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The photosynthetic machinery and, in particular, the photosystem II (PSII) complex are susceptible to strong light, and the
effects of strong light are referred to as photodamage or photoinhibition. In living organisms, photodamaged PSII is rapidly
repaired and, as a result, the extent of photoinhibition represents a balance between rates of photodamage and the repair of
PSIIL In this study, we examined the roles of electron transport and ATP synthesis in these two processes by monitoring them
separately and systematically in the cyanobacterium Synechocystis sp. PCC 6803. We found that the rate of photodamage, which
was proportional to light intensity, was unaffected by inhibition of the electron transport in PSII, by acceleration of electron
transport in PSI, and by inhibition of ATP synthesis. By contrast, the rate of repair was reduced upon inhibition of the synthesis
of ATP either via PSI or PSII. Northern blotting and radiolabeling analysis with [*°S]Met revealed that synthesis of the D1
protein was enhanced by the synthesis of ATP. Our observations suggest that ATP synthesis might regulate the repair of PSII, in
particular, at the level of translation of the psbA genes for the precursor to the D1 protein, whereas neither electron transport
nor the synthesis of ATP affects the extent of photodamage.

Light is essential for photosynthesis, but it can also
be toxic to the photosynthetic machinery (Kok, 1956;
Jones and Kok, 1966a, 1996b; for review, see Powles,
1984; Aro et al., 1993; Andersson and Aro, 2001; Adir
et al., 2003). Exposure of photosynthetic organisms to
strong light results in damage to the PSII complex
(Mattoo et al., 1981, 1984; Kyle et al., 1984; Ohad et al.,
1984). This process is referred to as photodamage or
photoinhibition and has been studied extensively in
vitro, for example, in isolated thylakoid membranes
(for review, see Aro et al., 1993; Andersson and Aro,
2001; Adir et al., 2003). In intact cells of photosynthetic
organisms, photoinhibition is a more complex phe-
nomenon than it is in vitro because photodamaged
PSIl is rapidly repaired. The main feature of the repair
process is the replacement of the D1 protein in the
photodamaged PSII by newly synthesized D1 and
reassembly of active PSII (Guenther and Melis, 1990;
Kettunen et al., 1997; for review, see Mattoo et al., 1989;
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Aro et al., 1993; Andersson and Aro, 2001). Therefore,
the extent of photoinhibition in vivo reflects the balance
between the light-induced damage (photodamage) to
PSII and the repair of the photodamaged PSII.

In a previous study in Synechocystis sp. PCC 6803
(hereafter Synechocystis; Allakhverdiev and Murata,
2004), we successfully measured photodamage and
repair separately. The initial rate of photodamage to
PSIT was determined using lincomycin, an inhibitor of
protein synthesis, whereas the initial rate of repair of
PSII was measured immediately after the photodam-
age by very strong light. This technique allowed us to
study the effect of environmental stress on the photo-
damage and repair of PSII. We found that the repair
process was sensitive to various kinds of environmen-
tal stress, such as oxidative stress due to H,O,, salt
stress due to NaCl, and cold stress, but that the
photodamage was unaffected by these kinds of stress.

However, our understanding of the mechanisms
that regulate the photodamage and repair of PSII is
still far from complete. In particular, we still do not
know how the photosynthetic transport of electrons
and the photosynthetic synthesis of ATP regulate the
photodamage and repair. Application of the technique
to measure the photodamage and repair of PSII
separately may allow us to elucidate explicitly the
effect of electron transport and ATP synthesis on the
photodamage and repair.
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Figure 1. Effects of DCMU, DCCD, and Nig/Val on the photodamage
to PSII in Synechosystis in the absence of lincomycin (A) and in the
presence of 250 ug mL™" lincomycin (B). At designated times dur-
ing incubation in light at 500 uE m™? s™' at 34°C, aliquots of each
suspension of cells were withdrawn and PSII activity was measured
in terms of the photosynthetic evolution of oxygen in the presence of
1.0 mm BQ, as the electron acceptor, after DCMU and lincomycin had
been removed by washing as described in “Materials and Methods.”
Each point and bar represent the average * st of results from four
independent experiments. O, No addition (control); @, 20 um DCMU;
m, 20 um DCMU plus 10 um DCCD; A, 20 um DCMU, 2 um nigericin
plus 2 um valinomycin.

The effects of electron transport on photoinhibi-
tion have been studied using an inhibitor of electron
transport in PSII, 3-(3',4’'-dichlorophenyl)-1,1-
dimethylurea (DCMU). Some research groups have
examined the effects of DCMU on photoinhibition of
PSII in vitro. Jegerschold et al. (1990) and Kirilovsky
et al. (1994) observed that DCMU did not affect the
extent of photoinhibition in thylakoid membranes
from spinach (Spinacia oleracea), suggesting that the
mechanism of photoinhibition is not related to the
electron transport in PSII or the overreduction of
the primary electron acceptor, Q,. In intact chloro-
plasts in which photodamage and repair both take
place, Krause and Behrend (1986) and Barr et al. (1990)
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observed that DCMU appeared to accelerate photo-
inhibition of PSII (for review, see Krause, 1994).

Some research groups studied the effects of DCMU
on photoinhibition in vivo. However, their results
were controversial. Komenda and Masojidek (1998)
observed that DCMU appeared to accelerate photo-
inhibition in Synechococcus PCC 7942. By contrast, Kyle
et al. (1984) and Zer and Ohad (1995) observed that
DCMU slowed down the photoinhibition in Chlamy-
domonas reinhardtii. However, in these studies the effect
of DCMU was examined without separately measur-
ing the photodamage and repair. This might be a rea-
son why the results were different among research
groups and organisms used.

