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Depending on experimental conditions we have found that photo-inhibitory treatment of pholosystem II (PSI1) core complexes, isolated from wheat,

can generate (wo fragments of about 23-24 kDu that contain either the C-terminal or N-terminal regions ol the D1-protein. A 24 kDa C-terminal

fragment appears when the water splitting reaction is not functional and an electron acceptor is present. This ‘donor’-side inhibition also generates

an N-terminal fragment of about 10 kDa and is suggested to be due to the cleavage of a pepiide bond in the region connecting transmembrane

segments I and II of the Dl-prolein, In contrast, an N-terminal 23 kDa D1-protein fragment is detected when the water splitling reactions of the

isolaled complex are aclive, and occurs in the absence of an added eleciron accepior. This *acceplor’-side photo-inhibition also generates a
C-terminal fragment of about 10 kDa.

Plioto-inhibilion; Photosystem 11; D1-protein

1. INTRODUCTION

It is now widely agreed that the in vivo rapid turnover
[1,2] of the Dl-protein of the photosystem II (PSII)
reaction centre [3,4] is a consequence of the unique and
highly reactive redox chemistry of the light-driven reac-
tions of water oxidation and plastoquinone reduction
[5~7]. The damaged D1-protein has to be replaced by
a new protein copy to re-establish P81l electron transfer
activity, Photo-induced degradation of the D1-protein
can occur in isolated oxygen-evolving PSII core com-
plexes [8] and even in isolated reaction centres [9]. This
has led to the suggestion that the PSIT complex har-
bours its own proteolytic activities [10-12].

From in vivo studies, Greenberg et al. [2] were able
to show that an initial breakdown product of the DI-
prctein had an apparent molecular weight of 23.5 kDa,
and proteolytic mapping of this fragment suggested that
it contained the N-terminus of the intact D1-protein.
This conclusion was consistent with the proposal that
the likely site for the initial cleavage is close to an alpha-
helix destabilising stretch of amino acids, rich in gluta-
mate, serine and threonine residues [2]. Based on a pre-
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dicted folding model for the structure of the Dl-protein
in the membrane [13-15], this cleavage sitc would be
located on the outer surface of the thylakoid membrane
in the polypeptide segment linking transmembrane
alpha-helices IV and V. Proteolytic mapping indjcated
that this site may be near residues 241-245 where there
is a conserved QEEET miotif {18}, while N-terminal se-
quencing of a UV-induced fragment of the DI-protein
suggested that the cleavage site is at, or immediately
adjacent (o, residue 238 [17].

More recent in vitro studies on the origin of the 23.5
kDa Dl-protein fragment has created some contro-
versy. Shipton and Barber [9] have shown that a frag-
ment of the D1-protein, having an apparent molecular
weight of about 24 kDa, can be observed after illumi-
nating isolated PSII reaction centres in the presence of
an electron acceptor. They attributed the generation of
this fragment to photo-damage on the oxidising side of
PS11due to the prolonged lifetime of P680". In a follow-
up study [18] this 24 kDa fragment was clearly demon-
strated to contain the C-terminus of the DIl-protein,
suggesting that the cleavage was occurring in the stretch
connecting transmembrane segments I and II. In an
equally convincing set of experiments, Salter et al. [19]
have recently demonstrated that a photo-induced 24
kDa degradation fragment observed after photo-inhib-
itory treatment of oxygen-evolving PSII core particles
contains the N-terminus of the DI1-protein.

In this communication we describe experiments
which clarify this apparent controversy. We show that
the appearance of either 24 kDa or 23 kDa fragments
containing the C- or N-terminal of the D1-prctein, re-
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spectively, is determined by whether photo-inhibition is
brought about by triggering events on the oxidising or
reducing side of the PSII reaction centre.

