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Transient absorption spectroscopy has been used to study the isolated D 1 / D 2 / c y t o c h r o m e  b-559 reaction centre 
complex at 4°C.  The D 1 / D 2  reaction centre is observed to have an increased susceptibility to photodamage under 
aerobic conditions. This is attributed to oxygen quenching of a P680 triplet state, which results in the formation of 
highly oxidising singlet oxygen. This P680 triplet state is observed to have a lifetime of (1.0 + 0.1) ms under anaerobic 
conditions, shortening to (33 + 3) / t s  in the presence of oxygen. This state, which has a quantum yield of approx. 30%, is 
identified as residing upon the primary electron donor P680 by the transient bleaching of its reddest absorption band, 
which peaks at (680.5 + 0.5) nm. The shape of the P680 triplet-minus-singlet absorption difference spectrum, and 
particularly the (12 + 1) nm bandwidth of the red absorption band bleach, indicate that P680 is probably a pair of 
excitonieaily coupled chlorophyll molecules, with the P680 triplet state being localised upon one of these chlorophyll 
molecules. The red absorption band bleached by P680 triplet formation has a peak extinction coefficient of 133 000 
M - 1 .  cm-t  and an oscillator strength 1.l-times larger than that of the Qy-band of a chlorophyll a monomer in ether. It 
is shown that this P680 triplet state is formed primarily by charge recombination from the primary radical pair state at 
4 ° C. A 3% quantum yield of a carotenoid triple state characterised by an absorption peak at 526 nm is also observed. 
The observed P680 triplet does not appear to be quenched by this carotenoid. 

Introduction 

In vivo, Photosystem II (PS II) is involved in the 
oxidation of water which results in the liberation of 
oxygen, the mechanism of which is not fully under- 
stood. Over the last few years, studies of PS II have 
been greatly advanced by the isolation of the D 1 / D 2 -  
cytochrome b-559 reaction centre complex [1,2]. In par- 
ticular, the availability of a reaction centre without an 
associated antenna complex has greatly simplified spec- 
troscopic studies. 

This D 1 / D 2  reaction centre preparation consists of 
the D1 and D2 polypeptides together with a and fl 

Abbreviations: P680, primary electron donor in Photosystem II; PS 
II, Photosystem II; fwhm, full width half maximum; ADMR, absorp- 
tion detected magnetic resonance; EPIL electron paramagnetic reso- 
nance. 
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subunits of cytochrome b-559 and the 4.8 kDa product 
of the psbI  gene [1-5]. It has been reported to bind 
chlorophyll a, pheophytin a and fl-carotene in a molar 
ratio of 4 : 2 : 1  [6], although recent studies have sug- 
gested slightly higher chlorophyll stoichiometries of 6 
per 2 pheophytin [7] or 8-10 per 2 cytochrome b-559 
[8]. It does not, however, contain the secondary electron 
acceptors QA and QB and therefore, in the absence of 
added artificial electron donors and acceptors, its light- 
induced electron transfer properties are restricted to the 
formation of the radical pair P680+pheophytin - and 
charge recombination pathways from this state [9,10]. 
The radical pair has a lifetime of 37 ns [9,11], decaying 
primarily to the ground state, but also giving a high 
yield of a chlorophyll triplet with a spin polarisation 
indicative of charge recombination, detected by EPR 
spectroscopy at liquid helium temperatures [12,13]. Flash 
absorption spectroscopy has also been used to detect 
the chlorophyll triplet in the isolated reaction centre 
[10]. At 276 K the tw2 lifetime of this triplet state is 30 
ps, lengthening to 0.9 ms at 5 K. In the former case the 
triplet yield is about 23% increasing to 80% at 10 K. 

0005-2728/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 



168 

Recently it has been observed that the lifetime of this 
chlorophyll triplet is strongly dependent upon the pres- 
ence of oxygen, removal of oxygen from the solution 
results in a lengthening of the tl/2 lifetime of this state 
to 600-800 /~s at room temperature [14]. Takahashi et 
al. [10] also observe in the D 1 / D 2  reaction centre 
preparation a carotenoid triple characterised at 50 K by 
an absorption maximum at 545 nm. This triplet state, at 
276 K, has a ta/z rise time of 12 ns and decay time of 5 
/~s, with a quantum yield of 3%. 

A chlorophyll triplet state, assigned to P680, has also 
been studied in larger PS II core particles at 1.2 K using 
the technique of absorbance-detected EPR in zero mag- 
netic field (ADMR) [15]. A low-temperature triplet- 
minus-singlet absorbance difference spectrum was ob- 
tained for the P680 triplet state, characterised by a 
strong bleaching centred at 682 nm and an absorption 
increase at 665 nm. This difference spectrum was shown 
to be similar to the triplet-minus-singlet spectrum ob- 
served both for chlorophyll a dimers in methyl- 
cyclohexane and also for the primary donor of Photo- 
system I (P700), but was different from that observed 
for monomeric chlorophyll a in ethanol. It was sug- 
gested [15] that this was evidence for the dimeric nature 
of P680, with the P680 triplet state being localised (at 
least at liquid helium temperatures) on one of the two 
chlorophyll a molecules of the dimer. The absorption 
increase at 665 nm was attributed to the appearance of 
a monomeric  ground state absorption band caused by 
the breaking of the excitonic interaction due to triplet 
formation. 

