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Illumination of isolated Photosystem II reaction centres in the presence of the electron acceptors, silicomolybdate 
(SiMo) or 3,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), leads to selective photooxidation and irre- 
versible photobleaching of/3-carotene. No such effect is observed in the absence of the electron acceptors and it is 
dependent on the ability of the reaction centres to carry out charge separation. Flash absorption studies indicate 
that prior to the irreversible photobleaching,/3-carotene is photooxidised by electron transfer to P680 ÷. The rate of 
photobleaching of /3-carotene is faster when SiMo is used as the acceptor and occurs both in the presence and 
absence of oxygen. However, with DBMIB present photobleaching is more clearly observed when oxygen is present. 
It is argued that when oxygen is absent, photoreduced DBMIB can rapidly rereduce P680 + by an electron transfer 
cycle involving cytochrome b-559, while in aerobic conditions the cycle is partially inhibited by oxygen acting as an 
electron acceptor. When Mn(II) is added as an electron donor to P680 +, no photobleaching of/3-carotene occurs. 
The kinetics of photobleaching shows two phases, with 50% loss of the total /3-carotene pool occurring rapidly. 
Coupled with the loss of fl-carotene is a photobleaching of accessory chlorophyll which absorbs at 670 nm. 
Therefore our results indicate that, when the Photosystem II reaction centre is photoactivated under conditions in 
which P680 ÷ can photoaccumulate, there is a secondary oxidation of fl-carotene and accessory chlorophyll which 
leads to irreversible photobleaching. No such photobleaching occurs if P680 ÷ is rapidly reduced by an exogenous 
electron donor or by a quinone dependent cyclic flow of electrons around PSII. We discuss the physiological role of 
fl-carotene oxidation and cyclic electron transport  in the function of PSII in vivo. 

Introduction 

The isolated Photosystem II (PSII) reaction centre 
consisting of the D1 and D2 polypeptides, the cy- 
tochrome b-559 a and /3 subunits and the I protein 

Abbreviations: Car, carotenoid; Chl, chlorophyll; Cyt, cytochrome; 
D1 and D2 polypeptides, products of the psbA and psbD genes 
respectively; DBMIB, 2,5 dibromo-3-methyl-6-isopropyl-p-henzo- 
quinone; FeCy, ferricyanide; HPLC, high performance liquid chro- 
matography; P680, primary electron donor to PSII; Pheo, pheo- 
phytin; PSII, Photosystem II; QA and QB, secondary quinone elec- 
tron acceptors in PSII; SiMo, silicomolybdate (SiMo1204o); Yz and 
YD, redox active tyrosines in PSII. 
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[1-4] is not only proving to be an excellent experimen- 
tal system for studying primary and secondary electron 
transfer processes [5-10] but also for investigating the 
susceptibility of this reaction centre to photodamage 
[11,12]. These studies may have important implications 
for understanding the molecular processes which un- 
derlie the vulnerability of the PSII reaction centre to 
damage within intact photosynthetic organisms as ex- 
pressed by the physiological stress condition known as 
photoinhibition [13,14]. 

In previous communications [11,12] we, and also 
others [15,16], have emphasised and studied aspects of 
the photodamaging processes which occur when the 
isolated PSII reaction centre is exposed to strong light. 
In particular, when molecular oxygen is present, the 
illumination of the isolated D 1 / D 2 / c y t o c h r o m e  b-559 
complex causes a selective photobleaching of chloro- 
phyll which absorbs at about 680 nm and which almost 



certainly constitutes the primary electron donor P680 
[12]. In  agreement with this conclusion is the finding 
that the loss of this chlorophyll is paralleled by a loss of 
photochemical activity measured by electron transport 
capacity [11] and by inhibition of radical pair formation 
[9,17]. When oxygen is removed the reaction centre 
becomes more resistant to photodamage and the life- 
time of the P680 triplet state lengthens from 33/zs to 1 
ms [8,10]. These results indicate that under aerobic 
conditions the selective photobleaching of the P680 
chlorophylls is probably due to singlet oxygen forma- 
tion generated by the P680 triplet state [10]. Partial 
protection against photodamage can also be achieved 
by adding an electron acceptor such as silicomolybdate 
(SiMo). This reduces the yield of the P680 triplet by 
competing with the recombination reaction which gen- 
erates the triplet state [12,18,19]. In this case the effect 
of prolonged illumination is to cause, initially, a prefer- 
ential irreversible bleaching of chlorophylls which ab- 
sorb maximally at 670 nm [12]. This bleaching also 
occurs under anaerobic conditions and seems to be due 
to the oxidation of accessory chlorophyll(s) within the 
PSII reaction centre by P680 ÷, which is photoaccumu- 
lated in the presence of SiMo [2,19,20]. 