2. MATERIALS AND METHODS

The PSI core complexes used in this study were isolated from wheat
leaves. Thylakoid membrane fragmenis enriched in PSII were pre-
pared as previously described [20], Samples of these PSl-enriched
membranes (15 mg Chl) were washed in 40 mM M ES-NaOH (pH 6,0),
0.5 M sucrose and resuspended in 3.0 miof a buiTer containing 72 mM
MES-NaOH (pH 6.0), 1.8 M sucrose, 72 mM MgCl,, 18 mM NaCl,
To this was added 2 ml of 10% n-heptylthioglucopyranoside to obtain
a finul detergent concentration of 4%, and a chlorophyll concentration
of 3 mg-ml™', The mixture was homogenized, incubated on ice in the
dark for 1 h, subjected to a 2,5-fold dilution with the first bufler, and
then centrifuged at 30,000 x g for 15 min at 4°C, The supzrnatants
were decanted, re-diluted 2-fold with the first buffer without sucrose,
and centrifuged at 175,000 x g for 2 h at 4°C to obtain a dark green
pellet of LHCII The pale green supernatant was again diluted twice
in the first buffer without sucrose and centrifuged 4t 150,000 x g for
I h at 4°C to obtain a pellet of the PSII core complex, Polypeptide
composilions were anulysed by SDS gel electrophoresis ina 10-17%
gradient polyacrylamide ge! containing 6 M urea [9]. The PSII core
complexes consisted of the reaction centre polypeptides (D1« and
D2-proteins), apoproteins of cytochronie by, the pshl and pshH gene
products and apoproteins of CP43 and CP47. In addition, the PSII
core complex bound the extrinsic 33 kDu protein and evolved oxygen
when assayed in the presence of § mM CaCl, and 1 mM p-benzoqui-
none (added as an electron ucceptor) in 50 mM MES-NaOH (pH 6.0)
at 25°C.

To obtain PSI} proteins labelled in their N-termini with P, the PSII
cores were isolated from wheat thylakoids that had been incubated
under reducing conditions in ihe presence of [¥-“PIATP [22]. After
SDS-polyucrylamide gel electrophoresis and cleciroblotting onto ni-
trocellulose, the phasphorylated proteins were detected by autoradi-
ogrephy [18,22].

Photo-inhibilory treatment of the PSII isolated cores wus carried
out according to [9] in a buffer containing either 50 mM Tris-HCI
(pH 8.0) or in 50 mM MES-NaOH, (pH 6.0) with 5 mM CaCl,;
both buffers also contained 2 mM dodecyl-8-malioside. Where stated
the quinone, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoguinone
(DBMIB), was added us un electron acceptor to 4 final concentration
of 0.2 mM, Illumination of samples (100 g#g Chl-ml™') was performed
for fixed periods of time at 20°C using heat-filtered (Schott filter,
RGI) white light with an intensity of 6,000 umol photon m—=.s7',

Immunoblotting of proteins afier separation by SDS-PAGE was
performed as described previously [9,18). Four dilTereni anti-D1 pely-
clonal antisera have been utilized during this study and are referred
o 4s anti-D1;, anti-Dlc, ami-Dl¢; and anti-Dlyg,, Anti-Dlc and
anti-D 1~ recognise epitopes located on the C-terminal region of the
D1-protein (the former was raised to the isolated D1-protein [18] and

the laller to a synthetic peptide based on the C-lerminal sequence of

the spiniach D!-protein, kindly provided by Dr. P.J. Nixon): anti-Dy
was raised against the procuct of the pshb4 gene expressed in E. coli
[23]; anti-Dy, was raised to the N-lerminal region of the wheat DI-
protein generated by cuiting the protein at the unique lysine residue
233 by using the specific endoprotease Lys-C [18], Following incuba-
tion with the primary antibody, immunoreactions were detecled by the
alkaline phosphatase-conjugated secondary antibody method. Cleve-
land digests [24] were performed as described previously [18] using the
endopeplidase Lys-C purchased from Sigma.

3. RESULTS

Fig. 1 shows the patterz: of breakduwn fragments
generated by illuminating wheat PSII core complexes
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Fig. 1. Immunoblot of isolated PSII core complexes, control and
light-treated, isolated from wheat. The PSII particles were maintained
in darkness (C) or illuminated (L) for 60 min in 6,000 4Em* s~ of
white light a1 20°C at a chlorophyll concentration of 100 #g - ml™'. The
proteins were subsequently solubilized, scparated by SDS-PAGE,
electroblotted onto nitrocellulose membrane and immunodelected
with D1 antiserum (anti-D14) using alkaline phosphatase conjugate
as secondary antibody. The PSII core complexes were suspended in
50 mM Tris-HCI, pH 8.0, in the presence of an clectron acceptor (0.2
mM DBMIB). In the light-treated sample three main degradation
fragments are detected with apparent molecular weights of 24, 23 and
16 kDa.,

