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Photosystem I (PSI) photoinhibition suppresses plant photosynthesis and growth. However, the mechanism underlying PSI
photoinhibition has not been fully clarified. In this study, in order to investigate the mechanism of PSI photoinhibition in higher
plants, we applied repetitive short-pulse (rSP) illumination, which causes PSI-specific photoinhibition in chloroplasts isolated
from spinach leaves. We found that rSP treatment caused PSI photoinhibition, but not PSII photoinhibition in isolated
chloroplasts in the presence of O,. However, chloroplastic superoxide dismutase and ascorbate peroxidase activities failed to
protect PSI from its photoinhibition. Importantly, PSI photoinhibition was largely alleviated in the presence of methyl viologen,
which stimulates the production of reactive oxygen species (ROS) at the stromal region by accepting electrons from PSI, even
under the conditions where CuZn-superoxide dismutase and ascorbate peroxidase activities were inactivated by KCN. These
results suggest that the ROS production site, but not the ROS productlon rate, is critical for PSI photoinhibition. Furthermore, we
found that not only superoxide (O, ") but also singlet oxygen ¢ 0O,) is involved in PSI photomhlbltlon induced by rSP treatment.
From these results, we suggest that PSI photoinhibition is caused by both O,  and 'O, produced within the thylakoid
membranes when electron carriers in PSI become highly reduced. Here, we show, to our knowledge, new insight into the

PSI photoinhibition in higher plants.

Higher plants need light to drive photosynthesis.
However, excess light causes photoinhibition in chloro-
plasts (Melis, 1999). Photosystem (PS) Il is very sensitive
to environmental stress, such as high-light intensities or
drought conditions, and such stress conditions can cause
a decrease in D1 protein of the PSII reaction center (Aro
et al., 1993). This phenomenon is called photoinhibition
of PSII, and its occurrence greatly reduces plant pro-
ductivity (Melis, 1999; Kiilheim et al., 2002). In previous
studies, photoinhibition in PSII has been shown to be
caused by singlet oxygen ('0,), which is produced
through a charge recombination reaction between P680"
and the reduced secondary electron acceptor (Q,") in
PSIL. Next, 'O, is thought to stimulate the degradation of
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D1 protein (Asada and Takahashi, 1987; Krieger-Liszkay,
2005; Hideg et al 2007; Gill and Tuteja, 2010; Vass, 2011).
In addition to Oz, recent studies have revealed that su-
peroxide (O,") is also produced by PSII, which also causes
photoinhibition (Bondarava et al., 2010; Zulfugarov et al.,
2014). In contrast to the theory that oxidative degradation
of the D1 protein causes photoinhibition in PSII, several
studies now suggest that reactive oxygen species (ROS)
suppress de novo D1 protein synthesis through the oxi-
dative inactivation of the thioredoxin-regulated elonga-
tion factor G. The latter plays an important role in
protein translation of the D1 protein (Kojima et al., 2007;
Nishiyama et al., 2011).

In addition to PSII, PSI can also experience photo-
inhibition, and photoinhibition in PSI is similarly caused
by ROS (Sonoike and Terashima, 1994; Terashima et al.,
1994; Sonoike et al., 1995; Sonoike, 1995, 1996; Sejima
et al., 2014). In PSI, the risk of ROS production increases
when the photosynthetic electron transport chain is in
a highly reduced state (Sonoike and Terashima, 1994;
Allahverdiyeva et al., 2005; Oelze et al., 2012; Grieco et al.,
2012). In fact, PSI photoinhibition occurs when the PSI
electron carriers become reduced, impairing net carbon
assimilation, and hence plant growth (Allahverdiyeva
et al., 2005; Munekage et al., 2008; DalCorso et al., 2008;
Suorsa et al., 2012; Grieco et al., 2012; Kono et al., 2014).
An important difference between photoinhibition in PSI
and PSII is that PSI recovers very slowly, whereas
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photoinhibited PSII recovers rapidly (¢, is about
60 min; Melis, 1999; Sonoike, 2011). Therefore, PSI pho-
toinhibition has more severe consequences than PSII
photoinhibition in higher plants.

Many studies have confirmed the occurrence of PSI
photoinhibition, although the underlying molecular
mechanisms have not yet been clarified. For example,
the production site of ROS that induce PSI photo-
inhibition has not been identified. Furthermore, it is
difficult to analyze PSI photoinhibition, since PSI is
highly resistant to photoinhibition compared with PSII
(Terashima et al., 1994). In previous studies, specific
materials and experimental conditions (such as chilling
sensitive plants and cold temperatures) were used to
induce PSI photoinhibition in vivo (Terashima et al.,
1994; Sonoike et al., 1995). These experimental limita-
tions complicate the elucidation of the molecular
mechanisms underlying PSI photoinhibition, as well as
the mechanisms that protect PSI from photoinhibition.

Recently, our research group successfully established a
method for specifically inducing PSI photoinhibition in
the leaves of higher plants, by repetitively illuminating
leaves with short-pulse light under dark conditions at
room temperature (Sejima et al., 2014; Zivcak et al., 2015a,
2015b). This method was named “repetitive short-pulse”
(rSP) treatment. PSI photoinhibition induced by the rSP
treatment requires O,, and rSP treatment decreases the
total content of P700 chlorophyll. Based on these results,
we proposed that rSP treatment stimulates the produc-
tion of ROS in PSI, and that ROS decreases P700 chloro-
phyll levels. Furthermore, we also observed a decrease in
P700 chlorophyll when we used a light intensity similar
to that of sunlight (2,000 uE m %s ') in rSP treatment
(Sejima et al., 2014). This result suggested that sun flecks
stimulate PSI photoinhibition under natural field condi-
tions. Therefore, the elucidation of PSI photoinhibition
induced by rSP treatment would improve our under-
standing of the mechanism underlying photoinhibition
in PSI under natural field conditions.

