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Photoinhibition of isolated thylakoids results in inactivation of Pholosystem II electron ~ransport and protcolysi, o| Ihc D~ 
reaction center protein. At low, non-freezing temperatures the mechanism o[ inacli~,ation for Photosy~,tem II eiectron Ir:~n',l~)d 
can be experimentally studied without interference of secondary damaging effects, since the degradation of tile Dr-protein &~cs 
not occur. Hcrc we have applicd electron paramagnetic resonance (EPR) spcetlT.hseopy to charactcrite the ~cqucntial ctcnt~ 
leading to inhibition of PS I1 electron transport and triggering of the D=-protein for degradation a! 2:C. "l wo principle kinetic, of 
inactivation and damage were observed; (i) inactivation with a half-time of I to 1.5 h in ca~ o[ steady-state electron transport 
through Photosystem II, the induction of the S2-stalc multiline EPR signal, the EPR signal from Q~-Fc:" and k~cring ol the 
F d F  m fluorescence ratio. This is explained by over-reduction of ~he first quinocle acccptor (QA) leading to impairment of its 
function. (it) Inhibition with a half-time of 3-4 h in case of EPR Signal I1,~,,,: inhibitkm of the primaD ~ charge separation 
reaction and release of manganese from its site in the oxygen evolving system. Wc were al~o able, for the fi~t time. to tollo~ the 
kinetics for the triggering of the Di-protein for degradation. This triggering folkr~ed the slower kinetic t ,ha~ and is likely to bc 
the result of c(mformational changes in the protein induced by the highly reactive singlet oxygen. Additionalb. a dark-stable 
cationic radical with g = 2.0031 and 10- I t G wide was progressively induced during the inhibition and was tentatively attributed 
to a carotenoid cation. 

In t roduct ion 

Strong illumination o f  the  photosynthet ic  appara tus  
leads to inactivation of  the electron transfer  through 
Photosystem I! (PS i l )  and subsequently to breakdown 
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of the Dj-react ion center protein (tor reviews: ,~ee 
Refs. i - 4 k  PS II is repaired through synthesis and 
incorporat ion of  new Dr-protein into the complex, Two 
principal mechanisms for this photoinhibi l ion have 
been proposed: inactivation of  electron transport 
through overreduct ion of  the quinoncs at the acceptor 
side of  PS i l ,  leading to an oxygen dependen t  protein 
degradat ion or  inactivation through cationic radicals at 
the donor  side of  PS 11 leading to an oxygen indepen- 
dent  degradat ion of  the Di-protein ( ~ e  Ref. 4 and 
references there inL 

The  actual degradat ion of  the Di-protein is cat- 
alyzed by one  or  more  proteolytic enzymes located in 
the PS ll complex [5,6] and can be inhibited by in- 
hibitors specific to scrine-type p ro t e ina~s  [7,8]. The 
proteolytic nature  of  the Dr-protein degradat ion can 
also be demons t ra ted  by ~b jec t ing  isolated thylakoids 
to photoinhibitory illumination at 2°C [9]. This leads to 
a loss of  electron t ranspor t  activity of  PS II, as mea-  
sured  by the  Hill-reaction, but not to any significant 
loss of  the D z protein. However,  when the tempera ture  
is raised above 7-10°C, the Di-prote in  is degraded 
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c',cn ut ~.~m'qqul,.: dalknc', ' ,  l~,q inus.  du i i ng  lhc high 
lighl [rcalfllClll lhc I),-pr~flcin 1', d.m~agcd a,, ~1 ct~nsc- 
qucncc ~1 the ph~minacti~;~ti,m It thercb~ bcc~,mc~ 
tl-iggcrcd" for dcgradatkm, hut the actual dcgradatitm 
can '.rely take place at higher temperatures. 

-lhus. PS I! pholoinhibilcd at Io',~, temperatures 
should provide an excellent ~ystcm tt~ experimentally 
rc~lvc the hght-induced inactivation of PS 11 from the 
protein degradation. This is of crucial iml~r tance since 
in previous studies ol the mcchanir, ms ol photoinhibi- 
tion these two events have been overlapping. 

With the combination of cleclnm transl '~rt mea- 
surements. EPR spectroset~py and quantitative protein 
anal)sis of is~l:ttcd PS II membranes phon,inhibitcd at 
low tcmperalures ~,~c have Liner(tally rc.a~lved several 
scqqential sleps during the photoinacti~,auon of the 
electron lranspor! ,rod triggering of the D~-prolcin fi)r 
degradation. Furthermore. we fop'art the progressive 
l iumatum uf ~111 unidentified dark s~ablc cationic radi- 
cal in PS 11. 

Mater ia l s  and Methods  

l';~7~aratk;n of  photo.9"nthettc materiat.~ 
PS !1 enriched membranes wcrc prepared an in Rcf. 

