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Both steady-state and time-resolved luminescence measurements at 1270 nm indicate that, when Illuminated, isolated reaction 
centres of Photosystem II can generate singlet oxygen, O 2 (lAg) The oxygen dependent component of the luminescence signal, 
which was measured in a D20 buffer, was quenched by either azlde or H20 Slnglet oxygen was detected both when primary 
charge separation was functioning and after it had been inactivated, suggesting that I o  2 can be generated from triplet states 
formed by radical pair recombination (P680 chlorophyll triplet) and by intersystem crossing (accessory chlorophylls) Neither 
azide nor H20 was found to protect against light-induced oxygen dependent irreversible bleaching of chlorophyll and pheophytin 
of reaction centres We suggest that the pool of slnglet oxygen detected by steady-state luminescence at 1270 nm and quenched 
by azlde and water is located in the bulk medium rather than in the protein matrix of the reaction centre, where the 
photodamage to pigments occurs, and the singlet oxygen is Initially generated 

Introduction 

The isolated Photosystem II (PS II) reaction centre, 
composed of the D1 and D2 proteins, the apoprotelns 
of cytochrome b-559 and the PsbI protein does not 
retain the secondary quInone electron acceptors, QA 
and QB, which normally stabillse charge separation 
[1,2] between the donor chlorophylls, known as P680, 
and the acceptor, pheophytm molecule (Pheo) Conse- 
quently, when formed, the primary radical pair, P680 + 
P h e o -  [3], recombines resulting in emission of fluores- 
cence [4,5] and the formation of a P680 triplet state 
[6,7] In the latter case the triplet is spin polarised and 
has a yield of about 30% at 297 K [7-9] The lifetime 
of this triplet, which can be observed as an absorption 
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increase at 740 nm, is about 1 ms under anaerobic 
conditions [8,9] However, under aerobic conditions the 
triplet lifetime shortens to 33 ~s [7-9] and tt has been 
assumed [9] that this efficient quenching of the triplet 
state involves the conversion of molecular oxygen to ~ts 
first excited slnglet state, O2(1Ag) 

3p680" +O2(3~ -) ~ P680+O~(1Ag) 

Under conditions when this reaction may occur It has 
been shown that there is irreversible bleaching of chro- 
mophores contained within the protein complex [10- 
12] The primary damage is to the chlorophylls of P680 
but further exposure to illumination results in other 
bound chromophores being bleached and the proteins, 
D1 and D2, degraded [13,14] From these observations 
it has been suggested that singlet oxygen is the toxic 
species giving rise to the damage [15] In agreement 
with the smglet oxygen hypothesis it has been shown 
that under anaerobic conditions no such degradation 
occurs [11,12,14] 

The isolated reaction centre contains /3-carotene 
which would be expected to quench chlorophyll triplets 
or slnglet oxygen directly by conversion to ItS triplet 
state [16] Therefore, it appears that in isolated PS II 
reaction centres the carotenolds are not protecting 
against photoinduced damage via the triplet state 
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mechanism a conclusion supported by the finding that 
the yield of the carotenoid triplet state in isolated PS II 
reaction centres is low, not exceeding 3% [7,9] 

The vulnerablhty of the isolated PS II reaction cen- 
tre to photoinduced damage is of interest for physio- 
logical reasons because one of the most important 
components  of the PS II reaction centre, the D1 pro- 
teln, is rapidly turned over in vivo and this seems to 
underlie the phenomenon of photolnhlbltlOn [17,18] 
Indeed, smglet oxygen has been invoked as a possible 
trigger during acceptor side photolnhibltlOn, as dis- 
cussed by Barber and Andersson [19] 

The concept that slnglet oxygen is a toxic species for 
photosynthesis, and PS II in particular, has previously 
relied only on the protective effect of removing oxygen 
[11,12,20], or circumstantial evidence, such as the pres- 
ence of carotenolds [21,22] In this paper  we report  the 
direct detection of slnglet oxygen, generated by iso- 
lated PS II reaction centres This toxic species was 
observed by measuring an oxygen-dependent  lumines- 
cence signal at 1270 nm Although slnglet oxygen is 
known to be highly reactive and is believed to be the 
active species responsible for effecting tumour destruc- 
tion in photodynamlc therapy [23], it has proved diffi- 
cult to detect it directly in biological samples Slnglet 
oxygen luminescence has been detected from stimu- 
lated intact human eoslnophlls [24] and recently from 
suspensions of dye-stained cells [25,26] However, the 
observed emission lifetimes suggest that the ~O 2 is 
predominantly detected from the bulk medium, and 
there is the possibility that it IS generated by sensitlser 
which is not bound or is only ' loosely'  bound to the cell 
membrane  By contrast, in the experiments reported 
here, slnglet oxygen IS shown to be formed within the 
PS II reactton centre by natural photosensltlsers, lo- 
cated in the protein matrix of the complex 

