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The acccptor O ,  pl PS II ~a', douhl~, reduced b.~ trcatmcnt of PS II-cnrieL~:d membranes  (200-31}0 chlorophylls per  PS 
II-~ca:'tion ~ n t r c )  ~xillt dtthionttc ;rod bcnz.~l ~i~flogcn. After d,)ublc reduction of OA. two major differences appeared in the 
fluorescence dcca_~ kinetic,, (at 4'( ').  a,, comnared to the situation with all O,, s ingb reduced: (1) a dominant fast phase (lifetime 
apprt,x. 2(~) p~,) ~a~, observed, :,imilar to that in samplc~, with QA oxidiscd: (2) a slow pha.~ with a lifetime ,ff approx. 7 ns was 
oh~,crvcd, which disappeared unon rcoxidation of the saraplc. The fluorescence yield was approxL-atcly half of thai of samples 
~ith ,,ingb reduced Oa. The last phase i~, interpreted as being indicative of a high cfficicncT of charge separation due to the 
absence of a 0cgalivcly charged O ~. This is explained b~ the double protonation (~f d,mbly reduced O a giving r i~  to the 
electrically neutral quinol. S~milar observations v~crc made in a core complex prepara;ion (611-8(I chlorophylls per  reaction 
centre). This preparation imolvcs a detergent solubili~,ation step and data from both EPR and fluoremenc,: indicated that it was 
more susceptible to double reduction of O a  by dithionitc (a~ compared to PS 11 m:mbrancs) .  The I~)ssibility that this is a general 
phenomcnon in detergent solubili',cd PS I1 prcpar~ltion~, is discussed. 

Introduction 

The reaction centre ot PS I I  is generally considered 
to be similar in all green plants, algae and cyano- 
bacteria and also to be cI,Jsely related to the reaction 
centre of photosynthetic purple bacteria (see Rcf. 1 for 
a review). It is connected to an antenna systcnl that 
captures the light and tran.,fcrs the enc r~  to the 
primary electron dono[ P, which is located in the 
reaction centre and consists of one or more chlorophyll 
a molecules. Electron transfer ca:~ then occur from P 
to a nearby phcophytin a. the primary acccpt~)r Phc. 
Thus. :he prim~:'y radical pair is formed. This charge 
separation is .subsequently stabiliscd by electron trans- 
fer to OA, i~ plastoquinone (scc Rcfs. 2 and 3 for 
reviews ,~n electron transfer processes in PS 11) 

Abbrevmtion~, Chl. chh*rophyll: t:I'~TA, cthylcncdiamineletru~c- 
elate: IMes, morpholinct ~hanc~ulphonic ~lcid: Moon. 4-rnorpholine- 
propancsulphonic acid: P, the primary clcctnm donor in Photos~,:~- 
tom Ih Phe phc~*phytin: PS I1, Phoh~,,y,,Icm I1: O:~. the first quinone 
electron acceplor. 

C(}rresl~mdcnce: F.J.E. van Mieghern. Section de Bi~nerg~tiquc. 
D~partement de Biologic Ccllulaire el Molt)culain:. ('E SaclaL q1191 
Gif-,~ur.Y~cnc Codex. France. 

It is now generally accepted that prereducing O,,, to 
its singly reduced semiquinone form decreases the yield 
of charge separation (see e.g. Refs. 4-9). However, 
there is some disagreement with regard to what extent 
this (~ccurs. The lower yield of charge separation in 
reaction ccntres with O,~ present, compared to that of 
rc~ction centrcs with Oa oxidiscd, has been explained 
by a net repulsive electnrstatic interaction between O,~ 
and the primary radical oair [6,10]. 

When the primary radical pair P*Phe-  is formed, 
and if it lives hmg enough to allow dephasing of the 
electron spins, charge recombination to the molecular 
triplet state of P can occur [1 I]. These conditions can 
be reached vehcn Oa is absent [12] or doubly reduced 
[9]. When O,,, is singly ,educed, no triplet state can be 
detected [9]. As the most straightforward explanation 
for this observation, it was suggested in Ref. 9 that the 
yield of the primary radical pair in PS I! reaction 
centrcs with O,~ present, is very low, due to the 
electrostatic effect, as proposed in Refs. 6 and 10. 
Double reduction of Oa, followed by a double proto- 
nation neutralises the negative charge at the site of Oa 
and the formation of the primary radical pair is no 
longer electrostatically inhibited [9]. The triplet yield is 
high, becau~ the lifetime of the primary radical pair is 
sufficiently long for triplet formation. 



In this work we test the hypothesis that the double 
reduction of QA modt, lates the yield of the primars. 
radical pair and hence the yield of the triplet. For this, 
we looked at the rate of charge .separation. using 
picosecond fluorescence measurements. It was sug- 
gested earlier that the double reduction of QA may be 
responsible for fluorescence cmenchinz in PS I! [9.13]. 

We used two types of PS !I preparations from 
spinach, differing in their antenna size. The reduction 
of the antenna size is usually achieved by detergent 
treatment, which may affect the intactness of the ac- 
ceptor side [91. 

A preliminary report of these results has appeared 
elsewhere [141. 

