
488 

Biochimica et Biophysica Acta, 635 ( 1 9 8 1 )  4 8 8 - - 4 9 7  
E l sev ie r /Nor th -Hol l and  Biomedica l  Press 

BBA 4 8 0 5 3  

EPR CHARACTERISTICS OF OXYGEN-EVOLVING PHOTOSYTEM II 
PARTICLES FROM P H O R M I D I U M  L A M I N O S U M  

J .H.A.  N U G E N T  a, A.C. S T E W A R T  b and  M.C.W. E V A N S  a , ,  

a Department of Botany and Microbiology, University College London, London WCIE 6BT 
and Department of  Biochemistry, University of Cambridge, Tennis Court Road, Cambridge 
CB2 1QW (U.K.) 

(Rece ived  N o v e m b e r  10 th ,  1 9 8 0 )  

Key words: ESR; Photosystem H; Oxygen evolution; (Blue-green alga, Phormidium 
laminosum ) 

Summary 

The EPR characteristics of  oxygen evolving particles prepared from Phormi-  
d i u m  l a m i n o s u m  are described. These particles are enriched in Photosystem II 
allowing EPR investigation of  signals which were previously small or masked by 
those from Photosystem I in other  preparations. EPR signals from a Signal II 
species and high potential  cy tochrome b-559 appear as they are photooxidised 
at cryogenic temperatures by Photosystem II. The Signal II species is a donor  
close to the Photosystem .II reaction centre and may represent part of  the 
charge accumulation system of water  oxidation. An EPR signal from an iron- 
sulphur centre which may represent an unidentified component  of  photosyn- 
thetic electron transport  is also described. 

The properties of  the oxygen evolving particles show that the preparation is 
superior to chloroplasts or unfract ionated algal membranes for the study of  
Photosystem II with a functional water  oxidation system. 

Introduction 

Investigation of  the mechanism of oxygen evolution by plants and algae and 
of  the associated Photosystem II reaction centre have been less successful than 
those of  bacterial and Photosystem I reaction centres because of  the lability of  
the oxygen evolving enzyme system and difficulties in monitoring reaction cen- 
tre components .  Studies have shown that the oxygen evolution system of the 
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thermophilic blue-green alga (cyanobacterium) Phormidium laminosum is 
stable to detergent t reatment  and that  an oxygen evolving Photosystem II reac- 
tion centre preparation can be made from this organism [1,2].  Some of the 
propert ies of  this preparation have been described previously [2,3].  

Electron paramagnetic resonance spectrometry (EPR) offers the possibility 
of  detecting electron transport  components  containing transition metal com- 
plexes or organic redox components  which are difficult to characterise by other  
techniques whilst the detect ion of  low temperature photochemical  activity can 
indicate the role of  these components  in the reaction centre. EPR studies of  
Photosystem II (see review in Ref. 4) have identified a number  of  signals arising 
from Photosystem II. These include radical signals in the g 2.00 region attri- 
buted  to the oxidised reaction centre chlorophyll P-680 ÷ and the component  
termed Signal II. Signal II is observed under a variety of conditions and repre- 
sents a number  of  species with varied kinetic properties at least some of which 
act as donors to the Photosystem II reaction centre. We have recently shown 
that  a Signal II component ,  Signal IIlt, functions as a donor  to P-680 at cryo- 
genic temperatures [5],  confirming a role in the reaction centre for this species. 
An EPR signal near g 3.0 arising from the photooxidat ion  of  high and low po- 
tential forms of  cy tochrome b-559Hp by Photosystem II at cryogenic tempera- 
tures has also been identified in chloroplasts and subchloroplast particles [6,7].  

The interpretation of  Photosystem II experiments is difficult in unfrac- 
t ionated material because of  the large and well characterised EPR signals of  
Photosystem I whilst the use of Photosystem II preparations devoid of  oxygen 
evolution may give misleading results. We have now characterised the low tem- 
perature EPR properties of  the oxygen evolving particle and investigated the 
photochemical  activity of  these particles at cryogenic temperatures. 

