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In an earlier study it was demonstrated that multiple eleclron flow through Photosystem 11 (i'S !1). including apparently the 
S-states, can be sustained without delectable 0 2 evolution upon treatment of samples with the lipid analog compound 
lauroylcholine chloride (LCC) (Wydrzynski et al. (1985) Biochim. Biophys. Acta 809, 125-136). The question remained, however, 
as to what is the source of the electrons under this condition. In this study we extend our observations of the LCC effect and 
show that a peroxide-type intermediate is transiently formed on the donor side of PS II. Upon using the luminol/pcroxidase 
method to detect peroxide, a new chemiluminescent signal (S D) appears after the illumination of LCC-treated samples. This new 
signal is kinetically distinct (tm.~ ~ = 2-3 s) from the chemiluminescent signal (S A, tm~,~ - 0.2 s) ascribable to the free H,O, formed 
by the reduction of O z on the aceeptor side of PS Ii (Ananycv and Klimov (19K~) Biochemistry (USSR) 54, 1587-1597), which 
appears in both control and LCC-treated samples. Both S A and S o are sensitive to the PS II inhibitor DCMU to at out the same 
extent. In the preLencc of low levels of exogenously added catalase (about 50 ~g/ml), SA can be completely eliminated but not 
So, which disappears only at higher calalase concentrations, it is suggested that the peroxide which gives rise to St) is initially 
sequestered within the sample. After the complete removal of the functional manganese by a TEMED extraction procedure, S o 
is lost but not S A, with or without the addition of the artificial electron donor, hydroxylaminc. In a sequence of brief (1 ~ts)light 
flashes, the progressive differences in S o ampliludes exhibit periodic behavior, beginning on the first flash, but without a 
consistent pattern. As the flash sequence advances, a consumption of the peroxide appears to lake place. The results ~re 
consistent with the hypothesis that in LCC-trealed samples, the water-splitting catalytic complex is perturbed in such a way so 
thal lhe substrate water molecules are not fully oxidized to O2. 

Introduction 

The molecular mechanism by which water is oxi- 
dized to 0 2 in Photosystem 1I (PS II) of chlorophyll a 
(Chl a)-containing organisms is for the most part un- 
known. Nevertheless, the formation of the O - O  bond 
is likely to pass through a bound, peroxidic type of 
intermediate at some point in the reaction sequence 
[1]. In the well-established S-state scheme developed 
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by Kok and co-workers [2,31, an ()+ molecule is re- 
leased only after Ihe co-operative inlcraclion of four 
oxidizing equivalents, generated by sequential pholoac- 
tions at the PS il reaction center, i.e., 

hi, h~' 

O, 

In the Kok scheme, the entrance of the two substrate 
water molecules and the release ol the water protons 
remain largely under debate (for a discussion, s',e Refs. 
4 and 5) and are omitted in the above formulation. 
However, with regard to the O - O  bond formation, two 
broadly defined types of mechanism may be consid- 
ered: (1) concerted-oxidation reactions, in which the 
two substrate water molecules are oxidized simultane- 
ously during the final S 3 -~ S 4 -~ St, + O; transition: 
and (2) step-oxidation processes, in which bound water 
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hccorncs parliall~¢ ,,xidized at an S-state pnot to the 
final transiti, m. A distinguishing feature between these 
IV¢O types of mechanism would bc lhc lifetime of the 
expected pcroxidic into!mediate. In the former case, 
the pcmxidic intermediate wouht exist ~mly during the 
()~ release time of thc final tran.,,ition, nt,w generally 
agreed t~ be within a [e~ milli,,ccond,~ [¢'~-12]. while in 
the latter ca'~c, the pcr,~itlic intcrmcthatc wouid c~i~t 
during tmc t~l the earlier S-stales, where the half-life 
times for S: and S.~ states can vary from several sec- 
tin!is to tens of minutes depending upon the tempera- 
turc and ptt [3.6.13-16] and the S, state is dark stable 
[13.17,18]. In till mcchanisms, at ambient tcmperaturcs 
the proposed pcroxidic intcrmcdiatc would most likely 
exist ~sitbin a dynamic equilibrium between bound wa- 
ter rm~lcctllc,, 'and eittlcr the oxitlizcd catalytic nlclal 
CC~ltCl [lt)] or ,mother rcdox-activc ligand within the 
1",l'tltCill llKIII'iX [_It,_ I I. 

