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Abstract

To study the significance of Photosystem (PS) II phosphorylation for the turnover of the D1 protein, phosphorylation
was compared with the synthesis and content of the D1 protein in intact chloroplasts. As shown by radioactive
labelling with [3%P;] phosphorylation of PS II polypeptides was saturated at light intensities of 125 mol m~2
s~!'. Under steady state conditions, in intact chloroplasts D1 protein, once it was phosphorylated, was neither
dephosphorylated nor degraded in the light. D1 protein-synthesis was measured as incorporation of ['4C] leucine.
As shown by non-denaturing gel-electrophoresis followed by SDS-PAGE newly synthesised D1 protein was
assembled to intact PS II-centres and no free D1 protein could be detected. D1 protein-synthesis was saturated at
light intensities of 500 mol m~2 s~!. The content of D1 protein stayed stable even after illumination with 5000
pmol m—2 s~! showing that D1 protein-degradation was saturated at the same light intensities. The difference in
the light saturation points of phosphorylation and of D1 protein-turnover indicates a complex regulation of D1
protein-turnover by phosphorylation. Separation of the phosphorylated and dephosphorylated D1 protein by LiDS-
gelelectrophoresis combined with radioactive pulse-labelling with [*4C] leucine and [32P;] revealed that D1 protein,
synthesised under steady state conditions in the light, did not become phosphorylated but instead was rapidly
degraded whereas the phosphorylated form of the D1 protein was not a good substrate for degradation. According
to these observations phosphorylation of the D1 protein creates a pool of PS II centres which is not involved in D1
protein-turnover. Fractionation of thylakoid membranes confirms that the phosphorylated, non-turning over pool of
PS II-centres was located in the central regions of the grana, whereas PS II-centres involved in D1 protein-turnover
were found exclusively in the stroma-lamellae and in the grana-margins.

Abbreviations: chl-chlorophyll; F, —yield of variable fluorescence, difference between Fp,, the maximal fluores-
cence yield at saturating light, when all reaction-centres are closed, and F,, the fluorescence yield in the dark, when
all reaction-centres are open; LHC —light harvesting complex; PFD —photon flux density; PS —photosystem

Introduction belong to the light-harvesting complex (LHC) II pro-

tein family which forms the outer antenna of PS II.

Protein-phosphorylation in eukaryotes has been shown
to function as regulator of cellular processes. In plants
the most extensively studied phosphorylation phe-
nomenon is associated with proteins of the photosyn-
thetic membrane especially those connected to Photo-
system (PS) II (for recent reviews see Bennett 1991;
Allen 1992). The main phosphorylated polypeptides

The other group of phosphoproteins is located in the
inner antenna and in the reaction-centre core of PS 1I.
The second group is represented by the 43 kDa pro-
tein, the 9 kDa psbH gene product, and the D1 and D2
protein, which form the PS II reaction-centre core con-
taining all redox components (Nanba and Satoh 1987).
All thylakoid polypeptides except the 27 kDa LHCII
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polypeptide are phosphorylated at threonine residues
facing the stroma side of the thylakoid membrane (Ben-
nett 1991).

Most investigations regarding function and regu-
lation of thylakoid protein-phosphorylation have been
concentrated on the LHC II protein family (Bennett
1991; Allen 1992). Recently, phosphorylation of PS
II proteins has attracted attention, but up to date, not
much is known about its regulation and function. Like
LHC II (Gal et al. 1988), phosphorylation of PS II
polypeptides seems to be under the redox-control by
the plastoquinone pool (Bennett 1991; Allen 1992;
Elich et al. 1993). It has been proposed that phosphory-
lation of the D1 protein is induced by a photoinhibitory
damage to PS II (Kettunen et al. 1991; Aro et al. 1993)
and might regulate its rapid turnover (Elich et al. 1992;
Anderson and Aro 1994) either by preventing (Aro et
al. 1992) or stimulating its degradation (Callahan et
al. 1990; Elich et al. 1992). The rapid turnover of the
D1 protein is usually associated with the process of
photoinhibition (Aro et al. 1993; Ohad et al. 1994) and
is known to play an essential role in the repair of pho-
toinactivated PS II-centres (Aro et al. 1993; Ohad et al.
1994). When degradation of the D1 protein becomes
limiting, which is the case under high light condi-
tions, inactivated PS II-centres accumulate leading to
the phenomenon of photoinhibition (Kim et al. 1993;
Aro et al. 1994). To repair inactivated PS II-centres the
D1 protein has to be degraded and replaced by a newly
synthesised one. This requires the partial disassembly
of PS II. Furthermore, these partially disassembled PS
II complexes have to migrate from the grana-lamellae,
where D1 protein-degradation is initiated (Barbato et
al. 1992), to the stroma regions, where new D1 protein
is synthesised and inserted into the membrane (Mat-
oo and Edelman 1987). Both processes will lead to a
decrease in PS 1I stability. It is therefore to assume,
that phosphorylation, if changing D1 protein turnover
and stability, would also alter the stability of the whole
PS II complex.

