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Tocopherols (vitamin E) comprise a class of lipid-soluble antioxidants synthesized only in plants, algae, and
some cyanobacteria. The majority of tocopherols in photosynthetic cells is in the o form, which has the highest
vitamin E activity in humans, whereas the 3, v, and & forms normally account for a small percentage of total
tocopherols. The antioxidant activities of these forms of tocopherol differ depending on the experimental
system, and their relative activities in vivo are unclear. In a screen for suppressors of the xanthophyll-deficient
npql lorl double mutant of Chlamydomonas reinhardtii, we isolated a vte3 mutant lacking a-tocopherol but
instead accumulating 3-tocopherol. The vte3 mutant contains a mutation in the homolog of a 2-methyl-6-
phytyl-1,4-benzoquinone methyltransferase gene found in plants. The vte3 npql lorl triple mutant with 3-to-
copherol survived better under photooxidative stress than did the npql lorl mutant, but the vte3 mutant on its
own did not have an obvious phenotype. Following transfer from low light to high light, the triple mutant
showed a higher efficiency of photosystem II, a higher level of cell viability, and a lower level of lipid peroxide,
a marker for oxidative stress, than did the npql lorl mutant. After high-light transfer, the level of the
photosystem II reaction center protein, D1, was also higher in the vte3 npql lorl mutant, but the rate of D1
photodamage was not significantly different from that of the npql lorl mutant. Taken together, these results
suggest that the replacement of a-tocopherol by 3-tocopherol in a xanthophyll-deficient strain of Chlamydo-

monas reinhardtii contributes to better survival under conditions of photooxidative stress.

Tocopherols (vitamin E) are amphipathic molecules (Fig. 1)
synthesized exclusively in oxygenic photosynthetic organisms.
Because tocopherols are essential nutrients in the human diet,
their function and chemistry both in vitro and in animal sys-
tems have been studied extensively. Tocopherols have been
linked to the prevention of diseases such as cancer, atheroscle-
rosis, and neuronal degeneration (41, 52, 56). They function as
potent lipid-soluble antioxidants in both plants and animals
(44). There are two main antioxidant functions of tocopherols.
One function is the scavenging of harmful radicals, especially
lipid peroxyl radicals (42). In this reaction, tocopherols donate
an electron from the chromanol head group to a lipid peroxyl
radical and stop membrane lipid peroxidation chain reactions.
Tocopherol itself becomes a radical and is thought to be re-
generated by interacting with ascorbate (48). The second an-
tioxidant function of tocopherol is the quenching of singlet
oxygen. In animals, singlet oxygen can be generated, for exam-
ple, by UV-activated endogenous photosensitizers in the skin
(39). In plants, singlet oxygen is generated mostly by triplet
chlorophyll in photosystem II (25). Aside from being an anti-
oxidant, tocopherol is also involved in non-antioxidant regula-
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tory functions that affect membrane rigidity, transcription, in-
tracellular signaling, photosynthesis, macronutrient starvation,
and carbohydrate metabolism (13, 20, 28, 33, 38, 40, 44).

Tocopherol comes in four different forms: «, B, vy, and 3. All
forms are composed of a hydrophilic chromanol head group
synthesized from the shikimate pathway and a lipophilic phytyl
side chain synthesized from the isoprenoid pathway (Fig. 1).
The differences among the four forms are the numbers and
positions of the methyl groups on the head group. a-Tocoph-
erol has three methyl groups, B- and vy-tocopherol have two,
and &-tocopherol has one. The tocopherol biosynthetic path-
way has been studied for both the model plant Arabidopsis
thaliana and a cyanobacterium, Synechocystis sp. strain PCC
6803 (11). The synthesis of tocopherol is initiated by the ad-
dition of a phytyl side chain to the homogentisic acid (HGA)
head group, creating 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ)
(Fig. 1). The addition of a different side chain to the HGA
head group results in the production of 2-methyl-6-solanesyl-
1,4-benzoquinol (MSBQ), an intermediate in plastoquinone
biosynthesis. In A. thaliana, the methylation of MPBQ and
MSBAQ is catalyzed by the same enzyme, MPBQ/MSBQ meth-
yltransferase, generating 2,3-dimethyl-5-phytyl-1,4-benzoqui-
nol (DMPBQ) and plastoquinone, respectively. The cyclization
of MPBQ and DMPBQ by tocopherol cyclase produces 8- and
y-tocopherol, which are methylated to form B-tocopherol and
a-tocopherol, respectively.

a-Tocopherol is the most studied form of tocopherol, be-
cause it has the highest vitamin E activity due to its preferential
retention by the tocopherol transfer protein in animals (21).
a-Tocopherol is also the predominant form in cells of photo-
synthetic organisms, except in seeds, which contain mostly the
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FIG. 1. Tocopherol and plastoquinone biosynthetic pathways in A. thaliana, Synechocystis sp. strain PCC 6803, and C. reinhardtii. Differences
in the methylation step of MPBQ and MSBQ are shown. Question marks indicate unknown enzymes or that the function of a specific enzyme has
not be proven, and the “and/or” indicates a possibility of functional redundancy or that another enzyme is responsible for the function. TMT,
y-tocopherol methyltransferase; HPP, p-hydroxyphenylpyruvate; HPPD, p-hydroxyphenylpyruvate dioxygenase; HPT, homogentisate phytyltrans-
ferase; HST, homogentisate solanesyltransferase; MPBQ/MSPQ MT, MPBQ/MSBQ methyltransferase; phytyl-DP, phytyldiphosphate; solanesyl-