10 x~ith the modifications, in ReI. 11. Thc PS I1 en- 
riched membranes were suspended to 4-5  mg chloro- 
phyll ml ~ in 211 mM Mes-NaOH (pt l  6.31. 15 mM 
Na('l. 5 mM Mg( ' l :  and 11.4 M sucrt,,e and stored in 
liquid nitrogen. 

I~ltotoinhibitiopt treatm~'tzt and sample prtTaration 
PS I1 enriched membranes, suspended in a volume 

of III ml at a concentration of 175 ttg Chl ml t. were 
under constant ~low stirring, illuminated with heal 
filtered white light (35()0-400tl p E / m "  per ,,). During 
the ilium(nat(tin, Ihc suspension ~as  thcrmostatcd at 
11-4°[ ". Control samples wcrc handled in idcntic,d man- 
ncr. with the cx,:eption that they were kept in darkness 
or in ve~' low light (1-1t)/ .rE m-" per sL For studies on 
the D~-protcin degradation the prciltuminated ~amplcs 
wcrc kept t't~r 2 h at r~m~ temperature in the dark. 

Control and phot~finhil~itcd samplc~ intended f(~r 
EPR measnrcmenls were concentraled by two ccntritu- 
gations at IIHMI0 rpm for ! rain at 1°( ". The pellet wax 
rcsuspcnded in ice-cold buffer and immediately trans- 
ferred m calibrated EPR tubes (approx. 3 mg Chl 
ml ~) and stored in liquid nitrogen. From all the EPR 
samples, aliquots for electron transport measurements 
and D~-protcin analysis v, cre laken immediately before 
freezing to allow direct "omparison vdth the measured 
EPR d~aractcri.~tic.~. 

The total manganese ctmtcnt of the PS !1 enriched 
membranes ~va~ determined by morn temperature EPR 
spectroscopy o{  acidified samples. The sin, pensions 

~ci,,_' spun tlm,~n, and the pcliel v.as acidilied with 
It: .~(); (tin'at eoncen{r:~tinn I M) to release the man- 
gancsc. Calibra!i(m ~,.a,, done by addition ol km;wn 
amouats  of MnCI .. 

EIcclrolt tran.~port and chh~ropit.vtl ]h~ore~ceme mea~tre- 
DICHI~ 

PS II electron transport at 2 i f ( '  in saturating light 
was measured polamgraphically as Oz-evolution in the 
presence of 11.2 mM PpBO or spectroscopically in the 
presence of 511 p M De!  P in absente  or presence of the 
artificial electron donor  DPC ( I raM1. 

Steady state chlorophyll fluorescence was measured 
using a pulse amplitude modulation fluoromcter (PAM 
1111. Walz. Effcltrich. Germany).  Basic fluore.~ence 
(/-,,) wa~ mea.~ured with the measuring beam at 1.6 
kHz. Maximal fluorescence (Fr,~, ~) was measured by 
giving a saturating light-pulse 11-3 s)112]. 

EI'R .~pectro.wopy 
X-band low-temperature and ro~m temperature  

EPR spectra wcrc recorded at respectively 9.239 GHz 
and 9.77 GHz microwave frequent3' with a Bruker ESP 
3110 spectrometer equipped with an Oxford instruments 
Hc-eryostat. Normalization of the EPR spectra for 
chlorophyll content and tube-diameter  were done with 
the ESP~I0 program. EPR conditions for the mea- 
sured signals arc indicated in respective figure legends. 

In mea,,urcmcnts o1 the EPR signal from O,~-Fe-",  
format~, was added to a final concentration of ~ mM 
in order to enhance the signal amplitude [13]. Qa  was  
chcmlca!l~ reduccd by 511 mM dithionite or by illumina- 
tion at 77 K. T~ a~t~id 8egradation of triggered D r p r o -  
rein. the incubations with formate ~ n d / o r  dithionite 
were pcrfiwmed on ice and in darkness lot 311-411 rain, 
which ~as  found to bc sa tmat ing at this tcmpcralure.  
For measurements  of  the total amount of  photore- 
due(bit phcophytin, diluted samples (approx. I m g  Chl 
ml ~ ) were illuminated for 6 rain at 211~C (saturating at 
thi~ concent ra t ion)af te r  the addition of dithionite to a 
final ctmccntration of 511 mM [14] and dark incubation 
for 411 rain on ice. 1he  short time liar the phntoaceumu- 
lalitm illuminati~m ~as chosen to minimize D~-protein 
degradation. 

] 'he  spin-polarized chlorophyll triplel EPR signaJ 
from ~P6g(J ~as  measured during continuous illumina- 
lion in the EPR cavil '  at 4 K. Prior to the measure- 
merits the samples ~,erc made anaerobic by careful 
bubbling ~i th  argon for at least i11 rain. This argon-flush 
was included to allow ob~rva t ion  of the spin-polarized 
triplet signal (if formed) in the samples that  contain 
oxygen duc to the sample preparation protocol. Other-  
wise. the oxygen would quench any triplet formed 
which might lead lo erranous interpretation of the 
results (Vass and St)ring. unpublished data). 