Materials and Methods 

P. laminosum was grown as described in Ref. 1 and oxygen evolving particles 
were isolated as described in Ref. 2. The pellet obtained after removal of the 
oxygen evolving particles was enriched in Photosystem I and was used as a 
Photosystem I preparation. Chlorophyll a concentrat ion was determined as 
described in Ref. 8. 

The EPR spectrometry  was performed as described in Ref. 5 and details of  
EPR condit ions are given in the legends to the figures, g-value scales shown in 
figures are approximate.  Spectra were stored using a Tektronix 4051 computer  
which was used to obtain difference spectra and plot figures. Samples were illu- 
minated with a 1000-W projector.  

Results 

Overall spectral features 
Fig. 1A shows a wide scan EPR spectrum of unfractionated membrane frag- 

ments from P. laminosum which had been frozen in the dark 15 min after the 
addition of  10 mM sodium ascorbate and then illuminated at 15 K. The spec- 
t rum shows the prominent  features of  reduced iron-sulphur centres A and B of  
Photosystem I. The large radical near g 2.0 mainly due to P-700 ÷, the reaction 
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centre chlorophyll  of  Photosystem I has been omitted.  
Fig. 1B shows a dark spectrum of oxygen evolving particles from P. lamino- 

sum  frozen 15 min after the addition of  ascorbate. The signal at g 4.3 is due to 
high-spin Fe 3÷ in a rhombic environment and has a small contr ibut ion from the 
helium cryostat.  However  most  of  the signal originates from the particles and 
may be a storage form of iron [9] although electron spin echo studies [10] 
have indicated that  it may arise from a cy tochrome in an unusual environment 
or conformational  state. Further  small high-spin Fe 3÷ signals are seen near g 6.0 
similar to those reported in subchloroplast  particles [7]. The most  striking sig- 
nal present in Fig. 1B compared to the original membranes is near g 3.0 where 
oxidised low-spin cy tochrome signals occur. The signals at tr ibuted to both  
native and modified potential  forms of  high-potential cy tochrome b-559 (cyto- 
chrome b-559Hp) [6,7] are reduced by ascorbate indicating that the signal in 
Fig. 1B arises from a component  with a midpoint  redox potential below +100 
mV. This will be discussed in a later section. 

Around the g 2.0 region small signals due to Mn 2÷ and a large signal due to 
Cu 2÷ are the prominent  features. The manganese signal is decreased in size by 
illumination before freezing of  samples. After illumination of the sample at 
15 K the spectrum changes to that  shown in Fig. 1C. The presence of  Photo- 
system I in the preparation is shown by the photoreduct ion  of  iron-sulphur 
centres A and B. However the decreased signal size compared to the unfrac- 
t ionated membranes indicates considerably decreased Photosystem I to chloro- 
phyll ratio in the particles. Based on the ratio of  photoreduced centres A and B 
to chlorophyll  a, a comparison between the particles and original membranes 
indicates that  the particles contain 15--25% of the full Photosystem I content  
allowing for variation between preparations. This is in good agreement with the 
figures presented in Ref. 3 and based on P-700 content  measurements.  

The g 3.0 peak shows an irreversible increase upon 15 K illumination which 
will be discussed in greater detail below. 

Fig. 1D shows the spectrum of particles frozen under illumination in the 
presence of  ascorbate. By comparison with Fig. 1C this shows a reduction in 
size of  the g 3.0 signal together with the appearance of  a spectrum of fully 
reduced centres A and B below g 2.0. However superimposed on these latter 
signals is a signal at g 1.92 not  seen in samples frozen in the dark. 

