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Engineering Vitamin E Content: From Arabidopsis Mutant
to Soy Oil
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We report the identification and biotechnological utility of a plant gene encoding the tocopherol (vitamin E) biosynthetic enzyme
2-methyl-6-phytylbenzoquinol methyltransferase. This gene was identified by map-based cloning of the Arabidopsis mutation
vitamin E pathway gene3-1 (vte3-1), which causes increased accumulation of 8-tocopherol and decreased y-tocopherol in
the seed. Enzyme assays of recombinant protein supported the hypothesis that At-VTE3 encodes a 2-methyl-6-phytylben-
zoquinol methyltransferase. Seed-specific expression of At-VTE3 in transgenic soybean reduced seed &-tocopherol from 20
to 2%. These results confirm that At-VTES3 protein catalyzes the methylation of 2-methyl-6-phytylbenzoquinol in planta
and show the utility of this gene in altering soybean tocopherol composition. When At-VTE3 was coexpressed with At-VTE4
(y-tocopherol methyltransferase) in soybean, the seed accumulated to >95% «-tocopherol, a dramatic change from the
normal 10%, resulting in a greater than eightfold increase of a-tocopherol and an up to fivefold increase in seed vitamin E
activity. These findings demonstrate the utility of a gene identified in Arabidopsis to alter the tocopherol composition of

commercial seed oils, a result with both nutritional and food quality implications.

INTRODUCTION

The nutritional value of vitamin E in the human diet was recog-
nized >75 years ago (Evans and Bishop, 1922). Vitamin E is
made up of a group of structurally related compounds (vitam-
ers), eight major forms of which are known to occur in nature:
«-, B-, v-, and 3-tocopherol and four corresponding unsatur-
ated derivatives, a-, B-, y-, and 3-tocotrienol (Figure 1A). The
biological activities of these eight naturally occurring tocol iso-
forms vary according to the number and position of methyl
groups on the chroman ring and by the configuration of the
asymmetric carbons in the side chain (Table 1) (Sheppard et al.,
1993; Bramley et al., 2000). The highest vitamin E activity in an-
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imals is seen with trimethylated RRR-a-tocopherol, which may
be attributable in part to the fact that a-tocopherol is more
readily retained by humans (Traber and Sies, 1996). During the
past 20 years, a large body of medical evidence has indicated
that daily vitamin E supplementation of 400 IU (250 mg of RRR-
«-tocopherol) results in decreased risk for cardiovascular dis-
ease and cancer, aids in immune function, and prevents or
slows a number of degenerative diseases (Buring and Hennekens,
1997; Tangney, 1997; Bramley et al., 2000). Tocotrienols also
have been found to have hypocholesterolemic properties
(Qureshi and Qureshi, 1993; Qureshi et al., 1995), leading to the
suggestion that tocotrienols should be considered nutrients in-
dependent of the tocopherols (Hendrich et al., 1994).

Tocopherols and tocotrienols are thought to have a number
of vital functions in plants, including the protection of chloro-
plasts from photooxidative damage (Munné-Bosch and Alegre,
2002). Two recent findings underscore the fact that we do not
understand all of the functions of tocopherols in plants. First,
the altered plasmodesmata mutant sucrose export defectivet
of maize appears to be defective in a tocopherol cyclase
ortholog (Porfirova et al., 2002). This mutant has dramatic mor-
phological alterations, presumably caused by altered photoas-
similate export (Provencher et al., 2001). By contrast, the Arabi-
dopsis loss-of-function cyclase mutant vitamin E pathway
genel (vtel) is normal under standard growth conditions and
shows only modest changes in photosynthesis and pigmenta-
tion under growth conditions that cause photooxidative stress
(Porfirova et al., 2002).

Tocopherols are synthesized in photosynthetic microorgan-
isms and plants, with the highest concentrations being found in
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Figure 1. Tocopherol and Tocotrienol Structures and Biosynthesis.

(A) Detailed chemical structures of tocopherol and tocotrienol. The canonical structures are shown, with R-group modifications illustrated in the grid-

ded box at top right.

(B) Final steps of the tocopherol biosynthetic pathway (Bramley et al., 2000). MEP, methylerythritol phosphate; VTE1, tocopherol cyclase; VTE2, ho-
mogentisic acid prenyltransferase; VTE3, 2-methyl-6-phytylbenzoquinol (MPBQ) methyltransferase; VTE4, y-tocopherol methyltransferase.

seeds. The seeds of most plants have significant amounts of
vy-tocopherol, whereas leaves have predominately a-tocopherol.
Unfortunately, y-tocopherol has only one-tenth the vitamin E
activity of a-tocopherol (Table 1). Twenty to 30% of the vitamin
E in the U.S. diet comes from oil-based products such as mar-
garines, dressings, and mayonnaise (Sheppard et al., 1993;
Eitenmiller, 1997). Soybean oil accounts for ~70% of the edible
oil consumed by humans in the United States and 30% of the
worldwide oil consumption (USDA Foreign Agriculture Service,
2003). It has on average 100 mg of tocopherols per 100 g of oil
(Eitenmiller, 1997), but the vitamin E activity of these tocoph-
erols is relatively low, because only ~10% is the highly ac-
tive a-tocopherol. The major tocopherols are the highly abundant
vy-tocopherol (60 to 65% of the total) and 8-tocopherol (20 to 26%

of the total) (Tan, 1989). Manipulating the seed tocopherol biosyn-
thetic pathway in soybean to convert the less active tocopherols
to a-tocopherol could have significant human health benefits
and make this crop an attractive target for the improvement of
tocopherol composition.