Early experiments with the isolated PS II  reaction 
centre revealed its instability to prolonged illumination 
[2]. Recently it has been reported that the removal of 
oxygen from a suspension of the isolated PS II reaction 
centre significantly increased its resistance to photo- 
damage [11,16,17]. The use of anaerobic conditions al- 
lowed the observation of a high yield of a 37 ns fluores- 
cence component  attributed to charge recombination 
from the radical pair state [11]. 

In this paper  we report on flash absorption experi- 
ments designed to explore the photochemical properties 
of the anaerobically stabilised isolated PS II reaction 
centre at 4 ° C, with particular focus on the triplet states. 

Materials and Methods 

Photosystem II  reaction centre complexes were pre- 
pared from pea chloroplasts as described by Chapman 
et al. [18], with the following variations. Exchange to 2 
mM lauryl /3-maltoside was carried out after the first 
column purification in Triton X-100. Elution from the 
column was achieved using an NaCI gradient of 2 
m M .  m1-1. The preparation was then stored at 
- 1 9 6 ° C .  For experiments, all samples were resus- 
pended in a buffer of 50 mM Tris-HC1 (pH 8 at room 

temperature) containing 2 mM maltoside to give a final 
chlorophyll concentration of 10 / ~ g - m l - <  The use of 
maltoside rather than Triton X-100 helps to stabilise the 
reaction centre complex [18]. Anaerobic conditions were 
achieved by adding 5 mM glucose, 0.1 mg-m1-1  glu- 
cose oxidase and 0.05 mg-  ml-1 catalase to 2 ml of the 
sample in a 1 cm pathlength stoppered cuvette. The 
addition of these reagents reduces the concentration of 
oxygen in the solution, after 5 min at 4 °C ,  by a factor 
of more than 100, as measured by an oxygen electrode 
(Hansatech King's Lynn, Norfolk). 

The state of the isolated PS II reaction centres was 
monitored during all experiments by noting the position 
of the reddest absorption band maximum. If degrada- 
tion occurs there is a blue shift in this maximum from 
its initial value of 675.5-676 nm [11,19,20]. The red 
absorption band of the reaction centre preparation 
peaked at (675.5 + 0.5) nm throughout the experiments 
described below, unless otherwise stated. Samples were 
maintained at 4 ° C  during all measurements and had an 
optical absorbance at 676 nm of approx. 0.8. 

The proportion of chlorophyll uncoupled from the 
process of charge transfer in this preparation was esti- 
mated as follows. Chlorophyll a in ether was measured 
to be 8.5-times more fluorescent than the isolated 
D 1 / D 2  reaction centre preparation. It has been shown 
that there are two main contributors to the fluorescence 
of this preparation, uncoupled chlorophyll and radical 
pair charge recombination, both having approximately 
the same fluorescence yield [11,21]. Allowing for the 
contribution of uncoupled chlorophyll, the intact 
D 1 / D 2  reaction centres themselves can be calculated to 
be 0.06 as fluorescent as chlorophyll a in ether. A 
comparison of the fluorescence yield of the uncoupled 
chlorophyll to that of the chlorophyll a in ether shows 
that only (6 +_ 1)% of the total chlorophyll present in 
our samples is chlorophyll uncoupled from the active 
D 1 / D 2  reaction centres. This also indicates that, given 
the 32% fluorescence quantum yield of chlorophyll a in 
ether [22], the isolated D 1 / D 2  reaction centre has a 
fluorescence yield of approx. 2%. 

Transient absorption data were measured with a 
flash photolysis system comprising a PRA LN1000 
nitrogen laser excitation source, a tungsten lamp moni- 
toring source, a silicon photodiode detector with a 4700 
$2 load resistor, a two stage 400-times amplifier with a 
variable d.c. input voltage offset and a Gould 4071 
digital storage oscilloscope. The excitation wavelength 
was 337 nm and the detection wavelength was selected 
between 500 and 900 nm using a monochromator  placed 
after the sample. The detection bandwidth was variable 
from 2 nm to 20 nm. Photodamage due to the monitor- 
ing light was reduced by the use of a broad bandwidth 
monochromator  placed between the sample and the 
tungsten lamp. The duration of the excitation pulse was 
800 ps and this was passed down a liquid-filled light- 



guide to the sample with an exit pulse energy of 0.45 mJ 
and a repetition rate of 3 Hz. The response time of the 
system was 150 ns, limited by an electronic filter. How- 
ever, times less than approx. 2/xs could not be observed 
due to a saturating fluorescence burst. After this 
saturating period any fluorescence artifacts were sub- 
tracted from the signal. All transients were averaged for 
50-250 flashes, depending upon the size of the signal 
under study. Steady-state absorption measurements were 
made using a Perkin-Elmer 554 spectrophotometer. 

