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In the present study, we have performed comparative analysis of different prenyllipids in Chlamydomonas
reinhardtii cultures during high light stress under variety of conditions (presence of inhibitors, an uncoupler,
heavy water). The obtained results indicate that plastoquinol is more active than α-tocopherol in scavenging
of singlet oxygen generated in photosystem II. Besides plastoquinol, also its oxidized form, plastoquinone
shows antioxidant action during the stress conditions, resulting in formation of plastoquinone-C, whose
level can be regarded as an indicator of singlet oxygen oxidative stress in vivo. The pronounced stimulation
of α-tocopherol consumption and α-tocopherolquinone formation by an uncoupler, FCCP, together with
the results of additional model system studies, led to the suggestion that α-tocopherol can be recycled in thy-
lakoid membranes under high light conditions from 8a-hydroperoxy-α-tocopherone, the primary oxidation
product of α-tocopherol by singlet oxygen.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

High light is themain abiotic factor responsible for oxidative stress
in plants. This results in an enhanced production of singlet oxygen by
reaction center chlorophyll in photosystem II [1–3], which signifi-
cantly contributes to photoinhibition [4,5]. In the prevention of dele-
terious effects of this reactive oxygen form on chloroplast
components, several water-soluble (ascorbate) and lipophilic antiox-
idants (tocopherols, plastoquinol, plastochromanol) are engaged
[6–8]. It was originally proposed that α-tocopherol scavenges singlet
oxygen and prevents degradation of D1 and D2 reaction center pro-
teins in Chlamydomonas reinhardtii and the loss of photosynthetic ac-
tivity [9,10]. Recently, it was proposed that the target of singlet oxygen
action in chloroplasts is the repair mechanism [11] and the function of
α-tocopherol is protection of the repair of photosystem II during photo-
inhibition [12]. In scavenging of singlet oxygen, α-tocopherol is irre-
versibly oxidized and its continuous resynthesis must occur to keep
its level sufficient for the photoprotection [9]. Later, a similar function
for plastoquinol, as one of its diverse functions in plants [13], has been
suggested in C. reinhardtii [7] and higher plants [14]. Moreover, the
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kinetic data of singlet oxygen quenching by various prenyllipids in
vitro showed that besides tocopherols and plastoquinol, also other pre-
nyllipids such as α-tocopherolquinol, plastochromanol, ubiquinol or
even plastoquinone to some extent, are effective in this reaction [15].
In these studies, 8a-hydroperoxy-α-tocopherone was found as the pri-
mary oxidation product of α-tocopherol, while oxidation of plastoqui-
nol led to plastoquinone and further to plastoquinone-C. The
oxidation products of prenyllipids, such as α-tocopherolquinone,
plastoquinone-C and hydroxy-plastochromanol are also found often in
vivo in minor amounts [13,16–20] and can be regarded as indicators
of oxidative stress.

In the present study, we have performed comparative analysis of
different prenyllipids (Fig. 1) in C. reinhardtii during high light stress
under variety of conditions (presence of inhibitors, an uncoupler,
heavy water) that made possible for estimation of relative activity
of tocopherol and plastoquinone/plastoquinol couple in singlet oxy-
gen scavenging activity, as well as identification of their oxidation
products and the pathways of prenyllipid oxidation.