In this study, we focused on the mechanism underlying
O,-dependent PSI photoinhibition induced by rSP treat-
ment, and we investigated the relationship between the
ROS production at PSI and PSI photoinhibition. We found
that ROS produced within the thylakoid membranes
promoted the degradation of P700 chlorophyll during rSP
treatment and induced PSI photoinhibition. Importantly,
we found that 'O, is produced in PSI, and 'O, also stim-
ulates the PSI photoinhibition in addition to O, although
many studies are exclusively focused on O, in PSI pho-
toinhibition. On the basis of these results, we discuss the
relationship between the ROS production mechanism and
PSI photoinhibition.

RESULTS

rSP Treatment Specifically Induces PSI Photoinhibition in
Isolated Chloroplasts

First, we applied rSP treatment to isolated chloro-
plasts, in order to elucidate the mechanism of PSI
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photoinhibition, using the method of Sejima et al. (2014)
(Fig. 1). In the 1SP treatment, the li%ht intensity of the
short pulse was set to 20,000 uE m™ s ! the pulse du-
ration was set at 300 ms, and the illumination frequency
was every 10 s under dark conditions. Figure 1A shows
the time-course for the change in quantum yields in PSII
[Y(II)] and PSI [Y(I)] throughout rSP treatment. Y(I)
considerably decreased during rSP treatment in the ab-
sence of electron acceptors in the reaction mixture. Y(ND)
and Y(NA) represent the extent of photosynthetic elec-
tron transport limitation in PSI at the donor and acceptor
sides, respectively (Klughammer and Schreiber, 1994).
Y(NA) increased throughout rSP treatment (Fig. 1B). In
contrast, Y(ND) was not induced during the rSP treat-
ment (Fig. 1C). These results indicate that rSP treatment
suppresses the photosynthetic electron transport reaction
at the acceptor side of PSIin isolated chloroplasts. On the
other hand, Y(II) was less affected during rSP treatment,
compared to Y(I) (Fig. 1A). These results are consistent
with previous results obtained from intact leaves (Sejima
et al., 2014; Zivcak et al., 2015a, 2015b).

We estimated the residual activity of PSII and PSI
after rSP treatment, based on the change in the maxi-
mum quantum yield of PSII (F /F,) and the total
amount of P700 chlorophyll (P,,) before and after rSP
treatment (Fig. 1D). The rSP treatment decreased PSII
activity to 80%, and PSI activity to 18%. We furthermore
analyzed the effect of rSP treatment on PSII, PSI,
and the whole-chain photosynthetic electron transport
activities. PSII activity was estimated from DMBQ-
dependent O, evolution rates, and no difference was
observed between the control and rSP treatment
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Figure 1. A to C, Time-course analysis of photosynthetic parameters [A,
Y(I) and Y(I1); B, Y(NA); C, Y(IND)] in isolated chloroplasts. The reaction
mixture contained 30 ug mL™" isolated chloroplasts. Isolated chloro-
plasts were illuminated every 10 s with a short-pulse (300 ms, 20,000
nE m~2 s~ and for 1 h without AL illumination at 25°C. Experiments
were repeated three times. D, After rSP treatment, the reaction mixture
was kept in the dark for 30 min, and F/F,, and P, were measured. Data
were normalized to F/F,, and P_, before rSP treatment, and are repre-
sented as the residual activities of PSIl and PSI after rSP treatment. Data
are expressed as mean = st of three independent experiments.
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samples (Supplemental Fig. S1A). In contrast, PSI and
the whole-chain photosynthetic electron activities, es-
timated from the MV-dependent O, absorption rates,
were considerably lower in the rSP treatment sample,
compared to the control (Supplemental Fig. S1, B and
C). These results indicate that rSP treatment induces
photoinhibition that is specific to PSI in isolated chlo-
roplasts, which is similar to the results seen in intact
leaves (Sejima et al., 2014; Zivcak et al., 2015a, 2015b).

Furthermore, we performed western-blot analyses to
confirm whether PSI photoinhibition induced by rSP
treatment was accompanied by PSI protein degradation.
We found that the amount of PSI core protein PsaA did
not decrease after rSP treatment, even though the P700
chlorophyll content was largely decreased (Supplemental
Fig. 52). This result indicates that rSP treatment does not
stimulate protein degradation in PSI. Likewise, the PSII
core protein PsbB did not decrease after rSP treatment
(Supplemental Fig. S2). Therefore, rSP treatment-
dependent PSI photoinhibition does not involve re-
ductions of PSII and PSI proteins.

Effects of O, and Methyl Viologen on PSI Photoinhibition
in Isolated Chloroplasts

We analyzed the effect of rSP treatment under anaer-
obic conditions, in order to reveal whether PSI photo-
inhibition requires O, in isolated chloroplasts in a similar
manner to intact leaves. Nitrogen gas was bubbled
through the reaction mixture to remove the diluted O,,
and to create anaerobic conditions. The decrease in Y(I)
during rSP treatment was alleviated under anaerobic
conditions, compared to aerobic conditions (Fig. 2A).
Furthermore, the residual activity of PSI after rSP treat-
ment was significantly higher under anaerobic condi-
tions, compared to aerobic conditions (Fig. 2B). Overall,
these results indicate that the presence of O, stimulates
PSI photoinhibition.