To study the regulation of D1 protein-
phosphorylation and its effects on the rapid turnover,
we determined the steady state level of 2P labelling of
thylakoid proteins and compared it with PS II function
and the synthesis and degradation of the D1 protein in
intact chloroplasts with high activities of CO,-fixation.
The in organello system should posses similar regu-
latory mechanisms as intact leaves. However, it has
the advantage that substrates can easily be applied in
defined concentrations. Our results provide evidence
that in intact chloroplasts phosphoryiation of PS II

polypeptides is saturated at low light intensities and
is almost irreversible in light. It creates a pool of stable
PS II-centres, which are located in the grana-lamellae
and are not involved in D1 protein-turnover.

Materials and methods
Isolation of intact spinach chloroplasts

Spinach leaves from the greenhouse grown at an illu-
mination with 250 gmol m~2 s~ for 9 h were harvest-
ed and dark-adapted on ice overnight. Before isolating
intact chloroplasts the leaves were preilluminated 30
min with white light of the same light intensity while
floating on cold water. The leaves were then shaken
dry and sliced to small stripes without midrib parts.
Isolation of intact chloroplast was performed accord-
ing to Walker (1987) with following modifications. 15
g spinach were blended in a domestic blender (Sorvall
OMNI-MIXER 17106) for S s using maximum speed
and 100 ml buffer containing 0.33 M sorbitol, 0.05 M
Mes-KOH pH 6.5, 1 mM MgCl,, 1 mM MnCl, and
2 mm EDTA (consistency of melting snow). Then the
mixture was kept on ice and immediately centrifuged
for 90 s at 6200 rpm in a Hettich Roto Silenta II cen-
trifuge. The supernatant was poured off and the pellet
was washed twice using ice cold resuspension buffer
containing 0.33 M sorbitol, 0.05 M HEPES-KOH pH
7.6, 1 mM MgCl;, 1 mM MnCl,, 2 mM EDTA. Then
the pellet was resuspended in 1 ml resuspension buffer
and stored on ice in the dark. Only intact chloroplast
preparation were used with a minimum rate of 50 ymol
0, mg~! chlorophyll h~! oxygen evolution and an
intactness above 80% determined by using FeCy as
described in Ebbert and Godde (1994). The chlorophyll
content was determined according to Arnon (1949).

Light-dependent phosphorylation of thylakoid
proteins

Phosphorylation experiments were performed accord-
ing to Ebbert and Godde (1994) by incubating a total
amount of 50 ug chl equivalent per 1 ml assay buffer
according to Walker (1987) containing 0.33 M sor-
bitol, 0.05 M Hepes-KOH (pH 7.6), 1 mM MgCl,, 1
mM MnCl,, 2 mM EDTA, 0.05 mM KH;PO, and 10
mM NaHCO; in presence of 40 uCi [*2P] orthophos-
phate. The incubation was carried out in glass tubes at
20°C using a water bath. For illumination Hedler de
Luxe 2000 white light sources were used. Phosphory-



lation assay reactions were terminated via freezing 250
pl aliquots of assay mixture in liquid nitrogen adding
10 mM NaF to prevent protein phosphatase reactions.

DI protein-synthesis assay using [**C]-leucine
polypeptide labelling

Incubation of intact chloroplast was carried out in the
same incubation medium as used for the phosphory-
lation assay with the modification that [**C]-leucine
(NEC-279E, NEN/ Du Pont) was used instead of [*P]
orthophosphate. For incubation total amount of 185
kBq ['*C]-leucine (11.5 GBg/mmol) per 1 ml assay
mixture was added.

Thylakoid membranes were isolated according to
Berthold et al. {(1981) in the presence of 10 mM NaF
except that BSA was omitted.

Subfractionation of thylakoid membranes in grana,
stroma and intermediate lamellae

Intact chloroplasts according to 1.5 mg chl were adjust-
ed to 0.4 mg chl/ml with a solution containing 0.1 M
sorbitol, 7.5 mM NaCl, 10 mM MES (pH 6.5), 2.5
mM MgCl,, 10 mM NaF and 0.5% Digitonin accord-
ing to Leto et al. (1985) with slight modifications. After
incubation for 30 min on ice with continuous vortex-
ing, non fractionated membranes were centrifuged off
for 10 min in a Sorvall SS 34 rotor at 1000 g. The pellet
was discharged. The supernatant was centrifuged off
in a Sorvall A841 for 30 min at 40000 g. The stro-
ma lammellae in the supernatant were centrifuged off
for 30 min at 120000 g. The pellet, which contained
grana-lamellae and grana-margins, was resuspended
in solution b containing 150 gl 15 mM NaCl, 20 mM
MES (pH 6.5), 5 mM MgCl,, 10 mM NaF and 0.2 M
sorbitol. The chl content was adjusted to 1.5 mg/ml and
the sample was diluted with Triton X-100 (1.5 mg/ml)
in a ratio of 1:15. After stirring for 1 min on ice, non-
fractionated particles were centrifuged off for 3 min at
1000 g. The supernatant was centrifuged for 30 min
at 40000 g. The pellet contained grana-margins. The
intermediate membranes in the supernatant were cen-
trifuged off at 120 000 g. All pellets were resuspended
in solution a. All fractions were stored in liquid N,.

