to
their contributions to the oxidative stability of vege-
table oils, tocochromanols are used commercially in
cosmetics and sunscreens, and have potential value as
livestock feed supplements to improve the quality and
shelf-life of meats [30, 68].

Tocochromanols are synthesized in plastids of plants
from precursors that derive from the shikimate and
methylerythritol phosphate pathways. The biosynthetic
pathway for tocopherols and many of the associated
enzymes were determined in the 1980s. Research
during the past 8 years has uncovered nearly all of the
genes that are required for the synthesis and modifi-
cation of tocopherols and tocotrienols. This review
summarizes recent advances in our understanding of
the biochemistry and genetics of tocopherol and to-
cotrienol biosynthesis in plants and describes how this
research has been applied for the biotechnological
enhancement of the vitamin E content and composi-
tion of oilseed crops.

Vitamin E Biosynthetic Enzymes

Vitamin E biosynthetic enzymes are found in chlo-
roplasts [3, 21, 52, 55, 66] and chromoplasts [2], thus,
presumably all plastids. Total vitamin E content in-
creases during senescence [42], during chloroplast to
chromoplast transition [2], and during seed develop-
ment [15]. Although many of the enzymatic steps have
been characterized for over 20 years [52], recent ge-
netic work in dissecting the pathway has been facili-
tated by the availability of Arabidopsis mutants and
the use of transgenic plants. Table 1 shows many of the
available plant mutants and cloned genes. The gener-
ally accepted pathway for vitamin E biosynthesis is
shown in Fig. 3 and major steps are summarized in
Table 2. Only two steps are required to make a toco-
chromanol: the prenylation of homogentisate (HGA)
and a subsequent cyclization step. In this case, the
vitamin E will be either d-tocopherol or J-tocotrienol.
Additional methylation steps produce o, ff, and y forms
of vitamin E.

Two substrates are required for vitamin E biosyn-
thesis: HGA and a C,y prenyldiphosphate (PrDP).
HGA supplies the aromatic ring of the chromanol head
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Table 1 Genes and mutants involved in vitamin E biosynthesis

Enzyme activity Species Gene Mutants References
identification
Homogentisate phytyltransferase (HPT) Synechocystis slr1736 [7, 46, 47]
Arabidopsis VTE2, HPT1 [7, 46]
At2g18950
Arabidopsis vte2—1, vte2-2  [45]
Homogentisate geranylgeranyl transferase (HGGT) Barley, rice, wheat [5]
Homogentisate prenyldiphosphate transferase Arabidopsis VTE2-paralog, At3g11950 [43, 63]
2-Methyl-6-prenylbenzoquinol methyltransferase Synechocystis sl10418 [51]
(PrBOMT) Arabidopsis VTE3, At3g63410 vte3—1 [62]
vte3—1, vte3-2  [6]
Sunflower [58]
Tocopherol/tocotrienol cyclase (TC) Synechocystis slr1737 [44]
Arabidopsis VTEL, At4g32770 vtel [38]
viel-1, vtel-2  [44]
Maize SXD1 sxdl [37]
Potato StSXD1 [21]
Tocopherol/tocotrienol methyltransferase (TMT) Synechocystis slr0089 [50]
Arabidopsis VTE4, Atl1g64970 [50]
vted—1, vte4-2  [4]
Perilla [59]
Sunflower [18]
Phytol kinase (PK) Synechocystis slr1652 [61]
Arabidopsis VTES, At5g04490 vte5-1 [61]