Although the variou.,, S-states can apparently be 
forced to interact w'ilh added I I ,(), [22-28]. under 
m~rmal contlition,~ ll.()~ by itself does not appear to 
om~i,clc ctficicnlly with ,~valcr as an electron source 
[2tq. l.ikcv~isc, there is as vet no direct cddcncc to 
indicate that a bound or frcc pcroxidic intermediate 
actually furms during the normal S-state cycling of 
intact, highly O:-cw~lving samples. On the other hand, 
thole i,. accumplating evidence to suggest that H:O 2 
can hc prt,duccd when the PS !1 complex is pcrturbcd 
in .',ome way, for example, by adding an ADRY reagent 
13(11, upon rcmo~,at of the so-calicd extrinsic proteins 
[23,24]. tinder osmotic and/or  chloride stress [31,32] or 
after acid denaturation 133.34]. The sitc at which H ,O~ 
is formed in PS II under these various conditions is at 
present controvcr,,ial, whether it is on the acceptor side 
[35] or the donor si,tc [24.31,32,34] or whcthcr the 
t ! ,O ,  ari,~cs from rcacti()ns at the catalytic site itself 
13i,3},~41 ,,r a! a functionally displaced mangancsc 
center [24i. In ,,icw of the c~mlplcx nature of PS !1. it 
;~mld m~l bc ~urpri~ing to find that all of thc,~c possi- 
bililics may be involved, depending uptm how' the I'S !I 
complex is perturbed and the type of assay system that 
is employed. 

Regardless of the conditions used. when 11,0,  pro- 
duction is obscl3..'cd, it is usually found superimposed 
m',:r a residual (alld plcsunlably at normally produced) 
(,)~ cvulutitm background. Since PS II samples possess 
to various extents an inherent catalase activity, the 
separation of the H,( ) ,  production from the residual 
().. cwdution often becomes experimentally difficult. 
l.ikcwisc, for thcrnlodynamic and/or  kinetic reasons, 
not all pcroxidic inlcrmetlialcs formed in PS il may bc 
released into the external aqueous phase 138], which 
w,mld be required lot many peroxide detection assays. 
( 'onscqucntly,  lcsr effort has bccn made on investiga- 
lions t,t' this aspcc! of PS 11 than would otherwise 
normalt} be attcmptcd. 

Within the past tcw years, an ut~usual inhibitory 
condition of PS !1 has bccn reported by Wydrzynski 
and co-w,,rkcrs using the lipid anah~g compound, lau- 
mylcholinc chloride (I.('C). It was found that, upon 
treating PS 11 samples with limitcd amounts of LCC 
under certain experimental conditions, all detectable 
():  evolution activity can be completely suppressed, 
cvcn though the measured electron flow through 3(1% 
to 5(1"i of the PS il centers remains normal, under 
both continuous and multiple flash illumination and 
without the afldition of artificial electron donors [37,38]. 
The important question in these observations has been, 
of course, what is the source of the electrons (and its 
oxidation product(s)) in those PS !! centers which 
ctmtinuc to turnover, in this communication, we now 
provide ovid,nee to show that after LCC treatment the 
donor side ol PS 11 is capable of transiently producing 
what appears to be a sequestered form of peroxide. 
The results are consistent with the idea that water is 
still likely to bc the electron source undt , this condi- 
tion and sustains the multiple el¢~ctron flow through PS 
11 without O, evolut,,,n. The implications of these 
findings in terms of the native watcr-split:ing mecha- 
ni,~m arc discusscd briefly in this commtmication and 
wdi bc expanded further in a future publication. 

Experimental 

Photosystem-ll-enriched membrane fragments 
prepared from hydroponically grown spinach accord 
to a detergent solubilization procedure similar to one 
described earlier [39] and using a Triton X-100 to 
chlorophyll ratio of 2(1: 1. After the detergent treat- 
mcnt, the samples were washed four times in a medium 
consisting of 211 mM Mes /NaOH (pH 6.5), 35 mM 
NaCI and 300 mM sucrose. The samples were then 
stored at 1 mg Chl/ml in liquid nitrogen, in which case 
the final suspension medium contained 10% glycerol as 
a cryoprotectant. 