The effects of electron transport on the degradation
of D1 protein (one of the steps of repair) have been
extensively studied using DCMU (for review, see
Mattoo et al., 1986, 1989; Aro et al., 1993; Keren and
Ohad, 1998; Melis, 1999; Andersson and Aro, 2001; Adir
et al., 2003), and several research groups observed that
DCMU inhibited the degradation of D1 protein in the
photodamaged PSII in vivo and in vitro, namely in
higher plants (Mattoo et al., 1981, 1984), cyanobacteria
(Goloubinoff et al., 1988), C. reinhardtii (Zer and Ohad,
1995), a thermophilic cyanobacterium (Komenda and
Masojidek, 1995), and isolated thylakoid membranes
(Jegerschold et al., 1990; Kuhn and Boger, 1990).

There have been several approaches to character-
ization of the roles of electron transport and ATP
synthesis in the synthesis of the D1 protein. However,
the results were also controversial. Mattoo et al. (1984)
suggested that both electron transport and ATP syn-
thesis are important in the D1 synthesis in Spirodela
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Figure 2. Effects of DCMU, PMS, DCCD, and Nig/Val on the photo-
damage to PSIl in Synechocystis. The experimental conditions were the
same as described in the legend to Figure 1. O, No addition (control);
®, 20 um DCMU; ¥, 20 um DCMU and 20 um PMS; ®, 20 um DCMU,
20 um PMS, and 10 um DCCD; A, 20 um DCMU, 20 um PMS, 2 um
nigericin, and 2 um valinomycin; e, 250 ug mL™! lincomycin. Each
point and bar represent the average = st of results from five in-
dependent experiments.
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Table I. Effects of DCMU, PMS, DCCD, and Nig/Val on the initial

rate of photodamage to PSll in the presence of lincomycin

Synechocystis cells, which had been grown in light at 70 uE m™%s~",

were exposed to light at 1,000 or 2,000 uE m~2 57! and the initial rate
of photodamage was determined from the time course (or by fitting the
photodamage to a first-order reaction curve) in the presence of 250 ug
mL™" lincomycin under various conditions (Fig. 1B). Values are
means = sD of results from four independent experiments.

Initial Rate of Photodamage min~’

Conditions

1,000 wE m~2 57"

2,000 uE m™% 57!

No addition (control)

0.0090 = 0.0007

0.0194 = 0.0009

DCCD (10 um) 0.0093 £ 0.0007 0.0191 = 0.0008
DCMU (20 um) 0.0087 = 0.0006 0.0197 = 0.0010
DCMU (20 um)
DCCD (10 um) 0.0103 £ 0.0011T  0.0201 = 0.0012
DCMU (20 um)

Nigericin (2 um) plus
valinomycin (2 um)  0.0096 * 0.0010 0.0202 *= 0.0011

DCMU (20 um)
PMS (20 um)

DCMU (20 pum)
PMS (20 pm)
DCCD (10 um)

DCMU (20 m)
PMS (20 um)
Nigericin (2 um) plus
valinomycin (2 uM)  0.0109 * 0.0009 0.0207 *= 0.0008

0.0102 = 0.0007 0.0193 = 0.0010

0.0091 = 0.0008 0.0187 = 0.0009

oligorrhiza. In Chlamydomonas, Trebitsh and Danon
(2001) showed that the redox signal associated with
electron transport in PSI, as well as reduction of the
plastoquinone pool, activated the initiation of trans-
lation of the D1 protein. Studies in intact chloroplasts
from spinach showed that the level of stromal ATP was
correlated with the light-dependent synthesis of the D1
protein in intact chloroplasts (Kuroda et al., 1992).
Kuroda et al. (1996) further demonstrated that electron
transport via PSI was essential for the light-dependent
translational elongation of the D1 protein. By contrast,
Muhlbauer and Eichacker (1998) suggested that a pro-
ton gradient, formed as a result of electron transport,
might be important for the light-dependent transla-
tional elongation of the D1 protein in intact chloroplasts
frombarley. Thus, it seems likely that electron transport
and/or ATP synthesis are required for the light-
induced synthesis of the D1 protein. However, the
direct effects of electron transport and ATP synthesis on
the repair of PSII remain to be investigated.

In this study, we investigated the effects of electron
transport and the synthesis of ATP on the initial rates
of photodamage and repair of PSII in Synechocystis.
Our results revealed that the inhibition of electron
transport in PSII and acceleration of electron transport
in PSI had no effect on photodamage. By contrast, the
synthesis of ATP, mediated by the electron transport,
was essential for repair but not for direct avoidance of
photodamage.
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RESULTS

Inhibition of Electron Transport in PSII and of ATP
Synthesis Both Enhanced the Extent of
Photodamage to PSII

The photosynthetic transport of electrons is inhibi-
ted by DCMU on the acceptor side of PSIIL Figure 1A
shows the effects of this inhibitor on the extent of
photodamage to PSII, as monitored in terms of the
photosynthetic evolution of oxygen with 1,4-benzo-
quinone (BQ) as the artificial acceptor of electrons. The
extent of photodamage was significantly enhanced by
20 um DCMU, which was sufficient to inhibit com-
pletely the electron transport in PSII. In this experi-
ment, DCMU was removed by washing cells twice, by
centrifugation and resuspension, prior to measure-
ments of electron transport activity (see “Materials
and Methods”). This treatment completely removed
DCMU and its inhibitory effects.