group and is derived from tyrosine via the shikimate
pathway. Tyrosine is deaminated to p-hydroxyphenyl-
pyruvate (HPP), which in turn is oxygenated to HGA.
HGA is also used in plastoquinone synthesis. The
second required substrate is a prenyldiphosphate
(PrDP), either phytyldiphosphate (PDP) or gera-
nylgeranyldiphosphate (GGDP). These prenyl groups
are supplied by the 1-deoxy-p-xyulose-5-phosphate
(DXP) pathway, reviewed by Lichtenthaler [29]. GGDP
can be used directly in tocotrienol synthesis or reduced
to PDP for tocopherol biosynthesis. The proposed route
for phytol synthesis has recently been revised [23, 61]. In
the revised path, GGDP is incorporated into chloro-
phyll where the geranylgeranyl moiety is reduced to a
phytyl moiety. Free phytol is released during chloro-
phyll breakdown [22]. One fate of this phytol may be
phosphorylation and incorporation into tocopherols
[23, 54, 61]. In addition to the two required substrates
HGA and PrDP, tocochromanols are mono-, di-, or tri-
methylated. The methyl donor is S-adenosyl-methio-
nine [53]. The methylation pattern affects the bioavail-
ability of the vitamin E as well as the antioxidant
capabilities [24].

Homogentisate Prenyltransferases
The first step of vitamin E biosynthesis is the transfer of a

prenyl group to HGA. This transfer, a condensation and
decarboxylation [52], occurs via either homogentisate
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phytyltransferase (HPT) or homogentisate geranylger-
anyl transferase (HGGT). The substrate specificity of
the prenyltransferase determines whether the final
tocochromanol will be a tocopherol or a tocotrienol.
Tocopherols, with a phytyl tail, are more common in
most plant tissues than tocotrienols, with a geranylger-
anyl tail. Prenyltransferase activity was reported by Soll
et al. [53] in 1980, working with spinach chloroplasts. To
date, homogentisate prenyltransferase genes for vitamin
E have been cloned from Synechocystis [7, 46, 47],
Arabidopsis [7,46], and the monocots barley, wheat, and
rice [5]. The prenyltransferases are part of the ubiA
prenyltransferase family and are predicted to be integral
membrane proteins. Activity has been localized to the
inner membranes of both chloroplasts [55] and chro-
moplasts [2] using cell fractionation methods.

The Arabidopsis HPT has been expressed in E. coli,
where it has a strong substrate preference for PDP
over GGDP [7, 43]. It shows no activity towards sola-
nesyldiphosphate (SDP) [7, 43], a prenyltransferase
activity required for phylloquinone biosynthesis. The
Synechocystis enzyme has also been expressed in
E. coli [7] and insect Sf-9 cells using a baculovirus
system [46]. The Synechocystis HPT has activity for
both PDP and GGDP, although in vitro GGDP
activity is less than 20% of in vitro PDP activity [7]. No
reports of HGGT expression have been made, and
attempts to express the enzyme in E. coli have been
unsuccessful [5]. However, HGGT is presumed to have
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Fig. 3 Biosynthesis of
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higher activity with GGDP than with PDP (as indi-
cated in Fig. 3), based on the ability of the barley,
wheat, and rice enzymes to confer tocotrienol biosyn-
thetic ability to plant cells upon transgenic expression
[5]- An additional prenyltransferase (referred to in
Table 1 as “homogentisate prenyldiphosphate trans-
ferase”) has recently been identified [43, 65]. The re-
combinant enzyme expressed in E. coli shows strongest
activity toward SDP, with minor activity for GGDP
and PDP [43], however, the in vivo function of this
prenyltransferase is not yet clear.

HPTs and HGGTs have been transgenically ex-
pressed in plants. Overexpression of HPT increases
tocopherol content of Arabidopsis leaves [8], and
antisense suppression of HPT expression in Arabid-
opsis seeds reduces levels up to ten-fold compared to
seeds from non-transformed plants [46]. Expression of
the barley HGGT in Arabidopsis leaves shifts toco-

\

|

4
2-methyl-6-geranylgeranylbenzoquinol

H
2,3-dimethyl-5-geranylgeranylbenzoquinol

homogentisate geranylgeranyl
transferase
or

homogentisate phytyltransferase

HO.
\Q\OH
CHGo

o]
homogentisate

\ y

HO.
W
'O
H

2-methyl-6-phytylbenzoquinol

2-methyl-6-phytylbenzoquinol /
2-methyl-6-geranylgeranylbenzoquinol
methyltransferase

|

-

HO.
» f
H
2,3-dimethyl-5-phytylbenzoquinol

tocopherol/tocotrienol
cyclase

l

-

HO.