Tocopherols are synthesized from precursors derived from
two pathways. The methylerythritol phosphate pathway con-
tributes to the side chain of tocopherol through the synthesis of
phytyldiphosphate (Figure 1B) (Bramley et al., 2000). The shiki-
mate pathway produces homogentisic acid, which contributes
the aromatic ring of tocopherol. The first committed step in the
tocopherol biosynthetic pathway is the prenylation of homogen-
tisic acid with phytyldiphosphate to form 2-methyl-6-phytyl-
benzoquinol (MPBQ). The overall tocopherol composition is de-
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Table 1. Vitamin E Activity of Tocopherols and Tocotrienols (Sheppard
et al., 1993)

Activity as a-Tocopherol

Tocopherol Equivalents (mg/mg Compound)
RRR-a-tocopherol 1.0

RRR-B-tocopherol 0.5

RRR-y-tocopherol 0.1

RRR-3-tocopherol 0.03

RRR-a-tocotrienol 0.3

RRR-B-tocotrienol 0.05

Synthetic a-tocopheryl acetate 0.74

termined by the combined activities and substrate specificities
of the homogentisate prenyltransferase (VTE2), tocopherol cy-
clase (VTE1), and two methyltransferase enzymes (VTE3 and
VTE4) present in a given tissue (Grusak and DellaPenna, 1999).
The action of the cyclase directly on MPBQ leads to the forma-
tion of 8-tocopherol. By contrast, ring methylation at position
R, by the first methyltransferase, MPBQ methyltransferase
(VTES), leads to 2,3-dimethyl-5-phytylbenzoquinol and the sub-
sequent action of tocopherol cyclase leads to the formation of
vy-tocopherol. The second methyltransferase, y-tocopherol meth-
yltransferase (VTE4), performs ring methylation at R3, converting
the vy and 3 isoforms to the o and B isoforms, respectively.
Tocotrienols are formed when geranylgeranyldiphosphate is
used in place of phytyldiphosphate as the side chain precursor.

Tocopherol biosynthesis occurs in the plastids of higher
plants, and the biosynthetic enzymes are associated with the
chloroplast envelope. It has proven difficult to isolate and purify
the membrane-bound proteins of the tocopherol biosynthetic
pathway using protein purification techniques (Soll et al., 1980,
1985). However, the recent use of homology-based genomic
database searching techniques has led to the identification of
several tocopherol biosynthetic genes (Shintani and DellaPenna,
1998; Collakova and DellaPenna, 2001; Schledz et al., 2001;
Subramaniam et al., 2001; Savidge et al., 2002). Using this ap-
proach, Shintani et al. (2002) identified a gene from Syn-
echocystis sp PCC 6803 capable of methylating MPBQ to pro-
duce 2,3-dimethyl-5-phytylbenzoquinol based on its homology
with VTE4. Proteins that are similar to this Synechocystis
MPBQ methyltransferase (Syn-VTES3) have been identified from
other cyanobacterial species (Van Eenennaam et al., 2003).
There are no obvious orthologs to these cyanobacterial genes
present in sequence databases derived from higher plants, in-
cluding the sequenced Arabidopsis genome. Because the com-
parative genomics approach did not yield good candidates for
this gene in higher plants, other approaches were necessary.

A screen was used to identify mutants with altered seed to-
copherols in Arabidopsis. We hypothesized that mutants with
increased 3-tocopherol might be deficient in MPBQ methyl-
transferase activity. This screen identified 38 mutants with al-
tered tocopherol profiles, 18 of which had increased accu-
mulation of 3-tocopherol. Map-based cloning of one such
d-tocopherol accumulation locus resulted in the identification of
a novel tocopherol methyltransferase gene, At-VTE3 (Arabidop-
sis gene locus At3g63410.1). This gene has no significant sim-
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ilarity to the Synechocystis MPBQ (Syn-VTES3), but it is similar
to a ubiquinone methyltransferase. Enzyme assay results sup-
ported the hypothesis that At-VTE3 encodes a methyltrans-
ferase that is responsible for the R, methylation of MPBQ. Data
from transgenic Arabidopsis and soybean plants demonstrated
that the At-VTES protein is capable of performing the methyla-
tion of MPBQ in planta. Soybean seed-specific expression
of At-VTES3 resulted in a 90% decrease in the percentage of
d-tocopherol. When At-VTE3 was coproduced with At-VTE4 in
soybean, seed with >95% «-tocopherol was obtained. These
results demonstrate the significant utility that map-based clon-
ing in Arabidopsis can have for identifying genes that lead to
crop improvement.

RESULTS

Isolation of High 6-Tocopherol Arabidopsis Lines in a
Mutant Screen

Normally, the tocopherol composition in Arabidopsis seed is pre-
dominately y-tocopherol, with small amounts of 3-tocopherol, as
shown in Figure 2A. A screen was designed to detect mutants
with altered tocopherol seed composition. Tocopherols were ex-
tracted and analyzed from the M3 seed of each of the ~8000
plant lines. Individual plant lines with altered tocopherol compo-
sition were selected as putative mutants. To both confirm the
mutant phenotype and attempt to isolate true breeding lines, to-
copherol levels were analyzed in M4 seeds. We confirmed 18
high & (hd) tocopherol mutants. An HPLC trace of the represen-
tative mutant hd2 is shown in Figure 2B, and relative seed v- and
d-tocopherol levels for five of the hd mutants are shown in Figure
2C. The total tocopherol accumulation in these mutants was not
substantially different from wild-type levels; rather, the ratio of
vy-tocopherol to 3-tocopherol was shifted. As a result of their
heavy mutational load, any nonseed composition phenotypes
noted could not be attributed definitively to the mutation respon-
sible for the tocopherol phenotype. However, it was noted that
there were no consistent phenotypes other than increased seed
d-tocopherol observed among the 18 hd mutants isolated.

Identification of an Allelic Series of
2-Methyl-6-Phytylbenzoquinol Methyltransferase-Deficient
High 3-Tocopherol Mutants

The recessive hd2 mutant was chosen for map-based cloning
based on its strong high 3-tocopherol phenotype. This M4 line,
Landsberg erecta ecotype, was outcrossed to the Columbia-0
wild type, segregating F2 populations were generated, F3
seeds were harvested from 384 individual F2 lines, tocopherol
levels were measured in the F3 seeds, and 101 lines with a mu-
tant phenotype were identified. Eighty-eight homozygous mu-
tant lines were selected for genotyping with 25 molecular mark-
ers throughout the genome (Jander et al., 2002).

The mutation responsible for the hd2 phenotype showed
linkage to a marker on BAC F28P10 at position 21,630 kb on
chromosome lll (Figure 3, marker d). The location of the muta-
tion was narrowed further to between a marker on BAC T12C14
(Figure 3B, marker h) and the end of chromosome lll, defining a
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Figure 2. Tocopherol Content and Composition of Seeds from Wild-Type and High Delta (hd) Arabidopsis Mutants.

