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Previously, we showed that in barley (Hordeum vulgare) leaves with heat-inactivated oxygen-evolving complexes, photosystem
IT (PSII) has access to a large pool of alternative electron donors. Based on in vitro data, we proposed that this donor was
ascorbate, yet this hypothesis has not been substantiated in vivo. In this paper, with the aid of chlorophyll a fluorescence
induced by short (5-ms) light pulses and 820-nm absorbance transient measurements on wild-type and ascorbate-deficient
(vtc2-1) mutant leaves of Arabidopsis (Arabidopsis thaliana), we show that in heat-treated leaves the rate of electron donation to
PSII as well as the 3-(3,4-dichlorophenyl)-1,1-dimethylurea-sensitive electron transport toward photosystem I depend on the
ascorbate content of the leaves: upon ascorbate treatment, the donation half-time in the wild type and the mutant decreased
from 25 to 22 ms and from 55 to 32 ms, respectively. Thermoluminescence measurements show that Tyr," is involved in the
electron transfer from ascorbate to PSII. These data and the similar ascorbate dependencies of the heat-treated and the
tris(hydroxymethyl)aminomethane-treated thylakoid membranes, with maximal donation half-times of about 16 ms, show that
ascorbate is capable of supporting a sustained electron transport activity in leaves containing inactivated oxygen-evolving
complexes. This alternative electron transport appears to be ubiquitous in the plant kingdom and is present in the green alga
Chlamydomonas reinhardtii, and its rate depends on the physiological state of the plants and on environmental conditions. Our

data suggest that ascorbate, as an alternative PSII electron donor, plays a physiological role in heat-stressed plants.

The oxygen-evolving complex (OEC) is one of the
most vulnerable complexes of the photosynthetic elec-
tron transport chain. It is particularly sensitive to heat
stress, and it is probably the first target of donor-side
photoinhibition as well (Murata et al., 2007; Tyystjarvi,
2008). The inactivation of the OEC by heat stress
includes the removal of the 18-kD and other extrinsic
proteins as well as the release of Ca and Mn ions from
their binding sites (Nash et al., 1985; Enami et al., 1994;
Yamane et al., 1998; Barra et al., 2005). In the case of
donor-side photoinhibition, primary damage by light
occurs at the OEC and secondary damages occur at the
reaction center of PSII (Hakala et al., 2005, Ohnishi
et al., 2005). When OEC is inactivated, the supply of
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electrons from water to the oxidized primary donor,
P, is interrupted and the residual electron transport
activity of PSII is rapidly lost (Blubaugh et al., 1991).
The accumulation of Pg," results in the loss of the
capacity for primary charge separation and the deg-
radation of the D1 protein of PSII (Klimov et al., 1990;
Blubaugh et al., 1991; Jegerschold and Styring, 1996).

Previously, we showed that when the oxygen evolu-
tion in barley (Hordeum vulgare) leaves was inhibited by
a short heat pulse (50°C, 40 s in a water bath), PSII was
supplied by electrons from a large pool of alternative
donors (Téth et al., 2007a). With the short heat pulse, all
OECs were inactivated, while PSII reaction centers
retained their activity, and other secondary effects,
such as desiccation, adaptation, and partial recovery
during the treatment, were also avoided (T6th et al.,
2005, 2007a). The half-time of electron donation (t, ,,) to
PSII was approximately 30 ms in intact barley leaves,
and their presence resulted in a 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU)-sensitive electron flow from
PSII to PSI. Based on in vitro data, obtained on thyla-
koids with inactivated OECs (Katoh and San Pietro,
1967; Yamashita and Butler, 1968; Mano et al., 2004), we
suggested that this alternative electron donor of PSII
was ascorbate (Asc; Téth et al., 2007a).

Asc is important in scavenging reactive oxygen
species (for review, see Asada, 2006), in redox signal-
ing, and in growth control of plant cells involving cell
division and the synthesis of the cell wall (De Tullio
et al., 1999; Potters et al., 2002; Shao et al., 2008). It is
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ubiquitously present in chloroplasts and plays multi-
ple roles. In C; plants, the Asc content of chloroplasts
is approximately 25 to 50 mM (Eskling and Akerlund,
1998; Smirnoff, 2000). Asc limitation leads to a de-
crease in nonphotochemical quenching (Miiller-Moulé
et al., 2002), because Asc is required for the xantho-
phyll cycle as a cofactor for violaxanthin deepoxidase,
which is localized in the thylakoid lumen (Hager and
Holocher, 1994). The Asc content in the lumen is
approximately 4 mm (Foyer and Lelandais, 1996).

In vitro studies have shown that Asc can replace
water, the terminal donor of PSII, when the OEC is
inactivated. When added to thylakoids isolated from
heat-treated Euglena gracilis cells, Asc has been shown
to support the DCMU-sensitive photoreduction of
NADP"; whereas heat-treated thylakoids exhibited no
or very low Hill activity, 14 mm Asc restored the
electron transport to about 70% of its original activity
(Katoh and San Pietro, 1967). It has also been shown to
donate electrons to PSII in Tris-washed thylakoids
(Yamashita and Butler, 1968) and to alleviate photo-
inhibition, the strong oxidizing capacity of PSII being
utilized for the formation of monodehydroascorbate
(Mano et al., 1997). Asc has also been shown to donate
electrons to PSII in UV-B-irradiated thylakoids (Mano
et al., 2004). These data show that Asc might act as an
alternative, “emergency” donor to PSIL It has thus been
proposed that the lumenal Asc plays a significant role
in vivo not only by maintaining the violaxanthin deep-
oxidase activity but also by supporting the electron
transport in reaction center complexes with inactive
OECs (Mano et al., 2004). Therefore, we hypothesized
that the large pool of alternative electron donors is
identical to the pool of Asc molecules in the lumen
(T6th et al., 2007a).