y-tocotrienol y-tocopherol
tocopherolitocotrienol
l y-methyltransferase l
HO
&)
a.-tocotrienol a-tocopherol

chromanol biosynthesis toward the production of to-
cotrienols rather than tocopherols and increases total
tocochromanol content [5]. This result clearly indicates
that homogentisate prenyltransferases alone can dic-
tate whether tocopherols or tocotrienols are produced
by plant cells. In addition, the enhanced levels of
tocochromanols that accompany HPT or HGGT
overexpression suggest that homogentisate pren-
yltransferases can assert flux control through the vita-
min E biosynthetic pathway. As such, these enzymes
have been major targets for biotechnological efforts to
fortify the tocochromanol content of oilseeds, as de-
scribed below.

2-Methyl-6-Prenylbenzoquinol Methyltransferase

In order to have y- or a-tocochromanols, the number 3
position on the benzoquinol ring must be methylated.
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Table 2 Summary of enzymes and major reactants found in vitamin E biosynthesis

Enzyme Substrate(s)

Product(s)

p-Hydroxyphenylpyruvate dioxgenase
(HPPD)
Geranylgeranyl reductase (GGR)

CthIOphyllgeranylgeranyl

Homogentisate phytyltransferase (HPT) HGA + PDP

HGA + GGDP (minor)

HGA + GGDP
HGA + PDP (minor)

Homogentisate geranylgeranyl
transferase (HGGT)

Prenylbenzoquinol methyltransferase
(PrBQMT)

Tocopherol/tocotrienol cyclase (TC)

Tocopherol/tocotrienol
methyltransferase (TMT)

¢-Tocopherol
o-Tocotrienol
y-Tocopherol
y-Tocotrienol
Phytol + CTP or UTP
PMP + NTP

Phytol kinase (PK)
Phytylmonophosphate kinase

p-Hydroxyphenylpyruvate (HPP)

Geranylgeranyldiphosphate (GGDP)

2-Methyl-6-phytylbenzoquinol
2-Methyl-6-geranylgeranyl-benzoquinol
2-Methyl-6-phytylbenzoquinol
2-Methyl-6-geranylgeranyl-benzoquinol
2,3-Dimethyl-5-phytyl-benzoquinol
2,3-Dimethyl-5-geranylgeranyl-benzoquinol

Homogentisate (HGA)

Phytyldiphosphate (PDP)
Chlorophyllyhyyi
2-Methyl-6-phytylbenzoquinol
2-Methyl-6-geranylgeranyl-benzoquinol
2-Methyl-6-geranylgeranyl-benzoquinol
2-Methyl-6-phytylbenzoquinol
2,3-Dimethyl-5-phytyl-benzoquinol
2,3-Dimethyl-5-geranylgeranyl-benzoquinol
6-Tocopherol

o-Tocotrienol

y-Tocopherol

y-Tocotrienol

p-Tocopherol

p-Tocotrienol

o-Tocopherol

a-Tocotrienol

Phytylmonophosphate (PMP)

PDP

This methylation step is omitted when - and é-toco-
chromanols are produced. Methyltransferase activity
was identified in 1980 [53] and a gene for 2-methyl-6-
phytylbenzoquinol methyltransferase (PrBOMT) was
cloned from Synechocystis in 2002 [51]. Since the pro-
duction of y- and a-tocotrienols can be accomplished
with the addition of the HGGT gene alone, PrBOMT
appears to methylate either tocopherols or tocotrienols
[5]- The enzyme has been localized to the chloroplast
inner membrane [55] and the Arabidopsis gene has a
putative transit peptide [6]. The Synechocystis gene was
cloned via homology to the Arabidopsis y-tocopherol
methyltransferase (TMT) gene. The Arabidopsis
PrBOMT gene has only 18% amino acid sequence
identity to the Synechocystis gene [6], and was identified
by forward genetics using screens for altered tocopherol
composition [6, 62]. The Arabidopsis and cyanobacte-
rial genes have been expressed in E. coli. In this system,
the transferase activity does not appear to depend on
the prenyl tail; both phytylbenzoquinols and sola-
nesylbenzoquinols are used [6, 51, 62]. Although Soll
and Schultz [53] reported methyltransferase activity
with f-tocopherol, recent work has not duplicated that
activity, activity assayed from E. coli expression exper-
iments shows no activity toward f- and d-tocopherols
[6, 51], thus, if the 3 position is to be methylated
for either y- or wa-tocochromanols, it appears that
this methylation must happen before the cyclization.
The main effect of overexpression of PrBOMT is to
alter the composition, but not the total content of vita-
min E. For example, overexpression in soybean seeds
converts the pools of - and f-tocopherols to y- and
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a-tocopherols but does not affect the total tocopherol
content [62].

