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Tocopherols are lipid-soluble compounds synthesized only by photosynthetic eukaryotes and oxygenic cyanobacteria. The path-
way and enzymes for tocopherol synthesis are homologous in cyanobacteria and plants except for 2-methyl-6-phytyl-1,4-benzo-
quinone/2-methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/MSBQ MT), which catalyzes a key methylation step in
both tocopherol and plastoquinone (PQ) synthesis. Using a combined genomic, genetic, and biochemical approach, we isolated

 

and characterized the 

 

VTE3

 

 (vitamin E defective) locus, which encodes MPBQ/MSBQ MT in Arabidopsis. The phenotypes of 

 

vte3

 

mutants are consistent with the disruption of MPBQ/MSBQ MT activity to varying extents. The ethyl methanesulfonate–derived

 

vte3-1

 

 allele alters tocopherol composition but has little impact on PQ levels, whereas the null 

 

vte3-2

 

 allele is deficient in PQ and

 

�

 

- and 

 

�

 

-tocopherols. In vitro enzyme assays confirmed that VTE3 is the plant functional equivalent of the previously character-
ized MPBQ/MSBQ MT (Sll0418) from 

 

Synechocystis

 

 sp PCC6803, although the two proteins are highly divergent in primary se-
quence. Sll0418 orthologs are present in all fully sequenced cyanobacterial genomes, 

 

Chlamydomonas reinhardtii

 

, and the dia-
tom 

 

Thalassiosira pseudonana

 

 but absent from vascular and nonvascular plant databases. VTE3 orthologs are present in all
vascular and nonvascular plant databases and in 

 

C. reinhardtii

 

 but absent from cyanobacterial genomes. Intriguingly, the only
prokaryotic genomes that contain VTE3-like sequences are those of two species of archea, suggesting that, in contrast to all
other enzymes of the plant tocopherol pathway, the evolutionary origin of VTE3 may have been archeal rather than cyanobacte-
rial. In vivo analyses of 

 

vte3

 

 mutants and the corresponding homozygous 

 

Synechocystis

 

 sp PCC6803 

 

sll0418

 

::

 

aphII

 

 mutant re-
vealed important differences in enzyme redundancy, the regulation of tocopherol synthesis, and the integration of tocopherol
and PQ biosynthesis in cyanobacteria and plants.

INTRODUCTION

 

Tocopherols, collectively termed vitamin E, are a class of lipid-
soluble compounds that are synthesized only by oxygenic pho-
tosynthetic organisms. All tocopherols are amphipathic mole-
cules with polar head groups exposed to the membrane surface
and hydrophobic tails that interact with the acyl groups of mem-
brane lipids. Four types of tocopherols (

 

�

 

-, 

 

�

 

-, 

 

�

 

-, and 

 

�

 

-tocoph-
erols [

 

�

 

-, 

 

�

 

-, 

 

�

 

-, and 

 

�

 

-T, respectively]) are synthesized naturally
and differ only in the number and position of methyl substituents
on the chromanol ring (Figure 1). Tocopherols are essential di-
etary components for humans and other mammals; as a result,
most of our understanding of tocopherol function has been de-
rived from studies in these systems (for reviews, see Hanck,
1985; Brigelius-Flohe and Traber, 1999; Valk and Hornstra, 2000;
Brigelius-Flohe et al., 2002; Ricciarelli et al., 2002). Studies in
mammals, animal cell cultures, and artificial membranes have
shown that tocopherols help maintain membrane structure and
integrity (Srivastava et al., 1989), act as antioxidants and free
radical scavengers (Tappel, 1962; Jialal and Fuller, 1993; Jialal et
al., 2001; Behl and Moosmann, 2002), and perform other nonan-

tioxidant functions related to signaling and transcriptional regula-
tion (Azzi et al., 1995; Grau and Ortiz, 1998; Ricciarelli et al.,
2002). The functions of tocopherols in photosynthetic organisms
have yet to be determined, but they are likely to include unique
functions in addition to those reported in animals (Noctor and
Foyer, 1998; Grasses et al., 2001; Reverberi et al., 2001). Mutant
and transgenic approaches in Arabidopsis and 

 

Synechocystis

 

 sp
PCC6803 that eliminate tocopherols (Collakova and DellaPenna,
2001; Schledz et al., 2001), replace tocopherols with biosyn-
thetic intermediates (Porfirova et al., 2002; Sattler et al., 2003), or
increase tocopherol levels (Collakova and DellaPenna, 2001;
Savidge et al., 2002) are beginning to provide insight into to-
copherol functions in photosynthetic organisms.

Tocopherols are synthesized by a pathway that is conserved
between cyanobacteria and plants (Figure 1) (Soll et al., 1980,
1985; Lichtenthaler et al., 1981; Norris et al., 1995, 1998). The
conversion of 

 

p

 

-hydroxyphenylpyruvate (HPP) to homogentisic
acid (HGA) by HPP dioxygenase (HPPD) yields the aromatic
head group for both tocopherol and plastoquinone biosynthe-
sis in plants (Norris et al., 1998). The committed step in tocoph-
erol synthesis is the condensation of HGA and phytyldiphos-
phate by homogentisate phytyltransferase (HPT) to produce
the first tocopherol intermediate, 2-methyl-6-phytylbenzoquinone
(MPBQ) (Collakova and DellaPenna, 2001; Schledz et al., 2001;
Savidge et al., 2002). Biochemical analyses have shown that the
steps leading from MPBQ to 

 

�

 

-tocopherol are as follows: (1) ring
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methylation of MPBQ by 2-methyl-6-phytyl-1,4-benzoquinone/
2-methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/
MSBQ MT) to yield 2,3-dimethyl-5-phytylbenzoquinone (DMPBQ)
(Soll et al., 1985); (2) ring cyclization of DMPBQ by tocopherol
cyclase (TC) to yield 

 

�

 

-T (Soll et al., 1985; Arango and Heise,
1998; Porfirova et al., 2002; Sattler et al., 2003); and (3) a second
ring methylation by 

 

�

 

-tocopherol methyltransferase (

 

�

 

-TMT) to
yield 

 

�

 

-T (Soll et al., 1980; d’Harlingue and Camara, 1985;
Shintani and DellaPenna, 1998). Alternatively, MPBQ can be
cyclized to form 

 

�

 

-T and then methylated by 

 

�

 

-TMT to yield 

 

�

 

-T.
All enzymatic activities for tocopherol synthesis in plants have
been localized to the inner chloroplast envelope except HPPD,
which is cytosolic (Soll et al., 1980, 1985).

In plants, the lipid-soluble, plastid-localized electron carrier
plastoquinone (PQ) is synthesized by the pathway shown in
Figure 1. As in tocopherol synthesis, the committed step in PQ
synthesis is condensation of the aromatic compound HGA with
a prenyldiphosphate, solanyldiphosphate, to yield 2-methyl-
6-solanylbenzoquinone (MSBQ) by homogentisate solanyltrans-
ferase, an activity distinct from HPT (Norris et al., 1995; Collakova
and DellaPenna, 2001). MSBQ then is methylated at the
same ring position as MPBQ to yield PQ. The similarity of the
MPBQ and MSBQ structures has led to the proposal that a sin-
gle enzyme performs the methylation of both compounds. This
has been demonstrated for MPBQ/MSBQ methyltransferase
(MPBQ/MSBQ MT) from the cyanobacterium 

 

Synechocystis

Figure 1. The Tocopherol Biosynthetic Pathway in Plants and Cyanobacteria and the PQ Biosynthetic Pathway in Plants.

