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Abstract 

Exposure of a PS II core complex to singlet oxygen, generated either chemically in the dark or through the photodynamic 
action of rose bengal, caused a rapid degradation of D1 protein. Photoinhibitory illumination of the PS II complex, either at 25°C 
or at 4°C, resulted in D1 protein fragments similar to those observed upon exposure of the PS II complex to singlet oxygen. 
Histidine, a singlet oxygen scavenger, provided a significant protection of D1 protein against degradation. We therefore suggest 
that singlet oxygen, which is generated during acceptor-side induced photoinhibition, is responsible for the in vitro fragmentation 
of D1 protein. 

Key words: D1 protein degradation; Photoinhibition; Photosystem II complex; Singlet oxygen 

I. Introduction 

The D1 polypeptide of Photosystem II (PS II) turns 
over rapidly in the light [1,2]. This property of D1 
protein has often been linked to the phenomenon of 
photoinhibition [3-5]. Photoinhibition of photo- 
synthetic activity leads to the inactivation of electron 
transport in PS II and subsequently to degradation of 
the D1 reaction center protein (for reviews see Refs. 
[6,7]). This damage is rectified by a repair mechanism 
involving synthesis and incorporation of new D1 pro- 
tein into the complex [8,9]. Over the last few years, a 
number of studies have approached the problem of D1 
protein damage and degradation in vitro. Although the 
molecular mechanism of light-induced degradation of 

Abbreviations: Chl, chlorophyll; MES, 2-(N-morpholino)ethane- 
sulfonic acid; PAGE, polyacrylamide gel electrophoresis; PMSF, 
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* Corresponding author. Department of Chemistry, University of 
Crete, P.O. Box 1470, 71409 Iraklion, Crete, Greece. Fax: +30 81 
233669/210951. 

0005-2728/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved 
SSDI 0005-2728(94)00062-A 

D1 protein is not yet established, it is generally de- 
scribed as a two-step reaction [10,11]. The oxidative 
damage of the PS II reaction center induces conforma- 
tional changes which lead to the degradation of D1 
protein [12]. The majority of experimental evidence 
favours an all-enzymatic digestion of D1 protein, par- 
ticularly in connection with acceptor-side induced 
photoinhibition. The temperature dependency of 
light-induced D1 degradation [10,12] has been taken as 
evidence that the in vitro D1 fragmentation is of an 
enzymatic nature rather than a direct light-induced 
chemical peptide cleavage. Moreover, it has been shown 
that D1 degradation in vitro can be blocked by in- 
hibitors acting against serine proteinases [13-15]. 

On the other hand, there is experimental evidence 
that reactive oxygen species are involved in the irre- 
versible oxidative damage of D1 protein [11,16-19]. By 
using various oxygen radical scavengers (superoxide 
dismutase, catalase, glutathione, ascorbate or propyl- 
gallate) a partial protection of the D1 polypeptide 
against degradation has been demonstrated [11,17,20]. 
Toxic oxygen species are known to cause a variety of 
structural changes to proteins, including direct frag- 
mentation and cross-linking [21-23]. In the presence of 
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oxygen, 3p680 formed during strong illumination of PS 
II complex reacts readily to form singlet oxygen, which 
is extremely reactive and capable of causing oxidative 
damage in the vicinity of its formation [24]. 

Although it is recognized that singlet oxygen causes 
oxidative damage to D1 protein, which can adversely 
affect its activity, stability and function, no direct sin- 
glet oxygen-induced fragmentation of D1 protein has 
been demonstrated. Recently, we proposed that singlet 
oxygen, which is generated during aerobic illumination 
of the PS II complex, is responsible for the photo- 
bleaching of photosynthetic pigments, D1 protein 
degradation and protein cross-linking [23]. In the pre- 
sent communication, we provide experimental evidence 
that exposure of a PS II core complex to singlet oxy- 
gen, generated either chemically in the dark or through 
the photodynamic action of rose bengal, results in D1 
protein fragments similar to the ones generated during 
photoinhibition. 

indicated. Proteinase inhibitors (PMSF (40 /zM), leu- 
peptin (2 /~M) or aprotinin (0.6 /~M)) were added to 
the PS II core complex prior to either photoinhibitory 
illumination or exposure to chemically generated sin- 
glet oxygen as described in Ref. [15]. 

Following the treatments, the samples were washed 
twice with SMN and finally resuspended in SMN prior 
to analysis. 