2. Materials and methods

2.1. Culture growth and high light exposure

C. reinhardtiiwas grownphotoautotrophically in HSmedium at 25 °C
under low light (70 μmol photons m−2 s−1) conditions as described in
Ref. [7]. For experiments, 7–10 dayold cultureswere usedwhere chloro-
phyll (Chl) concentration was 20–35 μg/ml. One day before high-light
experiments, the culture was set to Chl concentration of 6 μg/ml and
pyrazolate (pyr) was added when necessary. The cultures were grown
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Fig. 1. Structure of the analyzedprenyllipids. PQ-9, plastoquinone-9; PQH2-9, plastoquinol-9;
PQ-C, plastoquinone-C; α-Toc, α-tocopherol; α-TQ, α-tocopherolquinone.
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with continuous bubbling with air enriched in CO2 (5%) for 18 h
under 70 μmol photons m−2 s−1 illumination. Afterwards, the cultures
were exposed to high light (2000 μmol photons m−2 s−1) for 2 h.
Carbonylcyanide-p-trifluoromethoxy-phenyl-hydrazone (FCCP), 3-
(3′,4′-dichlorophenyl)-1,1-dimethylurea (DCMU) or 2′,4′-dinitrophenyl
ether of 2-iodo-4-nitro-thymol (DNP-INT) were added to the medium
10 min before high-light illumination. For D2O experiments, the cultures
were centrifuged (3 min×600 g) and the cells were resuspended in
D2O-based HS medium.
Fig. 2. The effect of high light on α-tocopherol content in the control culture, in the
presence of 5 μM pyrazolate (pyr), 1 μM FCCP, 50 μM DCMU, 10 μM DNP-INT or in
D2O. The data are means±SE (n=3–4).
2.2. Sample extraction and HPLC analysis

For Chl measurements, cell suspension was centrifuged
(5 min×9000 g), the pellet was extracted with acetone, centrifuged
again (2 min×9000 g) and Chl concentration in the supernatant
was determined according to Ref. [21]. For prenyllipids analysis, the
culture was centrifuged (5 min×9000 g), the pellet was extracted
with acetone, centrifuged again (2 min×9000 g), then the superna-
tant was evaporated and resuspended in methanol.

HPLC analysis of both redox forms of plastoquinone and α-
tocopherol was performed in the following system: C18 reverse-
phase column, eluent — methanol:hexan (340:20, v/v), flow rate of
1.5 ml/min, absorption detection at 255 nm, fluorescence detection
at λex=290 nm, λem=330 nm [7]. α-TQ and PQ-C were analyzed
using HPLC as described in details in Refs. [22] and [7], respectively,
with some modifications, i.e. for reduction of the prenyllipid, plati-
num (5 wt.% on alumina, powder, 325 mesh, Aldrich) post-column
was used instead of Zn-column and the eluent was methanol:water
(99:1, v/v) or methanol.
2.3. Model system study

8a-Hydroperoxy-α-tocopherone was obtained as described
previously [15]. It was mixed with plant lipids (monogalactosyldia-
cylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), sulphoqui-
novosyldiacylglycerol (SQDG), phosphatidylglycerol (PG); 4:2:1:1,
mol/mol), obtained from Lipid Products (South Nutfield, Redhill, Sur-
rey, U.K.), and the ethanol solution of these compounds was injected
into a buffer (50 mMHepes pH 7.5, 20 mMMes pH 6.0, 50 mM citrate
buffer pH 4.5 and 3.2). The final concentrations of plant lipids and of
8a-hydroperoxy-α-tocopherone were 1 mM and 50 μM, respectively.
Concentrated stock solution of sodium ascorbate was added to give
30 mM final concentration after taking ‘time 0’ sample for analysis.
For HPLC analysis, 100 μl of liposome suspension was vortexed with
300 μl of ethyl acetate for 60 s and the mixture was centrifuged
(30 s×9000 g). Afterwards 150 μl of the acetate layer was evaporat-
ed, dissolved in methanol and analyzed on C18 reverse-phase column
in acetonitrile:methanol:water (72:8:1, v/v), at the flow of 1.5 ml/
min using absorption detection at 260 nm and fluorescence detection
at λex=290 nm, λem=330 nm.

2.4. Fluorescence measurements

Maximum quantum yield of photosystem II (Fv/Fm) and non-
photochemical quenching (NPQ=(F0m–F'm )/F'm) [23] was measured
with PAM-101 instrument (Walz, Germany) using saturating pulse of
2600 μmol photons m−2 s−1 intensity and actinic light intensity of
1000 μmol photons m−2 s−1. The control and pyrazolate-treated cul-
tures were dark-adapted for 20 min before the measurement.