Recently it has become clear that, despite the close 
homology between the reaction centres of purple 
photosynthetic bacteria and PSII, there are significant 
differences in the chromophore content [21-23]. If 
PSII reaction centres are isolated under stabilising 
conditions, there are apparently two /3-carotene and 
five to six chlorophyll molecules per two pheophytins, 
i.e. per reaction centre. Recently spectroscopic studies 
of the chromophores of isolated PSII reaction centres 
have shown that the two /3-carotenes are in the all 
t rans  conformation in the native purified complex [24] 
and that they are sufficiently close to allow excitonic 
interaction [25]. In this paper we have extended our 
studies of photodamage within the isolated PSII reac- 
tion centre by investigating the susceptibility of the 
carotenoids and have detected photooxidation and ir- 
reversible photobleaching of/3-carotene as well as ac- 
cessory chlorophyll. It has been argued for some time 
that carotenoids have two important roles in photo- 
synthesis: to act as accessory light harvesting pigments 
in the antenna system and to protect against photody- 
namic damage [26,27]. We therefore discuss our results 
in terms of the ability of fl-carotene to protect the PSII 
reaction centre against photodamage. 

Materials and Methods 

Reaction centres of PSII were isolated from pea 
thylakoids using the method previously described [28] 
in which the second column chromatography step was 
conducted in the presence of 2 mM dodecyl maltoside 
and 50 mM Tris-HC1 (pH 7.2). All measurements were 
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carried out in 50 mM Tris-HC1 buffer (pH 8.0) plus 2 
mM dodecyl maltoside. 

Absorption spectra were measured in an SLM In- 
struments DW2000 dual wavelength spectrophoto- 
meter equipped for side illumination and set with a 
bandwidth of 2 nm. Light induced absorbance changes 
were excited with red light (2 mm Schott RG665 cut off 
filter and a KG1 heat filter). The photomultiplier was 
protected from stray light with a 4 mm Schott BG18 
filter. 

Photodamage of PSII reaction centres with and 
without electron acceptors, was induced by red (RG665 
filter) or white light in the temperature controlled 
cuvette holder, which was maintained at 10°C. Reac- 
tion conditions and chlorophyll concentrations were as 
described in the figure legends. Preinactivation of PSII 
reaction centres, for the experiment of Fig. 6, was 
carried out as follows. PSII reaction centres equivalent 
to 22/zg ml-1 chlorophyll were illuminated for various 
times with white light (approx. 5000/zmol photons m -2 
s - l )  in the absence of electron acceptor. Samples were 
withdrawn at fixed intervals and stored on ice in the 
dark. They were then diluted 10-fold with the same 
buffer and their photodamage difference spectra were 
measured (light treated minus dark control). 100 /zM 
SiMo was then added and their ability to show a 
light-induced irreversible decrease in absorbance at 
485 nm was measured using 500 /zmol photons m -2 
s -1  red light. 

High performance liquid chromatography (HPLC) 
analysis of the pigments was carried out on a reverse 
phase Spherisorb S5ODS1 column (5/zm, 250 × 4.6 cm 
I.D.) using the mobile phase described by De Las 
Rivas et al. [29]. The pigments were extracted from the 
reaction centres dissolved in buffers by addition of 9 
vol. of 100% HPLC grade acetone and after mild 
agitation they were filtered through a 0.2 /zm fluo- 
ropolymer filter (ACRO T M  LC13). 20 /zl aliquots 
(equivalent to 100 ng chlorophyll in the original dark 
control samples) were injected for analysis and peak 
detection was measured with a UV-VIS Kontron spec- 
trophotometer, at 450 nm for fl-carotene and 663 nm 
for chlorophyll a and pheophytin a. 

Flash induced transient absorption changes were 
measured at 4°C according to Durrant et al. [10] using 
a nitrogen laser giving subnanosecond flashes at 337 
nm to excite the samples. The measuring beam, from a 
xenon source, was passed through a cut-off filter 
(transmitting above 615 nm) in addition to the 
monochrometer. Signals are the average of 64 flashes, 
measured with a 3 /xs time constant and 4 nm band- 
width. 