To investigate the contribution of ATP synthesis to
the extent of photodamage, we used N,N-dicyclohex-
ylcarbodiimide (DCCD), which is an inhibitor of ATP
synthesis, and a combination of two ionophores,
namely, nigericin and valinomycin (abbreviated as
Nig/Val), which reverses the energization of thylakoid
membranes (Dilley et al., 2001; Ke, 2001). The results in
Figure 1A demonstrate that this inhibitor and these
ionophores enhanced the photodamage to PSII that
occurred in the presence of DCMU.
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Figure 3. Effects of DCMU and DCCD on the initial rate of recovery of
PSII activity after photodamage in Synechocystis. Cells were incubated
for 65 min in light at 2,500 wE m~2 s~ to induce 90% inactivation of
PSII. Then cells were incubated in light at various intensities in the
presence and absence of DCMU and DCCD. The initial rate of recovery
was calculated from the time course of recovery experiments, as
described in ““Materials and Methods.” O, No addition (control); [J, in
the presence of 20 um DCMU; A, in the presence of 20 um DCMU and
10 um DCCD. Each point and bar represent the average = st of results
from six independent experiments.
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Table Il. Effects of DCMU, PMS, DCCD, and Nig/Val on the initial

rate of recovery of PSIl activity

Synechocystis cells, which had been grown in light at 70 uE m™%s~",

were exposed to light at 2,000 #E m™2 s~ for 75 min to induce 90%
inactivation of PSIl. Then cells were incubated in light at various
intensities in the presence or absence of various reagents. The initial
rate of recovery was calculated from the time course of recovery
experiments (or by fitting the recovery to a first-order reaction curve).
Values are means * sp of results from four independent experiments.

Initial Rate of Recovery min~'

Conditions

300 uEm 257!

600 uEm 257!

No addition (control)

0.0089 * 0.0014

0.0091 * 0.0013

DCCD (10 um) 0.0004 * 0.0002 0.0007 * 0.0004
DCMU (20 pum) 0.0047 + 0.0008 0.0046 + 0.0009
DCMU(20 um)
DCCD (10 pm) 0.0005 =+ 0.0001  0.0006 = 0.0001
DCMU (20 um)

Nigericin (2 um) plus
valinomycin (2 um)  0.0003 = 0.0001  0.0004 = 0.0001

DCMU (20 um)
PMS (20 um)

DCMU (20 um)
PMS (20 pum)
DCCD (10 um)

DCMU (20 um)
PMS (20 um)
Nigericin (2 um) plus
va]inomycin (2 um)  0.0005 £ 0.0001T 0.0005 = 0.0001

0.0073 = 0.0009 0.008 = 0.0012

0.0006 * 0.0001T 0.0005 = 0.0001

Next we examined the effects of DCMU, DCCD, and
Nig/Val on the photodamage that occurred in the
absence of repair, using 250 ug mL ! lincomycin, an
inhibitor of protein synthesis that blocks the repair of
PSII (Tyystjarvi and Aro, 1996). The results in Figure
1B show that lincomycin enhanced the extent of
photodamage and that further addition of DCMU,
DCCD, or Nig/Val had no additional effect on the
extent of photodamage. These observations suggested
that inhibition of electron transport by DCMU and
inhibition of ATP synthesis by DCCD or Nig/Val had
no direct effect on photodamage. They also suggested
that inhibition of electron transport and of ATP syn-
thesis suppressed the repair of PSII, with resultant
enhancement of the extent of photodamage.

Acceleration of Electron Transport in PSI and Inhibition
of ATP Synthesis Affected the Extent of Photodamage
to PSII

We examined the effects of the electron transport in
PSI and the coupled synthesis of ATP using N-methyl
phenazonium methosulfate (PMS), which mediates
cyclic electron transport via PSI. In the presence of
PMS, we detected no photodamage, even in the
presence of DCMU (Fig. 2). The further addition of
Nig/Val appeared to accelerate photodamage, as did
lincomycin. DCCD had the same effects as Nig/Val.
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These observations suggested that the synthesis of
ATP might be essential for the protection of PSII from
the appearance of photodamage. It was of particular
interest that the presence of 250 pg mL™ lincomycin
completely eliminated the protective effects of PMS
(data not shown).

Photodamage to PSII Was Unaffected by Electron
Transport and the Synthesis of ATP

To investigate details of the effects of electron trans-
port and ATP synthesis on photodamage to PSII, we
determined the initial rate of photodamage in the
presence of lincomycin. The initial rate of photodam-
age was proportional to light intensity, as has been
observed also in the leaves of higher plants and in
Synechocystis cells that had been treated with linco-
mycin (Tyystjdrvi and Aro, 1996; Lee et al., 2001;
Allakhverdiev and Murata, 2004).

