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Several types of photosynthetic membrane fraction enriched in the Photosystem II reaction center were 
studied by flash absorption at 820 nm, with nanosecond resolution, to determine the lifetime of the primary 
radical pair and the extent of its formation when secondary electron transfer is inhibited. It results that the 
biradicai lifetime varies largely, with halftimes from 3 to 32 ns, the shorter values being obtained with the 
larger, presumably more intact fractions. The amount of biradical varies from 28% to 47% (or from 55% to 
67% according to the interpretation of the data). 

Introduction 

The reaction centers of purple bacteria and of 
PS II in plants show many similarities, both 
structural and functional. Flash excitation of 
bacterial reaction centers produces the radical pair 
P+I-  (P, primary electron donor; I, primary 
acceptor, bacteriopheophytin) which, under condi- 
tions where the forward electron transfer has been 
blocked, recombines with l l / 2  ~ 10 ns [1]. In PS 
II, it was proposed that a similar charge recombi- 
nation of the radical pair P+I-  (where P is P-680; 
I is pheophytin a) is the source of the variable 
chlorophyll fluorescence (lifetime, 2-4 ns) that 
develops upon reducing the plastoquinone accep- 

Abbreviations: Chl, chlorophyll; AA, absorption change; I, 
primary electron acceptor; P, P-680: primary electron donor; 
PS II, Photosystem II; QA, primary quinonic acceptor; Z, 
secondary electron donor. 

Correspondence: O. Hansson, (present address:) Department 
of Biochemistry and Biophysics, Chalmers Institute of Tech- 
nology and University of Grteborg, S-41296 G~Steborg, Sweden. 

tor, QA [2-4]. Recently, we reported on flash-ab- 
sorption studies in a PS II reaction center complex 
(the D1/D2/cytochrome b-559 complex [5]) with 
about 5 Chl/P-680. We found a significantly 
longer halftime of 32 ns for the P+I- decay mea- 
sured at 820 nm [6], as also reported by others [7]. 
The recombination resulted in the formation of 
the triplet state of P-680 with a temperature-de- 
pendent quantum yield (23% at 276 K; 80% at 10 
K). The primary quinone, QA, is absent in this 
preparation, and thus the recombination reaction 
could be observed without addition of a reductant. 
A PS II core complex preparation with about 60 
Chl/P-680 [8] also showed a P+I-  biradical state 
lasting 20-25 ns, but with a nanosecond time 
resolution this state could be observed only after 
chemical reduction of QA [6]. 

The halftimes that we have found for the P÷ I-  
recombination in PS II are significantly longer 
than the 1-6 ns reported by others [2,9-11]. A 
possible cause for the discrepancy could be varia- 
tions in antenna size between different prepara- 
tions. With a simple kinetic model [12,13], assum- 
ing that the biradical is in thermodynamic equi- 

0005-2728/88/$03.50 © 1988 Elsevier Science Publishers B.V. (Biomedical Division) 



92 

librium with the chlorophyll singlet excited state, 
one would expect a decrease in the P + I -  lifetime 
when the antenna size increases. In the nanose- 
cond time domain, the pseudo-steady-state con- 
centration of the state P + I -  should decrease in 
parallel with the excitation residing preferentially 
in the antenna. Here we report on flash-absorp- 
tion spectroscopic studies of the P+I radical pair 
in six different PS II preparations. We find large 
variations in the P + I -  lifetime, decreasing with 
increasing antenna size. However, the yield of 
P+I relative to P+QA formed under oxidizing 
conditions was found to be much more constant. 

frequency-doubled mode-locked Nd-YAG laser 
(532 nm; duration about 20 ps; 0.2 Hz repetition 
rate; intensity of --3 mJ.  cm -2 before attenua- 
tion). The measuring light from a laser diode 
(Telefunken, type TXSK, 820 nm) was focussed 
through the cuvette on a silicon photodiode 
(Lasermetrics, model 3117), the output of which 
was amplified 100 × in two stages (Nucl6tude, 1 
GHz) and then fed through 50 Y2 into a transient 
digitizer (Tektronix, type R7912 with a 7A19 
amplifier). The response time of the apparatus was 
1.0 ns. The sample cuvette was cooled at + 3 ° C. 
Optical paths are given in the figure legends. 