Results 

Fig. 1 shows the effect of illuminating isolated PSII 
reaction centres with red light on their absorption at 
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Fig. 1. Irreversible photobleaching of absorption at 485 nm in iso- 
lated PSII reaction centres requires the presence of an electron 
acceptor to stabilise P680 +. Reaction centres equivalent to 2.2 ~g 
ml 1 chlorophyll were suspended in 50 mM Tris-HC1 buffer (pH 8.0) 
and 2 mM dodecyl maltoside. (a) no additions, (b) plus 100 p.M 
DBMIB, (c) plus 100 /~M SiMo. Illumination was with 600 p~mol 

photons m-2 s- 1 of red light ( > 665 nm). 

485 nm. There is a decrease in absorbance but only 
when an electron acceptor is present (traces c and d). 
The decrease is essentially irreversible. With 2,5-di- 
bromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB) 
present there are two kinetic phases to the bleaching, 
an initial fast component followed by a slower decrease 
(confirmed by semilog plots, not shown). In the pres- 

ence of SiMo the rate of bleaching is much faster but 
the decrease is still biphasic. 

In order to identify the absorbing species bleached 
in the experiment of Fig. 1 we measured the absorption 
spectra of PSII reaction centres (Fig. 2a and c) illumi- 
nated with white light for 0, 1 and 4 min, with and 
without DBMIB. In the absence of electron acceptor 
the major bleaching occurs in the blue and red part of 
the spectrum which is characteristic of chlorophyll ab- 
sorption (Fig. 2a). The presence of DBMIB has two 
effects (Fig. 2c). It reduces the rate of chlorophyll 
bleaching but stimulates a dramatic decrease in ab- 
sorbance around 485 nm which suggests a loss of 
fl-carotene, the carotenoid present in this preparation 
[1,21]. The absorption difference spectra (light 
treated-minus-dark control, which we will refer to as 
the photodamage absorption difference spectra) are 
shown in Fig. 2b and d. The bleaching at 435 nm and 
679 nm (which is smaller when DBMIB is present) is 
presurnably due mainly to loss of P680, while the 
bleach at 486 nm, with shoulders at approximately 460 
and 510 nm (seen in the presence of DBMIB, Fig. 2c 
and d), is presumably due to loss of fl-carotene. 

A very similar bleaching is seen when using SiMo as 
acceptor, except that as found previously, there is an 
initial preferential bleaching at 670 nm compared to 
680 nm (Fig. 3) which is not seen with DBMIB (Fig. 
2d). The photodamage absorption difference spectra 
with the two acceptors are otherwise very similar ex- 
cept that again the bleaching in the 486 nm region is 
faster with SiMo despite the fact that in this experi- 
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Fig. 2. Absorption characteristics of PSII reaction centres after photobleaching in the presence (c, d) and absence (a, b) of 100 p,M DBMIB. 
Reaction centres equivalent to 5 p,g ml-1 chlorophyll were suspended in buffer as in Fig. 1. Photobleaching was induced by 5000/~mol photons 
m -2 s-1 white light. (a) Absorption spectra after 0, 1 and 4 min illumination. (b) Absorption difference spectra after 1 and 4 min illumination 

(light treated minus dark control spectra). 



ment  photodamage was brought about by a lower in- 
tensity of red light as compared to the white light used 
in the experiment of Fig. 2. The rate of photobleaching 
was both light intensity and chlorophyll concentration 
dependent.  In Fig. 3 the baseline is somewhat shifted 
over the wavelength range examined because of colour 
changes occurring as the result of the reduction of 
SiMo. 