Boldface arrows represent the steps leading to �-tocopherol, the most abundant tocopherol produced in wild-type Arabidopsis leaves and Syn-
echocystis sp PCC6803. DMPBQ, 2,3-dimethyl-5-phytyl-1,4-benzoquinone; HGA, homogentisic acid; HPP, p-hydroxyphenylpyruvate; MPBQ,
2-methyl-6-phytyl-1,4-benzoquinone; MSBQ, 2-methyl-6-solanyl-1,4-benzoquinone; phytyl-DP, phytyldiphosphate; SAM, S-adenosylmethionine;
solanyl-DP, solanyldiphosphate. Enzymes are indicated by circled numbers: 1, HPP dioxygenase (HPPD); 2, homogentisate phytyltransferase (HPT);
3, homogentisate solanyltransferase (HST); 4, MPBQ/MSBQ methyltransferase; 5, tocopherol cyclase (TC); and 6, �-tocopherol methyltransferase
(�-TMT).
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PCC6803, which, when cloned and assayed in 

 

Escherichia coli

 

,
was capable of using both MPBQ and MSBQ as substrates
(Shintani et al., 2002). Whether such a multifunctional activity
exists in plants is unclear.

Although the plant tocopherol and PQ biosynthetic pathways
were elucidated in labeling studies during the 1980s (d’Harlingue
and Camara, 1985; Marshall et al., 1985; Soll et al., 1985), the
membrane association and low specific activity of most path-
way enzymes have hindered their isolation and characteriza-
tion. Most tocopherol pathway enzymes have been isolated
only recently by combining genetic and genomic approaches in

 

Synechocystis

 

 sp PCC6803 and Arabidopsis, in which the iso-
lation of an enzyme from one organism has facilitated the isola-
tion of the respective ortholog from the other. Sequencing of
the 

 

Synechocystis

 

 sp PCC6803 and Arabidopsis genomes has
greatly facilitated this process, so that now, HPPD, HPT, TC,
and 

 

�

 

-TMT have been cloned and characterized from both or-
ganisms (Norris et al., 1998; Shintani and DellaPenna, 1998;
Collakova and DellaPenna, 2001; Shintani et al., 2002; Porfirova
et al., 2002; Sattler et al., 2003). Although these studies have
shown that these four pathway steps and enzymes are con-
served between cyanobacteria and plants, other studies have
provided evidence that portions of the tocopherol and PQ path-
ways are not identical in the two organisms.

One such example is the different requirement of HGA for PQ
synthesis in cyanobacteria and higher plants. Although the

 

Synechocystis

 

 sp PCC6803 and Arabidopsis genomes both
encode HPPD enzymes, disruption of HPPD activity in the two
organisms yields drastically different phenotypes. A null Arabi-
dopsis HPPD mutant is deficient in both tocopherol and PQ
and is seedling lethal (Norris et al., 1998), whereas the ortholo-
gous 

 

Synechocystis

 

 sp PCC6803 mutant is viable and lacks to-
copherols only (Dahnhardt et al., 2002). This finding suggests
that, unlike in plants, the aromatic head group for PQ synthesis
in 

 

Synechocystis

 

 sp PCC6803 is not derived from HGA or that
there is an alternative route for HGA synthesis in this organism.
The different phenotypes of HPPD-deficient Arabidopsis and

 

Synechocystis

 

 sp PCC6803 mutants indicate that the mere
presence of functional orthologs in cyanobacteria and plants
does not necessarily equal identical biosynthetic pathways.

The only tocopherol pathway enzyme that has not yet been
cloned from plants is MPBQ/MSBQ MT. MPBQ/MSBQ MT ac-
tivity has been demonstrated in spinach chloroplasts (Soll et
al., 1985), and maize and sunflower mutants have been identi-
fied with phenotypes consistent with the disruption of MPBQ/
MSBQ MT activity (Cook and Miles, 1992; Demurin et al.,
1996). MPBQ/MSBQ MT has been cloned and characterized
from 

 

Synechocystis

 

 sp PCC6803 (Shintani et al., 2002), but de-
spite the high degree of evolutionary conservation between
plants and cyanobacteria for other tocopherol pathway en-
zymes, no obvious orthologs could be identified in the com-
pleted Arabidopsis and rice genomes and numerous plant EST
databases. This finding suggests that, analogous to the differ-
ent routes to PQ head group synthesis in 

 

Synechocystis

 

 sp
PCC6803 and Arabidopsis (Norris et al., 1998; Dahnhardt et al.,
2002), MPBQ/MSBQ MT also may differ between cyanobacte-
ria and plants. Here, we report the identification and character-
ization of a novel MPBQ/MSBQ MT from Arabidopsis that has

orthologs in all plant, but not cyanobacterial, databases. The
low sequence identity between the cyanobacterial and plant
MPBQ/MSBQ MTs suggests that they are nonorthologous,
functionally equivalent enzymes that arose independently dur-
ing the evolution of plants and cyanobacteria.

 

RESULTS

Search for an Arabidopsis Homolog of 

 

Synechocystis

 

 
sp PCC6803 MPBQ/MSBQ MT Using 
Genome-Based Approaches

 

To better understand tocopherol synthesis in plants, we at-
tempted to identify an Arabidopsis ortholog of 

 

Synechocystis

 

sp PCC6803 MPBQ/MSBQ MT, which had been identified pre-
viously as open reading frame (ORF) 

 

sll0418

 

 (Shintani et al., 2002).
Sll0418 orthologs were identified using tBLASTn (Basic Local
Alignment Search Tool; P 

 

�

 

 10

 

�

 

81

 

) in the fully sequenced cyano-
bacterial genomes of 

 

Anabaena 

 

sp PCC7120, 

 

Thermosynecho-
coccus elongatus

 

, 

 

Prochlorococcus marinus

 

 MIT9313 and MED4,
and 

 

Synechococcus 

 

sp WH8102, in the partially sequenced cy-
anobacterial genomes of 

 

Synechococcus

 

 sp PCC7002 and 

 

Tri-
chodesmium erythraem

 

 IMS101, in the genome and EST data-
bases of the green alga 

 

Chlamydomonas

 

 

 

reinhardtii

 

, and in the
raw genome sequence data of the diatom 

 

Thalassiosira pseudo-
nana

 

 (Figure 2). However, exhaustive searches of public DNA
databases for vascular and nonvascular plants, including the
complete Arabidopsis and rice genomes, failed to identify a
convincing ortholog of 

 

Synechocystis

 

 sp PCC6803 

 

sll0418

 

. The
two proteins in the Arabidopsis genome with the greatest simi-
larity to Sll0418 are 

 

�

 

-TMT (P 

 

�

 

 10

 

�

 

37

 

), which is not active to-
ward MPBQ when assayed in vitro (data not shown), and SMT1
(P 

 

�

 

 10

 

�

 

18

 

), a sterol methyltransferase that is not targeted to
the chloroplast (Diener et al., 2000).

In a parallel approach, 93 predicted proteins in the Arabidopsis
genome were identified that contain motifs characteristic of con-
served 

 

S

 

-adenosylmethionine binding domains in methyltrans-
ferases (Kagan and Clarke, 1994). Eleven of these proteins, one of
which was 

 

�

 

-TMT, also were predicted to be targeted to the chlo-
roplast, the known subcellular location of plant MPBQ/MSBQ MT
activity (Soll et al., 1985). The protein sequences of these puta-
tive chloroplast-targeted methyltransferases were aligned with
methyltransferases of known functions, including previously
characterized methyltransferases involved in tocopherol synthe-
sis (Figure 2). The resulting phylogenetic tree indicated that none
of the Arabidopsis sequences clustered with the 

 

Synechocystis

 

sp PCC6803 MPBQ/MSBQ MT clade (Figure 2). Given that plant
chloroplasts are known to contain MPBQ/MSBQ MT activity
(Soll et al., 1985), these combined data suggest that, unlike the
other enzymes of the tocopherol pathway, Arabidopsis and 

 

Syn-
echocystis

 

 sp PCC6803 MPBQ/MSBQ MTs share little identity at
the level of the primary amino acid sequence.