for 1 h and detected immunologically using the anti-
body designated anti-Dy. In this experiment the PSII
cores were suspended in Tris buffer at pH 8.0 with no
added CaCl, and with DBMIB added as an clectron
acceptor. Under these conditions the PSII core com-
plexes no longer evolve oxygen, presumably due to the
disruption of the Mn cluster and partial loss of the 33
kDa protein. The D1-protein breakdown fragments de-
tected consisted of bands having apparent molecular
weights of about 24, 23 and 16 kDa, This same pattern
was obtained previously when isolated PSII reaction
centres of wheat were treated in a similar way [18]. In
the latter case, it was clearly shown that the 24 and 16
kDa (designated 14 kDa in [18]) fragments contained
the C-terminus of the D1-protein.

To investigate further the origin of the two larger
degradation  fragments, the Dl-protein was
phosphorylated at its N-terminal threonine §21] and
Fig. 2 shows the resulis of such an experiment. The
autoradiograms in Fig. 2a show the usual pattern of
phosphorylation obtained with PSIl-enriched mem-
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Fig. 2. (a) Lane 1, autoradiogram of **P-labelled PSIl membranes; lane 2, isolated PSII core complexes; and lane 3, isolated PSII core complexes
partially digested with endopeptidase Lys-C, (b) Autoradiogram of the PSII core complexes, control (zero time) and light-treated for | h. (¢)
Immunoblots with anti-Dl¢, antiserum corresponding to lanes 1 and 2 in (b).

branes and PSII core complexes [25] and also detects the
21 kDa N-terminal product of the Di-protein of wheat
subjected to proteolysis with the endopeptidase Lys-C
(lane 3) [22]. This band is due to specific cleavage of the
Dl-protein at the unique lysine at position 238 in the
wheat sequence [16,18].

Fig. 2b shows an autoradiogram before and after
photo-inhibitory illumination of isolated PSII core
complexes under similar conditions as in Fig. 1. Again
the autoradiogram shows, in the dark control, all the
phospho-labelled bands in PSII core complex, including
the 9 kDa phosphoprotein which is the product of the
psbH gene [21]. Immunoblotiing using anti-D1, ciearly
detected the 24 kDa light-induced breakdown product
but no corresponding radiolabelled band appeared on
the autoradiogram, indicating that no radiophosphate
was associated with this fragment. The action of Lys-C
on this fragment is shown in Fig. 5b (lane 3) which also
confirms that it is derived from the C- terminal end of
the D1-protein since it was cleaved to lower molecular
weights.

Fig. 3a again shows the appearance of the C-terminal
24 kDa light-induced DI1-protein fragment, delecied
with anti-D1¢| measured in this experiment as a func-
tion of the illumination time. As in ihe case of the iso-
lated reaction centre [i1], this fragment accumulates
with increasing time of exposure to the photo-inhibitory
light. This experiment was carried out under conditions
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Fig. 3. Immunoblol, with antiserum anti-D1.,, of phosphorylated
PSII core complexes subjected (o photo-inhibitory illumination for
different times (indicated in min). (a) In the buffer 50 mM Tris—-HC|,
pH 8.0, and (b) in the bulTer 50 mM MES-NaOH, pH 6.0 with S mM
CuCl,, both in the presence of the electron acceptor DBMIB (0.2 mM).
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Fig. 4. Immunoblot of PSII core complexes subjected to photo-inhibitory illumination for different times (indicated in min) in buffer 50 mM

MES-NaOH, pH 6,0, with 5 mM CaCl, but without the electron acceptor, DBMIB. The same samples were split into two aliguots and

immunodetected with () anti-Dly, (N-terminal antibody) and (b) anti-D1,, (C-terminal antibody). Lane 5 in (a) and (b) shows Lys-C digestion
ol the sample subjected to 90 min light treatment,