Materiats and Methods 

PS il-enriched thylakoid membrane fragments wcre 
prepared from spinach as described earlier [15] using 
the modifications in Ref. 16. PS !! core complexes 
were prepared according to Ref. 17. in order to obtain 
reaction eentres with O,,, doubly reduced, membrane 
fragments were maintained m the dark for .several 
hours in the presew'e of approximately 40 mM sodium 
dithionite and 100 #M benz3'l viologen (.sodium 
dithionite was added from a 10-fold concentrated stock 
solution, also containing 400 mM Mops at pH 7.t}) [9]. 
In addition, 50 mM Mops (pH 7.0). 300 mM sucrose. 
200 mM sodium formate, 10 mM NaCI, ~ mM MgCI: 
and 1 mM EDTA were present during the incubation. 
In experiments in which QA was reoxidised, the mem- 
branes were washed with buffer in order to remove 
dithionite and benzyl viologen and the sample was then 
suspended in a buffer containing 5 mM fcrricyanide 
which was subsequently removed by washing. 

Core complexes were also treated with sodium 
dithionite and benzyl viologen, but this was done in a 
buffer containing 50 mM Mes (pH 6.0), 400 mM su- 
crose, 200 mM .sodium formate, 10 mM NaCI, 5 mM 
CaCI, and tmM EDTA. 

Incubations with dithionite and benzyl viologen were 
done in EPR tubes in order to enable the monitoring 
of the triplet [ l l l  and formate enhanced Q:~ Fe z + 118] 
EPR signals during the treatment (see also Ref. 9). 
The incubatic:,s weir ended after all QA had been 
doubly reduced (i.e., the triplet EPR signal had reached 
its maximal level ~nd th," Q,~Fe 2. signal had de- 
creased beyond detection [9]). The ~amples were stored 
under argon and at 77 K in the dark ,mli use. 

EPR spectra were recorded using a Bruker 200 
X-band spectrometer titled with an Oxford Instru- 
ments eryostat and temperature control system. In 
order to record spectra during illumination, an 800 W 
tungsten projector was used. The light was filtered 
through 2 cm water and three Calflex (Bakers) heat 
tilters. 

I~tJ 

For fluorescence kinetics measurements. ~,amples 
were diluted in near darkness into fluorescence cu- 
vettes in an argon flushed buffer (4~('). containing 50 
mM Mes (pH 6.0), '4110 mM sucrose. I() mM NaCI and 
5 mM CaCI,. After dfltaion, the cuvcttes were scaled 
and kept in the dark until use. Samples ~,'ith O,~ douh y 
reduced were diluted in buffer, to which 4 mM sodium 
dithionite had already been added. Thus, a possible 
partial reoxidation of doubly reduced QA was avoided. 
Oh was singly reduced by the addition of 4 mM 
dithionite to a sample that had not been treated with 
dithionite and bcnzyl vioh)gen. The addition was made 
shortly before the measurement. For measurements 
under conditions of oxidised O,.~. the sample was in ~he 
pre~nce of 0.05 mM ferricyanide and the light inten- 
sity o| ',he exciting light was diminished to a level at 
which the contributkms of decay components longer 
than o.:te nanosecond were n,inimal. In particularly in 
the case of oxidised core complexes, the lifetimes of 
the decay components inerea~d considerably ~,ith the 
intensity of the excitation light. 

Fluorescence kinetic measurcments ~ere performed 
in 10 × 10 mm anaerobic cuvettes at a concentration of 
1-10 #g Chl/ml. During the measurements, the sam- 
ples were stirred and maintained at 4°C. The experi- 
mental conditions were as demribed previously [19]. 
The excitation source was a mode locked Ar ion laser. 
wavelength 457.8 nm. the pul~ frequency was 596 kHz 
end the pulse energy was approximately 2 pJ/cm-'. The 
time resolution of the multi-channel analy~r was 10.2 
ps/channel. The pulse width after detection was 21MI 
ps full width at half maximum. To check for a wave- 
length dependence of the fluore~ence decay kinetics. 
the detection wav'elcngth v.as set at 679, 693 or 707 nm 
using Balzers 13-411 interference filters. No significant 
wavelength dependence was observed. Therefore. sub- 
sequent measurements were carried out using a broad- 
band (Balzers K70) filter. 

The fluorescence decay of a refe~,:nce compound 
(Rose Bengal in methanol, lifetime 055 ns) fluorescing 
at the same wavelengths as chlorophyll v, as determined 
before and after the mcasuremen: of the fluore~ence 
decay' in a PS It sample. The averaged reference was 
then used to generate a ia~r pulse shape using a 
deconvolution programme employing Folrier transfor- 
mation. The deconvolution parameters wcre varied and 
were considered optimal when the resulting pulse shape 
showed minimal oscillations. 