 

Identification of Arabidopsis MPBQ/MSBQ MT Mutants and 
Cloning of the 

 

VTE3

 

 Locus

 

A genetic approach was used concurrently with genomic ap-
proaches to identify the MPBQ/MSBQ MT locus in Arabidopsis.
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A rapid HPLC-based screen of Arabidopsis leaf tissue was de-
veloped to identify mutants with altered leaf tocopherol profiles
(Sattler et al., 2003). The screening of an ethyl methane-
sulfonate–mutagenized Arabidopsis population (ecotype Co-
lumbia) yielded one mutant line that, compared with the wild
type, had reduced levels of 

 

�

 

-T and 

 

�

 

-T and greatly increased
levels of 

 

�

 

-T and 

 

�

 

-T (Table 1). This is a biochemical phenotype

consistent with a reduction in MPBQ/MSBQ MT activity (Figure
1). The mutant was designated 

 

vte3-1

 

 (vitamin E defective).
A map-based cloning approach was used to isolate the 

 

VTE3

 

locus. 

 

vte3-1

 

 was crossed to wild-type Landsberg

 

 erecta

 

, and
an F2 population was screened by HPLC for the 

 

vte3-1

 

 pheno-
type. Seventy-two of 276 F2 plants were identified as 

 

vte3-1

 

homozygotes, indicating that 

 

vte3-1

 

 is recessive (

 

�

 

2 

 

	

 

 0.168).

Figure 2. Phylogeny of Selected Methyltransferases from Photosynthetic Organisms.

Rat Gly N-methyltransferase (N-MT) is included as an outgroup. Boldface lettering indicates that the activity of the encoded protein has been demon-
strated biochemically. Known or predicted functions for individual clades are indicated at right. A. fulgidus, Archaeoglobus fulgidus; At3g63410, Ara-
bidopsis VTE3; H. sp NRC-1, Halobacterium sp NRC-1; M. sativa, alfalfa chalcone O-methyltransferase (O-MT); N. sp PCC7120, Nostoc sp.
PCC7120; P. m. MED4, Prochlorococcus marinus MED4; P. m. MIT9313, Prochlorococcus marinus MIT9313; S. c., Saccharomyces cerevisiae; SMT,
sterol methyltransferase; S. sp PCC6803, Synechocystis sp PCC6803; S. sp WH8102, Synechococcus sp WH8102; T. elongatus BP-1, Thermosyn-
echococcus elongatus BP-1; T. erythraem, Trichodesmium erythraem IMS101; �-TMT, �-tocopherol methyltransferase; VTE3, plant-type MPBQ/
MSBQ MT. All Arabidopsis gene numbers follow the standard genomic nomenclature: At#g#####.
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vte3-1 was mapped to an �2-Mb interval at the bottom of
chromosome III using simple sequence length polymorphism
markers (Figure 3A). Two simple sequence length polymor-
phism markers on BACs T15C9 and T17J13 identified 13 and 2
recombination events for vte3-1, respectively, indicating that
the VTE3 locus was located to the right of BAC T17J13 (Figure
3A). In the 398-kb interval from T17J13 to the telomere, there are
two predicted methyltransferases, At3g63250 and At3g63410.
At3g63250 encodes a previously cloned and characterized ho-
mocysteine S-methyltransferase (Ranocha et al., 2000). At3g63410
encodes a 338–amino acid (37.9 kD) protein of unknown func-
tion that contains conserved S-adenosylmethionine binding mo-
tifs and a predicted 58–amino acid chloroplast transit peptide.

To determine whether the At3g63410 locus encodes VTE3,
the corresponding wild-type and vte3-1 genes were amplified
and sequenced. At3g63410 in vte3-1 contains a C-to-T conver-
sion at nucleotide 281 of the ORF that results in the mutation of
Thr-94 to Ile-94 (Figure 3B). A second mutant allele, vte3-2,
was identified from the Salk T-DNA insertion population. vte3-2
contains a T-DNA insertion in the first exon of At3g63410 at nu-
cleotide 163 of the ORF (Figure 3B) and is predicted to result in
a complete loss of enzyme activity.

Whole-Plant Phenotypes of vte3-1 and vte3-2

Young vte3-1 seedlings were slightly smaller than wild-type
seedlings (Figure 3C) but otherwise were healthy and indistin-
guishable from the wild type. By contrast, vte3-2 seedlings
were pale green and did not survive beyond 7 days in soil.

Therefore, the vte3-2 allele was maintained as a heterozygote.
Progeny from VTE3-2/vte3-2 germinated fully and segregated
at a 3:1 ratio (wild type:mutant; �2 	 0.172). Seeds produced
from vte3-1/vte3-1 and VTE3-2/vte3-2 were indistinguishable
from wild-type seeds in size, shape, and germination rates
(data not shown), suggesting that the partial or total loss of
VTE3 activity does not affect embryo growth and development.

vte3-2 seedlings grown on sterile medium supplemented
with 1% sucrose were pale but, unlike soil-grown plants, sur-
vived for several weeks and produced sufficient tissue for bio-
chemical analyses. The phenotype of plate-grown vte3-2 seed-
lings ranged from albino to those that had pale green newly
emerging leaves with older leaves that were progressively
bleached (Figure 3C). These observations suggest that, unlike
the missense vte3-1 point mutation, a null mutation of the
At3g63410 locus inhibits photosystem assembly/function and
causes severe photobleaching.

Analysis of Tocopherols in Leaves and Seeds of
vte3 Mutants

Homozygous vte3-2 mutants are soil lethal. To directly com-
pare the effects of vte3 mutations on tocopherol synthesis,
wild-type and mutant plants were grown on media supple-
mented with 1% sucrose. The tocopherol profile of wild-type
leaves consists of �-T, �-T, and �-T in an �90:8:2 ratio (Table
1). In vte3-1 leaves, total tocopherol levels were increased
slightly but significantly relative to the wild type, and �-T and
�-T levels were decreased to 33 and 3%, whereas �-T and �-T

Table 1. Analysis of Prenyllipids in Wild-Type and vte3 Arabidopsis Leaf Tissue and Synechocystis Cell Culture

Sample
Plastoquinone
(pmole/mg)

Total Tocopherol
(pmole/mg)

�-Tocopherol
(pmole/mg)

�-Tocopherol
(pmole/mg)

�-Tocopherol
(pmole/mg)

�-Tocopherol
(pmole/mg)

Arabidopsis plate grown
VTE3/VTE3 210 
 14 107 
 6 95 
 4 3 
 1 9 
 1 0

(89%) (3%) (8%) (0%)
vte3-1/vte3-1 173 
 9* 122 
 8** 40 
 2** 51 
 2** 3 
 1** 27 
 3**

(33%) (42%) (3%) (22%)
vte3-2/vte3-2 0** 48 
 5** 0** 13 
 3** 0** 35 
 2**

(0%) (28%) (0%) (72%)
Arabidopsis soil grown

VTE3/VTE3 67.9 
 9.9 31.5 
 3.3 29.1 
 2.7 0.5 
 0.1 1.9 
 0.5 0
(92%) (2%) (6%) (0%)

vte3-1/vte3-1 55.3 
 5.2* 21.5 
 2.3* 9.7 
 1.1** 8.6 
 0.1** 1.1 
 0.5* 2.1 
 0.6**
(45%) (40%) (5%) (10%)

VTE3-2/vte3-2 72.7 
 8.6* 28.0 
 6 24.5 
 5.2 2.2 
 0.4** 1.3 
 0.4 0
(88%) (8%) (5%) (0%)

Synechocystis
SLL0418 233 
 20 93.3 
 7.2 87.5 
 6 0 5.8 
 1.2 0

(94%) (0%) (6%) (0%)
sll0418 170 
 1* 28.7 
 3.9** 27 
 3.7** 0.7 
 0** 1.0 
 0.2* 0

(90%) (2%) (8%) (0%)

Total lipids extracted from 3-week soil-grown or 18-day-old plate-grown Arabidopsis plants or log-phase Synechocystis cell cultures were resolved
by normal-phase HPLC, and the quantities of individual tocopherols and PQ were determined relative to standards. Values are expressed as the aver-
age of quadruplicate analyses 
 SD (in pmol/mg fresh weight). Student’s t test was performed, and statistically significant differences relative to re-
spective controls are indicated by single (P � 0.05) and double (P � 0.01) asterisks. Numbers in parentheses indicate the percentage of an individual
tocopherol in the total pool. Values for Synechocystis are expressed as pmol·OD730

�1·mL�1.
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were increased to 42 and 22% of total tocopherols, respec-
tively (Table 1). These results indicate that the vte3-1 mutation
leads to a �60% reduction in the methylation of MPBQ, which
instead is cyclized to �-T, the majority of which then is methyl-
ated further by �-TMT to yield �-T (Figure 1).