Next, we analyzed the effects of methyl viologen
(MV) on the rSP treatment (Fig. 2A). MV accepts elec-
trons from PSI, and the reduced MV subsequently do-
nates electrons to O, to produce the superoxide radical
(O,") under aerobic conditions (Babbs et al., 1989). In
the presence of MV, there was hardly any decrease in
Y(I) throughout rSP treatment (Fig. 2A). The residual
activity of PSI was significantly higher than when MV
was not added (Fig. 2B). In previous studies, PSI pho-
toinhibition was suppressed by limiting photosynthetic
electron flow from PSII (Sonoike, 1996; Sejima et al.,
2014). That is, accumulation of the oxidized P700
suppresses rSP-dependent PSI photoinhibition (Sejima
et al., 2014). Because MV is able to efficiently accept
electrons from PSI, this means that the limiting step of
the linear electron transport reaction moves from the
acceptor side of PSI to plastoquinone (PQ), which is
oxidized by cytochrome bf turnover in the presence of
MV (Tikhonov, 2013). MV is thought to have two effects
on the oxidation of donor side of P700 in PSI: first, the
stimulation of ApH formation to suppress the oxidation
of reduced PQ (PQH,) by cytochrome b,f complex; and
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Figure 2. A, Time-course analysis of Y(I) in isolated chloroplasts under
different experimental conditions. The reaction mixture contained
30 ug mu~" isolated chloroplasts, and the reaction mixture was main-
tained at 25°C. Black squares indicate Y(I) in the absence of electron
acceptors under aerobic conditions. Red circles indicate Y(I) in the
presence of MV (5 um) under aerobic conditions. Blue triangles indicate
Y(I) in the absence of electron acceptors under anaerobic conditions.
Experiments were repeated at least three times, and representative data
are shown. B, After rSP treatment, the reaction mixture was kept in the
dark for 30 min, and the P, was measured. Data were normalized to P,
before rSP treatment, and are represented as the residual activity of PSI
after rSP treatment. Data are expressed as mean = st of three independent
experiments. Different letters above the columns indicate a significant
difference between the treatments (Tukey-Kramer HSD test, P < 0.05).

second, a stimulation of electron flow from P700 to O,
to oxidize the photosynthetic electron transport chain.

Effects of the Protonophore Nigericin on
PSI Photoinhibition

To examine whether MV forms a ApH to suppress PSI
photoinhibition during rSP treatment, we applied a pro-
tonophore, nigericin, to isolated chloroplasts during rSP
treatment. In the absence of MV, the addition of nigericin
partially accelerated a decline in Y(I) throughout rSP
treatment, compared to in the absence of nigericin
(Supplemental Fig. S3). This indicated that a ApH was
generated during rSP treatment and that electron flow
from the donor side of PSI to the acceptor side was lim-
ited. This would suppress the reduction of O, and the
production of ROS in PSI. Indeed, the kinetics of oxidized
P700 chlorophyll during short-pulse illumination differed
considerably in the absence and presence of nigericin (Fig.
3A). In the presence of nigericin, oxidized P700 chloro-
phyll was more rapidly reduced during a short-pulse il-
lumination, compared to when nigericin was not added.
This result indicates that a ApH value was induced during
the short-pulse illumination, and this would contribute to
the suppression of photosynthetic electron flow from PSII
to oxidized P700 chlorophyll. On the other hand, in the
presence of MV, the addition of nigericin to the reaction
mixture did not lead to a decrease in Y(I) (Supplemental
Fig. S3). This result showed that the reduction in PSI
photoinhibition by MV could not be due to the stimula-
tion of ApH formation. The kinetics of oxidized P700
chlorophyll during a short-pulse illumination in the
presence of MV showed that the oxidized state in P700
chlorophyll was maintained during short-pulse illumi-
nation, regardless of the addition of nigericin (Fig. 3B).
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Figure 3. Kinetics of oxidized P700 induced by a short-pulse in the
absence of MV (A) and in the presence of MV (B). The data were
obtained after rSP treatment was applied for 5 min. The black line shows
the condition in the absence of nigericin. The red line shows the con-
dition in the presence of nigericin. Experiments were performed at least
three times. Short-pulse was illuminated every 10 s, and average data
over three short-pulse illuminations are shown. The reaction mixture
contained 30 ug mi ™" isolated chloroplasts, and the reaction mixture
was maintained at 25°C.

This result indicated that MV effectively accepts electrons
from PSI, and keeps P700 chlorophyll oxidized during a
short-pulse illumination.