The data presented here show that, when an elec- 
tron acceptor is present, illumination of PSII reaction 
centres leads to the photobleaching of a substantial 
amount of the fl-carotene present  in this preparation.  
The most likely mechanism is that stabilisation of 
P680 + by electron acceptors brings about the oxidation 
of carotenoid in addition to the accessory chlorophyll, 
Ch1670, reported previously [12], and this subsequently 
leads to irreversible bleaching of /3-carotene  as well as 
the chlorophyll. The bleaching (seen in Fig. 2, for 
example) could not be reversed by addition of reducing 
agents; neither ascorbate nor dithionite were effective. 
A number  of artificial electron donors (e.g. MnCI2), 
however, will rereduce P680 + and support net electron 
transport  to SiMo [2,11,15]. We therefore examined the 
e f f ec t  of the presence of MnC12 during the exposure of 
the reaction centre to illumination with SiMo as the 
acceptor. As can be seen in Fig. 3 (dotted line) the 
donor provides very substantial protection against 
photooxidation and destruction of both fl-carotene and 
the chlorophylls of the reaction centre. Again the base- 
line change can be attributed to net reduction of SiMo. 
This experiment suggests that fl-carotene and Ch1670 
are oxidised by P680 + but that MnC12 is a more 
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Fig. 3. Difference spectra of irreversible changes (light treated minus 
dark control) in ahsorbance of PSII reaction centres illuminated in 
the presence of 100/zM SiMo. Illumination was with red light, 600 
/zmoles photons m -2 s i and chlorophyll concentration was 4 /~g 
ml- i. (Solid line) no additions, after 1, 2, 5 and 10 rain illumination; 

(dotted line) plus 1 mM MnCI 2 after 1 min illumination. 

109 

V450 
V461 

, ~  4 8 6  

2 

.< 

400 soo 60o 700 

Wavelength  (nm) 
Fig 4. 'In situ' spectrum of /3-carotene bleached in isolated PSII 
reaction centres plus I00 ~M DBMIB. Inset: the spectrum of fl- 
carotene extracted in n-he×ane (solid line) and chloroform (dotted 
line). The 'in situ" spectrum is the difference between the 4 rain 
spectrum of Fig. 2d (normalised at 679 nm to the 1 min spectrum) 

and the 1 min spectrum. 

efficient electron donor than either of these chro- 
mophores  thus rereducing P680 + sufficiently rapidly to 
provide almost complete protection against photodam- 
age. 

As carotenoid bleaching is much more rapid than 
the  chlorophyll loss it is possible to obtain the spec- 
trum of the carotenoid ' in situ' (Fig. 4). Assuming that 
there is no contribution of carotenoid to the ab- 
sorbance at 679 nm, the 4 min difference spectrum of 
Fig. 2d (plus DBMIB)  was normalised at 679 nm to the 
1 min data. The 1 rain data was then subtracted from 
the 4 rain normalised spectrum to give the ' in situ' 
spectrum of fl-carotene. Fig. 4 compares the spectrum 
obtained with the spectrum of fl-carotene extracted 
from whole leaves in n-hexane and chloroform. Pre- 
sumably because of its association with protein, the 
spectrum is red-shifted, narrowed and the peak ratios 
are different in comparison to the spectrum in organic 
solvent. The 'in situ' spectrum shows a small amount  of  
interference from a chlorophyll bandshift, seen in the 
670 to 680 nm region, which also causes some distor- 
tion of the ' in situ' spectrum of /3-carotene  to the blue 
of its absorption peaks. 

So far we have equated the light induced ab- 
sorbance decrease at 485 nm (Fig. 1) with loss of 
fl-carotene. In Fig. 5 we show the actual loss of /3- 
carotene, chlorophyll a and pheophytin a induced by 
illumination in the presence of DBMIB,  detected by 
high performance liquid chromatography (HPLC) of 
the extracted pigments. Fig. 5 shows that approx. 50% 
o f  the fl-carotene is lost rapidly during the first approx. 
7 min illumination. There  was a linear relationship 
between the kinetics of loss of fl-carotene measured by 
HPLC and the loss of absorbance at 485 nm (data not 
shown). However, a 50% loss of /3-carotene  was equiv- 
alent to a 35% decrease in absorbance at 485 nm 
indicating that there is some other  chromophore  in 
addition to fl-carotene which absorbs at this wave- 
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Fig. 5. The effect of illumination of PSII reaction centres in the 
presence of 100 /xM DBMIB on /3-carotene (o), chlorophyll a (A) 
and pheophytin a (©) levels. Reaction centres equivalent to 50 /zg 
ml-1 chlorophyll were illuminated with 600/,~mol photons m -2 s-1 
red light and 100 /zl samples were withdrawn at fixed times for 
analysis by HPLC as described in the Materials and Methods. All 

results were expressed as the % of the initial dark control level. 

length but which is not bleached under these condi- 
tions. The rate of bleaching was relatively slow because 
of the high chlorophyll concentration used in this ex- 
periment. Although pheophytin a was not bleached, 
chlorophyll a was destroyed slowly and essentially 
monophasically. We consistently found, both with DB- 
MIB and SiMo as electron acceptor, that there was a 
rapid loss of 50% of the/3-carotene pool followed by a 
slower bleaching of the remainder. 