(A) HPLC scan of wild-type seed, with tocol standard.
(B) HPLC scan of hd2 mutant seed, with tocol standard.

(C) Percentage of y-tocopherol and 3-tocopherol in Arabidopsis wild type and high 3-tocopherol mutants defective in VTE3. Col, Columbia-0; Ler,

Landsberg erecta.

region of five sequenced BACs (Figure 3B). Review of the exist-
ing GenBank annotations for this region revealed no likely can-
didate genes. By contrast, a search of Pfam Hidden Markov
models (Bateman et al., 2002) of this region found homology
between gene MAA21_40 and a ubiquinone methyltransferase.
This was chosen as a candidate gene for further study. Se-
quencing of this gene from the hd2 mutant showed a single
base pair change resulting in a Glu-to-Lys substitution at amino
acid 292 (Figure 3D). Four other mutants (hd6, hd9, hd10, and
hd16) with increased &-tocopherol also showed mutations in
this gene (Figure 3D). The presence of distinct alleles in multiple
independently isolated mutants provided strong evidence that
we had identified the gene, hereafter called At-VTE3, responsi-
ble for the high 8-tocopherol accumulation, and these five mu-
tations appear to be allelic. No mutations in this gene were de-
tected in the remaining 13 hd mutants, consistent with them
defining one or more other complementation groups.

Transgenic Restoration of Normal 86-Tocopherol Levels
in hd2

To confirm that mutation of the wild-type At-VTE3 was respon-
sible for the hd2 phenotype, we transformed the mutant with
the wild-type gene under the control of the seed-specific napin

promoter, as shown in Figure 4A. As a control, transgenic
plants also were produced with the Anabaena-VTE3 (Anab-VTE3)
gene fused to the N-terminal CTP1 chloroplast-targeting se-
quence and placed under the control of the same napin pro-
moter. The results of tocopherol analysis of T2 segregating
seeds are shown in Figure 4B. There was a substantial de-
crease in d-tocopherol and an accompanying increase in
y-tocopherol in the seeds from these transgenic plants, as ex-
pected if At-VTE3 complemented the mutation in hd2. The
chloroplast targeted Anab-VTE3 gave a similar phenotype. To-
gether, the genetic mapping, sequencing of five independently
isolated mutant alleles, and genetic complementation provide
extremely strong evidence that mutation of At-VTES3 causes a
high 8-tocopherol phenotype.

Demonstration That At-VTE3 Has
2-Methyl-6-Phytylbenzoquinol Methyltransferase
Activity in Escherichia coli

Because of the sequence similarity of At-VTES3 to ubiquinone
methyltransferase and the accumulation of 3-tocopherol in the
loss-of-function mutants, we hypothesized that At-VTE3 en-
codes a plant MPBQ methyltransferase (Figure 1B). This hy-
pothesis was tested by expressing the mature protein from
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Figure 3. Map-Based Cloning of a Gene Associated with the hd2 Mutant Phenotype.

Lowercase letters a to h refer to genetic markers on BACs with the nomenclature as follows: BAC number_nucleotide position on BAC. a,
T12J13_32820; b, MCB17_75129; c, K11J14_6841; d, F28P10_21630; e, T5P19_12659; f, F15B8_57589; g, F17J16_24643; h, T12C14_1563. cM,

centimorgan.

(A) First-pass mapping of hd2 showed linkage to genetic markers near the end of chromosome lll.
(B) Narrowing with additional markers to five BACs at the end of chromosome III.

(C) BACs in the region of the hd2 mutation.

(D) Scheme of the predicted exon-intron structure of MAA21_40 (At-VTES) with sites of vte3-1 through vte3-5. Numbers above the schematic of the
gene model refer to nucleotides from the first codon, while numbers below represent amino acids.

both wild-type Arabidopsis and the hd2 mutant in E. coli (Fig-
ure 5A) and determining whether the recombinant proteins
could methylate MPBQ to produce 2,3-dimethyl-5-phytylben-
zoquinol (Figure 5B). Consistent with our hypothesis, activity
was seen in both the Anab-VTES3 and At-VTES E. coli extracts,
in addition to a positive control extract from pea chloroplast
(Figure 5). By contrast, extracts from E. coli expressing At-vte3-1
mutant protein had greatly decreased activity compared with
that of the wild-type At-VTES3 protein. As expected, no activity
was seen in E. coli extracts transformed with the empty vector
control. These results support the hypothesis that At-VTES3 pro-
tein has MPBQ methylation activity in planta. Based on the mu-
tant phenotype, gene sequence, and enzymatic activity, we
conclude that At-VTE3 encodes a MPBQ methyltransferase,

and we have renamed the hd2, hd6, hd9, hd10, and hd16 al-
leles At-vte3-1 through At-vte3-5 to reflect this fact.

Demonstration That At-VTE3 Expression Significantly
Alters the Tocopherol Composition in Transgenic Soybean

To determine if a multigenic approach could convert the major-
ity of tocopherols to a-tocopherol in soybean seed, At-VTE3
and At-VTE4 were expressed either independently or simulta-
neously in transgenic soy seed. Numerous plants were gener-
ated, and plants that tested positive for the presence of the
CP4 selectable marker were analyzed for tocopherol composi-
tion. A representative analysis of pools of ten seed from the first
generation is shown for eight representative lines (Table 2).
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(A) Scheme of the constructs that were used to transform Arabidopsis.

(B) Transgenic (n = 16) and control (n = 4) Arabidopsis T2 seed data. Error bars represent standard errors. Ler, Landsberg erecta; wt, wild type.

