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protein by down-regulating the production of superoxide anion
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Abstract The physiological significance of photosystem

II (PSII) core protein phosphorylation has been suggested

to facilitate the migration of oxidative damaged D1 and D2

proteins, but meanwhile the phosphorylation seems to be

associated with the suppression of reactive oxygen species

(ROS) production, and it also relates to the degradation of

PSII reaction center proteins. To more clearly elucidate the

possible protecting effect of the phosphorylation on oxi-

dative damage of D1 protein, the degradation of oxidized

D1 protein and the production of superoxide anion in the

non-phosphorylated and phosphorylated PSII membranes

were comparatively detected using the Western blotting

and electron spin resonance spin-trapping technique,

respectively. Obviously, all of three ROS components,

including superoxide anion, hydrogen peroxide and

hydroxyl radical are responsible for the degradation of

oxidized D1 protein, and the protection of the D1 protein

degradation by phosphorylation is accompanied by the

inhibition of superoxide anion production. Furthermore, the

inhibiting effect of 3-(3,4-dichlorophenyl)-1,1-dimethyl-

urea (DCMU), a competitor to QB, on superoxide anion

production and its protecting effect on D1 protein degra-

dation are even more obvious than those of phosphoryla-

tion. Both DCMU effects are independent of whether PSII

membranes are phosphorylated or not, which reasonably

implies that the herbicide DCMU and D1 protein phos-

phorylation probably share the same target site in D1

protein of PSII. So, altogether it can be concluded that the

phosphorylation of D1 protein reduces the oxidative dam-

age of D1 protein by decreasing the production of super-

oxide anion in PSII membranes under high light.
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Abbreviations

PSII Photosystem II

ROS Reactive oxygen species

QB Secondary quinone electron acceptor

DCMU 3-(3,4-Dichlorophenyl)-1,1-dimethylurea

ESR Electron spin resonance

Mes 4-Morpholineethanesulfonic acid

Chl Chlorophyll

SOD Superoxide dismutase

DMSO Dimethyl sulfoxide

TCNE Tetracyanoethylene

SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel

electrophoresis

BMPO 5-Tert-butoxycarbonyl-5-methyl-1-pyrroline

N-oxide

DTPA Diethylene-triaminepentaacetic acid

XOD Xanthine oxidase

HX Hypoxanthine
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LHCII Light-harvesting complex II

Pheo Pheophytin-primary electron acceptor

QA Primary quinone electron acceptor

Introduction

Photosystem II (PSII) is a large multi-subunit protein–

pigment complex consisting of more than 25 protein spe-

cies. Inside the PSII complex, 32 kDa D1 protein is an

intrinsic component which contains five membrane-span-

ning helixes (Michel and Deisenhofer 1988; Ferreira et al.

2004). The D1 protein can be damaged or degraded under

high light, and meanwhile the electron transport in thyla-

koid membranes is partially inhibited, which is referred to

as photoinhibition of PSII (Kyle et al. 1984; Ohad et al.

1984; Aro et al. 1993). Strong-light photoinhibition in PSII

is caused by several different mechanisms, such as the

acceptor-side mechanism, the donor-side mechanism, the

singlet oxygen mechanism, the manganese-dependant (or

two-step) mechanism (Aro et al. 1993; Yamamoto 2001;

Jung and Kim 1990; Hakala et al. 2005; Ohnishi et al.

2005). Besides the abovementioned mechanisms, our group

has further developed a new hypothesis to explain the

inhibition of oxygen-evolution activity induced by suc-

cessive reactive oxygen species (ROS) under high light

(Song et al. 2006). Meanwhile, it has been reported that

ROS including superoxide anion (O2
�-), hydrogen peroxide

(H2O2), and hydroxyl radical (HO�) are involved in the D1

protein degradation of PSII under strong illumination

(Miyao 1994; Miyao et al. 1995). They concluded that

ROS is one of the main factors that initiate the D1 protein

degradation.

More recently, it has been suggested that phosphoryla-

tion of PSII reaction center protein D1 is a prerequisite for

efficient migration of damaged PSII complexes from grana

to stroma lamellae for repair (Tikkanen et al. 2008). After

the migration, the damaged D1 protein is dephosphorylated

and successively degraded by a D1 specific protease.