We next examined the initial rate of photodamage to
PSII under various conditions, namely, in the presence
of DCCD, DCMU, DCMU plus DCCD, DCMU plus
PMS, DCMU plus PMS plus DCCD, and DCMU plus
PMS plus Nig/Val. However, none of these conditions
affected the initial rate of photodamage by light at
1,000 and 2,000 wE m~%s~! (Table I), and the initial rate
of photodamage to PSII under these conditions was
proportional to the light intensity. These observations
suggested that photodamage to PSII in vivo might
be independent of electron transport in PSII, the

Table Ill. Effects of DCMU, PMS, DCCD, and Nig/Val on the
intracellular levels of ATP in Synechocystis

Suspensions of cells at a Chl concentration of 3 ug mL™" were
exposed to light at 500 wE m~% s~ for 30 min with standard aeration at
34°C in the presence or absence of various reagents as indicated. The
level of ATP was determined by luciferin/luciferase assay as described
in “Materials and Methods.” Values are means = sp of results from four
independent experiments.

Conditions Concentration of ATP umol ATP/mg Chl

No addition (control)
DCCD (10 um)
DCMU (20 pum)

DCMU (20 pum)
DCCD (10 M)

DCMU (20 um)
Nigericin (2 um) plus
valinomycin (2 um)

DCMU (20 um)
PMS (20 um)

DCMU (20 um)
PMS (20 pm)
DCCD (10 um)

DCMU (20 um)

PMS (20 um)

Nigericin (2 um) plus
valinomycin (2 um)

71 £ 5.2 (100%)
7 = 4.2 (9%)
58 * 3.9 (82%)

0 = 0 (0%)

0 = 0 (0%)

82 £ 4.3 (115%)

9 = 4.9 (12%)

13 = 5.2 (18%)
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Figure 4. Effects of DCMU and DCCD on the dependence on light
intensity of the level of psbA transcripts in Synechocystis. Cells were
incubated for 30 min in light at the indicated intensities in the presence
and absence of DCMU and DCCD. A portion of each suspension of
cells was withdrawn for extraction of RNA, which was subjected to
northern-blotting analysis as described in ““Materials and Methods.” O
No addition (control); @, in the presence of 20 um DCMU; A, in the
presence of 20 um DCMU and 10 um DCCD. Each point and bar re-
present the average = st of results from four independent experiments.

energized state of thylakoid membranes, and the syn-
thesis of ATP.

Inhibition of Electron Transport in PSII and Inhibition
of ATP Synthesis Depressed the Initial Rate of
Repair of PSII

When Synechoc¥stis cells are exposed to strong light
at 2,500 uE m for 65 min to reduce the activity of
PSII to 90% of the original level, the activity is restored
during exposure to weak light at various intensities
(Allakhverdiev and Murata, 2004).

Figure 3 shows the effects of light intensity on the
initial rate of recovery of PSII activity during the repair
of PSII. The 1n1t1a1 rate of recovery reached a max1rnum
of 0.01 min! in light at an intensity of 300 uE m *s™"
and 50% of thls level was achieved at approx1mately
70 wE m % s~ ' These results suggested that a reaction
mightexist that limits the rate of the entire repair process
and that the maximum turnover rate of this reaction was
0.01 min~" under our experimental conditions.

Figure 3 also shows that inhibition by DCMU of
the electron transport in PSII depressed the initial rate
of recovery by 50% without changing the profile of
dependence of light mten51ty, with this level being
achieved at 300 uE m ™2 s~ . This observation suggests
that electron transport mlght be involved, in some
way, in the repair of PSII and that inhibition of electron
transport by DCMU might have repressed a reaction
in the repair process. The further addition of DCCD
completely abolished the capacity for repair. The
addition of Nig/Val produced the same results as
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the addition of DCCD (data not shown). These obser-
vations suggested that ATP synthesis via PSI, which is
assumed to occur in the presence of DCMU, might be
important for the residual capacity for the repair of
photodamaged PSII.

Acceleration of Electron Transport in PSI and Inhibition
of ATP Synthesis Affected the Initial Rate of
Repair of PSII

We examined the effects of DCMU, PMS, DCCD and
Nig/Val on the initial rate of repair of PSII. The activity
of PSII in Synechocystis cells that had been exposed to
strong light at 2,500 wE m > s~ for 65 min, to reduce
the activity of PSII to 90% of the original level, was
restored during exposure to weak light. Table II shows
the effects of the various inhibitors and 10nophores on
the initial rate of recovery in light at 300 uE m™>s™"
and 600 uE m™ . In the absence of inhibitors and
ionophores, the 1n1t1a1 rate yielded a “saturation-type”
curve with a max1mum rate of recovery of approx—
imately 0.01 min~' at 300 and 600 uE m"~ . The
initial rate of recovery was depressed by 50% by
DCMU. However, the further addition of PMS
significantly increased the rate of recovery. Recovery
was suppressed completely by DCCD and Nig/Val.

Intensity of light

0 300 600 pE m2s

a)

1.2 kb—P>| —

Control

b) |- n n +DCMU
o [ ) o

+DCMU

d) “ " “ +PMS
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€) | . e S 1 PMS
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Figure 5. Effects of DCMU, PMS, DCCD, and Nig/Val on the level of
psbA transcripts in Synechocystis. Cells were incubated for 30 min in
darkness and in light at 300 uE m~? s~ " and at 600 uE m ™2 s " in the
presence of 20 um DCMU, 20 um PMS, 10 um DCCD, and 2 um
nigericin plus 2 um valinomycin (Nig/Val) as indicated or in their
absence (control). A portion of each suspension of cells was withdrawn
for extraction of RNA, which was subjected to northern-blotting
analysis as described in “Materials and Methods.” The arrow labeled
1.2 kb indicates the position of psbA transcripts.
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Table IV. Effects of DCMU, PMS, DCCD, and Nig/Val on the levels of psbA transcripts

Experimental conditions were the same as those described in the legend to Figure 5. The levels of
transcripts were normalized by reference to levels of rRNA. Values are means * sp of results from three

independent experiments.