Ouantification of Signal II,h,, , and the radical ar(lund 
g = 2.(1113 wcrc done by double integration using the 
ESP3110 software. 

Protein analysis 
Protein analyst., ~as carried out by sodium dodec .v I  

sulfate polyacryla,nidc gel electrophorcsis, as previ- 
ously dc~ribcd [1>]. l h c  22 kDa protein ir PS II was 
u ~ d  as an internal standard sint~e it is n¢ finally not 
degraded during photoinhibition [9]. Western blotting 
using monospeeific antibodies against the 1)~- and 22 
kDa proteins, was performed essentially according to 
Ref. 16 using ~2Si-labelled protein A for detection. For 
quantification, the autoradiograms were sc;,nned by n 
laser densitometer. 

Chlorophyll was measured in 80% acelot~ according 
to Arnon [171. 

R e s u l t s  

Stead)' state electron transport 
PS !! electron transport was measured in all sami~cs 

in order to eros>correlate the photoinactivation with 
the various measured PS 11 parameters. Inhibition of 
the steady state oxygen evolution, by strong illumina- 
tion at 2°C, occurred with an approximate half-time of 
1 h (Fig. 1). The inhibition of the electron transport in 
the presence of the artificial electron donor DP(_ was 
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Fig. I. ( 'hange~ in lh~: c~mlt:nl O[ the D~ reaclion center protein in 
PS II during pht,toinhlbitoty illumination at 2;'(_" and *,ut~equenl 
room-temperature incubatvm in the dark. The arrtr~ indlcale'., the 
lime tot the Irans |er  ot 'he  sample*, to r(w)m temgeralure in Ihe daHt 
(,~,1 DFprote in  conlent during illumination at 9 - 4 C  and during a 
subsequent periled at 2(FC in the dark. The sampfe~ ~rCrC illuminated 
to, defined lime~ heft)re the proteitl mea.,urement. (e l  Am~mnt ot 
the Di-protein ' triggered" for d~gradal~on during ph~t~,,inh~hlt~tm at 
2°C Each ,,ample ~a,, illuminated fi~r a dehned I~me and t l~n 
i~cUbaled |or 2 h at 2ll'(" in the dark beh)re the pn~tein mea.,ure- 
ment. ( A I  Inhibition of the O:-evolution during h~,-Icmpctaturc 
il~bmination. The O :  ev~lutmn in the non-inhibited sample,, "..,a,~ .1211 

pmol  O : / r a g  Chl per h. 
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F i g  2, Kinctlt~ of the mhihfli~m ol the l)( lP-icducl=t,~ inc.~',u~cd m 
prt',,.encc ( U.  • ~t ,~r ab,,,eucc ~1 DPC ( .:.. • ). the S --~talc muhdinc 

EPR s~gnal ( . • ) and I~PR S~gnal I1,~ ,, t + L Open ~', mh~l~ md~c:flc 
mca',uremenl~, immedii~lel~ ariel Ih¢ dlummal,*m, ch~-cd ,~.mi~t, 
indicate mt:a.,uremenl., alIcr the illumin,di~n hdh~,.,cd b~. 2 h t~,drk 
i."lCtlballOfl al r (~m lempcra tu rc  l t~c ',IZC ~i" the S,-,t,~l~.' fl~tltllhlr~L' 
EPR ,,ignal '~a,, mca,,urcd I~ the ".urn ,~| ,I~ l~'ak-t,~lJ I1~  ~mph. 
~ude o| Signal I1+++ ~.:~', mcJ~.urcd ~l the h.m held Ina'~.m'~tlm 1,..¢c 
F~g. 4~. EPR c~ndillon,, h~r the S:+,,tatc multlhnc I :PR ',=gn.d toni 
l '~rature i1) K; micr(~a~,c I'~mcr 2tl rn~'; n~dul : f l ,m .~mphlutlc 2~ 
G. EPR c(mdm~m~ I~r N~gnal II ~ , '  Icmf',cralurc I~ k.  mkrt~'~.;~s.c 

l)t~CI (t 4q ~1~; ml*tlul,lIll*n ,H~ph!udc "~ 2 ( i  

somewhat slo~'er and occurred ~ith a half time of 
approx. 1.5 h (Fig. 2). In the dark control samples there 
was no reduction of the ~tead~-slalc clcctrt~n tranH~rt 
rates after 3 h incubation :,! 2~(" 

~'~1~' Dt re~l('tHJn center pfot(.Hi (llld i1~ [ri~,t~,rll1~. ~¢)r 
degradation 

During the strong i l luminat ion at Io~ temperature 
no or ve~  l i t l le degradation of  Ihe D,-prole in occurred 
(Fig_ 11 in contrast to what is ~ccn at r ~ m  tempera- 
lure. However. when the photoinactivalcd PS II menl- 
branes were Iransferred It) 20~C and suh~qucnt ly  incu- 
bated in darkness, the Di-Protein ~a~ degraded (Fig. 
| ) in accordance with recent studies on th.~lakoid mem- 
branes [91. 'Thus. the strong i l luminal i(m at 2° (  induced 
a pop j la t ion  of  inhibited PS !1 centers with the D~- 
protein trapped in a state triggered for degradation 
Once transferred to 21~C, the triggered Dcprotein was 
degraded v, ith a hall time ol about 15 rain (not sh¢r,~nt. 

