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When the isolated reaction centre of Photosystem 1, reconstituted with the quinone, 2.5-dibromo-3-methyl-6-isopropyl-p-benzo-
quinonc (DBMIB). is exposed to photoinhibitory illumination, a D1-polypeptide breakdown product of 24 kDais detected by
immunaoblotung. In addition, weaker bands are also detected at 170 13 and 10 kDao Tt is suggested that the 24 kDa
[y 1-polypeptide breakdown product is the same oo bt first observed in vivo by Greenberg et al. (1987) EMBO J. 6, 2865-2809.
Its appearance in isolated Photosystem TE reaction centres requires the presence of an clectron aceeptor, but occurs under both
acrobic and anacrobic conditions, In our in vitro experimental system the photoinduced degradation of the DI1-polypeptide to
the 24 kDa fragment was related 1o the functional activity of the reuction centre and the enzymatic natare of the proteolysis was
characterised by a pH optimum of about 8.0 and by inhibition with protcinase nhibitors, especially the scrine-type soybean
trypsin inhibitor. The results support our carlicr findings (Shipton and Barber (1991) Proc. Natl. Acad. Sci. USA RS, 6691 -6695)
that the appcarance of the light-induced DI-polypeptide breakdown pattern of fragments occurs as a consequence ot donor side
photoinhibition when highly oxidising species accumulate in the reaction centre and bring about pigment oxidation and
degradation. We suggest that it is this selective loss of pigments that induces 4 conformational change in the D1-polypeptide

which triggers its autoproicolytic cleavage.

Introduction

Recently, our knowledge of the relationship be-
tween the photochemical damage and the triggering
mechanism that biings about the degradation of the
D1-polypeptide of Photosystem 1 (PS H) has grown,
The cleavage of the DI-polypeptide has been found to
be proteolytic and can be separated from the photoin-
duced damage. Indeed, Aro et al. [1] showed that
D1-polypeptide degradation can occur in the dark after
a preillumination period at low temperatures, as long
as the temperature s raised. It has been argued that
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sodium dodecyl sulphate polyacrylamide gel electrophoresis
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the primary site of proteolytic cleavage is close to the
alpha-helix destabilizing stretch of amino acids, rich in
glutamate. serine and threonine, located between puta-
tive transmemirane segments IV and V of the DI-
polypeptide {2]. in agreement with this proposal, stud-
ies with intact systems love detected a cleavage prod-
uct at 23.5 kKD [34) A breakdown product of similar
size has alse been detected when olated thylakoids
and PS H cores were exposed to strong illumination
[1.5]. Although the precise origin of the 23.5 kDa
fragment has recently become a matter of debate (Ret.
6 and Cook, M. and Barber, 1., unpublished data),
studies with the above in vitro systems have shown that
the proteinase responsible for the photoinduced degra-
dation of the DI-polypeptide is located in a stoichio-
metric amount within the PS 11 core complex {5]. This
conclusion has been taken further in our work with the
isolated reaction centre of PS 1, consisting of only the
D1- and D2-polypeptides, the subunits of cytochrome
b-5359 and the 4.8 kDa product of the psbl genc. We
have shown that this minimal PS 11 reaction centre
complex still retains the capacity to bring about the
proteolytic cleavage of the D1-polypeptide [8]. In this
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paper ae report turther expoermmcental work e charae
terine this atoproteoby tie vapaciiy of the solaced PS 1L
reaction coentre.

Materiids and Meth ads

The DI D2 soviochiome b ss9 geachon contie ol
PS Howas solited from pea thvibihowd membranes The
procedure used was a modihication of that fast o
ported by Nanba and Satoh {99 and s been detailed
by Chapman et al, [0}

Photoinhibitory hight treatmenis were pertormed in
a stirred ghiss caovette Tor various timies and tempera-
tures woondwcated e the Digore legends, For such
treatnients the renclion contre concentra’ion corre-
sponded to o devel of S0 g ml U chloraphy 1 and the
normal suspension w edium was S mM s plus 2 mM
vodeosh inaltoside ot pbE S0 feveept v here mdicated).
tn the expenmment dosizned to test the pH optimum o
the bicakdown of tie DI-polvpeptice we utibieed o
vange of butfers, Al it a concontrition ol 30 mM. AL
pHE SO0 S5 00 and 6.5 Mes bulfer was used. Hepes
Lubbor tor pEE 7.0 and 75 and Ercine at pHE S0 and
S Dodeey maltoside was added at the usual coneen-
tration of 2 mNL Heat-Liltered (Schotr filter KRG
witite light (6000 gbom S ) was generated by an
incandeseent Flextlux 650 famp. ‘The clectron aceeptor.,
DBMiB. was used ot a concentration of 200 gM. In
the exoeriment of Figo 2. anacrobic conditions were