After storage, ,he frozen PS 11 samples were thawed 
and washed once in a medium contaming 10 mM 
Mcs/NaOH (pH 6.5) and 10 mM NaCI, For treatment 
with lauroylcholinc chloride (LCC), the samples were 
suspcn,.tcd to 2IX) gg  Chl/ml in the same medium to 
which LCC was added as a small aliquot in a ratio to 
the chlorophyll of 3:1 (w/w). The samples were al- 
lowed to incubate in the dark at room temperature 
(about 20°C) for 5 min with gentle shaking before being 
ccntriluged. The pelleted sample was then rcsus. 
pcndcd in the same buffer medium to the appropriate 
chlorophyll conccntration. Stock LCC solutions were 
made in pure ethanol. The final ethanol concentration 
in the sample did not exceed 2%. All controls went 
through the same procedure, but without LCC. 

To extract the manganese from PS 11, samples at 
(i.25 mg Chl/ml were incubated in a medium consist- 
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ing of 211 mM Mes/NaOH (ptl 6.5), (1.5 M Mg('l, and 
20 mM N,N,N',N'.tctramcthylethylenediamine fi,r 5 
rain on ice in the dark and centrifuged. The samples 
were then washed three timcs in 211 mM Mcs/NaOit 
(pH 6.5) plus Ill mM NaCI. Alter this treatment, more 
than t)7~ of the manganese was removed from the 
samples as determined by atomic absorption spec- 
troscopy. The extracted :,amples showed neither O, 
evolution activity nor the thermoluminescence band 
arising from S2Q h charge recombination (data not 
shown). 

O~ flash yield measurements were made using a 
laboratory-built, Clark-type electrode that was equip- 
ped with a special Teflon membrane (Fum, CIS) which 
could be stretched to a thickness of about 1/zm. About 
20 #1 of a sample at 250 #g Chl/ml was layered into a 
chamber (I.3 mm thick over the membrane. The sam- 
pie,; contained (I.4 mm K~Fe(CN)~, and 0.4 mM 2,5-di- 
chloro-p-benzoquinone as electron acceptors. Saturat- 
ing light flashes (FWHM = 1/zs) were obtained from a 
xenon flash lamp at a repetition rate of (I.5 Hz. The O, 
signals were amplified by a laboratory-built, low-im- 
pedance circuit and integrated over a time constant of 
0.5 s. 

The instrument set-up used to measure the lumines- 
cence from the luminol/peroxidase method of detec- 
tion for peroxide [40] has been described earlier [34]. 
The assay medium consisted of 50 mM phosphate 
buffer (pH 8.0), 20 units/ml of horseradish peroxidase 
(purchased from Serva, Germany) and 20 p.g/ml lumi. 
nol (the luminol preparation contained an equal mix- 
ture of the two keto-isomeric forms). Stock solutions of 
luminol were prepared in DMSO and of horseradish 
peroxidase in phosphate buffer. For most measure- 
meats, 50 #1 of the samples at 1 mg Chl/ml were 
rapidly injected into 1 ml of the ~,ssay medium 10 s 
after the illuminati, n treatment. Illumination was per- 
formed in a pl:.,~'i,: ,,ipcttor tip with either continuous 
white light ~',': -~ .~ nr a sequence of brief (! /.ts), 
saturating light llashes (l-!() flashes, given at a 0.5 Hz 
repetition rate). "~. he resulting lumincscence was mea- 
sured at 425 nm. 

The room-tempe:ature, manganesc(ll) 6-line EPR 
signals were measured using a Bruker ER 200 D in- 
strument (X-band, 9.7 GHz), as described earlier [41]. 
The low-temperature (liquid helium), manganese mul- 
tiline and g = 4.1 EPR signals were measured on a 
similar instrument, but equiped with an Aspect 2000 
minicomputer and an Oxford Instruments ESR 900 
helium flow cryostat, as also described earlier [42]. 
Samples were treated with LCC as explained above, 
but concentrated to 1 mg Chl/ml for the room-temper- 
ature measurements or to 10 mg Chl/ml for the low- 
temperature measurements. The samples were kept 
dark-adapted at all times, except for the low-tempera- 
ture measurements where the samples were subjected 
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PS-l l -enr id led  membrane l'ral~tnenls bt'forc and after Ircatrnenl v, ilh 
laun)yleholirlc chhl, ride 11.('(') al I . ( ' ( ' / ( ' M  -- 3:1 (w/~,)  trader vari- 

