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Thc p s b O  gcnc product t)f Photosystcm 11 (PS I!), the so-called 33 kl)a extrinsic protein, is believed to bc closely associated with 
the catalytic Mn cluster rcsponsiblc for light-induced water oxidation, th)wcvcr, this protein is not absolutcly rcquifcd lk)r 
water-splitting and its precise role remains to be clarificd. Wc have used flash-induccd thcrmolumincscencc and oxy,gen 
evolution measurements to characterize the prt)ccss of water oxidation in the IC2 mutant of ,~vm'chot3'stis sp. PCC 68113 from 
which the p s b O  gene had bccn deleted by Mayes et al. (Mayes, S.R., Cook, K.M., Self, S.J.. Zhang. Z. and Barber, J. (1991) 
Biochim. Biophys. Aeta 111611, 1-12). The thermoluminesccnec results show that the extent of charge stabilization in the S_,Q a 
and S_,Q n states is reduced in the IC2 mutant to about 25-30Ci ~ of that observed in the wild-type, suggcsting that functional 
oxygen evolution occurs in a prol~)rtion of the psbO- less  mutant cells. The stability of the S,Q,x, but not thai of the S,Q B, 
charge pair is markedly increased in the mutant. This points tt) a structural change of the PS II reaction center complex in the 
absence of the p s b O  gone product which affects the redox properties of the QA and Qu acceptors u) a different cxtcnt. The 
flash-induced oscillatioe, of the B thcrmoluminesccncc band, arising from thc S_,QI~ and S~Ol~ ehargc rccnmbinations, is largcly 
dampened in the mutant. "t'his indicates that the ability of the water-oxidizing complex to reach its higher oxidation states. S 3 and 
S 4, is limited when the p s b O  gent product is abseat, in agreement with the thcrmolumincscencc results, flash-induced oxygcn 
evolution shov, s a decreased yield and largely dampened oscillation pattern in the mutant. "These results indicate that although 
the p s b O  genc product is not an absolutc requirement fl)r watcr oxidation its absence disturbs the rcdox cycling of the 
water-oxidizing complex and retards the h)rmation ()1' its highcr S states. The rapid loss of thcrmolumincscencc intensity during 
strong illumination of the mutated organism confirms its high susceptibility tt) photoinhibition. This effect is most likely the 
consequence of the limited rate of electron donati(~n from the pshO-Icss  water-oxidizing conlplcx to the PS II reaction centre 
whcrc the accumulation of highly oxidizing species may damage thcir pigment and protein surroundings. 

Introduction 

Photosystem 11 (PS 11) is a mul t icomponent  protein 
complex embedded  in the thylakoid membrane  of  oxy- 
genic photosynthet ic  organisms, it catalyses light-driven 
electron transport  fron~ water  to plastoquinonc and 
releases molecular  oxygen as a side product  (for recent  
reviews see Refs. 1-3). The  react ion centre of PS !! is 
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composcd of  the DI and D2 proteins which fl~rm a 
he terodimer  with a close analogy to the reaction centre 
of  purplc bactcria [4]. 

The  D I / D 2  het.crodimcr binds thc primary, c icctron 
donor  P~,~, the primary electron acccptor  pheophytin.  
the plastoquinonc molecules which act as the scc- 
opdary clcctron acceptors QA and Q w  Thc D I / D 2  
complex also contains the redox-activt. ~yrosinc residues 
Tyr-Z and Tyr -D [1-3]. 

It is well established that a te t ranuclcar  mangancsc 
cluster plays a central catalytic role in oxidizing water  
to molecular  oxygen and protons by cycling through a 
series of oxidation states S ,  to S 4 [5,6]. The  catalytic 
site of  water  oxidation is most probably directly associ- 
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atcd ~,~,ilh the I'% II CvV~llc. I)t,,',d~b. m, , t '  ~illl lilt' I)1 
llli~ll ~,illl l i l t '  I)2 Int~lt'ill 17 ')]. Ih~c~c r .  ist)l;~lc(t 
I ) t / I ) 2  i'c,wthm t'Clll¢l t'Ollll)lc\cn th) Ii()l rcl;lill I'~otllld 
Mn illltl th~ ii()l f~,(ll'~,u ,,x~.,g¢ll [lltl,  ith.lit.'~llillg lh'dl 
h l r lh r r  l)l't~tCill t'tmlptmclll'~ nlighl bc llqt'~.Iftl I¢,i Ioliii 
lhc calal)tic Mn ~iIc. 