Results 

Fig. 1 shows a plot of the effect of preillumination 
with white light upon the position of the maximum of 
the reddest absorption band of the maltoside-resus- 
pended D 1 / D 2  reaction centre under both aerobic and 
anaerobic conditions. This clearly shows that the 
vulnerability of the reaction centre to photodamage is 
significantly reduced if oxygen is removed from the 
suspension. This result is in agreement with other stud- 
ies [11,16,17]. A recent study [23] under similar experi- 
mental conditions has shown that the blue shift ob- 
served in Fig. 1 is caused by bleaching of a spectral 
species with an absorption maximum at approx. 680 
nm, bandwidth 12 nm and assigned to P680. This 
bleaching is accompanied by a reduction in circular 
dichroic activity of the sample [17]. 

Fig. 2 shows flash induced absorption transients ob- 
served at 740 nm in the PS II reaction centre prepara- 
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Fig. l .  A plot of the position of the red absorption max imum of the 
D 1 / D 2  reaction centre preparation as a function of white light 
preillumination time under  (a) aerobic ( o )  and (b) anaerobic (e)  
conditions. Light preillumination was carried out  progressively upon 
the same sample, all points are the average of two experiments• 
Illumination intensity approx. 800 / ~ E . m - 2 . s  - 1. The sample had a 
chlorophyll concentration of 10 # g . m l  -~ suspended at 4 ° C  in 50 
m M  Tris-HC1 (pH 8 at room temperature), 5 m M  NaCI and 2 m M  
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Fig. 2. Flash induced absorption changes observed in D I / D 2  reaction 
centres at 740 nm under (a) aerobic and (b) anaerobic conditions. 
Sample conditions as in Figs. l a  and lb,  respectively. Averages of 

approx. 50 flashes. 

tion. These have monoexponential lifetimes of (33 +__ 3) 
/~s under aerobic conditions, lengthening to (1.0 + 0.1) 
ms when oxygen is removed from the sample. This 
lifetime change is reversible upon storage of the sample 
overnight at - 10 o C, as the glucose necessary for oxygen 
removal is consumed; subsequent addition of more glu- 
cose lengthens the lifetime again to 1 ms. The initial 
absorbance changes (determined by plotting the decays 
on a log/l inear  scale and extrapolating back to zero 
time) are similar under both aerobic and anaerobic 
conditions. A similar lengthening of this lifetime has 
recently been observed upon the removal of oxygen by 
degassing or by the addition of dithionite [14]. These 
long-lived transients were attributed to a chlorophyll 
triplet state, probably residing upon P680 [14]. We use 
the following data to support this assignment and indi- 
cate that the P680 triplet is formed by charge recom- 
bination from the primary radical-pair state, a conclu- 
sion also reached by low-temperature EPR studies of 
the D 1 / D 2  reaction centres [12,13]. 

The transient absorption difference spectrum of the 1 
ms transient observed under anaerobic conditions is 
shown in Fig. 3a. This spectrum, taken at 4°C,  is 
similar to spectra observed at low temperatures in both 
D 1 / D 2  reaction centres suspended in Triton X-100 [10] 
and larger PS II core particles [15]. These low-tempera- 
ture spectra have been attributed to the P680 triplet 
state [10,15]. The spectral features are narrower in the 
spectra in Refs. 10 and 15 due to the lower tempera- 
tures used. The peak observed at 526 nm in the 1 ms 
spectrum shown in Fig. 3a was also observed, but less 
resolved, by Takahashi et al. [10]. However, it was not 
observed by Den Blanken et al. [15] (using a different 
experimental technique and larger particles, see also 
Introduction), nor was it observed in studies of the 
triplet state of chlorophyll a in vitro [26]. The signifi- 
cance of this feature is not clear. A careful analysis of 
the transient absorption bleach in the 660 to 690 nm 
region is shown in Fig. 4, where the spectral resolution 
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Fig. 3. Transient  absorption difference spectra, measured under 
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taken from Fig. 4. Sample conditions as in Fig. lb  (anaerobic). 

is 2 nm. This bleach has a peak at (680.5 + 0.5) with a 
bandwidth (fwhm) of (12 + 1) nm. 

Fig. 5a shows the loss of relative P680 triplet yield, 
measured under aerobic conditions, plotted against total 
exposure to the 337 nm excitation of the nitrogen laser. 
The relative P680 triplet yield was measured by ex- 
trapolating the triplet decay curve to t = 0. The loss of 
P680 triplet yield is accompanied by a blue shift in the 
red absorption band maximum (Fig. 5b). The P680 
triplet lifetime shortened from initially 34 #s to a final 
value 30 #s (after 16000 flashes). Under anaerobic 
conditions, there is a significantly slower blue shift in 
the red absorption maximum caused by the laser excita- 
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Fig. 4. Transient  absorption difference spectrum of the 1 ms  kinetic 
shown in Fig. 2a, measured with a 2 n m  resolution. Sample conditions 

as in Fig. l b  (anaerobic). 

tion (data not shown). The increased stability of the 
sample resulting from the removal of oxygen is not as 
marked under ultraviolet laser illumination as that ob- 
served under white light illumination (Fig. 1). Care was 
taken to ensure that the photodamaging effect of the 
laser excitation did not significantly affect the results 
presented in this paper, achieved by monitoring the 
peak position of the reddest absorption band (as dis- 
cussed in Materials and Methods). 

