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Photoinhibition of Intact leaves of wheat generates a 10 kDa breakdown product which is clearly observed both at 4°C and 25°C. Selective 
immunoblotting has shown that the 10 kDa fragment contams the C-termmus of the Dl-protem and, under the conditions employed, supports 
an acceptor side mechanism for photoinhibition in viva. Although a corresponding 33 kDa N-terminal Dl-fragment was not detected our results 

are consistent with the argument that the primary cleavage site is m the loop Jommg putative transmembrane segments IV and V. 

Photo-mhibition: Photosystem II: DI-protem 

1. INTRODUCTION 

It is generally believed that the rapid turnover of the 
Dl-protein is linked to the vulnerability of photosystem 
II (PSII) to photoinduced damage [1,2]. When the rate 
of damage is not matched by the rate of repair. the 
apparent efficiency of photosynthesis declines and the 
physiological state, known as photoinhibition. is ob- 
served [3]. Many factors effect the balance between 
damage and repair (e.g. temperature) and detailed 
schemes of the various stages of disassembly and reas- 
sembly of PSI1 have been postulated [4..5]. 

a truncated Dl-protein of about 23 kDa. A translation 
intermediate of similar size has also been detected re- 
cently by Taniguchi et al. [9]. Since Greenberg et al. [6] 
conducted their key experiments in the presence of cy- 
cloheximide, to block synthesis of nuclear encoded pro- 
teins, it is possible that the band they observed was not 
due to the breakdown of the Dl protein but rather to 
its incomplete translation. 

Greenberg et al. [6] have detected a breakdown prod- 
uct of the Dl-protein in vivo with an apparent molecu- 
lar mass of 23.5 kDa. Based on proteolytic mapping, 
these workers concluded that the cleavage occurred in 
the loop joining putative transmembrane segments IV 
and V. As compared with the L-subunit of purple pho- 
tosynthetic bacteria, this loop is excluded and contains 
a ‘PEST’ like region [6]. Such a region is thought to 
destabilize cc-helices and is common to proteins which 
turn over rapidly [7]. Some doubt as to the origin of the 
23.5 kDa band detected by Greenberg et al. was raised, 
however, when Mullet et al. [8] showed that in the ab- 
sence of chlorophyll synthesis, the Dl-protein RNA 
message was not fully read and a pause site gave rise to 
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Ahhreriutioris PAGE, polyacrylamide gel electrophoresis: PSII. pho- 
tosystem II; SDS. sodium dodecyl sulphate. 

Work with isolated PSI1 complexes has indicated that 
the primary cleavage of the D 1 -protein can occur in the 
region identified by Greenberg et al. [IO-l 31 when sub- 
jected to photoinhibitory light. In these studies a 23 kDa 
fragment containing the N-terminus of the Dl-protein 
was identified, as was a 10 kDa C-terminal fragment. 
It was further shown by proteolytic mapping that the 
cleavage giving rise to these fragments was to the C- 
terminal side of residue 238 [l 1,131 in agreement with 
the suggestion of Greenberg et al. [6] and Shipton et al. 
[14]. These fragments were observed under ‘acceptor 
side’ photoinhibitory conditions [ 15,161 when overre- 
duction, or absence, of QA facilitates the recombination 
of the radical pair P680’Pheo-. This recombination gen- 
erates a P680 triplet state which. under aerobic condi- 
tions. forms singlet oxygen [17,18]. It seems to be this 
highly toxic species that triggers the proteolytic cleavage 
of the D 1 -protein so as to generate a 23 kDa N-terminal 
fragment and a corresponding 10 kDa C-terminal frag- 
ment. In addition to the acceptor side mechanism of 
photoinhibition there is also a damaging process associ- 
ated with the donor side of PSI1 [19-211. This donor side 
mechanism occurs when the water splitting reactions 
are inhibited and electron donation to the oxidised pri- 
mary donor P680’ is restricted. It is therefore believed 
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that the increased lifetime of P680’ under these condi- 
tions leads to secondary oxidation processes which are 
deleterious to the reaction centre and induce the prote- 
olytic cleavage of the Dl-protein on the donor side 
[22.23]. This results in the generation of a 24 kDa C- 
terminal fragment and corresponding 9 kDa fragment 
of the Dl-protein indicating that the cleavage occurs in 
the polypeptide loop joining putative transmembrane 
segments I and II on the lumenal side of the reaction 
centre. 

Given the results obtained with in vitro systems, the 
question arises whether both ‘donor’ and ‘acceptor’ side 
photoinhibition can occur in vivo. In this study we have 
used immunological blotting to detect breakdown prod- 
ucts of the Dl -protein in wheat leaves photoinhibited at 
room temperature and at 4°C. 