Without the phosphorylation of D1 protein, accumulation

of photodamaged PSII complexes will result in oxidative

damage of photosynthetic proteins in the thylakoid mem-

branes. On the other hand, however, the phosphorylation

may alter conformation of D1 protein, and, in turn, results

in reducing the ability of quinones and herbicides to bind

the QB site (Giardi et al. 1992). Because the QB site of D1

protein is considered to play an important role in the pro-

duction of O2
�- (Kyle 1987; Zhang et al. 2003), the con-

formation change in the QB-binding pocket caused by the

phosphorylation of D1 protein may modulate ROS pro-

duction. We therefore assume that, besides benefit to

migration of damaged PSII complexes, the protecting

effect of D1 protein phosphorylation on oxidative damage

of D1 protein is probably also related to the down-regu-

lation of O2
�- production in PSII via influencing the binding

affinity of the QB site.

To confirm the above assumption, herein, the effects

of phosphorylation of D1 protein and QB site occupation

by herbicide 3-(3,4-dichlorophenyl)-1,1-dimethylurea

(DCMU) on the production of O2
�- and the degradation of

D1 protein in PSII membranes have been investigated

using the electron spin resonance (ESR) spin-trapping

technique and the Western blotting assay, respectively.

Materials and methods

Preparation of thylakoid membranes from spinach

The spinach plants were purchased from a local market and

kept in darkness at 4 �C for more than 12 h. Thylakoid

membranes were prepared from the spinach leaves as

described previously (Robinson and Yocum 1980). The

isolated thylakoid membranes were suspended in medium

A containing 0.4 M sucrose, 10 mM NaCl, 50 mM

4-Morpholineethanesulfonic acid (Mes)–NaOH (pH 6.5)

and kept frozen in liquid nitrogen before use. Chlorophyll

concentration was determined as described by Arnon

(1949).

Phosphorylation treatment of thylakoid membranes

The thylakoid membranes were thawed in a water bath at

25 �C. The thylakoids were illuminated with weak light at

100 lE m-2 s-1 in the presence of ATP to phosphorylate

thylakoid proteins according to the method as described

previously (Mizusawa et al. 1999) to obtain phosphorylated

thylakoid membranes. This treatment causes phosphoryla-

tion of more than 90 % of the D1 protein (Mizusawa et al.

1999). Non-phosphorylated thylakoid membranes (control

treatment) were performed as phosphorylation treatment

(Mizusawa et al. 1999), but thylakoid membranes were

illuminated in the absence of ATP. Chlorophyll concen-

tration was determined as described by Arnon (1949).

Preparation of non-phosphorylated and phosphorylated

PSII membranes

Non-phosphorylated and phosphorylated PSII membranes

were isolated from non-phosphorylated and phosphorylated

thylakoid membranes by the method of Berthold et al.

(1981) with the modification of Yruela et al. (1991),

respectively. Samples were suspended in medium A and
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kept frozen in liquid nitrogen until use. Chlorophyll con-

centration was determined as described by Arnon (1949).

High light treatment for PSII membranes

High light treatment was performed according to Henmi

et al. (2004) with slight modifications. PSII membranes

were suspended to a concentration of 0.4 mg Chl ml-1 in

medium A. The suspension was placed in a glass container

and illuminated with white light from a halogen lamp at

4,000 lE m-2 s-1 for 3 h. The suspension was stirred

gently and the temperature was maintained at 25 �C with

circulating water under thermostatic control during the

high light treatment. After treatment, the suspension was

used to analyze the degradation of D1 protein. In some

experiments, the high light treatment was performed in the

presence of some scavengers such as 20 U ml-1 superox-

ide dismutase (SOD), 20 U ml-1 catalase and 2 % (v/v)

dimethyl sulfoxide (DMSO), or some inhibitors, such as

5 lM tetracyanoethylene (TCNE) and 5 lM DCMU.

Protein separation and Western blotting analysis

Proteins from isolated PSII membranes before and after

high light treatment were separated on 15 % sodium

dodecyl sulfate (SDS)-polyacrylamide gels and transferred

to a nitrocellulose membrane (Pall). The membranes were

then blocked with non-fat dry milk and incubated with

rabbit primary antibodies against D1 protein (Agrisera)

according to the method as described previously (Aro et al.