Sodium dodecyl sulfate-PAGE, immunoblotting and
autoradiography

Sodium dodecyl sulfate-Page and Western-blotting
were performed according to (Ebbert and Godde 1994).
Immunodetection of D1, D2 and LHC II was carried
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out according to Godde et al. (1992). After Western-
blotting the nitrocellulose was air dried for 2 h. Radi-
olabelled polypeptides were visualised by phospho-
imaging of western blots using the Bioimaging System
TINA 2.07 d (Raytest IsotopenmeBgeriite GmbH, Ger-
many). Western-blots were exposed on a FUJI Imaging
plate Typ BAS-IIIs, which were scanned with a FUJI
Bio-imaging analyser BAS 1000 and analysed with the
BAS reader for windows.

LiDS-gelectrophoresis was performed at 4°C on
a gel-system containing 0.1% LiDS (w/v), 0.375 M
Tris pH 8.8, 14,4% acrylamide, 0.84 mM TEMED
and 0.084% APS. The stacking gel contained 0.1%
LiDS, 0.125 M Tris pH 6.5, 4.1% acrylamide, 1.4 mM
TEMED and 0.14% APS. As separating buffer 0.024 M
Tris containing 0.192 M glycine and 0.1%(w/v) LiDS.

2-Dimensional gel-electrophoresis in a
non-denaturing/denaturing system

For the first dimension a non-denaturing gel system
according to Peter and Thornber (1991a,b) with mod-
ification according to Heinze (1992) was used. Intact
chloroplasts according to 1 mg chl were solubilised
with 1% Dodecylmaltoside. Chlorophyll containing
protein complexes were separated on a2 mm deriphate-
gel (1216 cm) in the dark at 4 °C. After separation, gel
strips were cut and solubilised for 45 min in SDS con-
taining solubilisation mixture before they were set on
a SDS gel (Schigger et al. 1985) described above.

Pulse modulated chlorophyll fluorescence induction

F, and F,, were determined in intact chioroplasts by
pulse modulated fluorescence induction according to
Schreiber et al. (1986) using a PAM fluorometer (Walz,
Effeltrich, Germany). The intensity of the actinic light
was 60 or 1000 pmol m~2 s~!, respectively, and the
500 ms saturating flashes had an intensity of 4000
pmolm~2s~!, Before measuring the chloroplasts were
dark-adapted for 5 min. The intrinsic fluorescence F,,
when all reaction-centres are open, was determined by
applying only measuring light (peak wavelength 710
nm). F, was estimated from the fluorescence yield
achieved on the addition of a saturating 500 ms pulse.

Results

To test whether phosphorylation of the PS II DI
reaction-centre polypeptide depends on a photoin-
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Figure 1. Phosphorylation of PS II polypeptides is already maximal
at low light intentisites. Intact chloroplast were illuminated with
increasing light intensities in the presence of [32P;]. No NaF was
added. For this experiment PFDs of 125 (a), 250 (b), 500 (c), 1250
(d) and 2500 (e) mol m—2 s~ were used. Intact chloroplast were
solubilised and protein according to 2.5 g chl was separated on a
15% SDS-gel. Proteins were transferred in the electrical field onto
a nitrocellulose membrane, which was exposed to an X-ray film.
(a) shows the autoradiogram. (b) compares the light dependency of
the phosphorylation level of the D1 protein (O) as determined by
phosphoimaging of the Western-blots and the functionality of PS II
measured by the chlorophyll fluorescence parameter Fy/Fr, ((J) after
10 min illumination. Both parameters are indicated as relative units
of the value measured at 125 mol m—2 s—!. At this light intensity,
phosphorylation was maximal (1a), Fy/Fy, of the intact chloroplasts
was 0.78+0.015.

hibitory damage to PS II as has been proposed (Ket-
tunen et al. 1991; Aro et al. 1993; Ghiardi 1993), the
incorporation of *2P; into the D1 protein was deter-
mined after 10 min illumination at increasing light
intensities from 125 to 2500 umol m~2 s~!. The
phosphorylation level was compared with the chloro-
phyll fluorescence parameter F,/F, which indicates
the functionality of PS II (Krause and Weis 1991). As
shown in Figure 1a, the D1 protein in intact chioro-
plasts was already maximally phosphorylated at light
intensities as low as 125 gmol m~2 s~!. With increas-
ing light intensities up to 2500 gmol m~2 s~!, the
level of D1 protein-phosphorylation decreased slight-
ly about 20%. This decrease was probably caused by an
inhibition of the phosphorylation reaction occurring at
higher light intensities (Ebbert and Godde 1994). Illu-
mination with light intensities of 125 ygmolm~—2s~! for
10 min did not result in any loss of PS II functionality
as determined by F,/F, (Figure 1b). An accumulation
of inactivated PS II-centres started to occur only after
a 15 min illumination with light intensities around 800
pmol m~2 s~!, Under these conditions photosynthet-
ic oxygen evolution was still at its maximum (Ebbert
and Godde 1994). This indicates that the phosphory-
lation level of PS II polypeptides and especially of the
D1 protein is not strictly coupled to accumulation of
inactivated PS II-centres.

