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Treatment of spinach Photosystem I! membranes by Tris (0.8 M, pli 7.5~ It)) in weak light (20 uE m : s ~) induced partial 
deletion of intrinsic proteins of PS II as well as release of three exlrinsic protcins and Mn from thc membranes. Most 
prominently deleted was CP43, which was detected by sodium dodecyi sulfalc/urca-polyacrylamide gel clcctrophoresis. DI and 
CP47 were also affected by the same treatment but to a lesser extent. Deletion of CP43 did not occur when the PS 11 membranes 
were treated with Tris in the dat'k, or treated in the light in the presence of reduetants for PS I!. The results suggest that CP43 is 
located close to the water-oxidation site and is damaged by the oxidizing radicals produced at the oxidizing side of PS 11 during 
the Tris-treatment of the PS II membranes in the weak light. Difficulty in detecting the degradation prt~ducts of CP43 indicates 
the high efficiency of the breakdown process of the protein. 

Introduction 

Photosystem 11 (PS !1) is a multi-subunit complex in 
the thylakoid membrane, consisting of the reaction 
center-binding proteins DI and D2 [I,21, antenna 
chlorophyll a -binding proteins CP43 and CP47 [3], the 
extrinsic 33, 24 and 18 kDa proteins [41, alpha- and 
beta-subunits of cytochrome b-559 [5], 1 protein [6], 
and the other components of lower molecular weight 
(see Ref. 7 for a review). With irradiation of PS I!, 
charge separation occurs between the primary electron 
donor P680 and the intermediary electron acceptor 
pheophytin [8], and the electron is transferred to the 
first stable electron acceptor Q,~ [9] and then to the 
secondary electron acceptor Qa [10]. On the oxidizing 
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side of PS I1, P680 + is redu,'ed by the secondary 
electron donor, Z, which is known to bc tyrosine 161 of 
the DI protein [11], and the oxidized Z is then reduced 
by Mn. Four atonls of Mn in PS Ii organize a cluster 
[12,13] and accumulate the oxidizing equivalents re- 
quired for water oxidation. 

One of the remarkable features of PS 11 is its high 
susceptibility to photo-inhibition [14,15]. When chloro- 
plasts are illuminated with strong light, electron tran,;- 
port is inhibited and dcgradalion of !)1 protein is 
accelerated [16-18]. Accumulation of radical species at 
the Q~ site of DI protein [16,17] has been shown to be 
related to the rapid turn-ovcr of D1 protein [19,20]. 
However, it was also shown that the reaction of the 
oxidizing side of PS I1 is responsible for the inhibition 
of electron transport and degradation of DI protein 
[21,22]. in agreement with that, it was recently shown 
that the turn-over of D I and D2 increases under illu- 
mination with weak light in the hydroxylamme-washed 
chloroplasts [23]. Acceleration of the breakdown of DI 
and D2 is also observed in CI-deple ted  thylakoid 
membranes where transition from S z to S 3 in the 
S-cycle of ox3,gen evolution is reversibly inhibited [24]. 
Thus, it is probable that the removal of Mn from the 
catalytic site of water oxidation, or the blocking c~f 
oxidation of Mn, induccs inevitable dcgradation of 111 
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and I)2 pr~tcins under the illuminatitm. IJght-induccd 
acceleration ot breakdown of DI protein was observed 
tlt+t truly with chlort,piasts b u t  a l s o  with ,,~.gcn+cvolv- 
ing l'S ii c~rc preparation.,, [25] lind PS I1 re+teflon 
center prcp;~rations I2~+!. in the latter c a s e ,  the dcgra- 
tlation Wr~l ' shown to occur oll the oxidizing side of PS 
I!+ 

In the prc,,cnt study, wc treittctl the PS II mcln- 
bratlc,, l l'qml ,,pin;ich chloroplasts with (I.8 M "l'ris under 
illtmfimdi~m ,,sith w c,tk light, which is known to remove 
Mn and the extrinsic proteins Irom the PS 11 mem- 
branes [4]. By this treatment, CP43 was shown to bc 
significantly deleted from the PS !1 mcmbrane~, dc- 
pcnding on the pH of Tti~ and also on illumination. 
Deletion of DI and CP47 also occurred, but the ~xtent 
was less. compared with thc deletion of ('P43 u~dcr 
the ~,amc conditions. lhc,,c result:, first prcstnt c,,i- 
ttc~lcc thai the l)S !1 c~,nlponcnt,~, other than the teat- 
lion ccqter-binding proteins, arc significantly affected 
under plmtoinhibit~ry conditi,ms. 