which inhibit oxygen-evolving activity (pH 8.0, no
CaCl,). However, as shown in Fig, 3b, if the same
photo-inhibitory light treatment is given to PSI core
complexes, having the quinone DBMIB present but
able to split water (pH 6.0, plus § mM CacCl,), then the
24 kDa C-terminal fragment does not appear. In con-
trast, when the same experiment was conducted with
32p.labelled PSII core compiexes, a weak phospho-band
at 23 kDa was detected after giving photo-inhibitory
treatment (data not shown). Conformation of the gener-
ation of an N-terminal 23 kDa fragment was obtained
by using the N-terminal-specific antibody, anti-D1yy.
and by not including the quinone acceptor, DBMIB (see
Fig. 4). This figure shows an experiment performed
under oxygen evolving conditions (50 mM MES-
NaOH (pH 6.0), 5 mM CaCl,) in the absence of the
quinone, DBMIB. Interestingly, in this case, the N-
terminal 23 kDa fragment was most clearly observed
during the initial period of the illumination treatment,
unlike the C-terminal 24 kDa fragment which accumu-
lated with time (see Fig. 3a). The other observation
shown in Fig. 4a is that the N-terminal photo-induced
23 kDa fragment was cut by Lys-C to a slightly lower
molecular weight. This suggests that photo-induced
cleavage in wheat oceurs to the C-terminal side of lysine

residue 238. Fig. 4b shows exactly the same experiment
as Fig. 4a, except that the immunoblotting was per-
formed with anti-Dl. In this case the antibody, anti-
D1, clearly detects a D1-protein fragment at about 10
kDa which is presumably a C-terminai part of the
cleaved protein. Also Fig. 4b shows that the C-terminal
fragment of the D1-protein, generated by Lys-C treat-
ment {lane 5), gives a band at a molecular weight (about
12 kDa) just above the 10 kDa C-terniinal photo-in-
duced fragment. This confirms the above conclusion
that under these experimental conditions a light-in-
duced proteolytic cleavage of the Dl-protein has oc-
curred on the C-terminal side of the lysine residue 238,
as propused previously {2,16]. Moreover our results
show that this proteolytic cleavage is enhanced when
water splitting activity is functional but no exogenous
quinone acceptor is present.
Worthy of note is that all four antibodies, to different
degrees, detect photo-induced cleavage bands at io
kDa. Such bands have been noted previously in photo-
inhibited PSII oxygen-evolving cores [8,19] and isciated
PSII reaction centres [9,18). In spinach PSI1 complexes,
this 16 kDa band has been attributed to a primary
C-terminal fragment [19].

Fig. 5 further clarifies the proteolytic action of Lys-C
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Fig. 5. Immunoblot of control (zero time) and light-treated PSII core complexes (a) in 50 mM MES-NaOH, pH 6.0, with § mM CaCl, detected

with anti-D1y (N-terminal antibody), or (b) in 50 mM Tris-HCI, pH 8.0, with 0.2 mM DBMIB detected with anli-Dl (specific C-terminal

antibody). The samples were subjected to 30 min of photo-inhibitory illumination (lane 2) and subsequently digested with Lys-C (lane 3). Lanes
| and 5 are controls and lane 4 the control digested with Lys-C.

on the 23 and 24 kDa [ragments of the DI-protein.
Under conditions of oxygen evolution the appearance
of the 23 kDa and 16 kDa fragments can be seen (lane
2 of Fig. 5a) using the N-terminal antibody, anti D1y,.
Lys-C digestion clearly shows (lane 3 of Fig. 5a) that the
23 kDa band shifts to a slightly lower molecular weight
indicating that only a small portion of the fragment is
removed on the C-terminal side of lysine residue 238
(see also Fig. 4a). As can be seen by comparing lanes
3 and 4 in Fig. S5a, this Lys-C-cut fragment ran at a
slightly higher molecular weight than the Lys-C-cut
fragment generated with dark-treated material. This up-
ward whift in the apparent molecular weight after
photo-inhibitory treatment is also seen with the intact
Dl-protein (e.g. compare lanes | and 2 in Fig. 5a).
Although the 16 kDa fragment was detected with the
N-terminal antibody, it was completely lost after Lys-C
treatment indicating that the lysine residue is probably
located in the middle of the fragment. This suggests that
this fragment contains the C-terminus of the D1-protein
as argued previously [18,19]. Fig. 5b shows an im-
munoblot with anti-D1. after photo-inhibitory treat-
ment of the PSII core complex under non-oxvgen-evoly-
ing conditions and with DBMIB present as an acceptor.
As with anti-Bl¢,, this antibody clearly recognises the
24 kDa photo-induced fragment and further shows that
it is digested by Lys-C to lower molecular weight prod-
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ucts, as expected if it contains the C-terminus of the
D1-protein,