DP, solanesyldiphosphate; TC, tocopherol cyclase.

v form. To increase vitamin E content, the tocopherol compo-
sition of soybean seeds has been altered by the overexpression
of A. thaliana MPBQ/MSBQ methyltransferase together with
y-tocopherol methyltransferase, resulting in the accumulation
of a- instead of y-tocopherol (54). Increasing evidence has led
to a better understanding of other forms of tocopherols in
biological systems. For instance, it was previously shown that
y-tocopherol is a better antioxidant than a-tocopherol against
reactive nitrogen species in liposomes (8). Transgenic tobacco
accumulating y-tocopherol showed a higher tolerance toward
sorbitol and methyl viologen but was more sensitive to salt
stress than the wild-type strain, which accumulates a-tocoph-
erol (1). The relative antioxidant activity of tocopherols has
been shown to be a« > B > vy > & according to data from
liposome studies (15). On the other hand, in vitro studies
examining the antioxidant activity in fats and oils showed the
relative antioxidant activity to be 8 > 8 > vy > « (23). Addi-
tionally, the relative physical quenching of singlet oxygen by
tocopherols is « = 3 > vy > §, whereas the relative chemical
quenching is « > vy > 8 > B (22). Due to its low chemical
reactivity with singlet oxygen, it was previously suggested that
B-tocopherol might be a suitable form under conditions where
harmful oxidation products may not be readily eliminated (22).

We isolated a Chlamydomonas reinhardtii mutant that accu-
mulates B-tocopherol instead of a-tocopherol. In A. thaliana,
defects in MPBQ/MSBQ methyltransferase cause a similar
tocopherol phenotype (7). However, because this enzyme is
also responsible for the synthesis of plastoquinone in A. thali-
ana, comparison of the role of 8- and a-tocopherol in vivo has
been difficult due to the plastoquinone deficiency (7, 32). In
Synechocystis sp. strain PCC 6803, a mutant of MPBQ meth-
yltransferase (sl10418) showed no effect on the plastoquinone
level (4), but both the tocopherol content and composition
were only slightly affected, with only a 35% reduction in the
amount of total tocopherol, the majority of which remained in
the o form (40). Interestingly, our C. reinhardtii mutant com-
pletely lacks a-tocopherol and synthesizes normal levels of
plastoquinone. This mutant provides us with an in vivo system
to investigate the role of B-tocopherol compared to a-tocoph-
erol in survival under oxidative stress conditions without af-
fecting photosynthesis.

MATERIALS AND METHODS

Strains and growth conditions. Wild-type Chlamydomonas reinhardtii strain
4A™ (137c background) was used in this work (12). The npql lorl mutant was
previously described (35). All strains were maintained on Tris-acetate-phosphate
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plates (17) at 10 wmol photons m~2 s~ before being transferred to appropriate

conditions for experiments. For all high-performance liquid chromatography
(HPLC) analyses and physiological characterizations, cells were grown photoau-
totrophically in 100 ml liquid high-salt minimal medium (17) to a density of 1 X
10° to 2 X 10° cells/ml in continuous low light (50 wmol photons m~2 s~ ') and,
when indicated, shifted to high light (500 pmol photons m~2 s~ 1). Cell viability
was measured by plating a known number of cells and counting the number of
colonies after 10 days in low light.

HPLC analysis. Tocopherols were extracted from 2 to 4 ml of cell culture by
vortexing the cell pellet in 200 wl acetone at maximum speed for 30 s. Normal-
phase HPLC was used to identify the forms of tocopherols that accumulated. The
acetone extract was evaporated under N, gas, and the pellet was resuspended in
200 wl hexane. The hexane extract was filtered through a 2-pm nylon filter, and
25 pl of the extract was subjected to normal-phase HPLC on a 4.6- by 250-mm
Luna 5-pm silica column (Phenomenex, Torrance, CA) as described previously
(46). Reverse-phase HPLC was used routinely to quantify the amounts of chlo-
rophyll a and tocopherols in all strains. The acetone extract was filtered and
subjected to HPLC on a 4.6- by 250-mm Spherisorb S5 ODS1 cartridge column
(Waters, Milford, MA) at 30°C as previously described (5). Tocopherols were
detected by fluorescence at 325 nm (295-nm excitation). Tocopherol and chlo-
rophyll a concentrations were calculated from standard curves generated from
known concentrations of standards.

The same reverse-phase HPLC system was used to detect plastoquinone by
reading the absorbance at 255 nm. Cells harvested from 100 ml of culture were
lyophilized, and plastoquinone was extracted from 10 to 15 mg of dry pellet in the
same manner as described above for tocopherol extraction except that the ex-
traction was done three times. The supernatants were pooled, evaporated under
N, gas, and redissolved in 200 pl acetone. Pure plastoquinone used to generate
a standard curve was a gift from D. Creed (University of Southern Mississippi).