In order to examine the hypothesis that Asc can serve
as an alternative electron donor in vivo in whole leaves
containing inactivated OECs, we monitored the activity
of the two photosystems with fast chlorophyll (Chl) a
fluorescence and 820-nm absorbance transient mea-
surements in wild-type Arabidopsis (Arabidopsis thali-
ana) and its Asc-deficient mutant, vfc2-1 (Conklin et al.,
2000), with and without externally supplied Asc. We
also compared thylakoid membranes isolated from
heat-treated leaves with Tris-washed samples and in-
vestigated the pathway of electron donation from Asc
to PSII. Our data provide evidence for the existence of
an Asc-dependent electron transport via Tyr,, a mech-
anism that appears to be present in plants and green
algae and that might protect PSII reaction centers from
photooxidation, especially under moderate heat stress.

RESULTS

Dependence of the Alternative Electron Transport
through PSII on the Asc Content of Leaves

In order to clarify the putative role of Asc as an
alternative electron donor, first we compared wild-
type and Asc-deficient mutant Arabidopsis plants (vfc
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mutants; Conklin et al., 2000; Giacomelli et al., 2006;
Dowdleetal., 2007; Laing etal., 2007; Linster et al., 2008).
The Asc contents in the wild-type and the vtc2-1
mutant leaves were approximately 3.4 and 0.5 umol
g~ ! fresh weight, respectively (i.e. the Asc content of the
mutant was 15% of that of the wild type) under our
growth conditions at moderate light intensity (approx-
imately 200 smol photons m *s ). The Asc-deficient
mutants were about 30% smaller than the wild type
plants, as also reported by Miiller-Moulé et al. (2004).
A decrease in nonphotochemical quenching was ob-
served in this mutant, but the electron transport rate
and oxygen evolution were essentially the same
(Miiller-Moulé et al., 2002, 2004). In agreement with
these findings, as shown in Figure 1, the fast Chl a
fluorescence (OJIP) curves of wild-type Arabidopsis
(ecotype Columbia [Col-0]) and the Asc-deficient mu-
tant were similar and the F,/F, (maximum photo-
chemical efficiency of PSII in the dark-adapted state)
values of the untreated wild-type and mutant plants
were essentially the same (about 0.82). The OJIP tran-
sient, induced by strong illumination (usually at 3,000
umol photons m %s ') and detected at a time resolution
of 10 us, is a very sensitive indicator of the photosyn-
thetic electron transport processes (for review, see
Govindjee, 2004; Lazar, 2006). The O] phase (0-3 ms) is
called the photochemical phase because its kinetics
depends strongly on the light intensity (Neubauer
and Schreiber, 1987; Strasser et al., 1995). The ]I phase
(approximately 3-30 ms) parallels the reduction of the
PQ pool (Schreiber et al., 1989; Téth et al., 2007b), and the
IP phase (approximately 30-300 ms) is correlated with
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Figure 1. Fast Chl a fluorescence transients (OJIP curves) of untreated
and heat-treated (49°C, 40 s) wild-type (WT) and Asc-deficient vtc2-1
Arabidopsis mutant plants measured at 3,500 umol m~2 s~' photon
flux density. The approximate positions of the different steps of the OJIP
transient and of the K peak are indicated in parentheses. The curves are
averages of eight to 10 measurements. The excitation light was pro-
duced by three 650-nm LEDs, and the Chl a fluorescence was measured
at wavelengths above 700 nm. a.u., Arbitrary units.
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the reduction of ferredoxin in the presence of inactive
ferredoxin:NADP" oxidoreductase, as shown by dibro-
mothymoquinone and methylviologen treatments on
intact leaves (Schansker et al., 2005).

If the oxygen evolution is completely inhibited, the J
and I'steps disappear and the K peak develops (Srivastava
etal., 1997), as can be seen in Figure 1 in both the wild-type
and mutant leaves treated with a heat pulse (49°C, 40 s).
The kinetics of the K peak strongly depends on the
measuring light intensity, and when the measurements
are carried out at a standard, approximately 3,000 pwmol
quanta m % s photon flux density, the maximum is
located between 300 and 400 us (Srivastava et al., 1997;
Téth et al., 2007a). It has been estimated that the excitation
rate of PSII for pea (Pisum sativum) leaves is once every 50
us at 12,000 wmol quanta m > s ! photon flux density
(Schreiber and Neubauer, 1990; Lazér, 1999). This suggests
that the rise of the K peak represents approximately one
charge separation, with Tyr, being the electron donor.
Following the K peak, the fluorescence intensity decreases
to a level approaching F in a few milliseconds, due to the
reoxidation of Q. by the secondary quinone acceptor,
Qg. In leaves, another peak appears in the 0.2- to 2-s time
range (Fig. 1), representing a second phase of Q, reduc-
tion. In our previous study, we have shown that this latter
phase depends on the presence of alternative electron
donors (T6th et al., 2007a). In heat-treated (49°C, 40 s) Asc-
deficient leaves, this peak, emerging in the 0.2- to 2-s time
range, was considerably smaller than in the wild type, and
its rise was slower (Fig. 1). This indicates that the pool of
alternative donors is smaller in the mutant than in the
wild type.