4. DISCUSSION

In this study we have clearly demonstrated using an
isolated PSII core complex that, depending on the ex-
perimental conditions employed during the photo-in-
hibitory treatment, the D1-protein undergoes primary
cleavage in two different sites. This yields two fragments
of about 23-24 kDa that differ in origin, one containing
the N-terminus and the other the C-terminus of the
Dl-protein. The 24 kDa C-terminal fragment is gener-
ated under conditionis when the donor side of PSII is
inhibited and therefore is not only observed in PSII
cores having their water splitting reactions inhibited by
high pH as shown here, but also in isolated PSII reac-
tion centres that are not able to evolve oxygen [9,11,18].
In both experimental systems the appearance of the
C-terminal-containing fragment requires the presence
of an electron acceptor so as to allow long-lived oxi-
dised species to accumulate on the donor side of the
reaction centre [9]. It is therefore proposed that in some
way, possibly by destruction of secondary pigments
[26,27], these species trigger the proteolytic hiydrolysis
of a peptide bond in the polypeptide loop spanning
transmembrane segments 1 and 1I at the lumenal side
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of the thylakoid membrane [18,28]. In so doing frag-
ments of about 24 kDa and 10 kDa are generated, where
the former contains the C-terminus and the latter the N-
terminus of the Dl1-protein.

On the other hand, we have shown that when water
splitting is active and therefore electron donation to
P680* is occurring (pH 6.0, plus 5 mM CaCl,), our
isolated PSII cores give rise to 23 kDa and 10 kDa
fragments derived from the N-terminus and C-terminus
of the D1-protein, respectively. In this case the degrada-
tion is enhanced when no exogenous quinone acceptor
is added, The action of Lys-C on these fragments indi-
cates that the photo-induced cleavage is occurring in the
region connecting transmembrane segments IV and V
on the stromal side of the membrane, as argued previ-
ously [2,16,17,19]. The effect of Lys-C proteolysis also
shows that this cleavage site is on the C-terminal side
of lysine residue 238, probably in the QEEET motif as
suggested in [16]. Our results suggest that, in this case,
the trigger for light-induced proteolytic cleavage in-
volve: “acceptor-side’ inhibition, possibly by enhancing
the recombination of the radical pair P680"Pheo™ and
the generation of singlet oxygen via the P680 triplet
state [290-31]. Indeed it has been demonstrated previ-
ously that *acceptor-side’-induced photo-inhibition only
leads to irreversible damage and DI-protein degrada-
tion if oxygen is present [31]. In contrast the degrada-
tion of the Dl-protein due to *donor-side’ photo-inhibi-
tion occurs under both aerobic and anaerobic condi-
tions in isolated reaction cenires [9,11] and PSIl-en-
riched membranes [32].

The results and discussion reported above rationalize
the problem concerning the origin of the photo-induced
DIl-fragments of about 23-24 kDa that have been iden-
tified previously as a single fragment and attributed to
either the C-terminal [18] of N-terminal [19] region of
Dil-protein. At the same time, the results give experi-
mental support to the concept of a double mechanism
of pheto-inactivation of the electron transport reactions
in PSII, one originating {rom acceptor-side damage and
the other from donor-side damage [6,7,31-33]. It now
seems clear that the light-dependent inhibition of elec-
tron transfer on the donor- or acceptor-side of PSII can
damage the D1-protein and trigger its degradation on
either the lumenal or stromal side of the thylakoid mem-
brane. It is highly likely that selective conformational
changes activate and dictate the site of the cleavage
reactions.

Finally it is appropriate to point out that the yield of
either the 23 or 24 kDa fragments will not be 100%.
Rather it seems that depending on the experimental
conditions there is likely to be a mixture of the two
photo-induced fragments. Thus for the in vivo situation
the origin of the DI-protein fragments will be depend-
ent on the balance between the twe mechanisms.

The work presented here is clearly a significant step
forward in our understanding of the degradation proc-
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esses of the Dl-protein but there remains a number of
unknowns. Among these are the identification of the
precise cleavage sites that require investigation by N-
terminal sequencing or analyses by mass spectrometry.
Also the details of the enzymology which gives rise to
the proteolytic cleavages have to be unravelled.
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