Chlorophyll fluorescence and lipid peroxidation measurements. Samples were
taken at the indicated time points for chlorophyll @ measurement by spectro-
photometry (37). Chlorophyll fluorescence was measured using an FMS2 pulse-
amplitude-modulation fluorometer (Hansatech, King’s Lynn, United Kingdom)
as previously described (6). The number of cells corresponding to 5 pg chloro-
phyll a were deposited onto a 25-mm-diameter, 12-wm-pore-size nitrocellulose
filter (Millipore, Bedford, MA) by filtration and were dark adapted in a moist
petri dish for 15 min prior to measurements. Thiobarbituric acid-reactive sub-
stances were measured as previously described (5) except that 1 ml of trichlo-
roacetic acid-thiobarbituric acid solution was used per sample.

Genetic analysis. Genetic crosses and tetrad analysis were performed accord-
ing to established methods (17). For dominance testing, the allelic arg7-1 and
arg7-8 mutations, which exhibit intragenic complementation, were used to select
for stable diploid strains on TAP agar medium without arginine (17). For linkage
analysis, the mutant was crossed to polymorphic wild-type strain S1-D2 (mt™)
(16). An insertion-deletion polymorphism in VTE3 was scored by PCR using a
forward primer, 5'-AACCACCTTGAGGTTGGGGTCGTC-3’, and a reverse
primer, 5'-CAATGCGAAAGGAGTCGCAACCAT-3', followed by agarose gel
electrophoresis. A marker for the sll0418 gene product homolog was scored by
PCR using a forward primer, 5'-GAGCCAACGCGATGGGTGCTAGATG-3',
and a reverse primer, 5'-ATCATGGCGCCTCACAGATTGCATT-3', followed
by digestion with ScrFI and agarose gel electrophoresis.

Complementation with wild-type VTE3. Plasmid vector pGenD-Ble was used
to generate constructs for complementation (14). Full-length V'TE3 cDNA was
amplified using a forward primer, 5'-GGAATTCCATATGCTTGGGCAATCC
CTGCGAGGC-3', engineered with an Ndel site (underlined) and a reverse
primer, 5'-CGGAATTCTTACATCTCCCAGTTCTTGGGCCA-3’, engineered
with an EcoRI site (underlined). Similarly, a forward primer, 5'-GGAATTCC
ATATGCTTGGGCAATCCCTGCGAGGC-3', and a reverse primer, 5'-CGG
AATTCCATCTAGCACCCATCGCGTTGGCTC-3’ (restriction sites are un-
derlined), were used to amplify full-length cDNA of the s1l0418 gene product
homolog. Vector pMS188, carrying a zeocin resistance gene, was cotransformed
to select for transformants (45). Nuclear transformation was carried out as
previously described (30). The amounts of vector pGenD-Ble and vector pMS188
used were 1 pg and 300 ng, respectively. Transformants were selected on TAP
plates containing 5 WM zeocin, and their tocopherol phenotype was scored by
HPLC. Both complemented and noncomplemented transformants were checked
by PCR for the presence of the PSAD-VTE3 construct, and only the comple-
mented transformants showed a PCR product on an agarose gel (data not
shown).

Isolation of nucleic acids and DNA sequencing. DNA was isolated from cells
grown in 10 ml TAP using DNAzol reagent (Invitrogen) according to the man-
ufacturer’s instructions. RNA was isolated as previously described (27). Sequenc-
ing of PCR fragments and constructs for transformation was performed as
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previously described (5). All sequence analyses and alignments were performed
using Lasergene software (DNASTAR, Madison, WT).

Preparation of protein extracts, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and immunoblot analysis. When indicated, lincomycin was
added to cultures to a final concentration of 500 pg/ml. Cells were harvested
from 10-ml culture aliquots. Protein extracts were prepared as previously de-
scribed (5). A sample volume corresponding to 0.5 X 10° cells was loaded into
each well of Novex precast 10 to 20% polyacrylamide Tris-glycine gradient gels
(Invitrogen, Carlsbad, CA). Proteins were blotted onto a nitrocellulose mem-
brane and probed with anti-D1 antibody, which was a gift from A. Melis (Uni-
versity of California, Berkeley, CA). The reactive protein bands were detected
with peroxidase-linked secondary antibody, and the signals were detected by
enhanced chemiluminescence (Pierce, Rockford, IL). Signal strength was quan-
tified by use of the ImageJ program (2).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the sequence data reported in this article are EU391265 (C. reinhardtii y-tocoph-
erol methyltransferase genomic DNA), EU391266 (C. reinhardtii cyanobacte-
rium-type MPBQ/MSBQ methyltransferase complete cDNA), and EU391267
(C. reinhardtii plant-type MPBQ/MSBQ methyltransferase complete cDNA).

RESULTS

Isolation and genetic characterization of vte3. The npql lorl
double mutant is unable to synthesize the carotenoids lutein
and zeaxanthin, resulting in photobleaching and cell death in
high light (6, 35). Several suppressors of the npgl lorl double
mutant were identified by their ability to survive in high light
(5). HPLC analysis showed that one of the suppressors lacked
a-tocopherol and accumulated a different form of tocopherol.
The mutation responsible for this phenotype was named vte3.
Backcrosses to the npgl lorl parent revealed that vte3 was not
sufficient for the suppressor phenotype and that a fourth mu-
tation was primarily responsible for the ability to grow in high
light. The fourth mutation was eliminated during subsequent
backcrossing, and the vte3 mutant in the npq! lorl background
was then crossed to a wild-type strain five times to isolate
isogenic vte3, npql lorl, and vte3 npql lorl strains for further
characterization.