2004). The blots were incubated with the horseradish per-

oxidase-conjugated secondary antibody and developed

using the enhanced chemiluminescence system (Millipore).

Quantification of protein levels was done with ImageJ

software (Abramoff et al. 2004).

Spin trapping-ESR measurement for superoxide anion

The spin-trapping was accomplished by 5-tert-butox-

ycarbonyl-5-methyl-1-pyrroline N-oxide (BMPO). For

ESR measurements, the PSII membranes were suspended

in medium A at 0.5 mg Chl ml-1 with 2 mM diethylene-

triaminepentaacetic acid (DTPA), 10 mM BMPO, and

5 lM TCNE in the presence or absence of 50 lM DCMU.

ESR spectra were recorded on a Bruker ESP 300 operating

at X-band. High light treatment was performed by con-

tinuous He–Ne laser (25 mW, 663 nm) that produced

strong irradiation without heating for 5 min. The ESR

spectra were recorded simultaneously with the illumination

at ambient temperature (20 �C). The instrument settings

used were as follows: modulation amplitude, 1.02 G;

receiver gain, 2 9 105; modulation frequency, 100 kHz;

microwave power, 12.8 mW; sweep width, 100 G; time

constant, 0.164 s; sweep time, 41.94 s.

BMPO synthesis

BMPO was synthesized according to a literature procedure

(Tsai et al. 2003).

Results

Effect of phosphorylation on the degradation of D1

protein in the presence of ROS enhancer or scavengers

To obtain phosphorylated PSII membranes, we phosphory-

lated thylakoid membranes with weak light at

100 lE m-2 s-1 in the presence of ATP, and the phos-

phorylated PSII membranes were isolated from the phos-

phorylated thylakoid membranes. In the phosphorylated

PSII membranes, roughly more than 90 % of D1 protein was

phosphorylated (Supplementary Fig. S1) and the D1 protein

was assigned as the phosphorylated D1 protein. In the non-

phosphorylated PSII membranes, more than 80 % of D1

protein remained unphosphorylated form (Supplementary

Fig. S1) and the D1 protein was assigned as the non-phos-

phorylated D1 protein. As mentioned in the introduction,

O2
�-, H2O2, and HO� are generated in PSII membranes under

high light, which are involvement in the oxidative damage of

the D1 protein. On the other hand, the phosphorylation of D1

protein may reduce the degradation of D1 protein (Koiv-

uniemi et al. 1995; Chen et al. 2011). To simultaneously

compare the effects of ROS production and phosphorylation

on the degradation of 32 kDa-D1 protein, non-phosphory-

lated and phosphorylated PSII membranes were illuminated

with white light at 4,000 lE m-2 s-1 for 3 h in the presence

of SOD (O2
�- scavenger), TCNE (O2

�- enhancer), catalase

(H2O2 scavenger), and DMSO (HO� scavenger) (Scaduto

1995; Shimmura et al. 1999; Sahni and Locke 2006),

respectively. The photo-induced degradation of the D1

protein was monitored by Western blotting with specific

antibodies against the C-terminal part of the D1 protein

(Fig. 1a, b). High light caused the degradation of both non-

phosphorylated and phosphorylated D1 proteins, but the

extent of degradation of the non-phosphorylated form of D1

protein was obviously more severe than that of the phos-

phorylated form (see the second column group in Fig. 1c, d).

All three ROS scavengers, including SOD, catalase and

DMSO, significantly reduced the degradation of D1 protein

from high light (over 85 %) and had the same effect on each

form of D1 protein (i.e., the non-phosphorylated and phos-

phorylated D1 proteins), as shown in Fig. 1. However,

TCNE, an enhancer of superoxide anion via its inhibiting

effect on endogenous SOD-like activity of PSII (Ananyev

Photosynth Res (2012) 112:141–148 143

123



et al. 1994; Song et al. 2006; Tiwari and Pospı́sil 2009), to

some extent, accelerated the degradation of the non-phos-

phorylated D1 protein. All of the above results appeared to

indicate that besides the damaging effect of ROS on the non-

phosphorylated D1 protein as proposed previously (Miyao

1994; Miyao et al. 1995), they were somewhat involved in

the degradation of the phosphorylated D1 protein. In addi-

tion, the phosphorylation of D1 protein can partially protect

the D1 protein of PSII against photo-damage caused by

endogenous ROS.