ou', experimental  ¢ondilitm~,. (a) Wilh or wilhotll '~11/a M I ) ( 'Mtr :  ~b) 
wilh 51) / ag /ml  bovine liver calalasc: (c) afler rcmo~,al of the func- 
lionally bound m:mgancsc by a TEM[- . I )ex t rac t ion  procedure (',ce 
Expcrimenlal  for detaib,): (d) samples from (c) to vO~ich 200 p M 
N I t , O H  v, as added a.~ ;.m electron donor.  All t'hcnlilun:hlc,,¢t:lltC 
nlcasurements were de ,e rmined  by a hlnlillOl/l~¢roxiti;l~c ;t~',,l~ 

method ;is described in l!xpcrinlenlal l h c  .,;lVlilll¢ ', v, crc ilhllllllt;llCit 
in colHinuau,, wilibd light ttll Ill s alltl tht'll i:q~itlly itilt'tIcd ii|lt~, IhL. 

assay nlcdium 'al 10 ~, allcr Ihc cad ~t the i~hlrl.inalilm i~crtotl 

to 5 rain, conlinuous i l lumination at 20() K. In lhis case, 
the mult i l ine and g =~ 4.1 signals are dt.~l)laycd from lhe 
l ight-minus-dark spectra. 

Lyophil ized bovine liver catalasc wa,~ purcha.~cd from 
Sigma, USA. 

Results 

After a sample t)f PS-II-cnrichcd membrane frag- 
ments is illuminated with continuous light for 10 s in 
the absence of an added electron ucccotor, a chcmilu- 
minc,~cent signa' appcars upon its rapid injection into a 
luminol/peroxid~,sc assay mixture. This signal, which 
wc designatcd c,~licr as S~ [331, is shown for :tn 
untreated control sample in t-lg. la. The ~ignal peaks 
around 0.2 saftcr i ijcction, allht~ugh ils iisc kinetic,. 
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are largely distorted by thc injection procedure. A 
standard H,O,  solution, when injected directly into 
the assay mixturc, will produce an identically shaped 
signal, while a thoroughly dark-adapted PS I! prepara- 
tion which has not been preilluminatcd will not pro- 
duce any chemiluminescencc {see Refs. 33, 34). 

The magnitude of S a as shown in Fig. la represents 
about 6. l( ~-7 M H,O, .  This amount would corre- 
spond to about I H20,  " mnlecule produced ever ihe Ill 
s illumination period per two PS !1 reaction centers. 
Although this is a relatively small amount, the magni- 
tude of S a can vary. This will depend upon the length 
of the illuminat!on time (e.g., for the PS !1 preoaration 
used in Fig. 1, the Sa magnitude increases linearly with 
the time of illumination up to 30 s, after which the 
signal size becomes saturated - data not shown) and 
upon ~he extent of an inherent c~talasc activity that is 
characteristic for each sample preparation (e.g., again 
for the PS II preparation used in Fig. 1, after a 10 s 
illuminatien period, thc S A magnitude decreases hy- 
perbolically with the dark time prior to injection until 
about 60 s, at which S A can no longer be detected - 
data not ~hown L Ncvcrthcless. as also indicated in Fig. 
la. S A ts most scnsitivc to DCMU when the inhibitor is 
added prior to tl:c illumination period. This result 
shows that the formation of SA is for the most part 
dependent upon PS II electron transport through the 
QB site. In earlier reports it was demonstrated that S A 
arises from free H , O ,  formed by the reduction of O, 
on the acccptor side of PS 1I in the absence of an 
added electron acceptor [3334A3], as expected from 
thermodynamic consideratiop.~ [30]. 