Thet, ,, to PSII with inactive OEC can be determined,
as described earlier (T6th et al., 2007a), by using short
(5-ms) light pulses and by varying the dark interval for
the rereduction of Tyr,". During the 5-ms light pulse,
one charge separation and the reoxidation of Q, ~ by Qg
can take place; therefore, recombination between Q,
and Tyr, in the dark, with t, , approximately 120 ms
(Dekker et al., 1984), is unlikely to occur. Figure 2A
shows that after a 2.3-ms dark interval following the
first light pulse, there is no variable fluorescence. This is
due to the fact that all OECs have been inhibited by the
heat pulse: the electron donation from active OEC
occurs with t; , of about 0.1 to 1 ms (Babcock et al.,
1976), and Tyr," could not be rereduced by the alter-
native donor in this short time. With longer dark
intervals, the K peak recovers; at 16.9 ms, the peak
can be clearly discerned, and at 200 ms after the first
flash, its amplitude reaches its maximal value, ap-
proaching the amplitude of the dark control (Fig. 2A).
The t, , of the regeneration of the K peak can be used as
the half-time of the rereduction of Tyr," by the alterna-
tive electron donor (the electron transfer steps between
Tyr, and Q, and between Q, and Qg are much faster;
Govindjee, 2004). The regeneration of the K peak,
calculated as F,qu,/F;pu,, followed exponential kinet-
ics, and the t, ,, was approximately 25 ms in wild-type
Arabidopsis leaves; this value compares well with the
30-ms half-time obtained earlier in barley (Téth et al.,
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Figure 2. Dependence of the recovery of the K peak of the fast Chl a
fluorescence transient in heat-treated wild-type and Asc-deficient
Arabidopsis plants (vtc2-7 mutant) on the dark interval between the
light pulses. A, Fast Chl a fluorescence transients measured on heat-
treated (49°C, 40 s) wild-type (WT) leaves during 5-ms light pulses that
were spaced 2.3 to 200 ms apart, as indicated. The fluorescence curves
are averages of eight to 10 measurements. a.u., Arbitrary units. B and C,
Regeneration of the K peak (calculated as F,yu /F;01,) as a function of
dark intervals between the light pulses in heat-treated wild-type and
vtc2-1 plants in the absence (B) and the presence (C) of externally
supplied Asc (incubation of leaves in 20 mm Asc for 2 h in low light).
The points are mean values from four to eight individual measurements
that were fitted with exponentials for the determination of the half-
recovery time. The error of the fitting was 5% to 6%.

2007a). In the Asc-deficient mutant, the electron dona-
tion was much slower, t, ,, = 55 ms (Fig. 2B), which is in
very good agreement with our hypothesis that Asc is
the alternative electron donor of PSII.
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In order to make certain that the observed differ-
ences in intact leaves are not caused by an inherent
difference between the leaves other than the Asc
content, we incubated intact leaves in Asc solution
before the heat pulse. This treatment significantly
accelerated the electron donation rates in the vtc2-1
mutant: the t, , decreased from 55 to 32 ms. In the case
of wild-type plants, the t, ,, decreased to a much smaller
extent, from 25 to 22 ms (Fig. 2C). These data show that
the rate of electron donation depends substantially on
the Asc content of the leaves.

In order to confirm that also under these experi-
mental conditions regeneration of the K peak origi-
nated from electron donation to PSII, rather than from
recombination, we monitored the electron transport
toward PSI. This was performed by measuring the
light-induced absorbance changes at 820 nm. This
transient is an indicator of the changes in the redox
states of P, and plastocyanin (PC), with PC being the
minor component (Klughammer and Schreiber, 1991).
In dark-adapted untreated leaves, the 820-nm absor-
bance increased for about 20 ms after the onset of the
actinic illumination (Fig. 3), indicating oxidation of
P, and PC (Schansker et al., 2003). This was followed
by rereduction of P,,," and PC" in about 200 ms, with
no significant differences between the untreated wild-
type and vtc2-1 leaves.

In the case of wild-type Arabidopsis leaves subjected
to a heat pulse that fully inactivated the OECs, the 820-
nm absorbance increase was followed by rereduction of
P,y and PC" (Fig. 3). These data agree well with our
earlier observations on heat-treated barley leaves (T6th
et al., 2007a). In heat-treated vtc2-1 leaves, the rereduc-
tion of P,,," and PC" was very limited and slow. This
phase could be accelerated by preincubating the mu-
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Figure 3. Light-induced 820-nm absorbance transients in wild-type
(WT) and Asc-deficient Arabidopsis plants (vtc2-1 mutant). Heat treat-
ment (49°C, 40 s), DCMU treatment (200 um), and the addition of Asc
(20 mm) were carried out as described in “Materials and Methods.” The
kinetics were measured on dark-adapted samples during continuous
illumination with blue light of 1,800 umol m~?s™' photon flux density.
The traces are averages of four to six measurements. a.u., Arbitrary units.
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tant leaves in 20 mm Asc before the heat pulse. With
externally supplied Asc, the rereduction rate was very
close to the rates obtained in the wild type. These
findings are in agreement with the data obtained on the
regeneration of the K peak (Fig. 2). As reported earlier
for barley, the rereduction phase of P,,," and PC* was
sensitive to DCMU both in the control and in the heat-
treated leaves (Fig. 3). Incubation of the mutant leaves
in Asc solution led to some rereduction of P,,," and/or
PC*, which was manifested in a 5% to 10% decrease in
the amplitude at 1 s compared with the samples with-
out externally supplied Asc, but the DCMU sensitivity
was retained. Hence, these data confirm that in leaves
with inactive OECs, the alternative donors support
electron transport through PSII in continuous light that
depends on the Asc content of the leaves; at the same
time, Asc acts only as a weak donor to PSL

Asc-Dependent Electron Transfer in Thylakoids
Isolated from Heat-Treated Leaves and in
Tris-Washed Membranes