Tocopherol/Tocotrienol Cyclase

Tocopherol/tocotrienol cyclase (TC) is the second en-
zyme required for vitamin E biosynthesis (Fig. 3). It
forms the chromanol head group from a benzoquinol
intermediate. The product is either y-tocochromanol or
o-tocochromanol, depending on the methylation status
of the chromanol head group. Unlike the other en-
zymes in the vitamin E pathway, TC has been localized
to plastoglobules in chloroplasts [3, 64], but not to the
inner membrane [52]. Since both J- and y- toco-
chromanols are found in plants it is presumed that TC
cyclizes both mono- and di-methylated prenylbenzo-
quinols. Cyclase genes from Arabidopsis [38, 44], po-
tato [21], and maize [44] as well as cyanobacteria [56]
have been cloned and expressed in E. coli. The activity
shows little, if any, preference for phytylated substrates
over geranylgeranylated substrates [21, 38]. Thus, TC
produces both y- and J-tocopherols and y- and o-to-
cotrienols.

Although the cyclase gene was first identified as a
vitamin E biosynthetic gene in 2002 [38], the Arabid-
opsis VIE1l gene is homologous to a maize gene
SXDI. The maize mutant, sxdl, is deficient in sucrose
transport [37]. Although further work has established
that the maize gene complements the Synechocystis
slr1737 knockout mutant [44] and affects tocopherol
production in potato and Arabidopsis as well as maize
and Synechocystis [21, 44], the Arabidopsis mutants do



Lipids (2007) 42:97-108

103

not share the maize phenotype [38]. The link between
vitamin E and sucrose transport is still under investi-
gation.

When TC is constitutively overexpressed in Ara-
bidopsis, the total leaf tocopherol content increases
seven-fold, suggesting that TC, as well as the pren-
yltransferases, may play a role in flux control through
the pathway [25].

Tocopherol/Tocotrienol Methyltransferase

Tocopherol/tocotrienol methyltransferase (TMT) cata-
lyzes the final step in synthesis of a- or -tocochroma-
nols: the methylation of the number 5 carbon on the
chromanol ring (Fig. 3). This enzyme is often referred to
as y-tocopherol methyltransferase, but it also has
activity with o-tocopherol, d-tocotrienol, and y-tocot-
rienol. This methyltransferase activity was identified in
1980 and localized to the inner membrane of spinach
chloroplasts [53], and the enzyme was purified from
pepper chromoplasts [10]. The TMT gene was isolated
from Synechocystis using homology to previously iden-
tified genes involved in vitamin E biosynthesis and
looking for candidate genes on the same operon [50].
The Arabidopsis gene was then cloned via homology to
the newly identified Synechocystis TMT [50]. E. coli-
expressed Arabidopsis TMT methylates both y- and
o-tocopherol but has almost a three-fold preference for
y-tocopherol [50]. Overexpression of Arabidopsis TMT
also converts nearly the entire content of y-tocopherol
in Arabidopsis seeds to a-tocopherol [50]. Because most
dicot seeds are enriched in y-tocopherol, this result
provides clear evidence that TMT activity is limiting for
a-tocopherol synthesis in dicot seeds, including major
oilseeds such as canola and soybean.