Upon treatment of PS-11-enriched membrane flag- 
mcnfs with lauroylcholine chloride (LCC) at an amount 
equivalent to LCC/Chi = 3 : ! (w/w) in a low salt, low 
osmotic medium, the chemiluminescence appears as 

"" t shown for the LC~_- teated sample l.,a Fig. l a. I .  this 
in,~tanc~:, there is a rapid initial rise tc about 0.2 s and 
then a slow increase which peaks around 2 s after 
injection. At lower LCC concentrations the rapid ini- 
tial rise may dominate the chemiluminescence while 
the slow increase may appea~ onl:~ as a descending 
hump in the decay of the signal. Thc observeca chemilu- 
mincscence behavior is not a consequence of saturating 
the sign,I detection system. As shown earlier, tiae sen- 
sitivity of the luminol/peroxidase method is viTtually 
linear below i mM H,O,  [40]. Also, as shown in Fig. 
la, the chemiluminescence kinetics of LCC- treated 
samples are essentially the same in the presence 9f 
DCMU, where the signal magnitude has been de- 
creased by more than two-thirds. Thus. all results sug- 
gest that, in addition to S A, a new, kinetically slower 
signal is created after LCC treatment. We designate 
this new signal as S D. 

That the observed chemiluminescence arising after 
ILCC treatment represents two distinct signals is fur- 
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Fig. 2. The relative amplitude of the chemilumine~ent signals S^ 
and S D from control and LCC/Chl  43:l)-~reated PS-II-enriched 
membrane fragments, respectively, measured an a function ot the 
catala'~e concentration added prior to the illumination period. The 
methods e~ illumination and chcmilumintscence detection were the 

s~lme ,,s those used for the measurernenls shown in Fig. I. 

ther indicated by the data showr, in Fig. lb. In these 
measurements a small amount of 6atalase (50 #g /ml )  
was added to the samples prior ~o the illumination 
period. As is clearly evident, S a is completely sup- 
pressed when this amount of cataiase is present (all 
other assay conditions were kept constant), whereas So 
is still observable and displays its unique slow rise 
kinetics. 

The response of St, in control s~mptes and S o in 
LCC-treated samples to a range of added eatalase 
concentrations is shown in Fig. 2. For 3,, there is a 
hypelbolic decrease with increasing c~ttalase concentra- 
tions, as might be expected; but surprisingly, for S O 
there is a dramatic transient increase i~efore this signal, 
too, is lost at higher catalase concentrations. This un- 
usual behavior of S o is strictly dependent upon the 
enzymatic activity of the catalase. For catalase irre- 
versibly inactivated by 1,2,4-aminotr azole and thor- 
oughly dialyzed to remove the inhibitor, there are no 
changes in the So magnitude (data not shown). The 
implications of these findings will bc ,Jiscussed below, 
but tht: c~,entual lo"s of St> at higher catalase concen- 
trations indicates that it, too, prob~,oly arises from a 
peroxide-type intermedi,ate. 

The important question arise,, as to whether S o 
represents peroxide formation on the acceptor side or 
the donor side of PS I|. Te, determine this, the PS-ll- 
enriched membrane fragwent~- were first depleted of 
the functionally bound manganese by a TEMED ex- 
traction procedure (see Experimental). Although this 
procedure consistently removes more than 95% of the 
manganese, it is not any more damaging to PS II than 
are the usual NH :OH and Tris extraction procedures, 
since TEMED-extracted samples can be photoacti- 
vated in O, evolution [44]. As shown in Fig. lc, only S a 
is observed after the TEMED treatment, regardless of 
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control. 

whether or not the samples are further subjected to an 
LCC treatment. The somewhat larger S,,, magnitude of 
the control sample under this condition may be due to 

a suppression of the inherent catalase activity of PS II 
by the TEMED procedure or to an increase in the O~ 
penetration at the acceptor side. On the other hand, 
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aRer incubation on ice in the dark for 4 h. The methods of detection for the Oz flash yields and the chemillumine~ence are described in 
Experimental. The chemiluminescence was measured after 10 s at the erd of each flash ~quence for ,~'hich a new aliquot of the dark-adapted 

sample preparation was u~d, The error for each data poinl lies within +_ 1O~k, when measurements are repeated in rapid succession. 
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the significantly lower S~ magnitude of the LCC- 
treated sample is most likely duc to the complete 
inactivation ol part of the PS !1 centers by LCC (see 
Refs. 37 and 38). For the data shown in Fi~. ld. 
hydroxylaminc was added to the extracted samples 
prior to illumination to act as an arteficial electron 
donor. Although the magnitude of S,,, increases more 
than 5-fold in these measurements, S D still docs not 
appear aftcr LCC treatment. Thus, it is likely that Sr~ 
requires the presence of the functionally bound man- 
ganesc and does not involve the acceptor side of PS I1. 

