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Elevating the Vitamin E Content
of Plants Through Metabolic
Engineering
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a-Tocopherol (vitamin E) is a lipid-soluble antioxidant synthesized only by
photosynthetic organisms. a-Tocopherol is an essential component of mam-
malian diets, and intakes in excess of the U.S. recommended daily allowance
are correlated with decreased incidence of a number of degenerative human
diseases. Plant oils, the main dietary source of tocopherols, typically contain
a-tocopherol as a minor component and high levels of its biosynthetic pre-
cursor, y-tocopherol. A genomics-based approach was used to clone the final
enzyme in a-tocopherol synthesis, y-tocopherol methyltransferase. Overex-
pression of y-tocopherol methyltransferase in Arabidopsis seeds shifted oil
compositions in favor of a.-tocopherol. Similar increases in agricultural oil crops
would increase vitamin E levels in the average U.S. diet.

The chloroplasts of higher plants produce
numerous compounds that not only perform
vital functions but also are important from
agricultural and nutritional perspectives. To-
copherols, the lipid-soluble antioxidants known
collectively as vitamin E, are one such group
of compounds. The four naturally occurring
tocopherols, a-, B-, y- and &-tocopherol, dif-
fer only in the number and position of methyl
substituents on the aromatic ring (/). In ad-
dition to their role as antioxidants (/), to-
copherols stabilize polyunsaturated fatty ac-
ids within lipid bilayers by protecting them
from lipoxygenase attack (2).

Of tocopherol species present in foods,
a-tocopherol is the most important to human
health, has the highest vitamin E activity (3),
and occurs as a single (R,R,R)-a-tocopherol
isomer (4). Although all tocopherols are ab-
sorbed equally during digestion, only (R,R,R)-
a-tocopherol is preferentially retained and

. distributed throughout the body (35).

The most recent U.S. recommended daily

allowance (RDA) suggests that 10 to 13.4
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international units (IU) of vitamin E [equal to
7 to 9 mg of (R R,R)-a-tocopherol] be con-
sumed daily (6). Because of the abundance of
plant-derived components in most diets, this
RDA is often met in the average diet. How-
ever, daily intake of vitamin E in excess of
the RDA (100 to 1000 IU) is associated with
decreased risk of cardiovascular disease and
some cancers, improved immune function,
and slowing of the progression of a number
of degenerative human conditions (5). Ob-
taining these therapeutic levels of vitamin E
from the average diet is nearly impossible
unless a concerted effort is made to ingest
large quantities of specific foods enriched in
vitamin E.

In the United States, approximately 60%
of dietary vitamin E intake is from vegetable
oils (7). In soybean oil, which accounts for 80
and 25% of the edible oil consumed in the
United States and the world, respectively (8),
a-tocopherol and its immediate biosynthetic
precursor y-tocopherol account for 7 and
70%, respectively, of the total tocopherol pool
(9). The other major oilseed crops—corn,
canola, cottonseed, and palm oils—have sim-
ilarly low a- to y-tocopherol ratios (4).

Substantial increases in the a-tocopherol
content of major food crops are needed to
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provide the public with dietary sources of
vitamin E that can approach the desired ther-
apeutic levels. The observation that many
oilseeds contain relatively high levels of -
tocopherol, the biosynthetic precursor to a-
tocopherol, suggests that the final step of the
a-tocopherol biosynthetic pathway, catalyzed
by y-tocopherol methyltransferase (y-TMT),
is limiting in these tissues. Therefore, it may
be possible to convert the large pool of y-
tocopherol present in seeds such as soybeans
to a-tocopherol by targeted overexpression of
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Fig. 1. y-TMT in Synechocystis PCC6803. (A)
Putative tocopherol biosynthetic operon from
Synechocystis (15). SLRO089 encodes y-TMT
and SLRO090 encodes p-hydroxyphenylpyru-
vate dioxygenase. (B) y-TMT enzymatic reac-
tion. y-TMT adds a methyl group to ring carbon
5 of ~y-tocopherol. (C) HPLC profiles of toco-
pherols in wild-type Synechocystis PCC6803 and
the y-TMT null mutant. Total lipid extracts
were isolated from each line, and tocopherols
were analyzed by HPLC (27).
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the y-TMT gene.