If carotenoid bleaching is the result of carotenoid 
oxidation by P680 +, it should occur only in PSII reac- 
tion centres which are able to carry out light-induced 
charge separation. Inactivation of charge separation 
can be brought about by illumination of reaction cen- 

tres in the absence of electron acceptor, under aerobic 
conditions [11,15]. In the experiment of Fig. 6, reaction 
centres were illuminated first in the absence of elec- 
tron acceptor. This was carried out at a relatively high 
concentration of chlorophyll (22 ~g ml-~). After preil- 
lumination, aliquots were removed and diluted 10-fold 
for measurement of their absorption spectrum (to mon- 
itor loss of P680). The photodamage difference spectra 
obtained (Fig. 6a) were essentially the same as those of 
Fig. 2b. SiMo was then added to these samples and 
their ability to show bleaching at 485 nm was measured 
(Fig. 6b). Bleaching of carotenoid was essentially to- 
tally inhibited in samples which had been preillumi- 
nated for approx. 4 min or longer. This correlated well 
with the rapid rate of loss of absorbance at 680 nm 
seen during preillumination which relates directly to 
loss of charge separation capability (not shown). This 
shows that /~-carotene bleaching occurs only in photo- 
chemically active reaction centres. 

We have suggested that the mechanism leading to 
irreversible bleaching of the carotenoid may be via its 
oxidation. The Car + radical absorbs in the infrared, 
with a broad peak at about 980 nm [30,31]. Fig. 7 shows 
flash induced transient absorption changes of PSII 
reaction centres plus an electron acceptor (DBMIB). 
The changes at 950 nm are due mainly to Car +, while 
those at 820 nm are attributable to P680 +. On this time 
scale no absorption changes were seen at either 820 
nm or 950 nm in the absence of electron acceptor. The 
decay of P680 + is multiphasic but includes an interme- 
diate component that correlates with the slow rise in 
the 950 nm signal (r  approx. 0.8 ms). The two signals 
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Fig. 6. Preinactivation of P680 by illumination of PSII reaction centres in the absence of an added electron acceptor (a) results in the inability of 
these reaction centres to show the light induced electron acceptor-dependent loss of absorbance at 485 nm, due to bleaching of/3-carotene (b). 
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bleaching at 485 nm (b) was carried out as described in the Materials and Methods. 
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subsequently decay on the ms time scale (~- approx. 15 
ms in both cases). Both in the presence of ferricyanide 
with DBMIB or with SiMo alone there is an increase in 
the stability of P680 + and also of the Car + signal as is 
shown by an increase in the lifetime of the long decay 
components (data not shown). The designation of the 
950 nm signal to Car + was confirmed by its infrared 
spectrum (Kleinherenbrink, F.A.M. and van Gorkom, 
H.J., personal communication), which peaked at 980 
nm as originally shown in PSII enriched preparations 
by Schenck et al. [31]. 

The flash yield of Car + is low i.e., 1 Car + per 
approx. 30 long-lived P680 + (~" -~ 0.8 ms), using extinc- 
tion coefficients of 94000 M -1 cm -~ for Car + at 950 
nm [31] and 7000 M -a cm -1 for P680 + at 820 nm [6]. 
It should be borne in mind that in these experiments as 
DBMIB was the acceptor with oxygen present that this 
is a relatively protected situation as compared to the 
presence of SiMo. The immediate increase in the 950 
nm signal due to the flash was also seen by Schenck et 
al. [31], although it was smaller in proportion to the 
Car + signal. This immediate increase could be due to 
P680 ÷, which may absorb significantly at this wave- 
length. We know the relative yield of P680 + is high 
compared to Car + but assume that the extinction coef- 
ficient is relatively low so it is no t  surprising that a 
greater than 20-times yield of P680 + may give a signifi- 
cant 950 nm signal relative to that of Car +. We cannot 
however rule out that there is some rapid donation by 
/3-carotene, which would imply that the isolated PSII 
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Fig. 8. The effect of anaerobic conditions on the photodamage 
difference spectra of PSII reaction centres induced by illumination 
for various times with 600 btmol photons m -2 s -I red light. Condi- 
tions were as in Fig. 1 except that the chlorophyll concentration was 
4 p,g ml -l. Oxygen was removed by incubation for 5 min with 0.1 mg 
ml -~ each of glucose oxidase and catalase plus 5 mM glucose prior 
to measurement. (a) plus 100 /zM SiMo, (b) plus 200 /~M ferri- 

cyanide, (c) plus 100 ~M DBMIB. 

reaction centres are heterogeneous, at least in their 
electron donation reactions. 