A normal-phase HPLC column that separates all four forms
of tocopherol was used for tocopherol identification and
quantitation. Wild-type and npq! lorl strains accumulated o-
tocopherol with only a small percentage of other tocopherols
(Table 1). In contrast, the vte3 and vte3 npql lorl strains com-
pletely lacked a-tocopherol but accumulated B-tocopherol
with a small amount of 3-tocopherol (Table 1). The total
amounts of tocopherol in these strains were similar (Table 1).

Tetrad analysis of the progeny from backcrosses of vte3
strains to the wild type showed a 2:2 segregation of B-tocoph-
erol and a-tocopherol accumulation based on HPLC of over 50
complete tetrads (data not shown), indicating that the tocoph-
erol phenotype of vte3 is due to a single nuclear mutation.
Similar to haploid strains, a wild-type diploid strain accu-
mulated a-tocopherol, and a vte3/vte3 diploid accumulated
B-tocopherol (Table 1). A heterozygous vte3/VTE3 strain
accumulated mostly a-tocopherol, but a significant amount
of B-tocopherol was observed (Table 1), indicating that vte3
is semidominant.

vte3 contains a mutation in a plant-type MPBQ methyl-
transferase homolog. The accumulation of B-tocopherol in
vte3 suggested a defect in MPBQ methyltransferase. Previously
reported studies showed that divergent genes encode this en-
zyme in plants and cyanobacteria (7). C. reinhardtii is the only
known organism so far that contains orthologs of both the
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TABLE 1. HPLC analysis of tocopherols and plastoquinone”

Mean amt (pmol/10° cells) + SD (%)”

Mean plastoquinone

Strain Total . leve} (nmol/g [dfy
tocopherol a-Tocopherol B-Tocopherol y-Tocopherol 8-Tocopherol weight]) = SD!
Wild type 10.1 = 1.7 8.2+ 1.4(81) 0.4 =0.1(4) 1.0 £ 0.5 (10) 0.5*=0.1(5) 294 + 24
vte3 mutant 140+ 19 0(0) 13.7 = 1.8 (98) 0(0) 03*x0.1(2) 318 =32
Complemented vte3 mutant 27.0 =55 25 £5.4(92) 0.2+0.0(1) 1.7 = 0.1 (6) 0.1=0.0(1) NA
npql lor] mutant 10.0 £0.2 9.0 = 0.2 (90) 03 *+0.1(4) 0.5*+0.1(4) 02=*0.1(2) NA
vte3 npql lor] mutant 10.1 = 1.0 0(0) 9.9 = 1.0 (98) 0(0) 0.2=0.1(2) NA
VTE3/VTE3 diploid 29.6 £43 243 +4.1(82) 27x1.709) 20x13(7) 0.6 =03 (2) NA
vte3/vte3 diploid 123 =34 0(0) 11.7 = 3.1 (95) 0(0) 0.6 = 0.6 (5) NA
VTE3/vte3 diploid 36.5 = 11.3 25.5 = 5.8(70) 7.3 4.5 (20) 2.1+ 1.5(6) 1.6 +124) NA

“ The data are means * SD (n = 3 to 6).

® The percentage of each tocopherol in the total pool is given in parentheses.

¢ NA, not applicable.

plant-type (VTE3) and cyanobacterium-type (sl10418) MPBQ
methyltransferase genes. Before the C. reinhardtii genome
draft sequence was completed, the two orthologs of MPBQ
methyltransferase were found by a similarity search of the EST
Database (47). The sequences of the expressed sequence tags
were used to design primers to amplify and sequence full-
length cDNAs of both genes from wild-type C. reinhardtii. The
deduced protein sequences were used to generate alignments
with A. thaliana and Synechocystis sp. strain PCC 6803 MPBQ
methyltransferases (Fig. 2).

Linkage analysis was performed to determine if either of the
two orthologs might be affected in the vte3 mutant. A PCR-
based marker was developed for each gene, and over 50 prog-
eny from a cross between the vfe3 mutant and a polymorphic
wild-type strain were scored for the cosegregation of the mark-
ers with the B-tocopherol accumulation phenotype. Unexpect-
edly, both markers cosegregated with the B-tocopherol accu-
mulation phenotype in all of the progeny (Fig. 3), indicating
that the phenotype was closely linked to both orthologs. The
two genes were subsequently found to be 144 kb apart on
linkage group XV (Fig. 3C). Sequencing cDNAs of both genes
from vte3 revealed that the plant-type ortholog carried an
A-to-C point mutation in the sixth exon of the gene. This
mutation translates into a change of a conserved threonine
residue at position 137 to a proline residue (Fig. 2). The cya-
nobacterium-type ortholog was unaffected.