Chloroplastic Superoxide Dismutase and Ascorbate
Peroxidase Cannot Protect PSI from Photoinhibition
Induced by rSP Treatment

Higher plants have superoxide dismutase (SOD) and
ascorbate peroxidase (APX) in their chloroplasts, and
they help to detoxify ROS (Miyake and Asada, 1992;
Asada, 2000). First, we analyzed the effects of rSP treat-
ment on chloroplastic SOD and APX to assess whether
chloroplastic SOD and APX activities are maintained in
isolated chloroplasts throughout rSP treatment. A com-
parison of chloroplastic SOD and APX activities before
and after rSP treatment showed that their activities did
not change (Supplemental Fig. S4). This result indicated
that ROS detoxification activities in isolated chloroplasts
were maintained throughout rSP treatment. Further-
more, this result indicated that rSP treatment does not
stimulate oxidative stress at the chloroplast stroma, be-
cause chloroplast APX activities are sensitive to ROS
(Miyake and Asada, 1996; Mano et al., 2001). Thus, PSI
photoinhibition induced by rSP treatment is probably
independent of chloroplastic SOD and APX activities. To
confirm this possibility, we added KCN to the reaction
mixture to inhibit chloroplastic CuZn-SOD and APX
activities, and applied rSP treatment. In spinach chloro-
plasts, the almost all SOD activities depend on CuZn-
SOD (Asada et al., 1973, 1974). The addition of KCN
did not affect the decrease in Y(I) during rSP treatment
(Fig. 4A). Furthermore, the residual activity of PSI after
rSP treatment did not show significant difference be-
tween in the absence or the presence of KCN (Fig. 4B).
These results suggest that chloroplastic CuZn-SOD and
APX do not protect PSI from photoinhibition induced by
rSP treatment.
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Surprisingly, we found that, even though KCN was
present, MV suppressed PSI photoinhibition, when the
production of O, was enhanced during rSP treatment
(Supplemental Fig. S5). From these facts, PSI photo-
inhibition would not be related to the production rate of
ROS, and the scavenging of ROS outside the thylakoid
membranes. Next, we studied the molecular species of
ROS that is produced during rSP treatment.

Both O,” and 'O, Contribute to PSI Photoinhibition
Induced by rSP Treatment

PSlis a major production site of ROS, and O, has been
generally recognized as a main ROS to be produced at PSI
(Takahashi and Asada, 1982). However, recent reports
provide evidence that PSI also produces 'O,, which is
related to PSI photoinhibition (Cazzaniga et al., 2012;
Rutherford et al., 2012). Furthermore, we showed that
inactivation of APX and CuZn-5OD does not affect PSI
photoinhibition (Fig. 4). This rmght indicate that PSI
photoinhibition was induced by 'O, but not O,~ durmg
rSP treatment. To examine the p0551b111ty whether '0,
relates to PSI photoinhibition induced by rSP treatment
we added a soluble a-tocopherol analog, 2, 2, 5, 7,

—pentamethyl -6-chromanol (PMC), which is an amphi-
pathic 'O, scavenger, to the reaction mixture, and con-
ducted rSP treatment (Fryer, 1992, Grams and Inglett,
1972; Munné-Bosch, 2005). The addition of PMC did not
affect the early decrease in Y(I) during rSP treatment (Fig.
5A). In contrast, PMC alleviated the late decrease in Y(I),
compared to that seen in the control (Fig. 5A). The re-
sidual activity of PSI after 1SP treatment for 1 h revealed
that the addition of PMC significantly alleviated the in-
activation of PSI, compared to control (Fig. 5B). In con-
trast, the residual activity of PSII was not different in the
absence and the presence of PMC (Fig. 5C).
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Figure 4. Effect of KCN on PSI photoinhibition induced by rSP treat-
ment. The reaction mixture contained 30 ug mi~" isolated chloroplasts,
and the reaction mixture was maintained at 25°C. A, Time-course
analysis of Y(I) in isolated chloroplasts in the absence (white squares)
and presence of KCN (0.1 mm; black squares). Experiments were re-
peated at least three times, and representative data are shown. B, After
rSP treatment, the reaction mixture was kept in the dark for 30 min, and
the P,, was measured. Data were normalized to the P, before rSP
treatment, and the residual activity of PSI after rSP treatment was cal-
culated. Data are expressed as mean = st of three independent exper-
iments. Student’s ¢ test revealed that there is no significant difference in
the residual activities in between the absence and the presence of KCN
(P>0.1).
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To examine whether PMC acts as an electron accep-
tor like MV, we analyzed the kinetics of oxidized P700
chlorophyll during the short-pulse illumination. We
found that PMC did not affect the kinetics of oxidized
P700 chlorophyll during a short-pulse illumination
(Supplemental Fig. 56). Furthermore, we compared the
O, absorption rate and Y(II) in the absence and presence
of PMC using an O,-electrode and chlorophyll fluo-
rescence. Under continuous actinic light (AL) illumi-
nation (500 uE m~? s7!), PMC did not affect O,
absorption rate and Y(II) in isolated chloroplasts
(Supplemental Table S1). From these results, we revealed
that PMC does not act as an electron acceptor. Further-
more, doubling the PMC concentration from 5 um to
10 uM did not affect the residual activity of PSI after rSP
treatment for 1 h [PSI residual activity = 0.35 = 0.06 (n =
3)]. This result indicated that 5 um PMC is enough to
protect PSI from photoinhibition induced by 'O,.