Fig. 2A shows in more detail the spectrum in the g 2.00 region of  oxygen 
evolving particles frozen in the dark after reduct ion with ascorbate. Only sig- 
nals due to Cu 2÷ and Mn 2÷ are seen. There is no indication of  the signal at g 
1.89 of  the Rieske iron-sulphur centre, a componen t  in the intermediary elec- 
t ron transport  chain (reviewed in Ref. 11) between the photosystems,  indicat- 
ing that  it has been removed during purification. After illumination at 15 K, 
Fig. 2B, a small amount  of ceI~tres A and B are reduced together with the 
appearance of  a P-700 ÷ radical. The difference spectrum is shown in Fig. 2C. 
Fig. 2D shows the g 2.0 region of  Fig. 1D showing the spectrum of fully 
reduced interacting centres A and B together with the g 1.92 signal which is 
superimposed on these. 

Membrane preparations of  P. laminosum were examined previously by Cam- 
mack and coworkers [12] and the EPR properties of  their Photosystem I were 
studied. The Photosys tem I content  of  oxygen evolving particles displayed simi- 
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Fig .  1.  E P R  s p e c t r u m  of :  (A)  U n f r a c t i o n a t e d  m e m b r a n e  p r e p a r a t i o n  f r o m  P. l a m i n o s u m  d a r k  a d a p t e d  in  
t h e  p r e s e n c e  o f  1 0  m M  s o d i u m  a s c o r b a t e  f o r  1 5  m i n ,  f r o z e n  a n d  t h e n  i l l u m i n a t e d  a t  15  K.  M i c r o w a v e  
p o w e r  1 0  roW; t i m e  c o n s t a n t ,  0 .1  s; s c a n  r a t e  2 roT/ s ;  m o d u l a t i o n  a m p l i t u d e  1 m T ;  g a i n  1 0 0 0 ;  t e m p e r a -  
tuze  1 5  K ,  f r e q u e n c y  9 .11  G H z .  C h l o r o p h y l l  a c o n c e n t r a t i o n  0 . 9 1  rag /m1  p H  7 .5 .  (B) O x y g e n - e v o l v i n g  
p a r t i c l e s  d a r k  a d a p t e d  w i t h  1 0  m M  s o d i u m  a s c o r b a t e  a n d  t h e n  f r o z e n .  C o n d i t i o n s  as a b o v e  e x c e p t  ga in  
2 0 0 0 .  C h l o r o p h y l l  a c o n c e n t r a t i o n  0 . 8 1 7  m g / m l .  (C) A s  (B) a f t e r  i l l u m i n a t i o n  a t  1 5  K.  (D) O x y g e n - e v o l v -  
i ng  p a r t i c l e s  f r o z e n  u n d e r  i l l u m i n a t i o n  in  t he  p r e s e n c e  o f  1 0  m M  a s c o r b a t e .  E P R  c o n d i t i o n s  as (B) e x c e p t  
ga in  1 6 0 0 .  

Fig .  2 .  (A)  E P R  s p e c t r u m  o f  o x y g e n  evolv ing  pa r t i c l e s  f r o z e n  a f t e r  d a r k  a d a p t a t i o n  in  t he  p r e s e n c e  o f  1 0  
m M  a s c o r b a t e .  C o n d i t i o n s  as F ig .  1 e x c e p t  s can  r a t e  2 5  r o T / r a i n .  (B) A f t e r  i l l u m i n a t i o n  a t  15  K.  (C) Dif-  
f e r e n c e  s p e c t r u m  ((B) - -  (A))  × 3 .  (D)  O x y g e n - e v o l v i n g  p a r t i c l e s  f r o z e n  u n d e r  i l l u m i n a t i o n  in  t he  p r e s e n c e  
o f  1 0  m M  a s c o r b a t e .  E P R  c o n d i t i o n s  as  Fig .  1D.  

lar properties to those of  intact membranes and to barley chloroplasts [13] with 
significant amounts  of Centre B being photoreduced at cryogenic temperatures. 