SDS-PAGE was carried out on a 12-18% gradient 
in the presence of 6 M urea according to Laemmli [26]. 
The proteins were transferred on to PVDF membranes 
and were probed with Dl-antiserum as described ear- 
lier [23]. The antiserum specific to the N-terminal of 
the D1 protein was a kind gift from Dr. Autar K. 
Mattoo. The molecular mass of protein bands in the 
immunoblots were estimated according to the relative 
mobility of polypeptides on SDS-PAGE using standard 
methods of determining the molecular mass of protein 
in the gel. Chlorophyll concentration was determined 
in 80% acetone according to Arnon [27]. 

2. Materials and methods 

An oxygen-evolving PS II core complex was isolated 
from spinach by solubilization of PS II membranes with 
octyl glucoside as described earlier [25]. The PS II 
complex, at 50 /zg Chl m1-1, resuspended in 0.4 M 
sucrose, 50 mM MES (pH 6.0), and 10 mM NaCI 
(SMN), was illuminated under aerobic conditions with 
heat-filtered white light (3000 ~E m -2 s-l).  The sam- 
ples were illuminated either at 25°C (5 min) or 4°C (7 
min) under constant stirring. In a series of experi- 
ments, the samples which were illuminated at 4°C for 7 
min were transferred to 25°C and incubated at that 
temperature for 30 min. 

In certain experiments, the PS II core complex at 50 
t~g Chl ml-1 in SMN, was exposed to weak light (350 
tzE m-2s  -1) at 25°C or 4°C for 1 min, either in the 
presence or absence of 2 ~M rose bengal. Controls 
containing the same amounts of rose bengal were incu- 
bated in the dark for the same period. 

Exposure of the PS II complex to singlet oxygen in 
the dark was performed by incubating the isolated PS 
II core complex, resuspended in SMN at 50 ~g Chl 
m1-1, for 1 min either at 25°C or 4°C, in a reaction 
mixture containing hydrogen peroxide (0.5 mM) and 
sodium hypochlorite (0.5 mM). Wherever indicated, 
the samples which were treated with NaOC1/H20 2 at 
4°C were subsequently transferred to 25°C and incu- 
bated at that temperature for 7 min. Controls contain- 
ing the same amount of either hydrogen peroxide or 
sodium hypochlorite alone were run simultaneously 
under similar conditions. 

The singlet oxygen scavenger histidine (25 mM) was 
added prior to either photoinhibitory illumination or 
treatment with NaOCI/H20 2 or rose bengal wherever 

3. Results 

The PS II core complex was either treated with 
chemically generated singlet oxygen or exposed to 
strong white light. Exposure of the PS II core complex 
to singlet oxygen, generated by NaOC1/H20 2 in the 
dark at 25°C, caused rapid degradation of the reaction 
center D1 protein as revealed by the appearance of 
several immunodetectable fragments (Fig. 1). At least 
seven fragments having apparent molecular masses of 
approximately 24, 23, 20, 16, 14, 13 and 11 kDa were 
detected (lane 5). Other lower molecular mass D1 
breakdown products at about 9 and 7 kDa were also 
present (lane 5). In addition, a species having an ap- 
parent molecular mass of approximately 41 kDa also 
appeared in the singlet oxygen-treated PS II core com- 
plex (lane 5). On the basis of the cross-reactivity of this 
band with anti-D2 antiserum, it is suggested to reprle - 
sent a D1-D2 heterodimer truncated in D1 [28]. By 
using an antibody raised against a synthetic peptide 
homologous to the N-terminal of the D1 protein, it was 
shown that all D1 fragments were of N-terminal origin 
(Fig. 1). Exposure of the PS II core complex to hydro- 
gen peroxide or hypochlorite alone did not result in 
degradation of D1 protein (lanes 2 and 3, respectively). 

As shown in Fig. 1, exposure of the PS II complex to 
singlet oxygen generated chemically in the dark at 4°C, 
also resulted in D1 fragmentation (lane 6). The D1 
fragments detected during exposure of PS II to singlet 
oxygen at 4°C were similar to the ones observed at 
25°C. Moreover, no further degradation of D1 protein 
was observed when the temperature of the PS II core 
complex, which had been exposed to singlet oxygen at 
4°C, was raised to 25°C (lane 7). Degradation of D1 
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protein was significantly inhibited in the preserfce of 
histidine (lane 11). These results clearly demonstrate 
that D1 protein cleavage is due to the effect of singlet 
oxygen. 

