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The aceeptor QL of PS 11 was doubly reduced by treatment of PS H-enricked membranes (2(0-300 chlorophylls per PS
1-rcaction contre) with dithionite and benayl viologen. After double reduction of Q. two major diffcrences appeared in the
fluorescence decay kineties Gat 3°C). as comnared o the situation with all Q, singly reduced: (1) a dominant fast phasc (lifetime
approx. 200 ps) was observed, similar to that in samples with Q, oxidised: (2) a slow phasc with a lifetime of approx. 7 ns was
observed. which disappeared unon reoxidation of the sample. The fluorescence vield was approxi.~ately half of tiat of samples
with singly reduced Q. The {ast phiase is interpreted as being indicative of a high cfficiency of charge separation duc to the
absence of a negatively charged O . This is explained by the double protonation of doubly reduced Q4 giving rise to the
clectrically ncutral gquinol. Similar cbservations were made in a core complex preparaiion (6(0-80 chlorophylls per reaction
centre). This preparation involves a detergent solubilisation step and data from both EPR and fluorescence indicated that it was
more susceptible to double reduction of Q4 by dithionite (as compared to PS 11 membrancs). The possibility that this is a general

phenomenon in detergent solubilised PS H preparations is discussed.

Introduction

The reaction centre of PS 11 is gencrally considered
to be similar in all green plants, algac and cyano-
bacteria and also to be clusely related to the reaction
centre of photosyatheuc purple bacteria (sce Ref. 1 for
a review). It is connected 1o an antenna system that
captures the light and trapsfers the energy 1o the
primary clectron donor P, which is located in the
reaction centre and consists of onc or more chlorophyll
a molecules. Electron transfer can then occur from P
to a nearby pheophytin a. the primary acceptor Phe.
Thus, the primesy radical pair is formed. This charge
separation 1s subscquently stabilised by ¢lectron trans-
fer to Q. a plastoguinone (see Refs. 2 and 3 for
reviews on clectron transfer processes in PS 1D

Abbreviations  Chl. chiorophyll: EDTAL cthylencdiaminetetraac-
etate: Mes, morpholined thanesulphonic acid: Mops, 3-morpholine-
propanesulphonic acid: P, the primary clectron donor in Photosys-
tem 1 Phe pheophyting PS 1, Photosystem 1z Q4. the first quinone
electron acceptor,
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It is now generally accepted that prereducing Q, to
its singly reduced semiquinone form decreases the yield
of charge scparation (se¢ c.g. Refs. 4-9). However,
there is some disagreement with regard to what extent
this occurs. The lover yield of charge scparation in
reaction centres with Q, present, compared to that of
reaction centres with Q,, oxidised, has been explained
by a net repulsive clectrostatic interaction between Q
and the primary radical pair [6.10).

When the primary radical pair P*Phe ™ is formed,
and if it lives long enough to aliow dephasing of the
clectron spins, charge recombination to the molecular
triplet state of P can occur [11]. These conditions can
be reached when Q, is absent [12] or doubly reduced
{Y]. When Q,, is singly seduced, no triplet state can be
detected [9). As the most straightforward explanation
for this observation, it was suggested in Ref. 9 that the
yicld of tac primary radical pair in PS 1l reaction
centres with Q. present, is very low., due to the
clectrostatic effect, as proposcd in Refs. 6 and 10.
Double reduction of Q,. followed by a double proto-
nation neutralises the negative charge at the site of Q,
and the formation of the primary radical pair is no
longer electrostatically inhibited [9). The triplet yield is
high, because 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 Q, modulates the yield of the primary
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 Q, may be
responsible for fluorescence guenching in PS 11 [9.13].

We used two types of PS H preparations from
spinach, differing in their antenna size. The reduction
of the antenna size is wvsually achieved by detergent
treatment, which may affect the intactness of the ac-
ceptor side [9].

A preliminary report of these results has appeared
elsewhere [14),

Materiais and Methods

PS Il-enriched thylakoid membrane fragments were
prepared from spinach as described earlier [15] using
the modifications in Ref. 16. PS 1l core complexes
were prepared according to Ref. 17. In order to obtain
reaction centres with Q. doubly reduced. membrane
fragments were maintained in the dark for scveral
hours in the presenre of approximately 40 mM sodium
dithionite and 100 pM benzyl viologen (sodium
dithionite was added from a 10-fold concentrated stock
solution, also containing 400 mM Mops at pH 7.0) [9].
In addition, 50 mM Mops (pH 7.0). 300 mM sucrosc.
200 mM sodium formate, 10 mM NaCl, S mM MgCl,
and 1 mM EDTA were present during the incubation.
In experiments in which Q, waus 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 ferricyanide
which was subsequcntly removed by washing.