To confirm that the mutation in the plant-type VTE3 gene
was responsible for the phenotype observed, a wild-type copy
of the gene was transformed into the mutant. The expression
of V'TE3 cDNA under the control of the PSAD promoter (14)
complemented the vfe3 mutation, as shown by the restoration
of the wild-type tocopherol phenotype albeit with a higher total
tocopherol level (Table 1). The higher tocopherol level could
be due to the expression vector used, or VTE3 might be a
limiting enzyme for a-tocopherol production. No transfor-
mants with a construct carrying the cyanobacterium-type gene
were complemented. Altogether, these results show that the
accumulation of B-tocopherol in vte3 is caused by a mutation in
the plant-type MPBQ methyltransferase gene, VTE3.

Analysis of plastoquinone in vte3. Plant-type MPBQ meth-
yltransferase mutants that lack a-tocopherol and/or accumu-
late B-tocopherol have been isolated in other model organisms
such as A. thaliana and maize (7, 9, 32). Because this enzyme

catalyzes both the conversion of MPBQ to DMPBQ in the
tocopherol biosynthetic pathway and the conversion of MSBQ
to plastoquinone, an electron carrier in the photosynthetic
membrane, the mutants also exhibit a decrease or absence of
plastoquinone, which leads to a seedling-lethal phenotype. In
contrast, the Chlamydomonas vte3 mutant did not show any
obvious differences in photoautotrophic growth compared to
that of the wild type (Fig. 4), implying that plastoquinone must
be present in the mutant. Plastoquinone measurement by
HPLC confirmed that the vte3 mutation of C. reinhardtii does
not affect plastoquinone synthesis (Table 1).

Phenotypes of vte3 under conditions of photooxidative stress.
To investigate the antioxidant function of B-tocopherol in vivo,
we examined the growth of vte3 strains under oxidative stress
conditions. The vte3 and complemented vte3 strains showed no
growth phenotype relative to the wild type in continuous low
light or high light or following a shift from low light to high
light (Fig. 4). Both the npq1 lorl and vte3 npql lorl strains were
able to grow in low light but underwent photooxidative bleach-
ing in high light. Even though both strains completely bleached
in high light, only the vte3 npql lorl strain survived and re-
sumed growth when the plate was shifted back to low light (Fig.
4). Even when left longer in low light, the npq! lorI strain never
recovered to the same extent as the vte3 npql lorl strain (data
not shown).

We further explored the underlying basis for the difference
in growth phenotypes between the npql lorl and vte3 npql lorl
strains. One proposed function of tocopherol is to protect the
photosynthetic membrane from photooxidative damage, which
can be monitored by photosynthesis parameters and the
amount of lipid peroxide produced. F,/F,, values (a measure-
ment of photosystem II efficiency), the lipid peroxidation level,
and cell viability were determined, along with chlorophyll a
and tocopherol contents, by using cultures that had been ex-
posed to high-light stress. The wild-type and vte3 strains did
not exhibit differences in any of the parameters measured
except for the tocopherol content at 48 h. In contrast, the vte3
npql lorl strain showed significant differences in most of the
parameters compared to the npql lorl strain. All strains ex-
hibited similar F,/F,, values before high-light transfer, and they
showed an initial decrease in F,/F,, values during the first 6 h
(Fig. 5A). Subsequently, the F,/F,, value for the vte3 npql lor]
strain remained relatively constant, whereas the F,/F,, value
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Chlamydomonas VTE3 318 FCL PY INY =[S WN WE M
Arabidopsis VTE3 319 v L I P R W DQTIVEEED Q P I
Chlamydomonas “SLL0418” 304 M E Y MMTT PASESAANTOQDRYVPYVGAEKA
Synechocystis SLL0418 303 C R MFKEyV R N T QO A
Chlamydomonas y-TMT 25 txBEINL IscrRBEALOoO

FIG. 2. Sequence alignment of MPBQ/MSBQ methyltransferases from A. thaliana and Synechocystis sp. strain PCC 6803, their orthologs in C.
reinhardtii, and y-tocopherol methyltransferase from C. reinhardtii. Residues that are identical in at least two of the sequences are shaded in black.
Underlined residues indicate the positions of the three S-adenosylmethionine binding domains. The asterisk indicates the position of the vte3
mutation in C. reinhardtii VTE3. v-TMT, y-tocopherol methyltransferase.

for the npql lorl mutant decreased further, reaching a mini-
mum at 24 h. A loss of chlorophyll a was observed for both the
double and the triple mutants upon high-light exposure. Nev-
ertheless, the triple mutant was able to retain a significantly
higher chlorophyll a content, especially at later time points
(Fig. 5B). The vte3 npql lorl strain also exhibited slightly but
significantly higher cell viability than the npq! lorl strain (Fig.
5C). Thiobarbituric acid-reactive substances were used to mea-
sure the degree of lipid peroxidation of all strains under stress.
The wild-type and vte3 strains exhibited a low and constant
level of lipid peroxidation (Fig. 5D). The npgl lorl double
mutant showed a level of lipid peroxidation that was similar to
that of the vte3 npql lorl triple mutant at up to 24 h in high
light. At 48 h, however, the lipid peroxidation level continued
to increase in the double mutant but stayed constant in the
triple mutant. The tocopherol content in the wild-type and vte3
strains stayed relatively constant for the first 24 h. At 48 h,
however, the levels of tocopherol increased in both strains,

with the wild type having a significantly higher tocopherol
level. A difference in tocopherol levels between the double and
the triple mutants was observed at as early as 6 h until the end
of the experiment. The a-tocopherol level in the npgl lor!
strain followed the same trend as that of chlorophyll a, staying
at a constant level for the first 12 h but exhibiting a dramatic
decrease at 24 and 48 h. In contrast, the B-tocopherol level in
the vte3 npql lorl strain decreased in the first 12 h before
remaining relatively constant.