h l llighcr planI~ and ctlk.m, oliC al,t.,;ic, Ill~vc t:\I~insw 

with ill'q~;llt:lll Illt~tt.'t'lllJ! illilsst",., t!.l ,~.~ kl)ii (1~1~() ~ClIU 
plotltld), 23 kl)d (psld' gt'llC p l t tduc l ) l ind  17 kl),! 
(pq~(~ gcnc product J which hil~c bccn inlplicatcd ill 
oxygen e~.olution [I I]. Variou.,, linch of cxperimcntal  
c~itlcn¢c, illclutling their ab,,cncc in c)am~baclc~ia, has 
assigned non-cillalylic roles h~ Ihc 23 kl)a and !7 kl)a 
polypcptidc,~ I11--141. 'l/lc~,c polH~cplitles ,,coin to be 
in~t)l~ctl ill Ic,~uliHing ( ' , l '  and ('1 Ic~.cl,, ill lllu 
~iCi~lil~ ,,l l i lt ' Xlll elm, let [I I,I 11. 

hi conllm, l. tilt' 3 ~, kl);t ploICill ~ll~ch is also called 
MM'. tilt' 'lll;lllg;lllk".,C xldt'uh/illg l'q'lHt'ill', is pru',,clll In 
all t}xs.gclliv i)hott~,,)nlhcllC olgJllh, ll).., illcludilig e.~,;llhl- 
b~lctcria. I iOlll 111 \ i t l t l  MtltIK: ~, it v,,~s conclutlcd that 
the 33 kl)a pr, q¢in ~,, nol dircclh, im.ol,,cd ill Mn 
blndillg, '~iIlC~. b~tllld ,%1n ,hid itpl~,]cciilt~lc rate,, t)l 
t)\)gCll c\t)lulHH1 C.lll I'~f lll;ImlillllCtl ill lilt,' pl'CsCllCC 'Jt 
high. mm-ph~nit~h~gieal ( ' a '  and ('1 Icscln, Mtcr 
washing the 33 kl);i protein from I)S I! mcmhr,mc,, 
115,1,1. ( ) .  Ihc nthcr halld, tinder these ct.ldition,, the 
ch,ll;itl~,l r-.li¢ p¢lit~tl-h~ur t~,~ciIliltiq)ll ol lli |sh-hlthlccd 
t)'~ygcll c~t)lulitm is largcl~ t l iqortcd,  indicaling a di,,- 
turbcd rcth)x cycling of the Mn cluster [I 71. l 'vm of the 
Iollr acti~c-nitc Mn itl()[llS ;,ire ;list) tluickl~ IOM ill the 
;.Ih",CllCC t~l the 33 kl)a lnt~lCill ill I)h.~',it~logic,I ( ' a "  
and (1 Ic~cl,, ll5,1Xl, leading Io the itlca Ihat the 33 
kl)a protein is nccdcd to ,,labili/c Ihc proper c o n l o f  
Ill,tripoli ol tilt CalM)tic ,,ilc ol ,.safer t)xidati~)n. 

hI  ~, P,t~ M l l d l c s  t i l l  .~' l t l l ' t  III.q ) ~lls ~1), I ' (  " ( '  ( )~(t3 I iul 
;111',.t (/O/Hi,I,,II/~,H~I~ I('lllh~lldlll [2111 In t l l ; l l l l s  lacking 
h!ll t . ' l l lm;l l  1~t~1) ~k'llC~ al',tl pOt l l lCd  tt "~ the llf,k'C'.,'-,il} t~[ 

tile ~.?, k i l l  protein 1ol ~\~,g¢ll c~.Oltllitm ill ~,i~.o. Ih)v~- 
c~.cl, IcCCllll3, I'~Ultl~lp ;llltl Shcrnl;.lll 1211, I'hilbrick ct 
ztl. 1221 Zllltl ;.ll~.o MZI~C- CI ;ll. 1231 hzD.¢ Ct)llStruclcd 
Sy/n'(tl,cvsti~ sp. t)('(" hSI)3 IlltltZlllt'n in ~hicla the y~hO 
~¢nc I~ad bccn tlclctcd. Stnpri,,itlgl~. ttlc~,c IIItll;llll~, 
',~crc ;ibtc to g l t~  |~htH~,tlltt)tlt:q~llic~lll~, Zllld c~t~b.'ctl 
~\5~:cn, ~dl~c~t ~ll ,~ ICdlltctl l~llC 121.221, ~IIlu ~,t. CI'C 
hlglll) su',ccplihlc ht i)ht~htinhibilitm [23i. i~itscd on 
Ihc,,c ~ ",ult', it v, as ctmcludcd Ih;.ll the 33 kl)a prt,tcin 
i', nt~t cssui)ti;d Inl t)\)gCll c~dut ion  i~l ,,i~, 121 231 ill 
Ic,r,i ill thi', -~eam,,m. 