M'.deriah and Nlethods 

PS II membrane,, wcrc prepared from spinach by 
the method tfl Kuwabara and Murata [27]. The mem- 
brane,, were washed twice with a solution containing 
(i.4 M sucrose, 41| mM Mt.s-NaOH and i0 mM NaCI, 
pll t~.3 (hullor A). ,,usp~..ndcd in a solution containing 
34)'; ethylene glycol, tl.4 M sucrose, 2(1 mM Mes-NaOtt, 
10 mM Na('! and 5 mM MgCI,, pH 6.5, and stored at 
- 8It(" before use. For Tris-treatment, the PS !! mem- 
branes, washed once with buffer A, were suspended in 
I~.s M "['ris-ti('! to a concentration ,~t 1).5 mg chloro- 
phyll m[ i and incubated at 4°( . for 30 min, with slow 
stirring cithcr in the dark or light. For thc illumination, 
white lluorcscent lamps wcrc used and the incident 
intcm, ity w,l.,, 211/a l( m : s r :d~ovc the suspension of 
the I~N Ii nwmbrancs, unless othc~'isc stated. The pH 
~t lri,,-tt('l. wilich was varied from 7.tt to Ill.l), is 
~,i~ccificd in c~tch figure legend. "l'hc Tris-trcatcd PS il 
mcmbranc~, wcrc pcllctcd by ccntrifugation at 16000 
z g t~l 15 rain and washed twice with buffer A in the 
dark. Trcatmcnr, of the PS il membranes with 1 M 
C a ( ' l  .~ h~ remove the extrinsic 33 kDa protein was 
c~r:icd out in the light (2li/.rE m : s ~) by the method 
ot ()no and lnouc [281. The ('a('l ,-washed PS 11 mem- 
branes w crc recovered by the same ccntrifugation step 
used for the Tris-trcatment, but without further wash- 
ing, to avoid removal of Ci from the membranes. In 
the experiments where the effects of the rcductants for 
t'S II alltl 3-(3,4-dichlt~rt~phcnyl)-I,l-dimcthylurca 
~I)('MLJ) wcrc studied, each reagent was dissolved in 
tql()~-; ethanol lind added to the Tii'.-;-trcated PS il 
membranes during the illumination "il~c reductants 
us~.d h,'-: :,'crc 0.5 mM each of 1,5-diphcnylcarbazide 
(1)P(). sodium ascorbatc, hydroxylaminc-HCI, potas- 

,,ium fcrtocyanide and hydn~quinonc. Sodium dodecyl 
sulfate (SDS)-polyacrylamide gel clectrophorcsis was 
done according to Lacmmli [2q] except that the con- 
ccntration of Tris-HCl (pH 8.8) in the resolving gel 
(lll-211"~ acrylamide) was raised from ().375 to 0.6 M, 
and (~ M urea was included in the gel to increase 
resolution. TIle proteins in the gel were stained by 
Coomassie brilliant blue R250 and quantified by mea- 
suring absorption at 565 nm with a dual-wavelength 
TL('  scanner CS-9311 (Shimadzu). The non-denaturing 
lithium dodceyl sulfate (LDS)-polyacrylamide gel dec- 
trophoresis was done according to the method of Carom 
and Green [30]. The PS II membranes were solubilized 
with a solution containing 0.9% (w/v) n-octyl-/3-D- 
glucopyranoside, 10% (v/v) glycerol and 2 mM Tris- 
maleatc tpH 7.0) to a concentration of chlorophyll of 
0.t~, mg ml ;. After incubation for i0 min, the solution 
was centrifuged at 16000 x g for 10 min and the super. 
natant was subjected to electrophoresis. Western blot- 
ting was car,'ied out as previously described [311. Pro- 
teins of the PS II membranes after SDS/urea  poly- 
acrylami,lc ~.,el electrophoresis were blotted onto 
poly(vinylidenc dtfluoride) (PVDF) membranes and 
cross-reacted with specific antibodies and alkaline 
phosphatase-c,mjugated secondary antibodies. The 
amount of the protein was estimated from the densi- 
togram, where the wavelength of measuring beam of 
the TLC scanner was set at 585 nm. The antisera 
against Dl protein were kindly gifted by Dr. J.E. 
Mullet of Texas A & M  University. Chlorophyll was 
determined in 80% acetone using the absorption coef- 
ficients reported by MacKinney [32]. 