Levels of psbA Transcripts at 30 min (rel. units)

Conditions
0 uEm™2s! 300 wE m™2 57! 600 uE m™2 57!
No addition (control) 0.82 = 0.07 4.56 = 0.15 4.80 = 0.14
DCCD (10 uM) 0.84 = 0.07 0.32 = 0.09 0x0
DCMU (20 uM) 0.86 = 0.08 1.86 = 0.09 2.43 = 0.07
DCMU (20 um)
DCCD (10 um) 0.87 = 0.06 0.21 = 0.09 0x0
DCMU (20 um)
Nigericin (2 um) plus
valinomycin (2 um) 0.79 = 0.12 0.68 = 0.10 0*x0
DCMU (20 um)
PMS (20 um) 0.78 = 0.11 4.14 = 0.10 431 = 0.15
DCMU (20 um)
PMS (20 pm)
DCCD (10 um) 0.84 = 0.09 0.98 £ 0.11 1.83 = 0.14
DCMU (20 um)
PMS (20 M)
Nigericin (2 um) plus
valinomycin (2 um) 0.91 = 0.13 1.21 = 0.07 1.43 = 0.11

These observations suggested that the recovery of PSII
in vivo might be accelerated by the electron transport
in PSI, via the accelerated synthesis of ATP.

Changes in Intracellular Levels of ATP

We measured levels of ATP directly in Synechocystis
cells and examined the effects of DCMU and other
reagents on the intracellular levels of ATP. Table III
shows that after incubation of Synechocystis cells in light
at 500 uE m 2 s~ ! for 30 min the level of ATP was about
70 umol (mg Chl) ™. Inhibition of electron transport in
PSII by DCMU reduced the level of ATP by approxi-
mately 20%. The further addition of PMS significantly
increased the level of ATP. However, dissipation of the
energization associated with thylakoid membranes by
Nig/Valreduced the level of ATP to as little as 20% of the
control level. Furthermore, DCCD also reduced the level
of ATP to approximately 10% of the original level. Thus,
the level of ATP was responsive to these various
reagents. However, neither DCCD nor Nig/Val com-
pletely eliminated ATP in cells when PMS was present.
Addition of DCCD or Nig/Val, in the presence of
DCMU but in the absence of PMS, completely elimi-
nated the intracellular accumulation of ATP.

Inhibition of Electron Transport in PSII and of ATP
Synthesis Depressed the Levels of psbA Transcripts

The repair of PSII depends on the expression of the
psbAll and psbAIIl genes, which encode the precursor to
the D1 protein (Mohamed et al., 1993). To clarify the
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mechanism responsible for the regulation of the repair
of PSII, we examined the effects of DCMU on levels of
psbA transcripts. In Synechocystis, the D1 protein is
encoded by a small multigene family that consists of the
psbAl, psbAll, and psbAlIl genes (Jansson et al., 1987).
However, psbAl is not expressed (Mohamed and
Jansson, 1989), while psbAIl and psbAIll, which are al-
most identical and encode only single form of D1, are
both expressed (Mohamed and Jansson, 1989; Bouyoub
et al., 1993; Mohamed et al., 1993) but at different lev-
els. Approximately 95% of psbA transcripts originate
from psbAll, while only 5% originate from psbAIIl in
Synechocystis cells that are grown under weak or
strong light (Bouyoub et al.,, 1993; Mohamed et al.,
1993). The reason for the differential expression of the
psbA genes in Synechocystis is unknown.
Northern-blotting analysis of psbA transcripts re-
vealed that the level of psbA transcripts reached
a maximum plateau value after illumination for ap-
proximately 10 min (data not shown). Figure 4 shows
that levels of the mRNA were not very different over
a range of light intensities from 200 to 1,000 uE m 2
s~'. Figure 4 also shows that DCMU depressed the
level of psbA transcripts by approximately 50% at all
light intensities examined. These results are consistent
with those in previous reports (Alfonso et al., 1999;
Sippola and Aro, 2000; Zhang et al., 2000; Trebitsh and
Danon, 2001) and they suggest that inhibition of
electron transport by DCMU blocked, in part, the
synthesis of the psbA transcripts. The further addition
of DCCD eliminated the synthesis of psbA transcripts,
suggesting that the 50% level of psbA transcripts,
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observed in the presence of DCMU, depended on the
ATP that is essential for transcription.

Effects of PMS, DCCD, and Nig/Val on Levels
of psbA Transcripts

We monitored changes in levels of pshbA mRNAs due
to the presence of inhibitors and other reagents (Fig. 5).
The presence of DCMU decreased the level of psbA
transcripts, and PMS reversed this effect. The level of
psbA transcripts was depressed by DCCD and by Nig/
Val (Fig. 5; Table 1V). However, neither Nig/Val nor
DCCD completely eliminated the psbA transcripts.