Leaf tissue from homozygous vte3-2 mutants accumulated
�-T and �-T only (Table 1), a phenotype consistent with a com-
plete lack of MPBQ/MSBQ MT activity. The absence of �-T and
�-T in vte3-2 indicates that no redundant MPBQ/MSBQ MT
activities exist in Arabidopsis and that the ethyl methane-
sulfonate–derived vte3-1 allele is leaky. The total tocopherol
level in pale/bleached vte3-2 leaf tissue was reduced by �50%
relative to the wild type, most likely as a result of the reduced
flux through the tocopherol pathway or accelerated tocopherol
degradation as a result of the severe photobleaching in vte3-2.
Unlike vte3-1, vte3-2 was found to be semidominant, because
leaves of soil-grown VTE3-2/vte3-2 plants accumulated signifi-
cantly increased levels of �-T compared with wild-type leaves
(Table 1).

In addition to leaves, seeds also accumulate tocopherols.
The total tocopherol level of wild-type Arabidopsis seeds was
�20-fold higher than that of unstressed soil-grown leaves on a
fresh weight basis and was composed of 92% �-T, 3% �-T,
and 5% �-T (Table 2). Seeds of vte3-1 mutants showed a
15-fold increase in �-T content, whereas �-T levels decreased
by 31% relative to the wild type (Table 2). These data indicate
that, as in leaf tissue, the majority of MPBQ in vte3-1 seeds is
not methylated by MPBQ/MSBQ MT but instead undergoes
cyclization to produce �-T. �-T was not detected in the mu-
tant because of the low �-TMT activity in seeds (Shintani and
DellaPenna, 1998).

Because homozygous vte3-2 mutants are seedling lethal in
soil, the effects of the mutation on seed tocopherol synthesis
could be determined only in seeds from VTE3-2/vte3-2 plants.
Although only 25% of the seeds obtained from VTE3-2/vte3-2
plants were homozygous for the vte3-2 locus, there was an in-
crease in �-T similar to that seen in homozygous vte3-1 seeds
(Table 2). Because vte3-2 is semidominant in leaf tissue (Table
1), we could not determine whether the �-T produced is only
from vte3-2/vte3-2 seeds or whether VTE3-2/vte3-2 seeds also
contribute to the phenotype. It also is important that not only
was seed tocopherol composition altered by the vte3-1 and
vte3-2 mutations but the levels of total tocopherols in both mu-
tant alleles were increased significantly (P � 0.01), 38 and 30%,
respectively, relative to those in the wild type (Table 2). This
finding suggests that changes in tocopherol composition
caused by altered MPBQ/MSBQ MT activity affect tocopherol
levels either as a result of increased flux through the pathway
or as decreased turnover of tocopherols in seeds.

PQ Synthesis Also Is Disrupted in Homozygous
vte3-2 Plants

The dramatic difference in the whole-plant phenotypes of vte3-1
and vte3-2 (Figure 3C), coupled with the fact that plant to-
copherol and PQ synthesis are related biochemically (Figure 1),
prompted us to determine whether PQ synthesis is affected dif-
ferentially in these mutants. vte3-1 leaf tissue showed a small
(17%) but significant decrease in PQ relative to the wild type
(Table 1) with a trace amount of MSBQ, the immediate biosyn-
thetic precursor of PQ and substrate for MPBQ/MSBQ MT (Fig-
ure 4). Leaves of vte3-2 plants completely lacked PQ and accu-
mulated high levels MSBQ (Table 1, Figure 4). The small peak
at 12.10 min in the vte3-2 HPLC trace has a spectrum unlike
that of any PQ pathway intermediates and is an unrelated com-
pound of low abundance that migrates as a small shoulder of
the large PQ peak in the wild type (Figure 4, inset).

The combined data from vte3-1 and vte3-2 provide genetic
evidence that VTE3 is involved in both tocopherol and PQ syn-
thesis in vivo. The severe photobleaching phenotype of vte3-2
is caused by the PQ deficiency and/or accumulation of MSBQ,
rather than by altered tocopherol composition. This finding is
in agreement with studies of tocopherol cyclase mutants of Ar-
abidopsis that lack tocopherols and accumulate the biosyn-
thetic intermediate DMPBQ but are phenotypically similar to
wild-type plants (Porfirova et al., 2002; Sattler et al., 2003). Fi-
nally, the absence of PQ in vte3-2 indicates that, as with to-

Figure 3. Positional Cloning of VTE3 and Phenotypes of the vte3 Mu-
tants.

(A) Diagram of chromosome III from �76 centimorgan (cM) to the telo-
mere (TEL). The number of recombination events is indicated under the
markers on BACs T15C9 and T17J13. The VTE3 locus was delineated
further as At3g63410, as described in the text.
(B) Diagram of the VTE3 genomic clone and the vte3-1 and vte3-2 mu-
tations. Black bars represent exons. Thin lines represent untranslated
regions and introns. The conversion of Thr-94 to Ile-94 in vte3-1 is indi-
cated.
(C) Whole-plant phenotypes of plate-grown wild-type and homozygous
vte3-1 and vte3-2 mutant plants. Col, Columbia wild type. Bars 	 2 mm.
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copherol synthesis, Arabidopsis does not contain other func-
tionally redundant activities that catalyze the methylation of
MSBQ to form PQ. VTE3-2/vte3-2 plants accumulated PQ at a
level similar to wild-type plants (Table 1) with no detectable
MSBQ (data not shown), indicating that, unlike the vte3-2 to-
copherol phenotype, vte3-2 is recessive for the PQ phenotype.
While this article was under review, a Ds-tagged VTE3 allele
was reported from a large-scale screen for apg (albino or pale
green) mutants in Arabidopsis (Motohashi et al., 2003). Although
tocopherols were not analyzed in that study, the Ds-tagged
VTE3 allele also was found to be deficient in PQ (Motohashi et
al., 2003).

VTE3 Uses Both MPBQ and MSBQ as Substrates in Vitro

Genetic evidence strongly suggests that VTE3 encodes both
MPBQ MT and MSBQ MT activities. To determine the activity
of VTE3 against various potential substrates, the full-length
VTE3 protein-coding region was amplified from an Arabidopsis
EST clone and engineered for expression in E. coli. Activity as-
says against various substrates demonstrated that, like Syn-
echocystis sp PCC6803 MPBQ/MSBQ MT, VTE3 uses both
MPBQ and MSBQ, intermediates in tocopherol and PQ synthe-
sis, respectively, as methylation substrates in vitro (Figure 5).
Neither Synechocystis sp PCC6803 MPBQ/MSBQ MT (Shintani

Table 2. Analysis of Seed Tocopherols in the Wild Type and vte3 Mutants

Genotype Total Tocopherol  �-Tocopherol  �-Tocopherol  �-Tocopherol

VTE3/VTE3 853 
 41 23 
 1 789 
 37 41 
 3 
(3%) (92%) (5%)

vte3-1/vte3-1 1180 
 12** 15 
 1** 541 
 4** 624 
 7**
(1%) (46%) (53%)

VTE3-2/vte3-2 1120 
 22* 16 
 4* 632 
 6* 472 
 12**
(2%) (56%) (42%)

Total lipids extracted from dry seeds were resolved by normal-phase HPLC, and the quantities of individual tocopherols were determined relative to
standards. Values are expressed as the average of quadruplicate analyses 
 SD (in pmol/mg dry weight). Student’s t test was performed relative to
the control, and statistically significant differences are indicated by single (P � 0.01) and double (P � 0.001) asterisks. Numbers in parentheses indi-
cate the percentage of individual tocopherols in the total pool.