To determine the turnover of the phosphate groups
under steady-state conditions in the light, intact chloro-
plasts were preilluminated for 0, 20, 40 and 60 min in
the presence of cold P; before [*?]; was added. The
samples were then further illuminated for another 10
min in the presence of radioactive phosphate. From the
autoradiogram (Figure 2), it can be seen that LHC II
could be phosphorylated at any time during the exper-
iment indicating a high turnover of phosphate groups
bound to LHCII. The PS II polypeptides, instead, were
only phosphorylated during the first 10 min of the illu-
mination. Preillumination with non-radioactive P; pre-
vented any further radioactive labelling. This shows
that the phosphate groups, once they were bound to
the PS II polypeptides, were not removed. Obviously,
PS 11 specific phosphatase activity in intact chloroplas-
ts was very low in the light. Since the content of the
D1 protein stayed stable even at higher light intensi-
ties (Figure 3b), the lack of dephosphorylation of PS 11
shows that phosphorylated D1 protein is only a poor
substrate for degradation.

To investigate the effect of protein-phosphorylation
on D1 protein-turnover, D1 protein-synthesis was mea-
sured as light-dependent incorporation of '4C leucine
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Figure 2. Possibility of thylakoid protein-phosphorylation in intact
chloroplasts during increasing times of preillumination (autoradio-
gram). Intact chloroplasts were illuminated for 0, 20, 40 and 60
min in the presence of 0.0 5 mM KH,PO4 without NaF at 500
pemol m—2 s~ 1. After this time [*2 P]-orthophosphate and NaF were
added and the samples were illuminated for another 10 min to get
total illumination times as indicated in the figure.
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Figure 3. DI protein-synthesis is saturated at light intensities of 500
mol m~2 s~ 1, Intact chloroplast were illuminated in the presence
of [14C] leucine up to 30 min at increasing PFDs from 125 (A),
500 (V), 2500 (O), to 5000 (O) mol m~2 s~ Solubilised chloro-
plast proteins were separated by SDS gel-electrophosresis, the D1
protein was located by Western-blotting and the incorporation of
radioactivity into the D1 protein was evaluated by lasercanning of
the autoradiogram shown in (A). The content of D1 protein is not
changed even by 30 min illumination with 5000 pzmol m—2 s~! as
shown by Western-blotting (B).
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into the D1 protein in intact chloroplasts and com-
pared with the actual D1 protein content determined
by Western-blotting (Figure 3a,b). As shown in Fig-
ure 3a, D1 protein was already synthesised at light
intensities as low as 125 gmol m~2 s~!. D1 protein-
synthesis reached its maximum at 500 gmol m~2 s~
Nodecrease in D1 protein content was observed during
the 30 min light treatment even when light intensities
were increased further to 5000 gmol m~2 s~! (Figure
3b). Thus, also D1 protein-degradation was maximal
at 500 gmol m~2 s, The higher light saturation point
of D1 protein-turnover indicates a complex regulation
of D1 protein-turnover by phosphorylation.

We therefore separated the D1 protein into its
two populations, in the phosphorylated and the non-
phosphorylated one using a special LiDS-gelsystem
(Figure 4a). By differential labelling of intact, light
adapted chloroplasts with either 3P; or *C leucine,
it could be shown that the upper form of the D1 pro-
tein was phosphorylated (Figure 4a), but not labelled
with 1#C leucine. This clearly demonstrates that this
form was not identical with precursor of D1 protein,
which should be highly labelled with ['*C] leucine.
The radioactive aminoacid, instead, was exclusively
found in the lower form of the D1 protein (Figure 4b).
This form did not become phosphorylated in the light.
Obviously, no exchange between the phosphorylated
and the dephosphorylated form of the D1 protein was
possible in the light under steady state conditions. Only
when phosphorylation of PS II polypeptides was not
complete and phosphatase was still active, as it was
in dark adapted chloroplasts during the first ten min-
utes of illumination, an incorporation of *C leucine
into the phosphorylated upper form of the D1 protein
was observed (Figure 4c). Later on, when the max-
imum of D1 phosphorylation was reached, phospho-
rylation of C leucine labelled D1 protein stopped.
Thus, D1 protein newly synthesised in the light under
steady-state conditions, does not become phosphory-
lated. This might be due to the missing dephosphory-
lation of the PS II polypeptides found in intact chloro-
plast in the light.