Materials and Methods Results 

The PS II reaction center (the D 1 / D 2 /  
cytochrome b-559 complex) was prepared from 
spinach as described in Ref. 5. It contained about 
4 Chl a / cy tochrome  b-559, as determined by 
optical absorption spectroscopy. Pigment extrac- 
tion and HPLC purification yielded a Chl a/  
pheophytin ratio of about 3-4  and a Chl a/r- 
carotene ratio of 4. Following the procedure of 
Nanba and Satoh [5], we found about 15 Chl 
a /pheophy t in  anion accumulated with continuous 
illumination in the presence of dithionite and 2 
/~M methylviologen. In the absence of methyl- 
viologen this ratio decreased to 10. Oxygen-evolv- 
ing PS II-enriched membranes were prepared 
according to Ref. 14. After a Tris treatment (0.8 
M Tris (pH 8.4) at about 1 mg Chl /ml)  the 
membranes were centrifuged and then resus- 
pended at 0.35 mM chlorophyll in a buffer com- 
prising 50 mM phosphate (pH 6.9)/50 mM 
NaC1/300 mM sucrose. Oxygen-evolving and 
non-oxygen-evolving PS II core complexes from 
spinach with about 60 Chl /PS  II, prepared as in 
Refs. 15 and 16, respectively, were the kind gifts 
of Drs L.G. Franz6n and Y. Takahashi, respec- 
tively. Non-oxygen-evolving PS II core complex 
and PS-II-enriched membranes from Chlamy- 
domonas reinhardtii mutant F54-14, with about 50 
and 115 Chl /PS II, respectively (Ref. 17 and De 
Vitry, C., personal communication), were kindly 
provided by Dr. C. de Vitry. 

Flash-induced absorption changes at 820 nm 
were measured with an apparatus described previ- 
ously [6]. The excitation pulse was from a 

Flash excitation of PS II reaction centers in- 
duces an immediate absorption increase at 820 nm 
which decays monoexponentially to an apparent 
constant level (Fig. la). The halftime of the decay- 
ing component varies between 25 and 32 ns de- 
pending on preparation and was ascribed by us to 
the decay of the primary radical pair P + I -  [6]. 
The signal remaining at the end of the 200 ns time 
window (Fig. la) was ascribed to the triplet state 
of P-680, which was found to decay with tl/2 = 30 
/~S at 276 K [6]. Addition of ferricyanide (0.5 mM) 
or dithionite (1 mM) to PS II reaction centers does 
not influence the nanosecond absorption transient 
(not shown). 

In contrast, the signals obtained from other PS 
II preparations depend on redox conditions and 
also on the intactness of the PS II electron donor 
side (Figs. lb,  c; 2 and 3). Under oxidizing condi- 
tions, PS II preparations devoid of the oxygen- 
evolving system but with intrinsic plastoquinone 
electron acceptors show a flash-induced absorp- 
tion increase at 820 nm that decays very slowly on 
the time-scale used (Figs. lb; 2a, c; 3c). This is 
attributable to the formation of the P+QA state 
which subsequently decays in the microsecond 
time range due to electron donation from Z to P + 
[18]. With an oxygen-evolving PS II core prepara- 
tion, the AA shows multiphasic decay kinetics 
(Fig. 3a) as observed previously [19,20] and attri- 
buted to the S-state-dependent kinetics of electron 
transfer from Z to P+ [21]. Using an absorption 
coefficient of 7000 M -1 -cm -1 for P+ [22], the 
stoichiometry of chlorophyll to P+ can be calcu- 
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Fig. 1. Flash-induced absorption changes at 820 nm in PS II 
reaction centers ((a) 23 /~M chlorophyll and core complexes 
(b, c) 450 /~M Chl a from spinach). Optical paths in the 
cuvette: (a) 13 mm (measurement) and 5 mm (excitation); 
(b, c) 10 mm (measurement) and 1 mm (excitation). (a) No 
addition; (b) addition of 80 /~M potassium ferricyanide; (c) 
further addition of 12 mM dithlonite. Average effect of 10 

(a, c) or 5 (b) flashes. 

lated from the initial A A in the above experi- 
ments. The numbers obtained are somewhat larger 
than the ones obtained by other methods (Table 
I). The discrepancies are attributed to incomplete 
saturation of the signals with the 20 ps laser flash 
used in this work. 