Core complexes were also trcated 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 NaCl, 5 mM
CaCl, and I mM EDTA.

Incubations with dithionite and benzyl viologen were
done in EPR tubes in order to enable the monitoring
of the triplet [11] and formate enhanced Q; Fe** [18]
EPR signals during the treatment (see also Ref. 9).
The incubatic*s weic ended after ali Q, had been
doubly reduced (i.¢., the triplet EPR signal had reached
its maximal level and the Qi Fe’* signal had de-
creased beyond detection [9]). The samples were stored
under argon and at 77 K in the dark unis use.

EPR spectra were recorded using a Bruker 200
X-band spectrometer fitted with an Oxford Instru-
ments cryostat 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 (Balzers) heat
filters.

1oy

For fluorescence kinetics measurements. samples
were diluted in near darkness into fluorescence cu-
veltes in an argon flushed buffer (4°C), containing 50
mM Mes (pH 6.0), 400 mM sucrose. 10 mM NaCl and
5 mM CaCl.. After dilution. the cuvettes were scaled
and kept in the dark until use. Samples with Q, doubly
reduced were diluted in buffer. to which 4 mM sodium
dithionite had alrcady been added. Thus, a possible
partial reoxidation of doubly reduced Q, was avoided.
Q, was singly reduced by the addition of 4 mM
dithionite to a sample that had not been treated with
dithionite and benzyl viologen. The addition was made
shortly before the mcasurement. For measurements
under conditions of oxidised Q. the sample was in the
presence of (.05 mM ferricyanide and the light inten-
sity of the exciting light was diminished to a level at
which the contributions of decay components longer
than oue nanosecond were minimal. In particularly in
the case of oxidised core complexes. the lifetimes of
the decay components increased considerably with the
intensity of the excitation light.

Fluorescence kinetic measurements were performed
in 16 > 10 mm anaerobic cuvettes at a concentration of
1-10 ug Chl/ml. During the measurements. the sam-
ples were stirred and maintained at 4°C. The experi-
mental conditions were as described previously [19].
The excitation source was a mode locked Ar ion laser,
wavelength 457.8 nm. the pulse frequency was 596 kHz
and the pulse energy was approximately 2 pJ /cm”. The
time rcsolution of the multi-channel analyser was 10.2
ps/channel. The pulse width after detection was 2(X)
ps full width at half maximum. To check for a wave-
length dependence of the fluorescence decay kinetics.
the detection wavelength was set at 679, 693 or 707 nm
using Balzers B-4) interference filters. No significant
wavelength dependence was observed. ‘Therefore. sub-
sequent measurements were carried out using a broad-
band (Baizers K70) filter.

The fluorescence decay of a reference compound
(Rose Bengal in methanol. lifetime 0.5 ns) fluorescing
at the same wavelengths as chlorophyll was determined
before and after the measurement of the fluorescence
decay in a PS 11 sample. The averaged reference was
then used to generate a laser pulse shape using a
deconvolution programme employing Fourier transfor-
mation. The deconvolution parameters were 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 Beechem, Gratton
and Mantulin (Globals Unlimited, Urbana, USA, 1990).
The input file for this programme consisted of the
sample data file and the associated deconvoluted pulse
file. The data was weighted 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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ctahoaes of the themesione decan date Dy front sorerad eperomennd of PS I membranes, before and alter dithionae 7/ henzvl viologen

treatment of memtbranes und of reaatdised membranes

Fluorescence decay components are given in ns and the relutive amphitude is given as a percentage in brackets: estimated errors are given. Values
for the relative fuorescence vields are piven i arbitrany units Gee Materials and Methods for procedure).