hi , t i l l  ttt oIHiIlll llltilC p~ccisc km,~.lctlgc It'g;tltl. 
mg tht' ltlllCllCqt t~l t h e  L~ kl)~t I)l~lcill ill ~,i'~'*), v,C 
purh~=nlcd thcml~luminc,c, .ncc i~lltl flash oxygen shld- 
ic,, tm the pU~() gone-It,,,, 1('2 intH~tnt of S)Hc('ho('y~tis 
',FL P( ' ( '  ~'~t)3 ctm,,lructcd b.~ Mitres c! al. [231. The 
rcsuh', indicate th:'l t|lllctiq~ll~tl MII ch|sler is l~r,.:scnl ill 
~lll~ :.lbt~tll Ollc-thild ol Ihc Illtllilllt I~S II ccnlrc~ illltl 

c'.cu ill tht)sc ccntrcs the ahilily Io t'orn~ the higher S 
stIIICs is ICldrt!cd. W¢ ;llso el)lll ' irll l the increased ntis- 
ccplibilil,, ill pht)h~inhil~itiol~ of tile mtll:lnl cells indi- 
c~fling ;t prclcrcllli;ll tl:lnl:lgc h) Ihc dtlltor side of PS II. 

M=dt.rinl,,, and Mr'thin.Is 

.%'lHIms (rod t ' ldll lr( ' (olldillOll.S. The ,~'Vlld('ho('Vsli,~ Sp, 
P~'(' h~(13 ',train uscd hI our ¢,~pcl'ilnellls was the 
ghlct~,,c-ulilwmg .,'l'ilin I)l* .5')llt'('ho('ysli.~ 6~()3-(i [24] 
~,llich in ruferred to throughout as ,~vm'¢hocy,sli,s h8(13. 
It was routinely grown in BG-II  medium supple- 
mentcd with 5 mM glucose :it 28-31°C. Plate medium 
was supplemented as described by Pakrasi el al. [25]. 
l.iqmd cultures were grown in sterile clinical flasks by 
being gently bubbled with air containing 5~; CO,. The 
I('2 Zlltlt~.|lll. I.zcking the p.d)O gen¢. was , t~ t in¢ly  
grown m H(i- I I  medium supplenlcntcd with 5 mM 
glllcOsc, ill the presence of 25 p.g ml = kanamycin to 
maintain the PS II lesion. 

I ' h , l o i ,hdu lo tT  Ir('clll l l( ' l lL Wild-type and 1('2 nlUtLInt 
cells ill Ihc c'q~tmenlial growth-phase (,'11 ., . . ,  o l  q 6 -  
(I.~) were har~estcd by een'.rifug:flion for I(I min at 
4()()(l ",':: g ill rib)In temperature. The chlorophyll , con- 
tent wa,, d¢lcrnl incd by mcthanolic  extraction using the 
cxtmctitm cocfl'icicnts as in Rcf. 26 and the cells were 
diluted by fresh BG-I I medium to 50 p.g Chl a m l -  n. 
( 'ells were subjected to various periods of  i l lumination 
with white light, having an intensity of  approx. 80(10/.rE 
m ~' s ~. in a f[ill Petri dish during continuous stirring 
i l l Fqt)Olll Ienlperalurc. 

lh( 'rmohoHhw~retwc ,Ica.stn'¢ntcttls. Thcrmolumines- 
CClIC¢ Wil~ ineas'dred with a home-built apparatus ;.is 

pre~h)usI~ deseriI~ed 127] at 50 #g ('hl a ml ~. Before 
mca..tlrcmcnts cells were prei l luminated with white 
liglu of I(I W / m  : intensity for 3~1 ~. f~llowed by a 5 
thin dark-ad;lptatitm period ill rtx)nl temperature. 
'rhcrnlt~lunlincscenc~. was excited at 5°( ̀  by a series of 
single turnover Ilashcs (3 /,ts) provided by a General 
Radio Stroboslavc 1539-A Xgnon flash at I ttz fre- 
quency. Following flash excitation saml.!cs were quickly 
cttolcd do~n ill the dark It) -411"('. :liter which the 
,,low hc,ding wa,, iniliatcd with a rate ~1 211 ('" rain t 
and Ihcrl:~oluminc,,cence w,'ls det¢cte,'.. '111¢ electron 
tl:m,,I)~)rl inhibitor I ) ( 'MU was added, when indicated, 
alter 3ll s prci lhlmination in c~mtinuous light at the 
beg)lining of the 5 min dark adaptalion period. 