We were also able to measure the kinetic-, for the 
triggering of the D~ protein. This was done m an 
experiment where the D= protein content was mea- 
sured in samples 3laminated for various pdrl(Kts ol 
time at 2~C and then subsequently incubated l(;r 2 h at 
20°C. The experiment revealed a lime-dependent in- 
crease in the fraction of the D~-protein that ',~as de- 
graded during the r<~m lempcr~'~u,e incubation (Fig. 
1K This fraction repros-hiS the D~-pr(acin that ~as 
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Iriggt:rcd fi,r tlc~radali~m during the ,,it(rag l![umlna- 
li{m al 2:(' and :tmtmntcd I,~ 3tt-411') t;,i I h c  1)+ protein 
;,ftcr 3 h phot,~inhibili,m. Ihc  triggering of the I)+-pro- 
tcin occurred with a half-time of 3-4 h (Fig. 1L 

Fig. I also compares the extent of Dr-protein trig- 
goring and the inhibitlt,:t oi electron transport. The PS 
I1 electron transport inhibition prcccedcd the trigger- 
ing of thc D~-protein as expected from earlier mea- 
surements of Drprotein degradation [9.15]. 

M.anganese biuding 
As sh(m'n in Fig. 3. manganese was released from 

the PS II membranes during the strong illumination at 
the ,~w temperatures. The Mn-rclca~ was significantly 
slower Ihan the loss of the oxygen evohtlion IFig. 3). 
After 3 h of photoinhibitorT illumination. 35% of the 
manganese was lost. Interestingly. the Mn-relea~ car- 
relates closely to the amount of the Dr-protein that 
was triggered fl}r degradation (Fig. I) which indicate,,, 
that the manganese was released prior to the actual 
degradation of the l)~-protcin. 

the induction of the S+-statc multilinc signal at 1()8 K 
v, as inhibited with nearly identical kinetics as the 
steady-stale electron transport rate in prcscnce of DPC 
and thus somewhat slower than the loss of steady state 
o~gen  evolution (Fig. 2). No S,-state muitiline EPR 
signal could be observed in the inhibited samples be- 
forc illumination at lt~8 K. 

EPIC Signal l l , l , ,  . 
Signal li~k . originates from a dark stable oxidized 

tyrosinc radical on the D2-protein [19,2tl]. During the 
photoinhibitory illumination at 2"C. the amplitude of 
Signal II,h . was progressivt:l~ decreased (Fig. 2) result- 
ing in a loss of approximately 30~  of the signal after 3 
h. The decrease was irreversible since the lost signal 
could not be regained by illumination. The decrease in 
the amplitude of Signal il,t,,,, was slower than the 
inhibition of the DCIP-reduction rate or the S2-state 
multiline signal (Fig. 2). Instead it correlated with the 
release of manganese and the triggering of the Dr-pro- 
tein for degradation. 

l'S[li'cts m~ the S,-staw multifine EPIC signal 
The multilinc signal, which is detectable in PS 11 

centers in the S,-statc [18], is an indication of the 
structural and functional intactness of the manganese 
cluster, in well dark-adapted PS il. most of the centers 
arc in the St-state and illumination at 198 K induces 
the S,-state multilinc signal if Q,,, is able to accept one 
electron. As a consequence of photoinhibition at 2°C.  
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Fig. 3. ( 'or rdat ion betv, cen the content of Ix~anj mat~ganc,,c in the 
PS ]l cn;tt.'hed rnembr~.n..s, lmmedla|ely after the ,.trong dlumination 
( )  i~r after a ~uhsequent 2 h dark incubation at l~x~m temperature 
(o] and the inhibition of the O2-¢volution, The manganc~,c content 
vva~, n.~rmalisL, d to the ,~ample concenlration and i~ ¢~pre,,~cd in ',; of 
the rmnganc.,c ill the non-phutoinhibtted control. Fhe I l l (V;  +.alue 
reprt~¢nt~ 1 Mn:" Ix'r 71(+1.7)chh~roph)l l  a + h ( n  = 8 L I L ) . • }  
reprt ~ent non-illuminated ,.ample,, kept lot ~ h at 2 (  (opt'n ,,~;m- 
bols) or 3 h at " (" tollo'.,.cd b~ 2 h incuhation at r~ml  tcmlx'ratutc 

(cto',¢d %mbtt l~) .  