The dependence of the alternative electron donation
to PSII on Asc can be further substantiated by fast Chl
a fluorescence measurements on thylakoid membranes
isolated from heat-treated leaves. These measure-
ments, and data on Tris-treated thylakoid membranes,
are also suitable for determining the K for Asc that is
associated with the electron donation to PSII. Polaro-
graphic measurements performed in the presence of
phenyl-p-benzoquinone as electron acceptor showed
that thylakoid membranes isolated from heat-treated
barley leaves (48°C, 40 s) and Tris-washed thylakoids
contained no active OECs (data not shown). As shown
in Figure 4, in the absence of Asc, only the first light
pulse was able to induce variable fluorescence, the K
peak, which originated from a charge separation and
the oxidation of Tyr, (see first section of “Results”
above). The second light pulse spaced 200 ms after the
first one induced no sizeable peak, as expected, since
during thylakoid isolation the Asc in the lumen is
strongly diluted or lost (Ivanov and Edwards, 2000;
Miiller-Moulé et al., 2002). Upon the addition of Asc,
the regeneration of the K peak could be achieved in a
manner that depended on its concentration. When 6
mM Asc was added, variable fluorescence could be
detected on the second light pulse, whereas the addi-
tion of 50 mm Asc allowed almost complete regener-
ation of the K peak on the second and consecutive light
pulses (Fig. 4), similar to intact barley leaves, in which
half-depletion of the alternative electron donor pool
occurred after several hundred light pulses and it
regenerated in the dark (Téth et al., 2007a). It can also
be seen that the data obtained with thylakoids isolated
from heat-treated leaves (Fig. 4A) were very similar to
those obtained with Tris-washed samples (Fig. 4B).
This shows that heat treatments and Tris washing lead
to similar inactivation of the OEC and yield PSII
complexes with similar inherent abilities to oxidize
Asc upon illumination.
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Figure 4. Regeneration of the K peak of the fast Chl a fluorescence (fl.)
transient after multiple 5-ms light pulses in thylakoid membranes
isolated from heat-treated leaves (A) and in Tris-washed thylakoids (B)
in the presence of 0, 6, and 50 mm Asc, as indicated. The dark interval
between the consecutive light pulses was 200 ms. The Chl content was
adjusted to 20 ug mL™". The traces are averages of four to six mea-
surements. a.u., Arbitrary units.

The regeneration of the K peak on a second light
pulse with a 200-ms dark interval was plotted versus
the Asc concentration of the sample (Fig. 5A). Half-
saturation was reached between 4.2 and 4.5 mM Asc in
both heat-treated and Tris-washed samples. This
value, the apparent K, value for Asc in Tris-treated
thylakoids and in thylakoids isolated from heat-treated
leaves, compares well with 2.5 mm determined by
Mano et al. (2004).

The regeneration of the K peak as a function of the
dark interval between the light pulses was studied at
saturating Asc concentration (50 mwm; Fig. 5B). There
was no significant difference between heat-treated and
Tris-washed samples. It is also interesting that the
maximal t, ,, (15.5 ms) in thylakoids in the presence of
50 mm Asc was comparable to the half-time measured
with the same heat treatment on intact barley leaves
(t;/, = 23.6 ms; Table I).

These results show that the regeneration of the K
peak strictly depends on the Asc concentration. When
there is no Asc added, the K peak does not regenerate,
confirming that the electrons responsible for its regen-
eration do not arise from remaining OEC activity.
Furthermore, the comparison of Tris-washed thyla-

1572

koids and thylakoids isolated from heat-treated leaves
also shows that the heat pulse does not have any effect
on the regeneration of the K peak other than the
inactivation of OECs.

Involvement of Tyr, in the Electron Donation from Asc
to PSII

Information on the pathway of electron donation
from Asc to PSII was obtained using thermolumines-
cence (TL) measurements. In thylakoid membranes in
which the oxygen evolution has been inactivated, the B
band, which is produced by recombination reactions
between the S,/S; states of the OEC and Qg™ (for
review, see Vass, 2003), disappears with a concomitant
appearance of the A; band around —20°C. The A; band
is produced by recombinations between Tyr," and
Q4 (Ducruet and Vass, 2009).

Upon the addition of Asc to heat-treated thylakoid
membranes, the A; band significantly decreased (Fig.
6), indicating that Tyr," was reduced by Asc. When the
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Figure 5. Regeneration of the K peak (calculated as F,yu/F;qom,) Of
Tris-washed thylakoids and thylakoid membranes isolated from heat-
treated (48°C, 40 s) barley leaves as a function of Asc concentration (A)
and the dark interval between the light pulses (B). In A, the dark interval
between the light pulses was 200 ms. In B, the Asc concentration was
50 mm. The Chl content was adjusted to 20 ug mL™". The data points
are mean values from four to six measurements. The K, value (A) and
the half-recovery time (B) were determined by fitting the data points
with exponentials. The error of the fitting was 5% to 6%.
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Table 1. t,, from alternative donors to PSll in different species and
in barley of different ages and physiological conditions

The oxygen evolution was completely inactivated by a heat pulse
(for details, see “Materials and Methods”). The half-times were deter-
mined as in Figure 2, by two 5-ms light pulses with varying dark
intervals. The data points are mean values from eight to 12 measure-
ments for each time interval, and the error of the fitting is also
indicated.

Sample ti

ms

Synechocystis PCC 6803 25.5 £ 2.5
C. reinhardtii 17.5 = 0.6
M. polymorpha 375 €35
N. exaltata 20.4 + 1.4
J. chinensis 213+ 1.4
P. sativum 27.6 = 1.5
A. thaliana Col-0 23.9+25
A. elongatum ‘Szarvasi-1’ 15.5 0.9
H. vulgare ‘Scarlett’
1-week-old plants 23.6 £ 0.7
1-month-old plants 16.7 = 1.0
0.5 h of dark adaptation (1-week-old plants) 21.5 0.7
24 h of dark adaptation (1-week-old plants) 37.1 £ 1.8
250 mm NaCl (1-week-old plants) 17.7 £ 0.6
500 mm NaCl (1-week-old plants) 253+ 1.5
1 m NaCl (1-week-old plants) 31.6 = 2.1

TL measurements were carried out on heat-treated
leaves that naturally contain Asc, the A} band did not
appear at all (Fig. 6). These data indicate that Asc
provided electrons to PSII via Tyr,". Earlier EPR data
obtained with artificial electron donors are in agree-
ment with the involvement of Tyr, in the reaction
pathway between Asc and PSII (Yerkes and Babcock,
1980).