A B

NO ADDITIONS

+ DBMIB

achicved by the addition ot 10 mM glucose, 0.2 my
ml ' ocatalase and 0.2 mg mb ' glucose oxidase, and
the cvette was repeatediy Hushed with nitrogen prior
to dlunimanon, The  proteinase  inhibitors  phenyl-
mcthanesulphonyl flaoride (PMSE), antipain, E-64 and
phenanthroiine wonchydrate (Niema) were all used in
an equimolar concentration with the reaction centre,

Photochemicil activity of the PS T reaction centres
was measured motwo ways: (1) charge separation was
tollowed as the reduction of silicomolybdate (250 u M)
using 1 pg ml ' Chl and 1 mM MnCl, as an clectron
donor. This absorption change was followed at 500 nm.
A bluc-green filter (Schott BGLB) protected the photo-
multiplicr and a red cut-off filter (Schott RG665) pro-
vided the actinie light: (2) reductior of cytochrome
D539 was followed as an absorption increase at 559 nm
with 4 uM DBMIB and I mM MnCL. as a donor to
POROL PN T reaction centres were present at a chloro-
phyll concentration of 3 ug ml ', All absorption mea-
surements were performed on a Perkin-Elmer 557
spectrophotometer at 10°C

10 to 179 polyacrylamide gradient gels containing 6
M urca were used for anaiysis of the polypeptide
composition of samples, Gels were prepared for im-
munotogical assays using western blotting [H1]. Profiles
of separated  polypeptides were  clectrophoretically
transferred onto nitrocellulose and detected using rab-
bit priryer. mtibodies to the Dl-polypeptide from pro-

C

13 kD »
10 kKD »

Bave £ 0N B Show western blots willy o -DE antiserum ol photomhibiton treatment time course of the PS 11 reaction centre i the absenee

and presencc o the cdecon aeeepton DBAIB respectnele Tght treatments were pettormed Tor 15030035 and 08 min ac 2060C. (C) presents a

wostonn bler ot faae simda otV 60 mng to stow ali breakdonoe producs detected by e D antiserum as deseribed proviously [24).



tein gencrated by expression of the psbA gene in £
coli [12]. As shown in Ref. 12, this polyclonal antibody
showed a high specificity to the D1 polypeptide and
did not cross-react with other PS 1 proteins. Alkaline
phosphatase conjugated scecondiry antibodics (Sigma)
were then employed, followed directly by colour devel-
opment using the appropriate chromogenic substrates,
Time-courses caricd out for the purpose of compari-
son were run on the same gel and blotted onio one
sheet ¢ nitrocellilose which could th en be treated in a
uniform manner throughout the western blotting pro-
cedurc. Western blots were scanned to quantify the
formation of the 24 kDa major breakdown fragment,
using a Shimadzu gel s¢ uner (CS-930).

Results

Fig. 1A shows that in buffer containing no added
clectron acceptor, the exposure of the isolated PS 1
reaction centre to photoinhibitory light leads to o grad-
ual loss of tac D-polypeptide with no obwious appear-
ance of breakdown products. 1t scems that under these
conditions the photoinduced loss of DI-polypeptide in
the 30 kDa region is due to aggregation as detected by
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trophoresis (SDS-PAGE) using Coomassic blue stain.
g [130 However, when DBMIR s poeent s an
clectron acceptor during the tHumimation, th e fow of
DI-polypeptide is associated with the appearan ¢ of
DI-polypepnide fragment having an apparent molecu-
lar mass on SDS-PAGE of 24 kDa (Fig. 13). Other
lower-molecular-weight - DI-polypeptide  breakdovwn
products, at =hout 17, 13 and 10 kDa, are also present
but are more ditticult to visualbise (Fig. 10 The dark
broad band observed at about 30 Kida i Fig Vi
artifactual and not consistently scen in our western
blots using the same Di-poelypeptide antibody. The
origin of this artifact s unknown but relates o e
methodology of our immunological analoses. In thas
experiment it partially masks the position of the D1 /D2
heterodimer and also makes it ditticult to deteet any
agpregated states. The appearance of the photoin
duced DI1-breakdown traements with DBMI preseant
in very consistent aund has been reportea previonedy tor