Because this is the first generation, the sample represents a
mixture of transgenic and null seeds. Seed populations from
plants transformed with the P;g,-At-VTE3 construct showed a
dramatic decrease in 8- and B-tocopherol levels in all lines, with
a proportionate increase in y- and a-tocopherol levels. To ex-
amine this phenotype further, single seed analysis was per-
formed on the progeny of several transgenic insertion events.
The results for event 27930 are shown in Figure 6A. Because
this analysis was performed on a population of R1 seeds segre-
gating for the transgene, each individual seed may be a null or
may carry one or more copies of the gene. For the eight single
seeds tested, one seed was a null and the other seven seed
showed the trait from At-VTE3 expression. In the transgenic
seeds, the majority of the tocopherol accumulated as y-tocoph-
erol (75 to 85%) with increased a-tocopherol as well. By con-
trast, these seeds had very low levels of B- and 8-tocopherol,
with these representing only 0.5 to 1.5% of total tocopherols.
These data demonstrate that the At-VTE3 MPBQ methyltrans-
ferase enzyme converts 8- to y-tocopherol in soybean. Soy-
bean lines transformed with a P,g,-VTE4 expression construct
had substantially decreased levels of y- and 8-tocopherol, with
a proportional increase in a- and B-tocopherol, respectively
(Table 2). This finding is consistent with results reported previ-
ously in Arabidopsis (Shintani and DellaPenna, 1998).
Simultaneous expression of At-VTE3 and At-VTE4 in soy-
bean seeds resulted in a dramatic increase in a-tocopherol and
decrease in 8-tocopherol levels (Table 2). This finding is consis-

tent with the hypothesis that the At-VTE4 enzyme efficiently
converts y-tocopherol produced by At-VTE3 to a-tocopherol.
One line, 27936, did not fit this pattern and showed the pheno-
type seen if only At-VTE4 enzyme were produced: an increase
in a- and B-tocopherol with a decrease in y- and &-tocopherol.
Single seed analysis was performed on seeds from several lines
transformed with the double gene construct. Analysis of seeds
from a representative line (A28096) revealed the presence of two
null seeds and six seeds showing the At-VTES3 plus At-VTE4
expression phenotype (Figure 6B). These seeds contained sub-
stantial levels of a-tocopherol (96 to 98%) and B-tocopherol (2
to 4%), whereas - and y-tocopherol levels were below the de-
tection limit (<0.2%). Similar results were seen in single seed
analysis of other lines (data not shown). Seed-specific expres-
sion of At-VTE3 and At-VTE4 as single genes or in combination
did not cause a significant effect on total tocopherol levels in
the seed (Table 2).

DISCUSSION

We report the use of Arabidopsis “forward” genetics to identify
a gene that encodes a plant MPBQ methyltransferase, At-
VTES3, and demonstrate its efficacy in the conversion of 3- and
B-tocopherol to y- and a-tocopherol in transgenic soybean
seed. Eighteen mutants with increased levels of seed 3-tocoph-
erol were identified in a screen of ~8000 mutagenized Arabidop-
sis lines. The range of increase in &-tocopherol was 4- to 25-
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Figure 5. 2-Methyl-6-Phytylbenzoquinol Methyltransferase Activity of Recombinant Proteins.

(A) Scheme of the constructs that were transformed into E. coli.

(B) Activity data for E. coli extracts expressing Anab-VTES3, At-VTE3, or At-vte3-1 protein, empty vector negative control, or positive control extract
from pea chloroplasts. MPBQ transferase activity is given in units. One unit of MPBQ activity is defined as 1 wmol of 2,3-dimethyl-5-phytylbenzo-

quinol formation per minute per milligram of protein.

fold (Figure 2C). This change in 8-tocopherol was accompanied
by a reduction of y-tocopherol in the seed, resulting in no net
change in total tocopherol levels. It seemed likely that this
change in composition could result from a mutation affecting
the activity of the enzyme responsible for the methylation of
MPBQ (Figure 1). A reduction in activity in this enzyme would
cause more MPBQ to be converted to 8-tocopherol via the to-
copherol cyclase enzyme, VTE1. Because VTE4 activity is limit-
ing in seeds (Shintani and DellaPenna, 1998), efficient conver-
sion of 8- to B-tocopherol is not expected, and this would result in
the accumulation of abnormally large amounts of 3-tocopherol.
We hypothesized three different molecular mechanisms that
could lead to this recessive phenotype: a mutation in the methyl-
transferase enzyme structural gene, reduced synthesis of a co-
factor required for the activity of this enzyme, or production of a
defective regulator of the enzyme.

The vte3-1 (hd2) mutant was chosen for map-based cloning
because it had a 25-fold increase in 8-tocopherol levels (Figure
2C). Genetic analysis narrowed the mutation-containing region
to the area between a marker at position 1563 on BAC T12C14
and the end of the chromosome (Figure 3C). A Pfam Hidden
Markov models analysis of this region found homology be-
tween MAA21_40 (At-VTE3) and a ubiquinone methyltrans-
ferase. For this reason, At-VTE3 was considered a strong can-
didate gene because tocopherols and ubiquinone are both
isoprenoids with similar biosynthetic pathways. The homology

of genes that encode proteins in these two isoprenoid path-
ways recently led to the identification of another tocopherol
gene, homogentisate phytyltransferase, VTE2 (Collakova and
DellaPenna, 2001; Schledz et al., 2001; Savidge et al., 2002).
Sequencing of the At-VTE3 open reading frame from five in-
dependently isolated hd mutants showed unique single base
pair changes, all predicted to cause amino acid substitutions.
Interestingly, four of the five alleles have mutations in the first
exon (Figure 3D), suggesting that this protein region may be
crucial for enzyme activity or that mutations in this area are less
detrimental. It is noteworthy that none of the five mutations was
predicted to create a null allele, such as a splice site change or
protein truncation. This finding, coupled with the observation
that significant amounts of y-tocopherol accumulate as a result
of even the strongest vte3 mutant allele (Figure 2C), led us to
hypothesize that complete loss-of-function mutations of At-
VTE3 may be lethal or may have an unexpected effect on seed
tocopherol. Consistent with this hypothesis, the At-vte3-1 mu-
tant protein showed some residual ability to perform the meth-
yltransferase reaction (Figure 5B). Another line of evidence that
VTES3 is an essential gene comes from a recent report on the
apg1 mutation (Motohashi et al., 2003). This vte3 Ds insertion
mutant did not progress beyond the seedling stage when
grown on soil and presumably has a complete loss-of-function
allele. The data presented by Motohashi et al. (2003) suggest a
role for At-VTES in the methylation of 2-methyl-6-solanylbenzo-
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Table 2. Tocopherol Composition in R1 Soy Seeds from P,g,-At-VTE3,
P;so-At-VTE4, and P;g,-At-VTES/P;s,-At-VTE4 Lines