Fluesescence decay components

Rel. vield

Sampic Additions
Before dithionite ‘benad viologen ANOS raM 013 +043
treatment ferricyanide (73 < 1)
B tmM (L6 -+ ()]
dithionite [RAE 1))
Dithionite /benal viokogen treaed C4mM 022004
dithsonite (Y4 10}

[{RRIE XX
(g~ Uy

D o.os mM
lerryanide

Reomdised after dithionite -bennd
stofogen treatment

033 - 3141 19
(27 + 5y 004 £40.02)

t4+03 33+1 133
(68 + 111 (7+3)

IR 20405 71+ 77
(18 + 4) (%+2) G

.35 + 0S 11+0.3 S+ 21
(35+7) (1+4.3) 0.03+001)

ness of the fit was the v value, The quatity of the fits
wis also gudged from g plot of the distribution of
weighted  residuals (experimental minus  calculated
counts per channel). In some cases., short components
((.1-40 ps) were tound. with hifetimes and relative
amplitudes that were not reproducible. The relative
amplitudes and lifetimes of the remaining components
were reproducible within the crrore given in Tables 1
and 11. Therefore, only the latter components are con-
sidered in our discussion of the fluorescence decay
kinetics. Values for the relative fluorescence yield were
caleuluted by Xa 7, la, is the relative amplitude of
component | in percent and 7, its litetime in ns). The
values for the relative fluorescence yield (Tables 1 and
1), corresponded with those obtained from fluores-
cence measuremenrts under continuous #lumination
(Table 1. Thus. the values for the re'arive yield.
calculated from the decay Kinetics can be taken as
being proportional to the fluorcscence yield.

For fluorescence meascrements under continuous
ilumination. a home-built apparatus was used. The

TABLE 11

onsct of the exciting light (expanded He-Ne laserlight.
632 nm) was accomphished by the opening of an electri-
cal shutter (opening time faster than 1 ms). Detection
was around 687 nm (monochromator) using a photo-
multiplier (S20) and an analogue-to-digital conversion
card.

Results

PS I-enriched menibranes

PS 1 membranes were pretreated with dithionite
and henzyl viologen as described in Materials and
Methods, tn order to obtain reaction centres with Q,
doubly reduced [9]. This was checked by EPR at liquid
helium temperatuie by measuring the decrease of the
QFe” " signal and the increase of the light-inducible
reaction centre triplet signal. The triplet signal was
small at the start of the treatment and a large Q; Fe**
signal was observed (Fig. 1a). The incubations were
ended after the triplet EPR signal had reached its
maximal fevel and the Qi Fe”" signal had decreased

Analois of the flaorescence decav da o Gumimary from secerad expermenist of PS 1 core complexes. before and afier dithionite 7 benzyl riologen

treatment

Flustescence decay components are given in ns and the s clative amplitude is given as g percentage in brackets: estimated errors are given. Values
for the relative fluorescence vickd are given in arbitrary units (see Materials and Methods for procedure).

Sample Additions Fluorescence deeay components Rel. yield
Before dithionite /benzyl viologen AN mM 006 0412 0,231 00 068 + 0.1 31+l 13
treatment ferricyanide 75+ 10) Q2+5) (3+1) 0.2+0.1)
B4mM 04 +0.03 0.51+0.1 L5+04 19+1 Y
dithiomite (32+6) 36+ (26+5) 6+2)
Dithionite /benzyl viologen treated C3mM L0785 +0.02 032+ 04 134003 Ti+2 a6
dithionite 50+ 1) (32+6) (13+3) >+
D0.0S mM hL1+0.02 0.37+0.05 1.2+03 39+2 28
ferricvanide {65+ 10 (30+6) (3+ 1} +0.3)




TABLE 1l

Values for the fluorescence yield, measured under continuous idlununa-
tion in PS Il membranes and PS 1l core complexes

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

Sample Additions Fluores ence yicld
membranes  core
complexes
Before dithionite /
benzyl viologen A? 005mM
treatment ferricyanide 18 26
B 4mM
dithionite 149 146
Dithionite /benzyt C  4mM
viologen treated dithionite 73 72
D* 0.05mM
ferricyanide 27 a6