The a-tocopherol biosynthetic pathway is
known (1/0), and genes encoding one en-
zyme, p-hydroxyphenylpyruvate dioxygenase
(HPPDase) have been cloned from carrot (/1)
and Arabidopsis (12). It has proven difficult
to obtain gene probes for additional pathway
enzymes because the remaining enzymes are
membrane-bound. We used a genomics-
based approach to clone the y-TMT gene that
exploits the complementary model photosyn-
thetic organisms Arabidopsis thaliana and
Synechocystis PCC6803. Both organisms
synthesize and accumulate (R, R,R)-a-tocoph-
erol (13) to greater than 95% of their tocoph-
erol pools, which suggests that y-TMT activ-
ity is not limiting in these photosynthetic
cells. We used the gene encoding the Arabi-
dopsis HPPDase (14) to search the Synecho-
cystis PCC6803 genomic database (/5) and

REPORTS

identified a single open reading frame (ORF)
that shared 35% amino acid sequence identity
with the Arabidopsis HPPDase. The Syn-
echocystis HPPDase gene was located within
a predicted 10-gene operon encompassing
bases 2,893,184 to 2,905,235 of the Synecho-
cystis genome (Fig. 1A). Because related bio-
synthetic genes in bacteria are often orga-
nized into operons, we hypothesized that this
operon might contain other genes involved in
tocopherol biosynthesis, including y-TMT.
The operon included one candidate for a
Synechocystis y-TMT gene, ORF SLR0089.
This ORF predicted a protein that shared a
high degree of amino acid sequence similar-
ity with known plant A-(24)-sterol-C-methyl-
transferases. SLR0089 also contains several
structural features of a y-TMT (Fig. 2) in-
cluding S-adenosylmethionine (SAM)-bind-
ing domains (/6) and a putative NH,-termi-
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Fig. 2. Alignment of y-TMT protein sequences from Arabidopsis thaliana (A.t.) (GenBank accession
number AF104220) and Synechocystis PCC6803 (Syn.) (GenBank accession number D64004
ABO001339). Residues that are identical in the two sequences are indicated by shading. Two motifs
corresponding to conserved SAM binding domains (76) are indicated. Predicted cleavage sites of
NH,-terminal targeting domains (77, 24) are indicated in each sequence by solid triangles.

Table 1. Substrate specificity of Synechocystis and Arabidopsis y-TMTs. In vitro y-TMT assays (78) were
performed on extracts from E. coli expressing the predicted mature proteins of Synechocystis (GenBank
accession number D64004 AB0O01339) and Arabidopsis y-TMT (GenBank accession number AF104220)
(22, 26). The identification of assay products was confirmed by HPLC analysis (27). Values are represented

as the mean * SE of triplicate assays.

Specific activity (nmol

Substrate

per mg of protein per hour)

Product

Syn.y-TMT

Aty-TMT

y-Tocopherol 0.12 = 0.01
-Tocopherol 0
8-Tocopherol 0.12 = 0.01

3.57 £0.12 a-Tocopherol
0 None
1.32 £ 0.17 B-Tocopherol

nal bacterial signal sequence (/7), which is
consistent with the presumed site of cya-
nobacterial tocopherol biosynthesis. The pre-
dicted 32,766-dalton mature SLR0O089 pro-
tein is similar in size to the 33,000 daltons
reported for the only y-TMT purified from
plants (/8). We therefore hypothesized that
the SLR0O089 ORF encoded the Synechocystis
v-TMT.

A null mutant for the SLR0089 gene was
created by replacing the wild-type gene with
a nonfunctional SLR0089 gene (/9) through
homologous recombination (20). The SLR0089
mutant was then analyzed by high-perfor-
mance liquid chromatography (HPLC) (21)
for alterations in the normal Synechocystis
tocopherol profile. Both the amount and type
of tocopherol were altered. The mutant was
devoid of a-tocopherol, accumulated the bio-
synthetic precursor vy-tocopherol, and pro-
duced less total tocopherol (Fig. 1C). The
change in the tocopherol composition of the
SLRO0089 mutant is consistent with the phe-
notype expected for a mutant lacking y-TMT
activity. To confirm its identity, the SLR0089
ORF was expressed in Escherichia coli (22),
and the recombinant protein was assayed for
v-TMT (18). The results showed that the
recombinant SLRO089 protein was able to
catalyze the methylation of vy-tocopherol to
form «-tocopherol (Table 1). Thus, the
SLR0089 ORF encoded the Synechocystis
v-TMT (Syn.y-TMT).

To identify a y-TMT gene from higher
plants, we used the Syn.y-TMT protein se-
quence as a query in a search of the Arabi-
dopsis expressed sequence tag (EST) data-
base (23). One cDNA clone, Arabidopsis
EST 165H5T7, showed 66% amino acid se-
quence similarity with Syn.y-TMT (Fig. 2).
The 165H5T7 protein contained structural
features common to y-TMTs (Fig. 2), includ-
ing SAM binding domains and a predicted
47-amino acid chloroplast transit peptide
(24), which is consistent with the known
intracellular locale of tocopherol synthesis
in plants (25). The mature 33,843-dalton
165H5T7 protein is similar in size to the
deduced mature Syn.y-TMT protein. To con-
firm that 165H5T7 encoded an Arabidopsis
v-TMT ortholog, the DNA sequence corre-
sponding to the predicted mature 165H5T7

Table 2. Tocopherol content and compositions of segregating T2 seed populations from Arabidopsis transformed with the empty vector control pDC3 and with
the y-TMT overexpression construct pDC3-A.t.y-TMT (29). Tocopherol content and composition were determined by HPLC analysis (27) and are represented
as the mean = SE of four replicate seed samples from each transformed Arabidopsis line. The pDC3 results were determined from the pooled data obtained
from the analysis of three independent transformed lines. y-TMT activity (78) was determined in triplicate from mature seed extracts.