Effects of Electron Transport and ATP Synthesis on the
Synthesis of Proteins de Novo

To identify the reaction(s) in the repair process that is
inhibited by DCMU, we performed a labelmg experi-
ment with [*>S]Met in light at 300 wE m Vafter the
induction of photodamage Incubation of cells in light
at 2,500 uE m ! decreased the activity of PSII to
approximately 10% of the original level. Durmg sub-
sequent exposure of cells to light at 300 uEm ™2 s, the
activity of PSII returned to the original level. At thls
light intensity, the initial rate of recovery was maximal
(Fig. 3). Figure 6 shows the time courses of incorpora-
tion of radiolabeled Met into the D1 protein. In the
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Figure 6. Effects of DCMU and DCCD on the synthesis of the D1
protein de novo in Synechocystis. Cells were incubated at 34°C for
65 min in light at 2,500 uE m~%s™" to induce 90% inactivation of PSII.
Cells were then incubated with 10 nm [*°S]Met (>1,000 Ci mmol ") for
designated periods of time at 300 wE m~%s™" in the presence of 20 um
DCMU and 10 um DCCD or in their absence (control) as indicated. At
designated times, a portion of each suspension of cells was withdrawn
for preparation of thylakoid membranes, which were subjected to PAGE
as described in “Materials and Methods.” Proteins from thylakoid
membranes corresponding to 0.8 ug of Chl were applied to each lane.
Each point and bar represent the average * st of results from four
independent experiments.

Plant Physiol. Vol. 137, 2005

Photosystem II, Photodamage, and Repair

+DCMU+PMS

+DCCD
+DCMU+PMS

Control
+DCMU
+DCMU
+PMS
+Nig/Val

.

Figure 7. Effects of DCMU, PMS, DCCD, and Nig/Val on the synthesis
of proteins de novo in Synechocystis. Cells were incubated with 10 nm
[3*SIMet (>1,000 Ci mmol™") for 30 min in light at 300 wE m2s'in
the presence of 20 um DCMU, 20 um PMS, 10 um DCCD, and 2 um
nigericin plus 2 um valinomycin (Nig/Val) as indicated, or in their
absence (control). After incubation, a portion of each suspension of
cells was withdrawn for preparation of thylakoid membranes, which
were subjected to PAGE as described in “Materials and Methods.”
Proteins from thylakoid membranes corresponding to 0.8 ug of Chl
were applied to each lane. The arrow indicates the position of the D1
protein (molecular mass 32 kD). The results shown are representative of
the results of four independent experiments, each of which gave similar
results.

presence of DCMU, the synthesis of the D1 protein was
depressed by approximately 50% as compared to that
under control conditions. These observations indicated
that the synthesis of the D1 protein de novo was
inhibited to some extent by the inhibition of electron
transport. The further addition of DCCD completely
eliminated the synthesis of D1 protein, suggesting that
conditions that allow the synthesis of ATP might be
essential for the synthesis of the D1 protein, which is
essential for the repair of PSIL

To examine the effects of DCMU, PMS, and iono-
phores on the synthesis of proteins de novo during the
exposure of Synechocystls cells to light, we monitored
incorporation of [*’S]Met into the protelns of thylakoid
membranes in light at 500 uE m -2 (F1g 7). The
synthesis of proteins during exposure of cells to light
was markedly suppressed by DCMU. However, the
further addition of PMS fully restored the synthesis of
all proteins. Further addition of DCCD or Nig/Val
completely abolished the synthesis of all proteins,
including the D1 protein. These results suggested that
exposure of cells to light in the presence of PMS induced
the synthesis of proteins, including the D1 protein, even
though electron transport in PSII was inhibited by the
presence of DCMU and, moreover, that conditions that
allowed the synthesis of ATP were essential for the
synthesis of proteins, including the D1 protein, which is
essential for the repair of PSIL It should be noted that
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protein synthesis was totally eliminated in the presence
of DCCD or Nig/ Val, in contrast to the synthesis of psbA
transcripts, which occurred under the same conditions,
albeit at a reduced rate.

DISCUSSION

In this study, we demonstrated that the extent of
photodamage in Synechocystis cells was enhanced by
inhibition of electron transport in PSII by DCMU and
also by inhibition of ATP synthesis by DCCD or Nig/
Val (Figs. 1 and 2). We analyzed systematically the
effects of inhibition of electron transport and of ATP
synthesis on the rates of photodamage and repair of
PSII by selecting suitable light conditions and by using
lincomycin, an inhibitor of protein synthesis. We
observed that the rate of photodamage, as determined
in the presence of lincomycin, was proportional to
light intensity (Table I), as observed previously in
leaves of higher plants by Tyystjarvi and Aro (1996)
and Lee et al. (2001). In this study, we demonstrated
that this proportionality was unaffected by the in-
hibition of electron transport and by the acceleration of
electron transport in PSI by PMS, and it was also
unaffected by the inhibition of ATP synthesis by
DCCD or Nig/Val (Table I). These findings suggest
that the process of photodamage depends neither on
the rate of electron transport nor on the level of ATP.

The extent of the repair of PSII after photodamage
was diminished upon inhibition of the synthesis of
ATP regardless of the type of electron transport,
namely, that in PSI, which was accelerated by PMS,
and that in PSII, which was inhibited by DCMU (Fig. 3;
Table II). It is likely that an adequate intracellular level
of ATP was essential for the repair. In fact, the rate of
repair (Table II) was well correlated with the level of
ATP (Table III). This is in agreement with the results
of Mattoo et al. (1984) in which the light-driven synthe-
sis of D1 protein depends on ATP in S. oligorrhiza.
Muhlbauer and Eichacker (1998) reported that the
stimulation by light of translation of elongation de-
pends on the formation of a proton gradient across the
thylakoid membrane. However, our observation that
DCCD abolished the repair of PSII demonstrates that it
is the level of ATP, rather than a proton gradient, that is
essential for repair in Synechocystis.