Two properties of our excitation pulse make it 
non-ideal for saturation studies: its short duration, 
which tends to favor conditions of singlet-singlet 
annihilation, and its wavelength (532 nm), which 
falls in a region of low absorption where presuma- 
bly carotenoids are the major absorbing species. It 
is not clear that they always transfer excitation 
energy maximally to the reaction centers. For 
reasons that are not understood, PS II core com- 
plex preparations with reported similar chloro- 
phyll to reaction center ratios show different 
saturation behavior. A correct saturation curve 
was obtained with the digitonin core complex, but 
for the other two core complex preparations only 
a qualitative estimate of the degree of saturation 
was obtained by attenuating the laser flash energy 
to 50% with a neutral density filter. This resulted 
in a decrease in the signals to 83% (C. reinhardtii 
core complex) and 66% (oxygen-evolving core 
complex from spinach) of those obtained with the 
maximum available laser flash energy. Also, PS- 
II-enriched membrane preparations with larger 

antenna sizes are still difficult to saturate com- 
pletely with our picosecond laser pulse. 

Addition of dithionite to PS II core complex or 
enriched membrane preparations slightly increases 
the size of the absorption transients, and the decay 
rates are markedly increased (Figs. lc; 2b, d; 3b, 

d) .  Assuming that, under these conditions, the AA 
is due to the formation and subsequent recombi- 
nation of the primary radical pair P+I (see the 
Discussion about this assumption), we obtain, with 
dithionite, about 0.65 P + I -  per P+QA formed 
under oxidizing conditions in the PS II core com- 
plex preparations. This ratio is only slightly re- 
duced in the PS-II-enriched membrane prepara- 
tions (Table I). For these calculations an absorp- 
tion coefficient of 5400 M -1 .  cm-1 was used for 
the pheophytin a anion ( I )  at 820 nm [23]. 

The decay kinetics of the absorption transients 
obtained in the presence of dithionite vary be- 
tween different PS II preparations (Table I). The 
digitonin PS II core complex in Fig. lc  shows 
decay kinetics largely similar to those of the PS II 
reaction center (Fig. la). The other two PS II core 
complex preparations show significantly shorter 
halftimes (Figs. 2b, 3b, Table I). A biexponential 
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Fig. 2. Flash-induced absorption changes at 820 nm in PS II 
core complexes (left, 120 ~M chlorophyll) and PS-II-enriched 
membranes (fight, 90 /xM chlorophyll) from C. reinhardtii" 
mutant F54-14. Optical paths in the cuvette: 10 mm (measure- 
ment) and 4 mm (excitation). Addition of 55 #M potassium 
ferricyanide and 0.22 mM phenyl-p-benzoquinone. (b, d) Fur- 
ther addition of 1.3 mM dithlonite. Average effect of 20 (a, b), 

40 (c) or 80 (d) flashes. 
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Fig. 3. Flash-induced absorption changes at 820 nm in 02- 
evolving PS II core complexes (left, 130 /~M chlorophyll) and 
Tris-washed PS-II-enriched membranes (right, 62 /~M chloro- 
phyll) from spinach• Optical paths in the cuvette: left, 10 mm 
(measurement) and 4 mm (excitation); right, 13 mm (measure- 
ment) and 5 mm (excitation). Additions: (a) 0.2 mM 2,5-di- 
chloro-p-benzoquinone; (b) further addition of 1.6 mM di- 
thionite; (c) 1.4 mM potassium ferricyanide; (d) 0.26 mM 
dithionite. Average effect of 20 (a), 80 (b) or 320 (c, d) flashes• 

decay with halftimes of 2 ns (50%) and 10 ns 
(50%) was found for the oxygen-evolving PS II 
core complex in Fig. 3b. The PS-II-enriched mem- 
brane preparations with large chlorophyll/reac- 
tion center ratios show monoexponential decays 
with halftimes of 4 (C. reinhardtii) and 3 ns 
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Fig. 4. Absorption change and fluorescence decay at 820 nm 
measured with Chl a (130 /~M) in ethanol/glycerol (1:1). 
Optical paths in the cuvette: 10 mm (measurement) and 4 mm 
(excitation). The total AA at 820 nm is 0.012. The signals show 
the presence of a second laser pulse, of small amplitude, at 7 ns 

after the first. 