Induction o[ a cationic radical 
Notably. overlaying lhe decreasing Signal lick., 

spectrum, the photoinhibitory treatment at low tem- 
pcratures progressively induced a new radical signal 
(Fig. 4). This resulted in a relative increase of the high 
field maximum (3287 G) compared to the low field 
maximum (3281 G) (Fig 4; compare 0 h and 3 h 
spectra). Subtraction of Signal II,k . from the inhibited 
spectra, after normalization at the low-field maximum 
shows that the new radical is 10 + 0.5 Gauss wide, with 
a g-value of g = 2.(1031 + 0.0001 (Fig. 4; spectrum a). 
The radical increased in size during illumination and 
after 3 h illumination the size of the radical (estimated 
on basis of Signal II,,,,, in a dark control) was 0.16 
spins per PS II reaction centLr initially present (Fig. 4. 
inset). The size of the radical is approximately corre- 
lated to the difference in inhibition in electron trans- 
Im~rt in the presence and ahsence of the electron donor 
DPC (Fig. 2). Although of somewhat similar magni- 
tude. the induction of the radical is clearly sh~er  than 
the triggering of the DI protein for degradation. 

This new radical was quite stable in the dark and 2 h 
dark incubation at r(~)m temperature decreased its 
amplitude by approx. 5()f/~ (Fig. 4. inset). We assign the 
new spectrum to a cationic radical since it could I'm 
reduced by aseorbate and dithionitc (Fig. 4: spectrum 
bL while oxidants like PpBQ or ferricyanide had no 
effect on its spectrum. 

The Q ~ -Fe: + EPR signal 
The bound quinone. O~. is EPR visible after single 

reduction, which is achieved experimentally by h~,.v- 
temperature illumination or in the dark by chemical 
reauction with dithionite. The EPR spectrum off#- 



nares [r,m, magnclic intcraclions between the reduced 
QA and the acceplor-sidc irol] [21]. Oxidized and dtm- 
hie redu~.cd forms of Q.,~ arc EPR silent [1822] 

The ability to form the Q,~-Fe:" EPR signal, v,a~, 
progressively lost during the photoinhibitory illumina- 
tion at 2°C with a half-time of approx. 1,5 h (Fig. 5). No 
Q,~-Fe 2+ signal was observed in the inh=bited ~.=nters 
prior to the reduction during the EPR experiment. 
rhis indicates that no significant fraction of stabilized 
Q,~ was formed, in contrast to what has been experi- 
mentally observed during anaerobic photoinhibition 
[23]. Thc inhibition of the QA-Fe:"  formation corre- 
lated with the loss of the DCIP-reduction in pre.~nce 
of DPC. 

The primary charge separalion reac#on 
"I'hc capacity to induce the prima~ radical pair 

P680 ÷ Pheo-.  was measured by EPR after photoaccu- 
mulation of Pheo- in the presence of dithionitc [ 14.18]. 
After 3 h of photoinhibitory illumination at 2°C ap- 
prox. 45 e& of the inducible radical signal from Pheo 
was lost (Fig. 5). The decrea~ of the signal occurred 
on the same time ~ale  as the loss of Signal II,~,,~. the 
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phct+ph),In+l LI+R ,,;gn,d !L. llj mcrc mt:a~urcd tmmcd+.dt.+|~, allot 
Ihc illurnlnali.~m it+pen ,+',n+~+N+ and +.Htcr ,,+. ~ h ~ [ q i l , : ~ l  2 h dark 
I"~tllv-,J a l  2 t i t  (cl~.,,.-d '..~,m,'~d~t The ,Jmphludc,, ¢+t Ih~+ .+,++n,=l+~ a;c 
c~pr+' , . ' .~d i n  rR: l ( . l~ l l td~C l i t  |h~. L amphtud+, :~  in  nt+n-l lJ l lPrt tn,Jt( ;d (.tZl1|l~+] 

+,ample,, The O++ic : ,~n,d yea, dv'+,:h,p++.d m Ihc ,,.Jmplc, h~ 
chcmi,~al rcducllon ~;r +llumm,+l+~+n ,d ~ K The pho+ph+xhn r,~d,~.,d 
~lgnal v.a +-, endue+ted h+~ phoh+,~ccumut.+tlon at <+ ( ur, d++r tcdu~.m~ 
c, rod+lion +, Ouanhf+¢at,on t~l the 0+, l:t' "- +.4+m.d ma~ d~+n,+' h; rm.,~. 
',urmg Ihc amphtu,.Ic ++i the ~+ak at ~ I~2 Phc~,ph~.tm ',+.a~ 

qlulanldlt_d h} t]~+uh]+, lnh;~'l.Jhor; ol +h~: ~,~d++.:l -~+:nul 

trig!+e,ing tor  deg+adat ion t+t the l ) ,+pmtcm and +he 
relca`+c of man~anc,+c. 