2.5. Chlorophyll and carotenoid determination

Chlorophylls concentration was determined spectrophotometri-
cally according to Ref. [21] and carotenoids were determined by
HPLC as described in Ref. [24].

3. Results

In contrast to the control culture, in the presence of pyrazolate, a
biosynthetic inhibitor of p-hydroxyphenylpyruvate dioxygenase —

an enzyme responsible for producing homogentisate, which is pre-
cursor of tocopherol and plastoquinone [10], α-tocopherol level de-
creased during high light stress (Fig. 2). This was explained by
continuous resynthesis of α-tocopherol under stress conditions
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Fig. 4. The effect of high light on the content of oxidized (top) and reduced (bottom)
plastoquinone in the control culture, in the presence of 5 μM pyrazolate, 1 μM FCCP,
50 μM DCMU, 10 μM DNP-INT or in D2O, (n=3–4).
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when the antioxidant is consumed irreversibly due to oxidation by
singlet oxygen [10]. In the presence of FCCP, an uncoupler of pH gra-
dient across the thylakoid membrane [25,26], the pronounced con-
sumption of α-tocopherol was found in the first 30 min of
illumination. On the other hand, heavy water, wherein singlet oxygen
lifetime is prolonged, as well as inhibitors of PQ-pool reduction
(DCMU) and oxidation (DNP-INT) [27] were without any effect on
α-tocopherol level during high light stress. Chlorophyll concentration
did not change significantly during high light treatment; only in the
presence of pyrazolate it decreased about 23% after 2 h of illumina-
tion (data not shown).

When total plastoquinonewas analyzed, its content increased during
high light stress in the control culture, while in the presence of pyrazo-
late it decreased, as itwas expected (Fig. 3). The percentage consumption
of both plastoquinone forms was considerably faster than that of
α-tocopherol, although the rate of consumption in relation to chloro-
phyll was similar for both prenyllipids. Moreover, the initial level of
total plastoquinone was only about half of the initial α-tocopherol level
in the presence of pyrazolate (Figs. 2 and 3). In the case of FCCP, the effect
was even more pronounced than that for α-tocopherol. In contrast to
α-tocopherol, when the culture was illuminated in D2O, the total plasto-
quinone was quickly consumed. In the presence of DCMU, where oxida-
tion of the plastoquinone-pool is expected [27], the pronounced
consumption of total plastoquinone was observed while for DNP-INT,
which should promote accumulation of plastoquinol [27], there was no
clear effect on the total plastoquinone level (Fig. 3). It should be
mentioned that DCMUwas shown to decrease singlet oxygenproduction
in photosystem II due to change in the redox potential of QA/QA

− couple
[1,2].

When reduced and oxidized forms of plastoquinone were ana-
lyzed in the control culture separately during the experiment
(Fig. 4), pronounced increase of the reduced form was observed but
only little decrease of the oxidized form. This could be expected tak-
ing into account that plastoquinol is the primary biosynthetic form
of plastoquinone and that the reduced form shows considerably
more pronounced singlet oxygen scavenging activity than the oxi-
dized form [15]. In the presence of pyrazolate, the biosynthetic inhib-
itor of plastoquinol, mainly the oxidized form was observed. In the
presence of FCCP and D2O, the redox state of plastoquinone was not
significantly altered during the high light stress. On the other hand,
as expected, in the presence of DCMU mostly the oxidized form of
plastoquinone was found that was gradually decreasing during the
experiment. It seems that in the presence of DCMU, newly synthe-
sized plastoquinol is rapidly oxidized to plastoquinone in the electron
transport chain. When DNP-INT was applied, a similar time course of
Fig. 3. The effect of high light on total plastoquinone (oxidized and reduced) content in
the control culture, in the presence of 5 μM pyrazolate, 1 μM FCCP, 50 μMDCMU, 10 μM
DNP-INT or in D2O, (n=3–4).
the level of both plastoquinone forms as in the control culture was
observed, although in this case no increase in total plastoquinone
occurred (Fig. 3).