(spinach), respectively (Figs. 2d, 3d, Table I). In 
the latter case, the signal size is partially reduced 
and the decay halftime somewhat overestimated 
owing to the apparatus response time. The over- 
estimation is certainly less than 1 ns and the 
halftime for spinach membranes should be ap- 
prox. 2.5 ns. 

Flash absorption experiments were also per- 

TABLE I 

SUMMARY OF FLASH-INDUCED ABSORPTION DATA OBTAINED FROM DIFFERENT PHOTOSYSTEM II PREPARA- 
TIONS AT 820 nm 
Chlorophyll P+ is the ratio of chlorophyll to oxidized P-680 obtained under oxidizing conditions (see figure legends) with the 
maximum available laser energy. Decay halftimes were measured under reducing conditions. P+ I - / P  + ratio obtained from the AA 
measured under reducing or oxidizing conditions, with the assumption that, under reducing conditions, the AA is due to P+ and l -  
only (column a) or to P+ I -  in a fraction of the reaction centers and to excited chlorophyll in the remainder (column b). The ratios 
given are averages of 2-5 different experiments• Molar absorption coefficients: 7000 (P+);  5400 ( I - ) ;  4700 (excited chlorophyll). 

Material Chlorophyll /PS II Chlorophyl l /P + decay tl/2 P+ I - / P  ÷ 
(published) (this work) (ns) a b 

Reaction center 5 (5) - 25-32 - 
Spinach core complex 60 (8) 78 4(15%), 25(85%) 0.62 
C. reinhardtii core complex 50 (17 a) 68 14 0.67 
Oxygen-evolving core complex 66 (15) 102 2(50%), 10(50%) 0.64 
C. reinhardtii PS II membranes 115 a 150 4 0.60 
Spinach PS II membranes 200 (30) 287 3 0.55 

0.39 
0.47 
0.42 
0.36 
0.28 

a De Vitry, C., personal communication. 



formed with pure Chl a in solution in order to 
determine the absorption coefficient at 820 nm of 
the Chl a singlet excited state. As shown in Fig. 4 
(upper trace), an instantaneous absorption in- 
crease is followed by a biphasic decay with a fast 
phase (tl/2 = 5.5 ns) and a slow phase, the decay 
of which was not measured precisely. The Chl a 
fluorescence was also measured at 820 nm under 
the same experimental conditions; it decays with a 
halftime of 4.8 ns (Fig. 4, lower trace). The fast 
phase of A A is attributed to the decay of the 
singlet excited state, in agreement with the fluores- 
cence curve, and the slow decay to the decay of 
the triplet state. The slow phase represents 51% of 
the total initial AA. Knowing approximately the 
yield of Chl a triplet state from the singlet excited 
state (about 64% [24]), and assuming an absorp- 
tion coefficient of about 3800 M - a .  c m - a  for the 
triplet state at 820 nm [22], it is then possible to 
evaluate that the singlet state absorption coeffi- 
cient at 820 nm is 4800 M - a .  cm-1.  This agrees 
with the value of 4700 M - 1 .  cm-1 which can be 
deduced from the data of Nuijs et al. (Fig. I in 
Ref. 10). 