R e s u l t s  a n d  D i s c u s s i o n  

The PS 11 membranes were treated with 0.8 M 
Tris-HCI in the light (20 /.rE m -2 s- t ) ,  and the pro- 
teins in thc mcmbranes were analyzed by SDS/urea-  
polyacrylamidc gel elcctrophorcsis (Fig. 1). With in- 
creasing the pH from 7.(1 to 10.0 in the Tris-treatment, 
the three extrinsic proteins were gradually released 
from the membranes, and above pH 8.0 all of them 
were completely removed, as reported previously [4]. 
Mn was also released from the membranes under these 
conditions. We found here that the amounts of the 
apoprotcins of ('P43 and CP47 in the PS 11 mem- 
branes, determined from the densitogram of the 
Coomassie-staincd bands, decreased with increasing 
the pH from 7.5 to 8.5. The amounts of the apopro- 
reins at pH 8.5 were about 75% of those in the control 
PS Ii membranes incubated with buffer A (pH 6.5) 
(Fig. 2). Above pH 8,5, the apoprotei," of CP43 still 
decreased with pH, and apparently 40% of the protein 
originally present in the membranes disappeared at pH 
10.0. in contrast with that, no further decrease was 
observed in the amount of the apoprotein of CP47 
ab(we pH 8.5. To see if there is a change in the amount 
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Fig. I. SDS/urea.polyacrylamide gel electrophoresis showing the 
effect of Tris-treatment on the PS !1 membranes. Lane i, the control 
PS 11 membranes, incubated with a solution containing 0A M su. 
crose, 40 mM Mes-NaOIl and 10 mM Noel, pH 6.5 (bqtfer A) fl~r 31) 
rain at 4°C, and illuminated with white fluorcscenl lamps (20 pE 
m 2 s-t). Lanes 2-8. the PS I! membranes treated with 0.8 M 
Tris-HCI for 30 rain at 4°C under the same illumination condition as 
lane 1. The pH values of Tris-HCI were 7.0 (lane 2), 7.5 (lane 3), 8.0 
(lane 4), 8.5 (lane 5), 9.0 (lane 6), 9.5 (lane 7), 10.0 (lane 8), 
respectively. Chlorophyll was adjusted to 0.5 mg/ml in each 

treatment. 

of D1 protein in parallel with the decrease m the 
apoproteins of CP43 and CP47, we determined DI 
protein by Western blotting with a specific antibody 
(Fig. 2 ~. The pattern of decrease in the amount of DI 

as almost the same as that of the apoprotein of CP47; 
the amount continued to decrease from pH 7.5 to 8.5, 
but there was no further change beyond pH 8.5. D2 
protein was not assayed here. Thus, among the 
polypeptide components of PS 11 examined, CP43 was 
particularly sensitive to the Tris-treatment in the light. 