Detection of Alternative Electron Transport in Different
Organisms, under Different Physiological Conditions,
and in Moderately Heat-Stressed Leaves

We investigated the occurrence of alternative elec-
tron donors in different photosynthetic organisms,
including the cyanobacterium Synechocystis PCC
6803, the green alga Chlamydomonas reinhardtii, the
moss Marchantia polymorpha, the fern Nephrolepis exal-
tata, the coniferous plant Juniperus chinensis, as well as
in pea and Agropyron elongatum (‘Szarvasi-1’; a new
variety of tall wheatgrass that is produced in Hungary
for its biomass). Following a heat treatment, the alter-
native electron donors could be detected in all inves-
tigated species and the t, ,, determined by two 5-ms
light pulses with varying dark intervals, was found ina
relatively narrow range, between 15 and 37 ms (Table
I). We also observed that the t, ,, varied with the age of
the plants. In 1-week-old barley seedlings, the t, ,, was
23.6 ms, whereas in 1-month-old plants, it decreased to
16.7 ms. In plants exposed to moderate salt stress (250
mmM NaCl treatment) before the heat treatment, the
electron donation became faster than in the control (18

Plant Physiol. Vol. 149, 2009

Ascorbate: The Alternative Donor of PSII in Vivo

and 23 ms, respectively). In contrast, stronger salt stress
(watering the plants with 1 M NaCl) decelerated the
alternative electron donation (t;, = 31.6 ms; Table I).
The length of the dark adaptation also influenced the
rate: if the plants were dark adapted for 24 h, electron
donation became much slower, which might be due to
the depletion of Asc in the dark (Kiyota et al., 2006).
These data show that the alternative electron donor(s)
function(s) in evolutionarily distant species and that
the t, ,, depends on the physiological state of the plant.

The functioning of the alternative electron donors
was investigated in moderately stressed leaves as well.
After a heat treatment of the leaves at 39°C for 15 min,
approximately 50% of the OECs were inactivated in
both the wild type and mutant plants, as shown by the
equal, approximately 50% decrease in the amplitude of
the B bands of the TL curves (Fig. 7B). As already
shown in Figure 1, in another set of experiments, the
fast Chl a fluorescence transients were almost identical
in untreated wild-type and vtc2-1 leaves (Fig. 7A).
Also, in heat-stressed leaves, the fluorescence tran-
sients were very similar up to about 100 ms, which
confirms that the two genotypes were equally inhibited
by the heat stress. However, there was a large differ-
ence between the fluorescence amplitudes at around
1 s, which shows that the extent of Q, reduction was
higher in the wild type than in the Asc-deficient
mutant. Since the extent of inhibition in oxygen evo-
lution was the same in the two genotypes, this differ-
ence must be attributed to the differences in the Asc
content of the leaves. In perfect agreement with the
above Chl a fluorescence induction data, the rereduc-
tion of P,,," was decelerated in the 39°C-treated mutant
leaves, whereas, again, there was no difference be-
tween the untreated leaves (Fig. 7C).

In order to establish the role of Asc in the linear
electron transport, we determined the amount of ox-
idized P,," in leaves illuminated with red light (95
umol photons m™? s™') in the two genotypes before
and after moderate heat stress. This was performed

Control thylakoids

Thylakoids from
heat-treated leaves

Thylakoids from
[ heat-treated leaves + Asc
L L N " .

-40 -20 0 20 40 60
Temperature (°C)

Ay band

Thermoluminescence (a.u.)

Figure 6. TL glow curves of heat-treated (48°C, 40 s) leaves, control
thylakoid membranes, and thylakoids isolated from heat-treated barley
leaves in the absence and presence of 50 mm Asc. The curves are
averages of three measurements. a.u., Arbitrary units.
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Figure 7. The effect of moderate heat stress (39°C,
15 min) on the electron transport of wild-type and
vtc2-1 Arabidopsis leaves. A, Fast Chl a fluorescence
transients (OJIP curves) of untreated and heat-treated
leaves measured at 3,500 umol m ™2 s~' photon flux
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density. The curves are averages of eight to 10
measurements. WT, Wild type; a.u., arbitrary units.
B, Amplitudes of the B TL band of untreated and heat-
treated wild-type and mutant plants; mean and st
values from 10 to 12 measurements are shown. C,
Light-induced 820-nm absorbance transients on con-
trol and heat-treated wild-type and vtc2-1 leaves. The 0
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kinetics were measured with a Dual-PAM-100 in- pol
strument on dark-adapted samples during continuous
illumination with red light of 1,950 umol m~? s~
photon flux density for 1 s. The traces are averages of
six to seven transients. D, Amounts of P,,," in con-
tinuous red light of 95 umol m™? s™' photon flux
density, relative to the maximum oxidizable
amounts, induced by saturating pulses of 10,000
wumol m~2 57" photon flux density, in untreated and
heat-stressed wild-type and vtc2-1 leaves. Average
traces and st values were calculated from six to seven
820-nm absorbance transient measurements.
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following the protocol of Schreiber and Klughammer
(2008), which provides information on the magnitude
of the maximum photooxidizable P, as well as on the
relative concentration of P,,," in continuous light. As
shown in Figure 7D, in untreated leaves, P,,, was
almost fully reduced. In contrast, after the heat treat-
ment, P,,," accumulated both in the wild type and
in the mutant, but significantly more P,,," was found
in the Asc-deficient mutant than in the control, despite
the identical inhibition of their OECs. These data show
that Asc acts as an alternative PSII electron donor also
in moderately heat-stressed plants.

DISCUSSION

In this study, we have provided experimental evi-
dence that Asc is a naturally occurring alternative
electron donor of PSII. We have shown that the t, , to
PSII depends on the Asc content of the leaves: in wild-
type Arabidopsis plants, it is approximately 25 ms,
whereas in the Asc-deficient vtc2-1 mutant, it is much
slower, about 55 ms, which, however, can be acceler-
ated with externally supplied Asc to a level approach-
ing the wild-type level (Fig. 2).