Fig. 8 shows the effect of anaerobic conditions on 
the photodamage difference spectra of PSII reaction 
centres in the presence of different electron acceptors. 
Absence of oxygen does not prevent the SiMo-depen- 
dent bleaching of fl-carotene (Fig. 8a), although 
chlorophyll absorbing at 680 nm is somewhat protected 
compared to the effect seen under aerobic conditions 
(compare with Fig. 3). The presence of ferrieyanide 
under anaerobic conditions also allows a pronounced 
bleaching of/3-carotene (Fig. 8b), though at a consider- 
ably slower rate, and preferential bleaching at 680 nm 
as compared to 670 nm. However, when DBMIB is the 
electron acceptor (Fig. -8c) very little bleaching of ei- 
ther chlorophyll or/3-carotene is seen. As bleaching of 
/3-carotene is apparently an oxygen independent pro- 
cess (Fig. 8a and b), the results with DBMIB suggest 
that under anaerobic conditions there is no oxidation 
of secondary electron donors because P680 + is rapidly 
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rereduced via a DBMIB-catalysed cycle of electrons. 
Indeed rereduction is apparently so rapid that P680 
itself is substantially protected from irreversible bleach- 
ing. 

Discussion 

It has been shown previously that the back reaction 
between P680 + and Pheo-  in the isolated PSII reac- 
tion centre is prevented by the addition of the artificial 
electron acceptors, SiMo and DBMIB [2,8,19,32,33]. In 
this paper we have shown that, under these conditions, 
/3-carotene as well as the accessory chlorophyll, Chi670, 
can be photooxidised by P680 +. Using transient spec- 
troscopy we found a flash induced absorption increase 
at 950 nm (Fig. 7) characteristic of Car +, the kinetics of 
which correlated with a component in the rereduction 
of P680 +. The oxidised state of/3-carotene appears to 
be unstable and is rapidly bleached, irreversibly. We 
found that with prolonged illumination both molecules 
of/3-carotene present in the reaction centre could be 
photobleached. 

Previously it has been suggested that the possible 
function of carotenoids in photosynthesis, in addition 
to their role in energy transfer, is to protect against 
singlet oxygen damage [26,27]. This is achieved by 
direct interaction with chlorophyll triplets to form the 
carotenoid triplet or by bringing about a rapid disposal 
of singlet oxygen before it causes any damage as fol- 
lows: 
Singlet oxygen production 

3Ch1+302 ~ I C h l + 1 0 2  

Carotenoid action 

3Chl + 1Car ~ 1Chl + 3Car 

102 q- 1Car ~ 302 +3Car  

102 --}- 1Ca r --. Car + 

(1) 

(2) 

(3) 

These mechanisms do not, however, explain our re- 
sults. In the absence of added electron acceptors the 
yield of carotenoid triplet is low in these preparations 
(approx. 5-10%, Refs. 6 and 10) so intersystem cross- 
ing (mechanism 1) cannot play an important part in the 
action of/3-carotene. Carotenoid bleaching only occurs 
if P680 + has been stabilised by the presence of an 
electron acceptor (e.g., Fig. 1) and also occurs under 
anaerobic conditions (Fig. 8). It therefore cannot in- 
volve quenching of singlet oxygen by either mechanism 
2 or 3. We therefore propose that the main mechanism 
of carotenoid action in the isolated reaction centre is 
its direct oxidation by P680 + followed by irreversible 
bleaching. 

(4) P680 ÷ + Car ~ P680 + Car + 

The effect of the electron donor, Mn(II), in preventing 
photodamage to carotenoid and chlorophyll (Fig. 3) 
and the absence of photobleaching if primary charge 
separation is inhibited (Fig. 6) confirms that the loss of 
these pigments occurs only after they have been oxi- 
dised by P680 +. 