The above conclusion is supported by the EPR Jata 
shown in Fig. 3. Here the room-t,~mperature man- 
ganese 6-line signal (which indicates functionally dis- 
placed manganese ions) and the low-temperature, mul- 
tilinc and g = 4.1 signals (which indicate the fun~,tion- 
ally intact manga,~csc ions) arc shown for control and 
LCC-trcatcd samples. At LCC/Chi = 3"1, whcrc all 
O, evolution activity is suppressed, but up to 511c~ - of 
the acccptor photorcduction activity remains [37,38] 
and S~ forms (Fig. 1). only about half of the low-tem- 
perature, multilinc EPR signal is lost. The loss in the 
multilinc signal correlates with a corresponding in- 
crease in the room-temperature, f~-line signal, interest- 
ingly, however, more than 9(Ic/~ of the low-temperature 
g = 4.1 signal disappears under this LCC condition. At 
LCC/Chl = 10"1, where all PS II activities are inhib- 
ited [37,38], all low-temperature EPR signals are ~ost 
and the room-temperature 6-line signal maximizes. 
equi~aient to the total, funcfiohally displaced man- 
gancsc ions as observed after heat inactivation [4i]. !n 
a future publication wc will show t',,at S u is :omplcl~ ly 
lost under this LCC condition as well. 

Since S~ seems to represent pero idc formation by 
a relatively intact PS Ii donor side .1 which onl} O, 
evolution has been inhibited, it would be important to 
know whether this peroxide formatio,~ c×i,ibits a peri- 
odic behavior. To determine this, th ~ ~i~ :,ignal magni- 
tude for samples containing a small amount of catalase 
(used to suppress S A) was measured as a function of a 
sequence of brief (1 #s), saturating light flashes. The 
results arc shown in Fi,,,. 4, which presents the data as 
the difference in the signal magnitudes ¢..IS n) between 
successive flashes and also shows lhe O~ flash yield 
measurements in presence and absel~,c oi LO-~/Chi = 
3 1. For untreated, control PS 11 mt,:~brane tragments 
which produce the strong periodicity of four in the 0 2 
flash yields, S o does not appear. Upon complete inhi- 
bition of the 0 2 flash yields by LCC'Chl = 3"1 (a l~ 
measured in the presence of the catalase) (Fig. 4a), S o 
does form and exhibits various flash-induced patterns 
as exemplified in Fig. 4b,c,d. In some cases, a strong 
binary periodicity can be observed (Fig. 4b). But in 
other measurements, apparent ternary and quaternary 
patterns arc exhibited (Fig. 4c,d). That the periodic 
behavior in ,.IS n seems to be dependent upon the state 

of the sample at the time of measurement is indicated 
in Fig. 4c, where the pattern appears to become phase 
shifted simply by keeping the sample on ice in the dark 
for 4 h (dashed curve). Reproducibility of a particular 
data point was quite good when repeated measure- 
mcnts were taken in rapid succession, being well within 
10%. Thus, although there does appear to be periodic 
behavior in the flash dependence of ,.tSn, the pattern 
can be highly variable. Nevertheless, in all measure- 
ments, S o always forms on the first flash, as opposed 
to S A which does not [33,34]. Additionally, as the flash 
sequence progresses, there are marked decreases in 
AS o, indicating a consumption of the peroxide inter- 
mediate after certain flash-induced transitions. The 
significance of tbt:se obsera'ations will be discussed 
below. 