Our method for determining the t; , to PSII is based
on the regeneration kinetics of the K peak of the fast
fluorescence transient (Fig. 2). In heat-treated leaves,
the rate of regeneration of this peak depends on the
Asc content of the sample. The regeneration is slower
in the Asc-deficient mutant than in the wild type, and
it does not occur in isolated thylakoid membranes but
can be restored by externally supplied Asc (Figs. 2 and
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4). These data show that the electrons originate from
an external pool, the Asc, and not from cofactors of
PSII (e.g. cytochrome bsg, Tyrp, Chl,, or B-carotene).
The role of recombination and cyclic electron trans-
port around PSII is also ruled out by the detection of
the Asc-dependent electron transport to PSI, which is
sensitive to DCMU (Fig. 3). TL measurements on
leaves and thylakoids (Fig. 6) suggest that Tyr, is
involved in the reaction pathway between Asc and
PSIL (The possible involvement of residual Mn atoms,
mediating between Asc and Tyr,, cannot be ruled out,
although this is unlikely; see below.)

The Asc concentration has been estimated to be
approximately 4 mm in the thylakoid lumen (Foyer
and Lelandais, 1996) and 25 to 50 mm in chloroplasts
(Eskling and Akerlund, 1998; Smirnoff, 2000). In vitro,
the Asc-dependent electron flux has been determined
to be 40 and 50 umol NADPH (mg Chl) ' h ™' at 10 and
50 mwm, respectively, approximately half of the electron
transport rate detected in thylakoids with active OECs
(Mano et al., 1997). Nevertheless, the relatively high
K., values, of about 2.5 and 4.5 mm, determined by
Mano et al. (2004) and in this work (Fig. 5A), respec-
tively, suggest that the rates can be limited by the
substrate concentration. This explains the observation
that a substantial (85%) reduction of the Asc concen-
tration in the mutant cells, and thus presumably also
in the thylakoid lumen of vtc2-1, significantly deceler-
ates the electron donation to PSII.

For a sustained electron transport from Asc to PSII,
an efficient Asc regeneration system is required. It has
been shown that upon donating electrons to PSII, Asc
is oxidized to monodehydroascorbate radical in the
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lumen (Mano et al., 1997), as during the xanthophyll
cycle, where Asc is required as a cofactor for violaxan-
thin deepoxidase (Hager and Holocher, 1994). The
monodehydroascorbate radicals are disproportionated
to Asc and dehydroascorbate, which diffuses to the
stroma, where it is reduced to Asc by glutathione in
a reaction catalyzed by dehydroascorbate reductase
(Triimper et al., 1994). Asc is then transferred to the
lumen by a postulated transporter or by diffusion
(Foyer and Lelandais, 1996; Mano et al., 2004).

Based on in vitro studies, it has been suggested that
Asc can donate electrons also to PSI, when electrons
from PSII are blocked by DCMU, and support sub-
stantial electron flow at high Asc concentrations (50
mM; Mano et al., 1997). Ivanov et al. (2001) suggested
that Asc participates in the cyclic electron transport
around PSI in thylakoid membranes of bundle sheath
and mesophyll cells of maize (Zea mays). In this and in
our previous study (Té6th et al., 2007a), we found no
evidence for significant electron donation rates to PSI
by alternative electron donors. The oxidation kinetics
of P,,, and PC in the presence of DCMU are very
similar in the wild type and in the Asc-deficient
mutant, both showing complete oxidation of P,,, and
PC in continuous light, although their steady-state
oxidation level is slightly decreased by externally
supplied Asc (Fig. 3). Hence, we conclude that under
our conditions, in heat-treated leaves, the affinity of
Asc to PSII is much higher than to PSI, a conclusion
reached earlier by Mano et al. (2004) for NH,OH-
treated thylakoid membranes.

The alternative electron donation to PSII appears to
be ubiquitous in the plant kingdom and is present in C.
reinhardtii (Table I). It also appears to operate in
Synechocystis PCC 6803, even though cyanobacteria
contain no or only low amounts of Asc (Tel-Or et al.,
1986). Therefore, the currently available data could not
rule out the possibility that besides Asc, other thyla-
koid lumenal compounds also can donate electrons to
PSII. Cyanobacterial cells have been shown to contain
2 to 5 mmM glutathione (Tel-Or et al., 1985), which might
serve as PSII donor. In vitro, hydrogen peroxide has
been shown to donate electrons to PSII, but at high
(millimolar) concentrations (Pan and Izawa, 1979;
Mano et al., 1987), which, however, are unlikely to
occur in the lumen. Alternative electron donation to
PSII was also observed in the presence of 20 mm Cys
(Katoh and San Pietro, 1967), but it is also very
unlikely that the lumen would contain such a large
amount of free Cys. It has been suggested by de Ronde
et al. (2004) that Pro is an alternative electron donor of
PSII; their idea was based on strong Pro accumulation
and the faster initial rise of the OJIP transient in leaves
exposed to drought stress. To test if this compound can
act as an alternative electron donor of PSII, we added
Pro to isolated thylakoids with inactivated OECs.
However, we did not observe any variable fluores-
cence upon a second light pulse 200 ms after the first
one, even at concentrations as high as 200 mm (data not
shown).
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It should be noted that the affinity of PSII to Asc
might be very different in different species. It is equally
possible that the applied heat treatments lead to differ-
ent conformations on the donor side of PSII (i.e. release
of two or more Mn atoms and of the extrinsic proteins).
These factors, as discussed below, can influence the
accessibility of Asc to PSII.