Tocopherol (%) Total Tocopherol

(ng/mg seed)

Construct Line d B Y a

Wild type A3244 229 2.7 64.0 104 297
Wild type A3244 229 2.7 642 103 302
Wild type A3244 229 23 64.4 105 306
Wild type A3244 231 23 642 104 299

Wild type A3244 23.0 24 642 105 296
VTE3 A28081 11.1 1.2 769 10.8 324
VTES3 A27627 83 1.5 759 142 324
VTES3 A27857 7.3 1.0 785 13.3 316
VTE3 A27995 6.1 0.9 781 149 329
VTES3 A28075 56 1.7 73.6 19.1 303
VTES3 A28063 1.2 0.6 74.6 23.6 327
VTE3 A28072 1.0 0.3 76.7 221 317
VTES3 A27930 0.7 0.0 79.1 20.3 296
VTE4 A18288 28.4 4.5 60.1 7.0 307
VTE4 A18446 196 2.7 69.0 8.8 356
VTE4 A18571 16.7 3.7 67.1 12.6 350
VTE4 A18416 59 27.6 15.6 50.8 288
VTE4 A18411 6.3 17.6 24.7 514 310
VTE4 A18335 5.1 235 17.5 53.9 340
VTE4 A18533 nd 28.2 nd 71.8 294
VTE4 A18764 nd 24.8 nd 75.3 321

VTE3 + VTE4 A27712 102 2.5 269 604 283
VTE3 + VTE4 A27936 5.2 204 13.8 60.6 269
VTE3 + VTE4 A28093 83 3.3 21.2 67.2 302
VTE3 + VTE4 A27934 5.0 3.1 16.5 75.4 260
VTE3 + VTE4 A2809% 5.0 3.4 125 79.1 320
VTE3 + VTE4 A27935 1.9 27 6.9 885 261
VTE3 + VTE4 A27998 1.9 25 6.0 89.6 318
VTE3 + VTE4 A27711 1.0 33 43 914 302

Data are from pools of 10 seeds each. nd, below the detection limit.

quinol, the plastoquinone 9 precursor. This observation is con-
sistent with the 2-methyl-6-solanylbenzoquinol methyltrans-
ferase activity reported with Syn-VTES3 by Shintani et al. (2002).
Mutations in multiple genes can lead to the high 3-tocopherol
phenotype, because 13 of the original 18 hd mutants did not
have lesions in At-VTE3. Genetic mapping studies with the re-
maining hd mutants demonstrated the existence of at least two
other loci (K. Lincoln and S. Norris, unpublished data). It will be
interesting to define the biochemical mechanisms that lead to
high seed 3-tocopherol accumulation in these mutants.
Enzyme assays and transgenic Arabidopsis and soybean
data support the hypothesis that At-VTE3 encodes a tocoph-
erol methyltransferase responsible for methylating MPBQ. The
transgenic Arabidopsis data indicate that the expression of At-
VTE3 under the control of the napin seed-specific promoter
substantially restores the wild-type phenotype to vte3-1 seed
(Figure 4B). Interestingly, the napin—-At-VTE3 construct further
decreased the already low levels of 3-tocopherol that normally
are present in wild-type Arabidopsis seed (Figure 4B). The de-
crease in d-tocopherol in these transgenic lines was accompa-
nied consistently by a corresponding increase in y-tocopherol.
The inferred At-VTE3 protein-coding region has structural fea-
tures that are consistent with its identity as an S-adenosylme-

thionine—dependent methyltransferase, as shown in Figure 7.
Three regions of sequence similarity —called motifs I, Il, and Ill—
are seen in a broad group of methyltransferases (Kagan and
Clarke, 1994). Motif | consists of a nine-residue consensus
sequence, (V/I/L)(L/V)(D/E)\V/)G(G/C)G(T/P)G, whereas motif Il
comprises an eight-residue conserved region, (P/G)(Q/T)(F/Y/
ADA(IN/Y)F/N)(C/N/L), located 36 to 90 (average of 57) amino
acids after the terminal Gly of motif I. Finally motif Ill consists of
10 amino acids, LL(R/K)PGG(R/I/L)(/N)(L/F/AN)I/L), and is lo-
cated 12 to 38 (average of 22) residues after motif Il. The At-
VTES protein sequence contains matches to all 9 amino acids of
motif | and is followed 40 residues later by a sequence that
matches 3 of the 8 residues typically found in motif Il. Thirty-four
amino acids downstream from the end of motif Il is a sequence
that matches 5 of the 10 residues typically found in motif Ill. In
contrast to the findings of Shintani et al. (2002) and Motohashi et
al. (2003), motif Il was assigned to a sequence 11 and 12 amino
acids upstream of the sequences chosen by these groups as
motif Il for Syn-VTE3 and At-VTES, respectively. This choice was
made to better reflect the highly conserved AspAla amino acid
motif. Two of the five vte3 mutant alleles identified in the screen
had changes in amino acids that are conserved between At-
VTES and the two cyanobacterial VTE3 proteins (Figure 7).
At-VTE3 has a surprisingly low level of sequence similarity
(~35% amino acid identity over an area of 68 amino acids) with
the cyanobacterial VTE3 genes (Figure 7), which is why homol-
ogy searching of full Arabidopsis genomic and EST sequences
did not reveal its presence. Furthermore, a transmembrane do-
main identified by Motohashi et al. (2003) at the C-terminal end
of At-VTES is located in a C-terminal extension of the Arabidop-
sis sequence and cannot be defined clearly in the Syn-VTES se-
quence (Figure 7). One possible reason for this difference in se-
quence homology could relate to substrate specificity. Syn-VTE3
was found to be active on both MPBQ and 2-methylsolanylben-
zoquinol (Shintani et al., 2002), suggesting that prenyl side chain
length is not a factor in substrate preference for this enzyme.
However, characterization of the Arabidopsis apg? mutant sug-
gests that At-VTES is involved in the methylation of 2-methyl-
solanylbenzoquinol as well (Motohashi et al., 2003). It would be
interesting to test the activity of At-VTE3 on 2-methylsolanylben-
zoquinol to determine whether the sequence differences be-
tween the plant and cyanobacterial VTE3 proteins can be ex-
plained partially by a divergence in substrate specificity. It also
would be interesting to examine whether either VTE3 can use the
geranylgeranyl-substituted quinols that produce tocotrienol, be-
cause biochemical assays found that geranylgeranyl-substituted
quinols were methylated to a greater extent than phytyl-substi-
tuted quinols in spinach chloroplasts (Soll and Schultz, 1979).
The transgenic soy seed data clearly demonstrate that At-
VTE3 will be useful for modifying the composition and thus the
quality of the tocopherols in plants. The expression of At-VTE3
protein caused a significant decrease in seed 8- and B-tocoph-
erol, with a corresponding increase in a- and y-tocopherol. The
increase in a-tocopherol likely is the result of a larger y-tocoph-
erol pool available as a substrate for VTE4. Expression of the
combination of At-VTE4 and At-VTES led to the accumulation
of >95% a-tocopherol in the seed, an eightfold increase in
a-tocopherol, and a fivefold increase in vitamin E equivalents.
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Figure 6. Tocopherol Composition Analysis of Segregating R1 Single Soybean Seed.