The same result was obtained studying the distri-
bution of [4C] labelled D1 protein between its two
forms during a 1.5 h chase period. During the 20 min
pulse, ['*C] leucine was again only incorporated into
the non-phosphorylated form of the D1 protein. After
1.5 h chase with cold leucine, 30% of the radioactively
labelled D1 protein was degraded (Figure 5a), howev-
er during the whole chase period ['4C] leucine labelled
D1 protein never appeared in the phosphorylated band
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Figure 4. Newly synthesised D1 protein is not phosphorylated in
intact chloroplast under steady state illumination. To identify the
phosphorylated form of the D1-protein, intact chloroplasts isolated
from light-adapted leaves were either illuminated for 30 min at 500
pmol m~2 s~ lin the presence of [*2P;]. Solubised chloroplast pro-
teins were sperated by LiDS-gel-ectrophoresis. On this gel-system,
D1 protein was separated into two forms as indicated by the West-
ernblot (a). As shown by the autoradiogram, the upper band of D1
protein was phosphorylated (P-D1) in the light. No phosphorylation
was found in the lower band. The heavily labelled band with a lower
molecular weight was identical to LHC II. To test whether newly
synthesised D1 protein could become phoshorylated intact chloro-
plasts isolated from light-adapted leaves were illuminated for 30 min
with ['*C] leucine at 500 umot m~2 s~!. (b) D1 protein labetled
with [*C] leucine was only found in the non-phosphorylated band.
No newly synthesised D1 protein was located in the upper, phospho-
rylated band of the D1 protein. (c) Only in chloroplast isolated from
dark-adapted plant material newly synthesised D1 protein labelled
with [14C] leucine appeared in the phosphorylated band in the first
10 min of illumination as is shown in the evalution of the phospho-
imager.
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Figure 5. D1 protein is mainly degraded in its dephosphorylated
form. Intact chloroplasts were labelled with [14C] leucine for 30
min at 500 mol m~2 s~!, To start the chase period the radioactive
aminoacide was diluted by adding 1.55 mM cold leucine. After
further illumination at the same light intensity sample were taken
off, chloroplast proteins were solubilised and seperated on the LiDS-
gelsystem. (a) After a 90 min chase period about 30% of the D1
protein labelled with {14C] leucine was degraded. (b) The content of
the two forms of D1 protein did not change during the experiment
(Western-blot). As shown by the phosphoimage, no 4C labelled D1
protein occured in the upper, phosphorylated band.

(Figure 5b). Thus, only the non-phosphorylated form
was degraded in the light. This result confirms again
that probably due to the absence of PS II phosphatase
activity phosphorylation in intact chloroplasts creates
a stable pool of PS II-centres which is not involved in
D1 protein-turnover.

The lack of dephosphorylation of PS II polypep-
tides in intact chloroplasts also influences the lateral
distribution of PS II centres with phosphorylated and
newly synthesised D1 protein in the thylakoid mem-
brane. It has already been shown that phosphorylat-
ed PS II centres are exclusively located in the grana
parts of the thylakoid membrane. To study the distri-



bution of the different PS II centres under conditions
when PS II phosphatase is inhibited, we determined
the distribution of [32P;] or [!“C] leucine labelled PS
II-centres in the stroma-lamellae, the central parts of
the grana-lamellae and an additional fraction, which
can be washed of the grana-lamellae with triton and
presumably represents grana-margins as indicated by
the Coomassie stain of the membrane fractions (Fig-
ure 6a). When intact chloroplasts were illuminated at
light intensities of 500 umol m~2 s~!, phosphorylat-
ed PS II polypeptides like D1 and D2 protein, CP 43
and the pshH gene product were almost exclusively
found in the grana-cores lamellae as has been already
been known (Figure 6b,c). The grana-cores had also
the highest content of D1 protein (Elich et al. 1992;
Stefansson et al. 1994). Phosphorylated D1 protein
in the grana-margins and stroma-lamellae was hardly
detectable.

However, D1 protein, which was involved in the
rapid turnover and was labelled with ['4C] leucine, was
only located in the stroma-lameliae and in the grana-
margins (Figure 6d). No newly synthesised D1 protein
was detected in the grana-lamellae, even after 30 min
labelling. D1 protein located in the stroma-lamellae
had the highest specific labelling, since here hardly
any D1 protein could be detected by Western-blotting.
This confirms results of Mattoo and Edelman (1987)
that newly synthesised D1 protein is integrated into
the stroma-lamellae. It then could diffuse to the grana-
margins but was not able to reach the central part of
the grana-membranes. Obviously, due to the lack of
PS 1I dephosphorylation an exchange between newly
synthesised and phosphorylated PS II-centres even on
the level of the thylakoid membrane was not possible.