Materials and Methods 

Reaction centres of PS II  were isolated f rom pea 
(Plsum satwum) using the method described previously 
[27] except that the first column chromatographic step 
was conducted in 50 mM Trls-HCI (pH 7 2), 0 2% 
Triton X-100 and 1 mM dodecyl maltoslde and the 
second column chromatographic step m 50 mM TrIs- 
HCI (pH 7 2) and 2 mM dodecyl maltoslde The reac- 
tion centres were then exchanged into ' D 2 0  buffer '  (50 
mM Trls-HCI (pH 8 0) plus 2 mM dodecyl maltosIde 
made up in D 2 0  from BDH Spectrosol) as follows 
reaction centre samples (4 × 0 4 ml samples equivalent 
to about 400/zg  chlorophyll in total) were centrifuged 
at 6500 rpm in Ul t rafree-MC Milhpore concentrating 
tubes, with low protein binding PLGC ultrafiltratIon 
membranes,  at 4°C for approx 20 min The  eluate was 
discarded and 0 25 ml of ' D 2 0  buffer '  was added to 
the concentrate m each tube and they were centrifuged 
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Fig I Scheme for the steady-state luminescence spectrometer CH 
optlcal chopper, FI, neutral denslty filters, FOC, fibre optlc coupler 
L, lens, CC, chopper controller, M mlrror, C cuvette F 2 RGI000 
long pass falter, F~, 1270 nm interference filter, D, ultrasensltlve 

germamum detector with integral preamphfier (77 K) 

again This was repeated twice more before combining 
all the concentrated samples together in the ' D 2 0  
buffer '  to a final chlorophyll concentration of 290 /zg 
m l - l  This stock solution was stored at - 8 0 ° C  

Anaerobic conditions were achieved by bubbling 
with nitrogen or by addition of 5 mM glucose, 0 1 mg 
m1-1 glucose oxldase (Sigma G2133, 100 units mg -1) 
and 0 1 mg m1-1 catalase (Sigma C10, 1000 units 
mg -1) Slhcomolybdate was obtained from Pfaltz and 
Bauer,  2,5-dlbromo-3-methyl-6-1sopropyl-p-benzo- 
qulnone (DBMIB) was a gift from Dr W Oet tmeler  
and chloroalumimum phthalocyanine tetrasulphonate 
was obtained from Porphyrm Products 

Absorption spectra were measured in either an SLM 
Aminco DW2000 (at 10°C) or a Perkln Elmer Lambda 
2 U V / V I S  spectrophotometer  (at room temperature)  
Steady-state fluorescence emission spectra were mea- 
sured with a Perkln Elmer  LS50 spectrofluorlmeter (at 
room temperature)  Transient absorption changes at 
740 nm (4 nm bandpass) were averaged over 32 shots, 
using a subnanosecond nitrogen laser to excite the 
samples (at 4°C), as described previously [8] 

A new steady-state instrument was used to detect 
the IO 2 phosphorescence at 1270 nm (Fig 1) An 
argon laser (Cambridge Lasers CLS), operated in con- 
stant light mode, was used to pump a DCM dye laser 
(Spectra-Physics 375B) with a standard dielectric 
wedge A micrometer  was fitted to the tuning mecha- 
nism and it was calibrated by viewing the emission 
through a monochromator  cahbrated at 632 8 nm The 
laser emission was modulated at 119 Hz using an 
optical chopper  (Scltec Instruments Ltd model 300) 
and focused into an optical fibre (125/zm core diame- 
ter) A fast light guide lens head was used to collect the 
fibre output so that the beam filled the 10 mm aper- 
ture of the cuvette holder Emission from the sample 
(maintained at room temperature)  was collected by a 



lens assembly and a concave mirror, placed behind the 
cuvette, and was filtered w~th a 1000 nm long-wave- 
length pass filter (Schott RG1000) and a 1270 nm 
interference filter (FWHM 28 nm, Spelrs Robertson) 
The interference filter was used m place of a high 
mtenslty computer-controlled f / 7  monochromator with 
a 1 /zm blazed grating (Bausch and Lomb 33-86-03) to 
allow a much higher signal throughput at 1270 nm The 
emission was imaged onto the 0 25 cm 2 actwe area of 
an ultrasensltlve hquid-mtrogen-cooled germanium de- 
tector (North Coast Optical Systems model EO-817L, 
NEP (1500 nm, 100 Hz) = 8 9 10 -16 WHz -1/2) oper- 
ated at a bias of - 2 5 0  V (model 823 supply) The 
output from the integral preamplifier was fed to a 
lock-m amplifier (Scltec Instruments Ltd ,  model 
500MC) interfaced to a PC The 1270 nm luminescence 
signals were obtained by manually fitting a line through 
plots of the lock-m output voltage against time and 
correcting for the number of photons absorbed (1-  
10 -A) at the excltahon wavelength, at the start and end 
of each lrradmnon period 