Because tocopherol has been shown to protect the D1 reac-
tion center protein from degradation by singlet oxygen gener-
ated in photosystem II during oxidative stress (26, 53), we
investigated D1 protection by different forms of tocopherol in
the npql lorl and vte3 npql lorl strains. Cultures exposed to
high light were used for immunoblotting and quantitation of
total D1 (Fig. 6A and B). The double mutant immediately
exhibited a steady decrease in levels of total D1 protein after
high-light transfer (Fig. 6B). In contrast, the triple mutant
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FIG. 3. Molecular genetic analysis of vze3. (A and B) Cosegrega-
tion analysis of vte3 and the ortholog of A. thaliana VTE3 (A) and the
ortholog of the Synechocystis sp. strain PCC 6803 s110418 gene product
(B). The vte3 mutant was crossed to a polymorphic wild-type strain
(WT) to obtain haploid progeny. A single-nucleotide polymorphism
was scored for each gene. The form of tocopherol accumulated in each
strain is indicated by « or B. la and 2d are progeny of two complete
tetrads. A total of 45 progeny were tested. (C) Relative positions of
both orthologs on linkage group XV. The orthologs are located 144 kb
apart on linkage group XV. EST894011B10, IDA2, DHC?7, and ZSP2
are chromosomal markers. VTE3, A. thaliana ortholog; sll0418, Syn-
echocystis sp. strain PCC 6803 gene product ortholog.

showed a delay in the decrease in the D1 level in the first 6 h.
After 6 h, the level of D1 in the triple mutant also decreased
steadily, as in the double mutant. After 48 h in high light, the
steady-state level of D1 was significantly lower in the double
mutant than in the triple mutant. To assay D1 photodamage
and degradation, a similar experiment was performed with
lincomycin added to inhibit the synthesis of new D1 after

PHOTOPROTECTION BY B-TOCOPHEROL 1653

degradation (Fig. 6C and D). The initial rates of D1 photo-
damage and degradation were not significantly different be-
tween the two strains (Fig. 6D). However, 4 h after lincomycin
was added, the amount of D1 was significantly higher in the
npql lorl strain than in the vte3 npql lorl strain.

DISCUSSION

In A. thaliana, the enzyme MPBQ/MSBQ methyltransferase
catalyzes both the conversion of MPBQ to DMPBQ, a precur-
sor of y- and a-tocopherols, and the conversion of MSBQ to
plastoquinone. A mutation in the gene encoding this enzyme
therefore affects the synthesis of both molecules. Plastoqui-
none-deficient mutants of maize and A. thaliana exhibit severe
growth defects and seedling lethality (7, 9, 32). They are also
a-tocopherol deficient. For cyanobacteria, the situation is dif-
ferent. First, the cyanobacterial enzyme is very diverged from
the plant version, with less than 20% amino acid identity be-
tween VTE3 from A. thaliana and the sll0418 gene product
from Synechocystis sp. strain PCC 6803 (7). Second, Synecho-
cystis sp. strain PCC 6803 s110418 mutants did not completely
lack a-tocopherol or plastoquinone. Instead, the tocopherol
content decreased to 35% of the wild-type level, and its com-
position was only slightly affected, with a small increase in B-
and &-tocopherol levels (40). The plastoquinone level ap-
peared to be unaffected (4). These phenotypes suggest that
Synechocystis must possess additional methyltransferases that
have activity toward MPBQ and MSBQ. There is also evidence
supporting the existence of a second plastoquinone biosyn-
thetic pathway in Synechocystis sp. strain PCC 6803 (10).