The fluorescence decay kinetics were analysed with 
the Global Analysis programme of Beeehem, Gratton 
and Mantulin (Globals Unlimited, Urban& USA, 19901. 
The input file for this programme consisted of the 
sample data file and the associated deeonvoluted pulse 
file. l'h~. data was wcigh~.ed with the square root of the 
number of counts per channel and fitted to a sum of up 
to 6 discrete components. The criterion for the good- 
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Sarnplc Addition, Flut'~c,.cence tlcca~ components Rcl, ,.ield 

Beh*rc dilhi~m~lc 'bcn/ ' . l  ~ i-hsgcn A 1105 ~ , |  II 14 ~ 11313 11.33-t11M 3.2+. I I*~ 
lrcalfUenl Icrricy~mMe 173+ I(|1 427 ~51 UI.1t4 4 0.1121 

B 4 mM I1.~|*0.1 1.4+11.3 3 .3*  1 133 

di th ioni le  125+ 1111 168+ l i d  t 7 + 3 1  

l ) i lh i ,mi tc /bcn/ ' : , l  vioh~gcn trCalcd C 4 mM 0.22 ~ tUI4 11 r a i l  ILI 2.11 f 0.'~ 7 1 ~- 2 77 

dhhtoni te  (h~J~ III1 ( ] S * , t )  1 ~ + 2 )  15 * II  

ROt ~kltli',cd ,die I dlt hloqitc bc nl:~ I I) 11115 mM [11] + 11113 11.3~, + ILtI~ 11+11.3 ~ f l ÷ 2  21 
~io[ogcn Ile;t lnlcll l  Icll tC}anide lfl4+ IllJ 1 3 5 " 7 1  iI  +0.3} (ILl13 +1).111) 

ncss ol the fit was the t : ~aluc T h e  quality of the fits 
was also iudged from a plot o1 the distribution of 
~cighted rcsitlual~ (experimental minus calculated 
counts per channel). In s~mc cases, short components 
10.1-40 psi wcrc flmnd, with lifetimes and relative 
amplitudes that were not reprt~.lucible. The relative 
amplitudes and lifetimes ~f the remaining eomp~ments 
wcrc reproducible within the error, given in Tables ! 
and II. Therelore. only the latter components are con- 
sidered in our discussi~m of the fluorescence decay 
kinetics. Values liar the relative fluorescence yield were 
calculated hy 2~ , r ,  (~, is the relative amplitude ot 
component i in percent and r, its lifetime in as). The 
values for the relative fluorescence yield (Tables ! and 
II). corresponded with those obtained from fluores- 
cence mea~;uremcr, ts under continuous illumination 
(Table !111. Thus. thc values for tt~c r,-!uti,.e yield. 
calculated from the detay kinetics can be taken as 
being prol~a~rtional to the fluon..~cetlce yield. 

For fluorescence mcast.remcnts under continuous 
illumination, a homc-buih app~,ratus wa~, used. The 

onset of the cxciting light (expanded He-No la~rlight.  
633 nm I was accomplished by the opening of an electri- 
cal shutter  (opening time faster than t rusk Detection 
was around 6,g7 nm (monochromator} using a photo- 
multiplier ($20) and an analogue-to-digital conversion 
card. 

Results 

PS ll-enriched membranes 
PS II membranes were prctrcated with dithionite 

and bcnzyl viologcn as described in Materials and 
Methods. in order to obtain reaction centres with QA 
doubly reduced [9]. This was checked by EPR at liquid 
helium temperature by measuring the decrease of the 
Q~ Fe -~- signal and the increase of the light-inducible 
reaction centre triplet signal. The triplet signal was 
sm:dl at the start of the treatment and a large Q~Fe-'* 
signal ~'as observed (Fig. Ink The incubations were 
ended after the triplet EPR signal had reached its 
maximal level and thc Q,~Fc:-  signal had decreased 

I-AI]I.I~ II 

..tn,ll~ ~t~ ot  II11 tt*.~rl'~l ctl~ c dl'( a i  d .  i * ~mttntan Dora s, l ( t . l  t'tpcrth'rCllP~l o! p'* H ~ olC I Itlll/Jt~(\i('t. hctorc i/,'ld all(r  dlthlilltlh" / hc~'lzt'/thdogen 
trl '~tl l l lct l t  

l:luluc,..CerlCe decay corllpamcul~, are gi~.cn ill 11". ;ll'td 1he , Cklti'.e amplitude iN gl~.crl ~lS a percentage in bracket~; estirrlated error~, are given. Values 
h~r the relali',e fluore~.cencc "~ietd are gi'.en in arbitr,ll:,' iiBil~ I~.¢e Material., and Method,, tor pn~cdurel .  

Sample Additions Fluorescence dcca!,' component~ Rel. yield 

Bet:~re dilhionile/henRi ", iologcn 
treatment 

l)ithionilc/bcn/~l vioiogcn treated 

A II.I15 mM tL06- 0AI2 0.25 + 11.114 0.,',,~ ±(I.I 3.1 + I 13 
lelricyanidc 175+ 101 (22+51 ( 3 : 1 1  11).2 + I1.1 } 

B 4 mM I1.1 -,P 1LIt3 11.51 + IL l  1.5+1L4 4.9_+ I qtl 
dithionitc (32+61 (36±7)  (26+51 (6+2)  

( ' 4 r a M  II.ll?S + II.ll2 11.32 # IL(14 1.3 ~11.3 ? .1~2  66 
dithionite ( 5 0 .  I(1t ( 32+6 )  [13+31 (3+ II 

D 0.11~ mM ILl t (LII3 11.37 +1HI5 1.2±11.3 5.9_+ 2 28 
lcrri¢.~ anide (65~ 101 (30+6 )  14±11 (I +11,3) 
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TABLE II! 