Time-resolved near-infrared luminescence was de- 
tected as previously described [28] The reaction cen- 
t r e swere  excited at 532 nm ( A = 0 2 ,  < 5 0  mJ) by a 
frequency-doubled NdYAG laser (Spectron lasers 
SL2Q + SL3A, 16 ns pulse) operated at 1 Hz Emission 
at A > 1 0 5 0  nm was detected at 90 ° to the 10 mm 
sample cuvette by a germanium photodlode, amplified 
and then signal averaged (64 shots) on a diglhsing 
oscilloscope (Tektronix 2432A) before transferring to a 
PC for analysis and storage Measurements were car- 
rled out at room temperature 

The visible absorption and fluorescence emission 
spectra were recorded before and after each lrradla- 
non The power or energy of the lasers were measured 
with a Gentec PSV-103 head and TPM meter and the 
power at the fibre output was monitored with a 1 cm 2 
silicon photodlode 

R e s u l t s  

Photodamage of PS H reactton centres m the presence of 
oxygen 

We have shown previously that photodamage of 
isolated PS II reaction centres under aerobic condi- 
tions results in an Irreversible bleaching of the bound 
chromophores Inmally the damage occurs to a species 
absorbing maximally at 680 nm [10,11] We have fur- 
ther examined this phenomenon and our findings are 
shown in Fig 2 This figure shows the absorption 
difference spectrum 0rreverslble changes, hght-treated 
minus initial dark control) of PS II reaction centres, as 
a function of illumination time with red hght With a 
short time of illumination the lnltlal bleaching occurs 
maxamally at 681 nm but wtth increasing t~me there is a 
blue shift to 679 nm The bleaching is consistent with 
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Fig 2 Absorption &fference spectra of PS II reaction centres 
dlummated with red hght (RG665 Schott glass cut off filter, 600/zE 
m -2 s -l) for various times Spectra were measured m the dark after 
specified hght treatments and the control dark spectrum was sub- 
tracted PS I1 reactmn centres equwalent to 4/zg ml i chlorophyll 
were suspended m 50 mM Tns-HCl buffer (pH 80) and 2 mM 
dodecyl maltoslde under aerobic conditions ( ) and anaerobic 
condlnons ( . . . . . .  ), light treated for 2 mm Anaerobmsls was 
achieved by premcubanon for 5 mm wgh 5 mM glucose and 0 1 mg 

ml- 1 each of catalase and glucose oxldase 

the loss of chlorophyll(s) and of some pheophytm The 
reset of F~g 2 confirms the loss of pheophytin, as there 
Is a small but definite bleach at 545 nm which IS due to 
the loss of the Qx absorbance band of this pigment 
The absorption changes m the 470-510 nm regmn are 
probably due to a bandshlft of the fl-carotene ab- 
sorbance In the long wavelength region, Fig 2 shows a 
gradual broadening of the absorption difference band 
due to increased relative bleaching to the blue side of 
the maximum signal We conclude that there is an 
initial loss of P680 chlorophyll and that with increased 
illumination time there is also an irreversible bleaching 
of accessory chlorophyll, which absorbs more to the 
blue than P680, and pheophytln As shown previously 
we found that absence of oxygen almost completely 
protects against this irreversible bleaching [11] and only 
a stable reduction of cytochrome b-559 can be ob- 
served It is this photomduced irreversible bleaching of 
chromophores occurring only under aerobic condmons 
which has been attributed to the toxic effect of smglet 
oxygen [11,12,15] 

Actwtty of PS I1 reactton centre preparattons exchanged 
mto D20 

The hfenme of smglet oxygen m D20  (~a = 68 ~s 
[29]) ts approx 20-rimes longer than m H 2 0  [25] and 
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hence  D 2 0  is commonly  used  in bo th  d i rec t  lumines-  
cence  m e a s u r e m e n t s  and  in ind i rec t  chemica l  b leach-  
ing expe r imen t s  as a m e a n s  o f  de t ec t ing  the  fo rma t ion  
of  s inglet  oxygen F o r  this  reason,  PS II  r eac t ion  cen- 
t res  were  exchanged  into ' D 2 0  buf fe r '  by a ser ies  of  
concen t ra t ing  steps,  using the  u l t r a f l l t r a t ion  t echn ique  
desc r ibed  in Ma te r i a l s  and  M e t h o d s  A f t e r  the  final,  
approx  50-fold d i lu t ion  into  ' D 2 0  buf fe r ' ,  we es t ima te  
the  H 2 0  con ten t  of  the  suspens ion  buf fe r  to be  less 
than  0 1% 