IS

soliuted reaction contres 8 Also siiilarsized D1
polypeptide breakdown products have been obsered
when isolated thylakoids [T or PS 1T cores [5] vere
subjected to strong atluminanion, In the case of the
isofated PS I otoaeton ceontros, we have showa nrevi-

sodium dodecyl sulphate  polyacrylamide gel clee- ously that the artificra diectron aceeptor suicomalyb-
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Fig. 2. (A) A western blot with =D antiserum showing me courses of photemhibitory tecatment ot the reaction centre usnder sorobic e
anacrobie conditior s Hlununation was perddommcd for 0.3 10013 2 00and 25 hoat 26 C Samples wore tihen for solinlizaton o cach timee pone
(B} Shows quantdication of those datis by densttometos scannm g of the westenn blot
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date can replace DEMIB [R] 1 s can decviplastoguinone
(datu not presented) in order o obtain the breakdown
pattein shown o Fig. 1B ana . Note that western
blotting also detected a weak band at about 4() kDa of
unknown origin [8]. A common feature of this type of
experiment is that with increasing time of illumination.
the non-degraded DI-polypeptide gradually increases
in apparent molecular mass on SDS-PAGE. This modi-
fication occurs whether an electron acceptor is present
or not and probably relates to conformational changes
of the type detected by FTIR spectroscopy [14].

The tevel of the 24 kDa breakdown fragment was
found 0 be related to the light intensity of the proiliu-
mination (data not shown). and it could casily be
detected after 30 min of illumination by intensities
omparable to fuli sunlight (1000-2000 uE m - s '),
In contrast, the cleavage of the DI-polypeptide to the
24 kDa fragment was not absolutely dependent on the
presence of oxygen. although the rate of appearance of
this frugment was shghtly retarded urder anacrobic
conditions (Fig. 22 It has a'so been observed that
tlumination in the presence of an electron acceptor
and a free radical scavenger {(propyl gallate, 500 M}
causes no retardation i the appecrance of the 24 kDa
breakdown product (data not shown). We therefore
conclude that the difference between anasrobic and
acrobic conditions probably relates to O, acting as an
electron acceptor and competing with the quinone-de-
pendent ¢tochrome h-559 protective cycle [8)

Fig. 3 gives the results of an experiment designed to
test whether degradation of D1 to the 24 kDa fragment

40 kD
LU B
24 kD

-10 kD

Fig. 3. Lames 1 oand 2 show a western blot for Di-related poly-

peptides in the PS 11 reaction centre after 30 min of photoinhibitory

illumination in the presence of 200 1M DBMIB at 20°C. The sample

shown in lane 2 had. prior w0 this treatment. been iluminated

without an acceptor or donor with light at an intensity ot 6000 yE

m s o decrease its photochemica! activity by 5097 (as measured
by Mn” " - silicomolybdate electron transport}.
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Fig. 3. Temperature dependence of the appearance of the 24 kDa
hreakdown fragment of D1, The data are derived from densitometer
scans of an a-D1 western blot,

was dependent on the photochemical activity of the
isolated reaction cenire complex. Photochemical activ-
ity of the isolated complex can rapidly be inhibited by
short periods of illumination in the absence of any
clectron donors or acceptors. In this figure it can be
secn that when such pretreatment was used to de-
crease the reaction centre electron transfer activity by
507 (mcasured as the rate of clectron flow from Mn?*
to silicomolybdate; (see Ref. 15)), the appearance of
the 24 kDa product during subsequent illumination in
the presence of DBMIB was significantly retarded.
This 1csult indicates that the generation of the 24 kDa
fragment is dependent on reaction centres initially
being photochemically active.

Fig. 4 shows that the degradation of the D1i-poly-
peptide to the 24 kDa fragment during illumination in
the presence of 200 uM DBMIB is temperature-sensi-
tive during the initial 30 min of treatment. This result
supports the findings of others working on larger parti-
cles, who found that the degradation of the D1-poly-
peptide in isolated thylakoids and PS Il cores was
significantly intluenced by temperature over the same
range [1.5]. We did observe, however, that with longer
ilumination times the effect of the two different tem-
peratures became less obvious. We have also checked
the pH optimum for the degradation process and found
it to be about pH 8.0. As can be seen in Fig. 5, this is
not the pH optimum for charge separation in the
isolated complex as measured by DBMIB-dependent
photoreduction of cytochrome b-559 (this being pH
7-7.5). Therefore, it seems that although the D1-poly-
peptide cleavage activity of the reaction centre com-
plex is dependent on its photochemical activity, the
proteolytic event can be partially separated from this
activity based on pH optima. A similar pH optimum
(pH 8.2) has 1ecently been found for an intrinsic en-
dopeptidase activity of the isoiated PS I reaction cen-
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Fig. 5. The pH dependency of the breakdown of the D1-polypeptide to the