The decrease in CP43 and CP47, which depends on 
the pH of Tris-treatment, was also detected by non-de- 
naturing LDS-polyaerylamide gel electrophoresis of the 
PS 11 membranes (Fig. 3). Here, the PS II membranes  

0 I i . . . . . . . . . .  ; 

7,0 80 i1,0 10,0 

pH 

Fig, 2, [)egr:tdation o1 the PS II cot," comp(ments by '[ris-treatmcnt 
in the light, at various ptl values. The concentration or "rri~ was 0.1~ 
M, and the incident intensity was 2tl #E m : s i The anmuntx of 
the apoproleins of CP43 and ('P47 were determined frtm~ ih~: 
de.sitogram of the proleins shown in Fig. I. I)l wa,~ determined hy 
Western analysis vdth ~i .~pecific ;irdibotly. e. (T4.k,., ('P.17; ,~, I)1 
protein. As control, the anmunt of each protein in lane i ol Fig. l is 

depicted (shown as El ). 

were solubilized with n-octyl/3-D.glucopyranosidc, and 
the green bands were detected by electrophoresis. The 
green bands corresponding to the holo-complexes of 
CP43 and CP47, were reduced significantly after the 
Tris-treatment in the light. Other major protein com- 
ponents of the PS !! membranes,  such as LHC !! attd 
cytochrome :; "~'~ .,.,,, were not affected at all under the 
same condition, judging from both the Sl)S/urca-poly-  
acrylamide and non-denaturing LDS-polyacrylamide 
gel clectrophoresis. 

In the Tris-tre:ttmcnt of the i'S !I membranes, no 
change has so far been reported in the amount of 
intrinsic polypeptide, because more attention has been 
paid to the removal of the extrinsic polypeptidcs and 
Mn from PS II by the treatment [4]. Usually Tris-trcat- 
ment was carried out either in complete darknes.,, or 
under dim light, and there is no extensive comparative 
study on the effects of both the conditions on the 
intrinsic membrane proteins of PS II. To szc the effect 
of light during the Tris-trcatment of CP43, wc carried 

1 2 3 4 5 6 7 8 
C P 4 7 - - - . . ~  ~ . . . . . . . . . .  - - - - - - - - -  - - - -  - 
CP43 ~ ~  m , m  m. . .  ........ m - - , ~ -  ~ , , -  . 

Fig. 3. A gel snowing the non-denaturing lithium dodecyl sulfate polyacrylamide gel electrophoresis ,[ the PSI !  membranes. The PS ii 
membranes before (lane I) and after Tris-treatment (lanes 2-8) under weak illumination were subjected to the clectr(~phor¢~i,~ and fimr gre~l 
bands were detected in each lane. The numbers of the lane correspond to those in Fig. 1. The positions of CP43 and CP47 are indic~,t~d to the 

left of the gel. The bands above and below CP43 and CP47 correspond to the dimer and monomer of LllC I!, respectively 
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f.n~. 4. ('omp~ri*,on l~t the ctfccts ot 'l~is-trcatment on the PS il 
lflt.'HItHitl|l "~, ~H lhc hghl ,i.'.:] :;; ih,: dark. [.,11]1¢ l, control PS I! 
mcrnhl~nc,, ~|~cub;Jtcd with bulter A in the tighl. I.ane 2. PS il 
lllCmtll,tl~Ca Ire,deal v, ilh "l'r~,-llCt (t).~ M. ptl ~.0) in the dark. Lane 
3. t'N il mcmb.,anc~, lrcat,.'tl ~,flh "[ris-I|('l in the light. Lane 4. the 
~,,mc :l~ l,~lw ,~ but ~ilh 05 mM 1.5-diphcnylcarbazide. Larlc 5. PS I! 
rncmbra~c~, trcalcd with 1 M ('a(q, m the light. Other conditions 

arc the s;,me ~,~, Iho,~e de.',cribed in the legend Io Fig. I. 