The  abso rp t ion  spec t rum of  PS II  r eac t ion  cen t re s  
In D 2 0  had  a Qy p e a k  shght ly  b lue  shi f ted  to 674 8 nm 
f rom the no rma l  675 5 nm va lue  W e  p r e s u m e  this was 
due  to the  h a n d h n g  p r o c e d u r e s  r e q u i r e d  for the  ex- 
change  As  a b lue  shift  of  the  r ed  p e a k  abso rbance  
m a x i m u m  is known to accompany  loss of  P680 and  
hence  charge  s epa ra t i on  actwity  [5,9,30], we c he c ke d  
the activity of  the  r eac t ion  cen t re s  a f te r  exchange  into 
D 2 0  This  was m e a s u r e d  by the  abi l i ty  of  the  r eac t ion  
cen t res  to form the  t r ip le t  of  P680 Tr ip le t  fo rma t ion  in 
r eac t ion  cen t res  which  have been  exchanged  into  ' D 2 0  
buffer '  was m e a s u r e d  by the  f l a sh - induced  abso rp t ion  
change  at  740 nm (see F ig  3) U n d e r  anae rob i c  condi -  
t ions (Fig  3, t race  a) the  abso rp t ion  decay  shows a 
single exponen t i a l  c o m p o n e n t  with a l i fe t ime (z )  of  1 0 
ms which is s h o r t e n e d  to 33 /xs  when  oxygen is p r e se n t  
(F ig  3, t race  b)  These  t r ip le t  l i fe t imes a re  the  same  as 
those  r e p o r t e d  previously  for  PS II  r eac t ion  cen t re s  in 
' H 2 0  buf fe r '  [9] T h e r e  was, however ,  a sl ight dec rea se  
in the  yie ld  of  t r ip le t  (by app rox  15%) as c o m p a r e d  to 
non D z O - e x c h a n g e d  r eac t ion  cen t res  (da t a  not  shown),  
which is cons i s ten t  wi th  a small  d e c r e a s e  in activi ty as 
r e p r e s e n t e d  by the  minor  b lue  shift  in the  r ed  p e a k  
abso rp t ion  m a x i m u m  [5,9] 
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Fig 3 Transient absorption absorption cnanges at 740 nm of isolated 
PS II reaction centres in 'D20 buffer' plus (b) and minus (a) oxygen 
Chlorophyll concentration was 8 p.g ml- 1 Anaeroblosis was achieved 

as in Fig 2 
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Fig 4 Corrected 1270 nm luminescence signals, L1270 (/./,g), trom 
isolated PS II reaction centres bubbled Initially with oxygen (a) and 
nitrogen (b) The samples were subjected m total to approx 4 mm oI 
dlumlnatlon at 55 mW c m  - z  average laser excitation at 682 nm 
After the initial measurements, the gases were exchanged by bub- 
bhng for a further 30 rain, as indicated, and the n e w  L127o level was 
measured Finally in (b) the effect of addition of approx 3 mg of 
sodmm azlde was measured and compared with the sample in (b), 
which had been exoted with the laser for the same length of time 
Chlorophyll concentration was 6 /zg ml - I  L1270 signals were cor- 
rected for the number of photons absorbed as described m the 
Materials and Methods The imtlal, uncorrected L1270 levels were 
925 /xV plus oxygen (a) and 660 ~zV plus nitrogen (b), wxth typical 

noise levels of _+ 100/xV 

Detection of smglet oxygen phosphorescence 
Having  es tab l i shed  tha t  the  exchange  into D 2 0  has 

l i t t le  effect  on the  activity of  PS II  r eac t ion  centros,  we 
a t t e m p t e d  to de tec t  I o  2 d i rec t ly  by its ne a r - i n f r a r ed  
luminescence ,  which has  an emiss ion  p e a k  at 1270 nm 
Because  the  q u a n t u m  yield of  i o  2 p h o s p h o r e s c e n c e  is 
very low (in D 2 0 ,  q~p is ~ 2 10 -5 ~b a [31]) It can be  
diff icult  to  d is t inguish  it f rom the  long wave leng th  tail  
of  the  f luorescence  of  the  s inglet  oxygen sensi t l ser  
W i t h  the  s t eady-s ta te  emiss ion a p p a r a t u s  used for the  
expe r imen t s  r e p o r t e d  here  we were  unab le  to resolve 
the  spec t rum of  10  2 p h o s p h o r e s c e n c e  f rom the  over-  
l app ing  ch lorophyl l  f luorescence  tal l  W e  the r e fo re  car-  
r led out  our  expe r imen t s  using a 1270 nm in te r fe rence  
f i l ter  (fwhm = 28 nm)  ins tead  of  a m o n o c h r o m a t o r  
This  subs tan t ia l ly  inc reased  the  signal  to no~se ra t io  