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

beyond detection (Fig 1b, see also Ref 9). Samples
pretreated in this way are referred to as ‘dithionite/
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 Il membranes in the
two other redox states of Q,: with Q, oxidised and
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Fig. 1. Q, Fe* and reaction centre triplet signals from PS ll-en-
riched membranes (4 mg Chl/mi) after different redox treatments;
average of two experiments. (a) Spectra recorded 15 min after the
addition of 40 mM dithionite; {b) after approximately 4 h incubation
in the presence of 40 mM dithionite and 0.1 mM benzyl viologen in
the dark at 20°C; (c¢) after subsequentially washing the sample in
buffer. 5 mM ferricyanide, buffer{2x ), 15 min before freezing the
sample, 40 mM dithionite was added. EPR conditions for the
Q. Fe?* spectra: temperature, 4.7 K: microwave power, 32 mW;
microwave frequency, 9.44 GHz; modulation amplitude, 25 G. The
triplet spectra are difference spectra (light on minus light off): the
EPR conditions are the same as for Qg Fe** except that the
microwave power was 63 uW.
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Fig. 2. Fluorescence decay (normalised) in PS H-enriched mem-
branes. Weighted residual plots are also shown (upper traces). (a)
0.05 mM ferricyanide present in the measuring cuvette: (b $ mM
dithionite present: (c) sample. treated as described 1n the legend o0
Fig. 1b; the dithionite concentration in the cuvette was 4 mM. The
number of counts in the peak channel was: {a) 29 000; (b) 41 600,

(c) 22 000.

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

Typical fluorescence decay c:1ves for the three types
of samples are shown in Fig. 2 for PS II membranes.
Comparing traces A (Q, oxidised) and B (Q, singly
reduced) reveals that upon reducing Q, with one elec-
tron. the fluorescence lifetime increases drastically.
This is characteristic for PS 1I (see Refs. 20 and 2] for
reviews on fluorescence of PS 11). When Q,, 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 Q.

To obtain more quantitative information on the
fluorescence decay Kinetics, we fitted the decay curves
to a multi-exponential decay function (see Materials
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and Mcothods for details on the fitting procedure). The
results are shown in Table 1 (A, B and C). Fitting of
the curves yielded three (Q oxidised and sinaly re-
duced) or four (Q, doubly reduced) components. As
shown in the weighted residual plots of Fig 2. the fitted
curves agree well with the experimental curves. In
samples with oxidised Q. 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 oxidised Q, (sce Materi-
als and Mcthods). The results of the analyses of the
decay kinetics were reproducable within the crrors
given in Table 1.

The data of Table 1A, B, C confirm the qualitative
impressions from Fig. 2. When Q, is oxidised. the
kinetics are dominated by a fast component of approx.
140 ps. Singly reducing Q. results in an increased
fluorescence 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. 1.4 ns is domi-
nant. Thesc observations are in agreement with reports
in the literature on similar preparations [4.8,22].

In samples with Q. doubly reduced. the fluores-
cence yield is also higher than that in samples with Q
oxidised. but it is only half that of samples with Q,
singly reduced (see also Table HIB, ). There is a short
compoaent of 220 ps with high relative amplitude.
which is similar to the 140 ps component found when
Q, is oxidised. A similar component with high relative
amplitude together with an irreversible decrease in
fluorescence vield has been observed previously after
strong illumination in the presence of dithionite {4]
(see also Ref, 23), It has been shown recently that such
conditions indeed generate reaction centres with Q,
doubly reduced [9]. Finally. there is an unusually long
component of 7.1 ns present when Q, is doubly rc-
duced, which is absent when Q, is in the semiguinone
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 Q, (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
D1/D2 /eyt h-559 particles which contain no Q, [24-
26].

In order to check whether the appearance of the 7.1
ns component was reversible, dithionite / benzyl violo-
gen-treated samples were reoxidised 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

of 1 ns or longer were small (approx. 197). Generally,
the kinetics were more similar to those of oxidised
samples not treated with dithionite and berzyl viologen
(Table 1A). This indicates that the double reduction of
Q, is reversible when the sample is reoxidised and that
slow components, observed in samples with dithionite
present are not due to the presence of disconnected
antenna.

EPR measurements were also carried out on reoxi-
dised samples, in order to test whether the state
Q;Fe’" could be made again in its normal form [18]
by re-adding dithionite. We found that only in a small
proportion of the sample could this state be formed (in
approximately 10%, comparning Fig. 1a and ¢). At the
samec time. there was a significant reaction-centre
triplet signal detectable (Fig. 1c), although it was
smaller than in samples with all the Q, doubly re-
duced. This indicates that in most of the reaction
centres in this preparation, Q, is immediately doubly
reduced upon dithionitc addition. This is probably due
to an irreversible conformational change that in turn
results in a destabilised Q state.