Value~ for the fluore~cenc'e yield, mea.~ured under t ontmuom dh~mma~ 
tion in P.S II membranes and PS l /core  ('omple.re~ 

The sample conditions were similar to those used in the fluorescence 
decay measurements. The fluorescence yield is given in arbitrary. 
units. 

Sample Additions Fluores enec yield 

membranes core 
complexes 

Before dithionitc/ 
Imnzyl viologen 
treatment 

Dithionitc/hen~l 
viologen treated 

A a 0.05 mM 
ferriCyanide 18 26 

B 4mM 
dithionile 149 146 

C 4mM 
dithionile 73 ";'2 

D ~ [l.05 mM 
ferricyanid¢ 27 46 

a Values are those measured at the onset of the illumination. 

beyond detection (Fig lb, see also Ref  9). Samples 
pretreated in this way are referred to as ' d i th ion i te /  
benzyl viologen-treated samples '  throughout  the text. 
They were kept under  reducing conditions unless oth- 
erwise mentioned. For the fluorescence decay mea- 
surements ,  we also prepared PS II membranes  in the 

two other  redox states of  QA: with QA oxidised and 

;! 
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Fig. 1. O~ Fe '+ and reaction centre triplet signals from PS It-en- 
riched membranes (4 mg Chl/ml) after different redox treatments: 
average of two experiments. (a) Spectra recorded 15 rain ariel the 
addition of 40 mM dithionite; tb) after approximately 4 h incubation 
in the presence of 40 mM dilhionite a~d O.I mM benzyl viologen in 
the dark at 20°C; (el after subsequentially washing the sample in 
buffer. 5 mM ferricyanide, buffer(2x ~ 15 rain before freezing the 
sample, 40 mM dilhionite was added. EPR conditions for the 
Q~Fe 2+ spectra: temperature. 4.7 K: microwave power. 32 roW: 
microwave frequenCy, 9.44 GHz; modulation amplitude, Z'~ O. The 
triplet spectra are difference spectra (light on minus light off): the 
EPR conditions are the same as [or QA Fe2* except that the 

microwave power was 63 .aW. 
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Fig 2. Fluorescence decay (normalisedl in PS ll-cnriched mem- 
branes. Weighted residual plots are al~ ~hown (upper tracesl. (a) 
[L05 mM ferri~'anide pre~nt in the measuring cuvette: (b) 4 mM 
dithionitc pre~ent: (c) sam#c, treated as dc~'rihed in the legend to 
Fig. Ib: the dithionitc concentration in the cuvette v, as 4 raM. The 
number of counts in the peak channel v, as: la) 29 000: (b) 41 O(X): 

(el 22 I~(). 

with Q..x singly reduced (see Materials and Methods for 
details on the experimental conditions). 

Typical fluorescence decay o 2 r v e s  for the three types 
of  samples are shown in Fig. 2 for PS II membranes.  
Comparing traces A (QA oxidised) and B (QA singly 

reduced) reveals that upon reducing QA with one elec- 
tron. the fluorescence lifetime increases drastically. 
This is characteristic for PS II (see Refs. 20 and 21 for 
reviews on fluorescence of  PS II). When Qa  is doubly 
reduced (trace C), there is an initial fast decay, similar 
to that in oxidised samples. However, there is also a 
very slow component  present,  slower than that of sam- 

ples with singly reduced QA. 
To obtain more quantitative information on the 

f luore~ence decay kinetics, we fitted the decay curves 
to a multi-exponential decay function (see Materials 
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~md Mcth~ds h,r tlctails on the lilting procedure}, 1 hc 
results arc shown in "lablc 1 (A, I~ and ('). Fitting ol 
the curies yielded three (Oa oxidiscd and s;ngly re- 
duced) or four (Q~ doubly reduced) components. As 
shown in the v~eightcd residual plots of Fig 2. the fitted 
curves agree well with the experimental curves. In 
samples with oxidised O,x, relatively high values for X: 
were found, due to a lower signal to noise ratio. The 
lower signal to noise ratio was caused by the relatively 
low fluorescence yield and also the low excitation in- 
tensity used for samples with oxidiscd QA (.~e Materi- 
als and Mcthods). The results of the analyses of the 
decay kinetics were reprnducablc within the errors 
given in Table I. 

The data of Table IA, B, C confirm the qualitative 
impressions from Fig. 2. When QA is oxidised, the 
kinetics are domim~tc:J by a fast component of approx. 
140 ps. Singly reducing QA rcsuhs in an increased 
fluorcsccncc yield. This is caused by the lengthening of 
the fluorescence lifetime of the components and a shift 
in the distibution to slower components, of which a 
component with a lifetime of approx. !.4 ns is domi- 
nant. These observations are in agreement with reports 
in tile lilcraturc on similar preparations [4,8,22]. 