Tocopherol content

a-Tocopherol

B-Tocopherol

y-Tocopherol

d-Tocopherol y-TMT activity

Line mol per mg of
(ng per mg of seed) (%) (%) (%) (%) gfoteinpper h%ur)
pDC3 366.3 = 24.4 1.1£04 0 969 + 1.0 2.18 = 0.61 0
pDC3-y-TMT-1 360.6 = 6.0 95.1 0.6 1.0*05 39+06 0 2.12 £ 0.10
pDC3-y-TMT-2 383.4 =225 935*+10 1.0 £0.2 55*+09 0 1.88 = 0.06
pDC3-y-TMT-3 339.7 £ 26.7 878 £ 1.1 0.5*+0.2 120+ 0.9 0 1.71 £ 0.05
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protein was expressed in E. coli (26). The
recombinant 165HS5T7 protein indeed pos-
sessed y-TMT activity (Table 1) (18). Thus,
the protein encoded by EST clone 165H5T7
was the Arabidopsis yv-TMT (A.t.y-TMT).

The substrate specificities of the Synecho-
cystis and Arabidopsis y-TMTs (18, 27) were
similar, When different methyl-substituted
tocopherols were used as substrates, only
d-tocopherol and y-tocopherol were methyl-
ated by the two y-TMTs to yield B-tocoph-
erol and a-tocopherol, respectively (Table 1).
Thus, the 5 position of the tocopherol aro-
matic head group is the specific site of meth-
ylation by y-TMT.

To determine whether y-TMT is a key
enzymatic activity involved in determining
the tocopherol composition in seeds, Arabi-
dopsis was transformed (28) with pDC3-
Aty-TMT (29), a plant expression construct
containing the full-length Arabidopsis yv-TMT
c¢DNA driven by the seed-specific carrot DC3
promoter (30). Arabidopsis was used be-
cause, like major oilseed crops, its seed to-
copherol profile (>95% +y-tocopherol) sug-
gests that y-TMT activity is limiting. Primary
transformants were selected by antibiotic re-
sistance and grown to maturity. Pooled, seg-
regating T2 seeds from individuals were an-
alyzed for changes in tocopherol content and
composition.

HPLC (27) analysis showed that seed-
specific overexpression of the Arabidopsis
v-TMT gene increased seed o-tocopherol
levels >80-fold (Table 2). Seeds of the lines
overexpressing the largest amounts of y-TMT
contained >95% of their total tocopherol
pool as a-tocopherol (Table 2). In addition,
the small 8-tocopherol pool normally present
in wild-type Arabidopsis seed was complete-
ly converted to 3-tocopherol, confirming the
in vitro finding that both y- and 8-tocopherols
are substrates for Arabidopsis y-TMT in
vivo. The observed changes in the seed to-
copherol composition of y-TMT overex-
pressers correlated with increased levels of
v-TMT enzyme activity in mature seed pro-
tein (Table 2) (/8). The accumulation of a-
tocopherol and B-tocopherol in the seeds of
plants overexpressing y-TMT indicates that
their low levels in wild-type Arabidopsis seed
were due to limiting seed y-TMT activity.

Overexpression of the y-TMT gene al-
tered the tocopherol composition of Arabi-
dopsis seed but not the total tocopherol con-
tent (Table 2). Thus, the increased a-tocoph-
erol content of pDC3-A.t.y-TMT seeds was

REPORTS

due to the conversion of the large pool of
vy-tocopherol already present in wild-type
seeds. Therefore, it appears that y-TMT plays
an important role in determining the compo-
sition but not the total content of the seed
tocopherol pool.

The vitamin E activity of seeds from Ara-
bidopsis lines overexpressing y-TMT was
ninefold that of wild-type seeds. Given the
differing vitamin E potencies of a-, B-, y-
and 3-tocopherols [100, 50, 10, and 3% rel-
ative vitamin E activity, respectively (3)], 50
gm of wild-type Arabidopsis seed oil would
contain 9 IU of vitamin E, whereas 50 g of
seed oil from the best transgenic lines would
contain 84 IU. We may assume that y-TMT
activity is also limiting in commercially im-
portant oilseeds crops that have low a- to
vy-tocopherol ratios, such as soybean, corn,
and canola. Overexpressing the y-TMT gene
in these crops should similarly elevate o-
tocopherol levels and thereby increase the
nutritional value of these important dietary
sources of vitamin E.
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