Figure 4. HPLC Analysis of PQ and Its Precursor MSBQ in Leaves of the Wild Type and Homozygous vte3-1 and vte3-2 Mutants.

Total lipids extracted from leaves of plate-grown wild-type and vte3 mutant plants were subjected to normal-phase HPLC analysis. The inset shows
spectra of the three indicated compounds in the wild type and vte3-2. Peak 1, plastoquinone-9 (PQ); peak 2, unknown peak at 12.10 min; peak 3,
MSBQ.
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et al., 2002) nor VTE3 (data not shown) used �-T or �-T as a
methylation substrate in vitro. These data demonstrate conclu-
sively that Arabidopsis VTE3 is the functional equivalent of Syn-
echocystis sp PCC6803 MPBQ/MSBQ MT.

Analysis of MPBQ/MSBQ MT Activity in Synechocystis
sp PCC6803

The sll0418 ORF in Synechocystis sp PCC6803 was shown
previously by gene disruption and in vitro enzyme assays to en-
code a protein with MPBQ/MSBQ MT activity (Shintani et
al., 2002). Complete segregation of the mutant locus could
not be achieved under mixotrophic growth conditions (glu-
cose-containing medium in the light), suggesting that the total
loss of Sll0418 activity was lethal. The merodiploid sll0418/
sll0418::aphII strain showed a reduced �-T level and a small
amount of �-T accumulation, which confirmed a role for
Sll0418 in tocopherol synthesis in Synechocystis sp PCC6803
in vivo. We have now isolated the homozygous sll0418::aphII
mutant by selection under photoautotrophic conditions. Appar-
ently, the inability to isolate a homozygous mutant under mixo-
trophic conditions is the result of a glucose-dependent lethal-
ity associated with the disruption of sll0418. A complete
description of the homozygous Synechocystis sp PCC6803
sll0418::aphII mutant and the accompanying phenotype of to-
copherol-deficient mutants will be published elsewhere (Y.
Sakuragi, H. Maeda, D. DellaPenna, and D.A. Bryant, unpub-
lished data).

The tocopherol content of the homozygous sll0418::aphII
mutant did not differ significantly from that of the previously de-
scribed merodiploid strain (Shintani et al., 2002). The homozy-
gous sll0418::aphII strain contains 35% of the wild-type to-
copherol level and consists primarily of �-T with a small
amount of �-T (Table 1). The PQ content of the homozygous
sll0418::aphII strain also is reduced to 70% of wild-type levels,

and MSBQ is not detectable (data not shown). These observa-
tions are highly significant because they demonstrate the pres-
ence of one or more partially redundant MPBQ/MSBQ MT ac-
tivities in Synechocystis sp PCC6803 or the presence of an
alternative biosynthetic route(s) to �-T and PQ. The homozy-
gous sll0418::aphII mutant phenotype is in sharp contrast to
the corresponding homozygous Arabidopsis vte3-2 mutant, in
which both �-T and PQ synthesis are fully disrupted.

VTE3 and Synechocystis sp PCC6803 MPBQ/MSBQ MT Are 
Highly Divergent in Primary Sequence

Although VTE3 and Synechocystis sp PCC6803 MPBQ/MSBQ
MT have conserved enzymatic activities (Figure 5), the two pro-
teins are highly divergent in their primary amino acid se-
quences, with an overall identity of 18% (Table 3). The primary
regions of significant similarity are in the S-adenosylmethionine
binding motifs I, II, and III, domains involved in the binding of
the methyl donor (Figure 6) (Kagan and Clarke, 1994; Joshi and
Chiang, 1998). In addition to a low overall similarity, Syn-
echocystis sp PCC6803 MPBQ/MSBQ MT and VTE3 have nu-
merous gaps in their alignment (Figure 6). Thus, the VTE3- and
Synechocystis sp PCC6803–type MPBQ/MSBQ MTs appear to
represent nonorthologous, functionally equivalent activities that
have evolved independently in the two organisms.

To gain insight into the prevalence of Synechocystis sp
PCC6803– and VTE3-type MPBQ/MSBQ MTs in nature and
their possible evolutionary origins, we expanded our database
searches beyond vascular plants and oxygenic cyanobacteria.
Orthologs of Synechocystis sp PCC6803 MPBQ/MSBQ MT are
present in all oxygenic cyanobacterial genome databases but
absent from databases representing nonoxygenic phototrophs,
nonphotosynthetic eukaryotes, eubacteria, and most photo-
synthetic eukaryotes, with the exception of C. reinhardtii and T.
pseudonana. The C. reinhardtii and T. pseudonana proteins

Figure 5. Substrate Specificity Assays of Synechocystis sp PCC6803
MPBQ/MSBQ MT, the Cyanobacteria-Type C. reinhardtii Enzyme, and
Arabidopsis VTE3.

The three proteins and an empty vector control were expressed in E.
coli, solubilized in Tween 20, �-D-dodecyl-maltoside, 3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulfonic acid, and Triton X-100,
respectively, and assayed for activity with MPBQ (lanes 1, 3, 5, and 7) or
MSBQ (lanes 2, 4, 6, and 8) as substrates in the presence of 14C-methyl-
S-adenosylmethionine. Reaction products were extracted and sepa-
rated by thin layer chromatography. Radiolabeled products were de-
tected by phosphorimaging. Reaction products are indicated by arrows.

Table 3. Pair-Wise Comparison of Cyanobacteria- and VTE3-Type 
MPBQ/MSBQ MTs

Cyanobacteria Type VTE3 Type

Species S.sp C.r. (I) T.p. H.sp A.fu. C.r. (II) S.o. O.s.

A.t. 18/27 18/28 18/28 39/55 40/56 70/79 85/93 81/89
O.s. 17/27 17/29 18/28 40/56 43/60 65/75 74/83
S.o. 18/27 16/28 17/28 41/56 41/58 62/71
C.r. (II) 16/31 16/28 16/27 42/58 40/60
A.fu. 19/33 21/43 21/36 42/59
H.sp. 20/31 22/36 20/33
T.p. 48/66 54/67
C.r. (I) 45/62

Pair-wise comparisons of predicted mature proteins (as predicted by
PSORT) were performed using CLUSTAL W. Values indicate the per-
centage identity/similarity in the shorter sequence of each pair. A.fu., A.
fulgidus VTE3-like protein; A.t., Arabidopsis VTE3; C.r. (I), C. reinhardtii
cyanobacteria-type ortholog; C.r. (II), C. reinhardtii VTE3-type ortholog;
H.sp, Halobacterium sp NRC-1 VTE3-like protein; O.s., Oryza sativa
VTE3; S.o., Spinacia oleracea VTE3; S.sp, Synechocystis sp PCC6803;
T.p., T. pseudonana Sll0418.
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share 45 and 48% identity, respectively, with Synechocystis sp
PCC6803 Sll0418 (Table 3, Figure 6). The full-length C. rein-
hardtii MPBQ/MSBQ MT coding region was amplified from a
cDNA library, sequenced, and engineered for the expression
and assay of activity in E. coli. As with VTE3 and Synechocystis
sp PCC6803 MPBQ/MSBQ MT, the C. reinhardtii cyanobacte-
ria-type enzyme was found to use both MPBQ and MSBQ
(Figure 5) as substrates in vitro but not �-T or �-T (results not
shown). The T. pseudonana protein could not be assayed,
because cDNA libraries are not readily available for this or-
ganism.