In samples with QA doubly reduced, the fluores- 
cence yield is also higher than that in samples with QA 
oxidised, but it is only half that of samples with QA 
singly reduced (see also Table IlIB, C). There is a short 
compo~lent of 220 ps with high relative amplitude, 
which is similar to the 140 ps component found when 
QA is oxidised. A similar component with high relativc 
amplitude together with an irreversible decrease in 
fluorescence yield has been ob~rved previously after 
strong illumination in the presence of dithionite [4] 
(see also Ref, 23). It has been shown recently that such 
conditions indeed genera;e reaction centres with O,x 
doubly reduced [9]. Finally, there is an unusually long 
component of 7.1 ns prcscnt when QA is doubly rc- 
duced, which is absent when QA is in the semiquinone 
form. Since the time window used was 10 ns. the value 
for the slow component is an approximate value. How- 
ever, it is clearly slower than that in samples with singly 
reduced QA (see Fig. 2a.b). Slow (25-35 ns) fluores- 
cence decay components, similar to the lifetime of the 
primary radical pair, have been observed before, in 
D l / D 2 / c y t  b-559 particles which contain no QA [24- 
261. 

in order to check whether the appearance of the 7.1 
ns component was reversible, dithionite/benzyl violo- 
gen-treated samples wcrc rcoxidised by washing with 
ferricyanide (see Materials and Methods). Table 1D 
summarises the fluorescence decay kinetics of the reox- 
idised samples. The decay kinetics and the relative 
fluorescence yield were similar to those of samples that 
had not been treated with dithionite and benzyl violo- 
gen (Table IA). The amplitudes of decay components 

~1 I n,, or hmgcr were small (approx. I~:). Generally, 
the kinetics wcrc more similar to those of oxidised 
~amples not treated with dithionite and benzyl viologen 
(Table IA). This indicates that the double reduction of 
Q,~ is reversible when the sample is rcoxidised and that 
slow components, observed in samples with dithionite 
present are not due to the presence of di~onnected 
antenna. 

EPR measurements were also carried out on reoxi- 
dised ,'~mples, in order to test whether the state 

_ " p +  

OaFe-  could be made again in its normal form [18] 
by re-adding dithionitc. Wc found that only in a small 
proportion of the ~mplc  could this state be formed (in 
appioximately 10<?~, comparing Fig. la and c). At the 
same time. there was a significant reaction-centre 
triplet signal detectable (Fig. lc), although it was 
smaller than in samples with all the Oa doubly re- 
duced. This indicates Ihat in most of the reaction 
centrcs in this preparation, QA is immediately doubly 
reduced upon dithionite addition. This is probably due 
to an irreversible conformational change that in turn 
results in a destabilised Q,( state. 

PS Ii core complexes 
The experiments described above were repeated 

with a different type of PS 11 preparation, which is 
designated "core complex', in this preparation there is 
a solubilisation step involved, for which the detergent 
octylglucopyra;~.~side was used [17]. The core com- 
plexes are devoid of the major PS II light-harvesting 
protein, LHC il, and have approx. 70 chlorophylls per 
reaction centre [17]. The dithionite/benzyl viologen 
treatment for the double reduction of QA was similar 
to that described for PS !1 membranes. However, we 
noted that in this preparation, the yield of the reaction 
centre triplet was already significant at the beginning 
of the treatment lapprox. 30f/< of the maximum obtain- 
able level, data not shown). This suggests that in part 
of thc reaction centres double reduction is essentially 
instantaneous when dithionite is added. 

The results of the fluorescence lifetime measure- 
ments on the PS II core complexes are shown in Fig. 3. 
The traces show a number of features which are similar 
to those indicated for PS I1 membranes (Fig. 2): trace 
C (QA doubly reduced) shows a fast initial decay, as 
does trace A (QA oxidised) and there is a slow compo- 
nent in trace C that seems slower than that in trace B 
(QA singly reduced). However, the difference between 
the traces before and after dithionite/benzyl viologen 
treatment (Fig. 3b,c) is less pronounced than for the 
case of membranes (Fig. 2b,c). 

The decay curves of core complexes were fitted 
using the same procedure as for membranes (Table 
IIA,B,C). The results for samples with QA oxidi,ed and 
QA singly reduced z.gree with recent data obtained 
from a similar preparation [27]. A more quantitative 
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Fig. 3. Fluorescence decay (normalised) in PS II core complexes. 
Weighted residual plots are also shown (upper tracesk Sample 
conditions were as described in the legend lo Fig. 2. The number ol 

counts in the peak channel was: (a) 61 OiXk ¢1",) 50 (~ln; (ct 16 ~XML 

comparison between the results from membranes and 
core complexes can be made when Table I (A.B.C) and 
Table ii (A,B,C) arc compared. This reveals one major 
difference: the presence of a fast component (IIW} ps) 
in core complexes with dithionitc added in order to 
singly reduce QA (Table liB), compared to membranes, 
in which the fastest component has a lifetime of 600 ps 
under these conditions (Table 1B). In core complexes, 
fast components (of the order of 100 ps) are presem 
both before (Table liB) and after (Table IIC) dithion- 
i te /benzyl  viologen treatment. This accounts for the 
fact that in core complexes, the traces before (Fig. 3b) 
and afler (Fig. 3c) dithionite/benzyl viologen treat- 
ment are more alike than they are in membrane sam- 
ples. 