St('tnd~'.sltllt' otyg('tl ¢ l 'ohl l io l l  IIl( 'aMlrl' l l l¢ll ls. Sle:ldy- 
'qillc I';ll"s ttl' tlxyg¢ll CvtflLllion were m¢;istlred al .~1~'( ' 
using :1 tl;w.,'ltcch l )W2 ( ) ,  eleclrtlde ill a light inten- 
,,it.~ t)l 3(tl)U/.zi! Ill r s i. F.lectron transport wan sup- 
ported cilhcr by I1) mM N a H ( ' O  3 or by the artificial 
electron acccptor systcm of I mM 2,5-dimethyl-p- 
bcnzoquinonc plus I mM potassium left)cyanide. 

I'fitdl o,~)'gc, iiit'u,~lll'('lll('lll,~. Fhtsh dependence  of 
nx'ygen cwthllton v,;l.s measured with ;m unmodula ted  



hare-platinum oxyt,cli elc¢lr¢~de as dcserihed earliel 
12t'I]. Cell suspensions WCl'¢ used al ~l) bl, g ( 'hi ~/ nil i 
wilhoul arl i f icial ¢lcclron accephlrs, and WCl'e preillu- 
mira;led with a train l l f  50 Ilashes l l l l l l lwetl  hy .~ mill 
dark adaplali l lr i. ()xYlcn evohil ion was indlleed hy a 
sol'its ill ' shorl (3 /.is) flashes provided hy a ( ieneral 
Radio ~irohllshlvc I~]lJ-A Xcnoli I]iish al I I!# I'r¢- 
quincy. Signals were dclecied hy a hilnlc-huil l ampli. 
f ief and a mullichannel analyzer ( I ( 'A  KI.KI,  2.$, III 
ms/poini) .  The measurcmenls were controlled t~y a 
Commodore ¢')4 mieroconipuler. 

Results 

Thermolumine,~cem'e ('haracleri.ttic's 
Radiative recombination of positive charges shlred 

in the S, and S~ oxidi l l i lm Males of the wilier oxidizing 
complex with clcclrons siahilized iin lhc reduced Oa 
and On accepiors ill" PS II  results in characlerislic 
thermoluminescencc emission (for recent reviews, sec 
Ret's. 29, 30). The thermolumincseenc¢ intensity ix 
proportional to the amount ill' recomhining charges, 
whereas the peak temperature is indicative of the 
energetic stabilization of the separated charge pair: Ille 
higher the peak temperature the greater the stabiliza- 
tion [27]. With dark-adapted thylakoids or with PS 11 
enriched membranes, illumination with one flash re- 
suits in a single thermoluminescence band at around 
30-4l)°C, called the B-hand. which arises from ttlc 
S2QIi recombination [31,32]. I f  the electron transfer 
between Qa and QB is blocked, e.g., by DCMU, the B 
band is replaced hy the so called Q-hand arising from 
the S ,Oa  recombination lit around 5 - , .  ( [31.33]. 

In intact cyanohacteria the situation is more compli- 
cated and ilium;tuition with one flash leads to tile 
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Fig. I. Efl~ct of p~hO gcnu dclctkm on Ihc singlc-llash ifldilci;d 
Ihcrmolumincsccflcc hands of .~ytl('c'h~,'('y*,li,', 6~(13. Thcrmolumim:s- 
conic of wild-type (A) and 1('2 mulanl iff Synerlu~'y.~ti~ 6~1)3 (B) v, as 
measured at 5() p,g ('hi ¢~ ml = after cxcitalion wilh im¢ Ilash in Ihc 
absence or pr~:,,cm.'¢: of 50 p.M D(MU ;is d¢*,crihcd in Material', and 