A valuable information on the antioxidant activity of the investi-
gated prenyllipids can be also obtained from the analysis of their ox-
idation products. Well known stable product of singlet oxygen
scavenging activity of α-tocopherol is α-tocopherolquinone [15].
When it was analyzed during high light stress (Fig. 5), its level did
Fig. 5. The effect of high light on α-tocopherolquinone content in the control culture, in
the presence of 5 μM pyrazolate, 1 μM FCCP, 50 μM DCMU, 10 μM DNP-INT or in D2O,
(n=3–4).

image of Fig.�3
image of Fig.�4
image of Fig.�5


Fig. 7. The effect of high light on the content of prenyllipids in cultures containing both
1 μM FCCP and 5 μM pyrazolate or 1 μM FCCP and D2O, (n=3–4).

392 B. Nowicka, J. Kruk / Biochimica et Biophysica Acta 1817 (2012) 389–394
not change significantly, like that of α-tocopherol (Fig. 2). In the case
of cultures with pyrazolate, the level ofα-tocopherolquinone increased
evidently during illumination, although not as much as α-tocopherol
declined (Fig. 2). Interestingly, the most pronounced increase in α-
tocopherolquinone content was found after 30 min of illumination of
the culture with FCCP (Fig. 5). This correlated well with the decrease
in α-tocopherol level (Fig. 2). The effect of FCCP points to a role of pH
gradient in the mechanism of α-tocopherol oxidation.

The level of PQ-C increased during the high light stress most clearly
in D2O-based culture, as well as in the cultures with the addition of
electron transport inhibitors (Fig. 6). In these cases, the increase in
plastoquinone-C correlatedwell with the decrease in the level of plasto-
quinone (Fig. 4), suggesting that plastoquinone is oxidized to
plastoquinone-C as a result of singlet oxygen scavenging. On the other
hand, the cultures with pyrazolate or FCCP showed no significant
changes in the plastoquinone-C level during high light stress.

In order to investigate details of the mechanism of FCCP action in
oxidation of the prenyllipids, the combined effects of FCCP and pyra-
zolate or D2O were analyzed (Fig. 7). For all the cultures, changes in
the levels of the investigated prenyllipids were very pronounced, es-
pecially those for α-tocopherolquinone, where the increase approxi-
mately corresponded to the consumption of α-tocopherol in these
cultures.

In order to examine the possibility of α-tocopherol recycling
(Fig. 8) from its primary oxidation product by singlet oxygen, 8a-
hydroperoxy-α-tocopherone [15], the latter compound was incorpo-
rated into liposomes and the pH dependence of tocopherols and α-
tocopherolquinone was measured in the presence of ascorbate
(Fig. 9). The results clearly demonstrate that α-tocopherol can be
non-enzymatically formed from the peroxide, especially at acidic
conditions. At pH close to neutral (7.5), practically only α-
tocopherolquinone was formed. In analogical experiments, where
the peroxide was replaced by α-tocopherolquinone or its reduced
form, no α-tocopherol formation was observed (data not shown).