The evidence presented in this paper does not indi- 
cate whether the tyrosines, Yz and YD, present on the 
D1 and D2 polypeptides, respectively, are active in 
electron donation to P680 +, and more particularly, 
whether in this preparation Mn 2+ donates via Yz + as 
reported by Hoganson et al. [34] or directly to P680 +. 
Petersen et al. [35] show in a C P 4 7 / D 1 / D 2 / C y t  b559 
complex which has no active bound QA that the spin 
polarised triplet cannot be formed. This is because the 
tyrosine donor is active and there is accumulation of 
the state Yz+Pheo - (or Yz+Pheo if ferricyanide is 
present). However the ability of the isolated PSII reac- 
tion centre ( D 1 / D 2 / C y t  b559) to form the spin po- 
larised triplet and the fact that the EPR signal II, due 
to Yz + a n d / o r  YD +, can only be seen in 10-20% of 
reaction centres when they are frozen under illumina- 
tion with an electron acceptor [18] suggests that Yz is 
either inactive or its rate of donation of electrons is 
decreased to such an extent that it cannot compete 
with radical pair recombination. It therefore is possible 
that, in the experiment of Fig. 3, Mn 2+ donates di- 
rectly to P680 +. It is also possible, however, that the 
behaviour of Yz is such that it can catalyse enough 
electron transfer from Mn 2÷ to compete with other 
secondary donors and afford protection against photo- 
damage but not sufficiently to compete with the back- 
reaction in the absence of added electron acceptor. 
Two reports on transient absorption experiments have 
attributed a 5-10/.~s component of the rereduction of 
P680 ÷ to donation from Yz [8,18]. It is therefore 
possible that the fast phase in the rereduction of P680 + 
(AA820) seen in Fig. 7 is due to donation by Yz. 

In this paper we have shown that quantitative deter- 
mination of the loss of /3-carotene indicates that the 
whole pool, assumed to be two /3-carotenes per reac- 
tion centre (i.e., per two pheophytins, see Ref. 21), can 
be irreversibly bleached. Despite a variation in the rate 
of loss, which is electron acceptor dependent (Figs. 1 
and 8), the loss is always biphasic. This may be because 
one of the two /3-carotenes in each reaction centre 
complex is more easily oxidised than the other or 
because there is a heterogeneous population of reac- 
tion centres. However, as we consistently found that 
50% of the /3-carotene pool is bleached more rapidly 
than the remainder the former explanation is the more 
likely. The loss of chlorophyll is apparently less dra- 
matic than that of /3-carotene. Fig. 5, for example, 
shows a 15-20% loss of chlorophyll over the time it 
takes to bleach 50% of the/3-carotene pool. Assuming 
there are five to six chlorophylls per reaction centre 



[21] this means that in this experiment at least one 
chlorophyll molecule was bleached in the time it took 
to bleach the first/j-carotene. The lack of bleaching of 
pheophytin indicates that the /j-carotene and chloro- 
phyll bleaching is a consequence of photooxidation. 
The correlation between loss of /j-carotene detected 
by HPLC and by the decrease in absorbance at 485 nm 
shows that at least 30% of the absorbance at 485 nm is 
not due to /3-carotene. No other peaks were observed 
at 485 nm in the HPLC analysis, thus the absorbance 
at 485 nm not due to/J-carotene in the spectrum of the 
isolated PSII reaction centre, must be due to the red 
shift in absorbance of another pigment bound to pro- 
tein, presumably pheophytin. We found no evidence 
for conversion of the all-trans form of /~-carotene to 
the cis form or for any breakdown products absorbing 
in the visible region of the spectrum. We have detected 
the appearance of some new peaks in the ultraviolet 
region (280 nm), when reaction centres are photodam- 
aged, which are presumably colourless isoprenoid 
products of the bleached pigments but we have not 
identified them further. 