T h e  luminescence  d e t e c t e d  at  1270 nm is t hen  the 
sum of  the  ch lorophyl l  f luorescence  and the  IO 2 phos-  
p h o r e s c e n c e  By d e t e r m i n i n g  the  &f fe r ence  in the  1270 
n m  luminescence  signal  in the  p re sence  and  absence  of  
oxygen (or  by add i t i on  of  a 1 0  2 quencher ) ,  the  in ten-  
sity of  i o  2 p h o s p h o r e s c e n c e  may  be  e s t ima ted  Fig  4 
shows an expe r imen t  des igned  to de tec t  1 0  2 by this 
m e t h o d  In Fig  4a the  to ta l  luminescence  signal  is 
shown for PS II  r eac t ion  cen t re s  gent ly  b u b b l e d  with 



oxygen After  oxygen was exchanged for nitrogen the 
luminescence signal decreased On the other hand, in 
Fig 4b when reaction centres were initially bubbled 
with nitrogen the reverse was seen The luminescence 
signal was originally low and was increased by intro- 
duction of oxygen Finally, addition of azlde, a ~O 2 
quencher, lowered the signal to the level observed with 
nitrogen present  Addition of an enzymic trap for oxy- 
gen was equally as effective at lowering the lumines- 
cence yield as removal of oxygen by bubbling with 
nitrogen (data not shown) 

The measurements  of the I o  2 phosphorescence sig- 
nals required 682 nm laser excitation for at least one 
minute, at an Intensity which caused changes in the 
absorption and emission spectra in the visible region of 
the reaction centre samples, when oxygen was present 
For this reason the absorption and fluorescence spec- 
tra were measured before and after each measurement  
and the luminescence values of Fig 4 have been cor- 
rected for decreases in absorption at the excitation 
wavelength 

We found that, although there was a difference In 
the yield of the chlorophyll fluorescence (600 to 850 
nm) between aerobtcally and anaerobically hght-treated 
samples (~b°:/~b~ : =  1 09), this increase was much 
smaller than the difference in the corrected 1270 nm 
luminescence signals ( L o J L N 2  = 1 56) We also found 
that the 1270 nm luminescence signal from reaction 
centres in buffer diluted into H 2 0  (instead of D20)  
did not increase in the presence of oxygen and the 
subsequent addition of azlde had no effect These two 
observations indicate that the higher level of 1270 nm 
luminescence from reaction centres in oxygen-bubbled 
D 2 0  buffer (Fig 4) cannot be ascribed to an oxygen- 
dependent  increase in the tall of  chlorophyll fluores- 
cence, but must be due to an additional luminescent 
species which is quenched by H 2 0  or azide, 1 e ,  singlet 
oxygen 

Time dependence of smglet oxygen phosphorescence 
In Fig 5 we show the dependence of 675 nm ab- 

sorption, chlorophyll fluorescence emission and 1270 
nm luminescence of PS I |  reaction centres under  aero- 
bic conditions, as a function of t ime of illumination 
with the luminescence excitation beam Fig 5a shows 
that the intensity of the laser induces a rapid rate of 
bleaching of chlorophyll and an mcrease in fluores- 
cence yield Surprisingly, the presence of azide had no 
effect on either the rate of irreversible bleaching of 
chlorophyll or the increase in fluorescence (Fig 5a) 
However, as shown in Fig 5b the 1270 nm lumines- 
cence signal was decreased by azide which is in agree- 
ment  with its role as a quencher of smglet oxygen and 
with the data of Fig 4 This result seems to indicate 
that the smglet oxygen which is detected as emission at 
1270 nm is in a different environment (accessible to 
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Fig 5 (a) Changes m absorphon at 675 nm (triangles) and chloro- 
phyll fluorescence yield, 600 to 850 nm (circles) (b) Corrected 1270 
nm luminescence signals (c) The calculated 1270 nm phospho- 
rescence intensity (chloride minus azlde data from b) from PS II 
reaction centres dlummated m the presence of 5 mM sodmm chlo- 
ride (open symbols) or 5 mM sodium azlde (closed symbols) under 
a~r saturated condmons Exotatlon was 6 rnW cm 2 at 675 nm 

Chlorophyll concentration 6 ~zg ml 1 

slnglet oxygen quenchers) to that giving rise to the 
bleaching of chlorophyll Moreover,  the data in Figs 5a 
and b suggest that singlet oxygen continues to be 
generated,  despite the obvious loss of the P680 chloro- 
phyll and therefore presumably of the primary photo- 
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chemistry gwmg rise to charge separation and recom- 
bination [5,9] In fact, the yield of smglet oxygen, 
determined as the difference between the lumines- 
cence signals plus and minus aztde (Fig 5c) indicates 
an increase in the level of th~s species with time of 
illumination The level of luminescence then seemed to 
remain relatively constant for a further 15 mln lllum~- 
nation period Addmon  of azlde to the 'azlde-free 
sample' after this time caused an ~mmedmte drop in 
the luminescence level to that observed with azlde 
treated reaction centres (data not shown) 

We found that the longer the period of exotation 
with the laser the lower the final L1270 level Some of 
thls hght dependent decrease was reversible in the 
dark and we suggest that it may be due to a local 
deplehon in the oxygen concentration at the s~te of 
smglet oxygen production, 1 e ,  the consumption rate 
must be faster than the rate at which oxygen can 
diffuse m from the medmm (Macpherson et al ,  unpub- 
hshed data) 