Discussion 

The ~musual feature of samples treated with lauroyl- 
choline chloride (LCC) is that even though a significant 
fraction (up to 50~;~) of the PS I1 centers can continue 
to turnover, sustaining a normal electron transport 
activity in the absence of added electron donors, all 
detectable O, evolution is completely suppressed. The 
fundamental question in this observation has been 
what is the source of the electrons. The compound 
itself, LCC, is a cationic, detergent-like molecule which 
is unlikely to act as an electron ~ource and is present in 
too small amounts after treatment to quantitatively 
account for the observed multiple turnover of PS i1 
under steady-state conditions [37]. Likewise, unpub- 
lished observations sugge,~t that, after LCC treatment, 
the photooxidation of chlorophyll and carotenoid an- 
tenna pigments is not markedly enhanced. Similarly, 
since the electron transport kinetics of the centers 
which do continue to turnover without O 2 evolution 
appear normal [38], it is also unlikely that the protein 
matrix itself is being rapidly destroyed, at least during 
the initial part of steady-state turnover. Rather, as 
suggested earlier [37], it may be that water still acts as 
the electron source under this condition, except that it 
is no longer oxidized to O 2. If this is the case, then the 
questions arise as to what is(are) the oxidation prod- 
uct(s) and how has the normal water-splitting chemistry 
been modified such that the formation of 0 2 is inhib- 
ited. 

In this communication, we provide evidence to show 
that after LCC treatment at least a peroxide-type inter- 
mediate can be transiently produced by PS !I on its 
donor side, when the luminol/peroxidase method of 
detection is employed. This peroxide formation (desig- 
nated as S D) is not only kinetically distinct from the 
H zO 2 formation known to arise from the reduction of 
O~ by the acceptor side of PS 11 in the absence of an 
added eiectron acceptor (designated as S A, see Fig. In; 
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see also Refs. 33, 34, 43 and 45), it also exhibits a 
differential response to added catalase (Fig. l b; Fig. 2). 
Most importantly, this peroxide formation is strictl~¢ 
dependent upon the presence of the PS-ll-associated 
manganese (Fig. lc,d; Fig. 3; see also Ref. 45). There- 
fore, it appears to require a relatively intact PS I1 
donor side and could thus arise as a consequence of 
water oxidation. 

The slower rise kinetics and differential rcsponse to 
added catalase of the LCC-induced peroxide formation 
suggest that this peroxide is not immediately released 
free into the surrounding aqueous medium, as is the 
case for the H20 2 produced on the acceptor side 
[33,34,43,45]; instead, it may be initially sequestered 
within the PS I! complex or between the appressed 
regions of the aggregated material. It is known, for 
example, that an accessibility barrier (related to the 
extrinsic 33, 23 and 16 kDa proteins) does exist be- 
tween added H 20~ and the internal redox-active com- 
ponents of PS ii [23-28]. The failure of earlier at- 
tempts to detect externally released, free H202 in 
LCC-treated samples by simply adding limited amounts 
of eatalase to the assay medium in steady-state G 2 
evolution measurements [37] may be explained by such 
an exchange-barrier phenomenon. Alternatively, the 
observed peroxide formation may represent, or be me- 
diated through, an organic free radical. But if this is 
the case, it is clear that the PS-ll-associated man- 
ganese is involved. 

The rather restricted interaction between the LCC- 
induced peroxide formation and added catalase as 
indicated above is, however, even more complex. This 
is indicated by the peculiar transient increase in the 
magnitude of S o with increasing added catalase con- 
centrations (Fig. 2). Although such behavior may re- 
flect a release in the kinetic limitation by the O2 
reduction reaction on the acceptor side of PS !I under 
continuous illumination, we note that the catalase ef- 
fect is present even after a single flash. Alternatively, 
the transient increase may somehow be a consequence 
of competitive interactions for the peroxide intermedi- 
ate between the sites of its formation and degradation 
in PS II, the added catalase and the luminol/ 
peroxidase complex. Or it may be that the S D signal 
observed in the absence or presence of catalase arise 
from quite different p,ocesses. The catalase effect will 
require further investigations. 