Arabidopsis VTE3 appears to represent a highly conserved
gene in vascular plants. The sequences shown in Table 3 and
Figure 6 are representative of the numerous orthologs found in
vascular plant databases. Furthermore, VTE3 orthologs also
were identified in EST databases of two nonvascular plants,

Physcomitrella patens and Marchantia polymorpha, and in the
genome and EST databases of the green alga C. reinhardtii,
making the latter the only organism that encodes both types of
MPBQ/MSBQ MTs. C. reinhardtii VTE3 is 70% identical to Ara-
bidopsis VTE3 (Table 3). Attempts to engineer C. reinhardtii
VTE3 for expression and assay of activity in E. coli have been
unsuccessful to date. Expanding the search for VTE3 homology
beyond the plant kingdom failed to identify VTE3 orthologs in
mammalian, fungal, cyanobacterial, or other eubacterial data-
bases. However, apparent orthologs to Arabidopsis VTE3 were
identified in two archeal species, Archaeoglobus fulgidus and
Halobacterium sp NRC-1 (Table 3). These two archeal “VTE3-
like” proteins are �40% identical to VTE3 proteins from
throughout the plant kingdom (Table 3, Figure 6). However, al-
though this similarity extends throughout the predicted archeal
protein sequences, both archeal VTE3-like proteins lack an

Figure 6. Alignment of Cyanobacteria- and VTE3-Type MPBQ/MSBQ MTs.

The transit peptide or signal sequence (as appropriate) was predicted by PSORT for each protein and removed before alignment using CLUSTAL W.
The locations of three S-adenosylmethionine (SAM I to SAM III) binding domains are indicated by solid bars below the alignment. The asterisk above
the alignment indicates the position of Thr-94 in Arabidopsis VTE3, which is mutated to Ile-94 in vte3-1. Dashed lines indicate gaps in the alignment.
Arrowheads indicate the positions of conserved intron:exon junctions in the Arabidopsis and rice VTE3 genes. Background highlighting is as follows:
black, identical in at least seven sequences; red, identical in both archeal VTE3-like proteins and, where indicated, also in other sequences; blue,
identical in all cyanobacteria-type MPBQ/MSBQ MT sequences and, where indicated, also in other sequences; yellow, identical in cyanobacteria-type
and archeal VTE3-like enzymes only. Red lettering indicates residues identical in at least three eukaryotic VTE3-type MPBQ/MSBQ MT orthologs and,
where indicated, also in other sequences. A.fu. “VTE3,” A. fulgidus VTE3-like protein; A.t. VTE3, Arabidopsis VTE3; C.r. “Sll0418,” C. reinhardtii
ortholog of Synechocystis sp PCC6803 Sll0418; C.r. VTE3, C. reinhardtii VTE3; H.sp. “VTE3,” Halobacterium sp NRC-1 VTE3-like protein; O.s. VTE3,
Oryza sativa VTE3; S.o. VTE3, Spinacia oleracea VTE3; S.sp. Sll0418, Synechocystis sp PCC6803 MPBQ/MSBQ MT; T.p. “Sll0418,” Thalassiosira
pseudonana ortholog of Synechocystis sp PCC6803 Sll0418.
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�60–amino acid C-terminal extension that is highly conserved
in plants and corresponds to the third exon of the Arabidopsis
and rice VTE3 genes (Figure 6). BLAST searches using the pro-
tein sequence encoded by the third exon of Arabidopsis VTE3
as a query indicated that this protein domain is unique to eu-
karyotic VTE3 sequences.

DISCUSSION

In this study, we have reported the identification and charac-
terization of the Arabidopsis VTE3 locus, which encodes
the nonorthologous functional equivalent of Synechocystis sp
PCC6803 MPBQ/MSBQ MT, a key enzymatic activity in the
synthesis of tocopherols and PQ in photosynthetic organisms.
Both the Arabidopsis (VTE3-type) and Synechocystis sp
PCC6803 (cyanobacterial-type) MPBQ/MSBQ MT enzymes
have similar in vitro activities toward the tocopherol and PQ
biosynthetic intermediates MPBQ and MSBQ, respectively. De-
spite the striking similarity in their activities, the corresponding
proteins in the two organisms are highly divergent in primary
sequence and appear to have arisen independently during the
evolution of cyanobacteria and plants. Thus, unlike all other to-
copherol pathway enzymes in plants, it was not possible to
identify Arabidopsis MPBQ/MSBQ MT based on similarity with
its cyanobacterial counterpart; instead, a genetic approach
was required.

Two Arabidopsis mutants were identified that had pheno-
types consistent with a partial or total disruption of MPBQ/
MSBQ MT activity. The ethyl methanesulfonate–derived vte3-1
allele was used to isolate the corresponding VTE3 locus by po-
sitional cloning. The recessive vte3-1 mutation substitutes Ile-
94 for Thr-94, a residue conserved in all vascular and nonvas-
cular plant VTE3 orthologs (Figure 6 and data not shown). vte3-1
preferentially impairs the methylation of tocopherol sub-
strates in planta and has little effect on the methylation of
MSBQ to PQ. Despite the 58% reduction in �-T in vte3-1
leaves, no significant impact on plant growth and development
was observed. vte3-2 is a null, T-DNA insertion allele that,
when homozygous, completely disrupts both MPBQ and
MSBQ MT activity in vivo; this results in the absence of �-T in
leaves and �-T in seeds and the accumulation of high levels of
�-T and �-T in each tissue, respectively. Unlike vte3-1, vte3-2
seedlings also lack PQ, accumulate the immediate precursor
MSBQ, and are seedling lethal in soil as a result of severe pho-
tobleaching. Interestingly, in leaf tissue, vte3-2 is semidominant
for the tocopherol phenotype but recessive for the PQ pheno-
type.

The Arabidopsis vte3 mutants do not appear to be the first
such mutations identified in plants. Maize and sunflower mu-
tants have been reported previously that, in retrospect, are
consistent with the disruption of VTE3 activity in these organ-
isms. Two allelic Mutator transposon-derived, high-chlorophyll-
fluorescence maize mutants have been reported that were pale
green and seedling lethal (Cook and Miles, 1992). These mu-
tants lacked PQ and �-T in leaves, accumulated what was pre-
sumed to be biosynthetic precursors, and had a phenotype
strikingly similar to Arabidopsis vte3-2. In sunflower, which pre-
dominantly accumulates �-T in its seeds, an apparently viable

mutant (tph1) was identified that accumulated �-T to as much
as 40% of total seed tocopherols (Demurin et al., 1996). tph1
likely contains a mutation in the sunflower VTE3 ortholog that
preferentially affects tocopherol methylation in a manner similar
to the Arabidopsis vte3-1 allele.

Orthologs with high identity to Arabidopsis VTE3 are present
in all plant genome and EST databases. Most notably, the spin-
ach VTE3 ortholog had been cloned previously and character-
ized as an abundant 37-kD chloroplast inner envelope protein
(named E37) of unknown function that contained three S-ade-
nosylmethionine binding motifs (Teyssier et al., 1996). A sub-
strate for E37 could not be determined, but the protein was
immunologically detectable in both photosynthetic and non-
photosynthetic spinach tissues and in a number of other plant
species (Teyssier et al., 1996). Given the facts that the inner
envelope is the subcellular site of tocopherol biosynthesis
in plants (Soll et al., 1980, 1985) and that spinach E37 is 84%
identical to Arabidopsis VTE3 (Table 3), it now seems clear that
spinach E37 encodes MPBQ/MSBQ MT. The widespread pres-
ence of VTE3 orthologs in plant databases and the isolation of
maize and sunflower mutants with phenotypes similar to spe-
cific Arabidopsis vte3 alleles suggest that this reaction in to-
copherol and PQ synthesis is catalyzed by an enzyme that is
highly conserved in both structure and function in dicots and
monocots.