The repair of PSII involves several steps (Aro et al.,
1993), including the degradation of D1 protein, tran-
scription of psbA genes, translation of psbA tran-
scripts, incorporation of pre-D1 into PSII, processing
of pre-D1, and assembly of the PSII dimer and the
oxygen-evolving complex (Tyystjarvi et al., 2001). We
examined the effects of electron transport and the syn-
thesis of ATP on the transcription of psbA genes by
northern-blotting analysis in Synechocystis (Figs. 4 and
5; Table IV). The results demonstrated that DCCD and
Nig/Val depressed the level of psbA transcripts to
a certain extent but did not completely eliminate them.
By contrast, the incorporation of [%S]Met into D1 and
other proteins was completely inhibited by DCCD and
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by Nig/Val (Figs. 6 and 7). These observations suggest
that the translation of mRNAs might be the primary
target of inhibition that results from a reduction in the
intracellular level of ATP. Transcription is only par-
tially affected by the level of ATP and is likely to be
a secondary target.

Several research groups have suggested that trans-
lational elongation in chloroplasts of higher plants
depends on light. For example, van Wijk and
Eichacker (1996) observed that absence of light dur-
ing translation leads to the increased accumulation of
polysome-bound translational intermediate forms of
D1, which indicates that light is required for efficient
elongation of the D1 protein. The extent of incorpora-
tion of radiolabeled Met into the D1 protein and CP43
(Chl protein of 43 kD) decreased 3-fold in darkness,
whereas the accumulation of the D2 reaction-center
protein was unaffected by light. In addition, light was
also required for the efficient incorporation of the D1
protein into the PSII core complex. In darkness, the
newly synthesized D1 protein accumulated predomi-
nantly as unassembled protein or in PSII subcomplexes
of less than 100 kD (van Wijk and Eichacker, 1996).

Various mechanisms for the induction by light of
translational elongation of the D1 protein have been
suggested in higher plants. For example, the stromal
level of ATP might regulate the translational elonga-
tion of D1 (Kuroda et al., 1992); the electron transport in
PSI and the subsequent reductive signal from PSI might
activate translational elongation (Kuroda et al., 1996);
the proton gradient formed by electron transport
might promote translational elongation (Muhlbauer
and Eichacker, 1998); and the redox signals transmit-
ted via thiol groups and the cotranslational insertion of
D1 into PSII might determine the rate of the trans-
lational elongation of D1 in light (Zhang et al., 2000).

Our findings in Synechocystis demonstrate that
electron transport and the generation of ATP are
essential not only for the synthesis of the D1 protein
de novo in light but also for the total repair of photo-
damaged PSIL. It seems likely that the requirement for
ATP reflects the energy required for operation of the
translational machinery. The addition of each amino
acid to a polypeptide chain during translation requires
at least one molecule of ATP for aminoacylation of the
cognate tRNA and two molecules of GTP for binding
of aminoacyl-tRNA to the ribosome and the subse-
quent translocation of the peptidyl tRNA (Gold, 1988).
The tight correlation between the synthesis of ATP and
the repair of PSII suggests that the synthesis of ATP
might be the rate-limiting step in the complete repair
of photodamaged PSIL

MATERIALS AND METHODS
Cyanobacterium and Culture Conditions

Synechocystis sp. PCC 6803 was kindly donated by Dr. ].G.K. Williams of
DuPont de Nemours (Wilmington, DE). Cells were grown photoautotrophi-
cally in glass tubes (2.5 cm i.d. X 20 cm; 120 mL) at 34°C under constant
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illumination from incandescent lamps at 70 uE m™? s! in BG-11 medium

(Stanier et al.,, 1971) supplemented with 20 mm HEPES-NaOH, pH 7.5.
Cultures were aerated with sterile air that contained 1% (v/v) CO, (Ono
and Murata, 1981).

Conditions for Photodamage

Cells from 3-d-old cultures at a chlorophyll (Chl) concentration of 3 ug
mL ™! were incubated under strong light, as described below, to induce
photodamage or under weak light (70 uE m ™2 s™") to induce repair in growth
chambers at 34°C under the growth conditions described above. Small
aliquots of cultures were withdrawn at designated times for measurements
of PSII activity. Strong light, for induction of photodamage, was provided by
two lamps (300 W; Toshiba, Tokyo) and attenuated to 250, 500, 1,000, 1,500, or
2,000 uE m 257! by passage through neutral density filters (PC-5380; 200 X
500 wide and 3 mm thick; Hoya Glass, Tokyo). The intensity of light was
measured at the surface of glass tubes that contained suspensions of cells.

In some experiments, the synthesis of proteins was blocked by 250 ug
mL™! lincomycin (Sigma Chemical, St. Louis), which was added to the culture
medium 10 min before the start of incubation. In some other experiments, the
photosynthetic transport of electrons through PSII was inhibited by 20 um
DCMU (Sigma Chemical). For inhibition of the formation of a proton gradient
and synthesis of ATP, we used a pair of uncouples, 2 um nigericin (Sigma
Chemical) and 2 um valinomycin (Wako Chemicals, Osaka), or 10 um DCCD
(Wako Chemicals). For inhibition of the cyclic transport of electrons via PSI,
20 uMm PMS (Wako Chemicals) was added during the incubation of cells. After
incubation for designated times, 5 mL of the suspension of cells were
withdrawn and diluted 10-fold with BG-11 medium. Cells were collected by
centrifugation at 5,000¢ for 6 min at 34°C and resuspended in 50 mL of BG-11
medium. The centrifugation and resuspension were repeated once. Finally,
cells were collected by centrifugation as above and suspended in BG-11
medium at a density of 3 ug Chl mL™". This washing procedure completely
removed DCMU and its effects on the activity of PSII in Synechocystis cells.