The involvement of singlet oxygen in the mechanism 
of D1 protein fragmentation was further verified by 
using singlet oxygen generated by the photodynamic 
action of the xanthene dye, rose bengal. Rose bengal is 
known to generate singlet oxygen in the presence of 
light and oxygen [24]. As shown in Fig. 1, weak light 
illumination at 25°C in the presence of rose bengal also 
led to rapid fragmentation of D1 polypeptide (lane 12). 
The D1 degradation pattern during weak light illumi- 
nation in the presence of rose bengal was similar to 
that observed after treatment with singlet oxygen gen- 
erated chemically in the dark. Illumination of the PS II 
core complex at 4°C in the presence of rose bengal 
under weak light also produced similar D1 fragments 
(data not shown). These observations further strengthen 
the concept of an involvement of singlet oxygen in D1 
protein fragmentation. The presence of histidine dur- 
ing rose bengal treatment significantly protected D1 
protein against degradation (Fig. 1, lane 13). 

In order to compare the degradation of D1 protein 
induced by chemically generated singlet oxygen with 
that caused by strong illumination, the PS II core 
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Fig. 1. Western blot analyses of D1 protein degradation in a PS II 
core complex exposed to either photoinhibitory light or chemically 
generated singlet oxygen. Lanes: 1, no addition, dark control; 2, 
treated with H 2 0  2 at 25°C; 3, treated with NaOCI at 25°C; 4, 
illuminated with photoinhibitory light for 5 min at 25°C; 5, dark-in- 
cubated in the presence of H 2 0  2 and NaOCI at 25°C, 6, dark-in- 
cubated in the presence of H 2 0  2 and NaOCI at 4°C; 7, dark-in- 
cubated in the presence of H 2 0  2 and NaOCI at 4°C and subse- 
quently transferred to 25°C in the dark; 8, illuminated with photoin- 
hibitory light at 4"C; 9, illuminated at 4°C and then transferred to 
25°C in the dark; 10, illuminated with photoinhibitory light in the 
presence of histidine at 25°C; 11, dark-incubated with H 2 0  2 and 
NaOC1 in the presence of histidine at 25°C; 12, illuminated with 
weak light in the presence of rose bengal at 25°C; 13, illuminated 
with weak light in the presence of rose bengal and histidine at 25°C. 
The blots were immunodecorated with anti-DI N protein serum (see 
Section 2 for details). 

complex was subjected to photoinhibitory light either 
at 25°C or 4°C. Fig. 1 clearly shows that strong illumi- 
nation at both temperatures results in D1 protein 
fragmentation accompanied by the appearance of vari- 
ous breakdown products. The immunoblot in Fig. 1 
shows that the anti-D1N antibody detects seven differ- 
ent breakdown products of D1 polypeptide having ap- 
parent molecular masses of about 24, 23, 20, 16, 14, 13 
and 11 kDa (lanes 4 and 8). There was also an appear- 
ance of a 41 kDa protein band in the light-treated PS 
II core complex at both temperatures (lanes 4 and 8). 
It is interesting to note that all fragments which ap- 
peared following photoinhibition of the PS II core 
complex at 25°C and 4°C resembled those obtained 
after exposure to singlet oxygen generated either chem- 
ically by NaOCI/H20 z in the dark or through the 
photodynamic action of rose bengal. However, there 
was an important difference between the photoin- 
hibitory illumination and exposure to externally gener- 
ated singlet oxygen. In the PS II complex exposed 
directly to singlet oxygen, fragmentation of D1 protein 
occurred very fast (less than 1 min of dark incubation). 
On the other hand, prolonged exposures to photoin- 
hibitory light were required in order to achieve a 
similar extent of damage. Approximately 7 min were 
required during light treatment at 4°C (lane 8), while 5 
min were sufficient to achieve the same degree of D1 
degradation at 25°C (lane 4). Similar D1 fragments 
under photoinhibitory conditions have been reported 
previously by several workers [14,28-30]. 

In a series of experiments, the PS II core complex 
which had been photoinhibited at 4°C, was subse- 
quently transferred to 25°C in the dark. As shown in 
Fig. 1 (lane 9), no significant changes were observed in 
the pattern of D1 fragmentation upon transfer of a low 
temperature photoinhibited PS II core complex to room 
temperature. In contrast to our data, a large number of 
recent studies have inferred that D1 protein degrada- 
tion is temperature-sensitive and does not occur or is 
retarded at low temperature. The protective role of 
histidine, a singlet oxygen scavenger, observed during 
photoinhibition of the PS II complex at 25°C (Fig. 1, 
lane 10) was also observed during low temperature 
photoinhibition (data not shown). These findings imply 
that singlet oxygen is involved in the mechanism of 
light-induced D1 degradation both during room tem- 
perature as well as low temperature photoinhibition. 
Singlet oxygen has been previously implicated in chill- 
ing-induced damage of PS II proteins and lipids [31,32]. 