New Insights into the Synthesis and Regulation of 
Tocopherols and PQ

Previous studies have demonstrated that tocopherol biosyn-
thetic enzymes are remarkably conserved in both primary se-
quence and activity in cyanobacteria and plants (Norris et al.,
1998; Shintani and DellaPenna, 1998; Collakova and DellaPenna,
2001; Porfirova et al., 2002; Shintani et al., 2002; Sattler et
al., 2003). In this regard, the low sequence identity of MPBQ/
MSBQ MT in Arabidopsis and Synechocystis sp PCC6803
stands in stark contrast to other pathway enzymes and sug-
gests that although similar, fundamental differences exist in to-
copherol and PQ synthesis in cyanobacteria and plants. Sev-
eral lines of evidence support this hypothesis. The null vte3-2
mutant lacks �-T and PQ and is seedling lethal, indicating that
VTE3 is essential for the synthesis of both compounds in Arabi-
dopsis. By contrast, the analogous Synechocystis sp PCC6803
sll0418::aphII mutant is viable and has only reduced levels of
tocopherols and PQ (Table 1). This finding indicates that, unlike
Arabidopsis, functional redundancy exists for MPBQ/MSBQ
MT in Synechocystis sp PCC6803 and that this step in tocoph-
erol and PQ synthesis has diverged significantly in cyanobacte-
ria and plants.

Additional divergence of the two pathways is evident from
the phenotypes of HPPD mutants in cyanobacteria and plants.
As with VTE3, a null mutation of Arabidopsis HPPD disrupts
both tocopherol and PQ synthesis and is seedling lethal (Norris
et al., 1998), indicating that the synthesis of both compounds is
HGA dependent in plants (Figure 1). By contrast, a null HPPD
mutation in Synechocystis sp PCC6803 results in viable cells
that are tocopherol deficient but contain wild-type levels of PQ,
indicating that PQ synthesis is HGA independent in Syn-
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echocystis sp PCC6803 (Dahnhardt et al., 2002). These data
demonstrate that although the PQ produced in plants and cy-
anobacteria is chemically identical, the PQ biosynthetic path-
ways differ in the two organisms, at least at the steps of aro-
matic head group synthesis and ring methylation. Therefore,
the PQ pathway shown in Figure 1 is valid only for photosyn-
thetic eukaryotes, and PQ biosynthesis in cyanobacteria must
be reassessed.

Enzymes of the tocopherol pathway often are grouped into
two categories: those that contribute to tocopherol flux/accu-
mulation (e.g., HPPD and HPT) and those that define the to-
copherol composition of a tissue (e.g., �-TMT and TC). Consis-
tent with this classification scheme, overexpression of HPPD
(Tsegaye et al., 2002) or HPT (Savidge et al., 2002; Collakova
and DellaPenna, 2003) increased total seed tocopherol levels
by up to 30 and 75%, respectively, whereas �-TMT overex-
pression resulted in the conversion of the large pool of �-T in
seeds to �-T without affecting total seed tocopherol levels
(Shintani and DellaPenna, 1998). From these previous studies,
one would predict that altering VTE3 activity would affect to-
copherol composition without positively affecting total tocoph-
erol flux/accumulation. Therefore, it was quite unexpected to
observe, in addition to altered tocopherol composition, a highly
significant (P � 0.01) 31 to 38% increase in total tocopherol
levels in vte3 mutant seeds (Table 2). This phenotype suggests
the presence of a previously unknown mechanism regulating
tocopherol flux or accumulation in wild-type seeds that is dis-
rupted by the vte3 mutations.

The nature of this regulatory mechanism is unclear and theo-
retically could occur at any time between gene expression and
the modulation of enzyme activities in the pathway, but it likely
involves the generation or removal of an effector by the vte3
mutations. Because MPBQ and DMPBQ are undetectable in
both the wild type and vte3 mutants, these compounds can be
excluded as possible effectors. Likewise, �-T and �-T also can
be excluded because altering the seed �-T:�-T ratio by 80-fold
as a result of �-TMT overexpression did not affect total seed
tocopherol levels (Shintani and DellaPenna, 1998). The most
likely candidate effector molecule is �-T, which is undetectable
in wild-type seeds and increased in vte3 seeds. Whether �-T
mediates regulation by affecting the kinetic properties of other
pathway enzymes or serves as a signal that results in the al-
tered expression of pathway genes remains to be determined.
What is clear from the phenotype of seeds containing vte3 mu-
tations is that the tocopherol composition of a tissue plays a
previously unsuspected role in regulating tocopherol flux and/
or accumulation.

The Evolution of VTE3- and Cyanobacteria-Type 
MPBQ/MSBQ MTs

The low sequence identity of cyanobacteria- and VTE3-type
MPBQ/MSBQ MTs suggests that the two classes of enzymes
are the result of convergent evolution. The presence of VTE3
orthologs in all angiosperms, in the nonvascular plants P. pat-
ens and M. polymorpha, and in the green alga C. reinhardtii
suggests that photosynthetic eukaryotes acquired the VTE3-
type enzyme before the divergence of green algae and plants

some 800 million years ago (O’Kelly, 1992; Lemieux et al.,
2000). The absence of VTE3 orthologs from eubacteria (includ-
ing cyanobacteria) and the presence of VTE3-like orthologs in
two archeal species suggest that VTE3 was present in a com-
mon ancestor of archea and plants but subsequently was lost
from most archeal lineages. Cyanobacteria-type MPBQ/MSBQ
MT orthologs are present in all cyanobacterial genomes and in
the genomes of two unicellular photosynthetic eukaryotes, C.
reinhardtii and the diatom T. pseudonana. C. reinhardtii is
unique in being the only organism currently known to encode
both cyanobacteria- and VTE3-type MPBQ/MSBQ MTs, sug-
gesting that the common ancestor of green algae and plants
had both types of enzymes and that plants subsequently lost
the cyanobacteria-type enzyme early in their evolution. T.
pseudonana also is unique in being the only photosynthetic eu-
karyote known that does not encode a VTE3-type enzyme in its
genome. Whether the common ancestor of plants, green algae,
and diatoms contained both types of enzymes and VTE3 was
lost in the diatom lineage will require the sequencing of addi-
tional genomes representing early branches of photosynthetic
eukaryote evolution.

In summary, we have isolated and characterized an Arabi-
dopsis MPBQ/MSBQ MT that is the nonorthologous functional
equivalent of its cyanobacterial counterpart. The Arabidopsis
VTE3 gene encodes a protein and activity in tocopherol and PQ
biosynthesis that are highly conserved in photosynthetic eu-
karyotes. An intriguing question remains regarding when and
how this plant enzyme evolved from archea, the third domain of
life, whereas all other steps of the plant tocopherol biosynthetic
pathway appear to have originated from an endosymbiotic
event with a cyanobacterium. Understanding the origin of VTE3
during the evolution of plants will provide new insight into the
transfer of genetic information among the three domains of life
during the emergence and evolution of the fundamental biolog-
ical process of photosynthesis.

METHODS

Plant Materials and Growth Conditions

Ethyl methanesulfonate–mutagenized Arabidopsis thaliana seeds were
obtained from Lehle Seeds (Round Rock, TX). The vte3-2 T-DNA inser-
tional line was identified by searching the SIGNAL database World Wide
Web site (http://signal.salk.edu/cgi-bin/tdnaexpress) at the Salk Institute
for Biological Studies (La Jolla, CA). Seeds containing the vte3-2 muta-
tion were obtained from the ABRC at Ohio State University (http://
www.biosci.ohio-state.edu/plantbio/Facilities/abrc/abrchome.htm). Soil-
grown plants were kept at 22C under a 16-h photoperiod. Tissue cul-
ture–grown seedlings were grown at 22/19C (day/night) with a 12-h
photoperiod on 1� Murashige and Skoog (1962) salts (Gibco BRL), pH
5.7, with 1% (w/v) sucrose and 1% (w/v) phytagar.