Methods. 
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appearance of two overlapping th¢l'lnOlLlnlJllCSe¢lleC 
hands I ronl ceils given only it q l ln l  dark-adapialinn 
period (not shriven). This phclllmlcnon nli~.thl Iw rchlled 
to ihe high rt:dlt~,'thm level ot ihe i~lasll~quimmr pl ,d in 
Ihu dark which keeps a Flarlially weduced I~nlmlatioll (~1 
I~lllh ( )x and Ol~. To ifl~l;dn rcproducihlc results, and 
honlogcn¢inls charge .,,tal,ilization and rccolnbination. 
cy.'ulolxlclerial ceils were il lunlinated l~r 311 s with 
white light I'l~llowcd hy 5 rain dark adaptath,t I~el'ore 
flash excitation. After this f~retreatmcnt one-flash il lu- 
minathm consistently resulted in a ~ingle 13 thermolu- 
minescenc¢ band which peaked ;it around 40°C in the 
wild-type ecll,~ while the O-hand. measured in the 
presence of I ) ( 'MU.  appeared at aronnd 12"(' (l:i~. 
I A). ,',;in~lc-Ilash induced thermolumincscem:¢ was al~o 
observed with tile 33 kl)a protein-less mutant, l low. 
ever, tile i l l le l ls i ly  Of the thermohimincscencc fronl the 
nlutant was emly about 25-3(lg; of Ihat ohscrvcd in the 
wild-type cells having the .same ehlorophyll concentra. 
tion (Fig. IB). hi addition, Ihc peak tcnlpel;ltur~: ill' Ihc 
thermohmtincsccnce hands was also affected by the 
,ihsenee ol the p.~hO gcnc product: Ihc B-hand ap- 
peared at around 35"(' (Fig. IB '  sonlewhal lower than 
in Ihc wild-type cells (Fig. IA). In contrast, the O-hand 
appeared at 220( ̀  in the mutant (Fig. IB). i.e., I(f'C 
higher than in the wild-type (Fig. IA). 

After i l lumination with two or more I]ashcs both the 
S~Q. and the S~Ol~ recombinations contribute to the 
B Ihcrnlolumincsccncc hand [2.9,3ll]. The characteristic 
period-l imr oscillation in the intensity of the B thcrmo- 
luminescence hand, oh,sewed after i l lumination with a 
series of single turmlvcr tlashes, rellccl,s the rcdox 
cycling of the S states 12%~0]. The oscillation of the 
II-hand inlcl ls i ly in II1¢ wild-type cells showed nlaxinla 
after 2 and 6 flashes (Fig. 2A) which is the usual 
ohservation for PS tl when a short dark adaptation is 
given prior to llash excitation. In contrast, ill the mu- 
tant cells the B-hand oscillation was nluch less pnl- 
nounced aIld shnwcd II1¢ first nlaximum alter Ihe third 
flash instead of the second Ilash (Fig. 2A). When Ihe 
thernlc~luminescence JlllellsJlJes ohl:dned after Ihu IJrsl 
flash were normalized t~ the same value in the wild-type 
and ITlutalll cells it I~ecamc clear that thernlc~lunfincs- 
cencc intensities after the second and hil, her number 
of llashes were primarily dampened in the nlnlant. A 
sitnulath,i  o1 the B-hand oscillation was al,,i; per- 
formed based on the model of ReI. 32 with the inclu* 
siam c;l' the ahout 5IF; therml;Itimincscenee yield of the 
S,Ol i  recoml~ination relative to Ihat o1' the S~Oll 
rcc¢lmhinati~m [34i. This simulation shows thal an ill- 
creased miss probability al each S st;de transiti )n or 
specifically at the S,-~, S~. or S~ -, S, transitions v'ould 
give a modification of the B-hand oscillation (Fig 21]) 
which ix largely di l tcrenl from the exp,:rimental re,ults 
(Fig. 2A). The mogil'ied oscillation p.'ltlcrn in the nlu- 
tanlt cells can he hest explained hy the increased miss 
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F l a s h  n u m b e r  F l a s h  n u m b e r  

I Ig .  2 I~Ilct'l ol p~h(/ ; c n c  tlcl¢li~m ,m the l la,,h.it~du¢cd ~scil lalion ~1 Ihc |1 thcrmohmlil~CSccncc band  of  Syne('h+n'y,ti.~ h8(13. A:  E x p e r i m e n t a l  

t¢,,uh~: thcrn~oluminc, t  Cliff i~t ',~,iltl-I~.pc ( 1 and 1('2 nUlhtnt o1' Svn('~tP+n3'~ti~ 11~1t3 ( L t ) was m e a s u r e d  al 'ter exeJtatiol~ with a va r ious  number o f  
ll ,sh¢,, al 5 ( ' ,  I hc  OS¢lllallol~ t~l Ihc I t -band in the 1('2 malzlnt cells is also s h o ~ n  a f t e r  normal iza t ion  of  the  Ist+flash intensity to the same value 
;~s ob la incd  ill Ihc v.dtl-I~.pc t't'lN ~ I ~  I~l: S imula t ions :  the o~,cillalion ol the  B+band was s imu la t ed  by a s s u m i n g  S . : S  t :S.z:S~ = 11.25:11.75:11:11; 

Ol,~:(,.)t~ 1).5:0.5 initial dJMrlbt~lion ol Mates. Fur the oscillati~m ol Iht+ wihl- lypc ccllr, 17~; miss  trod 3+'; double-h i t  p a r a m e t e r s  were  used  ( o ) .  