To test whether newly synthesised D1 protein was
integrated into intact PS II complexes, we separated
chlorophyll containing protein complexes according
to their molecular size on a non-denaturing deriphate-
gel in the first dimension (Figure 7a). On this gel-
system eight different chl containing bands were iden-
tified which were identical to the ones identified by
Peter and Thornber (1991a,b). The polypeptides of the
chl containing complexes were further separated on a
SDS-gel in the second dimension. To localise PS II
complexes, D1 (Figure 7b) and D2 protein (data not
shown) were identified by Western-blotting as well as
LHC II (Figure 7b). Most of the D1 protein and of the
D2 protein was found in the PS II complex with the
highest molecular weight named PS II A correspond-
ing to band 3 on the non-denaturing gel. A second
complex, called PS II B, was located near band 4 of
the non-denaturing gel which contains trimeric LHC
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II (Peter and Thornber 1991b). These two band were
also detected by Adir et al. (1990) using a compara-
ble gel-system. Another third spot 7* contained minor
amounts of D1 and D2 protein. This spot was named
PS II C. It did not contain chl and was located below
band 7 which is assumed to contain monomeric LHCII
(Peter and Thornber 1991b). This spot was not detect-
ed by Adir et al. (1990) presumably because of its low
protein content. The highest amount of [4C] leucine
integrated into the D1 protein was detected in PS II
A, however some radioactivity was also found in PS
II B and in PS II C (Figure d). Thus, ['“C] labelled
D1 protein in thylakoids was integrated into intact PS
1T complexes. The highest phosphorylation level was
shown by the high molecular PS IT A complex (Figure
6¢) showing that PS II centres with newly synthesised
or phosphorylated D1 protein do not differ in their
molecular structure.

A high phosphorylation level was also shown
by band 8 of the non-denaturing deriphate-gel. This
band is assumed to contain ‘free pigments’. Howev-
er, its separation on the second dimensional SDS-gel
reveales, that band 8 contains phosphorylated prote-
olytic breakdown products. We assume that they derive
from phosphorylated LHCII, since its content is unusu-
ally low after non-denaturing gel-electrophoresis. No
such phosphorylated polypeptides have ever been
observed after SDS-electrophoresis in the first dimen-
sion.

Discussion

The aim of the studies presented in this paper was
to clarify the role of phosphorylation for the rapid
turnover of the D1 protein. It has been proposed by
several authors (Kettunen et al. 1991; Aro et al. 1993;
Ghiardi 1993) that phosphorylation of D1 protein is
induced by a photoinhibitory damage to PS II. As a
consequence, the phosphorylation level of the D1 pro-
tein should increase with the degree of photoinhibition.
However, in intact chloroplasts, maximal PS II phos-
phorylation is reached at low light intensities of 125
pumol m~2 s~!, whereas a substantial loss of photosyn-
thetic activity was observed only after 15 min illumi-
nation with light intensities higher than 800 zzmol m—2
s~!. This indicates that accumulation of phosphorylat-
ed PS II polypeptides is saturated before a substantial
accumulation of inactivated PS II-centres occurs as has
already beenreported by Rintamiki et al. (1995, 1996).

In intact chloroplasts, phosphorylation of PS II
polypeptides in the light is stable and no exchange
of phosphate groups was observed. This effect was
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Figure 6. Phosphorylated PS Il-centres show a different lateral distribution in the thylakoid membrane than PS II-centres involved in the
rapid turnover of the D1 protein. Intact chloroplasts were incubated for 30 min at 500 mol m—2 s—! with either [32P;] or ['4C] leucine. The
thylakoid membrane isolated from the intact chloroplasts were fractionated into grana-cores lamellae (G), stroma-lamellae (S) and a third
fraction containing grana-margins (M) indicated by the Coomassie stain of the protein pattern (a). (b) Western-blotting was used to determine
the D1 protein content as indicator for the PS II content in the three different membranes. (c) As revealed by phosphoimaging, phosphorylated
PS H-centres were only found in the grana-cores lamellae, (d) wheras PS II-centres with newly synthesised D1 protein, labelled with [14C]

leucine were only found in stroma-lamellae and grana-margins.

specific for PS II polypeptides. Polypeptides of the
LHC II family, instead, were rapidly phosphorylated
and dephosphorylated in the light. Thus, lack of PS II
protein-dephosphorylation is not caused by any prepa-
ration artefact, but is due to the regulation of the PS
II specific phosphatase, itself. Recently, Koivuniemi
et al. (1995) have presented evidence that dephospho-
rylation of D1 protein is inhibited by high levels of
ATP. Such high ATP-levels are likely to occur in intact
chloroplasts, where due to limitations in CO,-fixation
membrane-energetisation is already high at moderate
light intensities (Ebbert and Godde 1994). In plants
or intact leaves, where membrane-energetisation does
not reach such high levels, dephosphorylation of D1
protein is possible at low to moderate light intensi-
ties (Elich et al. 1993; Ebbert and Godde, unpub-
lished results). As has been already pointed out by
Koivuniemi et al. (1995) PS II specific phosphatase
should be inhibited at photoinhibitory light intensities,
which is in agreement to our first observations in pea

plants (Ebbert and Godde, unpublished). Thus, the lack
of D1 protein-dephosphorylation in intact chloroplasts
offers the possibility to study exclusively the effect of
protein-phosphorylation on D1 protein-turnover when
dephosphorylation is inhibited. Recently, it has been
reported that dephosphorylation of photoinactivated
PS 1II centres requires light and does not proceed in
the dark, whereas non-inactivated PS II centres can be
dephosphorylated under both conditions (Rintaméiki et
al. 1996). Such a difference could not be observed in
our intact chloroplast system where dephosphorylation
of PS II polypeptides did occur in the dark (Ebbert and
Godde 1994).