Identification and Map-Based Cloning of vte3-1

Ethyl methanesulfonate–mutagenized M2 seeds were grown in soil in a
96-well format for 3 to 4 weeks. Total lipids were extracted from leaf tis-
sues according to Collakova and DellaPenna (2001) and subjected to
HPLC (1100 series; Agilent, Wilmington, DE) on a Spherisorb ODS-2
5-�m, 250- � 4.6-mm reverse-phase column (Column Engineering, On-
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tario, CA) using the solvent system described by Sattler et al. (2003).
The original vte3-1 mutant line was backcrossed to wild-type Columbia
two times. For mapping purposes, vte3-1 (in the Columbia background)
was crossed to wild-type Landsberg erecta, and the resulting F2 popu-
lation was screened using reverse-phase HPLC for the vte3-1 pheno-
type. Simple sequence length polymorphism markers for BAC clones
T15C9 and T17J13 were described by Bell and Ecker (1994). DNA was
isolated using Plant DNAZOL (Invitrogen, Carlsbad, CA) and used in a
20-�L PCR.

Analysis of Prenylquinones

Quantitative analyses of tocopherols and plastoquinone (PQ) were per-
formed using normal-phase HPLC. Total lipids were extracted from 65 to
75 mg of tissue culture–grown plants or from 20 mg of dry seeds accord-
ing to Collakova and DellaPenna (2001). Total lipids were separated on a
ReliaSil silica 250- � 4.6-mm normal-phase column (Column Engineer-
ing) at 30C with 1 mL/min hexane and dioxane using the following gra-
dient program: 0 to 15 min, 0.2 to 2% dioxane; 15 to 25 min, 2 to 4% di-
oxane; 25 to 35 min, dioxane held at 4%; 35 to 40 min, 4 to 0.2%
dioxane; and 40 to 60 min, dioxane held at 0.2%. Absorption spectra
(190 to 800 nm) and fluorescence signals (excitation at 290 nm, emission
at 330 nm) were collected. PQ and tocopherol standard curves were pre-
pared using the same method.

Expression and Assay of 2-Methyl-6-Phytyl-1,4-Benzoquinone/
2-Methyl-6-Solanyl-1,4-Benzoquinone Methyltransferase in 
Escherichia coli

Synechocystis sp PCC6803 2-methyl-6-phytyl-1,4-benzoquinone/2-
methyl-6-solanyl-1,4-benzoquinone methyltransferase (MPBQ/MSBQ
MT) was engineered and expressed in E. coli as described by Shintani et
al. (2002). Arabidopsis VTE3 was amplified by PCR from an Arabidopsis
leaf cDNA library using Pwo DNA polymerase (Roche Applied Science,
Indianapolis, IN), a forward primer engineered with an NdeI site (under-
lined) to generate an in-frame ATG (5�-CGGCATATGGCCTCTTTG-
ATGCTCAAC-3�), and a reverse primer (5�-CGGTCAGATGGGTTG-
GTCTTTGGG-3�). Chlamydomonas reinhardtii MPBQ/MSBQ MT (Syn-
echocystis type) was amplified from a C. reinhardtii cDNA library
(Davies et al., 1996) using Pwo DNA polymerase, a forward primer engi-
neered with an NdeI site (underlined) to generate an in-frame ATG (5�-
CATATGCTTGGGCAATCCCTGC-3�), and a reverse primer (5�-GCA-
CCCGCTCCTTACTTCA-3�). The amplified fragments were ligated to the
EcoRV site of pBluescript KS(�) (Stratagene). Inserts were excised with
NdeI and BamHI, inserted into the pET30A expression vector digested
previously with the same enzymes (Novagen, Madison, WI), and trans-
formed into BL21DE3 (Novagen).

Growth, induction, cell harvesting, and extraction of engineered pro-
teins in E. coli were performed as described by Shintani et al. (2002).
Cells carrying an empty pET30A vector also were induced as a negative
control. To determine the optimal conditions for the solubilization and
activity of each enzyme, each induced protein was solubilized in 50 mM
Tris-Cl, pH 8.0, 5 mM DTT, and 1 mM phenylmethylsulfonyl fluoride con-
taining 1% (v/v) of one of the following detergents: Triton X-100, Tween
20, 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid
(CHAPS), and �-D-dodecyl maltoside. After centrifugation at 12,000
rpm, the supernatant was collected, the protein concentration was mea-
sured with the Coomassie Protein Assay Reagent (Pierce, Rockford, IL),
and aliquots were stored at �80C until assay.

Enzyme assays were performed as described by Peddibhotla et al.
(2002), except that the incubation time for Arabidopsis VTE3 was ex-
tended to 6 to 12 h. Enzymes were assayed at detergent concentrations
ranging from 0.01 to 0.1% (v/v) final concentration, and the optimal type

and concentration of detergent for each solubilized protein were deter-
mined by comparing the yield of the radiolabeled products. The optimal
detergents and final concentrations for the assays of Synechocystis sp
PCC6803 MPBQ/MSBQ MT, its ortholog from C. reinhardtii, and Arabi-
dopsis VTE3 were 0.1% (v/v) Tween 20, 0.1% (v/v) �-D-dodecyl malto-
side, and 0.1% (v/v) CHAPS, respectively. Chemical synthesis and puri-
fication of 2-methyl-6-phytylbenzoquinone substrate were as reported
by Peddibhotla et al. (2002). 2-Methyl-6-solanylbenzoquinone substrate
was extracted and purified from iris bulbs as described by Henry et al.
(1987).

Phylogenetic Analysis

Sequence alignments were performed with CLUSTAL W (MacVector;
Genetics Computer Group, Madison, WI) using the BLOSUM 30 protein
matrix (for Figure 2), the identity protein matrix (for Figure 6), and default
parameters for gap penalties. The phylogenetic tree was generated us-
ing the neighbor-joining method. Ties in the tree are treated randomly,
with distances uncorrected and gaps distributed proportionally. Boot-
strap measurements were conducted with 1000 iterations.

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 Dean DellaPenna, dellapen@msu.edu.

Accession Numbers

Unless indicated otherwise, all gene accession numbers are from Na-
tional Center for Biotechnology Information. Rat Gly N-MT, S00112; C.
reinhardtii VTE3, AY333781; rice VTE3 (TIGR), TC105417; spinach VTE3,
X56963; Halobacterium sp NRC-1 VTE3-like protein, NP_280804;
A. fulgidus VTE3-like protein, NP_069348; yeast ERG6, CAA89944;
maize C-24 sterol methyltransferase, AAB70886; Arabidopsis �-TMT
(MIPS; www.mips.biochem.mpg.de), NM_105171; Arabidopsis SMT1,
NM_121374; Synechocystis sp PCC6803 �-TMT, ORF Slr0089 (Cyano-
base; www.kazusa.or.jp/cyano/cyano.html), BAA10562; Nostoc puncti-
forme �-TMT, ZP_00110362; C. reinhardtii cyanobacteria-type MPBQ/
MSBQ MT, AY293576; Synechocystis sp PCC6803 MPBQ/MSBQ MT,
ORF Sll0418 (Cyanobase), BAA18485; T. elongatus, BAC09278; Nostoc
sp PCC7120 cyanobacterial MPBQ/MSBQ MT (Joint Genomic Institute
[JGI]; http://genome.jgi-psf.org/draft_microbes/nospu/nospu.home.html),
contig651; Trichodesmium erythraem, ZP_00074879; P. marinus MED4,
ZP_00105453; Synechococcus sp WH8102, ZP_00116290; P. marinus
strain MIT9313, ZP_00114022; alfalfa COMT, 1FPQA; and T. pseu-
donana cyanobacteria-type MPBQ/MSBQ MT, assembled from JGI dia-
tom raw genome data (http://genome.jgi-psf.org/thaps0/thaps0.home.html)
using the following sequences: PQI43478.x1, TEU52932.y1, SXZ28761.x1,
TEU29767.x1, PQI75058.y1, PQI134681.x1, TEU44005.y1, PQJ3077.x2,
PQI20677.x1, PQI107604.y1, PQI127568.y1, PQI22068.y1, and
PQI117660.y1. The coding region of the T. pseudonana consensus se-
quence was predicted by GENSCAN (http://genes.mit.edu/GENSCAN.
html).
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