out the Tris-trcatment (pH o.0) in the dark and light 
(Fig. 4). Tris-trcatmcnt of the PS I1 mcmbranes in- 
t|uccd only slight degradation of PS 11 componcnts  in 
the dark (Fig. 4. h:nc 2), By contrast, decrease in the 
amounts of CP43 and CP47 was significant with the 
same treatment in the light (Fig. 4, lane 3). In the 
r~mgc ~f light intensity from 21) to 84 ~ E  m -'~ s ~, no 
diflcrcncc ,,,,,as ob,,crvcd in the effect of Tris (p l l  9.0) 
~rl ('P.J,3 (l"ig 4: lanes 3, 0 and 7), suggesting that the 
itlcidcnt inlcnsity used hcrc (2() # E m  2 s ~) is sato- 
rating kn  the effect. The dclclion of ( 'P43 observed 
hcrc ,,,, in contrast, with the degradation of DI that 
occurs under illumination with much stronger light 
,16-t~]. Rcmoxal of thc three extrinsic 13roteins was 
a~so attained by CaCl~-trcatmcnt under  thc illumina- 
t on (21) ~ E  m--' s Il, but in this case, the deletion of 
(P43  wa,~ not so significant (Fig. 4, lane 5). In thc 
( 'aCi ,-treated PS 11 membranes,  which are depleted of 
thc 33 kDa protein, the activity of oxygen evolution is 
retained, as long as CI- is supplied to the depleted 
membranes and the Mn in the catalytic site is stabi- 
ti,,~'tt [33], These results suggest that the destructive 
cftcct of tighl on UP43 appears when the functioning o[ 
Mn atoms i.,, hindered. "i'rcatmcnt of the PS 11 mem- 
brane with 1 M NaCi, which removes extrinsic proteins 
other than the 33 kDa protein, but no Mn, from the 

membranes,  had no significant effect on CP43 (data 
not shown). 

Considcring the ,;yncrgi,',:ic effect on the delet ion of 
( 'P43 of alkalinc-Tris and il lumination with weak light, 
we assume that excitation of PS I! induces oxidizing 
radicals at the donor  sidc of PS il whcre Mn is cffec. 
tivcly removed. To examine this possibility, we studied 
the effect of reductants for PS Ii on the delet ion of 
CP43 during the Tris- t rcatment  of the PS 11 mem- 
branes in the light (t:ig. 4 and Table I). it is expected 
that the rcductant blocks the formation of  oxidizing 
radicals and, therefore,  the delet ion of CP43 does not 
occur. When 0.5 mM 1,5-diphenylcarbazide (DPC) was 
added to the PS II membranes  in the light (20 ~,E m -2 
s - t ) ,  apparently no significant decrease was detected 
in the amount  of CP43 during the Tris- treatment .  The  
other  reductants, including hydroquinone,  sodium 
ascorbatc, hydroxylamine and potassium ferrocyanide, 
had the same effect as DPC. The  addit ion of 3-(3,4-di- 
chlorophcnyl) - l , l -d imethylurea  ( D C M U ) i n  the light 
el iminated th effect of Tris- t reatment  on CP43 (Table 
I), which suggests the involvement of  electron transport  
of PS 11 in the formation of the radicals. 

The oxidized form of the react ion-center  chlorophyll  
P680, and of  the secondary electron donor  Z, are 
candidates for the oxidizing radicals produced in the 
Tris-treated PS I! membranes.  It was reported that  
P680 + and Z ~ are strongly oxidizing enough to oxidize 
the nearby amino acid residues or redox compo,:ents  
[22,341. When P680 and Z are oxidized in the Tris- 
t reated PS !I membranes  in the light, they may have a 
destructive effect on the surrounding polypeptides, in 
the cxperiment examining the effect of the reductants  
(Tablc 1), the hydrophobic reductants  (hydroquinone 
and D P C ) w e r e  more effective than the hydrophilic 
reductants (ascorbate,  ferrocyanide and hydroxyl- 
amine) in the inhibition of delet ion of  CP43. These 

' [ABLE 1 

"Tilt' ¢f[ect~ o[ rcductants and of  DCMU on ~P43 in the Tris-treatment 
tO.8 M, pH 9.0) of the PS H membranes in weak light 

The mcid,~nt intensity was 20 #E m-:  ;- =. Buffer A contained 0.4 
M sucrose, 40 mM Me.~-NaOH and 1() mM NaCI (pH 6.5), The 
concentration of each reductant was 0.5 raM. DCMU was added at a 
concentration of 21) p,M. 