P& 1 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
octylglucopyraisaside was used {17). The core com-
plexes are devoid of the major PS II light-harvesting
protein, LHC 11, and have approx. 70 chlorophylls per
reaction centre {17} The dithionite /benzyl viologen
treatment for the double reduction of Q, was similar
to that described for PS Il membranes. However, we
noted that in this preparation, the yield of the reaction
centre triplet was already significant at the beginning
of the treatment (approx. 30% of the maximum obtain-
able level, data not shown). This suggests that in part
of the reaction centres double reduction is essentially
instantancous when dithionite is added.

The results of the fluorescence lifetime measure-
ments on the PS Il core complexes arc shown in Fig. 3.
The traces show a number of features which are similar
to those indicated for PS 11 membranes (Fig. 2): trace
C (Q, doubly reduced) shows a fast initial decay, as
does trace A (Q, oxidised) and there is a slow compo-
nent in trace C that seems slower than that in trace B
(Q, 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
11A,B,C). The results for samples with Q, oxidi.ed and
Q, singly reduced zgree with recent data obtained
from a similar preparation {27). A more quantitative
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Fig. 3. Fluorescence decay (normalised) in PS 11 core complexes.
Weighted residual plots are also shown (upper traces). Sample
conditions were as described in the legend to Fig. 2. The nuinber of
counts in the peak channel was: (a) 01 (0 th) S0 (KK (¢ ) 16 XK,

comparison between the results from membranes and
core complexes can be made when Table I (A.B.C) and
Table II (A,B.C) are compared. This reveals one major
difference: the presence of a fast component (100 ps)
in core complexes with dithionitc added in order to
singly reduce Q, (Table 11B), 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 preseni
both before (Table 1IB) and after (Table HC) dithion-
ite/benzyl viologen treatment. This accounis for the
fact that in core complexes, the traces before (Fig. 3b)
and after (Fig. 3¢) 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-

IR

ence ol slow components by measurimg them alvo
the presence of (L03 mM ferrvanide. The slow com-
ponents (1.3 ns and 7.1 ns) obsened under reducing
conditions decreased considerably in relative ampli-
tude in the presence of ferricyanide.

Discussion

PS-1I membranes

Fluorescence measurements with short time resolu-
tion have been used extensively to study the primary
photochemical reactions in PS 11 A lurge varicty of
preparations has been used and the fluorescence kinet-
ics have been found to be significantly dependent on
the type of preparation and the organism used and
probably also on the mcasuring system used (see Refs.
20 and 21 for recent reviews). Qur results on samples
with Q, singly reduced and Q,, oxidised are in agree-
ment with previous work on similar preparations (e.g.
Refs. 4. 8 and 22. They are also in agreement with
results from intact chloroplasts and green algae (see
Refs. 20 and 21). except that we did not have contribu-
tions from PS 1. We will focus in the following on the
doubly reduced redox state of Q,. which has not been
investigated before using picosecond fluorescence mea-
surements. and compare its fluorescence decay kinetics
with those of the oxidised and singly rcduced states of
Oa

We will analyse our results. assuming that the fluo-
rescence decay kinetics of PS H are trap-limited (sce
e.g. Refs. 6 and 28, also Ref. 29, and Refs. 20 and 21
for comparisons with other concepts). In linc with
those studies. we assume that the coxcitation energy
equiiibrates over the antenna system. including P-680,
within a few picoseconds (faster than the time resolu-
tion of our measuring system). The lifetime and ampli-
tude of the fastest decay component thus reflect the
trapping of the equilibrated excited state into the pri
mary radical pair state. The lifetime and the amplitude
of the fastest decay component are to a large extent
responsible for the initial part of the fluorescence
decay curve. Therefore, we assume that the initial
decay observed in the fluorescence decay curve (Fig.
2), reflects the formation of the primary radical pair.

Comparing different redox states of Q, in the same
kind of PS Il preparation will reveal influences of the
Q, state on primary photochemistry. When the traces
A {Q, oxidised) and B (Q, 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 scparation when Q, is reduced, assuming trap-
limited fluorescence decay kinetics [6,28]. A net repul-
sive elcctrostatic interaction between Qj and the radi-
cal pair was thought responsible for this reduced yield
[6.10].
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Comparing traces Band C ot B 1reveads that the
mital decay i trace C (O doubly reduced) s faster
than that in trace B (Q singly reduced). Assuming
trap-limited decay Kineties. this indicates a higher rate
of charge scparation (resulting in a higher vield) when
Q, is doubly reduced. compared to reaction contres
with Q singly reduced. This was proposed before in a
study on the triplet yvield in relation to the redox state
of Q [9]. In the batter study. a neghgibie triplet yield
was found in reaction centres with O, singly reduced
at liquid helium temperature and a drastic increase in
triplet vicld (close 10 10077 ) was observed when Q  was
subscquently doubly reduced [9) In o purely clectro-
static model in which charges at the Q site directly
influcnce the vield of the primary radical pair [6.10].
the high rate of charge separation in the doubly re-
duced state implies that the negative charge at the Q
sife is acutrabcd. To explain this. we suggest that Q|
undergoes protonation upon double reduction forming
the quinol, as was sugeested before 9],