Modulation of superoxide anion production by D1

protein phosphorylation and DCMU

To reveal whether the production of superoxide anion can

be modulated by D1 protein phosphorylation and how it

works, the light-induced ESR signal of O2
�- from PSII

membranes was examined by the spin trapping method

using BMPO as a trapping reagent (Tsai et al. 2003; Chiang

et al. 2010). As shown in trace I from Fig. 2a, there was no

observable ESR signal under the dark condition. However,

ESR signals can be immediately recorded under light

illumination (Fig. 2a, traces II, III, IV, V). These ESR

spectra are in accordance with the typical spectrum

obtained from a mixture of xanthine oxidase (XOD) and

hypoxanthine (HX) (picture not shown), thereby indicating

that the trapped radicals can be recognized as O2
�-. Both

traces (II and III) were obtained from the non-phosphory-

lated PSII membranes, and the other two (traces IV and V)

from the phosphorylated PSII membranes. Moreover, to

examine the inhibiting effect of QB site occupation on the

O2
�- production, ESR spectra were obtained on the addition

of DCMU, a competitor to QB, in trace III and trace V,

respectively.

The quantitative ESR analysis of O2
�- production was

further demonstrated in Fig. 2b. As expected, the ESR

signal level in phosphorylated PSII membranes was

approximately 28 % lower than that in non-phosphorylated

PSII membranes (control). However, the signal strengths of

both non-phosphorylated and phosphorylated forms of PSII

membranes were further decreased to approximately the

same value, i.e., roughly half of that in the control group,

on the addition of DCMU.

Effect of DCMU on the degradation of D1 protein

DCMU can bind to the QB site of D1 protein, and this

binding could retard the degradation of D1 protein under

high light (Mattoo et al. 1984). However, to our knowl-

edge, there is no report related to the effect of DCMU on

the degradation of the phosphorylated D1 protein. To test

if the phosphorylation affects DCMU effect on the

Fig. 1 Effect of phosphorylation on the degradation of D1 protein in

the presence of SOD, TCNE, catalase, DMSO, respectively. a Effect

of phosphorylation on the degradation of D1 protein in the presence

of SOD, TCNE, respectively. b Effect of phosphorylation on the

degradation of D1 protein in the presence of catalase, DMSO,

respectively. c Protein levels detected by Western blotting (a) were

quantified using ImageJ software. d Protein levels detected by

Western blotting (b) were quantified using ImageJ software. Values

are the means of three measurements ± SD normalized to the control

value in the non-phosphorylated and phosphorylated D1 proteins.

After non-phosphorylated and phosphorylated PSII membranes were

illuminated with light at 4,000 lE m-2 s-1 for 3 h in the absence (No
add.) and in the presence of 20 U ml-1 SOD, 5 lM TCNE,

20 U ml-1 catalase and 2 % (v/v) DMSO, respectively, samples

corresponding to 0.2 lg of chlorophyll were loaded in the gel and the

D1 protein was identified with specific antibodies against the

C-terminal part of the D1 protein. D1 and D1* denote the non-

phosphorylated and phosphorylated D1 proteins, respectively. Con-

trol, non-phosphorylated and phosphorylated PSII membranes were

kept in darkness for 3 h
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degradation of D1 protein, after non-phosphorylated and

phosphorylated PSII membranes were illuminated with

white light at 4,000 lE m-2 s-1 for 3 h in the presence

and absence of DCMU, respectively, the degradation of

the D1 protein in both non-phosphorylated and phos-

phorylated forms was monitored by Western blotting

analysis with specific antibodies against the C-terminal

part of the D1 protein. As shown in Fig. 3, when DCMU

was absent, the light-induced degradation of D1 protein in

the non-phosphorylated form was evidently observed, but

the phosphorylation of D1 protein significantly reduced

the degradation. In the presence of DCMU, the level of

D1 protein in either non-phosphorylated or phosphory-

lated PSII membranes was apparently increased, and,

moreover, both levels of D1 protein were almost identical

(Fig. 3).