.+Fvl l++lurt/J++d I:PR +,L~++u/ from It'qd+e: lJ+~+q/ 
XPh~) otii,:irlat¢`+ imm tbc recombination hctv+ccn 

I'++,~)" and Phcu and i+ l,vmcd during dlummat+~m ~,+ 
PS II t~hcn O~ i4 douhl+, reduced [22J ,:; mhcn the 
O~-si tc  i'~ crept.,+ 124]. ~P++Y+IJ induced t - , )dturnntat lon at 

4 K gi+.e +, ri+-¢ to a "+pin r~+lari,~¢d EPR ,+ignal In 

addi t ion,  it ~a,, rcccntl~ ,,h~)mn that photo inh ih i t i tm 
un&: r  anaerob ic  c~mdlllOfl`+ re`cull,, in the accumulat ion 

ol ~l+h~l h+rming ¢cntcz,+ duc tu ~.tabdization tel re+ 

duccd ().+, `specie+, +ht+lh ',ingl.~ and douhl~ r educed )and  

' ,ubscqucnt k~,s o f  0 ~  trom it,, site (Rot,  23. Koixu-  
n iemi c t a L .  unpubJi~,hcd d~Jtal 

There fo re .  v,e in',c~tigatcd mhcthcr  ou r  photo inh ih-  

i tud `+ample,, v.vrc aim+ t r ip let  E+rming. i l  an,, triple1 

Io rmatmn was tu he CXl'~.'ctcd it , ,h ,u ld hc lound a l ter  

p ro longed pholu inhih i tor) .  I rca tmcnl .  m center,, mhich 
~till had the capacit,, Io phohm+'cumulatc Phco +. hut 

where no EPR ,,i~ihle 0 ~, could ~ induced. A t t c r  3 h. 
the popu la t ion  <d + +~uch I~+tcntial t r ip le t  tOrming PS 11 
centcr~ wa+, al~+ut 15 to 2lYe o f  the total number  o l  

ccnter~ (Fig. 5L H(+e+er+ i t luminatk+n ~ff th~.'~,c pho- 

to inh ih i tcd  ~mp lc , ,  at 4 K in the EPR c~l,,++t~ did not 
rexcal a++~ triplet h>rmation lhi~ indi~:alc, lh,~t tr;ph:t 
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fi)rming states either are quickly lost during photo- 
inhibition in the prcscncc of oxygen [23] or that the 
triplet yield is too low to be observed. 

Chlorophyll fluorescence 
During the first 10 min of photoinhihitory illumina- 

tion at low temperature the dark fluore~er,:,: level, 
,%, increased with approx. 10% (not shown) similar to 
what has been observed earlier (see for example Ref. 
26). This most likely indicates the build-up of a small 
population of ccntcrs with stable fi~rms of reduced Q,~ 
[23,25.26]. Duriqg progressive pbotoinhibitory treat- 
ment, k]~ returnt~d back to its initial value (not shown). 
In a separate experiment it was observed that the 
initial increase in k]~ was reversed by approx. 20 rain 
dark incubation at room temperature (Fig. 6). 

The ratio F,/F,,  decreased progressively during 
photoinhibition with the same kinetics as the ina,:::,a- 
tion of the O,-evolution (not sh-,wn), similar to what 
was observed after tow temperature photoinhibit;on in 
spinach [27] and in the cyanobacterium Synechoo'~tis 
[25]. The lowering of Fm~ ~ was always irreversible (Fig. 
6). 

Dark incubation at room temperalztre .~ub.wq~tenl to 
photoinhibititm at low temperature 

The results l.,rcscnted above show that the major 
changes in the re, ,x properties of PS II during photo- 
inhibition at low icmperature occur prior to the D~- 
protein degradati. :. We also applied the EPR-analyses 
to samples that ~ ere transferred to room temperature 
in the dark after termination of the photoinhibito~y 
illumination. During this phase of the experiment, the 
Dr-protein degradation starts (Fig. 1) but no further 
inactivation of steady state electron transport occurs. 

In addition the EPR analysis revealed no further 
changes in the S,-state multiline signal (Fig. 2), the 
QA-Fe:" signal and the primary charge separation 
(Fig. 5). Moreover, there were no changes in the fluo- 
rescence characteristics. 

Interestingly. there was no further release of man- 
ganese from the membranes during the Dcprotein 
degradation. This shows quite unexpectedly that all 
manganese from the inhibited reaction centers was 
released already in connection with the triggering of 
the D~-protein for degradation. Earlier we correlated 
the Mn release with the Dn-protein degradation [15,28]. 
This apparent discrepancy results from the impossibil- 
ity to kinetically discriminate between the tri~;gering 
and the proteolysis of the Dn-protein in the earlier 
room-temperature experiments. 