(A) Data for wild-type control and eight seeds of transgenic line 27930, containing P,g,-At-VTES.
(B) Data for wild-type control and eight seeds of transgenic line 28906, containing both P;g,-At-VTE3 and P;g,-At-VTE4.

These data show that simultaneous overexpression of At-VTE3
and At-VTE4 can lead to methylation at both the R, and Rj sites
in the tocopherol pool, resulting in nearly complete conversion
of all tocopherols present in the seed to a-tocopherol. These
findings indicate that by modulating the expression of both
VTE3 and VTE4, we may be able to tailor the tocopherol com-
position of a variety of different crops for both nutritional and
food uses. Because oil accounts for 20 to 30% of the to-
copherols in the U.S. diet and the majority of the oil consumed
in the United States is from soybean, an eightfold increase in
a-tocopherol has the potential to significantly alter the vitamin
E intake of the population.

Soybean is not the only crop in which increased VTES3 activity
could have a beneficial impact. Several other important oilseed
crop species have a relatively high percentage of seed 3-tocoph-
erol: for example, safflower and maize seed oil contain 30 and 7%
d-tocopherol, respectively (Hess, 1993). Our results with soybean
suggest that transgenic expression of VTE3 under the control of a
seed-specific promoter could have the beneficial effect of reduc-
ing &-tocopherol in favor of y-tocopherol in these crops. With the
complete sequencing of the Arabidopsis genome as well as signif-
icant progress in the genome sequencing of crops such as rice, an
important next step for crop science is to use this information to
positively affect crop productivity and human health. Our results
show the power of model organism functional genomics in this
process and its potential application to an important crop plant.
The plant VTE3 gene is one of the first of many potentially useful
genes for crops obtained using these techniques.

METHODS

Plants and Growth Conditions

For the mutant screen, Arabidopsis thaliana was grown under continu-
ous illumination at ~120 wmol-m~2:s~"and 21°C in Conviron MTPC432
chambers (Conviron, Winnipeg, Canada). The plants were grown in
Metro Mix 200 soil (Scotts, Marysville, OH) in two three-eighth-inch pots
at a density of 32 plants per flat, three flats to a group of 96. The three
flats of a group were grown side by side at all times. A collection of
Columbia and Landsberg erecta ethyl methanesulfonate-treated mu-
tagenized plants was from two sources, Lehle Seeds (Red Rock, TX) and
those generated at Cereon Genomics by the method described previ-
ously (Barczak et al., 1995). For Agrobacterium tumefaciens—mediated
germline transformation, Arabidopsis plants were grown in a 21°C cham-
ber under light at 200 pmol-m~2-s~*for a 16-h photoperiod. After trans-
formation, TO plants recovering from transformation were grown at 19°C
and T1 plants were grown at 21°C. Transgenic plants were selected by
spraying with a 1:200 dilution of Finale (AgrEvo Environmental Health,
Montvale, NJ) at both 7 and 14 days after seeding. Transformed hemizy-
gous plants were grown to maturity, and the T2 segregating seeds were
harvested for tocopherol analysis.

Tocopherol Analysis

Tocopherol analysis of Arabidopsis seed was performed as described
(Savidge et al., 2002). For pooled soybean (Glycine max) seed analysis,
10 seed from each individual plant line were ground to a fine powder us-
ing a three-quarter-inch steel ball and vigorous shaking. For single seed
analysis, one seed was treated as described above. For either pooled or
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Figure 7. Protein Sequence Alignment of VTE3 from Arabidopsis and Two Cyanobacteria.

The protein sequence of Arabidopsis VTE3 was aligned with the Anabaena VTE3 and Synechocystis VTE3 sequences. Motifs | to Il are as described
(Kagan and Clarke, 1994). Labels under the sequence correspond to the location of the amino acid change in each of the five hd mutants as de-
scribed in Figure 3, and the affected amino acid residues are indicated by shading. A putative C-terminal membrane anchor proposed by Motohashi

et al. (2003) is underlined.

single soy seed, 20 to 40 mg of ground seed was weighed into 2-mL
polypropylene tubes and extracted as described for Arabidopsis seed by
Savidge et al. (2002). Tocopherol analysis of ground Arabidopsis and
soy seed was as described by Savidge et al. (2002).