Measurement of Photosynthetic Activity

The activity of PSII in intact cells was measured by monitoring oxygen-
evolving activity in the presence of 1.0 mm BQ, an artificial acceptor of
electrons, with a Clark-type oxygen electrode (Hansatech Instruments, King’s
Lynn, UK). The sample, in a 3-mL cuvette, was illuminated by light from
incandescent lamps that had been passed through a red optical filter (R-60;
Toshiba, Tokyo) and an infrared-absorbing filter (HA-50; Hoya Glass). The
intensity of light at the surface of the cuvette was 2,000 u.E m~?s™". The initial
rates of photodamage and recovery in the presence and absence of 250 ug/mL
lincomycin, respectively, were calculated from the time courses of photo-
damage and recovery experiments and also by fitting the photodamage
and recovery to a first-order reaction curve, as described previously
(Allakhverdiev and Murata, 2004).

Measurement of Levels of ATP

A suspension of cells at a Chl concentration of 3 ug mL™" was exposed to
light at 500 uE m > s™' for 30 min with standard aeration at 34°C in the
absence or presence of various reagents, such as 20 um DCMU, 20 um PMS,
10 um DCCD, and 2 uMm nigericin plus 2 um valinomycin. Then cells were
immediately disrupted by vortex mixing for 30 s with glass beads (diameter,
0.1 mm; BioSpec Products, Bartlesville, OK), which was repeated a total of
three times, with 30-s pauses. A portion of the homogenate (with a Chl
concentration of 3 ug mL™") was passed through a syringe-driven filter
with 0.22-um pores (Millipore, Bedford, MA) to separate the soluble
fraction from the suspension. The resultant soluble fraction was subjected to
assays for determination of levels of ATP. This assay was performed with a
luminometer (MicroLumat LB 96 P, EG&G Berthold, Bad Wildbad, Germany)
that had been designed for the measurement of bio- and chemilumines-
cence in 96-well microplates, using a luciferase-luciferin assay kit (ASR7921;
Wako Pure Chemical Industries, Osaka). According to the protocol supplied
with the kit, 100 L of a solution of luciferase-luciferin in sterile distilled water
were added to 200 uL of assay mixture and chemoluminescence was
measured over 10 s. A standard curve was generated with ATP from Oriental
Yeast (Tokyo).
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Northern-Blotting Analysis

Total RNA was extracted from cells and northern-blotting analysis was
performed as described previously (Los et al., 1997). An equal amount of RNA
(4 ng) from each sample was loaded in individual wells of the gel and rRNA
was visualized by staining with ethidium bromide. A 1.0-kb fragment of
DNA that included the coding region of the psbA gene was amplified by the
PCR with primers 5'-AACGACTCTCCAACAGCGCGAAA-3' and 5'-CGT-
TCGTCATTACTTCAAAACCG-3' and genomic DNA from Synechocystis as
the template. The amplified fragment of DNA was ligated into the TA cloning
vector pT7Blue-T (Novagen, Darmstadt, Germany). The plasmid was cleaved
at the Hincll and Ncol sites within the insert. The resultant 700-bp fragment of
DNA was conjugated with alkaline phosphatase using an Alkphos Direct kit
(Amersham Pharmacia Biotech, Piscataway, NJ) and the conjugate was used
as the probe. After hybridization, blots were soaked in CDP-star solution
(Amersham Pharmacia Biotech) and signals from hybridized mRNAs were
detected with a digital camera system (LAS-1000; Fuji Photo Film, Tokyo).

Labeling of Proteins in Vivo

A suspension of cells, at a concentration corresponding to 5.00 + 0.05 ug
Chl mL™}, was supplemented with 10 nm [**s]Met (>1,000 Ci mmol};
Amersham Pharmacia Biotech), as described previously (Nishiyama et al.,
2001; Allakhverdiev et al., 2002). Then the suspension was incubated at 34°C
for designated periods of time in light at 300 uE m~? s~ . The labeling was
terminated by the addition of nonradioactive Met to a final concentration of
1.0 mm and immediate cooling of samples on ice. Cells were collected by
centrifugation at 5,000¢ for 6 min at 4°C, and thylakoid membranes were
isolated from these cells as described previously (Allakhverdiev et al., 1999,
2000). Thylakoid membranes were solubilized by incubation for 5 min at 65°C
in 60 mmM Tris (pH adjusted to 6.8 with HCI) that contained 2% (w/v) SDS, 5%
(v/v) 2-mercaptoethanol, and 10% (v/v) glycerol, and then proteins were
separated by PAGE [12.5% (w/v) polyacrylamide] in the presence of 0.08%
(w/v) SDS and 6 M urea, as described previously (Laemmli, 1970; Taguchi
etal., 1993, 1995). Solubilized thylakoid membranes corresponding to 0.8 ug of
Chl were loaded in each lane. Labeled proteins on the gel were visualized by
exposure of the dried and fixed gel to x-ray film. Radioactivity of radiolabeled
D1 was quantitated with the digital camera system.
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