The g 1.92 signal 
In the absence of ascorbate, freezing under illumination blocks Photosystem 

I as P-700 ÷ accumulates after electrons from Centres A and B are passed to oxy- 
gen. Under these conditions the spectrum of the g 1.92 signal was obtained 
wi thout  contributions from Centres A or B, Fig. 3. The same spectrum is ob- 
tained by dithionite reduction of  particles which results in only a partial reduc- 
t ion of the sample due to the presence of the detergent lauryldimethylamine 
oxide which acts as an oxidant,  preventing chemical reduction of Centres A and 
B. 

A similar signal at g 1.92 with an approximate midpoint  redox potential of  
--270 mV was found by Cammack and coworkers [9] in cells from Nostoc  
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muscorum and Anabaena cylindrica and membrane fragments from P. lamino- 
sum [12].  They suggested that  this signal was due to a reduced iron-sulphur 
centre and that  a line with a higher g-value should also be expected.  This is 
shown in Fig. 3 at g 2.05 confirming the iron-sulphur centre characteristics of  
the signal. The function of  the component  is unclear, it is photoreduced at 
room temperature and it does not  donate electrons to Photosystem I. Its redox 
potential  would be compatible with a role in either cyclic electron transport  or 
the electron acceptor  side of Photosystem II. The room temperature photo- 
reduct ion of  the signal is blocked by the addition of either 50 pM 3-(3',4'- 
d ichlorophenyl) - l , l<l imethylurea  (DCMU) or 2 m M  1,10-phenanthroline. 
However we do not  regard this as conclusive evidence of  a role as a direct elec- 
t ron acceptor  from Photosystem II as the preparation is impure and the compo- 
nent  could be part of  the respiratory chain or other  enzyme system and be 
reduced indirectly by Photosystem II turnover. The origin of  the signal near g 
1.97 is also unknown.  

Low spin cytochrome signals 
The membrane bound cytochromes  of  P. laminosum [1], c y t o c h r o m e f ,  

cy tochrome b-563, cy tochrome c-549 and both  forms of  cy tochrome b-559 are 
present in the particles but  cy tochrome b-559Hp and cytochrome c-549 are 
enriched several fold compared to the original membranes [3]. The spectrum in 
Fig. 4 shows the g 3.0 region spectrum of particles reduced by ascorbate and 
frozen in the dark. The signals in this region arise from low-spin cytochromes.  
The signal at g 3.0 is not  due to cy tochrome b-559Hp as even modified forms of  
this cy tochrome are reduced by ascorbate at normal pH values. Therefore the 
signal may be either oxidised cy tochrome c-549, a low potential cy tochrome 
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Fig .  3 .  E P R  s p e c t r u m  o f  o x y g e n  evolv ing  part ic les  f r o z e n  u nder  i l luminat ion .  C o n d i t i o n s  as Fig .  1D.  

Fig .  4 .  (A)  E P R  s p e c t r u m  o f  o x y g e n  evolving part ic les  f r o z e n  af ter  dark adapta t ion  in the  presence  o f  1 0  
m M  ascorbate .  C o n d i t i o n s  as Fig.  2 A  e x c e p t  ~ m e  c o n s t a n t ,  0 . 3  s; ga in  1 0  4 .  (B) as ( A )  a f ter  i l luminat ion  at  
1 5  K.  (C) D i f f e r e n c e  s p e c t r u m  ((B) - -  (A))  X 3.  
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with a midpoint  redox potential  of --250 mV [1,3] or low potential cyto- 
chrome b-559 (cytochrome b-559Lp). The latter has an EPR signal near g 3.0 
[6] whilst EPR characterisation of  cy tochrome c-549 has not  been made. Cyto- 
chrome b-563 has a redox potential below that of  cy tochrome b-559Lp [14] 
bu t  exhibits properties of a high spin cy tochrome with an EPR signal near g 6.0 
[7,15].  The assignment of the g 3.1 signal to either cy tochrome b-559Lp or 
cy tochrome c-549 could not  be made as the presence of  lauryldimethylamine 
oxide prevented normal redox titrations over the required potential range. 