2. MATERIALS AND METHODS 

2 I. P/m/ gro,, //I 
Wheat plant5 were grown for 7 days m controlled en~lronment 

cabmets at 15°C and a day length of l-l h Incldcnt Irradlatlon wab 
provided by cool white fluorcbcent lamps at a photon flu\ denslty 
(PFD) of ?OOpE m ’ \c’ Seeds were soaked overnlght. before bcmg 

planted m \crmlcuhte. Plants were watered regularly during the grow- 
mg prrlod 

Plants wcrc cut and placed m Eppcndorf tubes Mlth their petlcole\ 
Immersed m the approprlatc solution Leaves ucrc exposed to a PFD 
of 2.000 ,uE mm’ 5-l. provided by an apparntus equlpprd v,lth a 1 

kW halogen lamp and a heat filter Temperature was controlled by a 
coohng plate on which the leaves were placed facmg the Ilght source. 

Room temperature variable Buorescence (F,IF,,,) wa) measured 
uamg a pulse fluorlmeter (PAM 103. Walr). which I? described m detail 
by Schrelber et al [21] After the light treatment. Iea\es wcrc Incubated 
for five mlnuteh m the dark before mea\uremcnt Leaves \vere then 
exposed to a two second saturatmg hght flash and the chlorophyll 
fluorescence yield measured usmg a weak modulated light )ourcc 

Plants were labelled ulth [‘Qmethlonme (> 37 TBqimmol. .4mer- 
sham) under normal light condltlons (200 pE_ mm’ s-‘) and then 
transferred to Eppcndorf tubes contalnmg a solutlnn of cold methum- 
me ( IO mM) before the photomhlbltory treatment Thylakold samples 
were prepared accordmg to Marder et al [25] and protrm content 
estimated by d method of Esen [76]. Polypeptldes were resolved bq 
SDS-PAGE, using 15% polyacrylamlde gels m the presence of 6 M 
urea and the dlscontlnuous buffer system of Laemmll [77]. Gel\ were 
stamed with Coomasale blue R250. dried and autoradlographed bq the 
usual procedure5 

Thylakold protems were prepared a~ described above except that 
a cocktall of protease mhibitors (Boehrmger) contalnmg IO different 
compounds (antIpam, APMSF. aprotmln. bestatm. chymostatm. E- 
64. EDTA. leupeptm. pepstatm and phosphoramldon) was Included 
m the homogemsatlon buffer After electrophoresl\. polypcptldes wcrc 
transferred to mtrocellulose membranes (Schlelchrr dnd Schuell, port 
size 0.32 pm) accordmg to a modification of a method by Towbm et 
al. [Xl. Transfer was carried out m a perspex bo\ hith plate electrodes. 
using a solution of 3 mM Na:CO,. IO mM NaHCO, In 20% methanol 
as the buffer After the transfer, the membrane v,as bloc&d mllh ‘i 
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IO% aolutlon of bknnmed milk powder m 0 1% Tween 20 TBS buffer 
(50 mM Trls-HCI. pH 7 4? 150 mM NaCl). Incubation with the Dl 
antibody proceeded at room temperature overmght. This antiserum 
was raised agamst a synthetic peptldc correspondmg to the C-termmal 
29 ammo acids of the Dl-protem sequence of pea (a kmd gift from 
Dr P. Nluon). The prlmar) antlbody solution was prepared bq dilut- 
ing the stoch 1.000-fold m TBS buffer. Parallel competltmn expert- 
menta were carried out In order to ldentlfy non-specdic cross-reactIons 
due to other protems In the preparation. For this purpose. the 29 
ammo acid peptldr used to raise the Dl antlserum was Included m the 
prnnary antlbody lncubatlon step dt a concentration ofapproximately 
IO fig ml-‘. After overmght mcubatlon. blots were wabhed several 
times with TBS buffer and then Incubated ulth the secondary antibod) 
(antI-rabbit IgG. alkahnr phosphatase conjugate. Sigma) prior to 
bemg developed. 

3. RESULTS 

As Fig. 1 shows, when wheat leaves were exposed to 
light of 2,OOOpE rn-? SC’, photoinhibition occurred as 
judged by a decrease m the ratio of variable clorophyll 
fluorescence (F,) and the maximum fluorescence attain- 
able (F,,,). The extent of the photoinhibition was greater 
when the leaf temperature was dropped from 25°C to 
4°C. No photoinhibition occurred when the light inten- 
sity was ten times less. The enhancement of photoinhib- 
ition by lowering the leaf temperature from 25°C to 4°C 
was found to correlate with a decreased rate of Dl- 
protein turnover as judged from pulse-chase experi- 
ments using [%]methionine (see Fig. 2). Pulse-chase 
experiments also showed that at both temperatures the 

0.9 
LL 25°C 

E 
L 
. 
> 

IL 

u.8 

0.6 

Time (hours) 

Fig I Decrease of F,IF, ratio as a consequence of photoinhibltion. 
7 day-old wheat plants were cut and placed m dIstIlled water under 
low light condttlons (200,~E mm’ s-’ at 25°C). Followmg this. leaves 
\\ere transferred to the high hght (2.000 fiE mm’ se’) at dlffrrent 
temperaturea Plants exposed to 201JpE mm’ s-’ at 25°C. LL 25°C 