DISCUSSION

In this study, we aimed to reveal the mechanisms by
which rSP treatment induces photoinhibition specific to
PSI by using isolated chloroplasts. We observed that
rSP treatment induces PSI-specific photoinhibition in
isolated chloroplasts when O, was present, in a similar
manner to leaves (Sejima et al., 2014). In addition, rSP
treatment caused a limitation of the photosynthetic
electron transport reaction at the acceptor side in PSI
(Fig. 1; Supplemental Fig. S1). These results suggest that
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Figure 5. Effect of PMC on PSI photoinhibition induced by rSP treat-
ment. The reaction mixture contains 30 ug mi~ " isolated chloroplasts,
and the reaction mixture was maintained at 25°C. A, Time-course
analysis of Y(I) in isolated chloroplasts in the absence (black squares)
and presence of PMC (5 uMm; green stars). Experiments were repeated at
least three times, and representative data are shown. B and C, After rSP
treatment, the reaction mixture was kept in the dark for 30 min, and the
P, and F/F,, values were measured. Data were normalized to the P,
and F/F,, values before rSP treatment, and the residual activity of PSI (B)
and PSII (C) after rSP treatment were calculated. Data are expressed as
mean = st of three independent experiments.
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rSP treatment critically affected chloroplasts, but other
organelles were not involved in PSI photoinhibition.
We propose that PSI photoinhibition is triggered by
ROS produced within the thylakoid membranes. Al-
though several components of ROS production have
been proposed in previous reports, the ROS production
mechanism in PSI has not been clarified (Misra and
Fridovich, 1971; Miyake et al., 1998; Asada, 2000; Voss
et al,, 2011; Kozuleva and Ivanov, 2010). ROS are
known to trigger PSI photoinhibition and to degrade its
components because PSI photoinhibition requires O,
(Allahverdiyeva et al., 2005; Sonoike and Terashima,
1994; Sonoike, 1996). However, the production site of
the ROS that trigger PSI photoinhibition has been not
clarified. In our study, we observed that the addition of
MYV to isolated chloroplasts greatly alleviates PSI pho-
toinhibition induced by rSP treatment (Fig. 2). This re-
sult is consistent with a previous report on thylakoid
membranes (Sonoike, 1996). A relationship between the
suppression of PSI photoinhibition and oxidation of
P700 in PSI would clarify the molecular mechanism of
MYV to alleviate PSI photoinhibition. We have thought
that an increase in P700" decreases the ratio of the
ground state P700 and excited P700 against the total
P700 amount, of which both can donate electrons to O,
to produce O, in the thylakoid membranes. However,
even in the presence of KCN or nigericin, the presence
of MV suppressed rSP-treatment-dependent PSI pho-
toinhibition (Supplemental Figs. S3 and S5). These sit-
uations should stimulate the production of ROS in the
chloroplast thylakoid membranes and stroma. Based
on these results, the production rate of ROS, and the
quantity of ROS should not relate to the PSI photo-
inhibition in chloroplasts. Therefore, we suggest that
the production site of ROS, rather than the quantity of
ROS, is important for causing PSI photoinhibition.
MYV accepts electrons from PSI and stimulates the
production of O, through their radical form (MV;
Babbs et al., 1989). Then, where is ROS produced by
MYV -? According to Kozuleva et al. (2014), the midpoint
redox potential (E,,)) of O,/O,  in the lipid phase is a
lower value (—500 mV/—600 mV vs. normal hydrogen
electrode), compared to the E , value of O,/0O, in the
aqueous phase. Since MV accepts electrons from elec-
tron carriers in PSI [Fy, F,, or Fg; their E_, values are
higher than the E_ value of O,/0O,  in the lipid phase
(Kozuleva et al., 2014)], MV would have a higher E_
value than the E_ value of O,/0O," in the lipid phase
(Michaelis and Hill, 1933; Stombaugh et al., 1976).
Based on the latter and thermodynamics, MV - effec-
tively reduces O, to produce O, at the stromal region
in chloroplasts, although the reduction of O, within the
thylakoid membranes might be insufficient. Further-
more, we used 5 um MV in the rSP treatment. Under
these conditions, MV reacts with F, /F; at the stromal
side in PSI (Sonoike and Terashima, 1994). Based on this
report, MV would stimulate the production of ROS in
the chloroplast stroma, and we suggest ROS produced
in the stromal region does not contribute to PSI pho-
toinhibition. This suggestion is also supported by the
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result that chloroplastic CuZn-SOD and APX activi-
ties were independent of PSI photoinhibition (Fig. 4;
Supplemental Figs. 5S4 and S5).

In addition to the above considerations, we also suggest
the possibility that MV-dependent oxidation of the elec-
tron transport chain alleviated PSI photoinhibition. A re-
cent study showed that P700 in PSI is oxidized under
electron sink-limitation conditions in the cyanobacteria
Synechococcus elongatus PCC 7942 (Shaku et al., 2015).
Shaku et al. (2015) demonstrated that an oxidized high-
potential chain, including cytochrome f and plastocyanin-
scavenged O, , was produced in thylakoid membranes.
This scavenging rate was comparable to the electron flow
rate in linear electron transport (Tanaka et al, 197§;
Takahashi et al., 1980). We observed that MV successfully
oxidized the P700 during a short-pulse illumination (Fig.
3). Therefore, the stimulated oxidation of photosynthetic
electron transport chain by MV could scavenge O,
even though the production of ROS was stimulated
(Supplemental Fig. S5).

In leaves, PSI photoinhibition induced by rSP treat-
ment is suppressed under continuous AL illumination,
compared to dark conditions (Sejima et al., 2014). This is
because constant AL illumination stimulates the oxi-
dation of PSI by activating the electron sink in photo-
synthesis (like the Calvin cycle and photorespiration)
and the formation of ApH across the thylakoid mem-
brane (Zaks et al., 2012). Indeed, we observed that ApH
and electron donation from PSI to MV protect PSI
photoinhibition in isolated chloroplasts (Fig. 3). In the
study by Sejima et al. (2014), PSI photoinhibition was
suppressed, in accordance with the induction of Y(IND)
under AL illumination. Based on this result, in leaves,
the formation of a large ApH across the thylakoid
membranes is more critical for the protection of PSI
photoinhibition, compared to the consumption of
electrons in the electron sink in photosynthesis. There-
fore, these results and those by Sejima et al. (2014) show
that rSP treatment under dark conditions promotes the
reduction of electron carriers in PSI without activating
the electron sink and forming a large ApH, which
suppresses the photosynthetic electron transport reac-
tion from PSII to PSI in vivo. Accordingly, PSI photo-
inhibition would be triggered by the production of ROS
within the thylakoid membranes in vivo, in the same
way as in isolated chloroplasts.