As indicated by the constant content of D1 protein
even at extremely high light intensities, D1 protein-
synthesis and degradation are strongly coupled in intact
chloroplasts as it is in other systems (Komenda and
Barber 1995). In combination with the constant protein
content, the stability of D1 protein-phosphorylation in
the light therefore indicates that phosphorylated D1
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Figure 7. To test whether newly synthesised D1 protein was integrated into PS II-centres non-denatured, chl-containung protein complexes of
thylakoid membranes isolated of intact chloroplasts labelled for 30 min at 500 zmol m—2 s~ with either [*2P;] or [}4C] leucine were separated
on a non-denaturing deriphate-gelsystem. At this gel-system 8 chl containing bands could be identified (a). Of these bands, band 3, 4, 5, 6, 7
and 8 were labelled with [32P;], band 3, 4, 7* and 8 were labelled with {!4C] leucine. (b) Additional separation of the green complexes on a
SDS-gel in the second dimension followed by Western-blotting against D1 protein, D2 protein (data not shown) and LHC I revealed, that D1
and D2 protein were located in band 3 (PS II A), 4 (PS II B) and 7« (PS 1I C). (¢) Phosphorylated D1 and D2 protein were located in PS IIA,
(d) wheras [!*C] leucine labelled D1 protein was located in PSII A, PSTI B and PSII C.
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Figure 7. Continued.
protein was neither dephosphorylated nor degraded,

confirming the results of Aro and coworkers (Aro et
al. 1992; Koivuniemi et al. 1995).

To get more information about D1 protein-turnover,
we measured synthesis the of D1 protein as light-
dependent incorporation of [1“C] leucine and compared
it with its actual content determined by immunoblot-
ting (see also Ebbert and Godde 1994). To test whether
newly-synthesised D1 protein was integrated into PS
II-centres in the intact chloroplast system, we separat-
ed the chl-containing thylakoid protein complexes by
non-denaturing gel-electrophoresis followed by SDS-
gelelectrophoresis as has been described by Adir et
al. (1990). ['4C]-labbelled D1 protein was found to
be integrated into three PS II complexes differing in
size but all containing D1 and D2 protein. No free D1
protein was detected in thylakoids of intact chloroplas-
ts. Obviously, in intact chloroplasts newly synthesised
D1 protein is as rapidly integrated into complete PS
Il-centres as it is in other systems (Adir et al. 1990).
In the two-dimensional gelsystem no difference in the
location of phosphorylated and [**C] leucine labelled
PS II-centres was found indicating that phosphorylated
and newly-synthesised PS II-centres were structurally
identical.

Since phosphorylated D1 protein could not be
degraded, an accumulation of phosphorylated D1 pro-
tein should result in a retardation of D1 protein-
turnover as has also been proposed by Rintamiki et
al. (1995). Therefore, we determined the light satu-
ration points of both phosphorylation and D1 protein-
turnover. D1 protein-synthesis in intact chloroplasts
reached its maximum at light intensities of 500 pmol
m~2 s~!, which was substantially higher than the sat-
uration point of PS II protein-phosphorylation at 125
pmol m~2 s™1, Since D1 protein-synthesis and degra-
dation were in equilibrium in intact chloroplasts, this
means that also D1 protein-degradation was saturated
at this light intensity. Thus, D1 protein-turnover, both
syhthesis and degradation, were accelerated under con-
ditions where phosphorylation was already maximal
and an inhibition or at least a retardation of D1 protein-
turnover was to be expected. We therefore assume that
phosphorylation creates a population of PS II-centres
which is not involved in D1 protein-turnover.

To test this hypothesis, we separated the phos-
phorylated and non-phosphorylated forms of the D1
protein by LiDS gel-electrophoresis. By this way, we
could demonstrate that newly synthesised and ['“C]
leucine labelled D1 protein did not become phospho-
rylated in the light in intact chloroplasts under steady-
state conditions. Only during the first few minutes
of illuminating dark adapted chloroplasts, phospho-
rylation of newly synthesised D1 protein could be