(closed circles). plant5 exposed to 2,000 ,uE mm’ s-’ at 25°C. HL 
25°C (open circles), plants exposed to 2.000,~E rn--’ s-’ at 4°C. HL 

4°C (open triangles) 
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The intensity of this band was more clearly observed 
with leaves exposed to photoinhibitory light (see Fig. 3). 
This immunosensitive band was not observed, however, 
in leaves subjected to dark treatment (Fig. 4). In order 
to check whether the 10 kDa band was derived from the 
Dl -protein and not due to an artefactual cross-reaction, 
western blotting was performed in the presence of the 
synthetic peptide used to raise the C-terminal specific 
antibody (see section 2). As can be seen in Fig. 4, under 
these conditions not only is the Dl-protein band not 
detected, nor is the 10 kDa band. In contrast, the detec- 
tion of a weak band of unknown origin at about 30 
kDa, observed in the dark as well as the illuminated 
sample, was not inhibited by the presence of the syn- 
thetic peptide and presumably, therefore, is due to a 
non-specific cross-reaction with the serum. 

4. CONCLUSION 
Fig. 2 Loss of incorporated [?Qnethtonme from the D 1 -polypepttde. 
following pulse labelling of wheat leaves. The same experimental con- 
dmons applied as in Fig. 1. except that the plants were given a pulse 
of [“Slmethtonine and then placed m a solutton of IO mM non- 
radioactive methtonme durmg the photoinhibttory hght treatment. 
Plants exposed to 200pE mm’ SC’ at 25°C. LL 25°C (closed ctrcles); 
plants exposed to 2,OOOpE m ’ s-’ at 4°C. HL 4°C (open Wangles); 
plants exposed to 2,OOOpE mm’ SC’ at 25°C. HL 25°C (open circles). 

turnover of the Dl -protein is greater under photoinhib- 
itory. compared with non-photoinhibitory conditions. 

Immunological blotting, using the polyclonal anti- 
body raised to the C-terminal portion of the Dl-protein 
as described in section 2, allowed us to detect a 10 kDa 
band in thylakoids isolated from illuminated leaves. 

We suggest that the 10 kDa band observed in thy- 
lakoids isolated from photoinhibited leaves is a C-termi- 
nal cleavage product of the Dl-protein. This conclusion 
is based on the fact that the band is only detected in 
illuminated leaves with a C-terminal specific antibody 
of the Dl-protein and is not observed when im- 
munoblotting is conducted in the presence of the syn- 
thetic peptide used to raise the antibody. It therefore 
seems likely that this fragment is due to a cleavage in 
the loop linking transmembrane segments IV and V 
resulting from ‘acceptor’ side rather than ‘donor’ side 
photoinhibition. 

Although experiments were conducted to detect the 
corresponding 33 kDa N-terminal fragment, no such 

Low light/25”C High Ilght/4”C High light/25”C 
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Ftg. 3. Detection of a 10 kDa band in thylakoids isolated from hght treated leaves. Plants were either exposed to low hght (200 PE mm’ ~5’) or 
high light (2,000 ,uE rn-’ SC’) at different temperatures. After the hght treatment, leaves were immediately frozen in hquid nitrogen and then 
homogenized in the presence of protease inhibttors after which crude extracts were washed several ttmes and membrane protems solubtlized. 
Thylakotd polypeptides were resolved by SDS-PAGE and protem profiles electroblotted onto mtrocellulose membranes. Blots were Incubated wtth 
a C-termmal Dl antibody (see sectton 2). Lane 0. control leaves before treatment: lanes 14. leaves tllummated for I. 2. 3 or 4 h. respecttvely. 
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Dl Ab Dl Ab + peptide 

Dark Light Dark Light 
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Ftg 4. Identification of the 10 kDa band as a hght-Induced fragment 
from the C-termmus of the DI polypeptide. Leaves were tither ex- 
posed to photoinhibitory hght (1,000 PE mm2 SC’) or dark-adapted. 
after which samples were prepared as m Fig. 3 and immunoblottmg 
performed. A parallel competition experiment was carried out m order 
to assess non-specilic bmdmg (see sectton 2) Dl Ab Indicates the 
C-terminal antibody raised against the Dl-protem used in this exper- 

imcnt. 

fragment was found using the experimental protocol 
adopted here. Experiments with isolated PSI1 particles 
have also detected a light induced 10 kDa C-terminal 
fragment of the Dl-protein and shown that the corre- 
sponding 23 kDa N-terminal fragment is unstable when 
the illumination period is prolonged [ 11,131. 

Studies with isolated PSI1 preparations have also de- 
tected a 24 kDa C-terminal fragment due to ‘donor’ side 
photoinhibition [l lL13.22.33]. No such fragment was 
detected in this work indicating that the acceptor side 
mechanism seems to be the cause of the photoinhibitory 
damage. It is possible. however. that the donor side 
mechanism giving rise to the 24 kDa C-terminal frag- 
ment may become operative if the water splitting system 
is not fully functional. Further work is required to test 
this prediction as well as to characterise further the 
condition that gives rise to the IO kDa C-terminal frag- 
ment. 
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