We propose that PSI photoinhibition proceeds in two
different ways by the different kinds of ROS produced
within the thylakoid membrane (Fig. 6). First, the pro-
duction of O, and OH- at a secondary electron ac-
ceptor in PSI induces PSI photoinhibition (Takahashi
and Asada 1988; Sonoike et al., 1995). PSI has four
electron acceptors (Aj as a primary acceptor, and A, Fy,
and F,/F; as secondary acceptors). It has been sug-
gested that the ROS production site in PSI is within the
thylakoid membranes and that the secondary acceptor,
A,, is a major contributor to the Mehler reaction in vivo
(Kozuleva and Ivanov, 2010; Kozuleva et al., 2014).
Two types of A;, which have different E_ values (A,
—671mV; A, —844mV), existin PSL, and A, and A, are
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coupled with PsaA and PsaB, respectively (Rutherford
et al., 2012). The degradation of PsaB is more promoted
during PSI photoinhibition, compared to the degrada-
tion of PsaA (Sonoike, 1996; Sonoike et al., 1997).
Therefore, A;, which has a lower E , value than A,
might be a primary ROS production site in PSI, and O,
produced at A, could trigger PSI photoinhibition
(Sonoike and Terashima, 1994). We suggest that ROS
production and the oxidative attacks by ROS in PSI
occur within the thylakoid membranes. Therefore,
chloroplastic SOD and APX cannot protect PSI from its
photoinhibition (Fig. 4; Supplemental Fig. 54). In fact,
Takahashi and Asada (1988) reported that O, reduction
detected by O, -dependent cytochrome ¢ reduction
was stimulated in thylakoid membranes that were
disintegrated by detergent. This means that the O, re-
duction site does not exist on the thylakoid membrane
surface. Furthermore, they revealed that high concen-
trations of NH,Cl, which induced the protonation of
O, , stimulated the production of H,O, in thylakoid
membranes, and simultaneously NH,Cl suppressed the
O, -dependent cytochrome c reduction (Takahashi and
Asada, 1988). From these observations, they concluded
that O,” was produced in the aprotic region of the
thylakoid membranes, that is, interior regions of the
thylakoid membrane. Their conclusion is consistent
with our observations.
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Figure 6. The scheme of ROS production and photoinhibition in PSI.
When electron carriers are highly reduced in PSI, the production of O,
is stimulated at the A, site (Kozuleva and lvanov, 2010; Kozuleva et al.,
2014). O,  either directly attacks the peripheral component, or is
converted to OH- via the Fenton reaction between the iron-sulfur center
in Fy, F,, or Fy in the diffusing process (Inoue et al., 1986; Sonoike et al.,
1995; Takahashi and Asada, 1988). The limitation of electron transfer
from P700 to downstream electron acceptors would suppress the charge
separation between P700 and chlorophyll A, (Shuvalov et al., 1986).
Furthermore, the production of the P700 triplet-state (*P700) is initiated
(Rutherford et al., 2012; Shuvalov et al., 1986). >P700 reacts with O, to
produce singlet O, ('O,). 'O, attacks the peripheral component in PSl,
and precedes PSI photoinhibition (Cazzaniga et al., 2012). These re-
actions proceed within the thylakoid membranes. Therefore, a decrease
in P700 chlorophyll occurs, but protein degradation does not accom-
pany PSI photoinhibition. Blue arrows indicate the energy transfer
pathway in PSI, and the light-blue arrow indicates the diffusion of O,~
in the thylakoid membranes (Takahashi and Asada, 1988).

Fenton reaction
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Second, the production of 'O, by charge recombination
in PSI proceeds further PSI photomh1b1t1on (Fig. 6). We
revealed that PMC, which acts as a 'O, scavenger, sup-
pressed the decrease in Y(I) in isolated chloroplasts, and
PMC significantly protected PSI activity after rSP treat-
ment for 1 h, compared to the control (Fig. 5). In a similar
way to P680 chlorophyll, the transient state of the excited
P700 chlorophyll in PSI is de-excited to the triplet state
§3P7OO) through charge recombmatlon and then the

P700 reacts with O, to produce 'O, (Shuvalov et al., 1986;
Rutherford et al 2012) Ina prev1ous study, it has been
reported that O2 is not produced in PSI under photo-
inhibitory conditions for PSII (Hideg and Vass, 1995).
However, in that study, the decrease in PSI activity was
not observed under photoinhibitory conditions although
PSII activity was successfully impaired (Hideg and Vass,
1995). This might indicate that electron carriers in PSI did
not become reduced to produce ROS in PSI under pho-
toinhibitory conditions for PSII. In contrast, Cazzaniga
etal. (2012) reported that 'O, is produced in the PSI-LHCI
complex isolated from Arab1dops1s (Arabidopsis thaliana).
Furthermore, they also reported that the Arabidopsis sz/1
mutant, which contains less B-carotene than the wild-
type, is susceptible to PSI photoinhibition under high-
hght and low-temperature conditions. This means that