I double reduction of Q involves a protonation
resulting in the electrically neutral quinol. the electro-
static repulsion between Q, and the radical pair is
absent and the vield of charge separation is probably
similar to that of reaction centres with Q oxidised.
This seems indeed the ease from Table It the lifetime
and the retative amplitude of the fastest decav compo-
nent are similar when comparing samples with Q
axidised (140 ps, 737, Table 1A) and Q, doubly re-
duced (220 ps. 69 Table 10).

1t should be pointed out that the data might also be
explained by conformational changes triggered by the
Q, redox state [9] The electrostatic model discussed
above and moedels invoking conformational changes are
not necessarily mutually exclusive.

Apart from the similarities in the fastest decay com-
ponent of oxidised and doubly reduced reaction cen-
tres mentioned above. the other deciay components are
ditferent from cach other. The most obvious ditference
is the presence of 4 componcent of approx. 7 ns with
significant amplitude in samples with Q doubly re-
duced. whereas components longer than | ns are negli-
aible in samples with Q oxidised. We stress that decay
components i the range of 1-10 ns always disap-
pearca upon reoxidation of sumples (see Tables 1D
and 11D), Thus. they are not the result of disconnected
antenna. It is more likely that the presence of the 7 ns
component in samples with doubly reduced Q, is
relited to the longer lived radical pair in these sam-
plcs. In the oxidised state. the second component ab-
served has a lifetime of 330 ps. which is in the range of
values reported for the lifetime of the primary radical
pair under those conditions [10.30-32],

Comparing samples with Q, singly and doubly re-
duced (Table 1B.C). it is seen that in samples with Q
doubly reduced (dithionite / benzyl viologen-treated),

four components were found. In the case of singly
reduced Q. three components were found which is in
agreement with carlier work (see Refs. 20 and 21 for
reviews). 1t is possible that the 2 ns component (8% ) in
dithionite / benzvl viologen-treated samples (Table [C)
is duc to a small fraction of reaction centres with Q,
still singly reduced but not detectable by EPR. in which
case the doubly reduced state may also be charac-
teriscd by three decay components. The presence of a
7 ns component when Q,, is doubly reduced, compared
to 3 ns for the singly reduced state, indicates that the
lifctime of the radical pair is longer in the doubly
reduced state. However, the relation between the fluo-
rescence decay kineties and the lifetime of the primary
radical pair is complex. and it is not straightforward to
determine it from the fluorescence decay. For a ho-
mogenous sample. neglecting singlet-triplet mixing, the
kinetics of the radical pair are described by an expres-
sion in which all of the exponential fluorescence decay
components and their relative amplitudes appcar (see
Refs. 6. 8 and 19. for example). In the most simple
model. in which there are forward and reverse reac-
tions between two states (the excited state and the
singlet primary radical pair state), only two decay com-
ponents are present [6]. Here (see also Ref. 22). the
situation is more complex because there are at least
thiee decay components in samples with Q, singly or
doubly reduced. The presence of three or more PS 11
fluoreseence decay components in green algae has been
deseribed assuming PS H-a /8 heterogeneity [33]. Al-
though we used PS I1 membranes [15] that were pre-
parcd from the grana which consist only of PS 1l-a, we
can not rule out that our samples are heterogenous as
regards the primary photochemical reactions. Thus,
heterozeneity may explain the fact that three or more
components are found in PS I membranes. However,
in the case of doubly reduced Q. the fluorescence
decay kineties are probably influenced by the singlet-
triplct mixing of the primary radical pair. the decay of
which is then described by a Stochastic Liouville Equa-
tion [34]. Therefore, analysing the fluorescence decay
kinctics as « sum of discrete, ¢ nential, decay com-
poncats is probably approximate and a rigorous mathe-
matical analysis is hampered. Also. sample heterogene-
y may give risc to a distribution of lifetimes, rather
than discrete decay components. This is the case if the
values for the rate constants of the primary rcactions
are gradually distributed around some average value.
Nevertheless. there are some other indications, from
flash absorption measurements, that the radical pair
lives longer when Q, is doubly reduced. compared to
the singly reduced state. (1) Strong illumination in the
presence of dithionite (now known to result in double
reduction of Q, {Y]). gave an increase in the lifetime of
the radical pair up to 15 ns [4). (2) Comparison of
different PS 11 preparations led to the suggestion that