Our finding that the rate of alternative electron
donation, with inactivated OECs, depends on envi-
ronmental conditions and the age of plants (Table I)
appears to indicate a dependence on the physiological
state of plants. This is conceivable because the Asc
content is known to vary, for example, with the growth
light intensity (Grace and Logan, 1996; Eskling and
Akerlund, 1998). It must be noted, however, that
differences in the heat sensitivity of the OEC might
also cause variations in the donation rates, as indicated
by the observation that the regeneration of the K peak
in barley leaves depends on the temperature of the
heat pulse. Between 48°C and 52°C, the t, ,, was 24 to
25 ms, whereas at 54°C, 56°C, and 58°C, it decreased to
19, 14, and 11 ms, respectively, suggesting a steric
hindrance below 54°C. It is known that while at
moderately high temperatures (around 50°C), two
Mn atoms are released and the unbinding of the
additional Mn atoms occurs only at higher tempera-
tures or with longer treatments, which might also
bring about more severe damage to the extrinsic
proteins (Nash et al., 1985; Barra et al., 2005). From
these data, one can infer that the remaining Mn atoms
hinder rather than facilitate the electron donation from
Asc to Tyry.

Evidently, under physiological conditions, inactiva-
tion of all OECs, as induced by high-temperature heat
pulses (48°C-50°C, 40 s), is unlikely to occur. It must be
emphasized that our purpose with the use of these
heat pulses was merely to provide clear evidence for
the role of Asc as PSII electron donor. This can most
clearly be shown when all OECs are fully inactivated
while keeping the activity of the reaction centers (T6th
et al.,, 2007a). The elimination of all OECs was also
instrumental in the determination of the t, ,, from Asc.

In the moderate temperature range (e.g. between
10°C and 25°C), the inactivation of the OECs is a
stochastic event. As long as its extent is low, detection
of the electron donation from Asc might not be pos-
sible. Similarly, the existence of the Asc-dependent
electron transport is difficult to identify if, together
with the OEC, or as a consecutive event, the photo-
chemical reaction center is also damaged. Whereas in
moderately UV-B-stressed isolated thylakoid mem-
branes electron donation from Asc could clearly be
observed, higher doses of UV-B light extensively
inactivated the reaction centers and the photooxida-
tion of Asc disappeared (Mano et al., 2004). In unre-
ported experiments, we found that in UV-B-treated
leaves, electron donation by Asc was obscured by the
effects of UV-B light on the reaction centers.

There are environmental conditions in which oxy-
gen evolution is substantially inhibited. It has been
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shown in potato (Solanum tuberosum) leaves that the
disassembly of OECs occurs at relatively low temper-
atures, with a half-inactivation temperature being
39°C, whereas the inactivation of the reaction centers
occurs at somewhat higher temperatures (Havaux,
1993). Our experiments on leaves exposed to moderate
heat stress have shown that the Asc-dependent elec-
tron transport can clearly be identified also when only
a fraction of OECs are inactivated (Fig. 7). These data
clearly demonstrate the role of Asc, as alternative PSII
electron donor, under physiologically relevant condi-
tions.

The most likely physiological significance of this
alternative electron donation, as suggested previously
by Mano et al. (1997), is to protect the PSII reaction
centers from photooxidation. The extent and effective-
ness of this protection probably depend on the extent
of damage, the available Asc concentration, its turn-
over rate, the light intensity, and possible other factors,
the understanding of which is outside the scope of this
paper. Nevertheless, we note that when heat-treated
(49°C, 40 s) Arabidopsis plants are transferred to light,
the decrease of primary charge separation, estimated
from fast Chl a fluorescence transients, was more
pronounced in the vfc2-1 mutants (data not shown).
Furthermore, if leaves of Asc-deficient plants were
incubated in 1 mwm diphenylcarbazide (an artificial
electron donor of PSII that has no scavenging effect for
reactive oxygen species), the inactivation of PSII reaction
centers was in large part alleviated in the vtc2-1 plants.
These data suggest that alternative donors can indeed
protect PSII reaction centers in vivo.

In conclusion, our data provide experimental evi-
dence that Asc donates electrons to PSII reaction
centers that possess no active OEC and maintains a
DCMU-sensitive linear electron transport in leaves.
This mechanism, which appears to be ubiquitous in
organisms with oxygenic photosynthesis, might rep-
resent a defense mechanism, which appears to be
particularly important in plants exposed to heat stress.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) Col-0 wild-type plants and Asc-deficient
vtc2 mutants were grown in a greenhouse under short-day conditions, from
September to January, at approximately 200 wmol m s ™! photon flux density.
The night temperature was 18°C to 20°C, and the day temperature was 22°C to
25°C.

Barley (Hordeum vulgare ‘Scarlett’), Juniperus chinensis, pea (Pisum sativum
‘Rajnai torpe’), and Agropyron elongatum ‘Szarvasi-1 plants were grown in a
greenhouse in the summer season. The temperature was 20°C to 27°C during
the day and 20°C to 23°C at night, and no supplemental light was provided.
Barley seedlings were used when they were 7 d old except in a set of
experiments in which 1-month-old plants were used. Weak, moderate, and
relatively strong salt stresses (the F/F, values were unchanged, 0.81, for all
treatments) on barley plants were applied by watering 4-d-old barley seed-
lings once with 250 mm, 500 mwm, or 1 M NaCl, respectively, and the plants were
measured when they were 8 d old. Marchantia polymorpha and Nephrolepis
exaltata were grown under similar conditions but at moderate light intensity.

Cells of Synechocystis PCC 6803 and Chlamydomonas reinhardtii were grown
photoautotrophically in BG11 (pH 7.5) and TAP (pH 7.0) media, respectively.
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Cells were grown at 30°C under continuous illumination at 30 gmol m 2 s™"

photon flux density. Cultures were aerated on a gyratory shaker operating at
100 rpm.

Heat Treatments

Complete inactivation of oxygen evolution was achieved by a heat pulse:
immersing whole leaves in a water bath for a very short time (40 s) at elevated
temperature (49°C for Arabidopsis). This treatment induces no visible symp-
toms or secondary effects (T6th et al., 2005). The heat-treated plants or leaves
were kept in the dark, and the measurements were carried out at room
temperature at 30 to 60 min after the heat treatment.