C. reinhardtii is the only known organism so far that carries
orthologs of both the plant and cyanobacterial MPBQ meth-
yltransferase genes (7). A previously reported study showed
that the C. reinhardtii cyanobacterium-type enzyme can use
both MPBQ and MSBQ as substrates in vitro (7). Therefore, it
seemed likely that this enzyme has a role in both tocopherol
and plastoquinone syntheses in this organism. For our study,
however, the C. reinhardtii plant-type VTE3 enzyme appears to
be the only enzyme functioning as an MPBQ methyltransferase
in tocopherol synthesis in vivo, because the vfe3 mutant does
not accumulate any trace amount of a-tocopherol. The fact
that the level of plastoquinone is unaffected in this mutant
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FIG. 4. Growth phenotype of C. reinhardtii mutants under different light conditions. Serial dilutions of cells were spotted onto minimal agar
medium and grown under conditions of low light for 1 week before being shifted to the indicated conditions. Cells were incubated for 72 h in low
light (LL) (left) and high light (HL) (middle). For light shift conditions (right), cells were treated in the same way as they were for high light except
that they were later transferred back to low light for 5 days. Low light, 50 wmol photons m™~2 s~ '; high light, 500 wmol photons m 2 s~ '. WT, wild
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FIG. 5. Chlorophyll fluorescence, chlorophyll a content, cell viabil-
ity, lipid peroxidation, and tocopherol content upon high-light (HL)
exposure of C. reinhardtii strains. (A) The chlorophyll fluorescence
parameter F,/F,,, representing the maximal photosynthetic efficiency
of photosystem II in the dark-adapted state. (B) Chlorophyll (Chl) a
content per cell. (C) Cell viability expressed as CFU/ml of culture
relative to the initial value (rel. to initial). (D) Lipid peroxidation
quantified as malondialdehyde (MDA) equivalents per cell. (E) To-
copherol content per cell. Data shown are means *+ standard devia-
tions (n = 4 to 7). Error bars are shown where they are larger than
symbols. The differences between the npgl lorl and vte3 npql lorl
strains were statistically significant (Student’s ¢ test) (* indicates a P
value of <0.05, and #* indicates a P value of <0.01). The difference in
tocopherol contents between the wild-type and vte3 strains at 48 h was
statistically significant (Student’s ¢ test) (+ indicates a P value
of <0.05). Open circles, npql lorl mutant; filled circles, vte3 npql lorl
mutant; open triangles, wild type; filled triangles, vte3 mutant.
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(Table 1) indicates that a methyltransferase other than VTE3
functions in plastoquinone synthesis or that there is a func-
tional redundancy of methyltransferases in this step of plasto-
quinone synthesis. One obvious candidate for MSBQ methyl-
transferase activity is the cyanobacterium-type enzyme. In the
Chlamydomonas vte3 background, we generated RNA inter-
ference lines targeting the gene encoding the cyanobacterium-
type enzyme, but they showed no reduction of the plastoqui-
none level (data not shown). Three scenarios are then possible.
First, it is possible that neither VTE3 nor the cyanobacterium-
type enzyme is involved in plastoquinone synthesis. Second,
both VTE3 and the cyanobacterium-type enzyme might be
involved, but this particular vte3 allele might not affect plasto-
quinone synthesis. Last, either VTE3 or the cyanobacterium-
type enzyme (or both) are normally used for plastoquinone
synthesis; however, one or more other methyltransferases can
function in plastoquinone synthesis if the other enzyme(s) is
absent. Resolution of this issue will require further investiga-
tion.

It is not surprising that the vfe3 mutation on its own shows
no growth phenotype even under conditions of high light. Re-
sults from previous studies of other organisms support this
observation. Synechocystis sp. strain PCC 6803 and A. thaliana
tocopherol mutants lacking all tocopherols or having a reduced
level of a-tocopherol also showed no growth phenotype under
conditions of high-light treatment (19, 29, 40). Only under
extreme conditions, such as a combination of very high light
and very low temperature or high light with linoleic or linolenic
acid treatment, did the phenotypes emerge. Because toco-
pherol-deficient mutants showed no phenotype, it was previ-
ously suggested that other mechanisms such as the presence of
other antioxidants can compensate for the loss of tocopherol
(19, 36).

The most plausible mechanism of compensation for a to-
copherol deficiency is the antioxidant activity of carotenoids.
Both tocopherols and carotenoids have been shown to be es-
sential for preventing lipid peroxidation and protecting photo-
system II from singlet-oxygen damage (29, 43). Several studies
have demonstrated interactions or overlapping roles of these
two groups of lipid-soluble antioxidants. For example, a-to-
copherol and zeaxanthin were previously shown to have a syn-
ergistic effect on protection against lipid peroxidation in lipo-
somes (55). The A. thaliana npgl mutant, lacking zeaxanthin
and antheraxanthin, is able to grow in high light, but it accu-
mulates larger amounts of a-tocopherol during photoacclima-
tion, suggesting that tocopherol can compensate for the miss-
ing carotenoid (18). Conversely, the A. thaliana vtel mutant,
which lacks tocopherol, accumulates larger amounts of zeax-
anthin (19). Synechocystis sp. strain PCC 6803 tocopherol mu-
tants, which showed no phenotype in high light, were sensitive
to a combination of high light and treatment with a carotenoid
synthesis inhibitor, norflurazon (29). The previously character-
ized C. reinhardtii npgl lor] mutant, which lacks the carote-
noids lutein and zeaxanthin and is sensitive to photooxidative
stress (6, 35), is therefore an ideal background in which to
study vte3. The isolation of vte3 in a screen for suppressors of
npql lorl and the demonstration of vte3 phenotypes in this
background provide further evidence of the relationship be-
tween tocopherol and carotenoids.