Phytol Kinase and Phytylmonophosphate Kinase

While a phytol kinase (PK) activity had been reported
in early work [54], conventional pathways had no
source for PDP other than direct reduction of GGDP
by geranylgeranyl reductase (GGR). However, recent
work has demonstrated that a pathway from phytol to
PDP exists [23] and a gene encoding PK has been
identified and cloned [61]. Two separate kinase activ-
ities are required to synthesize PDP from phytol [23].
Free phytol increases during senescence as the phytyl
moiety from chlorophyll is released by chlorophyllase
[22]. Phytol from chlorophyll is phosphorylated by
CTP or UTP [61, 23]. Using an Arabidopsis mutant
with only 20% of wild type levels of total tocopherol
Valentin et al. [61] cloned VTES, which, when ex-
pressed in E. coli, phosphorylates free phytol. The

Arabidopsis phytol kinase gene contains a putative
transit peptide and is predicted to be an integral
membrane protein. A separate kinase activity phos-
phorylates phytylmonophosphate (PMP) to PDP
using any of the four nucleotide triphosphates [23].
However, the gene that codes for PMP kinase activity
has not yet been reported. Thus, phytol from chloro-
phyll breakdown can be used in tocopherol synthesis
via direct phosphorylation of phytol and phytylmono-
phosphate.

Substrate Supply: Homogentisate
and Prenyldiphosphates

The HGA used in tocochromanol biosynthesis is de-
rived from HPP via a decarboxylation by hydroxy-
phenylpyruvate dioxygenase (HPPD) [17]. HPP, in
turn, is derived from tyrosine via the shikimate path-
way. HPP is synthesized differently in plants, bacteria,
and yeast. In plants, chorismate, the end product of the
shikimate pathway, is isomerized to prephenate. An
aminotransferase creates arogenate from prephenate,
and the arogenate is dehydrogenated to tyrosine. This
arogenate-to-tyrosine step is subject to strong feedback
regulation by tyrosine [9]. In E. coli and yeast,
bifunctional enzymes bypass some or all of these steps.
In E. coli, the precursor for tyrosine is chorismate [20],
and in yeast the precursor is prephenate [41].

Overexpression of HPPD by itself has a negligible
or only modest effect on increasing total tocopherol
content in leaves and seeds of tobacco and Arabidopsis
[14, 41]. Unlike the rest of the enzymes involved in
vitamin E biosynthesis, HPPD is a cytosolic enzyme
[17]. However, redirecting HPPD to plastids by addi-
tion of a transit peptide does not enhance tocopherol
content over levels achieved by cytosolic expression
[16]. In spite of this, feeding experiments in soybean
suspension cultures indicate that HGA may limit
vitamin E production, since addition of exogenous
HGA doubles tocochromanol levels [26]. Thus, while
the supply of HGA may be limiting, overexpression of
HPPD alone does not result in large increases of
tocochromanol content.

The prenyldiphosphate is supplied by the DXP
pathway (also called the methylerythritol phosphate
pathway), reviewed in [29]. Products of the DXP
pathway are used in carotenoid, phylloquinone, ter-
penoid, and gibberellin biosyntheses a well as vitamin
E biosynthesis [13]. Increased flux through the DXP
pathway can increase vitamin E content. When 1-
deoxy-p-xylulose-5-phosphate  synthase, the gene
for the first step in the DXP path, is overexpressed,
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vitamin E content increases 1.5- to 2-fold [13]. Con-
versely, in deoxy-D-xylulose-5-phosphate synthase
antisense plants, vitamin E content slightly decreases
[13]. Additionally, competition for isoprenoid sub-
strates between the vitamin E and other pathways can
also decrease tocopherol content. For example, trans-
genic expression of a bacterial phytoene synthase, which
uses GGDP as its substrate, results in a 50-fold increase
in carotenoid levels in canola seeds, but the tocopherol
content of these seeds is reduced by two-fold [49].

Four five-carbon isoprenoid moieties are required
for the synthesis of the prenyldiphosphate moiety of
tocochromanols. GGDP can be used directly in tocot-
rienol synthesis or reduced to PDP for tocopherol
biosynthesis. Two paths for PDP synthesis have been
proposed. In one, GGR reduces GGDP directly, and
this PDP is available for incorporation into tocopherols
[27, 55]. However, new evidence posits a second path
for phytyl synthesis through chlorophyll [23, 61]. In this
pathway, GGDP is incorporated into chlorophyll, then
reduced to phytylated chlorophyll. During chlorophyll
breakdown, free phytol is released. This free phytol is
then phosphorylated, creating PDP for incorporation
into tocopherols. Kinase activity has been discovered
as discussed above [23, 54, 61]. It is likely that both
routes are used in vivo, since the phytol kinase mutant
still has tocopherol [61], and many seeds that produce
tocopherols lack detectable chlorophyll to support flux
through the second pathway.