Discussion 

The flash-absorption data that we obtain here 
under oxidizing conditions, with thylakoid frac- 
tions essentially devoid of Photosystem I, fit quite 
well those that can be expected for P-680 ÷ in PS 
II (a minor rapid decay observed with the C. 
reinhardtii core complex is not expected, however). 
Under  reducing conditions, therefore, A A can also 
be reasonably attributed to the PS II  reaction 
center. The primary biradical P + I -  is an obvious 
candidate to account for the A A, as we could 
show before with the ( D 1 / D 2 / c y t o c h r o m e  b-559) 
reaction center [6]. However, it has been proposed 
that an equilibrium, Chl* a ~ P-680 * ~ P ÷ I - ,  is 
rapidly established upon excitation of the reaction 
centers with QA reduced [12,13,25] (Chl* a and 
P-680" represent the singlet excited state of an- 
tenna Chl a and of P-680). We therefore have to 
consider that hypothesis also and the possibility 
that the AA is due in part  to the biradical P + I -  
and in part  to Chl* a or P-680" (these two 
species have not been distinguished in our A A 
calculations). 
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If  the reported AA, under reducing conditions, 
is due essentially to P + I - ,  it follows that this 
biradical is formed in only about 60% of the 
reaction centers (Table I, column a), with a rather 
small variation from one material to the other, 
except for isolated reaction centers in which we 
found a biradical in about one-third of the centers 
[6]. We have no detailed explanation for the in- 
complete charge separation, but it may be that, 
after the initial process of energy transfer (when 
QA is prereduced), P-680" has a 60% probabili ty 
of decaying into charge separation and a 40% 
probability of going via other routes, which could 
explain the variable fluorescence and the center- 
to-center energy transfer, but would not be di- 
rectly detectable with our technique. On the other 
hand, the zlA we observed could be due to both 
P + I -  and excited states. If we assume that the 
total concentration of P + I -  and of excited states 
is equal to the concentration of P+ that we obtain 
when QA is oxidized, then the fraction of reaction 
centers that are in the state P + I -  can be calcu- 
lated (column b in Table I, absorption coefficients 
as indicated in the table legend). It appears that, 
when QA is reduced, the fraction of reaction 
centers in the state P + I -  is about 47% in the 
smallest PS II  core complex and that this fraction 
decreases with antenna size to about 28% in the 
largest PS-II-enriched membranes.  This result 
tends to support the hypothesis considered. It also 
appears that antenna size is not the only factor in 
the equilibrium, since preparations with similar 
antenna size give differing results. 

The experiments reported here were done under 
conditions of rather high picosecond excitation 
energy (about five photons per reaction center and 
per pulse for the core complex preparations). We 
suppose that eventual multi-excitation phenomena 
have decayed in less than our time resolution and 
that at most only one excitation remains per reac- 
tion center in our measurements. 

Whereas the AA/ reac t ion  center varies little 
within our series of PS II materials, the decay 
kinetics span a range of at least one order of 
magnitude and in two cases display a biphasic 
behavior. As a general trend, the kinetics are 
faster in the bigger, more intact particles such as 
the spinach or C. reinhardtii PS II  membranes.  
The spinach oxygen-evolving core complex, pre- 
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sumably more intact than the same core complex 
prepared with digitonin, also gives faster kinetics 
(Table I). This general trend is in favor of an 
equilibrium between P + I -  and excited states, 
which provide additional routes for deexcitation. 
However, other factors could play a dominant 
role, such as the electrical charge on QA [1], the 
eventual presence of an Fe 2÷ ion interacting with 
QA [1] or the more or less preserved connection 
between the reaction center and the PS II antenna 
in response to detergent action. 

A comparison between the absorption transient 
and the fluorescence decay would certainly be 
very fruitful. This comparison has revealed inter- 
esting discrepancies in the case of bacterial reac- 
tion centers [1,26-28]. Fluorescence decays have 
usually been measured in intact chloroplasts or 
algae, in which our measurements are not possible. 
The slower fluorescence component usually has a 
lifetime of about 2 ns (q/2 = 1.4 ns) [2-4,29], 
which is significantly shorter than that found by 
us in PS II membranes ( t~ /2=3 ns). A 4 ns 
lifetime (tl/2 = 2.8 ns) has been reported for both 
fluorescence and absorption transients in small PS 
II particles prepared by a rather harsh treatment 
with Triton X-100 [9]. These absorption transients 
are certainly faster than those we could predict on 
the basis of our own data. Fast kinetics were also 
reported by Holzwarth et al. [11] for a rather 
intact PS II particle, the recombination of the 
P + I -  state being assigned a halftime of about 1 
ns. These data seem to be perfectly sound. The 
discrepancy with our own data may originate in 
the different biological materials or in the differ- 
ent flashing conditions. 
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