The observed transient absorption decay in these PS 
II reaction centre particles is biexponential at 526 nm. 
This is most clear under anaerobic conditions, where 
the 1 ms P680 triplet decay is preceded by a microsec- 
ond component (Fig. 6). The transient absorption spec- 
trum of this microsecond component is shown in Fig. 
3b. It has a peak at (526 + 4) nm and is characteristic of 
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(b) Correlation in relative triplet yield with the blue shift in the Qy-band absorption maximum.  Sample conditions as in Fig. l a  (aerobic). 
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Fig. 6. Flash induced absorption changes observed in PS II reaction 
centres at 570 nm and 520 nm. Sample conditions as in Fig. lb  

(anaerobic). Averages,of approx. 100 flashes. 

the spectrum for the carotenoid triplet state. This caro- 
tenoid triplet state has a lifetime of (10 + 1) /xs under 
anaerobic conditions, which shortens to (4 + 1) /~s un- 
der aerobic conditions (data not shown). The yield of 
this state is not significantly reduced by photodamage 
induced by ultraviolet laser illumination under aerobic 
conditions. 

Triplet yields start to become non-linear versus exci- 
tation energy at high pump intensities due to multiple 
excitations of individual reaction centres. The triplet 
quantum yields given below are calculated for low pump 
intensities. 

Quantum yields are defined as the yield of triplet 
state per excited reaction centre. The concentration of 
excited reaction centres is determined from the ab- 
sorbance of the sample at 337 nm and the energy of the 
excitation pulse illuminating 1 cm 3 of the sample. The 
concentration of triplet state formed is determined from 
the magnitude of the flash induced change in ab- 
sorbance, extrapolated to t = 0. Extinction coefficients 
of 3800 M - 1 - c m  -1 at 820 nm and 15000 M - 1 . c m  -1 
at 520 nm are used for the P680 triplet-minus-singlet 
absorption change [25]. An extinction coefficient of 
100 000 M - 1 .  cm-1 at 526 nm is used for the carotenoid 
triplet-minus-singlet absorption change [26]. From these 
calculations, the P680 triplet quantum yield, at both 820 
nm and 520 nm, is estimated to be approx. (30 + 6)%, 
under both aerobic and anaerobic conditions, and the 
carotenoid triplet quantum yield is estimated to be 
2-3%. The calculation of the quantum yields is indepen- 
dent of the number of chlorophylls per reaction centre. 

Discussion 

Oxygen quenching of P680 triplet as a mechanism of 
photodamage 

It has previously been observed that carotenoidless 
reaction centres isolated from purple bacteria undergo 
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photodamage when exposed to prolonged illumination 
under aerobic conditions [27]. For example, Boucher et 
al. [28] observed the irreversible bleaching of the reac- 
tion centre bacteriochlorophylls under exposure to in- 
tense infrared light in the presence of oxygen, and used 
reporter molecules to determine that this bleaching was 
due to the formation of singlet oxygen. Singlet oxygen is 
generated by oxygen quenching of the bacteriochloro- 
phyll triplet state [27] and is an extremely reactive 
species which is known to damage biological tissue [29]. 
Therefore, it seems likely that the photodamage of the 
isolated D 1 / D 2  reaction centre by prolonged illumina- 
tion under aerobic conditions observed in Fig. 1 is also 
due largely to the formation of singlet oxygen, gener- 
ated by the reaction: 

3p680+ 302 ~ P680 + 102 (1) 

where 302 is the ground state of oxygen and 102 is a 
singlet state. That this mechanism is active is confirmed 
by the reduction in the lifetime of the P680 triplet state 
observed in this D 1 / D 2  reaction centre in the presence 
of oxygen (Fig. 2). It has yet to be established whether 
this mechanism is a cause of the photodamage of PS II 
in vivo which brings about photoinhibition and the 
necessity for the rapid turnover of the D1 polypeptide 
[30]. The role of oxygen in photoinhibition has been the 
subject of much debate [29], although it has been ob- 
served that much larger oxygen-evolving PS II core 
particles are also more susceptible to certain types of 
photoinhibition in the presence of oxygen [31]. 

The rates of oxygen quenching of both the P680 and 
carotenoid triplet states are approx. 10-times less than 
those seen in nonviscous solvents for chlorophyll a and 
fl-carotene [26]. This indicates that either the local 
oxygen concentration (inside or near the protein), or the 
rate of oxygen diffusion, is lower within the reaction 
centre than in the aqueous medium. 