The remainir~g Signal I!~o . decrea~d by 15 to 30% 
during dark incubation at room-temperature for 2 h in 
both the control and inhibited samples. This is normal 
during prolonged dark incubation and we ascribe this 
mainly to recombination with the S0-statc of the o~ -  
gen evolving system [29]. This fraction of the lost signal 
could bc regained by illumination (not shown). 

The amplitude of the new unidentified radical at 
g = 2.0031 decreased by approx. 50% during two the 
hours dark-incubation at room-temperature (Fig. 4; 
inset). 

D i s c u s s i o n  

In this report we havc characterized the photoinacti- 
vation of PS 11 electron transport at low, non-freezing 
tL ni~.rature where no proteolysis of the Dn-protein 
occurs. The experiments have therefore allowed reso- 
lution of the inhibition ki]:etics of the various partial 
reactions of PS !1 (Table 1). In principle, the inhibitory 
events zould be divided into two main categories that 
arc summarized in Scheme I. Initially, with a half time 
fL}r inactivation of l ,o 1.5 h there was a loss of the 
steady state electron transport both in absence and 
prescncc of the electron donor DPC, formation of the 
S,-statc muhili,~c signal, induction of the EPR signal 
()A-Fe 2÷ and lowering of the ~ / ~ m  fluorescence ra- 
tio. Thereafter, with a half time of 3-4 h, there was a 
loss of Signal I1,~,,,,, impairment of the primary charge 
separation capacity and release of the manganese from 
its binding site on the lumenal side of the PS I! 
complex. With the same kinetics the Dl-protein was 
triggered for degradation. The actual degradation of 
the protein required transicr ,3f the sample to 20°C. 

Our results indicate that photoinhibition at low, 
non-freezing temperatures occurs via the same se- 
quence of events we have earlier proposed to occur 
during photoinhibition under both anaerobic or aero- 
bic conditions at room temperature [23.30]. Initially, all 
available plastoquinone is reduced [31] and QA is 



T A B L E  I 

Approxm~aU" hul]ztinu'~ fist m,:ctiz at,;n o ] P S  H aclzt ith'i, reh'a~c ~t 
Mn atzd triggering of  the [)l-i)fllt~,ltt ~htring ifhzminalton of  P.$ II 
n|embrane.~ at 0 - 4°( ̀  attd u[:er a st~h~equeat period at 20'( '  m the dar,~ 

During During 2 h dark-incubatinn 
illumination at 20°C a"ler lhe inhibition 
a t 0 ° C  

F , / F r ,  I 1.5h No further" change 
tt ,O ~ PPBO t - 1.5 h No fuflhcr change 
H , O  -", DCPIP I-I .5  h No further change 
DPC ~ DCPIP 1 - I  .5 h No further change 
Mulliline signal I-1.5 h No further change 
Q,~-Fe:" signal 1-1.5 h No further change 
Manganese 3-4  h No further change 
Pheo 3-4  h No furlher change 
Signal II,to~ 3-4  h 20-.~(IG loss of remaining 

signal 
Dn-protein > 111 h Triggered protein h~st within 1 h 
Triggeri~ of the 

D~-protein 3-4  h 

accumulated in the reaction centers [30]. Subsequently, 
recent results indicate that Q;, is stabilized through 
protonation and further reduction to the double re- 
duced state [23,26] which inhibits electron-transfer via 
QA. In the present study, double-reduction of OA pro- 
vides a useful explanation for the simu!taneous de- 
crease in PS ll electron transport and loss of the 
Q~,-signal (Table !). Moreover, it is consistent with the 
loss of the Sz-state multiline signal (which can only be 
formed in presence of functional QA) and the lowering 
of the F~/F,, fluorescence ratio. Similar to the situa- 
tion during room-temperature photoinhibition, the 
damage to the Dr-protein, in this study revealed as 
triggering of the D~-protein for degradation, is a subse- 
quent event to the inhibition of steady-state electron 
transfer (Table 1). 

PS II reaction centers with double-reduced Q?, have 
been shown to form chlorophyll triplets during i.l ~r,- 
nation [22,23]. In the absence of oxygen the chloror hylt 
triplets arc cssentially harmlcss but when oxygen ,.~ 
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present, as in ou r  exper iments,  ehh~rophyll triplets, are 
known to  react readi ly  w i th  oxygen to form ~ingh:t 
oxygen [32]. This toxic o~:ygen species is highly reactive 
and it has been proposed to damage the D~-protein 
irreversibly [23.33] probably by reactions in the imme- 
diate vicinity of PBS0. thereby inactivating pigments, 
nearby redox-components or amino acids. 