As azlde was unable to protect against damage to 
chromophores within the PS II reaction centre, we 
examined the effect of H 2 0  which, as stated earlier, is 
also an efficient quencher of 10 2 We compared the 
rate of irreversible bleaching of chlorophyll at 680 nm 
m PS II reaction centres suspended m either H 2 0  or 
D20  buffer and found that they were very simdar to 
each other (data not shown) If H 2 0  was able to 
quench 10 2 within the protem matrix of the reaction 
centre we would have expected to have seen a decrease 
In the rate of chlorophyll degradation in this buffer as 
compared to D 2 0  buffer 

In the above experiments, when azide was added, 
the decrease in the 1270 nm emission could be at- 
tributed fully to the quenching of the 10 2 signal, since 
this compound was found to have no stgmficant affect 
on the y~eld of chlorophyll fluorescence In other ex- 
periments we added the electron acceptors, 2,5-&- 
bromo-3-methyl-6-1sopropyl-p-benzoqulnone (DBMIB) 
and slhcomolybdate, which suppress charge recombina- 
tion, P680 triplet formation and hence should prevent 
or reduce the rate of 10 2 formation [2,8,10,11] How- 
ever, large changes in the chlorophyll fluorescence 
yield made interpretation of these results difficult 

Time-resolved measurements of 10 2 phosphorescence 
An alternatwe method to separate i o  2 phospho- 

rescence from the chlorophyll fluorescence tail at 1270 
nm is by conducting time-resolved measurements The 
longest lifetime of the fluorescence from PS II reaction 
centres ts approx 30 ns [5], whereas singlet oxygen 
phosphorescence in D 2 0  has a lifetime in the /xs 
timescale [29] Fig 6 shows the time-resolved emission, 
in the near lnfra red, of PS II reaction centres bubbled 
with oxygen minus the signal seen in the presence of 
azIde This figure shows that the decay of the azide- 
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Fig 6 Aztde-sensltwe time-resolved smglet oxygen luminescence 
decay from isolated PS II reaction centres incubated m oxygen-bub- 
bled 'D20 buffer' at 30 p.g ml -I chlorophyll Luminescence, at 
wavelengths > 1050 nm, was measured in the presence and absence 
of 3 mg of sodium azlde and the plus azide signal was subtracted 

from the minus azide signal 

sensltwe component has a lifetime of about 26/xs and 
we attribute this s~gnal to 10 2 phosphorescence 

D i s c u s s i o n  

Under aerobic conditions and m the absence of 
electron acceptors, the chlorophyll molecules within 
the isolated PS II reaction centre are susceptible to 
photodegradatlon (Fig 2) Initially chlorophylls which 
absorb maxamally at 680 nm are the most vulnerable It 
has been argued previously that these chlorophylls 
function as the primary electron donor P680 and that 
their degradation is due to slnglet oxygen production 
via the 3p680 state [10,11,13,15] Further illumination 
of the isolated complex causes irreversible bleaching of 
the accessory chlorophylls which absorb at about 670 
nm This bleaching may also be due to smglet oxygen 
produced directly from chlorophyll triplet states formed 
by lntersystem crossing rather than by radical pair 
recombination as for 3p680 Since the fraction of 
chlorophyll triplet states quenched by O 2 leading to 
1 0  2 formation, S a = t~A/(#T , iS expected to be high 
(S a = 0 92 for chlorophyll b m C6D 6 [32]) then the 10 2 
yield should be around 20 to 30% at room temperature 
as judged by the lifetime change of the chlorophyll 
triplet state between anaerobically and aerobically 
treated PS II reaction centres [8,9] However, until the 
work reported here, the formation of 10 2 had not been 
detected directly m isolated PS II reaction centres, a 
situation which is also common for other biological 
systems which are believed to generate this reactive 
speoes 

Normally, the exastence of 10 2 is inferred from the 
protective effect of removing 0 2 from the expenmen- 



tal system or by adding agents, such as azlde, as a 10 2 
quencher However, the most reliable method of de- 
tecting 1 0  2 IS by direct measurement  of  its near  infra- 
red phosphorescence at 1270 nm When measuring this 
1270 nm phosphorescence from 10 z in aqueous solu- 
tions, water  is usually exchanged for D20 ,  as the 
non-radiative solvent quenching rate, knr, and hence 
the rate of decay of 102, k a = 1/ t  a = k r + k nr + kq[Q], 
ts decreased The phosphorescence yield, ~bp = kQ'aq~a, 
is extremely small in water  ( =  6 10 -7 ~a), due to the 
low radiative rate (k r = 0 18 in H 2 0  and 0 3 in D 2 0  
[31]), but it will be increased 20 to 30-fold in D20,  if 
the quenching term kq[Q] is not large The weak 
phosphorescence from any 10 2 generated in the PS II 
reaction centres in aqueous solution has, therefore,  to 
be distinguished from the long wavelength tall of the 
overlapping chlorophyll fluorescence (~bf= 0 04 [5]), 
which peaks at 683 nm When time-resolved lumines- 
cence detection is employed, the microsecond decay of 
10 2 can be separated from the nanosecond chlorophyll 
fluorescence decay Using the steady-state method 10 2 
emission can be charaeterlsed spectrally, by observa- 
tion of a peak  at 1270 nm, but the fluorescence tall 
may distort or even mask the 10 2 emission in aqueous 
solutions We have a t tempted to detect 10 z production 
m illuminated PS II  reaction centres using both of 
these methods 