Dithionite/benzyl viologen-treated core complex 
samples were tested for the reversibility of the pres- 

once ol s]o~ comI~ments h.~ mca,,urin~ them also in 
the presence of (I.Ii5 mM fcrr~c?,anide, l-he ,Io~ o~m- 
poncnts (I.3 ns and 7.1 ns) oh,,crxcd under reducing 
conditi,ms decreased c~msidcrably in rciati~c ampli- 
tude in the pre,.ence ot Icrricyanidc 

Discussion 

PS-II membranes 
Fluorcbccnce mea~,urements v;ith short time re,~lu- 

tion have been used extensively to study the primar~ 
photochemical reactions in PS II. A large variety ()f 
preparations has been used and the fluorescence kinet- 
ics have been found to be ,,ignificantly dependent on 
the type of preparation and the organism used and 
probably al.,~ on the measuring system umd (see Rcfs. 
20 and 21 for recent reviews}. Our results on samples 
with Qx singly reduced and QA oxidiscd are in agree- 
ment with previous work on similar preparations (e.g. 
Rcfs. 4. 8 ~nd 22. They are al~o in agreement with 
results from in(at* chloroplasts and green algae (scc 
Rcfs. 20 and 21). except that we did not ha,,e contribu- 
tion~ from P S i .  We will focus in the fi~llo~ing on the 
doubly reduced redox state of O,x. which has not been 
investigated before using picosecond fluoremencc mea- 
surements, and compare its fluorcmcnce decay kinetics 
with those of the oxidised and singly reduced states of 
OA. 

u.'e will analyse our results, assuming that t~e fluo- 
rcmencc decay kinetics of PS ]I are trap-limited (see 
e.g. Refs. 6 and 28, also Rcf. 2q, and Rcfs. 20 and 21 
for compari.':,ons with other concepts). In line v, ith 
those studies, we assume that the excitation energy 
cqudibrates over the antenna system, including P-68(L 
within a few pico.~conds (faster than the time resolu- 
tion of our measuring system). ~lhe lifetime and am#i-  
tude of the fastest decay component thu,; reflect the 
trapping of the equilibrated excited state into the pri 
mary radical pair state. The lifetime and the amFlitude 
of the fastest decay coml~ment ar~ to a large extent 
responsible for the initial part of the fluorescence 
decay curve. Therefore, we assume that the initial 
decay observed in the fluore~ence decay c u r v e  (Fig. 
9), reflects the formation of the primary radical pair. 

Comparing different redox state.~ of OA in the same 
kind of PS II preparation will reveal influences of the 
Oa state nn primary photochemistry. When the traces 
A (Q:~, oxidised) and B (QA singly reduced) of Fig. 2 
are compared, a much faster initial decay is observed 
in the oxidised situation. Similar observations have 
been explained previously by. a decreased yield of 
charge s~paration when QA is reduced, assuming trap- 
limited fluorescence decay kinetics [6,2.8]. A net repul- 
sive electrostatic interaction between O.~ and the radi- 
cal pair was thought responsible for this reduced yield 
[6,101. 
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(tl lnp;lIi l lt~ Ir:lkt TM I'] ,uld (+ ol [ i B I I'c'~',:-d'- t]t:ll lhu' 
InithlI det,.P, ill trdcc (' (().~ uh+ubt} fctlut'cd)i'- la',tcr 
them thai in t~,tcc l~i ((.)n singls rcduccd). A~,,umin~u 
trap-limited decay kinctius, this indicates a higher rate 
of charge ~,epar~ion (rcsultin~ in a hi~hcr yield) s~hcn 
Os ix doub[~ reduced, compared to reaction centre ~, 
with O., singl.s reduced. Thi,, a ' ,s flroposcd before i~ a 
slud}' on the tril31Ct siekt in relalion Io the rcdox slate 
of O,~ [q]. In thq L!"er study, a ncgligii,le triplet yield 
,,,~as G)und in reaction ccnlrcs with O.~ singly reduced 
at liquid helium tempcr~,turc and a ,lr:tstic increase in 
triplet yield (oh,so to IIHv; I was obset~ed ~,vhen O.x v.;ns 
sut)seqnenlly doubly reduced [t,~j. In a purely clcctro- 
slatic mt~del in which chmges at Ihc Ox site tlireclk 
influence the yield of the p r i m a l  radical pair [fi.10]. 
the ifigh rate of charge ncp~ffation in Ihc doubly re- 
duced stale implie~, that ,he ncgatkc charge at the Q~ 
silo ix nculrah cd. 1"o explain thi:., we ,~u~gest thai O 
undcrgoe,, prot~m~tion upt~i1 double reducti..,o f,¢ming 
Ihc quinol, a~, v, as ,,tlggeslcd before I')]. 