Ctmditions Amount of CP43 
(%) 

Inct, bated with buffer A in the dark 100 
Treated wi|h "Iris in the dark 87.11 
'rrcated wilh '[ri.s under light irradiation (~3.6 

+ DP(" 98.3 
+ .sodium ascorbale 91.7 
+ Nit ,Pit 91.8 
+ potassium ferrocyanide 94. [ 
+ hydroquinonc ~)2.0 
+ DCMU 10(! 



results may be interpreted by assuming that the oxidiz 
ing radical,,, are produced at the hydrophobic rcgion in 
the oxidizing sidc of PS II, l~,robably on DI p~otein. As 
low irradiation of PS II was enough to induce deletion 
of CP43 the efficiency of the light-induced effect should 
be quite high. Judging from the most prominent degra- 
dation of CP43 among the proteins of PS !! observed 
here, it is suggested that a portion of CP43 polypeptide 
is located closely to P680 and/or  Z and in that portion 
there arc amino acid residues quite susceptible to the 
effects of cation radicals. However, an alternative pos- 
sibility is that long-lived diffusible radicals ,,re formed, 
following the oxidation of P680 and Z, which affect the 
surrounding polypeptides non-specifically, llluminatiolt 
of the PS II membranes in the Tris-treatment induced 
deletion of CP43 as well as D1, and CP47 (Figs. 1-3). 
The deletion of CP43 was dependent on the duration 
of illumination (data not shown), suggesting the accu- 
mulation of deteriorative molecular species under these 
conditions. All these results favor the view that long- 
lived oxidizing radicals are produced on the donor side 
of PS 11. 

The deletion of CP43 is probably due to the degra- 
dation of the protein. However, a definite degradation 
product of CP43 has not been found so far, in the PS 11 
membranes after the Tris-treatment, with the SDS/  
urea polyacrylamide gel electrophoresis and Western 
blotting analysis with a specific antibody against CP43 
(data not shown). We als~ tried to find a degradation 
product in the soluble fraction after the Tris-treatment 
of the PS 11 membranes by protein sequencing of the 
minor proteins detectable in SDS/urea polyacrylamide 
gel electrophore:~is, but the fragment corresponding to 
the segment of CP43 was not found (data not shown). 
Such difficulty in detecting the degradation product of 
CP43 is probably due to high efficiency of the degrada- 
tion process, it is known that CP43 can be removed 
from the PS II complex by an appropriate treatment 
with detergents [35], which suggests relative weakness 
of the binding of CP43 to the PS II reaction centcr 
complex. Once the degradation of CP43 is triggered by 
light, the polypeptide may be removed from the PS !1 
complex easily. Alkaline pH is probably required for 
the efficient degradation of the polypeptide, but details 
of the effect of pH in this process remain to be 
explored. 

Difficulty in finding the degradation products has 
also been met with the DI protein. A single mem- 
brane-bound fragment of 23.5 kDa, corresponding to 
the N-terminal region was identified as a degradation 
product of DI in a pulse-chase experiment [36], but 
degradation products have not been detected in vitro. 
Quite recently, proteolytic fragments of DI protein, 
having molecular weights of 21000, 16000 and 10000, 
were identified immunologically in vitro [37]. Simil: .'~ 
degradation products o~ D I were also reported i," ' 

2t]7 

study of photoinhibition with the reaction-center com- 
pkx of PS II [26]. The mcchanism of degradation is 
under the dchalc. 1! was showrl thai !)1 protein is 
degraded by cnzynmtic protcotysis and not by a direct 
photoclcavagc r~:aclion 1371. ()n the other hand, an 
autoprotcolylic process, without p;irticipation of exoge- 
nous protcinascs, was suggested with the reaction cen- 
ter preparation [2c'~1. 

Weak-light photoinhibilion of PS 11 has bccn re- 
ported [23,38,39], but no evidence was presented for 
the deletion or degradation of the PS ll-related pro- 
teins during the the photoinhibition process. The data 
presented here are the first to show the significant 
degradation of CP43, CP47 and DI, as a result of the 
weak-light photoinhibition of PS II. Further amdysi,, of 
the photoinhibition on the polypeptidcs of PS II mem- 
branes should provide more accurate infl;rmation, i~o1 
only on the mechanism of photoinhibition, but also on 
the molecular organization of the oxygen evolution 
system of PS II. 
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