Because of the selective nature of the initial bleach- 
ing at 485 nm, seen in the presence of an electron 
acceptor, we have been able to obtain a spectrum of 
/J-carotene in the reaction centre, i.e., in situ on the 
protein complex. The spectrum of Fig. 4 shows the 
expected bathochromic effect (red shift) compared to 
the spectra of /j-carotene in organic solvents (Fig. 4, 
inset). We did not observe any significant change in the 
in situ spectrum during the time course of photo- 
bleaching. The absorption spectra of PSII reaction 
centres has been examined in detail by several groups 
[16,25,36-38]. CD measurements seem to indicate that, 
provided PSII reaction centres are stabilised in a suit- 
able detergent, there is excitonic interaction of two 
/j-carotene molecules [37,38] and low temperature LD 
shows these molecules have different orientations 
[25,36]. Apparently the accuracy of our in situ spec- 
trum is not sufficient to detect spectral changes due to 
any decoupling of the excitonic interactions. He [38] 
found, however, that the loss of excitonic interaction as 
measured by CD (induced by illumination of PSII 
reaction centres in the presence of an electron accep- 
tor) is correlated to the rate of loss of the rapidly 
bleached /j-carotene. We therefore conclude that in 
our experiments there is rapid oxidation and bleaching 
of one of a pair of excitonically coupled /j-carotene 
molecules followed by a slower oxidation and bleaching 
of the second. This is similar to the assymetric oxida- 
tion of the electron donors to P680+, Yz as compared 
to YD [39-41], which show a two-fold symmetry for 
binding to the D1 and D2 polypeptides, respectively. It 
is therefore possible that the differential oxidation 
rates of the two molecules of/j-carotene may be due to 
binding of one molecule to the D1 protein and the 
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other to the D2 protein though the excitonic interac- 
tion data indicate that they must be rather close to 
each other. 

We found that the relative amount of irreversible 
bleaching of /j-carotene, Ch1670 and P680 (Figs. 2, 3, 
and 8) was dependent on the type of electron acceptor 
used. Certain acceptors catalyse non-cyclic electron 
transfer which results in the accumulation of oxidised 
donors and their consequent bleaching. The greater 
the efficiency of the acceptor to bring about non-cyclic 
electron transfer the greater is the bleaching of the 
secondary electron donors relative to P680, i.e., SiMo 
allows photoaccumulation of P680 + under steady state 
illumination (e.g. Refs. 2 and 12), while ferricyanide, 
though being capable of accepting electrons [18], does 
not allow photoaccumulation of P680 + in the steady 
state (Telfer, A., unpublished data). This difference is 
reflected in the rate and selectivity of the photo- 
bleaching as shown in Fig. 8. 

DBMIB behaves rather differently. It catalyses 
photoreduction of cytochrome b-559 [11,42] and allows 
a cyclic flow of electrons back to P680 [8,32]. Other 
quinones also catalyse cytochrome b-559 photo- 
reduction when reconstituted with the reaction centre 
[11,42]. Thompson and Brudvig [43] have argued that a 
quinone dependent cycle, involving cytochrome b-559, 
occurs in vivo. Our work shows almost no photo- 
bleaching of pigments in the isolated reaction centre 
when DBMIB is present under anaerobic conditions 
(Fig. 8c). This indicates that the rereduction of P680 + 
via cytochrome b-559 is not only sufficiently rapid to 
prevent oxidation of the secondary donors, /j-carotene 
and Ch1670, but also shortens the lifetime of P680 + to 
such an extent that it is not itself photobleached by 
steady state illumination. Significant protection against 
photobleaching is also provided by the presence of a 
good electron donor to stimulate non-cyclic electron 
flow e.g. Mn(II) with SiMo (see Fig. 3). The bleaching 
observed with DBMIB in the presence of oxygen (Fig. 
2d) indicates that oxygen acts as an electron acceptor 
hence competing with cyclic electron flow via cy- 
tochrome b-559 and increasing the lifetime of P680 +. 
This allows the oxidation of/j-carotene to occur. 

The results presented here suggest that the major 
role of /j-carotene in the PSII reaction centre is to 
protect against photodynamic damage to P680. P680 is 
probably also protected against photodamage by a cy- 
cling of electrons around PSII via cytochrome b-559 
and a monomeric chlorophyll as discussed by Thomp- 
son and Brudvig [43]. We therefore suggest that the 
photooxidation of/j-carotene and cyclic electron trans- 
fer both play an important role in the protection of 
P680 in vivo. These two mechanisms probably prevent 
photoinactivation of PSII which is the basis for the 
physiological phenomenon of photoinhibition. It is also 
possible that it is the irreversible bleaching of one or 
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more of the chromophores of the PSII reaction centre 
which triggers the steps leading to breakdown of the 
D1 protein, as discussed by Shipton and Barber [44]. 
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