The P680 triplet state 
There are two possible mechanisms of P680 triplet 

formation in the D 1 / D 2  reaction centre: (i) primary 
charge separation to the singlet radical-pair state, inter- 
system crossing from the singlet to the triplet radical- 
pair state and subsequent charge recombination from 
the triplet radical-pair state (for review see Ref. 32) and 
(ii) direct intersystem crossing from the P680 singlet 
excited state. Our results indicate that the P680 triplet is 
predominantly formed by the charge recombination 
mechanism at 4 ° C. A similar conclusion was also re- 
ached from EPR studies of the reaction centre con- 
ducted at low temperatures [12,13]. The reasons for our 
assignment are as follows. Firstly, increased photo- 
damage of the reaction centre under aerobic conditions, 
as judged by the blue shifting of the reddest absorption 
peak, shows a correlation between the loss of triplet 
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yield (Fig. 5b) and the loss of the 37 ns fluorescence 
decay component attributed to charge recombination 
from the singlet radical-pair state [11]. Secondly, if the 
P680 triplet was predominantly formed directly by in- 
tersystem crossing from the P680 singlet excited state, 
then it is estimated (see below) that its quantum yield 
would be only about 4% at 4 ° C  and not 30% as we 
observe; moreover the triplet yield would increase dur- 
ing photodamage. The 4% value is estimated from the 
fact that for chlorophyll a in organic solution the triplet 
yield is about twice the fluorescence yield [22]. Since the 
fluorescence quantum yield for the isolated PS II reac- 
tion centre is only 2% (see Materials and Methods), it 
follows that the P680 triplet yield, formed by direct 
intersystem crossing, should be only of the order of 4%, 
the remaining 26% being formed by charge recombina- 
tion from the radical-pair state. During photodamage 
induced by white light illumination, there is an increase 
in the fluorescence quantum yield of the D 1 / D 2  reac- 
tion centre preparation [21], and it is therefore likely 
that the yield of chlorophyll triplet formed by direct 
intersystem crossing will also increase during photo- 
damage. The fact that we observe a decrease in triplet 
yield during photodamage under aerobic conditions 
confirms that the amount of tr iplet  formation due to 
this direct intersystem crossing mechanism is relatively 
low for intact D 1 / D 2  reaction centres. 

The transient triplet-minus-singlet absorption dif- 
ference spectrum shown in Fig. 4 supports the sugges- 
tion that the observed chlorophyll triplet state resides 
upon P680. If this is so, then the spectrum in Fig. 4 will 
contain negative contributions from the bleaching of 
any P680 absorption, and positive contributions from 
any triplet state absorption. The latter contribution is 
relatively constant and small over the wavelength range 
shown [24]. The spectrum in Fig. 4 can not be caused by 
formation of a pheophytin triplet state as this would be 
inconsistent with the position of the sidebands observed 
at 630 nm and 590 nm in Fig. 3. Therefore, it must be 
due to formation of a triplet state residing upon a 
chlorophyll species with its red absorption band maxi- 
mum at 680.5 nm. The question as to whether other 
chlorophylls, in addition to the primary donor, may also 
have their absorption maximum near 680 nm depends 
upon the number of chlorophylls per P680, a subject of 
some contention currently [7,8]. If there are only four 
chlorophyll molecules per reaction centre, all the acces- 
sory chlorophylls must have absorption maxima several 
nanometers to the blue of P680 and the pheophytins, in 
order to shift the mean peak position over to 676 nm. 
However with six or more chlorophylls per reaction 
centre, one of the accessory chlorophyll molecules could 
have an absorption maximum at 680 nm and still allow 
the D 1 / D 2  spectrum to peak at 676 nm. Therefore, the 
observed absorption bleach maximum at 680.5 nm is 
not, by itself, clear evidence for the triplet residing upon 

P680. Instead, we base our assignment of the observed 
chlorophyll triplet state as the P680 triplet state upon 
the following discussion, which suggests that this triplet 
probably resides upon a chlorophyll species exhibiting 
significant excitonic coupling in its singlet state. 

We believe that our spectra (Figs. 3a and 4), whilst 
not conclusive, are at least consistent with P680 being a 
special pair of chlorophyll molecules whose singlet states 
exhibit significant excitonic coupling. Firstly, a triplet- 
minus-singlet absorption difference spectrum similar to 
that shown in Fig. 3a has been observed by Den Blan- 
ken et al. [15] in PS II core particles at 1.2 K. They 
attributed their spectrum to the formation of the P680 
triplet state, and suggested that the shape of this spec- 
trum between 630 nm and 670 nm was evidence for 
P680 being a pair of excitonically coupled chlorophyll 
molecules with the triplet state localised upon one of 
these molecules (as discussed in the Introduction above). 
The spectrum we have obtained has a similar shape over 
this spectral range, although the features observed are 
broader and less well resolved, presumably due to the 
higher temperature used. Our spectrum is significantly 
different from the room-temperature difference spec- 
trum of the triplet state of monomeric chlorophyll a, 
observed in a variety of solvents in vitro [33]. 

Secondly, it should be noted that the spectrum shown 
in Fig. 4 around 680 nm is narrow, with a bandwidth of 
only 12 nm. Whilst it is true that the width of an 
absorption line is a complicated function of a manifold 
of vibrational states as well as the effect of any exciton 
coupling, this 12 nm bandwidth is significantly nar- 
rower than that observed for the Qy-absorption band of 
chlorophyll a monomers in organic solvents (for exam- 
ple, the bandwidth is 17 nm in ether). It has not been 
demonstrated that a protein environment can cause this 
degree of narrowing for monomeric chlorophyll species 
at room temperature, whilst it is known that exciton 
coupling can narrow absorption bands [34]. Indeed it is 
unlikely that a protein, composed as it is of many polar 
groups, would interact less, and therefore give less 
broadening, than solvents such as ether. It is therefore 
possible that this narrow bandwidth is caused by the 
process of exciton narrowing [34], in agreement with the 
suggestion that P680 is a special pair of chlorophyll 
molecules which show some degree of singlet state exci- 
ton coupling. This does not rule out the possible contri- 
bution of other chromophores to the band shape, as the 
transitions of the other chromophores are likely to mix 
in to some extent via additional exciton coupling. The 
presence of exciton coupling between the chromophores 
in this D 1 / D 2  reaction centre is also indicated by the 
circular dichroism spectrum of the reaction centre 
[17,35]. 