Taking into consideration that pyrazolate might indirectly affect ca-
rotenoid biosynthesis, in subsequent experiments we measured effect
of the inhibitor on photosynthetic pigment composition and fluores-
cence parameters. The most evident effect of pyrazolate was lowering
of the proportion of total carotenoids to chlorophylls, especially after
high light stress (Table 1). Chlorophyll a to b ratiowas notmuch affected.
In carotenoid composition, themost pronounced changewas the increase
of neoxanthin content at the expense of lutein and β-carotene. Under
pyrazolate action, there was 25% less carotenoids under low light and
36% less under high light stress in respect to chlorophylls. In the control
culture under low light conditions, the epoxidation ratio, reflecting
Fig. 6. The effect of high light on plastoquinone-C content in the control culture, in the
presence of 5 μM pyrazolate, 1 μM FCCP, 50 μM DCMU, 10 μM DNP-INT or in D2O,
(n=3–4).
activation of the xanthophyll cycle, was close to one, while under pyrazo-
late treatment the ratio dropped below0.9 (Table 1), indicating activation
of the cycle. The maximum yield of photosystem II was similar in both
cases (Table 1), however non-photochemical quenching was lower
during high light illumination in inhibitor-treated cultures (Fig. 10).
4. Discussion

Deactivation of singlet oxygen is a process of physical quenching
and chemical scavenging [6] the latter manifesting in oxidation of
an antioxidant that can be followed in our study as a decrease in con-
centration of the prenyllipids. In the case of tocopherol and plastoqui-
nol their oxidation in vitro proceeds at similar rates although the
physical quenching rates are different [15]. The literature data indi-
cate that physical quenching of singlet oxygen dominates over chem-
ical scavenging for tocopherols by at least 2 orders of magnitude [6]. It
has been calculated that one tocopherol molecule is able to deactivate
40–120 molecules of singlet oxygen before it is oxidized [28]. Similar
data can be expected for plastoquinol. Thus, the decomposition kinet-
ics of both prenyllipids observed in the present study can reflect their
detoxification activity against singlet oxygen. The effects of pyrazo-
late (a biosynthetic inhibitor of tocopherols and plastoquinol), as
well as of D2O (where the lifetime of singlet oxygen is considerably
increased [29]) indicate that plastoquinol/plastoquinone is consumed
more efficiently than α-tocopherol under high light stress and these
data also suggest that plastoquinol/plastoquinone is more active
than α-tocopherol in singlet oxygen deactivation. The kinetic data
of singlet oxygen quenching indicate that plastoquinol is over 5
times more active than plastoquinone in this process in polar sol-
vents, while this ratio is 3.5 in hydrophobic environment [15]. These
data suggests the reduced form of plastoquinone (plastoquinol) is
mainly responsible for the observed effects in vivo. Moreover, the
results obtained for DCMU-treated cultures, where only oxidized
plastoquinone is found, indicate that also this form shows singlet ox-
ygen scavenging activity. As a result of this reaction, plastoquinone-C
is formed, the prenyllipid previously shown to be the main product of
plastoquinone oxidation by singlet oxygen in vitro [15]. The present
results are also in agreement with those obtained in vitro showing
that the order of oxidation reactions by singlet oxygen is plastoqui-
nol→plastoquinone→plastoquinone-C, i.e. the latter is not formed
directly from plastoquinol. The obtained data point also to the sug-
gestion that plastoquinone-C can be regarded as an indicator of sin-
glet oxygen oxidative stress in vivo.

image of Fig.�6
image of Fig.�7


Fig. 8. Singlet oxygen-initiated oxidation pathway of α-tocopherol and its recycling under acidic conditions. Asc, ascorbate; α-Toc, α-tocopherol; α-TQ, α-tocopherolquinone.

Fig. 9. The effect of pH onα-tocopherol (top) andα-tocopherolquinone (bottom) formation
from 8a-hydroperoxy-α-tocopherone (50 μM) in plant lipid liposomes, in the presence of
30 mM ascorbate, (n=2–3).

Table 1
Photosynthetic pigment composition and Fv/Fm parameter of Chlamydomonas control
and pyrazolate-treated cultures, (n=3). Chl — chlorophyll, Car — carotenoids, HL,
high light, epoxidation ratio=(V+1/2A)/(V+A+Z) where V, A, Z are violaxanthin,
antheraxanthin and zeaxanthin, respectively.