After illumination of  the sample in Fig. 4A at 15 K the spectrum in Fig. 4B 
was obtained and the irreversible light induced signal is shown in the difference 
spectrum ( B ) -  (A), Fig. 4C. Oxidation of the sample with 2,3-dichloro-5,6- 
dicyanoquinone prior to freezing prevented the low-temperature photooxida- 
tion and induced the fully oxidised spectrum. The chemically oxidised signal 
was larger than shown in the spectrum in Fig. 4 and inferred that approxi- 
mately one third of the reduced cytochrome was photooxidised at cryogenic 
temperatures in these samples. 

The low temperature light induced signal was largest in particles frozen with- 
out  additions and represented over half of  the chemically oxidised signal. Cyto- 
chrome f with an EPR signal near g 3.5 [6,15] was not  detected.  

The photooxidised signal does not  decay if the sample is stored at 77 K in 
the dark for several days and is also absent or small in samples frozen under 
illumination although the total signal present is smaller than that of the corre- 
sponding sample frozen dark and illuminated at low temperature.  This indicates 
that  the photooxidat ion is blocked in this sample al though room temperature 
illumination may have changed the part of the signal not  involved in low tem- 
perature photochemistry .  

Oxidation of  the particles with benzoquinone or reduction with hydro- 
quinone decreased but  did not  prevent the photoinduced signal increase at low 
temperature.  We therefore attr ibute the signal in Fig. 4C to the photooxidat ion 
of  cy tochrome b-559Hp. This species is enriched in the particles [3] and its 
slow decay to lower potential forms may account  for the smaller signal in the 
hydroquinone  reduced sample. Slight variations in the g-value of  cytochrome 
b-559 signals around g 3.0 [6,7] have suggested that in chloroplasts and sub- 
chloroplast particles the g-value is indicative of the particular cy tochrome and 
that this may be used in identification. However other factors such as protona- 
tion, freezing and perhaps lauryldimethylamine oxide which may affect the 
haem environment could shift g-values. The g-value seen here of  3.1 is similar to 
that  found in chloroplast and subchloroplast particles [6,7 ] for the low temper- 
ature photooxidisable signal at tr ibuted to cytochrome b-559np. Chemically 
oxidised signals at tr ibuted to cytochrome b-559Lp had slightly lower g-values 
of  2.9 to 3.0. Cytochrome b-559Lp present in the particles may be represented 
by the high field taft of  the peak in Fig. 4 not  present in the light induced sig- 
nal. 

g 2.0 radicals 
Fig. 5A shows the spectrum of  the free radical species at g 2.00 in dark 

adapted oxygen evolving particles at 16 K. The lineshape is characteristic of  
Signal II. When particles were frozen after dark adaption in the presence of 
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5 mM ferricyanide the spectrum in Fig. 5B was obtained. The radical has 
increased in size due to the oxidation of P-700 which blocks Photosystem I. 
The P-700 ÷ contribution to the spectrum is much smaller than that  seen in un- 
treated membranes allowing the outer features of Signal II to be observed. Af- 
ter illumination at 16 K of  the ferricyanide oxidised sample the radical 
increases irreversibly, Fig. 5C. The signals photoinduced are shown in the dif- 
ference spectrum ( C ) -  (B), Fig. 5D. There appear to be two components,  a 
Signal II species plus a narrower 8--10 gauss wide radical. The latter signal may 
be attr ibuted 'to a chlorophyll radical as found in [16] and later demonstrated 
to be a secondary donor to P-680 ÷ at high redox potentials [17--19]. Careful 
subtraction of the Signal II contribution to the photoinduced signal suggests 
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F ig .  5.  (A)  E P R  s p e c t r u m  o f  d a r k - a d a p t e d  o x y g e n - e v o l v i n g  pa r t i c l e s  a t  1 6  K.  (B) F r o z e n  a f t e r  d a r k  a d a p -  
t i o n  in  t h e  p r e s e n c e  o f  5 m M  f e r r i c y a n i d e .  (C) A f t e r  i l l u m i n a t i o n  o f  (B) a t  16  K.  (D)  D i f f e r e n c e  s p e c t r u m  
((C) - -  (B)) X 3.  E P R  c o n d i t i o n s  as F ig .  1 e x c e p t :  m i c r o w a v e  p o w e r  1 0 0  #W;  s can  r a t e  5 r o T / r a i n ;  m o d u l a -  
t i o n  a m p l i t u d e  0 .1  roT;  t e m p e r a t u r e  1 6  K;  ga in  (A)  5 0 0 ,  (B) a n d  (C) 2 5 0 .  