For Ihc ~)scillation ol tile 11'2 nltltanl cells e i the r  a 77q: miss  v.as a s sun l td  ;it the  S,, • S. ( ~ k S~ +', S ,  1 v ) tram~itions or  67e, i miss  at the  S, --* S~ 
Iransi l ion plt=s 47~; mi,,,-. ;it . ~  * S.+ t ransi t ion ( I )  or  37+,; miss  at all t rans i t ions  ( U ) .  Each s imu la t ed  osci l latory pa t t e rn  is shown a f t e r  

normali/ ;~tion li*r Ihc intensi ty obht incd  a f t e r  the first flash. 

probability for the higher S state transitions, S,-- ,  S~ 
and S ; - ,  S~ (Fig. 2B). 

Oxygen ~'t'ohttion 
To obtain more direct information concerning S 

state turnovers in the absence of the . .+ kDa protein 
f l a s h - i n d u c e d  o x y g e n  c v o l u l i o n  w a s  m e a s u r e d .  T h e  oxy-  

gen  e v o l u t i o n  i~;tttt.'t+n of  c y a n o b a c t c r i a l  ce l l s  h a s  b c c n  

rcp ,~r tcd  1o '~llow' ;tl) tttltlXtlal IC;.IttlrC in comparJ s t ) r l  Io  
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higher plant chh)roplasts: there is an electrochemical 
signal but no oxygen yield on the first flash [35,36] 
which was also observed both in the wild-type and 
mutant cells (Fig. 3). Thc flash pattern of oxygen 
evolution from the mutant sho~ed a large degree of 
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lunfinlcsc'encc was measured altcr single-llash excitation as in }:Jg, I. 



dampening and a low steady state yield (Fig. 3) relative 
to that observed in the wild-type. This incrcascd damp- 
enin~ of oxygen evolution in the IC2 mutant indicates a 
limited ability of S-state turnovers in agreement with 
the thcrmoluminesecncc results. Since oxygen is re- 
leased during the final, S~--* S. transition, the occur- 
rcncc of an increased miss at a parucular transition can 
not be distinguished by model calculations from in- 
creased misses at each transition (not shown). 

The steady-state rate of oxygen evolution, mcasurcd 
with a Clark-type electrode, was also decreased in the 
mutant cells. In the presence of CO, as a terminal 
acccptor, the oxygen-evolution rate in the mutant was 
60-70% of that found in the wild-type. In contrast, 
when the artificial electron aeeeptor system of 2,5-di- 
mcthyl-p-bcnzoquinone plus fcrrieyanide was used the 
rate of oxygen evolution in the mutant reached only 
about 311% of that observed in the wild-type cells (not 
shown). These results agree well with previous findings 
[21-23]. 

Effects of strong illumination on PS II acticity 
Deletion of the psbO gent has recently beer, shown 

to increase the susceptibility to light-induced damage 
of PS 11 electron transport [23]. We applied thermolu- 
minescence measurements to get a better insight into 
the mechanism of this phenomenon. As Fig. 4 shows, 
strong preillumination resulted in the gradual decrease 
of the B thermoluminescence band both in the wild- 
type and the IC2 mutant cells. However, with the 
mutant the loss of thermoluminescence intensity oc- 
curred much earlier than with the wild-type cells. Be- 
side the intensity loss, photoinhibition also affected the 
shape of the single-flash induced thermoluminesccnce 
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Fig. 5. Time-course of the ,',,crease of thvr'~.,,lumiLescence intensity 
during photoinhibition of wild-type an,J IC2 mul,,nt cells. Thermolu- 
minescence of photoinhibited cyanobaeterial cells v,~s measured as 
in Fig. 4 in the absence or presence of 50/,tM DCMU. The intensity 
of the B (o ,  r, ) and Q thermoluminescence bands (e, • ) is plotl ,a 
as a function of the time of photoinhibitory heatment  lot 

wild-type (~ '. e~ and IC2 mutant cells ( ~.  • ). 

curves. In the wild-type cclls the peak position of the 
B-band was hardly changed, but after 11}-15 rain of 
photoinhibitory treatment a peak appeared approxi- 
mately at the position of the Q-band (Fig. 4), indicating 
a partial interruption of the O,x to Q ,  electron trans- 
fer. In the 1('2 mutant cells the peak position of the 
B-band was slightly shifted Io lower temperatures dur- 
ing photoinhibition but, unlike the wild-typc, the pres- 
ence of two distinct thermoluminesccncc components 
was not obvi¢,us (Fig. 4). The intensity of the Q thcrmo- 
luminescence band, measured in the presence of 
DCMU, was decreased by the strong illumination to a 
similar extent as that of the B-band both in the wild- 
type and the IC2 mutant (Fig. 5). Fig, 5 also shows that 
with the IC2 mutant thcrmoluminesecnce was lost 
about 3-times faster than in the wild-type as a result of 
treatment with photoinhibitory light. 