The extinction coefficient at the peak of the reddest 
absorption band of P680 can be calculated as 133000 
M -1- cm -1, by normalising the absorbance change at 
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680.5 nm (Fig. 4) against the extinction coefficients at 
820 nm and 520 nm for the P680 triplet (see above). 
From this, the oscillator strength of this red absorption 
band can be estimated to be 1.1 that of a chlorophyll a 
monomer in ether. Values used for the chlorophyll a 
Qy-band in this calculation were an absorption band- 
width of 17 nm and peak extinction coefficient of 
86 000 M - 1 .  cm-a  [36]. That this band should show an 
oscillator strength similar to that of a chlorophyll 
monomer may simply be because P680 is a monomeric 
chlorophyll species, although we believe this possibility 
unlikely for the reasons discussed above. If P680 is a 
special pair of chlorophyll molecules, it is possible that 
the rest of the oscillator strength of the special pair lies 
in some other band to the blue of 680 nm, and that the 
bleach of this band may not be apparent because the 
triplet state of P680 is highly localised. The bleaching of 
the bluer band will not be apparent due to the increase 
of monomeric chlorophyll absorption as the original 
exciton interaction is broken by triplet formation. The 
localisation of the P680 triplet state upon one molecule 
of a special pair is consistent with EPR studies of PS II 
particles, as reviewed by Rutherford [37] and discussed 
below. Alternatively, effects such as hypochromism 
could genuinely be producing a reduced oscillator 
strength for the total special pair Q-band transition. 

The natural radiative lifetime of an excited singlet 
state is inversely proportional to the area under the 
curve (and therefore oscillator strength) for the corre- 
sponding absorption band. The proportionality factor is 
given by the Strickler-Berg equation [38]. Using this 
equation the natural radiative lifetime of chlorophyll a 
in ether can be calculated tO be 19 ns. The natural 
radiative lifetime of the singlet excited state of P680 can 
now be estimated, using this value of 19 ns and the ratio 
of the oscillator strengths determined above. If it is 
assumed that the P680 triplet is either delocalised over 
both molecules of the special pair or that P680 is a 
monomeric chlorophyll species, the natural radiative 
lifetime of P680 is about 17 ns. If, however, as we feel is 
more consistent with the data discussed above, the P680 
triplet state is localised upon one molecule of a special 
pair, there is probably additional oscillator strength in 
an excitonic band just to the blue of 680 nm whose 
bleaching will not be apparent in Figs. 3 and 4 (as 
discussed above), and the natural radiative lifetime may 
be upto a factor of 2 shorter. 

Comparison with the reaction centres of purple bacteria 
The 1 ms lifetime of the P680 triplet state observed 

under anaerobic conditions is much longer than the 
lifetime of the primary donor triplet state (3p) observed 
in purple bacterial reaction centres, which is, for exam- 
ple, only 50 /ts in the case of Rhodopseudomonas 
sphaeroides R-26 [39]. More importantly, whereas the 
P680 triplet lifetime is similar to the lifetime of the 

chlorophyll a triplet observed in vitro in the absence of 
any rapid quenching mechanisms (given as, for exam- 
ple, 1.5 ms in toluene [40] and 0.7 ms in both cyclo- 
hexanol and sodium dodecyl sulphate micelles [25]), the 
50 #s lifetime of 3p in purple bacteria is significantly 
shorter than the 300-500 #s lifetime of the bacterio- 
chlorophyll a triplet state in vitro [26]. This difference 
indicates that the P680 triplet state does not decay by 
thermal repopulation of the radical-pair state, which is a 
prominent decay mechanism observed in bacterial reac- 
tion centres [39]. 

It is also interesting that the bandwidth of the red 
absorption band of the bacteriochlorophyll special pair 
in purple bacteria (for example, P870 in Rhodopseu- 
domonas sphaeroides) is significantly broader (for exam- 
ple, Ref. 40) than the bandwidth observed here for PS 
II, suggesting that the nature of the special pair is 
different in these two systems. The broad nature of the 
P870 band has been the subject of much debate. Re- 
cently, it has been suggested that this band is vibration- 
ally broadened, with a large inhomogeneous linewidth 
caused by strong electron-phonon coupling [41,42]. This 
vibrational broadening appears to be weaker for the red 
absorpt ion band of P680, allowing observation of the 
exciton narrowing discussed above. 