If double reduction of O ~ involven a protonalion 
rc,,ulting in the clcctricall~ neutral quinol_ the electro- 
static repulsi,m bet~ecn ¢0,. and Ihe radical pair is 
absent and lhe yield of charge scparatkm ix probabty 
similar m that of reaction ccnlres ~,'ith O,x oxidised. 
The, seems indeed the case from -fable I: the lifetime 
and the rcl:~tive amplitude of the fastest decay compo- 
nent arc simil:~r when comparing samples with Oa 
,~xidised (14(I ps. 73",;. Table IA) and O~. doubly re- 
duced (2211 ps. ~~¢Y; Table IC). 

It should be pointed out th:,,l the data might also bc 
explained by c,~nformational ci~angcs triggered by the 
O,, redox state [t~]. The electrostatic model discussed 
abtwe and r, lo'3els invoking contormational changes are 
~ot neecss:'.rily mutually exclusive. 

Apart from the similarities in the fastest decay com- 
ponent of oxidiscd and doubly reduced reaction cen- 
Ires meutitmed above+ the ,~thcr decay components arc 
different from each other. I h e  most obvious difference 
is the prcscn,.'c of a component of approx. 7 ns with 
sigmificant amplitude in samples with Oa doubly re- 
duced, w'hcrcas components kruger than Ins  arc ncgli- 
},ihlt' ill samples with Oa oxidised. Wc stress that ,Icca.~ 
Cillllllonellls i:1 ~l,c rilngc of I-I1t ns al~ays dis,m- 
pcarcu upon rcoxidation of samples (sec Tables ID 
and liD). Thus. they arc not the result of disconnected 
antcnmL It is more likely that the presence of the 7 ns 
component in samples with doubly reduced Q,x is 
rchled to the longer lived radical pair in these sam- 
pies. In the oxidised slate, the second component ob- 
served has it lifetime of 331) ps. which is in the range of 
values reported fl~r the liGttime of the primary radical 
pair under those conditions [1(I.3(1-32]. 

Comparing samples with Ox singly and doubly re- 
duced el'able IB.C). it is sccn that in samples with O,x 
doubly reduced (dithionite/benzyl viologcn-treated), 

Iour components were found. In the ease of singly 
reduced 0,, .  three c,,mponcnls were found which is in 
:tgrecment with earlier ~.ork (se¢ Refs. 20 and 21 for 
re~.iews). It ix rx)ssihle thai the 3 ns component (SS~-) in 
d i lh ion i te /benzvl  vioh),~en-treated samples (Table IC) 
is duc to a small fraction of reacti,m cenlres with Oa 
still singly reduced but not detectable by EPR. in which 
c:lse Ihe doubly reduced state may a l ~  be charae- 
Icriscd by three decay components. The prc~nce of a 
7 ns component when Oa is doubly reduced, compared 
It) 3 ns for the singly reduced state, indicates that the 
lift:time of the radical pair is hmgcr in the doubly 
reduced state. However. the relation bct,~;ccn the fluo- 
rescence decay kinetics and the lifetime of the primary 
radical pair is complex, and i* is not straightforward to 
determine it from the fluorescence decay. For a ho- 
m¢,gcnous sample, neglecting singlet-triplct mixing, the 
kinetics of the radical pair are described by an expres- 
sion in which all of the cx~mential fluorescence decay 
components and their relative amplitudes appear ( ~ e  
Rcfs. 6. S and 19. for example). In the most simple 
model, in which there arc forward and rever~ reac- 
tions belwccn two states (the excited state and the 
singlel prima~ radical pair state), only two decay com- 
ponents are present [6]. Here (sec also ReC 22). the 
situation is more complex because there are at least 
lhlee decay components in samples with QA singly or 
doubly reduced. The presence of three or more PS il 
fluorescence decay components in green algae has been 
dc~,cribcd assuming PS II.-t,r/,6 heterogeneity [33]. Al- 
though ssc usud PS !1 membranes [15] that were pre- 
pared from the grana which consist only of PS II-a, wc 
can not rule out that our samples are heterogenous as 
regards the primary photochemical reactions. Thus, 
hetcro,acncity may explain the fact that three or more 
components arc found in PS I! membranes. However. 
in the case of doubly reduced Qa. the fluorescence 
decay kinetics are probably influenced by the singlet- 
triplet mixing of the primary radical pair. the decay of 
which ix then described by a Stochastic Liouville Equa- 
tion [34]. Therefore. analysing the fluore~encc decay 
kinetics as a sum of di~rete,  e" 'ncntial. decay com- 
pt,nents is prob~,bly approximate and a rigorous mathe- 
matical analysis is hampered. Also. sample heterogene- 
ity may give rise to a distribution of lifetimes, rather 
than discrete decay components. This is the case if the 
values for the rate constants of the primary reactions 
arc gradually distributed around some average value. 
Nevertheless. there are some othe~ indications, from 
flash absorption measurements, that the radical pair 
liven longer when Oa is doubly reduced, compared to 
the singly reduced state. ( I ) Strong illumination in the 
presence of dithionite (now known to result in double 
reduction of Oa [9]). gave an increase in the lifetime of 
the radical pair up to 15 ns [4]. (2) Comparison of 
different PS !1 preparations led to the suggestion that 
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the the yield of charge separali~li, and al,,o the l i tcl imu 
of the prima D' radical pair increase ~hen Ox i~ doubly 
reduced [5.9]. 