Discussion 

In this paper we describe thermolumincseence and 
oxygen evolution studies perflm,led on the IC2 mutant 
of Synechocystis 6803 which lacks the pshO gone prod- 
uct (the 33 kDa extrinsic protein). The 1(.72 mutant, 
created by Mayes ct al. [23], is able to grow photoau- 
totrophieally, as has been shown for other psbO-less 
Synechocystis mutants [21,22]. This indicates that the 
33 kDa protein is not absolutely required for water- 
splitting in Synechocystis 6803. The mutant cells, how- 
ever, possess a decreased PS II activity as revealed by 
variable fluorescence and steady-state oxygen evolution 
measurements [21-23]. This characteristic might arise 
from the presence of fewer PS II eentres with an active 
water-oxidizing coraplex and/or  from a slower rate of 
electron transfer in the individual reaction centres 
which lack the 33 kDa protein. 

Our results show that thermolumincsccnce intensi- 
tics from the S2Q B and S2Q A charge recombinations 
arc only 25-31E~ in the 1('2 mutant compared with 
that observed in the wild-type cells having the same 
chlorophyll a concentration (Fig. IA, B). Moreover, 
the steady-state thermoluminesccncc intensity also dc- 
crcascd to a similar extent in the mutant (Fig. 2A) as 
compared with the wild-type cclls. A decrcase in clcc- 
tron-transfcr rate or increase in misses in each PS 11 
complex ot the nmtant cells could exphtin thc in- 
creased dampening of the thermolumincscence oscilla- 
tory pattern, but not the loss of steady-state thermolu- 
mi~)escence intensity. This latter observation indicates 
that chargc .tccumulalion occurs in fewcr water-oxidiz- 
ing complexes. The alternative possibility that the sta- 
ble reduction of the Q^ or Q)~ quinonc acccptors is 
prevented in the absel,ce of the psbO gene product, is 
unlikely. Indeed, in vitro experiments havc shown that 
lh '  removal of the 33 kDa protein causes the release of 

', the four catalytic Mn atoms, under physiological 
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ionic condition,,, eor, eomitant with the h~ss of thermo- 
luwinc~ecnec intcn~,ity [3"',. Exlrapolation from thcsc 
• c~',ults indicates that about 70-75~.~ of the reaction 
centrcs do not retain fully active Mn cluster in the 1(2 
mutant. This conclusion is supported by the reduced 
rate of .,,toady-state oxygen evolution which is only 
about 3(1~,: in the mutant relative to the wild-type when 
PS II activity is assayed in the pvcscncc of artificii,I 
aeceplors. The fluorescence measurements of Philbrick 
ct al. [22] have also indicated that at least 40C,; of the 
PS II ccntrcs arc inactive in oxygen evolution in the 
absence of the 33 kDa protein. 

The flash-induced oscillation of thermolumincs- 
cencc shows a largely dampened pattern in the mutant 
cells which affects mainly the B-band intensitic.,, meas- 
ured after two and higher number of flashes. This 
indicatc.s that there is a reduction in the effectiveness 
ol higher S state transitions (S, - .  S~ and S 3 --, S.). A 
similar siluation hits bcen observcd when the 33 kDa 
protein was depleted in vitro in the presence of high 
(1 concentration.,, [17,18]. However. with pilysio- 
logical ('1 (and Ca-"1 Icvels the abscncc of the 33 
kDa protein almost completely blocks the S~ tt, S~ 
transition in vitro [18.37]. This difference bctwccn the 
in vivo and in vitro systems might indicate that there is 
either an additional damage to the water-oxidizing 
complex by salt washing used to remove the 33 kDa 
protein or unusually high ( 3  and Ca-"~lcvcls in the 
intact ,Svm,choo'stis 68113 cells. Relevant to the latter 
pos.,ibility is thc obscrvation by Philbrick ct al. [22] that 
under conditions of Ca -~" depiction whcrc wild-type 
growth i, unaffcctcd thc pshO-Icss mutant of Syne- 
choo'stis 68113 was unable to grow at all. 