We have demonstra ted (Figs 4 and 5) a decrease in 
the total luminescence at 1270 nm of PS II  reaction 
centres on removal of  oxygen (by exchange with nitro- 
gen or addition of an enzymic oxygen trap) or on 
addition of 10 2 quenchers (azlde or H 2 0 )  This differ- 
ence in luminescence is not due to a decrease in the 
intensity of the chlorophyll fluorescence tall, as the 
latter is unaffected by the presence and absence of 
azlde (Fig 5) We therefore conclude that we have 
directly demonstrated formation of slnglet oxygen, 
photosensltlsed by the chromophores  of the PS II 
reaction centre complex This was confirmed by time- 
resolved measurements  We detected a luminescence 
decay component  in the p.s t ime scale which was again 
dependent  on the presence of oxygen (data not shown) 
and was sensitive to the presence of azlde. 

The results presented in Fig 5 also show that, even 
after bleaching of more than 50% of the absorbanee at 
675 nm, phosphorescence from 10 2 is still observed 
Charge separation, and thus recombination to give the 
triplet state of P680, would have been completely mac- 
tlvated by this time [5,9] Hence,  the continued produc- 
tion of 10 2 must be via the triplet states of the other 
chromophores  present  in the reaction centres, which 
are expected to be formed once energy transfer to 
P680 is prevented Therefore,  as predicted above, it IS 
highly likely that the bleaching of P680 and subse- 
quently of  the other chromophores  of the PS II  reac- 
tion centre is due to slnglet oxygen The intensity of 
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10 2 phosphorescence from the reaction centres in- 
creases up to 2-fold, during the time of excitation, 
implying that not only do the uncoupled chlorophylls 
generate  10 2 but also they have a higher triplet yield 
than the yield of  the P680 triplet 

The steady-state intensity of the luminescence at 
1270 nm is dependent  on both the yield and the 
lifetime of 10 2 and we estimate that the 10 2 intensity 
from PS II  reaction centres is three times less than the 
corrected signal from a reference sensltlser, chloroalu- 
mlnlum phthalocyanlne tetrasulphonate The IO 2 yield 
from this sensltlser is 0 34 [33], suggesting that the 10 2 
yield of reaction centres is approx 0 1 However, as 
mentioned already, the yield should be similar to the 
3p680 yield and therefore about 0 3 This would mean 
that the hfetlme of 10 2 in a D 2 0  solution of reaction 
centres is up to 3-times shorter than that of the refer- 
ence sensltlser, in the 15 to 20 /is range, due to a 
dominant  quenching term, kq[Q], resulting from the 
more complex nature of the reaction centre matrix (as 
compared  to the reference sensItlser in solution) If  
this is the case, the observed 2 6 / i s  decay (see Fig 6), 
determined by time-resolved luminescence, appears  to 
correspond to the hfetlme of the P680 triplet state 
which has been partially quenched by oxygen (a hfe- 
time of about 7 /is would be expected in a fully 
oxygen-saturated solution) The real 10 2 decay rate 
would correspond to the rise in the luminescence sig- 
nal (a rise is observed in Fig 6, but it is partially 
masked as a result of the intense fluorescence signal) 

An Interesting feature of our results was that the 
presence of slnglet oxygen quenchers (azlde, H 2 0 )  
suppressed the detection of 10 2 but did not protect 
against the photodamage to the PS II reaction centre 
chromophores  which is attributed to slnglet oxygen 
This suggests that, although 10 2 produced at P680, or 
the other pigments after inactivation of charge separa- 
tion, causes damage at the site of its production, it can 
also diffuse into the surrounding medium In the bulk 
medium it presumably exists at a steady-state level 
which can be detected by its 1270 nm phosphorescence 
signal Although the 10 2 in the medium can be 
quenched by azlde or H 2 0  , these slnglet oxygen 
quenchers are apparently unable to reach the site of 
10 2 production in the protein matrix (or cannot com- 
pete effectlvely with the intrinsic quenchers) of the 
reaction centre Hence,  they are unable to protect 
against photodamage to the pigments 