O, produced in PSI caused PSI photoinhibition because
B- carotene isa ma]or O2 quencher (Telfer, 2014). There-
fore, we suggest that 'O, is actually produced in PSI, and
'0, is involved in PSI photomhlbltlon in higher plants.
In PSI photoinhibition, F,, F;, and F, were primarily
destroyed and they lost electron transport activity (Inoue
et al., 1986; Sonoike et al., 1995). Based on these reports,
O, produced at A; would diffuse in the thylakoid
membrane and react with the [Fe-S] cluster in F,, F,, or
Fg. Furthermore, OH- produced from O, through the
Fenton reaction would then inactivate their electron
transfer activities (Takahashi and Asada, 1988; Sonoike
etal.,, 1997). When the electron transport reaction in PSI is
limited after the destruction of F,, F,, and F;, the charge
separation of P700 chlorophyll would be suppressed,
and then the charge recombination between P700" and
A, or A, could be further accelerated (Shuvalov et al.,
1986; Kozuleva and Ivanov, 2010).

We observed that PSI core protein content did not
decrease after PSI photoinhibition, even though P700
chlorophyll content and PSI activity largely decreased in
isolated chloroplasts as well as in leaves (Supplemental
Fig. S2). Previous studies also showed that the decrease in
PSI activity and P700 chlorophyll content does not cor-
relate with the decrease in PSI protein content after PSI
photoinhibition (Sonoike et al., 1997; Tjus et al., 199§;
Zhang and Scheller, 2004). Therefore, these results indi-
cate that PSI protein degradation is not the first step of
PSI photoinhibition. These results support the idea that
ROS produced within the thylakoid membrane specifi-
cally target electron transport carriers in PSI, and hence
precede PSI photoinhibition.

We have shown that rSP treatment stimulated spe-
cific PSI photoinhibition in vitro. Furthermore, the ki-
netics of Y(I) during rSP treatment were quite similar in
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the leaves and isolated chloroplasts (Fig. 1A; Sejima et al.,
2014; Zivcak et al., 2015a, 2015b). To date, there has not
been a common method to cause PSI photoinhibition in
vivo and in vitro. This means that the rSP treatment im-
proves PSI photoinhibition analysis efficiency. Because
PSI photoinhibition is a severe phenomenon, reducing
plant fitness, the identification of the protection mecha-
nism against PSI photoinhibition would contribute to the
improvement of plant fitness. We suggest that the rSP
treatment should make it possible to uncover the pro-
tection mechanism against PSI photoinhibition through a
forward or reverse genetic approach, such as the selection
of mutagenized plants that have a higher susceptibility or
tolerance to PSI photoinhibition.

MATERIALS AND METHODS
Isolation of Intact Chloroplasts from Spinach Leaves

Intact chloroplasts were isolated from spinach (Spinacia oleracea) leaves pur-
chased from a local market and purified by a Percoll density gradient centrifugation,
as described previously by Takagi et al (2012). The isolated chloroplasts were sus-
pended in a reaction mixture of HEPES-KOH [50 mm 4-(2-hydroxyethyl) piperazine-
1-ethansulfonic acid-potassium hydrate], pH 7.6; 0.33 M sorbitol; 10 mm NaCl
(sodium chloride); 1 mm MgCl, (magnesium chloride); 2 mm EDTA; and 0.5 mm
KH,PO, (monopotassium phosphate). The intactness of the purified chloroplasts
was determined with the ferricyanide method (Heber and Santarius, 1970), and
85% to 95% of the intact chloroplasts were used in our experiment. The chloroplast
chlorophyll content was determined as described previously by Arnon (1949).

Oxygen Exchange Analysis in Isolated Chloroplasts

A chloroplast suspension that had either been incubated in the dark for 1 h or
subjected to repetitive short pulse (rSP) treatment for 1 h was placed in an oxygen
electrode cuvette (DW 2/2; Hansatech, King’s Lyn, UK) equipped with actinic red
light (AL; >640 nm). Temperature was maintained at 25°C and controlled by cir-
culating temperature-controlled water through the water jacket. The PSII, PSI, and
whole-chain activities were measured as described by Miyake and Okamura (2003).
PSII activity in the chloroplasts was determined by the O, evolution rate. To achieve
this, 2, 6-dimethyl benzoquinone (500 uMm) and nigericin (0.5 uMm) were added to the
chloroplast suspension, and illuminated with AL. PSI activity was determined by
the O, absorption rate. For this measurement, dichlorophenolindophenol (70 um),
nigericin (0.5 um), KCN (0.1 mm), ascorbate (1 mm), methyl viologen (100 um), and
3-(3,4-dichlorophenyl)-1,1-dimethylurea (10 um) were added to the chloroplast
suspension, and illuminated with AL. Whole-chain activity of the photosynthetic
electron transport reaction was determined by the O, absorption rate. For this
measurement, nigericin (0.5 um), KCN (0.1 mm), and methyl viologen (100 um) were
also added to the chloroplast suspension, and illuminated with AL.

Enzyme Assay of Chloroplastic SOD and APX

Chloroplastic APX activities were determined in a reaction mixture con-
taining isolated chloroplasts (60 ug Chl), 50 mm potassium phosphate (pH 7.0),
0.5 mm ascorbate, and 5 mm H,0O, (Miyake and Asada, 1992). APX activities
were determined by measuring the H,O,-dependent oxidation of ascorbate.
The oxidation of ascorbate was monitored by the decrease in Ay, (the ab-
sorption coefficient was 2.8 mm~' cm ™). Chloroplastic SOD activities were
determined using the xanthine oxidase/cytochrome ¢ method (McCord and
Fridovich, 1969). Chloroplastic SOD activities were measured in a reaction
mixture containing isolated chloroplasts (60 mg Chl), 300 mm potassium
phosphate (pH 8.0), 60 um cytochrome c, 0.3 mm xanthine, and 120 mU xanthine
oxidase. The reduction of cytochrome ¢ was measured at 550 nm.