Tocotrienol Biosynthesis

Tocotrienols occur principally in the endosperm of
monocot seeds, and for the most part, tocotrienol
biosynthesis differs little from tocopherol synthesis.
The isolation of HGGT genes from barley, rice, and
wheat provide a biochemical and genetic explanation
for the occurrence of tocotrienols in monocot seeds [5].
The monocot HGGT identified to date share only 40—
50% amino acid sequence identity with HPT, and the
expression of the HGGT gene in barley was shown to
be seed-specific, consistent with the location of tocot-
rienol accumulation in this plant [5]. Transgenic
expression of the barley HGGT in tobacco callus and
Arabidopsis leaves, which normally produce only toc-
opherols, results in the production of tocotrienols [5].
This result demonstrates that HGGT expression alone
is sufficient to confer tocotrienol biosynthetic ability to
plant cells. Seeds from some dicot species such as those
of the Apiaceae family are also enriched in tocotrienols
[1, 32]. Based on the monocot example, the simplest
biosynthetic route that can account for tocotrienols in
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these seeds is the activity of a yet to be identified
HGGT-like enzyme.

The other enzymes of tocopherol biosynthesis have
activity for both phytylated and geranylgeranylated
compounds (Fig. 3). The Arabidopsis TC has about
equal activity towards both forms of benzoquinols [38].
When tobacco callus is transformed with barley
HGGT, all four forms of tocotrienols are detected [5],
hence methyltransferase can use geranylgeranyl-de-
rived substrates to produce different methylated forms
of tocotrienols. However, it remains to be determined
if variant forms of TC, PrBOMT, and TMT have
evolved for the more efficient synthesis of tocotrienols
in the endosperm of monocot seeds.

HGGT-Independent Tocotrienol Synthesis

Several recent experiments in transgenic plants have
uncovered an alternative route for tocotrienol synthe-
sis. In these experiments, HGA synthesis is strongly
upregulated by co-expression of HPPD with a yeast or
bacterial enzyme that produces the HPP substrate for
HPPD directly from the shikimate pathway. The yeast
enzyme used in these studies was the prephenate
dehydrogenase [41], and the bacterial enzyme used was
the bifunctional chorismate mutase/prephenate dehy-
drogenase (encoded by the tyrA gene) [20, 26]. HPP is
typically synthesized in two steps from tyrosine in
plants (Fig. 3). The yeast and bacterial enzymes,
however, shunt flux upstream of tyrosine (from pre-
phenate or chorismate) toward the synthesis of HPP.
This effectively bypasses steps in tyrosine synthesis
that are normally negatively regulated by pool sizes of
this amino acid [9, 20]. Through this strategy, high
levels of tocotrienols were produced in tobacco leaves
[20, 41], Synechocystis [26], and canola and soybean
seeds [26], which normally accumulate only trace
amounts of tocotrienols. In studies with soybean, HGA
is increased to amounts high enough to alter the color
of seeds [26]. Based on our current knowledge of
vitamin E biosynthesis, it is unclear how greatly en-
hanced production of HGA results in tocotrienol syn-
thesis. The Arabidopsis HPT, for example, displays
relatively low activity with GGDP, the isoprenoid
substrate for tocotrienol synthesis [7, 43]. Regardless,
the production of tocotrienols, rather than tocopherols,
through this alternative route suggests that available
GGDP pools must greatly exceed those of PDP for
tocochromanol synthesis. Although this transgenic
method for production of tocotrienols is biochemically
intriguing, it remains to be determined if this metabolic
route normally contributes to tocotrienol synthesis in
non-engineered plant cells.
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Genetic Enhancement of Vitamin E Composition
and Content in Oilseeds