M. polymorpha, N. exaltata, . chinensis, pea, A. elongatum, and barley were
treated at 48°C, 52°C, 54°C, 48°C, 50°C, and 48°C, respectively, where complete
inactivation of oxygen evolution occurred. In a set of experiments, 48°C to
58°C treatments were applied to 7-d-old barley seedlings and 1-month-old
barley plants were treated at 50°C. In all cases, oxygen evolution became zero
as measured on thylakoids isolated from heat-treated leaves using phenyl-p-
benzoquinone as an electron acceptor (Toth et al., 2005). The B band arising
from recombination reactions between Qg™ and the S, or S; state of the OEC
was also completely eliminated.

Moderate heat stress was induced by treating detached Arabidopsis leaves
at 39°C for 15 min in a water bath in the dark, and then leaves were cooled
down in room-temperature water (Havaux, 1993).

Asc Content Determination and Asc Feeding to Leaves

Asc and dehydroascorbate contents of wild-type Arabidopsis and vtc2
mutants were determined by a spectroscopic method using the absorption at
265 nm of Asc (Takahama and Oniki, 1992). Three lines of the vtc2 mutant were
available (vtc2-1, vtc2-2, and vtc2-3), of which the vtc2-1 mutant had the lowest
and the least variable Asc content (data not shown) and was used for the
experiments.

Feeding of Asc was performed by incubating detached Arabidopsis leaves
in 20 mm Na-Asc. Leaves were placed in petri dishes and covered with one
layer of filter paper for 2 h at a photon flux density of approximately 15 umol
m~?s™". This was followed by a heat pulse of 49°C, and the measurements
were carried out after 30 min of dark adaptation. Asc+DCMU treatments were
carried out in a similar way; the DCMU concentration was 200 um, and the
solution contained 1% ethanol to dissolve DCMU.

Thylakoid Isolation and Tris Washing

Thylakoids for fluorescence measurements were isolated according to the
method of Robinson and Yocum (1980), except that the pH of the buffers was
7.5. Samples were isolated from 7-d-old barley seedlings that were heat
treated at 48°C for 40 s after 30 min of incubation in the dark. Tris washing was
carried out on thylakoids isolated from untreated leaves by 0.8 m Tris-HCI (pH
8.0 at 4°C) for 30 min under dim light (Yamashita and Butler, 1969).

For TL and oxygen evolution measurements, heat-treated and untreated
leaves were homogenized in 40 mm HEPES (pH 7.5) containing 0.4 M Suc, 1%
(w/v) bovine serum albumin, 5 mm MgCl,, 15 mm NaCl, and 2 mm Na,-EDTA.
The homogenate was filtered and centrifuged at 3,000¢ for 5 min, and then the
pellet was resuspended in the same buffer and centrifuged at 3,000g for 5 min.
Then the membrane pellet was resuspended in 40 mm HEPES buffer (pH 7.5)
containing 0.4 M Suc, 5 mm MgCl,, and 15 mm NaCl. The Chl content was
adjusted (Porra et al., 1989) to 200 g mL ™. Thylakoids were kept on ice in
darkness and were used within 3 h after isolation.

Fast Chl a Fluorescence (OJIP) Measurements

Leaves were kept in darkness after the heat treatments and measured
within 30 to 60 min. Fluorescence measurements were carried out at room
temperature with a special version of the Handy-PEA instrument (Hansatech
Instruments) that allows reducing the length of the measurement to 300 us.
Leaf samples were illuminated with continuous red light (3,500 umol photons
m~?s7", 650-nm peak wavelength; the spectral half-width was 22 nm; the light
emitted by the LEDs is cut off at 700 nm by a near-infrared short-pass filter).
The light was provided by an array of three LEDs focused on a circle of 5 mm
diameter of the sample surface. The first reliably measured point of the
fluorescence transient is at 20 us, which was taken as F;. The length of the
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measurements was 5 s or 5 ms. In the case of the double 5-ms pulses, the dark
intervals between the light pulses were 2.3, 9.6, 16.9, 31.5, 38.8, 53.4, 75.3, 100,
200, or 500 ms. In the case of fluorescence measurements on isolated thylakoid
membranes, 20 uL of suspension (20 ug Chl mL ") was placed on a Whatman
glass microfiber filter (GF/C) inserted in a leaf clip.

Measurement of the Oxidation-Reduction Kinetics of P,

The light-induced redox changes of P,,, were monitored by measuring
absorbance changes at 820 nm using a PAM 101 Chl fluorometer (Heinz Walz)
equipped with an ED 800 T emitter-detector system. Continuous blue actinic
light (approximately 1,800 umol photons m~*s™! for 2 s) was provided by a
halogen lamp (KL 1500; Schott) connected to an electronic shutter. Absorbance
changes at 820 nm were recorded in continuous light on a millisecond time
scale. In a set of experiments, a Dual-PAM-100 instrument was used to
measure the 820-nm absorbance changes and the steady-state oxidation level
of Py, during continuous illumination, relative to the maximum photooxidiz-
able amount (Klughammer and Schreiber, 1994; Schreiber and Klughammer,
2008).

TL Measurements

TL was measured using a custom-made TL apparatus described by
Wiessner and Demeter (1988). For TL measurements, thylakoid suspension
(0.5 mL, 200 pg Chl [a+b] mL ") was placed on the sample holder. Dark-
adapted samples were illuminated at —20°C by a saturating single-turnover
flash and cooled to —40°C. In the case of TL measurements on leaves,
thoroughly dark-adapted samples were cooled to 0°C and illuminated by a
single-turnover flash. Glow curves were recorded while heating the sample to
70°C in darkness with a constant heating rate of 20°C min .
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