Measurement of Chlorophyll Fluorescence and P700*

Chlorophyll fluorescence and P700* were simultaneously measured with a
Dual-PAM-100 measuring system (Heintz Walz, Effeltrich, Germany). The
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reaction mixture was maintained at 25°C by temperature control unit US-T (Heintz
Walz). The chlorophyll fluorescence parameters were calculated according to Baker
(2008): maximum quantum efficiency of PSII photochemistry, F, /F,, = (F,, — F.)/F,;
quantum yield of photochemical energy conversion in PSII, Y(II) = (F,," — F))/F,’;
F,, minimum fluorescence yield; F,, maximum fluorescence yield; and F,, steady-
state fluorescence yield. Measuring light (0.1 .E m ?s™*) and saturated pulse (20,000
wEm™2s™", 300 ms) were applied to determine F, and F,,,. The oxidation-reduction
state of P700" was determined according to the methods of Klughammer and
Schreiber (1994) as follows: quantum yield of photochemical energy in PSI, Y(I) =
(P, — P)/P,,; quantum yield of nonphotochemical quenching due to the acceptor
side limitation, Y(NA) = (P, — P,,")/P,; and quantum yield of nonphotochemical
quenching due to the donor side limitation, Y(ND) = P/ P, . The maximum oxidation
level of P700 chlorophyll (P,,,) was obtained by a saturated pulse under far-red light,
which reflected the maximum amount of photooxidized P700 chlorophyll. The
parameter P reflects the steady-state oxidation level of P700%, and P, was obtained
by a saturated pulse at a steady state.

rSP Treatment

1SP treatment was applied to chloroplasts that had been isolated from
spinach leaves, as described previously by Sejima et al. (2014). Isolated chlo-
roplasts were illuminated with short pulses (20,000 «.E m 2 s~", 300 ms) every
10 s in the absence of AL for 1 h under the experimental conditions indicated in
the figure legends. During rSP treatment, the reaction mixture containing iso-
lated chloroplasts was maintained at 25°C by temperature control unit US-T
(Heintz Walz). After rSP treatment, the photosynthetic parameters of PSII and
PSI activity were determined as described in the figure legends.

Sodium Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis

For the protein analysis, isolated chloroplasts suspended in the reaction
mixture were collected by the centrifugation at 5000g for 1 min at 4°C. After the
centrifugation, the isolated chloroplasts were resuspended in the protein-
solubilizing solution [80 mwm Tris-HCI (pH 6.8), 1 mm EDTA, 5% glycerol (v/v),
2% N-octyl-B-pD-glycoside (w/v)]. The isolated chloroplasts were electro-
phoresed on 12.5% (w/v) sodium dodecyl sulfate-polyacrylamide gels con-
taining 8 M urea, as described by Laemmli (1970).

Western Blotting

The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred onto a polyvinylidene difluoride (PVDF) membrane
(Merck Millipore, Billerica, MA), and then blocked with the commercially available
Blocking One reagent (Nakalai Tesque, Kyoto, Japan) for 30 min at room tem-
perature (25°C). The PVDF membrane was subsequently incubated with a specific
peptide antibody for 1 h at room temperature (25°C). The PVDF membrane was
washed three times with TBS Tween buffer [10 mm Tris-HCI (pH 7.4), 0.14 M NaCl,
0.1% (v/v) Tween 20] and incubated with ECL peroxidase-labeled secondary anti-
rabbit antibody (GE Healthcare, Buckinghamshire, UK) for 1 h at room tempera-
ture (25°C). The PVDF membrane was washed three times with TBS TWEEN
buffer. Proteins were detected with an alkaline phosphatase labeling kit. The
protein content was quantified by Image] version 1.49 (National Institutes of
Health, Bethesda, MD). The protein content after rSP treatment was expressed by
relative value, compared to control sample.

Statistical Analysis

All data were expressed as mean = sk of at least three independent analyses.
We used ANOVAs, Student’s ¢ tests, and Tukey-Kramer HSD tests to detect
differences. All statistical analyses were performed using Microsoft Excel 2010
(Microsoft, Redmond, WA) and JMP8 (SAS Institute, Tokyo, Japan).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The light response of PSII, PSI, and whole-chain
photosynthetic electron transport activity in isolated chloroplasts before
and after rSP treatment.

Supplemental Figure S2. The comparison of PSII and PSI core protein
content in isolated chloroplast between before and after rSP treatment.

Plant Physiol. Vol. 171, 2016

The Mechanism of Photoinhibition in Photosystem I

Supplemental Figure S3. The effect of nigericin on rSP treatment in the
absence and presence of MV.

Supplemental Figure S4. The change in SOD and APX activities before
and after rSP treatment.

Supplemental Figure S5. The effect of KCN on short-pulse treatment in the
absence and presence of MV.

Supplemental Figure S6. The kinetics of oxidized P700 induced by a short-
pulse in the absence of and in the presence of PMC.

Supplemental Table S1. Oxygen evolution rate and Y(II) in the absence
and in the presence of PMC.
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