Control Pyrazolate

Chl a/b 2.03±0.03 1.89±0.02
Car/Chl (μg Car/10 μg Chl a+b) 3.46±0.01 2.60±0.04
Car/Chl (μg Car/10 μg Chl a+b)+2 h HL 4.05±0.03 2.60±0.01
Percent content of total carotenoids

Neoxanthin 32.6±3.0 40.7±0.5
Violaxanthin 22.8±0.5 19.2±0.3
Antheraxanthin 0.8±0.0 3.7±0.1
Lutein 29.5±3.8 24.5±0.3
Zeaxanthin 0.0±0.0 1.3±0.1
β-Carotene 14.1±0.3 10.5±0.1

Epoxidation ratio 0.98±0.01 0.87±0.01
Fv/Fm 0.704±0.004 0.692±0.013
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One of the most intriguing findings of the present study is the
strong stimulatory effect of an uncoupler, FCCP, on α-tocopherol
and plastoquinone/plastoquinol oxidation. This effect could be par-
tially due to inhibition of non-photochemical quenching which re-
quires proton gradient for activation. The concentration of FCCP
used in our study was not affecting photosystem II activity since no
redox change of plastoquinone was found. The reason why the un-
coupler was effective only during the first 30 min of illumination
could be its low concentration used and its photodegradation in the
course of the experiment. The effect of FCCP was considerably more
pronounced on accumulation of α-tocopherolquinone, the final
oxidation product of α-tocopherol, than on plastoquinone-C, the
product of plastoquinone oxidation. This points to the possible mech-
anism of α-tocopherol oxidation and recycling in thylakoid mem-
branes. It is known that α-tocopherol can be recycled from α-
tocopherolquinone in methanol in the presence of ascorbic acid at
acidic conditions [30]. However, when the reaction was performed
in liposomes prepared from plant lipids or phosphatidylcholine we
have observed no α-tocopherol formation (data not shown). On
the other hand, when α-tocopherolquinone was replaced by 8a-
hydroperoxy-α-tocopherone, α-tocopherol was formed efficiently at
low pH. This observation points to the suggestion that such a non-
enzymatic reaction could take place in vivo in thylakoid membranes
at high light conditions, where low pH is supposed to be generated
in the lumen of thylakoids. In the presence of FCCP, pH gradient
is uncoupled and formation of α-tocopherolquinone from the per-
oxide dominates. This hypothesis would explain why little α-
tocopherolquinone is formed under high light stress in the control
culture and the stimulatory effect of FCCP on α-tocopherolquinone
formation during the stress. However, it was shown that pH of the
lumen is not as acid as suggested before under high light conditions
and remains moderate (between 5.8 and 6.5) [31]. Moreover, it
could be unclear why the recycling mechanism is not active in the
presence of pyrazolate where α-tocopherolquinone accumulates. As
Fig. 10. Non-photochemical quenching (NPQ) during illumination of control and
pyrazolate-treated cultures. Actinic light of 1000 μmol photons m−2 s−1 intensity
was applied.
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we have shown, pyrazolate also affects indirectly carotenoid biosyn-
thesis by decreasing the level plastoquinone that is required for phy-
toene desaturation [32]. The lowered carotenoid content may cause
structural defects in reaction center and antenna complexes, which
results in increased singlet oxygen production and impaired non-
photochemical quenching mechanisms. Moreover, carotenoids are im-
portant singlet oxygen quenchers in chlorophyll–protein complexes.
Under such conditions photosynthetic apparatus does not function
properly and the recyclingmechanism is not able to overcome the pho-
tooxidative effects of increased singlet oxygen generation and keep the
required level of prenyllipids.

It cannot be also excluded that a still hypothetical, enzymatic reaction
regeneratingα-tocopherol directly fromα-tocopherolquinone occurs in
Chlamydomonas, as recently suggested for Arabidopsis [33].
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