PS I I  core comph<~es 
Ahtwe, using the fluorescence ,+ "cay cu~es of PS II 

membranes (Fig. 2)+ we have compared Ihc yields o|  
charge separation in samples with different states of 
the Q^ accepter .system, assuming Irap-Iimited fluores- 
cence decay. The same features as .seen in PS II 
membranes (Fig. 2) are. to a .~lmewhat lesser extent, 
present in PS II core complexes (Fig. 3): the initial 
0ccay of ,samples with O,~ oxidised and doubly reduced 

"is faster than that of samples with O,~ singly reduced, 
We will now in re)me more detail compare the results 
from PS II membranes and PS I! core complexes as 
shown in the Tables IA.B,C and llA,B,C. 

The cole complexes were obtained from the mem- 
branes by a detergent ~31ubilisation step. which results 
in a smaller antenna size (approximately 70 chloro- 
phylls per reaction centre [17]). For trap-limited fluo- 
rescence decay, the talc of trapping is dependent on 
Ihe antenna size [6]: decreasing the antenna size in- 
creases the free energy of Ihe excited state relative to 
the primary radical paiz stale and hence the rate of 
trapping increa~s. This is illustrated for example un- 
der oxidised conditions: the fast component in core 
complexes is shorter (60 ps, Table IIA) compared to 
membranes (140 ps. Table IA). 

There is a more striking difference between core 
complexes and membranes obvious in samples with Q:x 
singly reduced by addition of dithionilc ('Fables IB and 
IIB). In core complexes there is an additional I(~) ps 
component present which is absent in PS II mem- 
branes. Such a component was also found in samples 
with QA doubly reduced (Table llC). It is thus likely 
thai the I<X) ps component found in core complexes in 
the presence of dithionite reflects a significant percent- 
age of reaction ccntrcs in the doubly reduced slate. 
This correspond:; to the observation made by EPR. 
that double reduction of O A in core complexes occur~ 
immediately upon dithionite addition in a fraction (ap- 
prox. 30c~) of lhe reaction centres. The data thus 
suggest that in core complexes the O A site has been 
modified to the extent that double reduction of Q A  c a n  

occur rapidly when dilhionite is added. Thus, a ,sample 
with part of the Q,x population in the singly reduced 
state and part in the doubly reduced state is obtained. 
Accordingly, the primary photochemistry and the fluo- 
rescence kinetics are heterogenous. 

It was suggested before [9] that the intactness of the 
Q^ site decreases gradually with the severity of deter- 
gent treatments applied (usually in order to puri~ the 
reaction centre). This could be the factor ~apart from 
antenna size effects) thai was responsible for the dif- 
ferences in the yield of charge separation and the 

radical pair l i lcl imc, rcpoilc~ tot d! l leici l t  l',tcp.ihi- 
iil>rl~ I5l. In pa r l i cu la r ,  lh~ ,.LIbil i l ' , i, l I . ) ;  Ill<i) t ic- 
crease, goin 7 from intact membra r l¢  preparation,, to- 
wards small reaction centre preparations. rhc  0 x Mille 
may he le~s ~tahilised in these rreparation~ duc to 
detergent-induced eonformational change ~, ts,.:c the: ~,~t- 
uati lm in purple baelcria after removal of t:e: 135.3+,]) 
and an inerea~,c'd aecessihilit.~ Itl dithionhe. Thcrctt~re, 
we propo~: thai di ihionii+, added with the aim of 
singly reducing O,,. wil l  at least partly d o u b l y  reduce 
O.x in these preparalilms. This l~.'<ltlld girl.' rise to a 
higher yield of charge s,2par;rlion lind prilbahIv a hlnglzr 
radical pair l i fetime than expcclcd for a ,,,ample with all 
its O,x singb' reduced. Double reductiun t~f Ox can also 
occur in r n c m b r a u e  prepara l ion~, ,  i f  the samnle is illu- 
minated or incubated in the presence td dilt~;onitc I+1. 
The amount of douhle reduced O x i~ lhlls d e p , ' r ~ , , ~  
on scvcra! factors, ~hich are of'.en nt~i v~ell controlled. 
It may also depend on the t~pc of t~rganism used. 

The presence ,,~I different amounts of doubly re- 
duced Q.x may explain part of the controversy in the 
literature on the yield of charge separation and tile 
lifetime of vhc primaD' radical p3ir m reaction ccnlrcs 
with QA thought to be ~ingl,, reduced q~cc e.g. Rcf~. 
5-7  and l(I for measurements on PS II samples ~ith 
antenna sizes o l  60--lfiO chloroph$11sL In fact, in some 
cases, two phases were resolved in the radical pair 
decay [5,7]; lhe slow pha~e flmnd ( Ill or more nanosec- 
onds) probably reflects the radical pair lifetime in the 
fraction of reaction centre', ~ith Qx doubly reduced. 
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