observed. At this time, phosphorylation of the PS
II polypeptides was not complete and phosphatase
was still active. However, when the maximum phos-
phorylation level was reached and phosphatase was
inhibited, no further phosphorylation of PS II cen-
tres with newly synthesised D1 protein was possi-
ble. Furthermore pulse-chase experiments with [!4C]
leucine revealed that only newly synthesised, but
not phosphorylated D1 protein was rapidly degrad-
ed in intact chloroplasts. Obviously, phosphorylation
in intact chloroplasts creates a stable pool of PS II-
centres which are not involved in the rapid turnover
of the D1 protein. However, it does not control the
rate of D1 protein-turnover in the non-phosphorylated
pool. Thus, in addition to the heterogeneity concern-
ing antennae size (Melis 1991) and ability of Qg-
reduction, PS II-centres also differ in their involve-
ment in the D1 protein-turnover. Recently, Park et al.
(1996) have proposed a functional heterogeneity of
PS Il-centres regarding their stability against photoin-
activation. These authors have observed that a small
part of PS II-centres easily loose their ability to evolve
oxygen when the D1 repair cycle is inhibited by the
addition of chloramphenicol. The other population of
PS 11 is relatively stable and their rate of inactivation
is not influenced by the addition of chloramphenicol.
The difference in the susceptibility against chloram-
phenicol might be ascribed to differences in the rate of
D1 protein-turnover. We assume that the instable PS
II-centres belong to the rapidly turning over popula-
tion whereas the stable PS II-centres are members of
the phosphorylated pool.

The authors further propose that the stable PS
II-centres are dimers located in the grana-lamellae
whereas the instable population should be identical
with momomers located in the stroma-lamellae of the
thylakoid membrane. It is known that phosphoryla-
tion affects the lateral distribution of PS II-centres in
the thylakoid membrane with phosphorylated PS II-
centres exclusively located in the grana-lamellae of
the thylakoid membrane (Elich et al. 1992; Stefans-
son et al. 1994). We also found the highest specific
phosphorylation of PS II in the central grana-lamellae.
Some phosphorylated PS IlI-centres were located in
the grana-margins, but their specific phosphorylation
was low. No phosphorylated PS II centres could be
detected in the stroma-lamellae. The almost exclusive
location of phosphorylated PS II-centres in the grana
parts of the thylakoid membrane has to be expected
for PS II-centres not involved in D1 protein-turnover
(Anderson and Aro 1994). According to Rogner et
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al. (1996) it is likely that these centres have a dimer-
ic structure. The PS Il-centres involved in the rapid
turnover of the D1 protein with the highest specific
labelling with [“C] leucine were found to be located
in the stroma-lamellae, where D1 protein is synthe-
sised and integrated into the membrane (Mattoo and
Edelman 1987). Some of the PS II-centres with newly
synthesised D1 protein were also detected in the grana-
margins. However, they never reached the central parts
of the grana-membranes. This observation substanti-
ates the results of Park et al. (1996) who locate the
instable PS II-centres, susceptible to chloramphenicol,
in the stroma lamellae. However, it is in contrast to
the observations of Mattoo and Edelman (1987), who
found newly synthesised D1 protein moving to the
grana-membranes of Spirodela.

The difference between the two results might be
ascribed to the fact that in intact chloroplasts D1
protein-phosphorylation is irreversible in the light and
neither phosphorylation nor dephosphorylation of PS II
polypeptides occur in intact chloroplasts under steady
state conditions. Thus, PS II-centres assembled under
these conditions cannot be stabilised by phosphory-
lation and do not move into the grana-coress. Instead,
their D1 protein is rapidly degraded. In contrast, in vivo
systems like low light grown Spirodela seem to posses
an active phosphatase. Here, D1 protein is constant-
ly phosphorylated and dephosphorylated. Under these
conditions, newly assembled PS II-centres can be sta-
bilised by phosphorylation and are able to migrate to
the grana-lamellae of the thylakoid system (Elich et al.
1992). Thus, it seems to be the rate of dephosphoryla-
tion that regulates the exchange of PS II-centres from
the rapidly turning over pool in the stroma-lamellae
into the phosphorylated stable pool in the central parts
of the grana and vice versa.

By this way, the activity of the phosphatase might
also regulate the degree of photoinhibition. As has
been shown by Koivuniemi et al. (1995), PS 1I spe-
cific phosphatase is inhibited by high levels of ATP
which are likely to occur under photoinhibitory con-
ditions. Due to this fact, inactivated phosphorylated
PS Il-centres cannot be degraded and accumulate at
high light intensities. At lower light intensities, when
PS 1I specific phosphatase is active, inactivated PS II-
centres can be dephosphorylated and can be repaired by
D1 protein-turnover. This also explains why recovery
from photoinhibition is optimal at lower light intensi-
ties. Whether the stabilisation of PS II is only caused
by the phosphorylation of the D1 protein, cannot be
answered. Since phosphorylation of D1 protein always
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comes together with the phosphorylation of the other
PS II polypeptides like the D2 protein, CP 43 and the
9 kDa psbH gene product (Ebbert and Godde 1994), it
might as well be the phosphorylation of the other PS
II polypeptides that is responsible for protection of the
D1 protein against degradation and the stabilisation of
PSIL
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