Improvement of Tocochromanol Composition

The identification of vitamin E biosynthetic genes has
facilitated biotechnological efforts to improve the
nutritional value and antioxidant content of crop
plants. One focus of this research has involved
increasing the expression of methyltransferase genes to
convert tocopherol in leaves or seeds into the more
nutritious o form. This approach has been of particular
interest for the nutritional enhancement of seed oils
from dicotyledonous grain crops (e.g., soybean and
canola), which are typically enriched in y-tocopherol.
The ability to genetically convert the bulk of the
tocopherol in plant organs from the y to o form was
first demonstrated using the model plant Arabidopsis
thaliana [50]. In this study, the tocopherol composition
of A. thaliana seeds was shifted from 97% y-tocopherol
to 95% a-tocopherol by genetic transformation with a
cDNA for the A. thaliana TMT under control of a
strong seed-specific promoter. Given that a-tocopherol
has ten-times greater vitamin E activity than y-
tocopherol, the net effect is an approximately nine-fold
increase in the vitamin E activity of Arabidopsis seeds.
Notably, this alteration in tocopherol composition is
not accompanied by an increase in total tocochromanol
content. The ability to increase relative amounts of -
tocopherol by increased expression of TMT has sub-
sequently been shown in seeds of crop plants including
soybean [26, 59, 62] and Brassica juncea [69].

Soybean seeds offer an additional challenge for the
generation of high levels of oa-tocopherol. The toc-
opherols of soybean seeds are composed of approxi-
mately 20% J-tocopherol and 65% y-tocopherol. This
is in contrast to the tocopherols of A. thaliana seeds,
which are almost exclusively in the y form. The con-
version of d-tocopherol to a-tocopherol requires two
sequential enzymatic steps: (a) PrBOMT to convert J-
tocopherol to y-tocopherol and (b) TMT to convert the
resulting y-tocopherol to a-tocopherol. Consistent with
this, seed-specific co-expression of PrBOMT and TMT
transgenes in soybean yields seeds with >90% o-
tocopherol [62]. In this study, enhanced expression of
only PrBQMT results in seeds that contain exclusively
the y and o forms of tocopherol, with a ratio of 80% y-
tocopherol and 20% a-tocopherol. Increased expres-
sion of TMT alone yields seeds with approximately
75% o-tocopherol and 25% f-tocopherol. These results
demonstrate the utility of altering flux through
PrBOMT and TMT to generate novel tocochromanol
compositions.

Given that ¢- and y-tocopherol confer greater oxi-
dative stability to frying oils than a-tocopherol [65, 66],
it can be envisioned that suppression of methyltrans-
ferase expression may be of commercial value for
generating improved vegetable oils for food processing
and high-temperature lubricant applications. This is of
particular significance with regard to sunflower. The
tocopherols in seeds of this crop are composed of
>90% o-tocopherol. By mutational breeding, sunflower
varieties have been generated with seeds that contain
exclusively J- and y-tocopherol [18, 58]. This compo-
sition was achieved by crossing lines with lesions in
genes for PrBOMT and TMT [18, 58].

Enhancement of Tocochromanol Content

A second focus of biotechnological efforts for vitamin
E enhancement has been the production of increased
total amounts of tocochromanols in seeds of crop
species. As described in the “Introduction”, increasing
the content of tocochromanols in seeds may be useful
for enhancing the antioxidant capacity of vegetable
oils. This, in turn, may improve the oxidative stability
of vegetable oils in frying and other food processing
applications and in high-temperature lubricants. This
research to date has been successful in generating
seeds with increased amounts of tocotrienols, but less
successful in the enhancement of tocopherol levels in
seeds. Attempts to increase the tocopherol content of
seeds by use of a single transgene have centered on (a)
increasing flux in the tocopherol biosynthetic pathway
by overexpression of HPT or TC or (b) by increasing
the supply of the HGA head group by overexpression
of cDNAs for HPPD. Based on results obtained from
overexpression studies in leaves, HPT and TC would
appear to be logical targets for the enhancement of
tocopherol levels in seeds. For example, overexpres-
sion of HPT and TC in leaves of A. thaliana results in a
four- and seven-fold increase, respectively, in tocoph-
erol content [7, 38]. However, expression of these en-
zymes using transgenes containing strong seed-specific
promoters yields only modest increases (less than 1.5-
fold) in the tocopherol content of seeds of A. thaliana
[46], B. napus [28, 40], and soybean [26]. Similar results
were also obtained with the overexpression of HPPD
in seeds of these plants [26, 40, 60]. Only by co-
expressing cDNAs for HPT, TC, and HPPD have in-
creases in tocopherol content in the range 2- to 2.5-fold
been achieved in B. napus seeds [40], which is the
largest enhancement of tocopherol levels reported to
date in an oilseed.