Mutant Isolation and Gene Identification

For the mutant screen, ~8000 M2 plants were grown in groups of 96,
three flats of 32 wells each. M3 seed families were harvested from each
of the M2 plants for tocopherol extraction and analysis. Individual plant
lines with altered tocopherol composition were selected as putative mu-
tants. To both confirm the mutant phenotype and attempt to isolate true

breeding lines, tocopherol levels were analyzed in M4 seed. For map-
based cloning, a homozygous mutant line with a 25-fold increase in seed
d-tocopherol, referred to as hd2, was outcrossed to wild-type Colum-
bia-0 (Col-0) to generate a mapping population. F3 seed were analyzed
for tocopherol composition, and lines presumed to be homozygous at
the mutant locus were selected for genotyping. DNA for genotyping was
isolated from pooled F3 seed of these lines using the Qiagen DNeasy 96
Plant Kit (Qiagen, Valencia, CA) according to the manufacturer’s proto-
col. Genotyping was performed using the TagMan genotyping system
(Applied Biosystems, Foster City, CA) with 25 single nucleotide polymor-
phism markers distributed throughout the genome (Jander et al., 2002)
and additional markers near the telomere of chromosome Il (Figures 3A
and 3B).
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For sequencing of the candidate Arabidopsis gene, PCR amplification
was performed with DNA isolated from the mutant or wild-type lines us-
ing primer pairs 1 to 11 listed in Table 3. The reaction mixture for PCR
was preincubated for 10 min at 94°C. The product then was amplified for
45 cycles of 94°C for 15s, 56°C for 15s, and 72°C for 1.5 min, followed by
a 10-min hold at 72°C.

Plant Vector Construction and Transformation

The At-VTE3 cDNA was amplified from an Arabidopsis accession Col-0
leaf cDNA library using the Expand High-Fidelity PCR System (Roche
Molecular Biochemicals, Indianapolis, IN) and primer pair 12 (Table 3).
The sequence of Syn-VTE3 was used to identify an Anab-VTE3 coding
sequence (Kaneko et al., 2001). This Anab-VTES3 sequence was ampli-
fied from genomic DNA derived from 3-day-old Anabaena sp (ATCC
27893) cultures. Cultures were spun, and the pellet was washed with 1
mL of PBS to remove the medium. The suspension was centrifuged, and
the supernatant was discarded. The pellet was resuspended in 1 mL of
water and boiled for 10 min. Anabaena amplification reactions contained
10 plL of boiled Anabaena extract, the Expand High-Fidelity PCR Sys-
tem, and primer pair 13 (Table 3).

After amplification, PCR products were purified using a Qiagen PCR
cleanup column and cloned into pDONR201 using the Gateway cloning
system (Life Technologies, Rockville, MD). DNA sequences were con-
firmed and then recloned into a napin-driven cassette derived from
pCGN3223 (Kridl et al., 1991) in a Gateway-compatible binary destina-
tion vector containing the BAR-selectable marker under the control of
the Pg355 promoter. The Anab-VTES3 gene was cloned as a translational
fusion with the plastid target peptide CTP1 from Arabidopsis SSU (Stark
et al., 1992) to target this protein to the plastid. The resulting expression
vectors (Figure 4A) were electroporated into A. tumefaciens strain ABI
cells and grown under standard conditions (McBride et al., 1994), recon-
firmed by restriction analysis, and transformed into Arabidopsis using
the floral-dip method (Clough and Bent, 1998).

Three soy expression constructs were synthesized: two constructs
containing either At-VTES3 or At-VTE4 under the control of the P, pro-
moter (Chen et al., 1986; Wang and Dubois, 2003) with a 3’ untranslated
region from pea SSU, and a construct containing both of these expres-
sion cassettes. The At-VTE4 cDNA was obtained by PCR amplification

Vitamin E Improvement in Soy 3017

of Arabidopsis Col-0 using primer pair 14. The PCR product was di-
gested with EcoRI-Ncol, gel-purified, and sequenced. Sequencing of the
fragment revealed that it exhibited two nucleotide changes compared
with the published sequence (Shintani and DellaPenna, 1998). Although
the first substitution (position 345, C to T) was translationally silent, the
second nucleotide change (position 523, T to G) resulted in an amino
acid change of Ser to Ala.

The At-VTE3 and At-VTE4 expression cassettes were cloned individu-
ally and jointly into a plant binary expression vector containing a Pesss-
CP4 gene as a selectable marker (Martinell et al., 2002). A. tumefaci-
ens-mediated germline transformation of soybean was performed as
described previously (Martinell et al., 2002) using freshly germinated
soybean meristems that were induced to form shoots directly. Trans-
genic plants were grown in a greenhouse with a 10-h photoperiod, a
daytime temperature of 29°C, and a nighttime temperature of 24°C.
Plants were grown to maturity, and seed were harvested for analysis.

Expression of Wild-Type At-VTE3, Mutant At-vte3-1, and Anab-VTE3
Proteins in a Prokaryotic Expression System

The computer program ChloroP (Emanuelsson et al., 1999) (http:/
www.cbs.dtu.dk/services/ChloroP/) predicted the chloroplast-targeting
peptide cleavage site of the plant At-VTES protein to be between amino
acids 51 and 52. Based on this information, wild-type At-VTE3 from
ecotype Col-0 and the vte3-1 mutant gene from ecotype Landsberg
erecta were engineered to remove the predicted chloroplast target pep-
tide and add an N-terminal Met to allow for the expression of these ma-
ture proteins in an E. coli expression system.

The mature At-VTE3 and vte3-1 sequences were amplified by PCR
from cDNA using the Expand High-Fidelity PCR System as described
previously and primer pair 15 (Table 3). PCR products were cloned into
pDONR201 and sequenced and then At-VTES, vte3-1, and Anab-VTES3
(as described previously) sequences were recombined behind the T7
promoter in the prokaryotic expression vector pET-DEST42 (Life Tech-
nologies) using the Gateway cloning system (Figure 5A). Overnight
starter cultures of E. coli BL21 (DE3) cells transformed previously with
one of these Anab-VTE3, At-VTES, or vte3-1 prokaryotic expression
constructs were inoculated into 100 mL of Luria-Bertani medium with
appropriate antibiotics, and the cultures were grown at 25°C to a density