23 kDa fragment. and coarge separation activty ot the sobaed PS I

reaction centre complex is shown. At each pH value (between 3.0 and 8.5) iflumination was performed for 30 and 45 min at 20 € These samples
were analysed by SDS-PAGE and western blotuing and the resulting blot was scanned for quantutication of the 24 kD breakdown product peak
area (see graph). Each point on the graph is the average of the two blat Fanes tor cach pH point Charge separation actinaty of these samples wos
measured prior to illumination. using Mn*' as an electron donor and DBMIB as an acceps o, The reduced geinone donites clectrons to
cytachrome b-3. 9 and activity of the centres was meisured as the rate of intial reduction of this evtachrome mondored at 359 nm,

tre detected using an exogenous peptide substrat. {16].
This same study indicated that the activity could be
reduced by inhibitors of serine-type proteinases. Using
PS 11 cores. Virgin et al. [17] have also found that the
photodegradation of the Dl-polypeptide could be in-
hibited by serine-type proteinase inhibitors. For this
reason we tested a range of proteinase inhibitors to sce
whether a similar inhibition of the appearance of the
24 kDa fragment would occur in the isolated PS 1
reaction centre. In agreement with previous findings,
we found that significant inhibition of DIl-polypeptide
breakdown could be observed if proteinase inhibitors
were present. with the most striking results being ob-
tained with PMSF and soybean trypsin inhibitors (Ta-
ble I.

Discussion

Our rosults indicate that when an effective electron
acceptor is present, such as DBMIB. illumination of
the isolated PS Il reaction centre brings about a degra-
dation of the DI-polypeptide yielding a characteristic
breakdown pattern. dominated in our immunoblots by
a fragment of about 24 kDa. No such pattern is ob-
served in the absence of an acceptor. A 24 kDa frag-
ment has also been detected in other experiments
involving more complex in vitro systems [1.5] and may
be the same DI-fragmeni as that observed in vivo
(Refs. 3 and 4: Cook and Barber. unpublished results).
The appearance of this fragment can occur under
acrobic and anacrobic conditions and is unaffected by
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TABIE ¢
Levels op minbinion of decradatom of the DE-polspepnde, 1o a 24 A Da
fragmear. afforded by rarunes protesiase othibirorns

All proteinase inhibitors were present in an cquimolar concentrition
with the PS Il reaction centre. The datia presented here were
caleuiated from densitometry of oD western Dlots: cach figure s
an average of four scanncd hiot lanes.

Proteinase Class Inhibition of
inhibitor production ot
the 24 kDa
fragment ("7)
Phenanthroline
monohydrate metilio il
Soybean tnpsin
mnhibitor tnypsin-hike serine - Y3
PMSF serine and thiol il
Antipain tn psin-hke serine
and avsteine Rl
TPCK chymotn pain-like
serne 13}
F-64 cystene 0

the presence of a free radical scavenger. Proteolytic
cleavage seems to be brought about by a serine-tvpe
cndopeptidase actvity [16,17] with a pH ontimun: at
about &.0. That the photoinduced loss of D1-poly-
peptide is inhibited at pH values below 7 has also been
shown by Reisman and Ohad [18]. We conclude. as we
did previously [8]. that the endopeptidase activity is
located within the isolated PS 11 reaction cenire com-
plex itsel, indicating that one or more of its compo-
nents (D1 D2, a and B subunits of ¢ytochrome 5-559
or product of the pshl gene) is able to proteolytically
cleave the DI-polypeptide as a result of photochemical
damage.

We have poeviously shown that in the presence of
DBMIB. the action of strong illumination is to cause
initially an oxidation and subsequent destruction of the
B-carotenes bound to the isolated PS H reaction centre
complex [19]. This irreversible loss of B-carotene is
also accompanied by the degradation of chlorophylls,
especially those species that absorb at 680 nm [20]. The
loss of these pigments would be expected to bring
about conformational changes that could trigger DI-
degradation, perhaps allowing a serine residue to inter-
act with a peptide linkage so as to facilitate the proteo-
Ivtic cleavage. Where the active serine is located and
how precisely the proteolytic events lead to D1-brz2ak-
down have yet to be clucidated. Clearly, further studies
with the isolated reaction centre of PS 1 should yield

new and valuable information to answer these key
guestions.
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