Previous EPR studies of a spin-polarised chlorophyll 
triplet state, induced by continuous illumination of PS 
II cores at liquid helium temperatures, have been re- 
viewed by Rutherford [37]. These indicated that this 
triplet state resided upon a single chlorophyll molecule 
whose plane was oriented parallel to the membrane 
plane. It was not clear whether this single chlorophyll 
molecule was an accessory chlorophyll molecule or a 
constituent of P680 itself. Our results indicate that, 
when flashes of light are used and the sample is at 4 o C, 
then the PS II reaction centre triplet state resides upon 
the chlorophyll special pair, P680. The A D M R  study of 
the chlorophyll triplet observed in PS II core particles at 
1.2 K [15] indicates that the triplet remains on P680 at 
liquid helium temperatures. If the triplet state does 
indeed remain on P680 under the conditions used for 
the EPR measurements, this would indicate that the 
special pair of PS II is oriented parallel to the mem- 
brane and not perpendicular as expected for a special 
pair similar to that in the reaction centre of purple 
bacteria [43]. This is a further indication that the nature 
of the special pair may be rather different in PS I! 
compared to purple bacteria. 

The carotenoid triplet state 
Like Takahashi et al. [10], we were able to detect a 

low yield of carotenoid triplet, the lifetime of which 
increased with the removal of oxygen. Our transient 
absorption peak at 526 nm (Fig. 3b), however, is at a 
wavelength shorter than the 545 nm peak reported by 
Takahashi et al. at 50 K [10], but similar to that 
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previously observed for PS II core complexes at room 
temperature [44]. As the yield of intersystem crossing 
from the carotenoid singlet excited state to the triplet 
state is less than 10 -4 [26], the carotenoid triplet state 
observed in this D1/D2 reaction centre preparation 
must be formed by energy transfer from another chro- 
mophore's triplet state. It is possible that this carotenoid 
triplet is formed by fast (submicrosecond) energy trans- 
fer from the P680 triplet state in a subpopulation of 
reaction centres in which this mechanism is active, a 
suggestion made by Takahashi et al. [10]. Alternatively 
energy transfer to the carotenoid triplet from the triplet 
state of the 6% of chlorophylls uncoupled from the 
process of charge separation in this preparation (see 
Materials and Methods) is sufficient to give rise to the 
carotenoid triplet yield observed. The triplet yield of 
uncoupled chlorophyll is approx. 66% [22], giving an 
apparent yield of 4% for the uncoupled chlorophyll 
triplet state in this preparation, a little more than the 
observed 2-3% carotenoid triplet yield. Therefore the 
carotenoid triplet state observed in this preparation may 
be formed via a small subpopulation of contaminating 
uncoupled chlorophyll molecules, independent of the 
reaction centres themselves. 

The inability of the carotenoids tO quench the P680 
triplet state in the majority of reaction centres is surpris- 
ing given that this preparation is thought to have one 
carotenoid per reaction centre. This inactivity may be a 
consequence of the isolation procedure for these D1/D2 
reaction centres. It is also clear from the susceptibility 
of the D1/D2 reaction centre to photodamage under 
aerobic conditions that the protection from photo- 
damage attributed to carotenoids in other photo- 
synthetic systems (for review see Ref. 27) does not 
function in this D1/D2 reaction centre preparation. 

Acknowledgements 

We would like to thank the European Commission, 
British Petroleum PLC, AFRC, SERC and the Rowland 
Foundation for financial assistance. We also thank Ben 
Crystall, Paula Booth, Martin Bell, David Chapman, 
Wei-Zong He and Alison Teller for their kind advice 
and assistance, Jill Farmer for the preparation of the 
samples and Chris Barnett for technical assistance with 
the microsecond system. 

References 

1 Nanba, O. and Satoh, K. (1987) Proc. Natl. Acad. Sci. USA 84, 
109-112. 

2 Barber, J., Chapman, D.J. and Telfer, A. (1987) FEBS Lett. 220, 
67-73. 

3 Marder, J.B., Chapman, D.J., Teller, A., Nixon, P. and Barber, J. 
(1987) Plant Mol. Biol. 9, 325-333. 

4 Webber, A.N., Packman, L., Chapman, D.J., Barber, J. and Gray, 
J.C. (1989) FEBS Lett. 242, 259-262. 

5 Ikeuchi, M. and Inoue, Y. (1988) FEBS Lett. 241, 99-104. 
6 Barber, J., Gounaris, K. and Chapman, D.J. (1987) in Cytochrome 

Systems (Papa, S., Chance, B. and Ernster, L., eds.) pp. 657-666, 
Plenum, New York. 

7 Kobayashi, M., Maeda, H., Watanabe, T., Nakane, H. and Satoh, 
K. (1990) FEBS Lett. 260, 138-140. 

8 Dekker, J.P., Bowlby, N.R. and Yocum, C.F. (1989) FEBS Lett. 
254, 150-154. 

9 Danielius, R.V., Satoh, K., Van Kan, P.J.M., Plijter, J.J., Nuijs, 
A.M. and Van Gorkom, H.J. (1987) FEBS Lett. 213, 241-244. 

10 Takahashi, Y., Hansson, O., Mathis, P. and Satoh, K. (1987) 
Biochim. Biophys. Acta 893, 49-59. 

11 Crystall, B., Booth, P.J., Klug, D.R., Barber, J. and Porter, G. 
(1989) FEBS Lett. 249, 75-78. 

12 Okamura, M.Y., Satoh, K., Isaacson, R.A. and Feher, G. (1987) in 
Progress in Photosynthesis Research (Biggins, J., ed.), Vol. 1, pp. 
379-381, Martinus Nijhoff, Dordreeht. 