Thc above findings point to the conclusion that in 
the absence of the psl~O gene product the water- 
oxidizing complex is inactive in a population of PS II 
ccntrcs in ,~ynerhocysti~ 68113. in the rcmaining popula- 
tion of ccntrcs water oxidation occurs hut the li)rma- 
tion of the higher S stales is retarded. 

Dciction of the pshO gcnc also induced a shift of 
the Q thcrmolumincsccncc band to a higher tempera- 
ture. Such a shift of the Q-band is characteristic ol an 
increase in thc stability of the S,Q A charge pair. In 
ctmtrast, the peak position of the B-band is almos~ tile 
same m the wild-type and mutant cells, indicating no 
major ehangc in the cncrgctic stability of the S_,Q n 
charge pair. Since the two recombining charge pairs 
have the same donor (S,) and different aeecptc, r (O,~ 
or Ol~) components, it can be concluded that the 
absence of the pshO gcnc product exerts an effect on 
the acccptor side of PS II. A very similar stabilization 
of the S,O,x, but not the S,QI~. recombination has 
also bccn obscrvcd upon removal of thc 33 kDa extrin- 
sic protcin using in vi,ro systcms [38,3tt]. This cffcct, 
which can bc reversed hy rebinding the isolated 33 kDa 
protein, was interpreted as showing a reversible strut- 

tural change of the PS I! reaction ec, tre complex 
which affects the redox properties of the Qa and Q ,  
aeccptors to a different extent [38,3q]. At first sight, it 
seems surprising that the absence of an extrinsic pro- 
tein which binds to the lumenal side of the reaction 
centre could affect rcdox components located close to 
the stroma side of the reaction centre. However, there 
is a good evidence to suggest that the 33 kDa protein is 
closely associated with the DI and D2 reaction-centre 
proteins [8]. Moreover, there is already a precedent in 
the literature for an acceptor side-effect induced by the 
absence of the 33 kDa protein, namely the altered 
affinity of various artificial electron acceptors to the 
Q~ site after CaCI, wash [40]. In addition, 77 K 
fluorescence characteristics of the psbO-less Syne- 
choo'stis 6803 mutant reported by Burnap and Sher- 
man [21] indicate an altered conformation of CP47 
which is a membrane-spanning protein in close as~cia- 
tion with the reaction centre complex. Overall, our 
findings confirm the prcviou~ results obtained from in 
vitro cxpcrimcnts [38,39] and point to the structural 
functi,m of the 33 kDa protein in keeping the optimal 
conti)rmation of the PS 11 reaction centre. 

In agreement with the thermoluminescence results, 
flash-induced oxygen evolution exhibits a low yield and 
largely dampened oscillatory pattern in the IC2 mutant 
cells (Fig. 3). This is consistent with a decrease in the 
number of PS I1 centres having an active water-oxidiz- 
ing complex and with the retarded S-state turnovers in 
the partially active centres. 

Based on steady-state oxygen evolution measure- 
mcnts, it was concluded that the IC2 mutant exhibits 
an increased susccptibility to photoinhibition [23]. Our 
thcrmoluminescencc results confirm this finding and 
show that the loss of charge stabilization in the S2Q A 
or S_,QI~ states, due to photoinhibitory illumination, 
occurs about 3-times faster in the IC2 mutant than in 
thc wild-type cclls. Photoinhibition of wild-type Syne- 
cho¢3"stis 68113 not only decreased the intensity of the 
B-band but also induced the accumulation of a compo- 
nent at the position of the Q-band.This agrees with 
prcvioos thcrmolumincscence studies performed with 
intact (Tdamy~hmtonas cells [41] and most likely indi- 
cates an inhibition of the QA to QB electron transfer by 
the strong illumination. In the IC2 mutant, the induc- 
tion of the O-band was not obvious during photoinhibi- 
tion, although a small downshift was observed in the 
peak position of the B-band. 

Lesions of donor-side electron transport in PS 11 are 
well known to enhance the susceptibility to photo- 
inhibition [42,43]. In thc absence of efficient electron 
donation from the water-oxidizing complex highly oxi- 
dizing species, Tyr-Z ~ or P680 ÷. are accumulated in 
the reaction centre [44] and can damage their protein 
and pigment surroundings leading to the degradation 
of thc DI protein [45,46]. Thus, the accelerated photo- 
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inhibition of the IC2 mutant cells is most likely related 
to the perturbation of the function of the water-oxidiz- 
ing complex in the absence of the psbO gene product. 
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