It has been reported that proteinase inhibitors which 
act against serine proteinases can partially protect D1 
protein against degradation which occurs during in 
vitro photoinhibition [13-15]. In order to investigate 
the involvement of any proteolytic reaction in D1 
degradation under our experimental conditions, the PS 
II core complex was incubated in the dark in the 
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Fig. 2. Immunoblot demonstrating D1 protein degradation in the 
presence or absence of proteinase inhibitors. The PS II core complex 
was either dark-incubated in the presence of NaOCI/H2Oz or 
light-treated at 25°C (unless otherwise indicated) in the presence or 
absence of PMSF. Lanes: 1, no addition, dark control; 2, dark-in- 
cubated with H 2 0  2 and NaOCi; 3, illuminated with weak light in the 
presence of rose bengal and PMSF; 4, dark-incubated with H 2 0  2 
and NaOC1 in the presence of PMSF; 5, illuminated with photoin- 
hibitory light; 6, illuminated with photoinhibitory light in the pres- 
ence of PMSF at 4°C; 7, illuminated with photoinhibitory light in the 
presence of PMSF; 8, illuminated with photoinhibitory light in the 
presence of histidine. The blots were immunodecorated with anti- 
D i n  protein serum (see Section 2 for details). 

presence of PMSF prior to exposure to either photoin- 
hibitory light or chemically generated singlet oxygen. 
The results presented in Fig. 2 show that the presence 
of PMSF, during strong illumination or exposure to 
singlet oxygen, did not protect D1 against degradation 
(lanes 5, 6, 7 and 2, 3, 4, respectively). In addition to 
PMSF we also tried the proteinase inhibitors aprotinin 
and leupeptin, but again we observed no protection 
against D1 degradation (data not shown). However, the 
addition of histidine prior to photoinhibitory illumina- 
tion at room temperature significantly protected D1 
protein against degradation (Fig. 2, lane 8). 

4. Discussion 

Recent studies have focused on the possible role(s) 
of singlet oxygen in D1 protein damage and degrada- 
tion observed during photoinhibition [33,34]. In the 
present communication, we have been able to demon- 
strate in vitro D1 protein fragmentation caused by 
exposure of the PS II core complex to singlet oxygen 
generated either chemically in the dark or through the 
photodynamic action of rose bengal at 25°C and 4°C. 
Exposure of the PS II complex to singlet oxygen re- 
suited in rapid degradation of D1 protein and the 
appearance of several breakdown products. The fact 
that the direct action of singlet oxygen gives rise to 
fragments similar to those detected during the in vitro 
photoinhibition of the PS II core complex, strongly 

suggests an involvement of singlet oxygen in the molec- 
ular mechanism of D1 degradation. Moreover, the 
protection of D1 protein against degradation observed 
in the presence of histidine, a singlet oxygen quencher, 
further supports the involvement of singlet oxygen in 
the D1 cleavage mechanism in vitro. A similar effect of 
singlet oxygen in the in vivo degradation of D1 protein 
is very possible. 

Although the data presented in this communication 
suggest that chemically generated singlet oxygen in- 
duces cleavage of D1 protein in a manner similar to 
that observed during photoinhibition, we cannot say 
with certainty whether the fragments are identical. 
Since during exposure of the PS II core to NaOCI/  
H 2 0  2 in the dark, singlet oxygen is generated in the 
solution and not at specific sites, as is probably the 
case during photoinhibition, it is possible that addi- 
tional fragments are generated during exposure to 
chemically generated singlet oxygen. As we showed in 
Ref. [23], D1 degradation is followed (or accompanied) 
by cross-linking and thus it is difficult to accumulate 
the fragments in high quantities in order to isolate and 
sequence them. 

Protein cleavage by reactive oxygen species is a 
well-known process [21,22,35]. Protein fragmentation 
and cross-linking have been previously reported follow- 
ing exposure to sodium hypochlorite/hydrogen perox- 
ide mediated formation of singlet oxygen [36,37]. The 
process of fragmentation was suggested to involve the 
oxidative scission [36] and/or  hydrolysis of the peptide 
bond [38]. Moreover, several amino acid residues, like 
histidine, tryptophan and methionine, were found to be 
vulnerable to modification by oxidative stress. Re- 
cently, Tang et al. [39] have reported that histidine 
residues are damaged during photoinhibitory illumina- 
tion of an isolated reaction center complex from 
spinach. At present, it is difficult to envisage the reac- 
tion mechanism involved in the singlet oxygen-media- 
ted D1 protein fragmentation. Although the results 
presented in this work provide experimental evidence 
that D1 protein cleavage is initiated by singlet oxygen 
itself, the possibility that products of singlet oxygen-ini- 
tiated free radical cascade are involved in the process 
cannot be excluded. Further experiments are in 
progress in order to elucidate the mechanism of action 
of singlet oxygen in the process of D1 protein degrada- 
tion. 
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