With isolated PS II reaction centres we seem to 
have detected slnglet oxygen sensltlsed initially by 3 P680 
and then, when charge separation has been mactlvated, 
by trlplets of  the other chlorophylls bound to the 
complex 3p680 formation has been detected by its spin 
polansed E P R  signal in larger PS II  complexes and in 
thylakolds after high light t reatment  which leads to 
'acceptor  side' photolnhlbltlOn [19,34] It was suggested 
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tha t  when  e lec t ron  t rans fe r  away f rom the reac t ion  
cen t r e  was lnh~blted, the  p r imary  q u m o n e  accep to r  
(QA) which no rma l ly  accepts  only one  e l ec t ron  mtght  
become  doubly  r e d u c e d  and  vaca te  tts b m d m g  site on 
the D2 p ro t e in  [34] It  was p r o p o s e d  tha t  3p680 would  
then  be fo rmed  f rom the  p r imary  rad ica l  t r ip le t  and  
unde r  ae rob ic  condl t tons  10  2 would  be g e n e r a t e d  The  
toxtc effect  of  smgle t  oxygen would  des t roy  the chloro-  
phyll  of  P680, and  this has been  p r o p o s e d  to be the  
t r igger  m d u c m g  d e g r a d a t i o n  of  the  D1 p r o t e m  
[19,34,35] T n g g e r m g  of  D1 p ro t e in  d e g r a d a t i o n  may  
be  r e l a t ed  to con fo rma t lona l  changes  due  to the  loss of  
P680 or  to some di rec t  effect  of  10  2 on the p ro t e in  
env i ronmen t  a r o u n d  P680 This  d e g r a d a t i o n  leads  to  
the  p roduc t ion  of  specif ic  f r agmen t s  of  D1 which are  
assoc ta ted  only wtth accep to r  side photo lnhlb l t lOn 
[35,36] 

It has previous ly  been  shown tha t  ca ro t eno id -con-  
ta in ing reac t ton  cen t re s  f rom pu rp l e  pho tosyn the t i c  
bac te r t a  are  much more  res is tan t  to p h o t o d y n a m l c  
d a m a g e  than  those  i so la ted  f rom ca ro teno id - l e s s  mu-  
tants  [37,38] However ,  a l though  PS II  reac t ton  cen t res  
b rad  t w o / 3 - c a r o t e n e  molecules ,  they  seem to be unab le  
to p ro tec t  agams t  p h o t o d a m a g e  th rough  the  p r imary  
quench ing  of  ch lorophyl l  t r ip le t  s ta tes  [9] This  may be 
due  to topo log ica l  factors  p reven t ing  a rap~d t r lp le t - t r t -  
p le t  ene rgy  t rans fe r  f rom P680 to the  ca ro t eno lds  [39] 
and these  fac tors  could  be a consequence  of  the  lsola-  
t ton p r o c e d u r e s  A n o t h e r  poss ib le  exp lana t ion  for  the  
low yield of  ca ro t eno id  t r ip le t  s ta te  (3% in Re f  9), is 
tha t  tt is only f o r m e d  by energy  t rans fe r  f rom the 
t r tple t  s ta te  of  the  6% u n c o u p l e d  ch lorophyl l s  [5] 
However ,  our  obse rva t ion  of  an increase  in the  10 2 
yteld as the  ch lorophyl l s  a re  uncoup led ,  suggests  that  
thts is not  the  case  Caroteno~ds  are  known to be  very 
eff ic ient  physical  quenche r s  of  s lnglet  oxygen m homo-  
geneous  so lu t ion  [40], but  only 1 m 106 10  2 molecu les  
chemical ly  reac t  wtth /3-carotene [22] and this ts obw-  
ously not  a s tgmficant  quench ing  m e c h a m s m  occur rmg  
m PS II r eac t ion  cen t re s  

W e  have found  tha t  the  /3-carotene b o u n d  to the  
i so la ted  PS II  r eac t ion  cen t r e  can p ro t ec t  agains t  pho-  
t o d a m a g e  by dona t ing  e lec t rons  to the  highly orad~slng 
species,  P680 +, u n d e r  condi t ions  where  charge  recom-  
b m a t l o n  ~s p r e v e n t e d  by the p re sence  of  s econda ry  
e lec t ron  accep to r s  [12] The  oxadlsed ca ro t eno id  ~s sub- 
sequen t ly  b l e a c h e d  i r revers ib ly  Indeed ,  it is poss ib le  
tha t  the  very high oxldls lng p o t e n t m l  of  P680 + (approx  
1 1 V) causes  the  ca ro t eno td  b o u n d  to the  PS II  reac-  
t ion cen t r e  to be  unab le  to p ro tec t  by the  ch lorophyl l  
t r tp le t  quench ing  m e c h a n i s m  [16,22] because ,  if tt is 
l oca ted  close enough  to u n d e r g o  energy  t ransfe r  to 
P680, it would  always be  suscep t ib le  to r ap id  oxida t ion  
which could  c o m p e t e  wi th  e l ec t ron  flow f rom wa te r  
W e  have sugges ted ,  the re fo re ,  tha t  the  role of  the  
f l - ca ro tene  b o u n d  to the  PS II  r eac t ion  cen t r e  is to 

r e r e d u c e  P680 ÷ tf o t h e r  e lec t ron  dona t ion  pa thways  
are  Inhib i ted  [12] 
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