Discussion

When plants encounter light intensities that exceed their

photosynthetic capacity, a part of the excess light energy

is used to produce ROS and/or other highly oxidizing

species in the PSII. The presence of these active species

results in photoinhibition of PSII electron transport and

degradation of intrinsic proteins in PSII membranes. On

the other hand, the reversible phosphorylation of chloro-

plast thylakoid membrane proteins, such as D1, D2 and

light-harvesting complex II (LHCII), is pre-required for

regulating PSII electron transport, facilitating D1 protein

turnover and the repair of photo-damaged PSII, as well as

adjusting the energy distribution on thylakoid membranes

under high light (Michael and John 1991; Tikkanen et al.

2008; Tikkanen et al. 2011). Consequently, it is vital to

understand more clearly how the protein phosphorylation

plays an important role in protection against the oxidative

damage.

Fig. 2 Spin trapping of superoxide anion radical in the photo-

induced PSII membranes. a ESR spectra of BMPO-OOH spin

adducts. b Relative ESR signal intensities of BMPO-OOH adducts in

the non-phosphorylated and phosphorylated PSII membranes in the

presence and absence of DCMU, respectively. The ESR signal

intensity was determined by measuring the relative height of the

central doublet peak of the first derivative of absorption spectrum.

I PSII membranes were kept in darkness; II, IV denote the non-

phosphorylated and phosphorylated PSII membranes under light

illumination, respectively. III, V denote the non-phosphorylated and

phosphorylated PSII membranes in the presence of 50 lM DCMU

under light illumination, respectively. NP, P denote the non-

phosphorylated and phosphorylated PSII membranes, respectively.

The average value of three independent measurements is given. The

error bars show the standard deviation

Fig. 3 The effect of DCMU on the degradation of the non-

phosphorylated and phosphorylated D1 proteins. a The profiles of the

degradation of the non-phosphorylated and phosphorylated D1

proteins. After non-phosphorylated and phosphorylated PSII mem-

branes were illuminated with light at 4,000 lE m-2 s-1 for 3 h in the

absence of DCMU and in the presence of 5 lM DCMU, respectively,

samples corresponding to 0.2 lg of chlorophyll were loaded in the

gel, and the D1 protein was identified with specific antibodies against

the C-terminal part of the D1 protein. b Protein levels detected by

Western blotting (a) were quantified using ImageJ software. Values

are means of three measurements ± SD normalized to the control

value in the non-phosphorylated and phosphorylated D1 proteins. D1,
D1* denote the non-phosphorylated and phosphorylated D1 proteins,

respectively. Control non-phosphorylated and phosphorylated PSII

membranes were kept in darkness for 3 h. No add. non-phosphory-

lated and phosphorylated PSII membranes were illuminated in the

absence of DCMU. DCMU non-phosphorylated and phosphorylated

PSII membranes were illuminated in the presence of 5 lM DCMU
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Our ESR observation indicated that after phosphoryla-

tion of D1 protein, the average signal strength of O2
�-

decreased about 28 % (Fig. 2b), but Western blotting

analysis showed that the D1 protein level increased roughly

100 % under a comparable condition (the second column

group in Fig. 1c). The big difference in percentage change

may be due to the degradation of D1 protein that is caused

by multiple ROS components attack (i.e., besides O2
�-,

H2O2, and HO� can attack the protein). It was found that

under strong illumination the endogenous O2
�- was a pri-

mary ROS component, then O2
�- can be converted to H2O2,

and sequentially, HO� was produced via a Fenton reaction

catalyzed by the integrated transition metal ions (Pospı́sil

et al. 2004; Liu et al. 2004; Song et al. 2006). Although all

of three ROS components are responsible for the degra-

dation of D1 protein in both the non-phosphorylated and

phosphorylated forms (Fig. 1), each component of ROS

may have a specific damaging capacity. Thus, if the pri-

mary ROS component, i.e., O2
�-, is partially inhibited, the

other two components will correspondingly decrease and

the protective effect on the degradation of D1 protein is

probably more evident. D1 protein phosphorylation may

play a similar role under high light, owing to down-regu-

lation of O2
�-.

The superoxide O2
�- was stated to be the primary product

of molecular oxygen reduction in the photosynthetic elec-

tron transport chain. Although the main site of O2
�- for-

mation in thylakoid membranes was supposed to be PSI

(Asada 1999), the photo-induced production of O2
�- in PSII

was also experimentally demonstrated (Ananyev et al.