When exposed to high light, the npgl lorl mutant exhibits
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FIG. 6. Total amount of the D1 protein and its turnover after
high-light (HL) transfer. (A) Immunoblot analysis of total amounts of
the D1 protein after high-light transfer. Coomassie-stained polyacryl-
amide gels are shown as loading controls. Samples were taken at the
indicated time points. Dilutions were made from the samples at time
zero. (B) Quantification of the D1 protein from data shown in A.
(C) Immunoblot analysis of the D1 protein after high-light transfer in
the presence of lincomycin. A Coomassie-stained polyacrylamide gel is
shown as a loading control. (D) Quantification of the D1 protein from
data in C. Data shown are means = standard deviations (n = 3). Error
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severe photobleaching and a loss of cell viability, photosystem
II function, and the D1 protein, along with increased levels of
lipid peroxidation (6). The substitution of a-tocopherol with
B-tocopherol in the vte3 npql lorl strain resulted in a partial
rescue of these phenotypes (Fig. 4 to 6). The maintenance of
photosystem II activity seems to be very sensitive to the form of
tocopherol present, as the differences in F,/F,, values between
the npql lorl and vte3 npql lorl strains appeared as early as 6 h
after high-light transfer. The F,/F,, value remained lower in
the double mutant than in the triple mutant at all time points,
indicating higher photosystem II activity in the triple mutant.

Photosystem II constantly undergoes a damage-and-repair
cycle, even under normal light conditions, which does not
cause oxidative stress (24). This cycle involves the proteolytic
degradation of the damaged D1 protein, followed by the syn-
thesis and assembly of new D1 along with other proteins into
photosystem II (3, 31). Under oxidative stress conditions such
as high light, the rate of repair cannot keep up with the rate of
damage, leading to a process called photoinhibition (50). Sev-
eral previously reported studies have shown that various
stresses, including oxidative stress, inhibit photosystem II re-
pair but do not accelerate the rate of photosystem II damage
(34, 49-51). When the npq! lorl and vte3 npql lorl strains were
exposed to high light in the presence of lincomycin, there was
no significant difference in the initial rate of D1 degradation
(Fig. 6D). Four hours after lincomycin was added, the vte3
npql lorl strain showed a significantly higher level of D1 deg-
radation than did the npql lorl strain. However, the steady-
state level of D1 after high-light exposure in the absence of
lincomycin was higher in the vte3 npql lorl mutant (Fig. 6B).
Thus, in order to have a higher steady-state level of D1, the
accumulation of B-tocopherol in the triple mutant must some-
how allow the triple mutant to maintain a higher rate of new
D1 synthesis. Although D1 degradation in the presence of
lincomycin seemed to be higher in the vte3 npql lorl strain at
4 h than in the npql lorl strain, we cannot conclude that
B-tocopherol is a less efficient singlet-oxygen quencher than
a-tocopherol because there might be other factors that affect
D1 degradation. Moreover, we tested the growth of these two
strains in the presence of rose bengal, a singlet-oxygen gener-
ator, and found no difference in their sensitivities (data not
shown).

Differences in photosystem II inactivation were followed by
differences in the loss of chlorophyll, cell viability, lipid per-
oxidation, and tocopherol (Fig. 5). Interestingly, the loss of
tocopherol generally did not follow the same trend as other
parameters. The steady-state level of B-tocopherol in the vte3
npql lorl strain decreased initially and then remained con-
stant, whereas the a-tocopherol pool in the npq! lorl strain was
relatively constant initially and decreased only after 12 h as the
cells were bleaching. Assuming that the rate of tocopherol
synthesis does not differ between the two strains, the initial
decline in B-tocopherol levels in the vte3 npql lorl strain would

bars are shown where they are larger than the symbols. The differences
between the npgl lorl and vte3 npql lorl strains were statistically
significant (Student’s ¢ test) (* indicates a P value of <(0.05). Open
circles, npql lorl mutant; filled circles, vte3 npql lor] mutant.
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indicate a higher rate of turnover of tocopherol. Even though
the level of B-tocopherol in the vte3 npql lorl strain was much
lower than that of a-tocopherol in the npq! lorl strain at 12 h,
the triple mutant was better able to withstand photooxidative
stress than the double mutant. When the wild-type and vte3
strains were compared, the level of B-tocopherol was lower in
the vre3 strain at 48 h, but there was no difference in any of the
parameters measured even though the difference in the to-
copherol level was clear.

There are several possibilities that might explain the better
survival of the vte3 npql lorl strain than the npql lorl strain in
high light. Damaged photosystem II reaction centers might
generate free chlorophyll molecules that photosensitize sin-
glet-oxygen production, leading to further oxidative damage
and cell death. It is possible that B-tocopherol is a better
quencher of singlet oxygen or scavenger of lipid peroxyl radi-
cals than a-tocopherol in vivo. A previous study reported that
B-tocopherol physically quenches singlet oxygen in vitro with
the same efficiency as that of a-tocopherol but exhibits very
little chemical reactivity (22). This might allow B-tocopherol to
avoid direct oxidation by singlet oxygen, thereby maintaining
its capacity for physical quenching. This could be particularly
important in the npql lorl background, which shows an in-
creased generation of singlet oxygen in high light (6, 27). Al-
ternatively, the two forms of tocopherol might activate differ-
ent gene expressions in response to oxidative stress. We cannot
exclude the possibility that it is the absence of a-tocopherol,
rather than the presence of B-tocopherol, that contributed to
the better survival of the triple mutant. Future experiments will
address these possibilities and explore the specific molecular
mechanisms involved. Nevertheless, it is clear from our results
that the accumulation of B-tocopherol instead of a-tocopherol
in a xanthophyll-deficient mutant confers greater resistance to
photooxidative stress in vivo.
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