F ig .  6 .  (A)  E P R  s p e c t r u m  o f  t h e  P h o t o s y s t e m  I e n r i c h e d  pe l l e t  f r o m  P. l aminosum a f t e r  i l l ,  r u i n a t i o n  a t  
1 6  K .  I n s t r u m e n t  ga in  2 5 0 ,  c h l o r o p h y l l  a c o n c e n t r a t i o n  1 .7  m g / m l .  (B)  O x y g e n - e v o l v i n g  p a r t i c l e s  f r o z e n  
a f t e r  d a r k  a d a p t a t i o n  in  t h e  p r e s e n c e  o f  1 0  m M  a s c o r b a t e .  I n s t r u m e n t  ga in  5 0 0 .  (C) A f t e r  i l l u m i n a t i o n  o f  
(B)  a t  1 6  K.  I n s t r u m e n t  ga in  5 0 0 .  (D)  D i f f e r e n c e  s p e c t r u m  ((C) - -  (B)).  E P R  c o n d i t i o n s  as i n  F ig .  5. 



495 

that  the linewidth may be broader than that seen in Refs. 16--19 and contains 
a contr ibut ion from another component .  

Fig. 6A shows the spectrum obtained by illuminating a Photosystem I 
enriched membrane preparation of  P. laminosum which had been frozen after 
dark adaptation in the presence of ascorbate. The spectrum demonstrates the 
lineshape of  P-700 ÷. Fig. 6B shows the spectrum of a sample of  oxygen evolving 
particles frozen in the dark after reduction with ascorbate. The Signal II seen in 
Fig. 5 has been reduced. After illumination at 16 K, Fig. 6C, P-700 ÷ and a large 
Signal II componen t  have been photoinduced.  These are shown in the differ- 
ence spectrum, Fig. 6D. The decreased Photosystem I content  of  the particles 
and therefore decreased P-700 ÷ signal size allows the observation of  the Signal 
II increase. 

When the sample shown in Fig. 6C was stored at 77 K in the dark for several 
days, the signals decayed almost to the original state. Illumination at 16 K then 
restored the signals shown in Fig. 6D but  with an increased Signal II contribu- 
tion. This effect has also been observed in chloroplasts from a barley mutant  
lacking Photosystem I [20].  

Oxygen-evolving particles frozen under illumination and then stored in the 
dark at 77 K overnight also show the photoinduced Signal II termed Signal IIlt 
shown in Ref. 5. Addition of  50 gM DCMU, to the particles prior to t reatment  
reduced all signal sizes bu t  did not  prevent Signal IIlt photooxidat ion.  The 
reasons for this are unclear. 

Discussion 

The results confirm the Photosystem II enrichment of the oxygen-evolving 
particles in that  the low temperature light induced P-700 ÷ and iron-sulphur cen- 
tres A and B are present but  by comparison with unfractionated membranes are 
much smaller in relation to Photosystem II components  such as Signal II and 
cytochrome b-559Hp. The presence of  two further EPR signals, the low poten- 
tial cy tochrome signal near g 3.0 and the iron-sulphur centre near g 1.92 are 
probably a reflection of  the impurity of  the preparation. However these par- 
ticles still represent a significant advance on previous oxygen evolving prepara- 
tions in allowing improved observation of cy tochrome b-559Hp and Signal II 
photoreact ions due to both  the Photosystem II enrichment and the partial 
removal of  signals from Photosystem I. The Photosystem I present in the par- 
ticles has properties similar to those discussed in Ref. 12. 