Regardless of the complexities, the requirement of 
the PS-ll-associatcd manganese in order to observe the 
LCC-induced peroxide formation (Figs. 1, 3) clearly 
indicates that the PS 11 donor side needs to remain 
relatively intact. This conclusion is supported by earlier 
measurements of the P680 ÷ reduction kinetics [381, 
where the nanosecond-range components (which re- 
fleet the coupling between the primary reactants and 
the water-splitting catalytic complex) were found to be 

present after LCC treatment in thosc PS II center.,, 
which continue to turnover without O~ evolution. Like- 
wise, as shown in thi. ~ publication (Fig. 3). the hyper- 
fine structure of the tow-temperature, manganese mul- 
tiline EPR signal which remains after LCC treatment 
appears unaltered, although the ,, = 4.1 EPR signal is 
virtually eliminated. Thus, the water-splitting catalytic 
complex could be the site where the LCC-induced 
peroxide is formed. 

According to the above suggestion, then one could a 
priori expect that an intermediary S-state is involved in 
the peroxide formation. Indeed, the formation of S u 
after a single flash excitation from dark-adapted sam- 
ples (Fig. 4), the presence of the normal low tempera- 
ture, manganese multilinc EPR signal (Fig. 3) ;,rid the 
occasional strong binary oscillation in the flash-induced 
pattern (Fig. 4b) would all be consnste~t with peroxide 
formation via the S 2 state, as has been suggested 
earlier [32]. But, unfortunately, the lack of consistent 
periodic behavior in the S o formation (Fig. 4c.d), makes 
such an exact interpretation less definitive. It may be 
that in perturbed PS I! complexes, the classically de- 
fined S-states are no longer applicable and that the 
observed peroxide formation arises only from an aber- 
rant side reaction at an altered water-splitting catalytic 
site. This could very well explain the low quantum yield 
of the observed peroxide formation. 

Similarly, the observed lack of a consistent oscilla- 
tion pattern after flash excitation in the S D magnitude 
is in apparent conflict with earlier measurements of the 
millisecond-range delayed light emission (DLE) in 
which a distinct periodicity, of four was found under 
similar LCC inhibitory conditions [37]. The discrepancy 
in the two types of measurement a l~  remains to be 
clarified, but an answer may lie in the origin of the 
different signals. For instance, it is now known that the 
damping parameter for the period-four oscillations in 
the 0 2 flash yield pattern is different from the damp- 
ing parameter for the DLE pattern measured for the 
same samples [46]. Thus, one may speculate in view of 
an earlier hypothesis [37] where the period .tour oscilla- 
tions were proposed to arise from an oxidative storage 
entity twhich presumably would modulate the millisec- 
ond range DLE pattern) separate lrom a special reac- 
tnon site (where presumably the 02 or peroxide would 
be formed). 

Another peculiar feature in the pattern of the LCC- 
induced peroxide formation is the large loss in the 
signal magnitude as the flash sequence progresses (Fig. 
4). In view of the many reports in which added H202 is 
found to interact with the water-splitting catalytic com- 
plex (for a summary, see Ref. 47), it may not be 
unreasonable to ~xpect that, due to its sequestered 
nature, the LCC-induced peroxide readily re-reacts 
with other redox active components, in either the same 
or neighboring centers, soon after it is formed. The 
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p()ssiblc creation of other active oxygen spctics during 
such secondary side-reactions (e.g., supcroxide anions, 
hydroxyl radicals or singlet o~'gen) could then partici- 
pate. for cxamplc, in lipid peroxidation [48] and thus 
be k)st to detection. This could further explain why it is 
difficult to detect large amounts of this peroxide for- 
mation in the external aqueous medium and why there 
is no consistent periodic behavior. This, too. will re- 
quire further investigations before more precise inter- 
pretations can bc made. 

In conclusion, we have shown in this paper that 
after treatment of PS I! membrane fragments with 
lauroytcholine chloride, an apparently sequestered fi)rm 
of peroxide is transiently produced by the PS 11 donor 
side which requires the presence of the PS !! associ- 
ated manganese. The results support the hypothesis 
that water still acts as the electron source under this 
condition where thcrc is no detectable O, evolution. 
The question now bccomes whether this pcroxide 
formatiop arises from the release of the expected per- 
oxidic intermediate in the normal oxidation path of 
water to O,. as been suggested earlier under other 
conditions [34] in line with a previous proposal (Ref. 
36; scc also Rcf. 491, or whether it is actually produced 
b~ an alternative reaction path at the catalytic site, as 
possibly induced through an altered accessibility of the 
substratc water molecules. This problem will be ad- 
dressed in more detail in a future publication. 
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