In contrast to the relatively small increases in
tocopherol content attained by overexpression of HPT,
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TC, or HPPD, seed-specific expression of an HGGT
transgene resulted in up to a six-fold enhancement of
the tocochromanol content of corn seeds, largely in the
form of tocotrienols [5]. This is currently the largest
increase in tocochromanol content in an engineered
seed obtained by expression of only one transgene. A
possible explanation for the success of this approach
compared to HPT overexpression is that GGDP pools
that support tocotrienol synthesis may greatly exceed
those of PDP that are available for tocopherol syn-
thesis.

The largest increase in total tocochromanol content
achieved to date in genetically enhanced seeds was
reported by Karunanandaa et al. [26]. In this study, co-
expression of transgenes for HPPD, GGR, HPT, and a
bacterial bifunctional chorismate mutase/prephenate
dehydrogenase (encoded by the tyrA gene) increases
total tocochromanol content in soybean seeds 10- to
15-fold. Although the goal of this experiment was to
enhance tocopherol levels, the increase in tocochrom-
anol content was largely due to the production of to-
cotrienols. In the highest tocochromanol-producing
seeds, tocotrienols account for over 90% of the toco-
chromanols. Notably, tocotrienols are only trace com-
ponents of the tocochromanols of non-engineered
soybean seeds. The production of tocotrienols in vast
preference to tocopherols in these seeds (in the
apparent absence of HGGT) is also consistent with the
existence of GGDP pools that greatly exceed those of
PDP in seed plastids. Presumably under the metabolic
conditions created in these seeds, HPT is able to use
GGDP as a substrate despite its relatively low in vitro
activity with this substrate [43].

The inability to engineer large increases in the
tocopherol content of oilseeds points to a lack of
understanding of the biosynthesis of PDP in seed
plastids. The studies by Karunanandaa et al. [26] sug-
gest that the availability of PDP limits the amounts of
tocopherol synthesized. As described above, recent
evidence points to a route of PDP synthesis involving
the modification of geranylgeranyl-chlorophyll by the
activity of GGR (Fig. 3) [61]. Developing metabolic
engineering strategies to increase flux through this
pathway may be necessary for increasing PDP pool
sizes in plastids to support high levels of flux toward
the synthesis of tocopherols rather than tocotrienols.

In conclusion, the isolation of genes for PrBQOMT
and TMT has facilitated biotechnological efforts to
improve the nutritional value of vegetable oils. By
increasing the expression of genes for one or both of
these enzymes, it has been possible to shift the
tocopherol content of oilseeds from the J, 5, and y
forms to the « form, which has the highest vitamin E
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activity of any of the naturally occurring tocochroma-
nols. Efforts to engineer increased total tocopherol
content in oilseeds, however, have met with only
modest success. This appears to be due to the inability
to generate enhanced pool sizes of the PDP substrate,
because of gaps in our understanding of its synthesis
from GGDP in seeds. The genetic enhancement of
total tocotrienol content by expression of HGGT or by
strong upregulation of HGA synthesis has proven to be
a more successful strategy for generating seeds with
increased amounts of vitamin E antioxidants. Through
these approaches, corn and soybean seeds with 6- to
10-fold increases in total tocochromanol content have
been produced. The availability of tocotrienol-en-
riched corn and soybean seeds should allow for func-
tionality testing of the extracted oil to evaluate its
performance in food processing, lubricants, and other
commercial applications.
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