The low spin cy tochrome signal near g 3.0 produced by illumination at cryo- 
genic temperatures and at tr ibuted to cy tochrome b-559Hp appears to reflect 
the oxidation of  the higher potential  form of this cytochrome.  A recent s tudy 
[14] has confirmed the presence of  two distinct cy tochrome b-559 species and 
species with intermediate redox potentials thought  to be modified cytochrome 
b-559Hp. The photooxidised signal seen in oxygen-evolving particles at low tem- 
perature agrees with previous EPR studies using chloroplasts and subchloroplast 
particles [6,7] in showing that native or modified cy tochrome b-559~p func- 
tions as a low temperature donor  to the Photosystem II reaction centre and 
confirms earlier optical experiments [21--24].  The normal form of this cyto- 
chrome donor  appears to be the high potential  species although a species with 
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lower potential  can function at cryogenic temperatures.  The lowering of  the 
redox potential  of  cy tochrome b-559Hp accompanying loss of  oxygen evolution 
by a variety of  t reatments  does not  affect the photooxidat ion at cryogenic tem- 
peratures but  may prevent the normal pathway of reduction occurring at 
physiological temperatures.  

Signal II has been associated with Photosystem II for many years but  it has 
only been since the discovery of  fast transient components  [25--27] of  this sig- 
nal at room temperature that  a role as a donor  to the Photosystem II reaction 
centre has been assigned. The discovery in recent years of  EPR and electron 
spin echo components  of  Signal II photooxidised by illumination at cryogenic 
temperatures  [5,28] have confirmed this role. Indeed the low temperature spe- 
cies probably reflect the same components  as the room temperature transients. 
In these experiments we have been able to observe photooxidat ion of  Signal II 
in dark adapted samples due to the decreased size of  the P-700 ÷ radical which 
obscures Signal II changes in chloroplasts or unfractionated algal membranes. 
The decay of  the light induced g 2.0 radical signals on dark storage at 77 K con- 
trasts with the behaviour of  cy tochrome b-559Hp for which the photooxidat ion 
at low temperature is irreversible. This suggested that  the species giving rise to 
the Signal II photooxidised at cryogenic temperatures is more closely coupled 
to the reaction centre than is cy tochrome b-559Hp and confirms our suggestion 
that Signal IIlt reflects the oxidation of an immediate donor  to P-680. 

The species giving rise to Signal II is though to be a semiquinone or plasto- 
chromanoxyl  radical or a mixture of  the two [28].  It is clear from our studies 
and those of  previous workers that  several types of  Signal II exist and this 
raises the question of  where they fit into Photosystem II. One possibility is that 
they represent parts of  the pool of  quinone between the photosystems perhaps 
acting as a deactivating mechanism for the oxygen evolving system. A second 
closely related possibility is that  they may represent part of  the oxygen evolu- 
t ion system itself. They have high redox potentials [29] and are close to the 
reaction centre as demonstrated here. The unusual shape of  Signal II compo- 
nents may be influenced by the manganese postulated to be involved in water 
splitting as previous studies have indicated a close relationship between man- 
ganese and Signal II [27,30] .  The fact that  Signal IIv~ changes to Signal IIf 
[25--27]  when oxygen evolution is lost and also that  low temperature photo- 
oxidisable forms of  Signal II occur,  may reflect partial charge accumulation in 
the  oxygen evolving complex when water  oxidation is prevented. 

These experiments show that  the oxygen evolving particles from P. l amino-  

s u m  are sufficiently pure to allow direct identification of  Photosystem II EPR 
signals and to identify the role of  Signal IIlt and cy tochrome b-559 as donors 
to the reaction centre. Further ~vork with this preparation will enable us to 
identify the role of these components  in water  oxidation. 
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