13 Telfer, A., Barber, J. and Evans, M.C.W. (1988) FEBS Lett. 232, 
209-213. 

14 Mathis, P., Satoh, K. and Hansson, O. (1989) FEBS Lett. 251, 
241-244. 

15 Den Blanken, H.J., Hoff, A.J., Jongenelis, A.P.J.M. and Diner, 
B.A. (1983) FEBS Lett. 157, 21-27. 

16 McTavish, H., Picorel, R. and Seibert, M. (1989) Plant Physiol. 89, 
452-456. 

17 He, W.-Z., Telfer, A., Drake, A.F., Hoadley, J. and Barber, J. 
(1989) in Current Research in Photosynthesis (Baltscheffsky, M., 
ed.), Vol. 1, pp. 431-434, Kluwer Academic, Dordrecht. 

18 Chapman, D,J., Gounaris, K. and Barber, J. (1988) Biochim. 
Biophys. Acta 933, 423-431. 

19 Seibert, M., Picorel, P., Rubin, A.B. and Connolly, J.S. (1988) 
Plant Physiol. 87, 303-306. 

20 Chapman, D.J., Gounaris, K. and Barber, J. (1989) Photosyn- 
thetica 23, 411-426. 

21 Booth, P.J., Crystall, B., Giorgi, L.B., Barber, J., Klug, D.R. and 
Porter, G. (1990) Biochim. Biophys. Acta 1016, 141-153. 

22 Bowers, P.G. and Porter, G. (1967) Proc. R. Soc. A296, 435-441. 
23 Teller, A., He, W-Z. and Barber, J. (1990) Biochim. Biophys. Acta 

1017, 143-151. 
24 Linshitz, H. and Sarkanen, K. (1958) J. Am. Chem. Soc. 80, 

4826-4832. 
25 Mathis, P. and Setif, P. (1981) Isr. J. Chem. 21, 316-320. 
26 Bensasson, R,V., Land, E.J. and Truscott, T.J. (1983) Flash Pho- 

tolysis and Pulse Radiolysis, Pergamon Press. 
27 Cogdell, R.J. and Frank, H.A. (1987) Biochim. Biophys. Acta 895, 

63-79. 
28 Boucher, F., Van der Rest, M. and Gingras, G. (1977) Biochim. 

Biophys. Acta 461, 339-357. 
29 Asada, K. and Takahashi, M. (1987) in Topics in Photosynthesis, 

Vol. 9 (Kyle, D.J., Osmond, C.B. and Arntzen, C.J., eds.), pp. 
227-288, Elsevier, Amsterdam. 

30 Kyle, D.J., Ohad, I. and Arntzen, C.J. (1984) Proc. Natl. Acad. 
Sci. USA 81, 4070-4074. 

31 Masojidek, J., Nebdal, L., Komenda, J., Prasil, O. and Setlik, I. 
(1989) in Current Research in Photosynthesis (Baltscheffsky, M., 
ed.), Vol. 2, pp. 389-392, Kluwer Academic, Dordrecht. 

32 Hoff, A.J. (1981) Q. Rev. Biophys. 14, 559-665. 
33 Hurley, J.K., Castelli, F. and Tollin, G. (1980) Photochem. Photo- 

biol. 32, 79-86. 
34 Hemenger, R.P. (1977) J. Chem. Phys. 67, 262-264. 
35 Newell, W.R., Van Amerongen, H., Van Grondelle, R., Aalberts, 

J.W., Drake, A.F., Udvarhelyi, P. and Barber, J. (1988) FEBS Lett. 
228, 162-166. 

36 Strain, H.H., Thomas, M.R. and Katz, J.J. (1963) Biochim. Bio- 
phys. Acta 75, 306-311. 

37 Rutherford, A.W. (1986) Biochem. Soc. Trans. 14, 15-17. 
38 Strickler, S.J. and Berg, R.A. (1962) J. Chem. Phys. 37, 814-822. 



39 Chidsey, C.E.D., Takiff, L., Goldstein, R.A. and Boxer, S.G. 
(1985) Proc. Natl. Acad. Sci. USA 82, 6850-6854. 

40 Chibisov, A.K. (1969) Photochem. Photobiol. 10, 331-347. 
41 Lous, E.J. and Hoff, A.J. (1989) Biochim. Biophys. Acta 974, 

88-103. 
42 Hayes, J.M., Gillie, J.K., Tang, D. and Small, G.J. (1988) Biochim. 

Biophys. Acta 932, 287-305. 
43 Michel, H. and Deisenhofer, J. (1988) Biochemistry 27, 1-7. 
44 Schlodder, E. and Brettel, K. (1988) Biochim. Biophys. Acta 933, 

175 

22-34. 
45 Gounaris, K., Chapman, D.J., Booth, P., Crystall, B., Giorgi, L.B., 

Klug, D.R., Porter, G. and Barber, J. (1990) FEBS Lett., in press. 
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Two studies [7,45] have recently suggested that the reaction centres 
used in this preparation may contain six chlorophyll a molecules and 
two fl-carotene. 