the the yicld of charge separation, and also the hictime
of the primary radical pair increase when Qi doubly
reduced [S4].

PS H core complexes

Above, using the fluorescence 1 -cay curves of PS 11
membranes (Fig. 2). we have compared the yields of
charge separation in samples with different states of
the Q, acceptor system, assuming trap-limited fluores-
cence decay. The same features as scen in PS I
membranes (Fig. 2) arc. 1o a somewhat lesser extent,
preseat in PS 11 core complexes (Fig. 3): the initial
decay of samples with Q, oxidised and doubly reduced
“is faster than that of samples with Q, singly reduced.
We will now in som¢ more detail compare the results
from PS 11 membranes and PS 1l corc complexes as
shown in the Tables IA.B.C and HA,B.C.

The coie complexes were obtained from the mem-
branes by a detergent solubilisation step. which results
in a smaller antenna size (approximately 70 chloro-
phylls per reaction centre [17]). For trap-limited fluo-
rescence decay, the rate of trapping is dependent on
the antenna size [6]: decreasing the antenna size in-
creases the free energy of the excited state relative to
the primary radical pair state and hence the rate of
trapping increases. This is illustrated for example un-
der oxidised conditions: the fast component in core
complexes is shorter (60 ps, Table 11A) compared to
membrancs (140 ps. Table 1A).

There is a more striking differcnce between core
complexes and membranes obvious in samples with Q,
singly reduced by addition of dithionitc (Tables IB and
IIB). In core complexes there is an additional 100 ps
component present which is absent in PS H mem-
branes. Such a component was also found in samples
with Q, doubly reduced (Table 11C). It is thus likely
that the 100 ps component found in core complexes in
the presence of dithionite reflects a significant percent-
age of reaction centres in the doubly reduced state.
This corresponds to the observation made by EPR,
that doublc reduction of Q, in core complexes occurs
immediately upon dithionite addition in a fraction (ap-
prox. 309) of the reaction centres. The data thus
suggest that in core complexes the Q, site has been
modified to the extent that double reduction of Q, can
occur rapidly when dithionite is added. Thus, a sample
with part of the Q, 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 purify the
reaction centre). This could be the factor (apart from
antenna size effects) that was responsible for the dif-
ferences in the yield of charge separation and the
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radical pair lifctime, reportec for diterent propara-
tions [S] In particular. the ~abilin of QL ma de-
crease. going {rom intact membrane preparations to-
wards small reaction centre preparations. The Q state
may be less tahilised in these preparations due to
detergent-induced conformational changes (sec the sit-
uation in purple bacteria after removal of Feo'  [35.36])
and anancreased accessibility to dithionite. Therefore.,
we propose that dithionite. added with the aim of
singly reducing Q. will at least partly doubly reduce
Q, in these preparations. This would give rise to o
higher vield of charge separation and probably a longer
radical pair lifetime than expected for a sample with all
its Q, singly reduced. Double reduction of Q can also
occur in membrane preparations, if the samnle is illu-
minated or incubated in the presence of ditvonite [9).
The amount of double reduced Qs thus depend s
on severa! factors, which are often not well controlled.
It may also depend on the type of organism used.

The presence of different amounts of doubly re-
duced Q. may explain part of the controversy in the
literature on the yicld of charge scparation and the
lifetime of the primary radical pair in reaction centres
with Q. thought to be singly reduced (sec c.g. Refs.
5-7 and 10 for measurements on PS H samples with
antenna sizes of 60100 chlorophyvlis). In fact. in some
cases. two phases were resolved in the radical pair
decay [5.7}]: the slow phase found (10 or more nanosce-
onds) probably reflects the radical pair lifetime in the
fraction of reaction centres with Q, doubly reduced.
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