1994; Cleland and Grace 1999). The primary electron

acceptor (Pheo-) and the quinone acceptors (QA
- and QB

-)

were proposed to reduce molecular oxygen. Because the

well-known binding site of DCMU on the reducing side of

PSII membranes is just located on the QB-binding site of

D1 protein (Takahashi et al. 2010), the electron transport-

ing from QB
- to O2 can be totally blocked in the presence of

herbicide DCMU. As a result, DCMU could roughly inhibit

by 50 % the production of superoxide anion in either non-

phosphorylated or phosphorylated PSII membranes

(Fig. 2). Meanwhile, Pospı́sil et al. (2006) also found that

DCMU could roughly inhibit by 50 % the production of

superoxide anion in PSII membranes. Considering the

anionic plastosemiquinone radical located in the QB site of

PSII would react with molecular oxygen to generate O2
�-

(Kyle 1987), the other 50 % superoxide anion production

may come from QA
- and/or other electron acceptors, such as

Pheo- (Fufezan et al. 2002; Arató et al. 2004; Pospı́sil

2009).

The previous studies indicated that the phosphorylation

of D1 protein reduced the ability of quinines and herbicides

to bind the QB site (Giardi et al. 1992), in line with the

conformation changes in the QB site of the phosphorylated

D1 protein. Hodges et al. (1987) also found that although

the phosphorylation of thylakoid membrane protein did not

affect the electron transfer from QA
- to QB, the phosphor-

ylation-induced destabilization of QB
-, leading to a lower

concentration of QB
-. It implies that the phosphorylation

results in lower O2
�- concentration originated from QB

-. As

a result, the inhibiting effect of the D1 protein phosphor-

ylation on O2
�- production was not as strong as that by

DCMU-treatment (i.e., concentration of O2
�- decreases

\50 %, Fig. 2b), resulting in the protective effect of the

phosphorylation on D1 protein degradation in PSII mem-

branes that was not as efficient as the DCMU treatment did

(Fig. 3b).

In comparison to the phosphorylation, the inhibiting

effect of DCMU on O2
�- production and its protecting effect

on D1 protein degradation were even more obvious, and

both DCMU effects were independent of whether PSII

membranes were phosphorylated or not (Figs. 2, 3).

Therefore, we can deduce that both DCMU incubation and

D1 protein phosphorylation probably have the same target

location in PSII membranes, or more exactly, they share

the QB-binding site in D1 protein.

When plants were exposed to high light in vivo, the

major physiological significance of PSII core protein

phosphorylation (D1, D2, CP43, and PsbH) is supposed to

facilitate the migration of oxidative damaged proteins

(Tikkanen et al. 2008). Although a direct protective effect

of the phosphorylation on the degradation of D1 protein

was probably not found in vivo, the phosphorylation-

induced diminution in ROS generation may prevent or

reduce the accumulation of photodamaged PSII complexes

and thus enhance the protection of plants against light-

induced oxidative damage. Moreover, suppression of par-

tial ROS can enhance the repair of PSII via acceleration of

the synthesis of the D1 protein (Allakhverdiev et al. 2005;

Nishiyama et al. 2006, 2011; Murata et al. 2007, 2012).

Tikkanen et al. (2008) also found that the proteins of the

photosynthetic machinery in wild type Arabidopsis were

less carbonylated than that in stn7 stn8 (i.e., an Arabidopsis

mutant with defects in D1 and other PSII core protein

phosphorylation), possibly implying that production of

ROS is down-regulated during the light-dependent phos-

phorylation of D1 protein in vivo. On the other hand, ROS

initiated the D1 protein degradation may occur under

extreme conditions when the repair processes are unable to

cope with the rate of damage. Without the interference

from endogenous antioxidants in chloroplasts and the

influence of the protease on the degradation of D1 protein,

as shown in Scheme 1, all the observations on the pro-

duction of O2
�- and the degradation of D1 protein in the

PSII membranes can be useful to get an overall under-

standing of the protecting effect of phosphorylation on

oxidative damage and the phosphorylation-related
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suppression of ROS production. It can further be used to

simulate the effect of ROS on the D1 protein degradation

under extreme conditions.

In the light of the above discussion, we provide an

assumption for light-induced oxidation of the D1 protein

and suggest that the phosphorylation of D1 protein reduces

oxidative damage of D1 protein via down-regulating the

production of O2
�- in PSII membranes.
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