Simultaneously with the triggering of the Dl-pro- 
tein. Tyr,~ and the primary charge separation reaction 
are lost (Table I; Scheme !). The lack of ~P680 forma- 
tion in our experiments can be explained since ~P680 
forming centers formed during the photoinhibition 
would be rapidly and irreversibly inactivated in the 
charge separation reaction by singlet oxygen. This is 
al~J consistent with the small, but significant, increase 
of reversible F. during the initial stages of photoinhibi- 
tion (not shown). The increased [25.26]. reversible F, 
was shown to originate from triplet forming centers 
with stabilized QA [23]. Under anaerobic conditions 
[23,25.26] such centers are built up continuously lead- 
ing to a high F,-level. However. under aerobic condi- 
!ions this fraction is always small [26], most likely due 
t,; the irreversible reaction of these centers with singlct 
oxygen. 

Our earlier experiments were performed at room- 
temperature and the damage to the Dcprotcin and 
inactivation of the reaction center revealed itself as 
aegradation ,,, the protein [15,23]. At lower tempera- 
t~ r however, the damaged Drprotein is not proteol- 
yscd although it is triggered for degradation. In fact we 
were' able to follow the kinetics for the formation of 
tb;~ earlier hypothetical triggered state (Scheme I). 
T::i done by determining the fraction of degrad- 
able D~ ,notein when, after various periods of illumi- 
Jt;~':,n at low temperature, the samples were trans- 
fi.,~ :d to room-temperature (Fig. 1). The actual pro- 
tein degradation was independent of light. Thus, the 
light-reactions involved only Icad to the formation of 
~he triggered state of the protein and it now seems 
clear that this is caused by oxidative damage induced 
by singlet oxygen. However, it is not clear how the 
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D~-protcin is affected at the molecular level. Most 
likely, the light-dependent triggering is accompanied by 
a gross conformalional change on the D~-protcin. This 
turns it into a subslrate for a proteinase which is 
located within the PS 11 complex [7,8]. The conforma- 
tional change of the D~-protein is supported by the loss 
of Mn which occurs in parallel with the D~-protein 
triggering rather than the actual degradation. This may 
also be consistent with the appearance of a modified 
form of the D~ protein with altered electrophoretic 
migration during photoinhibition in vivo [34,35]. More- 
over, our experiments were performed in a purified PS 
II preparation in the absence of added ATP which 
indicates that protein phosphorylation is not required 
for the triggering reactions. 

In addition to these reactions that occur in the 
dominating fraction of centers, there are indications of 
an early partial inactivation on the donor side of PS II 
in agreement with Ref. 36. Here, we have observed 
that the decrease in inducible Q,~ corresponded to the 
inhibition of the electron transport from DPC to DCIP, 
This is reasonable and shows that the essential block in 
the electron transfer occurs on the acceptor side in PS 
II. Howexer, electron transport in absence of the artifi- 
cial electron donor was inhibited somewhat faster (Fig. 
2). This difference suggests that, in a minor fraction of 
centers, some early inhibition occurred at the donor 
side of PS 11, but at present we cannot decide at which 
electron transfer step the inhibition occurred. Interest- 
ingly, it was recently shown that inhibition of proto- 
plasts at 4°C is mainly caused by an oxygen-dependent 
mechanism, but that some oxygen-independent inhibi- 
tion took place simultaneously [37]. 

Moreover, we observed that a stable cationic radical 
was induced during the illumination. The kinetics for 
the induction of this radical approximately correlated 
with the inactivation of the donor side measured by the 
difference in electron transport in presence and ab- 
sence of the exogenous electron donor DPC. This 
supports the hypothesis that this radical was induced in 
the small fraction of centers which were able to reduce 
QA but had impaired or inefficient electron donation 
from the oxygen evolving system. During illumination 
these centers will perform stable charge separations. 
However, the electron hole on P680'  or "l'yr~. cannot 
be filled by donation from the normal donor, the 
oxygen evolving system. Instead, redox-components in 
the vicinity would donate an electron and become 
oxidized [38-40]. The radical linewidth and g-value did 
not correspond to the chlorophyll cation induced by 77 
K illumination 19-10 Gauss, g =  2.(X125-2.0026). In 
our view, one likely candidate for the radical is a 
carotenoid cation and .in this context it is relevant that 
oxidation of carotenoids has been observed as a conse- 
quence of photoinhibition of PS II with impaired func- 
tion of the donor side in absorbtion spectroscopy stud- 

i ts [41.42]. In addition, Blubaugh and coworkers [43] 
have observed the build up of a radical with a feature- 
less radical EPR spectrum during photoinhibition of 
PS II lacking the Mn-cluster involved in the oxidation 
cf water. This spectrum was tentatively assigned to a 
carotenoid cation but at present it is not clear that 
their spectrum represents the same species as our 
radical. Therefore, other possibilities than a carotenoid, 
like a modified tyrosine-radical or another  oxidized 
aminoacid residue (for example a histidine [44]), can- 
not be excluded and final identification of our radical 
has to await further experimentation. 
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