Table 3. Primers Used for Gene Identification and Amplification

No. Forward Primer (5’ to 3') Reverse Primer (5’ to 3')
1 TGTAAAACGACGGCCAGTTGCTGAAAGTTGAAAAGAGCAA CAGGAAACAGCTATGACCCAATTTGATCAATGTTCCACGA
2 TGTAAAACGACGGCCAGTAGCTATGCGGATTGATGGTC CAGGAAACAGCTATGACCTCCTCCTGGGAACTCTAGCA
3 TGTAAAACGACGGCCAGTTGCTGACTTGCGAGTTTTTG CAGGAAACAGCTATGACCCCTGTCAACAACCCCTTCTC
4 TGTAAAACGACGGCCAGTCCACAAGAGGGGTTTACAATG CAGGAAACAGCTATGACCACCCAACCTTCTGGCTCTCT
5 TGTAAAACGACGGCCAGTGGTCTTTGGGAACGATCTGA CAGGAAACAGCTATGACCAGGGAAGCGTACAGGGTTCT
6 TGTAAAACGACGGCCAGTCCTCTTGAGCTGAACGTCCT CAGGAAACAGCTATGACCGGCGGAACTGGTTTCACTAC
7 TGTAAAACGACGGCCAGTTGTCAGCATAATCGGTTGGA CAGGAAACAGCTATGACCTCCCCAAAGGTTTAGGTTCC
8 TGTAAAACGACGGCCAGTAAGCCTCCTTCTTGTGCTGA CAGGAAACAGCTATGACCCGACTTTTCCCTTCCATTTG
9 TGTAAAACGACGGCCAGTTGGAGGTTCGGGTAACTGAG CAGGAAACAGCTATGACCCATCCTCTCGCTAGCAGGTC
10 TGTAAAACGACGGCCAGTGGAACCAGGGGAACCTAAAC CAGGAAACAGCTATGACCGCCGTGAGAAACAGACTCCT
11 TGTAAAACGACGGCCAGTCAAATGGAAGGGAAAAGTCG CAGGAAACAGCTATGACCGATCCAAAGAGAACCCAGCA
12 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAGGAGA- GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTACTT-
TAGAACCATGAGTTGGTTGTTTTCTACACTGG TTGAGCAACCTTGATCG
13 GGGGACAAGCAAAAAAGCAGGCTTAGAAGGAGATAGAAC- GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTACTT-
CATGAGTTGGTTGTTTTCTACACTGGTTTGTA TTGAGCAACCTTGATCG
14 CATGCCATGGGAATGAAAGCAACTCTAGCAG GTCAGAATTCTTATTAGAGTGGCTTCTGGCAAG
15 GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAGGAGA- GGGGACCACTTTGTACAAGAAAGCTGGGTCCTGCAGGTC-

TAGAACCATGGCTACTAGATGCAGCAGCAGCAGC

AGATGGGTTGGTCTTTGGGAACG
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of ODgyo = 0.6, at which time isopropylthio-3-galactoside (0.4 mM) was
added to induce protein expression. Cells were grown for an additional
3 h at 25°C, chilled on ice for 5 min, and spun down at 5000g for 10 min.
The cell pellet was stored at —80°C overnight after thoroughly aspirating
off the supernatant.

2-Methyl-6-Phytylbenzoquinol (MPBQ) Methyltransferase
Enzyme Assay

The substrate MPBQ and a standard for the reaction product 2,3-dimethyl-
5-phytylbenzoquinol for the methyltransferase assay were prepared as
described previously (Soll and Schultz, 1980; Henry et al., 1987). Cell
pellets expressing Anab-VTE3, At-VTES, or vte3-1 protein were thawed
on ice and resuspended in 4 mL of extraction buffer XB [10 mM Hepes-
KOH, pH 7.8, 5 mM DTT, 1 mM 4-(2-aminoethyl) benzenesulfonyl fluo-
ride, 0.1 mM aprotinin, and 1 mg/mL leupeptin]. Cells were disrupted us-
ing a French press by making two passes through the pressure cell at
20,000 p.s.i. Triton X-100 was added to a final concentration of 1%, and
then the cells were incubated on ice for 1 h. The cell homogenate was
centrifuged at 5000g for 10 min at 4°C to separate cell debris. Enzyme
assays, performed on the same day as cell extraction, were run in 10-mL
polypropylene culture tubes with a final volume of 1 mL. Fifty microliters
of the cell extract was added to a 950-p.L reaction mixture consisting of
50 mM Tris-HCI, pH 8.0, 5 mM DTT, 100 M MPBQ, and 0.5% Tween 80
(added directly to the phytylbenzoquinol after evaporating the solvent).
The reaction was initiated by adding 1.7 uM '4C-S-adenosylmethionine
(58 wCi/pmol) and incubated for 1 h at 30°C in the dark.

The reaction mixture was extracted with 4 mL of 2:1 CHCly/methanol
with 1 mg/mL butylated hydroxy toluene and vortexed for 30 s. The or-
ganic phase (bottom) was transferred to a fresh 15-mL glass tube after a
5-min low-speed centrifugation. The CHCI; was evaporated off under a
stream of nitrogen gas at 37°C for ~15 min. The residue was dissolved in
200 plL of ethanol containing 1% pyrogallol, vortexed for 30s, filtered
into a brown liquid chromatography vial equipped with an insert, and an-
alyzed by HPLC using a normal phase column (4.6 X 250 mm Zorbax Sil;
Agilent Technologies, Palo Alto, CA). Samples of 50 uL were injected
onto the column, and quantitation of the '“C-labeled reaction products
was performed using a flow scintillation counter (Packard 500TR). The
elution program was an isocratic flow of 10% methyl-tert-butyl-ether in
hexane at 1.5 mL/min for 12 min. As a positive control, a pea (Pisum sa-
tivum) chloroplast concentrate, which is known to have endogenous
VTES activity, was prepared as described previously (Arango and Heise,
1998).

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Henry E. Valentin, henry.e.valentin@monsanto.com.

Accession Numbers

The GenBank accession numbers for the genes mentioned in this article
are as follows: CAB87794 (At-VTE3), BAA18485 (Syn-VTES3), BAA96953
(a ubiquinone methyltransferase), and NP_486161 (Anab-VTES).
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NOTE ADDED IN PROOF

While this manuscript was in press, a paper appeared describing clon-
ing of the Arabidopsis VTE3 gene and a role for this enzyme in tocoph-
erol and plastoquinone synthesis. The citation is Cheng, Z., Sattler., S.,
Maeda, H., Sakuragi, Y., Bryant, D.A., and DellaPenna, D. (2003).
Highly divergent methyltransferases catalyze a conserved reaction in to-
copherol and plastoquinone synthesis in cyanobacteria and photosyn-
thetic eukaryotes. Plant Cell 15, 2343-2356.



